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Abstract

Recent theories of the Antarctic Circumpolar Current (ACC) suggest that its lateral and vertical
stratification is controlled by its baroclinic instability: eddies in the ACC not only feed-off the
available potential energy stored in sloping isopycnals but play a central role is setting up that
stratification. Simple theory makes predictions about how the depth of the thermocline in the ACC
depends on the surface winds, the air—sea buoyancy flux and transfer by baroclinic eddies. By
examining gridded hydrographic data, here we test some of these predictions against observations.
We show that, to a remarkable degree, the buoyancy field in the ACC decays exponentially with
depth beneath the mixed layer. The e-folding depth increases equatorward, from less than 500 m
on the poleward flank of the ACC to greater then 1000 m on its equatorial flank, in a manner that is
broadly consistent with the theory.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Antarctic Circumpolar Current (ACC) is the only major current that circumnavigates
the globe—se&ig. I—and has many unique characteristics (Be#oul et al., 200%or a
recent review). The ACC exists in thermal wind balance with isopycnals that slope up toward
the pole, as shown iRig. 2 The slope of the isopycnals is set, we believe, by a balance
established between the surface winds which drive the ‘Deacon Cell’ overturning isopycnals
and baroclinic eddies which extract potential energy and tend to flatten them out. This basic
physical process and relevant theory is studied in an idealized modeling contexsien
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Fig. 1. The geostrophic streamling®, = gh/f, with g the gravitational acceleratioh,the sea surface height

from altimetry andf the Coriolis parameter. The contour interval i8 & 10* m?s~1 with the value increasing
traveling poleward. The zero contour is located at the axis of the ACC. The bold solid lines mark the boundaries
of circumpolar flow:w, = £2.4 x 10*m2s™1.

etal. (2002)hereafter KIM) and in a laboratory settingviarshall et al. (2002)The theory
makes predictions about the vertical stratification of the ACC and how it depends on wind,
buoyancy forcing and transfer by baroclinic eddies. Here, we test those predictions against
observations in the ACC. To characterize the vertical extent of the ACC, we make use of
the observed equivalent barotropic (hereafter EB) structure of the ACC. The EB structure
has been noted in both observatio@®(don et al., 197.8Viarshall et al., 1993Gille, 1995
Phillips and Rintoul, 2000and analysis of numerical modekiljworth, 1992 Krupitsky
et al., 1996Ivchenko et al., 199&Killworth and Hughes, 2002 This observation has led
to a series of models which examine the path of the ACC using the EB simplification (see,
for exampleKillworth, 1992, Krupitsky et al., 1996lvchenko et al., 1996 Killworth and
Hughes (2002)liscuss in detail how the EB structure can be used to examine Welander's
similarity solutions of the ideal fluid equations and describe the ACC path and structure.
The approach allows the topography and its form-stress to enter the calculations in a natural
manner. However, analytical progress depends on assuming separable EB form and does
not explain how it arises or depends on external parameters.

Here, we examine the observed vertical stratification of the ACC using gridded hydro-
graphic data. Firstly, we show that the stratification can be well-described by an exponential
profile, but only if the e-folding scale (a measure of thermocline depth) is a function of
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Fig. 2. (a) The mean streamwise-average buoyancy with contour intervalld3ms 2. (b) The mean
streamwise-average thermal wind velocity with contour interval 1chobtained by assuming that the zonal

flow at the bottom is zero and integrating up using thermal wind. The vertical dashed lines mark the boundaries
of the ACC, the horizontal dashed line marks the annual mean mixed layer depth.
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horizontal position: thus, a separable EB form seems to be a poor assumption for the mean
buoyancy field of the ACC. Secondly, we study what processes might control the e-folding
scale and examine how its variation depends on the balance of wind forcing and eddy fluxes.

In Section 2 we describe how we fit exponentials to the ‘Levitus’ climatology and map
out the e-folding depthe. In Section 3 we put forward a simple theory that attempts to
explain the observed distribution. 8ection 4 we conclude.

2. Fitting an exponential to the vertical buoyancy profile

Using the gridded hydrographic dataladvitus and Boyer (1994t 1° horizontal resolu-
tion, we calculate the buoyandy, at each latitude—longitude grid point usihg= —go / po,
where the potential density, is calculated using a nonlinear equation of s{&#|, 1982)
andpp = 1030 kg 73 is the average density of sea water. We then use a least square curve
fitting routine to fit an exponential curve to the mean buoyancy below the annual mean
mixed layer depthim, given byLevitus and Boyer (1994We assume the buoyancy has
the form

_ bm(6, ¢), —hm@®,¢) <z2<0
BO.6.2) = _m( ®) m(0, @) , )
bo(0, ¢) expl(z — hm)/he], —H <z < —hm(0, $)
b
m
0
=500 R 5 i Fomnne rrrrrrrrrrr -
_1000_ .................. ................ .................... .................... .................. .
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_ - err=2.2%: _
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Fig. 3. The vertical structure of the buoyancy at®®, 505°S (solid line) with the approximation given i{§)
(dashed line). The relative error in the fit at this location is 2.2%.
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wherehe is the e-folding depthhm (8, ¢) the mixed layer buoyancy®, ¢) are the latitude
and longitude, and s the height, withy = 0 at the surface and= i (9, ¢) is the base of
the mixed layer. The method minimized the error as measuréf)land discussed below.
In this manner we calculate the e-folding depth, of the buoyancy at each grid point. In
Fig. 3, we show the field at one particular point (99°E, 505°S) and the approximation
given by(1): the best fit is obtained when, = 614 m.

In Fig. 4(a), we plot the calculatekl at all horizontal columns in our domain. It is clear
that ke varies considerably in space. There are relatively high values to the north of the
ACC and lower values to the south of the ACC. In the region of the ACC itaglfies
predominantly in the 500-1000 m range Hig. 4(b), we have also plotted the streamwise
mean ofie. The mean shows a striking increase across the ACC from a minimum of just
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Fig. 4. (a) The e-folding deptlhe, of the mean buoyancy in each column plotted as a function of position; (b) the
along-stream average b§.
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under 500 m at the polar boundary to in excess of 1000 m on the equatorial flank. As we
will show in Section 3 this trend can be directly connected to the wind forcing. Note that
over the typical 3width of the ACCf varies by less than 10%, and even over the full range
of the ACC, say 4765, f varies by only 25%. Thus, the variations in the e-folding depth
across the ACC are more marked than the variations in

One might question how accurately an exponential profile captures the vertical buoyancy
structure. The numerical experiments of KIM suggest that the exponential profile should be
accurate in regions of circumpolar flow, but perhaps not elsewhere in the Southern Ocean.
We plot the relative error in the exponential fithing. 5given by

error = 2160 9.2 = bm(0. @) exp(z/ ho)l*. o

(b0, ¢, 2)]?

where the sum is over depth. The thick lines indicate the bounds of circumpolar flow
as determined by the mean streamlines obtained from altimeter dat&i{se®). The
exponential profile indeed fits extremely well in the region of circumpolar flow, with an
error of less than 5% and often less than 2.5%. In regions outside the ACC, however, the
fit is not as good (errors often exceed 10%) and the exponential profile is at best a rough
approximation of the vertical stratification. This emphasizes that the circumpolar nature of
the ACC distinguishes it from the subtropical gyres of the Southern Ocean.

Fig. 5. The relative error (%) in the fit of the exponential profile, with e-folding depth showigird, as calculated
using(2). North of the ACC, the error generally lies between 5 and 10%. South of the ACC, the error generally
exceeds 10%.
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The mean values of the e-folding depthFig. 4(b) are smaller than the 1600 m found
in Marshall et al. (1993jor perhaps two main reasorSi{le, 1995also predicts a deeper
e-folding; depth of 1500 m). Firstlarshall et al. (1993)ncluded data to the north of
the ACC where the thermocline is much deeper. Secondly, the logarithmic fit used in
Marshall et al. (1993emphasized bottom values by excluding all data above 400 m and
preferentially weighted values at higher density. Here, by fitting an exponential curve we
emphasize the region just below the mixed layer. Examihilagshall et al. (1993)it is
clear that a fit to lower density values would decrease their e-folding to perhaps 800 m
more in accord with the calculations presented here (Fig. 9(b)). Lastly, it should be noted
that the FRAM model results predict a typical e-folding depth of 90&mufitsky et al.,

1996.

It should be noted that our results for the ACC are not dependent on the mixed layer
depth. We have repeated the process Wjth= 0, 50, 100, 200, 400 m. Despite this large
range, the streamwise-average e-folding depth over the range of the ACC varies by only
+50m. The error in the fit may increase by 1-2%, but the ACC is always clearly marked
as the region of the lowest error. Outside the ACC, changing the mixed layer depth has a
more dramatic effect, especially south of the ACC where the e-folding depth can change
significantly if the highly stratified surface waters are included or excluded.

3. What setsthe thermocline depth, he?

The focus of KIM was to understand the dependence of the stratification of the ACC on
surface forcing and eddy transfer processekarsten and Marshall (200%)ereafter KM),
we argued, using observations, that the leading order balance between winds and eddies
found in KIM (and many other studies—see, ®g6s and Webb, 199Danabasoglu et al.,
1994 Olbers and Ivchenko, 209#oes indeed hold at the northern boundary of the ACC.
In KIM, we established simple connections betwégmnd the surface forcing patterns
which predicted plausible vertical scales for the ACC and were supported by the laboratory
experiments oMarshall et al. (2002)Here, we show that these simple connections can
also account for the cross-stream variation©fin this section all averages are streamwise
averages of time-mean quantitiés: is the streamwise averaged e-folding depth given in
Fig. 4b) and y is the cross stream coordinate.

3.1. Residual buoyancy balance

The key equation in our analysis is the steady state, streamwise averaged buoyancy budget

derived inMarshall (1997rnd KJM. The budget holds in the mixed layer of dejpthand

is written in terms of a residual transpokes, and the mixed layer buoyandy (y). In the

steady state, the horizontal divergence of buoyancy transpdtieshm)/dy—minus the
subduction of buoyancy at the mixed layer bag@¥4es/dy)bm—must balance the surface
buoyancy forcing of the mixed layeB, yielding

lI’resc:;?_m = B, (3)
y
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Fig. 6. The Ekman transpolt = —7/pof and the bolus transportw*: the dashed line fo¥ computed from
the SOC winds; the dotted line from HR winds and the solid line¥s* computed as in KM. The error bars on
—w* are calculated using a 10% errordrand a 1 cm error in the sea-surface height variability,(Sge
where

T b

— 4+ =
pof b

Ues= ¥ + " = — (4)

z=—hm

The first term in4), ¥, is the Eulerian-mean contribution from the Ekman flow, the second,
w*, is the ‘bolus transport’ at the base of the mixed layer.

Following KM, the terms on the right d#), ¥ and—¥*, are plotted irFig. 6. We plot
two etimates o calculated from two different data sets for the winds stress, one from
Josey et al. (1998hereafter SOC winds, and the second fidailerman and Rosenstein
(1983) hereafter HR winds. We use two different wind fields to give some measure of the
uncertainty in observed quantities. The eddy flux term is computed as in KM: that is we
assumea’b’ = —Kny(db/dy) whereKy, is an eddy transfer coefficient at the mixed layer
base given by th&effer and Holloway (1988jormulation

K =i 5 (0D, (5)
Lf1
whereh’ is the sea-surface height variability measured from altimetryoare 0.26 is a
constant of proportionality (see Kushner and Held, 1998, for a detailed discussion of the
rationale behind5) and KM for its application to the ACC).
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FromFig. 6, we see that the individual terms that makelyg;in (4) tend to balance one
another to leave a ‘residual’ that implies northward flow poleward of the ACC (where the
wind-stress wins out) and southward flow equatorward of the ACC (where the eddy term
wins out)—but note the rather large uncertainty in our estimatgQfdue to uncertainties
in the wind and our parameterizatiomgb’. In KM, we speculated usin@) that poleward
of the ACC there is an implied buoyancy gain by the ocean to balance the equatorward
Ekman transport. Similarly, equatorward of the ACC there is an implied buoyancy loss by
the ocean to balance the poleward bolus transport. This pattern is in broad agreement with
the analysis of COADs data presentedipeer et al. (2000)

3.2. Prediction of thermocline depth

The hypothesis explored ylarshall et al. (2002and KJM is that the depth of the ther-
mocline in the ACC is controlled by its baroclinic instability: at equilibrium the overturning
of isopycnals by was balanced by the counter-overturning tendewcy,due to eddies
extracting energy from the mean flow.

Let us then attempt to expregs" in terms ofze. Employing an exponential profilg)
andv'd’ = —Km(db/dy) we find

Wt = —Kmhedbg/dy, (6)

m

where K, is the eddy transfer coefficient at the base of the mixed Id&er.(6) can be
rearranged to solve fare giving

L
he = ——W*, 7
=1 ™

where we have defined the cross-stream length scale of the ACC to be

b
L=—"
dbm/dy

(8)

From(7) and knowledge o *, we can predicte given L and the eddy diffusivityk .
Further analysis depends critically on hdi, depends on the stratification. Following
Green (1970) anifisbeck et al. (1996)we suppose that the eddy diffusivity is given by

Km= W = ceUoLmix, (9)

wherel is the surface thermal wind velocitfmix @ mixing length, ande is a constant of
proportionality that has been tied down experimentally—se&erges and Marshall (1997)
andMarshall et al. (2002)In (9), we have assumed that the eddy velocity seale Up
(appropriate if the eddies garner energy over a deformation scale—see, e.g. the discussion
in Section 5 oHeld (1999).

Substituting(9) into (7), we find that

e = (i L ) v (10)

ce Lmix /) Uo .
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Thus, the e-folding depth can be related to the surface velocitwdné&inally, we express
the thermal wind in terms of the buoyancy, that is,
1 [~ b 1 d
Up = —— —“dz = —= —(heh 11
0 f_HayZ fd(em) ()
where we have assumed that the buoyancy in the abyss is negligible compared to that in the
mixed layer. Ther{9) yields
ceLmix d

—hebm 12
7 (hebm). (12)

Note that the analysis here differs from KIJM because now we allow the e-folding depth
to vary across the stream, whereas in KIM it was assumed constant. Substitlijimgo
(10) gives

1L .
he—(hebm) < )f‘lfa

Km:

ce Lmix
or
2 L -
—(hebm>2 ( ) £ B
ce Lmix
Integrating glves
(hebm)? = / £ by + (hebm)2, (13)
Ce mix

wherey = qa is an arbitrary streamline. In our evaluatiorvgffrom (13), we choose = a
to be the northern boundary of the ACC and takg}m)g from the observations. Note that
we have assumed thaY Lnyx is a constant independent of

Rearrangind13) gives our sought-after e-folding scale:

Y I 1 Bndy + Gebm?.

he = — , 14
e P (14)
where
2 L
= — . 15
4 Ce Lmix ( )

We can now make predictions of thermocline depth given an estimate of *. In Fig. 7,
we plot the diagnosed value bg—solid line—using different estimates @f*.
First, if we accept that we can accurately estimate the diffusivity u&Ghthen we can
use(6) to calculatew*. The he predicted using this value fab* is given by the dashed
line in Fig. 7. The parametery (15) is adjusted to obtain the best fit to the observations
of he; y = 180 was found to yield the best estimate. One interpretation of the excellent
prediction shown irrig. 7is that the eddy diffusivity given b§9) and(12)is ‘compatible’
to that obtained following Keffer and Hollowg$).
Another approach would be to construct from observations of surface forcing usifyj
and(4). However, we do not have reliable buoyancy flux measurements. Instead we consider
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Fig. 7. The mean e-folding depth diagnosed from hydrography (solid line) and calculated1#dosing ¥ *
plotted inFig. 6 (dashed line) and setting* = —& = T/po f. Dashed—dotted line: SOC winds; dotted line: HR
winds.

the limit case in which the surface buoyancy fluxes are assumed to be indistinguishable from
zero and s@esvanishes. In this limit,

W= = (16)
oof
when(16)is used forr * we obtain the predictions at given by the dotted and dashed—-doted
lines inFig. 7 for the SOC and HR winds, respectively. The resulting predictioh.aé
consistent with the observations over the northern portion of the ACC but departs markedly
from them as we approach the poleward boundary of the ACC. This suggests that here signif-
icantly non-zero buoyancy fluxes must support a residual flow—see the previous discussion

of Fig. 6.
3.3. Implied baroclinic transport
Given our predictions for thermocline depth, what are the implication for the baroclinic

transport of the ACC? The transport of a section of the ACC betweena andy; and
below the mixed layer is given by

—hm )1 —hm yq
Toc = / / idydz = — / / / —%dydz dz.
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We can better understand this formula if we make some reasonable assumptions: we ignore
variations inf, we assume the buoyancy (anomaly) vanishes at the bottom, and we can
choose &’ far enough to the south to ensure tibai(a) essentially vanishes. Under these
assumptions we find frorf1.3):

2 L (71 bm(y)

1 .- oy
The = ——[h2bmldt = ——— | ¥*(y)=
‘ fo[ ebmla ceLm Ja bm(y1)

We see that the transport depends linearlydnlin the limit of vanishingles, ¥ * is given
by the wind(16) and we recover the result of KIM that the transport of the ACC should
depend linearly on the wind stress.

4. Conclusions

We have established that the stratification of the ACC has an exponential form in the
region of circumpolar flow. The e-folding depth increases across the ACC from less than
500 m on its poleward flank to more than 1000 m on its equatorial flank. A simple theory
that invokes transfer by baroclinic instability to balance patterns of surface buoyancy and
wind forcing, can account for the broad features in the stratification documented here in the
observations.

Our predictions depend critically on the efficiency of eddigsand the ratio of the eddy
mixing scale to the length scale of the frab,x/L which became convolved in to the
parametety, see(15). To best fit theory and observations/af, y was adjusted to 180.

The length scald,, as calculated fror(B) is on average 2000 km. There are many different
arguments for what sets the mixing length scdlg;x. Some suggest it is proportional

to the Rhines scale, which is on average 100 km &menmer, 199) others suggest it

is a baroclinic instability scale related to the Rossby deformation scale, estimated from
altimetric data to be 50-150 km (s8&ammer, 1998 The mixing scale, taken agZimes

either of these estimates, is roughly 500 km, considerably smalledth@ur calculations

then suggest that the eddy efficieney,is (2/y)(L/Lmix) =~ 0.04, in agreement with KIM

and previous studies/{sbeck et al., 1996Whitehead et al., 199@ones andMarshall,
1997. Eq. (9)then suggests a valué:

Km (M?s™3) = ceUpLmix = 0.04 x 0.08 x 500 x 10° = 160Q

a plausible value of upper ocean eddy diffusivity.

Our predictions are not strongly dependent on small-scale diffusion of buoyancy out
of the mixed layer, which has been absorbed into the buoyancy forBinglthough not
considered here, small-scale diffusivity can influence the strength of the interior stratification
and meridional overturning as discussed in KIM and KM, respectively.

What are the implications of our results for the equivalent barotropic form for the mean
buoyancy exploited by other authors? First, it is clear that adopting a separable form is
not a good approximation because the e-folding depth varies significantly across the ACC.
Given the vertical structure of the buoyancy found here, the thermal wind will be equivalent
barotropic only if the e-folding depth is constant along streamlines. This is not unreasonable,
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as contours ofe are reasonably coincident with streamlines. If indeed the e-folding depth
is constant along streamlines, it can be used as a characteristic variable in, for example, the
theory ofKillworth and Hughes (2002Moreover, rather than prescribing that profile, here
we have explored its connection with wind, surface buoyancy fluxes and balancing eddy
fluxes.

Finally, our discussion in this paper has focused on the observed vertical stratification
of the ACC. The residual meridional overturning circulation associated with the ACC is
discussed and inferred from observations in another p&@esten and Marshall, 2002)
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