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Abstract. The paper considers the Antarctic Circumpolar Current (ACC) as a current formed due
to the specific density field in the Southern Ocean characterized by relatively strong frontal zones.
Unlike the approach founded on the geostrophic balance only, the suggested model takes into
account turbulence effects caused by the baroclinic instability. The approach is grounded on the
theory of rotationally anisotropic turbulence (RAT theory). While classical treatments of the ACC
are based on the momentum balance, the RAT theory is founded on a simultaneous consideration of
the momentum and moment of momentum balance. The equation of the moment of momentum is
introduced due to the rotational anisotropy of turbulence in frontal region(s) coinciding with the
observed ACC occurrence. For the redlistic density field, estimated from the measured and
optimally analysed temperature and salinity long-term data in the Southern Ocean with the density
increasing to the south, the resulting velocity is directed to the east. This velocity is interpreted as
the turbulence-generated ageostrophic constituent of the flow field. In the regions where turbulence
effects are missing, the ageostrophic velocity constituent vanishes and the model reduces to the
classical geostrophic balance condition. The model predictions are illustrated by velocity profiles
calculated for the case where turbulent effects prevail over the geostrophic balance.
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1. INTRODUCTION

The Antarctic Circumpolar Current (ACC) is the dominant flow in the
Southern Ocean, meandering between about 50°S and 60°S and encircling the
Antarctic continent in a clockwise direction as the motion is looked at from the
South Pole. The current is characterized as consisting in general of severa
relatively narrow gquasi-stationary branches coinciding with frontal regions of
density ['*™]. Some branches of the ACC extend to considerable depths. The
integral volume transport of the ACC, estimated from the data measured in the
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Drake Passage as well as in the area between the Falkland Islands and South
Georgia, isaround 1.0-1.5 x 108 m®* s [+#>9].

The common understanding of the ACC ties the current forcing with
westerlies dominating in the region. Two different types of the ACC wind-driven
models have been formulated. The first stems from the classical work of Munk
and Palmén [] and proceeds from the momentum balance with the momentum
transfer by shear from surface to bottom, often complemented by the meridional
overturning [*Y]. The second approach [*™], started by Wyrtki [*°], is based on
the Sverdrup balance. Both approaches meet considerable difficulties.

The difficulties facing the wind-driven models[*®], as well as the ongoing
discussion [*®] of the problem, prove that the very physical background of the
ACC formation is still unclear and more effort is needed to understand it better.
One of the unsolved problems is connected with the role of the density field in
the formation of the ACC. Although the ACC (as well as its different branches)
evidently coincides with the frontal zones of the density, the importance of the
density field properties in the ACC formation has been left amost entirely out of
the vision of the ACC wind-driven models.

The geostrophic balance would be the simplest explanation of the water density
increase to the south in the ocean interior, accompanied by the ocean surface
sloping up to the north. The dope, together with the varying density field, causes
the pressure gradient to be directed to the north in the ocean interior down to the
isopotential no-motion level. If the geostrophic balance condition holds, it
determines the eastward flow above the no-motion level, which can be interpreted
as the ACC. The geostrophic balance assumption is straightforward if the
meridional density gradients are small. The conditions would change substantially
for the density gradients sufficiently large to generate baroclinic instability. The
instability generates turbulence fed by the potential energy stored in the frontal
regions. Then the geostrophic balance would not hold in the region of turbulence
occurrence and turbulence effects should be accounted for in the ACC models.

This paper discusses the turbulence-affected formation of the ACC. The
turbulence is described by the theory of rotationally anisotropic turbulence
(RAT) [*®]. The discussion involves the model situation, where the effects of
momentum, heat, and fresh water fluxes across the upper boundary are excluded,
the vertical pressure gradient is balanced by the gravity force, and the density
field is baroclinically unstable. The model assumptions lead to the vertica
component of the force field emerging due to the generated turbulence rotational
anisotropy balanced by the vertical component of the Coriolisforce. This balance
condition predicts an equilibrium zonal velocity constituent in frontal density
regions. It vanishes if the turbulence effects are absent and can be interpreted as
an ageostrophic turbulence-generated constituent of the total velocity field. For
the turbulence effects dominating over the other effects influencing the flow
formation, the model predicts a zonal flow (ACC) due to the turbulent processes
only. For the absence of turbulence effects, the formulated model reduces to the
classical geostrophic ACC model. The possibility of the ACC being founded on
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turbulent processes only links the suggested ACC formation mechanism to the
dynamics of atmospheres of fast rotating giant planets, the emerging zonal flows
of which have also been considered as aresult of turbulent processes [#%].

The velocity calculations proceeding from the density field data in the
Southern Ocean (Section 3) are presented in Section4. It is shown that a
particular model situation explaining the ACC by turbulent processes only is able
to describe the main quality of the ACC (Section 4). Beside the most significant
eastward zonal flow (ACC) in the Antarctic Convergence Zone (AC), extending
to more than 3000 m depth and corresponding to the ACC, two other flow
constituents were detected. An eastward flow occurs to the north of the modelled
ACC and goes down to about 250 m depth, the other flow runs westward along
the coastal shelf edge in the south. All three modelled current constituents have
their counterparts from observations [*%°%].

Section 5 treats the model situation calculated in Section 4 in terms of mass
and energy balance. According to this treatment, all energetic processes forming
the flow take place on the turbulent level of motion fed by the medium potential
energy released due to baroclinic instability.

2. THE MODEL
2.1. The model set-up

Let us consider the motion between the surface and bottom boundary layers,
with the stationary average velocity field u directed along longitude,

u=(u(9,2),0,0). (D)

In (1) and henceforth, the spherical co-ordinate system (¢, 4,2), where ¢ is
longitude, 9 issouth latitude, and z is depth (z>0), isused. The ocean surface
level is determined relative to the level z=0 as £=£(9)>0(&, >0). Let us
first assume & =0; then al effects associated with the ocean surface slope will
be excluded and only turbulence will drive the model. Accepting for potential
density p (henceforth — the density) that p=p,+p, in which p,(0)=
10°kgm™, p << p,, applying the Boussinesq approximation [*], and neglecting
the momentum transport due to the diffusivity (described by the symmetric
constituent of the stress tensor), we simplify the momentum equation of the RAT
theory [*7%] to the balance condition

—Vp+%V><O'+2p0u><a)0+pg:0. 2

In (2), p denotes pressure, »° is angular velocity of the Earth’s rotation, g is
gravity acceleration, and

o=4y(Q—w) 3
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is the dual vector of the antisymmetric constituent of the stress tensor. In (3), Q
is defined as Q= \/xR/R%, where V' is the fluctuating constituent of the
turbulent flow velocity, R isthe curvature radius of V' - streamline, R=|R| and
the angle brackets denote statistical averaging; @ =V xu/2; and y is the shear
coefficient of relative rotation affecting medium particles if Q — @ = 0. Balance
condition (2) differs from the corresponding classical equation by an additional
term 1V x o that describes the effect of antisymmetric stresses.
The projections of (2) to latitudinal and vertical directionsread

% Py =—20°pousing + %%1 (4)

and

-p, (c,c089) 4 — 2pyw’ucosd + pg =0, (5)

~ 2rcosd
where r denotes the Earth radius (considered as constant) and, dueto w, =0,

c,=4yQ,. (6)

To determine 2, we consider the projection of the equation for the moment
of momentum M =(v'xR) to the zonal direction. For the discussed flow pattern
this projection reads [*%).

—0, + pyMm, = 0, @)
where
Pom, =—4xQ, - g<p' Ry > (8

The first term on the right side of (8) is caused by the decay of M due to the
scattering of the moment of momentum in the cascading process (x is the
coefficient of the cascade scattering). The second term on the right side of (8)
describes the moment arising due to baroclinic instability. When writing (7) we
neglect the term describing diffusion of M in the medium.

The RAT accounts for the following expression for (p'R, ):

10p
'‘Ry) =k p, 2 —k,——, 9
(,D 3> 1P 254, 2754 9)
inwhich kg, k, >0.
From (7)—9) we find
kz plg
-2 08 10
’ krb+p, (10)

where b=4(y + x)/k,g. Expression (10) ties the @, -field with the spatial
structure of the density field.
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Balance conditions (4), (5), together with expressions (6), (10) and with the
assumption that p, balances the gravity force,

P, =p9, (11)

constitute a three-parameter model to determine the velocity field u=u(9, 2)
and pressure for the prescribed density field p = p(:9, 2).

2.2. The velocity profile
Using (5), (6), and (11), we find for velocity u,

4
rpe@° cosB[ v T ]
or, using (9),
u=——2 Ps _ P9 tang|, (12)
cosd|\b+p, ) b+p,

where

azfe 7

Ky poar

Measuring the density, the depth and u in units 10 p,, appropriately chosen
reference depth H and aH, respectively, we obtain for (12) the nondimensional

expression
u=__1 [[ Ps ] __Ps tanS], (13)
cosd|\c+p, ), C+p,

containing only one nondimensional parameter, c=bH. It characterizes the
summary effect of the depression of @, due to the antisymmetric shear and
scattering of £ due to the cascading processes. By using (13), the balance
condition (4), together with (6) and (10), determines p,. There is no flow-
generating mechanism (e.g. ocean surface slope) but turbulence included into the
model here, therefore velocity u aswell as p , vanish according to (12) and (4)
when turbulence is not generated, i.e. if either y or k, equals zero or if the
density field is meridionally homogeneous.

2.3. The model set-up with the ocean surface slope included
For the model, accounting for the ocean surface slope, the pressure gradient in
(4) is determined as the total pressure gradient, and velocity u, interpreted as the
turbulence-generated ageostrophic constituent of the flow velocity, obtains geo-
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strophic addend u,. So, as o, is determined as proportional to p / (b+p,), the
value of the ageostrophic velocity constituent u increaseswithincreasing p 4. The
ageostrophic congtituent of the motion field vanishes outside frontal regions where
the meridional density gradients are absent or weak, aswell asin case the turbulent
processes are entirely absent. In these regions balance condition (4) reduces to

%pﬂ =—20°pouysing, (14)

where
Py= g[jdeJ <0,
¢ 9

which, together with Eg. (11), leads to the thermal wind bal ance equation.

3. DISCUSSION
3.1. Density data
Isopycnals of the long-term average potential density anomaly o, along the

longitude section of 150°W in the latitude interval 30°S to 80°S are shown in
Fig. 1. The potential density is cal culated according to the international equation of
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Fig. 1. Distribution of the potential density anomaly 6, dong longitude 150°W in the Southern
Ocean.
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state for seawater [*] from optimally analysed Nansen bottle and CTD data on
temperature and salinity [*] collected since the 1920s. Two distinct density
fronts occur in the section as shown in Figs. 1-3. The southern front, centred at
around 57°S, extends deeper, to about 3000 m, while the northern front, located
around 37°S, is shallower, being distinguishable down to 350 m.
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Fig. 2. Horizonta distribution of the potential density anomaly o for depths of 100-3000 m along

longitude 150°W.
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Fig. 3. Vertical distribution of the potential density anomaly o, for latitudes from 50°S to 65°S

aong longitude 150°W.
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3.2. Calculation of the ageostrophic constituent of flow velocity

Consider the ageostrophic constituent of flow velocity predicted by (13) and
calculated for the density field represented in Figs. 1-3. To display the effect of
vertical stratification, the velocity calculations were performed for two limit
situations.

Figure 4 presents the results of velocity calculation for ¢>> p,. Inthis case
the influence of stratification on the turbulence depression is negligible compared
to the effect described by ¢ (see above) and instead of (13) we have

1
cosd

Cu= [ps9 — pgtand]. (15)
Three resulting ageostrophic current constituents can be clearly distinguished.
The centres of the two eastward currents are located at about 55-57°S and at
40-42°S, while the former extends down to 3000 m depth and the latter only to
about 350 m depth. The third, westward current to the south of 70°S moves also
in the surface layer along the coastal shelf edge. The presented structure of the
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Fig. 4. Ageostrophic velocity profiles along longitude 150°W for depths of 100-3000 m calculated
according to (15) (¢ >> p ).
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Fig. 5. Ageostrophic velocity profiles along longitude 150°W for depths of 100—-3000 m, cal cul ated
accordingto (16) (c<< p ).

ageostrophic flow velocity mimics the real velocity structure in the Southern
Ocean — al three mentioned currents have their counterparts from observa-
tions[*®]. A long-term (six years) experiment with neutrally buoyant floats at a
depth of 900 m, carried out in the South Pacific [*°], shows a well-outlined
eastward current located at 150°W between 50°S and 60°S. Surface drifting buoy
study carried out in 1978-1981 in the Southern Ocean [%] as well as the surface
layer (15 m depth) drifter observations of 19781999 in the World Ocean [*]
confirm the existence of both modelled eastward currents. The westward current
along the Antarctic continental slope was investigated by satellite-tracked
icebergsin 1972-1977 [*'].

Figure5 presents the results of velocity caculation for c<<p,. Now
formula (14) is simplified to the form

u=——1 [(tane) , — tanartan ], (16)
cosg ‘

where a = (9, z) isthe angle between the isopycnal surface p = const. and the
horizontal plane z=const. at (9,2). As can be seen, the strong density
stratification to the north of 45°S suppresses here the shallow eastward current.
The velocity calculations performed for the considered limit situations
c>>p, and c<< p, show the ability of the model to describe (dependent on
thevalue of c¢) different particular ageostrophic velocity constituent profiles.
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4. FORMATION OF THE ACC AGEOSTROPHIC CONSTITUENT IN
TERMS OF MASS AND ENERGY BALANCE

4.1. The mass balance

The eguation of mass balance is represented as

V-h=0, (17)
where
h=K-Vp. (18)
In (18) [%*],
K=KS%+K?®, (19)
where
K®=(ky+kQ2)1, K*=kE-Q, (20)

(E and 1 are Levi—Civita and unit tensors) determine symmetric and anti-
symmetric constituents of the turbulent transport tensor K. Taking (19) and (20)
into account, the constituents of flux vectors of p, associated with the symmetric
and antisymmetric constituents of K, are determined as

h*=K®-Vp=(k +k2,%)Vp
and
h®=K*.Vp=-k,Q, xVp

(h=h*+h*). They describe the fluxes of p aong the gradient of p and
perpendicular toit, i.e. along surfaces with constant o, respectively.

Using the identity V-h®=-s-Vp, where s=k,VxQ, , Eq.(17) can be
written as

s-Vp=V-h°.

It shows that the diffusive effect described by h® mimics the effect of advection
caused by the velocity field of incompressible fluid (V-s=0).

So, as s, =k,0Q, /0z, it is easy to conclude that the field s, = si,, where
ig is unit vector of coordinate line 9, displaces the isopycnals p =const. to
the south in layers where @, increases with depth, and to the north in
layers where Q decreases with depth. This leads to the sloping isopycnals.
The slope angle « of isopycnals can be expressed through h®, as
a=r/2- arccos(g-hzs/g|h2S ) (=0 for horizontal isolines and z/2 for
vertical isolines). Figure 6 illustrates that situation.
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Fig. 6. Scheme of the formation of doping isopycnals.

4.2. The energy balance

Let us consider now the constructed ACC model in terms of energy balance,
accenting interactions between the potential energy U =—-gzp and the turbulence
energy associated with @, defined as K“ =JQ7/2. Here J denotes the
effective moment of inertia, defined from M =JQ, and residua part of
turbulence energy K°, defined as K® =K' —K*, where K' denotes the full
turbulence energy defined as K' = v'2>/2.

The equation for the potential energy follows from the equation of mass
balance (17) after its multiplication by —gz and is represented as

Ve(hy)+Q+Q —Q, =0, (21)
where h, =—gzh, Q,=hj-g>0, Q=h’-g>0, Q,=-h*-g>0, with

hs =k,Vp and h =k,Q,*Vp.
The equation for K balance follows from (6)—«9) and has the form

~Q+Q, —4(y +x)Q2 =0. (22)

If the only sources of energy K° are the work described by Q, in (21) and
A(y + K').Q; in (22), the energy balance equation for K° is expressed as

Ay + k)22 —Qy —y =0, (23)

where >0 denotes the term describing dissipation of energy K°. From (21)-
(23) it follows that

V-(hy)=-h-g=y >0,

showing that the situation needs potential energy supply. The energy situation,
presented by Egs. (21)—(23), isillustrated in agraphical formin Fig. 7.
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Fig. 7. Scheme of energy interactions.

Let us stress that the described energy balance situation does not include the
energy of the average flow. All energy interaction processes leading to the zonal
flow formation realize between the energies U, K, and K° only.

5. CONCLUSIONS

The discussed model points to the potential importance of turbulent effectsin
the ACC genesis and, in particular, to the possibility that turbulent processes take
full responsibility for the ACC formation. It complements the list of the ACC
generating factors (westerlies and geostrophy) with the turbulence fed by the
medium potential energy in the density frontal zones. The model does not
consider the problems of the origination and persistence of the density field itself,
neither does it account for the influence of wind on the ACC. However, the wind
friction can be easily included into the description.

It is not known what could be the relative importance of various particular
factors influencing the ACC. Most likely the persistent westerliesin the region of
the ACC cannot be completely ruled out in the ACC calculations. Nevertheless,
considering the wind as the only forcing of the ACC would set the ACC out of
the other zonal flow patterns (zonal flows in the Earth’s atmosphere as well asin
atmospheres of giant planets) which have no analogous forcing. The geostrophic
balance could be considered as a common driving mechanism of all zona flows
including the ACC. Though, the geostrophic balance treats the medium as
inviscid while the large-scale ocean and atmospheric motions are generally
recognized to be turbulent. Furthermore, as it was pointed out in this paper, the
turbulence itself can force zona flows. The problem about the relative
importance of different zonal flow formation factors cannot be solved a priori.
The final solution should come through additional observational evidence.
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Antarktika ringhoovus kui tihedusvéaljast
tingitud voolamine

Jaak Heinloo ja Aleksander Toompuu

Artikkel kasitleb Antarktika ringhoovust kui L&unaookeani tihedusvélja eri-
pérast tulenevat nahtust. Erinevalt geostroofilisel balansil pdhinevast anal oogsest
kasitlusest votab formuleeritav kasitlus arvesse liikumise turbulentset iseloomu
ning keskkonnas genereeritava turbulentsi potrdelist mittei sotroopsust. Kasitluse
formuleerimisel lahtutakse potrdeliselt mitteisotroopsete turbulentsete kesk-
kondade mehaanikast (PMT-teooriast). Lahtudes LBunaookeanis pika aja véltel
mdddetud ja optimaal anal ilisiga interpol eeritud temperatuuri ja soolsuse véljade
alusel hinnatud tihedusvélja struktuurist, néidatakse, et liikumise turbulentne ise-
loom vGib genereerida itta suunatud tsonaalse hoovuse ageostroofilise kompo-
nendi. Nimetatud hoovuse komponenti el esine, kui keskkonnas turbulents puu-
dub. Formuleeritud mudel taandub sellisel juhul klassikalisele kasitlusele geo-
stroofilise balansi raames.
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