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Abstract  The Antarctic Circumpelar Current {ACC) is an important and integral part of the global
ocean conveyor belt that connects the major ocean basins. Coarse resolution global climate models therefore
need a realistic simulation of the ACC in order to correctly transport anomalies of heat and freshwater or
geochemical sracers throughoud the world ocean. The intrinsic dynamics of the ACT are dorminated by the
action and effects of the mesoscale eddy field, which cannot be resolved explicitly in climate models. It is
therefore necessary to include the eddy field via parameterization of the subgrid scale effects. In this note
we will discuss the sources and sinks of momentum that are involved in the dynamical balance of the ACC,
the dominant role the eddy field plays in the momentum and heat balance of the Southern Ocean and give
an account of recent attempts to parameterize the effect of the eddy field on the large scale circulation for

use in coarse resolution climate models.

1 Introduction

The strongest and mightiest ocean current in the
world is the Antarctic Circumpolar Current (ACC},
carrying about 130 million cubicmeters per second
through its tightest spot, the Drake Passage. The
ACC is the longest continuos current with a length
of about 20,000 km {half the earth’s circumference)
and is located in one of the world ocean’s most
hostile envirenments, the Southern Ocean. Gale
force winds, 810 meter waves, sub-zerc tempera-
tures and the relative unimportance for commer-
cial shipping lanes or fisheries are responsible for
our lack of observations in this area of the world.
The interactions of atmosphere, ocean and sea ice
in the Scuthern Ocean {S0) are thought to be ex-
tremely important in shaping the world’s climate
and the World Climate Research Program estab-
lished the most intensive ocean observing program
in mankind’s history to collect more information
about the global ocean and in particular the South-
ern Ocean. WOCE, the World Ocean Circulation
Experiment, had one of its three components con-
centrated on the Southern Ocean. The 40 - 50 % of
the water masses that constitute the volume of the
global ocean are formed here, providing a window
to the deep ocean for sequestering carbon dioxide
and other greenhouse gases, as well as storing heat
and ventilating the ocean with oxygen. The ACC
is linked with the other ocean basins to the north
shrough a global conveyor belt and basically is the
common agent of interchange between those ocean
basins, Any change or disruption in this capac-
ity vould hold potentially dramatic changes for the
zlobal climate system.

In order 50 be able to predict any potential changes,
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be they brought upon by anthropogenic influences,
or by the variability of the climate system itseif, we
need to understand the basic underlying dynamics
of the system SO/ACC. For many years the dy-
namical balance of the ACC has been a mystery to
oceanographers and some still argue that it is. The
basic, but net simply answered, question is, what
are the major forces that control the momentum
balance of this mighty current. A starting point for
the discussion is, that we believe the system to be
in a quasi-steady balance, which means that under
undisturbed conditions the current doses not accel-
erate to speeds over the legal limit in this area of
the world and on the other hand, does not cometca
halt either. S0 we are looking for a balance between
the mechanisms that provide momentum and those
that take it away, leaving a balanced mean state
behind. This short nofe is organized as follows.
We will first discuss the driving (or momentam)
sources and then focus on the potential romentum
sinks for the ACC. After having established (“be-
vond reasonable doubt”) that the mesoscale pertur-
bations {or eddies) are responsible for the currently
observed balance we will present clues to their over-
all impact on the system and present a new param-
pterization, that might be useful in climate models
which currently cannot afford to resolve the eddy
scales due to computational restrictions.

2 The forcing of the ACC

Two forces are driving the ACC, the exchange of
heat and freshwater with the atmosphere, and the
stress of the wind on the sea surface.



2.1 Heat and Freshwater Forcing

The thermohaline or buoyancy forcing, as it is
sometimes called, is an indirect source of momen-
tum. Through differential changes of the density
structure {heating/cooling, evaporation/precipita-
tion and mixing} pressure gradients are created that
subsequently change the mementum of water parti-
cles in the system. Over 90 % of the ocean’s larger
scale momentum is trapped in a balance of two ma-
jor forces, the pressure gradient force and the ap-
parent Coriolis force. For the more or less zonal
ACC this means that the meridional density gradi-
ent has to be maintained by either buoyancy forcing
or wind forcing, or a combination of hoth. The rel-
asive role of these two processes in the momentum
balance of the ACC is still much debated. Recent
estimates of the relative importance of the wind
stress over the buoyancy forcing {Oort et al. 1994,
Ivchenko et al. 19972} point to the dominance of
the wind forcing, although Ivchenko et al. {1897a)
argue that more precise estimates of air-sea fluxes
in the Southern (Qcean are necessary to confirm this
View,

2.2 Wind Séress

The time mean zonal wind, the strongest on the
globe, provides the ACC with a continuous source
of eastward momentum through surface exchange
of momentum. The exact mechanism and the mag-
nitude of the net vertical momentum transfer are
still not well understood. Especially the role of sur-
face gravity waves in the vertical transfer of mo-
mentum from air to ocean, which is traditicnally
ignored in numerical models of the global coupled
climate systemn (with very few excentions), has re-
ceived renewed astention in recent years (see e.g.
Janssen and Viterbo, 1996 and references therein).
A major result of these studies has been that the
interaction of atmosphere and ocean in terms of the
momentum they exchange is not a one-way-street,
but has to be considered as a mutually interacting
system. This has led to a novel theoretical surface
stress formulation that takes implicit account of the
surface wave field in the ocean (Bye, 1995,1896, Bye
and Wolff, 1997, Wolff and Bye, 1996, 1897). Even
though the exact details of air-sea momentum ex-
change are still not fully understood, basically be-
cause of observational difficulties, it is clear that
the wind is & continual source of eastward momen-
tum to the ACC. This continual source, however,
does not lead 10 an ever increasing momentum (or
speed) of the current, ie. there have to be one or
more hraking mechanisms (or sinks) in the system.
Having established the sources of momentum for
the ACC we now turn to the sinks.

3 The momentum sinks of the
ACC

In the latitude band of the Drake Passage (56°
S to 627 8) the ACC flows from west to east
around Antarctica uninterrupted by continental
land masses. This means that it is impossible to
built up net zonal pressure gradients that could bal-
ance the wind stress, a mechanism that is mainly re-
sponsible for the momentum balance of the currents
in the northern hemisphere oceans. A lack of net
zonal pressure gradients further implies that there
can be no mean north-scuth geostrophic flow in the
upper layers of the ACC and hence no mean north-
south transport of heat. This creates an impor-
tant constraint on the heat balance of the Southern
Ocean, which we will discuss in more detail further
down. The only possible sinks for castward mo-
mentum are friction {lateral and/or vertical) and
pressure gradients in deep layers where the path of
the ACC is blocked by submarine ridges. We will
now consider these potential sinks in turn.

3.1 Latersl Friction

For lateral friction to be an effective sink of east-
ward momentumn, the momentum has to be trans-
ported meridionally away from the core of the ACC
by the action of turbulent Reynolds stresses due
to the meso- scale eddy field. Momentum that is
transported to the south could then be balanced
by friction against the Antarciic Continent, or if
it is transported to the north it could be balanced
by the above mentioned net zonal pressure gradi-
ents against the northern continental land masses.
Coarse resolution ocean models rely on this type
of balance and therefore typically produce a 1000
km wide ACC to accomplish the balance through
tateral friction (see Fig. 1}.
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Figure 1: Sea surface elevation of a global coarse
resclution model after 10000 vears of integration.
Contour interval (CI) is 0.25 m.

Models that explicitly resolve the mesc-scale sd-
dies on the other hand have demonsirated that
the ACC is strengthened by up-gradient momen-
tum fransport into the jet cenfer, i.e. momentum
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is transported into the jet instead of away from
it. To include this effect in coarse resolution mod-
els, a negative eddy-viscosity would be required,
which constitutes a mathematically ill-posed prob-
lern and is unconditionally unstable. Furthermore
satellite altimetry observations have shown that the
divergence of the Reynolds stresses either has the
wrong sign, i.e. accelerates the ACC as in the eddy-
resolving models, or is much too weak to balance
the ACC (Morrow et al. 1904).

3.2 Vertical Friction

For friction at the ocean bottom to be an effective
momentum sink, time mean zonal bottom velocities
would have to be much larger than observed. These
velocities of O{0.5 ms™!) can only be produced by
a current with transport values of the order of 1000
Sv {1 Sv=10° m®s~*!). Early coarse resolution mod-
els over flat topography in the Southern Ocean have
indeed had the problem of too high transports (e.g.
Hidaka and Tsuchiva 1853). Gf course, this is not
a problem of the coarse resolution, eddy-resolving
models over flat bottom topography show the same
behaviour (Wolfl et al. 1991).

3.3 Pressure gradients across topog-
raphy

The last possible momentum sink for the ACC
is therefore the capacity of the flow field to ad-
just into a deep ocean pressure patiern that sap-
ports net zonal pressure gradients across the sub-
marine ridges or other prominent topographic fea-
tures, an idea originally put forward by Munk
and Palmén (1951). While this issue remains 2
topic of active debate (Warren et al. 1996, Hughes
1997, Glbers 1997) recent observational and the.
oretical work supports this hypothesis. Eddy-
resolving models indicate that momentum is trans-
ferred downward in the water column to depths
where it can be halanced by topographic pressure
gradients (McWilliams et al. 1978, Wolf et al. 1991,
Killworth and Nanneh 1994, Stevens and Ivchenko
1987). This downward $ransport of momentum is
accomplished by a mechanism very similar to the
idea of pressure gradients across topography. The
mechanism, called interfacial form stress, describes
the work done by horizontal pressure gradients on
isopycnal surfaces in the ocean’s interior, which ef-
fectively accelerates deeper layers of the ocean (Fig.
2}. A source off eastward momentum is realized
when a higher pressure is located west of an isopyc-
nai bulge, thus vertically transferring eastward mo-
mentum. Because this mechanism can act in both
ways, 1o accelerate or decelerate the deeper flow it
is more accurately described as a stress instead of a
drag. Although at first sight it seems to be a more
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or less random phenomenon, it is not entirely free to
choose its actions. The pressure force against bot-
tom topography, essentially the same mechanism, is
therefore called topographic form stress (see Fig. 2).
The only difference is that the topography does not
react dynamically to the flow, it is constant. So the
flow has to arrange a deep ocean pressure pattern of
high and low pressure systems, that is cut-of-phase
with the topography and with the right distribu-
tion to be an effective sink for eastward momentum.
Fig. 3 shows the zonal mean momentum balance in
an eddy-resolving quasi-geostrophic model over re-
alistic topography, indicating the importance of the
form stresses and the relative unimportance of the
frictional processes.
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Figure 2: Schematic representation of (top panel)
interfacial form stress and (bottom panel} topo-
graphic form stress (after Johnson and Bryden,
1989). Eastward momentum imparted by the wind
stress can be transported vertically by pressure dif-
ferences along isopycnal surfaces and be removed
from the system by pressure differences across a
submarine ridge.

High-resolution models show that the eddies have
a peculiar shape, that allows them to concentrate
momentum into an eastward flowing jet (not for a
westward flowing jet) and that they structure the
deep flow so that both form stresses are responsible



for balancing over 95 % of the momentum input
by the wind stress {Wolff 1990, Wolff et al. 1891,
Ivchenko et al. 1097). All this is achieved while
producing a mean transport that is close to observa-
tions. Unfortunately, these form stress mechanisms
are beyond modern measurement technologies (see
e.g. Rintoul et al. {1997) for a recent account of
ohservations in the system SO/ACC). Observations
can so far cnly provide circumstantial evidence and
the thermal balance of the S0 gives a further hint
at the dynamical balance at work. The SO loses
heat ta the atmosphere south of the ACC and as has
been stated before there does not exist a meridional
poleward mean flow that could provide the neces-
sary heat to keep the SO in a thermal equilibrium.
Again the eddies provide the only other mechanism
for the needad poleward heat flux. It can be easily
shown that under quasi-geostrophic assumptions a
vertical momentum flux (as required in the momen-
tum balance of Munk and Palmén) is dynamically
equivalent to a poleward heat flux (see e.g. Johnson
and Bryden 1989, Wolff 1990). As a result, the-
oretical arguments and modelling studies indicate
that the eddies play an important role in both the
heat and momentum balance of the SO/ACC and
observational studies, from satellite altimetry and
moored instruments show that all along the axis
of the ACC we find high variability on mesoscale
space and time scales. Given the importance of the
eddies in the SO, what can be done to include their
effects in the necessarily coarse resolution modern
climate models?
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Figure 3: Zonal momentum balance of a two-layer
quasigeostrophic model of the ACC over realistic
topography. The upper layer balance is shown
in the left panel and the vertically integrated (or
barotropic) balance is shown in the right panel. The
lines indicate: wind stress (1), Reynolds stress di-
vergence from standing (2) and transient (3) eddies,
interfacial form stress due to standing (4} and tran-
sient (5) eddies, topographic form stress (7) and

hottom friction (8). Horizontal explicli momentum
diffusion (6) is much smaller than all other terms
and has been omitted. (after Wolfl et al. 1991).

4 Parameterization of eddy-
fluxes in coarse resclution
ocean models

Parameterization attempts have a long history with
their earliest roots in atmospheric models used for
numerical weather forecasting. While the neces-
sity to parameterize eddy-induced transports of ac-
tive and passive tracers in atmospheric models is
no longer required because of increased computer
power - even coarse resolution climate models re-
solve to a large proportion the synoptic weather
pattern - this cannot be said for ocean models.
In the atmosphere the scale ratio between the
global and the synoptic scale is of O(20} over the
SO/ACC, whereas in the ocean it is of O(2000).
The scales are linked to the Rossby Radius of De-
formation and the first internal Rossby Radius is
close to 10 km at 60 5 in the ocean. Most of the
concepts in ocean eddy parameterizations are bor-
rowed from the atmospheric counterpart of eddy-
mean flow interaction in mid-latitudes where eddies
are generated by baroclinic instability and feed back
on the mean zonal circulation {Green 1370, Stone
1972). Based on these earlier theorefical attempts,
new concepts are rapidly evolving in oceanographic
applications {Gent and McWilliams 1990, Gent et
al. 1995, McDougall and Mcintosh 1996). These
parameterizations are mostly guided by considera-
tions of the transformed Fulerian mean circulation
(see e.g. Andrews et al. 1987), where the eddy ef-
fects are separated into an eddy-induced mean ad-
vection and conservation of properties during eddy-
induced mixing, rather than by dealing directly
with the processes of eddy generation and eddy-
mean How adjustment (Olbers et al. 1957} Global
ocean simulations performed with the parameteri-
zations based on the eddy-induced mean advection
and mixing properties have shown substantial im-
provements in a number of features of the Bouthern
Ocean, e.g. a closer to observed deep ocean density
distribution, improved seasonal cycle and depth of
the mixed layer and better representation of the
penetration depth of chemical tracers originating
in the atmosphere (Hirst and McDougall 1996). A
systematic comparison of coarse resolution mod-
els incorporating these closure schemes with truly
eddy-resolving models is needed to assure that these
beneficial effects are not due to compensating er-
rors in the models, but due to a correct represen-
tation of the eddy effect on the larger scale circula-
tion. In this note we will concentrate un a discus-
sion of parameterization efforts that are based on
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dynamical considerations, l.e. directly incorporate
the processes of eddy generation {flow instabilities)
and the dynamics of eddy-mean flow interaction.
We focus here on a simpler class of eddy-driven
circulations - gquasigeostrophic flow in a two-layer
channel - where closure schemes have been derived
and tested by analysis of the relations between the
eddy-induced transports and the mean circulation,
using ‘data’ from eddy-resolving numerical simula-
tions. The work described here is discussed in much
greater detail in Ivchenko et al. (1997%), Olbers et
al. (1897) and to some degree in an earlier account
in Welft (1990). Here we will just ountline the pro-
cecures and concepts involved and give some ex-
ampies. For the mathematical derivation and more
detailed aspects the reader is kindly referred to the
above mentioned papers. The class of flow we are
concerned with here - the quasigeostrophic flow in
a two-layer channel - has been intensively studied
in atmospheric and oceanographic conditions, both
for the investigation of the dynamics of zonal fHows
(McWilliams et al. 1978, McWilliams and Chow
1880, Treguier and MceWilliams 1990, Wolfl and
Olbers 1989, Woll et al. 1981) as well as for the
investigation of closure schemes (or parameteriza-
tions) (Marshall 1981, Ivchenko 1984, Vallis 1988,
Larichev and Held 1985, Pavan and Held 1996).
The atmospheric appHeations are mainly studied
in a regime of homogensous turbulence where lat-
eral gradienis do not exist, Le. the lateral Reynoids
stresses and the mean fHow are uniform. But also
the specific forcing implemented in these models -
the flow is driven by relaxation to a prescribed ho-
mogeneous haroclinic shear flow —~ prevents a di-
rect transfer of the results to oceanic conditions.
in the oceanic experiments the fow is forced by
a prescribed stress in the surface layer and a nar-
row eddy-intensified jet develops in both layers.
In contrast to the homogeneous turbulence regime,
where the use of diffusive parameterizations of the
eddy-induced transport of quasigessirophic poten-
tial vorticity along the concept of Green and Stone
works successfully, the wind-driven regime defies
such a simple approach. Ivchenko et al. (1997b)
studied the quasi-geostrophic dynamics in an eddy-
resolving zonal channel for two dynamically distinet
situations, east- and westward wind forcing (based
on earlier work by Wollf 1950) in order to find a
parameterization for the eddy-flhux of potential vor-
ticity,

——_ .5
iy ——k% (1)

where 7 is the potential vorticity of the mean (or
large scale} How, ¢' is the eddy potential vorticity,
v’ the eddy meridional velocity and k is a diffu-
sion costlicient. In the eastward forcing experiment,
transient eddies strongly intensified the flow in the
channel center into a jet (see Fig. 4), a feature to-
tally absent in the westward forcing case.
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Figure 4: Time mean streamfunction of the west-
ward forcing experiment. Notice the strong jet in
the channel center {after Wolff, 1990).

It was recognized that earlier parameterization at-
tempts by Marshall (1981), who refated the diffy-
sion coefficients to the vertical shear of the zonal
velocity U = Ou/fdz,

ko~ U/ U max (2)

reproduced the structure of the westward forcing
case {no jet), but failed to produce the jet in the
eastward forcing case. This apparent failure has
been interpreted by Ivchenko {1985} as being due
to the effect that Marshall’s parameterization could
only work for weak baroclinic Aows, but not for the
strong barcclinic flow in the eastward forcing exper-
iment. Ivchenko (1885) using the eddy-potential-
enstrophy balance and replacing the eddy transport
of potential vorticity with a diffusion ansatz,

D) (%)z (3)

demonsirated that the resulting equation for the
diffusion coefficients indeed reflected the necessary
meridional distribution needed Lo concentrate mo-
mentum into a jet. Fig. 5 shows the diagnosed dif-
fusion (or transfer} coeficients k; for both layers
(i = 1,2) of the eddy-resclving numerical experi-
ments with east and westward wind forcing. The
interesting feature in the eastward flow is the local
minimum of the coeflicients in the jet center.

This distribution is reflected in Ivchenko’s formula
(3}, through the relative maximum of the gradi-
ent in potential vorticity which appears in the de-
nominator. The parameterizations of Marshall and
ivchenko have been generalized into a single for-
mula by Ivchenko {1885)

k= r|U/ {e (%) + masx} (4)

with two free parameters & and . Wolff (1990),
Sinha (1994) and Ivchenko et al. (1997b) have
tested this parameterization and found for various
situations, that with a suitable choice of parame-
ters it is possible to reproduce the structure of the
diffusion coeflicients that have been diagnosed from
eddy- resclving experiments as thuse shown in Fig
5. In these attempts the contribution of the relative
vorticity has been neglected with the result, that
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Figure 5: Diffusion coefficients for both layers of
the eddy-resolving channel experiments. Units are
m?s~2, Eastward (top panel) and westward (bot-
tom panel) wind stress forcing. The abscissa shows
the meridional grid point number from the northern
(4) to the southern (79) boundary.

the coarse resolution flow [including the parame-
terization) exhibited a more or less concentrated
jet, but the velocity profile at the jet flanks was not
successfully reproduced.

4.1 Second order closure parameter-
iztion based on the eddy enstro-
phy balance

As shown in Olbers et al. {1997} these diffusive pa-
rameterizations have some merits, but also some
severe limitations. On the positive side, the eddy
fluxes of QPV are down gradient in these experi-
menis, so that the diffusion coefficients are positive,
as diagnosed from the eddy resolving experiments,
and they have the desired effect to concentrate mo-
mentum into an eastward fowing jet. The lmita-
tions are seen in the non-uniqueness of the func-
tional dependence on the vertical shear of the hori-
zontal velocities. So, the vertical shear, as an indi-
cation of baroclinic instability, is probably net the
only mechanism that needs to be taken into account
or is not inclusive enough to be used in a parame-
terization. Second order quantities of the flow are
obviously important. Olbers at al. (1997) used the
halance of eddy potential enstrophy (EPE} directly
t0 investigate its usefulness in deriving a pararmeter-

ization of the eddy flux of potential vorticity. This
approach was only made possible through the capa-
bility to diagnose the EPE balance from the eddy-
resolving experiments. As has been shown by Wolf
et al. (1993) a fourth-vrder numerical representa-
tion of the advection operator of potential vorticity
is necessary to compute the EPE correctly. The
EPE balance consists of three terms, the produc-
tion of EPE, a redistribution term or triple moment
that describes the eddy-induced transport of EPE,
and a dissipation of EPE. 4 parameterization of
the eddy-induced transport and dissipation of BEPE
of the flow has been given by Olbers et al. (1997}
The parameterized form of the balance of EPE {in
terms of lower order moments of the flow) can then
be converted to a constraint which in combination
with the requirement of the overall momentum bal-
ance of the mean flow is used to find a new closure
scheme.
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where H is a layer depth and §* and v are free
parameters. According to this new closure, the
eddy flux of potential vorticity possesses in addi-
tion to a diffusive transport a non-gradient correc-
tion. This latter contribution is a flux which is up-
gradient with respect to the mean relafive vorticity,
it appears to be essential in determining the correct
meridional shape of the jet. Fig. ¢ shows the results
of the coarse resolution model for an optimal set of
the parameters 6% and -.

A= 5*§u}
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Figure 6: Profiles of veloeities in ms~ ! ag stmulated
by the coarse resolution model with the parame-
terization (5} for the eastward wind stress experi-
ment. The results of the coarse model {solid lines)
are compared with the resulis of the eddy-resolving
simulation (dashed lines). In the left panel the two
top curves show the barotropic velocity and the
lower two curves the baroclinic velocity. In the right
panei the same grouping shows the velocities in the
upper and lower layer, respectively.
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These correlations of eddy quantities (in particular
the dissipation of eddy enstrophy) and mean fields
have been substantiated by a new scaling model
which relates the shear, the transports and dissi-
pation of the eddy kinetic energy and enstrophy to
the basic scale parameters. Here the most impor-
tant are the scale of the barotropic velocity and the
integral time scale of the correlation function of the
eddy velocity {Olbers et al,, 1997).

3  Summary

The Antaretic Circumpolar Current is the longest
ocean current in the world, but its dynamics are
controlied to a high degree by small scale pertur-
bations of the mean How, the mesoscale eddies.
Produced by How instabilities, most noteabiy the
barochinic or shear flow instability mechanism, the
eddies structure the internal pressure field in the
Southern Ocean in a way that allows a unique mo-
mentum balance not found in the northern hemi-
sphere ocean basing and for that matter in coarse
resolution ocean/climate models. Given the need
for more accurate climate predictions and the im-
portance of the Southern Ocean in the climate sys-
tern, the need for a more comprehensive inclusion of
the effects of the oceanic eddies in climate models
is obvious. New sub-grid-scale parameterizations of
the eddy field in the ocean are rapidly evolving but
need to be thoroughly tested before better simula-
ttons of the Scuthern Ocean can be confidently used
far climate change assessments. A promising new
parameterization is discussed in this short note,
that has shown dramatic improvements in simple
{more theoretical) How situations, but needs con-
siderably more work before it can be implemented
nto standard coarse resolution ccean/climate mod-

els,
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