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averaged. The same procedure was used successfully by Whit- 
worth et al. [1982] in combining 1979 station data and direct 
current measurements to estimate ACC transport. 

Using data from the 1979 ISOS transport experiment, Whit- 
worth and Peterson [1985] formed a time series of the differ- 
ence between through-passage velocity components at 500 m 
averaged across the passage and those at 2500 m. They com- 
pared this series with the time series of 500- to 2500-m geo- 
strophic shear obtained from heavily instrumented vertical 
moorings at the northern and southern edges of the passage. 
(The time series were smoothed with a 10-day low-pass filter; 
the series lengths were approximately 12 months.) Even 
though the estimate of directly measured shear may not be a 
good representation because some current meters were lost, 
leaving gaps, the two shear estimates are coherent (at the 95% 
level) and in phase for periods between about 25 and 50 days, 
suggesting that fluctuations in the ACC are approximately in 
geostrophic balance. 

6. THEORY AND MODELS 

Basic Dynamical Problem of the ACC 

Hidaka and Tsuchiya [1953] applied the basic ideas of the 
developing theory of wind-driven ocean circulation to the 
southern ocean. A constant wind stress was applied as the 
driving force; lateral and vertical viscous effects provided the 
dissipation. With reasonable choices for the friction coef- 
ficients, the transport of the resulting circulation was about 1 
order of magnitude too large. The reduction of the transport 
to reasonable levels required viscous coefficients approxi- 
mately 100 times the largest "acceptable" values. The basic 
dynamical balance in the ACC appeared to be fundamentally 
different from the balance in a closed basin. 

McWilliams and Chow [1981] developed an eddy-resolving, 
three-layer model of a wind-driven zonal channel, which is 
equivalent to the Hidaka and Tsuchiya calculation but with 
no explicit turbulence closure hypothesis. Eddies due to baro- 
clinic instabilities appeared in the flow, and those eddies redis- 
tributed momentum. It is possible to calculate effective eddy 
viscosities from correlations of the velocity fluctuations. The 
eddy viscosities calculated from the model were nearly equal 
to the values used by Hidaka and Tsuchiya to get reasonable 
transports. Therefore it appears that subgrid-scale viscous dis- 
sipation, in the absence of lateral and bottom topography, 
cannot be the only process balancing the forcing of the surface 
wind stress. 

The basic problem is to find a dynamical balance for the 
ACC that allows for observed surface wind stress as a driving 
force while maintaining reasonable transport values. Trans- 
port is a key variable used to test the applicability of models 
to the prototype. Indeed, this observation has such impor- 
tance that considerable effort was expended in the late 1970s 
to determine the transport of the ACC at Drake Passage. We 
now have a 1-year observed time series of this transport and 3 
years of additional good estimates modeled from across- 
passage pressure differences [Whitworth and Peterson, 1985]. 
Given this improved estimate of the transport, it is appropri- 
ate now to reconsider the theories advanced for the dynamical 
balance within the ACC. 

Four dissipative mechanisms have been considered as possi- 
ble balances for the wind stress. Simply stated, these are form 
drag due to bottom topography [Munk and Palm•n, 1951], 

baroclinicity [Fofonoff, 1955], effect of continental land masses 
[Stommel, 1957], and discharge of water from Antarctica 
[Barcilon, 1966, 1967]. 

Even before the Hidaka and Tsuchiya [1953] paper, a dy- 
namical model of the ACC was advanced by Munk and 
Palm•n [1951], who realized that viscous dissipation was in- 
sufficient to balance the wind stress. They suggested that form 
drag, due to flow over bottom topography, provides the force 
necessary to balance the wind. Moreover, they estimated that 
the drag force due to the four largest ocean ridges can balance 
the observed surface stress. 

The study by Fofonoff [1955] is a direct extension of the 
work of Hidaka and Tsuchiya [1953] to include stratification 
and forcing by surface buoyancy flux which drives flow west- 
ward against the prevailing flow in the ACC. The geometry is 
a zonal channel, and both vertical and horizontal viscous ef- 
fects are included. The transport calculated for various combi- 
nations of surface forcing shows that stratification actually 
increases the transport because it causes the wind-driven flow 
to be reduced near the bottom, thus reducing the effectiveness 
of bottom viscous dissipation. The major conclusion is that 
the addition of baroclinicity is not sufficient to form a proper 
balance for a zonal model of the ACC. 

Stommel [1957] was first to observe that the ACC does not 
flow in a zonal channel at all but that only a narrow band of 
latitudes is not blocked by land barriers and that even this 
band is blocked by bottom topography that comes within 
1000 m of the surface. He maintained that most of the flow is 

Sverdruplike, since pressure differences are allowed across 
continental boundaries. He further argued that viscous dissi- 
pation takes place in the western boundary currents that exist 
along land boundaries, with the principal dissipation oc- 
curring downstream of Drake Passage along South America. 

The discharge of water from the Antarctic continent can 
drive a westward flow, thereby reducing the transport of the 
ACC [Barcilon, 1966, 1967]. As water is discharged from the 
continent, a free surface slope develops (down to the north) 
which drives a westward current. There is a strong amplifi- 
cation effect, so the circulation created is 100 to 1000 times the 
discharge. Even this amplification is not sufficient to reduce 
the unrealistically large eastward transport calculated by 
Hidaka and Tsuchiya [1953] to result from the wind driving. 
Furthermore, the discharge must come from melting snow and 
ice, so the ACC should show strong seasonal transport vari- 
ations. The observed variations are not strong enough, and 
though this mechanism may be important near the continent, 
it seems to be of little consequence in ACC dynamics. 

Simplified Dynamical Models of the ACC 

Dynamical models of the ACC discussed in this paper are 
partitioned into three categories: simplified models, world 
ocean models, and mesoscale models. The simplified models 
address either reduced dynamics or a limited region of the 
ACC. World ocean models necessarily contain the ACC, but 
only large-scale (hundreds of kilometers) processes can be in- 
cluded because of computer limitations. Mesoscale models 
address effects of dynamic instabilities and bottom topogra- 
phy on flow in zonal channels. Each type of model considers 
some part of the dynamics of the ACC, and these results will 
lead to more realistic dynamical understanding of the ACC. 

Wyrtki [1960] made a detailed Sverdrup transport calcula- 
tion for the southern ocean using his best estimate for the 
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Fig. 11. (a) Wind stress curl calculated by Taylor [1978] from the data of denne et al. [1971]. Contours are 10 -9 
dyn/cm 3. (b) Dynamic height at 55øS as a function of latitude from the data of Gordon et al. [1978] and predicted dynamic 
height from wind stress curl data shown in Figure 1 la [from Baker, 1982]. 

meridional structure of the zonal wind stress based on the 

meager data available at the time. The transport was integrat- 
ed from the western coast of South America (the eastern 
boundary). A linear transport distribution was chosen for 
Drake Passage matching the presumed structure of the flow. 
The resulting flow pattern coincided with the large-scale 
properties of the flow as it was then understood. In general, 
the model ACC shifted to the south as it flowed eastward 

through the Indian and Pacific oceans. Despite its correspon- 
dence with observations, this model is unsatisfying because the 
ACC transport is imposed on the solution and the important 
question of the "non-Sverdrup" dynamics that take place near 
Drake Passage is not addressed. 

Using the wind climatology of denne et al. [1971] and Han 
and Lee [1981] and the hydrographic station data selected by 
Gordon et al. [1978], Baker [-1982] made a similar Sverdrup 
calculation of the wind-driven flow across 55øS (chosen be- 
cause it is at approximately the tip of South America). If the 
Sverdrup balance is appropriate in the southern ocean, then 
the water driven south across this latitude from 40øW east- 

ward to 70øW should approximately balance the ACC trans- 
port through Drake Passage, which then turns northward 
before flowing to the east again near 40øW. In Figure 11 are 
shown circumpolar distributions of wind stress curl and of 
dynamic height estimates at 55øS as functions of longitude. 
Integrating the 0/3000-dbar dynamic topography along 55øS 

yields a southward transport between 40 ø and 90øW of 113 
-{-20 x 10 6 m3/s, which Baker contrasted with 103 + 13 
x 10 6 m3/s geostrophic transport through Drake Passage 

above and relative to 3000 m estimated by Whitworth et al. 
[1982] from seven ISOS density sections. Using the Sverdrup 
balance, Baker integrated the wind stress curl again along 
55øS to obtain a southward transport of 190 + 60 x 106 m3/s. 
Though somewhat large, this value may be compared with the 
four direct measurements of total transport through Drake 
Passage by Whitworth et al. [1982] of 117, 144, and 137 
-{- 6-15 x 10 6 m3/s and by Nowlin et al. [1977] of 124 + 15 
x 10 6 m3/s. This calculation indicates that the southern 

ocean is forced by wind stress curl which pushes water across 
latitude lines. 

The wind-driven transport of the ACC is presented by Ka- 
rnenkot, ich [1962] as a combination of barotropic and Ekman- 
driven flows. Geostrophic stream lines are used to evaluate 
flow through Drake Passage. No stratification is included, but 
smoothed bottom topography is allowed. Vertical friction is 
used to balance the wind stress. The flow obtained agrees with 
dynamic topography, and the transport is reasonable (130 
x 10 6 m3/s). The calculation shows the importance of bottom 

topography in determining circulation in the southern ocean. 
Rattray [1964] analyzed the time dependent behavior of a 

two-layer fluid on a beta plane. The linear, primitive equations 
are converted to modal (internal and external) form and ana- 
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(b) X0=-0.%i3tod/'--0.65 (2x 108 m3/s) 
Numerical solution for a model of the ACC with meridi- Fig. 12. 

onal walls representing South America and the Antarctic Peninsula 
[from Gill, 1968]. The windstress is zonal and is the sum of a constant 
(Xo) and a part that varies sinusoidally with y. For the case in Figure 
12a, X o = 0 and the transport is 570 x 10 6 m3/s. For the case in 
Figure 12b, a westward stress (X o = -0.9) is applied, resulting in a 
reduced transport (200 x 10 6 m3/s) and an enhanced polar gyre. 
(Taken from Figure 5 of Gill [1968].) 

lyzed for oscillatory solutions. A dispersion relation, repre- 
senting two gravity waves and one Rossby wave, is obtained 
for waves having sinusoidal structure in both horizontal direc- 
tions. For parameter values representative of the southern 
ocean, the Rossby wave periods range from a few weeks to 
several months for the external mode and from years to thou- 
sands of years for the internal mode. 

Devine [1972] included stratification in an inviscid, wind- 
driven model of the ACC. A "porous plug" supporting a pres- 
sure difference is placed in Drake Passage to avoid explicit 
consideration of the western boundary currents. The calcula- 
tion is a combination of a Sverdrup model and a thermocline 
model because the advection of temperature is included. The 
resulting governing equation is solved by assuming that the 
linear and nonlinear parts vanish separately, which implies 
that only the baroclinic flow advects temperature variations, 
that the horizontal flow is nondivergent, and that vertical ad- 
vection of temperature is balanced by vertical diffusion. The 
resulting ACC transport of 260 x 106 m3/s is split about 
evenly between barotropic and baroclinic parts. The coldest 
surface temperatures occur east of Drake Passage, across 
which there is a strong east-west temperature gradient (about 
2øC). This model does not address the mechanism that bal- 
ances the wind stress. 

The first complete model of the ACC [Gill, 1968] filled in 
the details of the dynamical hypothesis advanced by Storereel 
[1957]. The model had linear dynamics, a fiat bottom, hom- 
ogenous fluid, and linear bottom friction; it is Stommel's basin 
model with a recirculating gap. The model equations are 
solved numerically and through a perturbation (boundary 
layer) technique. The wind is assumed to be zonal with a 
structure composed of the sum of a constant stress (Xo) and a 
part with sinusoidal north-south structure. Examples of the 
solution for two values of Xo (Figure 12) show that the model 
generally agrees with observations. A western boundary layer 
develops, and most of the ACC enters this layer after flowing 
through the gap. Furthermore, the currents in the northern 
side of the gap are stronger than those in the south, as is 
observed in Drake Passage. While the resulting transport 
values are larger than measured transports, they are much 
smaller than transports in strictly zonal models with the same 
values for the viscosities. This result shows the importance of 
meridional boundaries on the flow in the southern ocean. 

Schulman [1970] presented a numerical version of the Gill 
[1968] model including the effects of bottom topography and 
nonlinearity. A stretched grid, primitive equation model is 
used, with the finest resolution (50 km) occurring i n Drake 
Passage and along the straight continental boundary and with 
increasingly coarse resolution in the rest of the southern 
ocean. For a flat bottom (5 km deep), the transport ranges 
from 70 to 200 x 106 m3/s for various values of the bottom 
friction coefficient. The addition of nonlinear terms to the 

model dynamics changes the appearance of the flow; in partic- 
ular, the ACC overshoots the east coast of South America 
before turning north. However, the total transport of the ACC 
is not greatly changed by nonlinear effects. The most impor- 
tant result of this calculation is the effect of topography in 
Drake Passage on the total transport. The topography is 
added in four pieces: continental slopes (1 km deep), Scotia 
Ridge and the South Sandwich Islands (3 km deep), a shallow 
plateau in Drake Passage (2 km deep), and the continental 
shelf east of South America (1 km deep). When each of these 
features is separately added to the model, it is found that the 
plateau topography in Drake Passage has the strongest effect 
on the transport, reducing it from 130 to 25 x 106 m3/s, while 
the other topographies cause only a 10 to 20% reduction. 
With all four pieces included, the total transport is 20 x 106 
m3/s. The implication of this first complete model with topog- 
raphy is that bottom topography is certainly effective, at least 
in a one-layer case, in reducing the total transport. 

The analytical study of Johnson and Hill [1975] also shows 
the bottom topography to play a major role in reducing the 
wind-driven transport. A three-dimensional, homogeneous 
model with vertical friction is integrated along geostrophic 
contours passing through a recirculation gap in a rectangular 
basin model. For topographic relief that is 20% of the total 
depth, transport may be reduced by as much as 85% (relative 
to the fiat bottom case). Johnson and Hill argue that the 
reduction in transport comes from increased bottom dissi- 
pation due to faster currents produced as water moves 
through shallower regions, such as Drake Passage. 

The interaction of stratification and topography was con- 
sidered by Gill and Bryan [1971] by using an eight-level model 
of flow in a flat-bottomed, rectangular basin driven by zonal 
winds and an imposed surface temperature distribution. Two 
forms were considered for the gap through which recirculation 
passes: extending to basin depth (deep gap) and extending to 
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Fig. 13. Transport streamfunction for the southern ocean as determined by Veronis [1973] from a Sverdrup calcula- 
tion for a two-layer world ocean model forced by the mean wind stress distribution of Hellerman [1967]. This calculation 
allowed the interface to reach the sea surface, exposing the lower layer directly to wind stress. The dashed curve along the 
northern edge of the region pictured is the trace of that interface on the sea surface; thus the entire southern ocean is 
modeled as one (lower) layer driven directly by the wind. 

only half the basin depth (shallow gap). For the second case 
the partial wall mimics the shallow area in Drake Passage. 
The Coriolis parameter is chosen to be one tenth of the cor- 
rect value so that the numerical solution will be stable with a 

coarse horizontal resolution but without the need for excessive 

friction. The vertically integrated flow compares well with the 
analytical model of Gill [1968]. The transport in the model 
ACC for the deep gap case is 300 x 106 m3/s, while for the 
shallow gap case it is 836 x 106 m3/s. The increase in trans- 
port with topography is shown to be due to a pressure differ- 
ence across the wall in Drake Passage which comes from a 
temperature difference (warm water to the west and cold water 
to the east). It is not clear whether this effect is important for 
topographic barriers with finite widths. 

Clarke [1982] analyzed the dynamics of wind-driven flow in 
a zonal channel with a flat bottom. The emphasis of the study 
is on the interaction of large-scale wind forcing on the large- 
scale currents. Scale arguments are based on east-west scales 
of 7000 km and north-south scales of 700 km. The full dynam- 
ics are reduced to the equations governing thermocline dy- 
namics, and a similarity solution is proposed which partitions 
the flow into baroclinic and barotropic parts. The results of 
the study indicate that barotropic flow should respond mainly 
to the zonally averaged (zero zonal wave number) wind with a 
time lag of 10 or so days. This spindown time is too rapid to 
be due to bottom Ekman layers, so it is assumed to be due to 
Rossby wave drag on small scale variations in bottom topog- 
raphy. The barotropic part of the transport, according to 
Clarke, should vary by about 65% over a year (measurements 
show a maximum variation to be about 40% of the mean 

[Whitworth et al., 1982]). 
Much recent analysis of large-scale circulation is from the 

point of view of inviscid flow that conserves potential vorti- 
city. In closed basins the wind forcing must deflect the flow 
sufficiently to cause lines of constant potential vorticity to 
close upon themselves; otherwise, no circulation is possible. In 
the southern ocean there is the possibility of some potential 
vorticity lines circling the globe (the ACC) allowing zonal flow 
that need not be strongly forced. Haynes [1985] considers 
how a gyre and a free zonal current interact. His analysis 
considers two-, three-, and four-layer models in addition to a 
calculation for continuous stratification. The occurrence of the 

free zonal flow allows penetration to the bottom of the effect 
of wind forcing. In the absence of the zonal flow, the penetra- 

tion depth of the wind forcing is determined by the strength of 
the wind. The interaction of the zonal current and the wind 

driven gyre give rise to (1) a realistic density front between the 
subtropical and subpolar circulations and (2) a poleward shift 
of the center of the gyre with depth. 

The A CC as Part of a Global Ocean Model 

The ACC is really a part of the global ocean and should be 
modeled in that manner. Currently, it is not possible, because 
of computer limitations, to solve numerical models of the 
world ocean that have all of the dynamical processes, es- 
pecially mesoscale, that are thought to be important in large- 
scale circulation. However, some models exist having approxi- 
mations to these processes, and it is appropriate to assess how 
well they represent the ACC. Four models of varying com- 
plexity are considered. 

The simplest model [Veronis, 1973] was a modified Sver- 
drup calculation for a two-layer world ocean forced by the 
climatological winds of Hellerman [1967]. The lower layer was 
motionless unless exposed to the wind (mainly in the polar 
regions). Because the Sverdrup solution allows no latitude 
lines within the flow to continue without meridional bound- 
aries, the South Scotia Arc and the Antarctic Peninsula were 

assumed to block the ACC. The calculated transport through 
Drake Passage was more than 200 x 10 6 m3/s, and the struc- 
ture of the flow in the southern ocean bore some resemblance 

to observations (Figure 13). In spite of the reasonably good 
estimate for the total transport, this model addresses the 
forced flow and not the higher order dynamics of the ACC, 
which may be especially important at Drake Passage. It does 
show the role of simple Sverdrup dynamics in the large scale 
circulation in the southern ocean. 

Bryan and Cox [1972] described a nine-level, primitive 
equation world ocean model forced by the Hellerman [1967] 
winds. The water is assumed to be homogeneous even though 
the vertical structure of the flow is calculated. Separate polar, 
mid-latitude, and equatorial grids are used, and the solutions 
are patched together between these regions. The horizontal 
resolution is 2øx 2 ø, which gives a distance between grid 
points which is everywhere less than 220 km. Lateral friction 
is somewhat high, resulting in a Munk boundary layer 300 km 
wide, or 2 to 3 times too large. Solutions with and without 
bottom topography are presented. The model ACC has a 
transport of 32 x 10 6 m3/s with realistic bottom topography. 
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These values do not compare well with the known transport 
in Drake Passage; stratification is assumed to provide the 
missing physics and thus improve the comparison. 

In a following study, Cox [1975] considered the effect of 
stratification by calculating the circulation with the average 
temperature and salinity fields. In one calculation the stratifi- 
cation was fixed, and the transport at Drake Passage in- 
creased to 184 x 10 6 m3/s. A second calculation allowed the 
stratification to change in response to the circulation. The 
model was run for only 2.3 model years, which was insufficient 
for a steady state. This resulted in a slight increase of ACC 
transport to 186 x 10 6 m3/s. 

Using a different primitive equation world ocean model, 
Bye and Sag [1972] considered vertically integrated circu- 
lation, with and without bottom topography, as forced by the 
Hellerman [1967] winds. Three different numerical grids were 
used, with horizontal resolutions between 2 ø and 5 ø. Viscous 
dissipation was provided by bottom friction alone. For the flat 
bottom simulation with realistic bottom friction, the ACC 
transport was about 340 x 10 6 m3/s; with realistic bottom 
topography the transport reduced to 15-20 x 10 6 m3/s more 
or less independent of the choice of friction parameter. The 
inclusion of stratification was suggested as a means to increase 
the transport to a more realistic value. 

A coupled ocean-atmosphere climate model [Bryan et al., 
1975] includes a stratified (12 level) ocean with both realistic 
coastline and bottom topography. The maximum horizontal 
grid spacing for the ocean is 700 km. A nonlinear equation of 
state is used to convert model temperature and salinity to 
density. The climatological steady state for the model ocean 
has reasonable flow patterns, but the current speeds are slower 
than observed. The ACC, in particular, has a transport of only 
22 x 10 6 m3/s. The zonally averaged model surface winds in 
the southern hemisphere are weaker than observed surface 
winds, and the "Roaring 40's" are missing entirely, which may 
account for the low transport of the ACC. 

Mesoscale Dynamics in the ACC 

The studies mentioned thus far (except that of McWilliams 
and Chow [1981]) have taken a large-scale view of the dynam- 
ics of the ACC; that is, the length scales have been longer than 
several hundred kilometers. Mesoscale dynamics, occurring on 
scales of 10-200 km, need to be considered for possible impor- 
tance in the southern ocean. Two general classes of mesoscale 
effects are reviewed here: flow-topography interaction and 
eddy-mean flow interaction. Both partial meridional barriers 
and bottom topography can produce flow perturbations with 
length scales equal to a few internal radii of deformation (say, 
40-150 km). Such perturbations can enhance dissipation in the 
flow through the creation of mesoscale eddies. 

Wind-driven flow in a basin with a partial meridional bar- 
rier (simulating Africa) was considered by de Ruijter [1982]. 
Special emphasis was placed on the dynamic processes that 
occur at the tip of the barrier, where the Agulhas Current 
leaves the continent and turns eastward (so-called "re- 
troflection"). Both linear and nonlinear models with lateral 
friction were used, in which the interior is in Sverdrup balance 
with the wind. Munk-type boundary layers develop on the 
western side of each gyre and around the tip of the partial 
barrier. A spreading, free viscous boundary layer allows water 
that flows around the partial barrier to move to the far west- 
ern boundary of the ocean. In a linear calculation, all of the 
flow on the eastern coast of Africa rounds the tip and enters 

the Atlantic Ocean. A nonlinear calculation shows that some 

of this water turns sharply eastward in the region south of 
Africa and flows back into the Indian Ocean. The structure of 

the wind curl over the ocean south of Africa determines the 

amount of water which moves westward and that which turns 

back eastward into the Indian Ocean. Therefore the model 

results are quite sensitive to the shape of the wind curl over 
this small region of the ocean. 

Smith and Fandry [1978] use a two-layer model of a zonal 
channel to compare the effects of stratification and bottom 
topography (essentially a two-layer version of the Kamenko- 
vich [1962] model). Vertical viscosity is incorporated by in- 
cluding surface, interface, and bottom Ekman layers; wind 
stress drives the circulation. The flow follows geostrophic con- 
tours (lines of constant f/depth) under the assumption that 
planetary beta is small compared to topographic beta. For 
flow along a ridge, they find that the speed is higher and a 
density front can develop on the equatorward side of the 
ridge. This effect may play some role in the formation of den- 
sity fronts in the ACC. 

McCartney [1976] examined eastward zonal flow of a stra- 
tified, rotating fluid over meridional and zonal ridges and over 
isolated seamounts. There is a natural length scale of (u/•) •/2, 
where u is the mean speed and • is the gradient of the Coriolis 
parameter, associated with these flow interactions, implying 
that mesoscale flow patterns can be created from large-scale 
oceanic flow. In particular, a meridional ridge produces lee 
waves. A zonal ridge induces faster flow on the equatorward 
side of the ridge and, for finite length, a vortex street down- 
stream of the ridge. An isolated seamount produces an anti- 
cyclonic meander on its upstream, equatorward side and a 
cyclonic meander on its downstream, poleward side. The in- 
tensity of these meanders increases with increasing height of 
the topography. 

Boyer and Guala [1972] analyzed flow over the complex 
ridge and trench system south of New Zealand by using a 
one-layer numerical model and a laboratory model. The nu- 
merical model used f plane dynamics and was forced by un- 
sheared, eastward flow. Vertical friction (A v = 10-3 m2/s) was 
used to damp the flow. The numerical model agreed quite well 
with the laboratory simulation. Neglecting beta effects, the 
flow disturbance is trapped to the topography (geostrophic 
contours are identical with topographic contours), and Rossby 
lee waves are not permitted. Given the large friction and the f 
plane assumption, the model cannot be compared easily with 
the observed oceanic currents in this region. 

Mesoscale flow features are also created by barotropic and 
baroclinic instabilities. The resulting eddies interact with the 
mean flow to redistribute energy and vorticity both horizon- 
tally and vertically. The analysis of strongly interacting eddy 
flows requires the use of numerical models with horizontal 
resolution at least as small as the internal radius of defor- 

mation. Such models put considerable strain on present com- 
puter resources, so they are usually employed to demonstrate 
the dynamics in reduced domains rather than as complete 
replicas of a natural system. 

McWilliams et al. [1978] described an eddy-resolving, two- 
layer, wind-forced numerical model of a zonal channel with 
partial meridional barriers. In this model the wind is zonal 
with a sinusoidal distribution that is zero at the northern and 

southern edges of the basin and maximum (eastward) in the 
center. Linear bottom friction and biharmonic lateral friction 

are specified in the model, but eddies, created by flow instabil- 
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Fig. 14. Time-averaged stream functions from the two-layer eddy-resolving experiments of McWilliarns et al. [19783. 
The cases are denoted LB (flat bottom, 5 km deep) and TB (500 m, Gaussian ridge in the recirculating gap); •px (left) and 
Ip3 (right) are the time averaged stream functions for the upper and lower layer, with contour intervals of 104 m2/s and 
0.6 x 104 m2/s, respectively. 

ities, play a major role in distributing momentum. Two simu- 
lations seem especially pertinent to the ACC. Both cases are 
for recirculation through a gap representing Drake Passage; 
there are no other meridional boundaries within the channel. 

One case (LB) has a flat bottom at 5 km; the other (TB) has a 
500-m-high Gaussian ridge in the recirculating gap. The 
model was integrated to a statistical steady state, and results 
were analyzed in terms of time-averaged energy budgets where 
the averaging times are 1200 and 3300 days, for cases LB and 
TB, respectively. The time mean solutions are shown in Figure 
14. The total transports for the two cases are 500 and 100 
x 10 6 m3/s for LB and TB. The principal energy pathway is 

from the wind to the flow in layer 1, which becomes unstable. 
Eddies then transfer energy to layer 2, where it is dissipated by 
bottom friction. The major effect of bottom topography is the 
production of form drag, which reduces the total transport by 
a factor of 5. An additional effect of the barrier is to cause the 

flow downstream of the barrier to be considerably more ener- 
getic than flow elsewhere. A similar pattern is observed in the 
surface KE from drifters (Figure 9). These model results em- 
phasize the importance of eddies and topography on the 
energy budget of the ACC. 

7. SUMMARY REMARKS AND SUGGESTIONS 

There has been great improvement in our understanding of 
the structure and dynamics of the ACC in the last decade or 
so. This enhanced understanding, however, indicates that 
sharper and more focused questions and experiments should 
be considered. Here several studies are suggested for continu- 
ing to improve our descriptions and understanding of the 
ACC. Discussed first are three observational studies consider- 

ing the major fronts, meridional exchanges, and total trans- 
port; these are followed by four comments pertaining to the 
general dynamics and modeling of the ACC. 

The structure and time behavior of the Subantarctic and 

Polar fronts need to be considered in more detail. Satellite 

observations of sea surface temperature, surface winds, and 

surface topography will be necessary to get the required syn- 
optic coverage of the southern ocean. The proposed satellites 
by the European Space Agency (ERS 1) and NASA/Centre 
National d'Etudes Spatiales (TOPEX/POSEIDON) can pro- 
vide the altimetric coverage required for study of time- 
dependent geostrophic surface currents. Together with surface 
wind data from the Navy Research Ocean Satellite System 
(NROSS), these altimetric data will provide global coverage of 
surface current variability. The NASA gravity and magnetic 
mission (GRM) being planned would provide data on the 
geoid which is needed for determination of geostrophic surface 
currents. Surface temperature will be provided by operational 
polar orbiters as well as by these research satellites. In situ 
observations will play a crucial role in providing subsurface 
information as well as information for calibrating the satellite 
observations. Such observations should include detailed hy- 
drographic sections, surface temperature and expendable 
bathythermograph sections from ships of opportunity, and 
surface drifter observations, as were used in FGGE. 

The questions of heat flux and energy conversion by dy- 
namic instabilities have been addressed in limited areas of the 

ACC. However, it is not known how representative these 
measurements are of the entire ACC. Moored instruments 

should be placed in regions of the southern ocean that repre- 
sent different dynamical regimes. Such areas might be selected 
from consideration of surface kinetic energy estimates and 
local bathymetry. Sea surface height variability, as determined 
from Seasat, can be used to identify dynamically different re- 
gimes of the ACC. The mooring arrays should have adequate 
spacing to estimate eddy heat and momentum fluxes, selected 
parts of the energy and vorticity budgets, and estimates of 
energy conversion rates by instabilities. Conductivity observa- 
tions would also be desirable to calculate salt fluxes. 

The transport of the ACC is a crucial observation against 
which numerical models can be tested. Transport at Drake 
Passage has been determined with some precision, and tech- 
niques are now available to monitor the transport with a 
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minimum of instrumentation. A second transport measure- 
ment is needed south of Australia or New Zealand. Time cor- 

relations between these two transport series will begin to 
answer questions about the angular momentum of the ACC as 
a whole. There have seen several estimates of the time lag of 
the ACC in response to changes in wind forcing. Such trans- 
port time series will help sort out the temporal behavior of the 
ACC and its relation to forcing. As a long-range goal, satellite 
altimetry coupled with sea level stations (including atmospher- 
ic surface pressure) and deep pressure observations, should be 
used to calculate the transport of the ACC at several places 
about the southern ocean, not just in the narrow parts of the 
current system. 

Improved fields of atmosphere-ocean exchanges of momen- 
tum, heat and moisture are needed to improve our under- 
standing of the circulation and heat budget of the southern 
ocean. Climatology for the southern ocean is hampered by its 
remoteness as well as its dependably bad weather. It seems 
that satellite observations (for example, the scatterometer on 
NROSS) offer the only hope for obtaining wind stress obser- 
vations with adequate geographical coverage. Heat exchange 
with the atmosphere is an important element of water mass 
conversions which occur in many places in the southern 
ocean. Such heat flux estimates will be necessary for the devel- 
opment of thermodynamically active models of the ACC. 

The correct dynamical balance for the ACC is still not 
know. The roles of continental boundaries, stratification, 
bottom topography, and dynamic instabilities have been 
shown to be important separately, but such effects have not 
been considered all in the same numerical model. As an exam- 

ple of the interrelation of these factors, the meridional distri- 
bution of wind forcing in relation to the meridional extent of 
land barriers has been shown to be of considerable impor- 
tance. Finally, active thermodynamics should be included in 
these models to consider how newly formed, dense water is 
able to cross the ACC without losing its distinctive character. 

The dynamics of the creation and maintenance of the ACC 
fronts and their associated strong currents should be investi- 
gated. Such currents seem to be sensitive to bottom topogra- 
phy and tend to flow through gaps in bathymetry. These deep- 
reaching currents are shown to be unstable in Drake Passage 
where they have been extensively investigated, and they may 
be unstable throughout the remainder of the A CC. The stabili- 
ty of these currents has an impact on the meridional exchange 
of heat, momentum, and other properties across the ACC. 
Investigations should include both theoretical and observa- 
tional points of view. 

Simple indices which give good indications of the behavior 
of the ACC, or some parts thereof, may exist. Specific observa- 
tions in the surface meteorological fields, for example, surface 
winds, may signal variations in the current fields of the south- 
ern ocean. The ACC transport observations should be com- 
pared through the use of models with surface wind fields. 
Some surface wind fields are available now that are contem- 

poraneous with transport observations in Drake Passage; the 
next decade promises improvements in observations of both 
wind stress and current variations. 
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