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ABSTRACT

The momentum balance of the Antarctic Circumpolar Current is investigated using both output from a high-
resolution primitive equation model and sea surface height measurements from the Geosat altimeter. In the
Semtner—Chervin general circulation model, run with approximately one-quarter degree resolution and time-
varying ECMWF winds, topographic form stress is the dominant process balancing the surface wind forcing.
Detailed examination of form stress in the model indicates that it is due to three large topographic obstructions
located at Kerguelen Island, Campbell Plateau, and Drake Passage. The difference between wind stress and form
stress representsthe lateral transfer of momentum into and out of the ACC. It isexamined both in zonal coordinates
to conform to the model architecture and along mean streamlines in order to reduce the effects of standing
eddies. In this particular model, in stream coordinates, biharmonic friction dominates the lateral transfer of
momentum. Since biharmonic friction is a parameterization of subgrid-scale transient eddy processes, this in-
dicates that the unresolved transient eddy processes play a critical role in fluxing momentum across the ACC
in this model. Although the relative importance of individual terms in the momentum balance does not vary
substantially along streamlines, elevated levels of eddy kinetic energy are associated with the three major
topographic features. In contrast, altimeter data show elevated energy levels at many more topographic features
of intermediate scales, suggesting that smaller topographic effects are better able to communicate with the surface
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in the real ocean than in the model.

1. Introduction

In the simplest approximation, the Southern Ocean
resembles a continuous channel centered around the
Antarctic continent; the force balances that generally
describe the dynamics of closed basins, such as the
North Atlantic, do not easily transfer to this region. In
the momentum budget a strong zonal wind stress drives
the eastward flowing Antarctic Circumpolar Current
(ACC). No substantial continental boundaries are avail-
able to support western boundary currents to close the
momentum balance, so what prevents the current from
accelerating indefinitely? The physical processes that
remove the momentum input by the wind and the re-
sulting energetics of the ACC are the subject of this
paper.

This study probes the dominant dynamical processes
in the Southern Ocean by looking at the momentum
balance in the quarter-degree version of the Semtner—
Chervin primitive eguation numerical model. Three spe-
cific issues are examined: If momentum is input by the
wind, whereisit removed from this numerical Southern
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Ocean? What processes carry momentum horizontally
across the ACC? And to what extent are the results
produced by the Semtner—Chervin model consistent
with altimetric estimates of mean sea surface height and
variability in the Southern Ocean developed by Gille
(1994) and Gille and Kelly (1996)?

The momentum balance is considered in two coor-
dinate systems, one zonal and the second along stream-
lines. Zonal coordinates are easily defined and conform
well to the dominant zonal wind forcing in the Southern
Ocean, while stream coordinates allow us to separate
the processes specifically controlling the meandering
ACC from those that predominate in the more quiescent
regions outside of the circumpolar flow. Since the goals
of this paper are to look at the processes governing the
ACC itself, the analysis that follows will focus on the
flow along ACC streamlines. In addition, in order to
investigate the specific topographic featuresinfluencing
the dynamics, this analysis will examine fluctuations of
the momentum equation terms along streamlines. The
results will show that the numerical model ACC un-
dergoes substantial energy fluctuations along stream-
lines, but that the relative size of termsin the momentum
balance does not change; therefore, eddy kinetic energy
will be used to compare the model with altimeter data.
Differences between surface eddy kinetic energy dis-
tributions measured by the altimeter and in the model
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suggest that the model may not feel bottom topography
as effectively as the ocean does.

2. Background: Processes balancing wind

In theoretical and modeling studies, oceanographers
have long speculated about the dominant forces con-
trolling the momentum balance of the ACC. Consider
the zonal momentum equation, in this case formulated
in spherical coordinates as it is used in the Semtner—
Chervin model (Semtner 1986) and time averaged:
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Here overbars indicate time averages and primes indi-
cate deviations from time averages. The terms u, v, and
w represent zonal, meridional, and vertical velocity; f
is the Coriolis parameter; A and ¢ are longitude and
latitude; a is the radius of the earth; p, is mean density;
u represents vertical viscosity; and A, is the horizontal
viscosity coefficient. The terms u, and u; represent final
and initial velocities and At is the total time duration
considered; these terms are used to estimate the vel ocity
tendency. Equation (1) is Boussinesq and hydrostatic
and uses the continuity equation V-u = 0.
Geostrophy dominates the system: at any point
throughout the ocean, the leading order balance in (1)
is between the Coriolis term fv and the pressure gradient
term (pya cos¢) top/aA. Momentum isinput by thewind
through the surface boundary condition. It is extracted
via the pressure gradient term below the depth of the
shallowest bathymetry, bottom friction (represented as
a bottom stress in the vertical viscosity term), and
through no-dlip lateral boundary conditions at conti-
nents and topographic features. The other termstransfer
momentum from wherever it enters at the surface to the
boundaries where it is removed. Horizontal transfer oc-
curs by biharmonic friction, A, V4u (often referred to
as viscosity or momentum diffusion), and by horizontal
momentum flux (or Reynolds stress) divergences, (a
cos¢)~ta(uu)/aA and (a cosed) *d(v ucosd)/dd. Timeav-
eraging the momentum equation minimizes the time
evolution term (au/at) and alows us to compare the
relative sizes of momentum flux divergences due to
standing eddies, (a cos¢)-to(uu)/or and (a cosg)—*
d(vu cosp)logp, with those due to transient eddies,
(acosp)~19 u'u’'/oA and (a cosg) 19(v'u’ cosp)/dg. Ver-
tical transfer results from vertical eddy viscosity and
from the vertical momentum flux divergence, a(wu)/dz.
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The small metric terms, a-*U v tang and a-'u"v’ tand,
are accelerations due to the curvature of the earth.

What physical processes actually counteract the sub-
stantial surface wind forcing in the Southern Ocean? In
past studies, all of thetermsin (1) have been considered
in detail. Momentum input by the wind could conceiv-
ably be balanced by bottom friction; however Gill
(1968) estimated that the frictional drag terms would
need to be unrealistically large. Likewise, although one
might imagine that the horizontal momentum flux di-
vergence terms transfer momentum input by the wind
to regions where it could be removed frictionally, ob-
servational evidence from current meters (Bryden and
Heath 1985) and altimeter measurements (Morrow et al.
1992; Johnson et al. 1992) indicates that the horizontal
momentum fluxes are too small to counteract wind forc-
ing. In locations where the Reynolds stresses were sta-
tistically significant, they tended to be of the *wrong”
sign, suggesting that the horizontal eddies drive the
mean flow rather than dissipating it.

Since neither bottom friction nor horizontal friction
can be sufficiently large, the leading candidate to bal-
ance wind stress is topographic form stress, which is
associated with pressure gradients across bathymetric
ridges. Theideawasfirst proposed by Munk and Palmén
(1951) who provided a physically intuitive description
illustrating how the pressure exerted on the deep zonal
flow by a meridional ridge could balance wind stress.
Using a series of eddy-resolving two-layer quasigeo-
strophic numerical models, McWilliams et al. (1978)
found that topographic form stress was an essential pro-
cess limiting ACC transport. More recent numerical in-
vestigations have confirmed that the wind stress is bal-
anced by form stress, rather than by frictional drag or
momentum fluxes, both in a quasigeostrophic model
(Wolff et al. 1991; Marshall et al. 1993) and in the Fine
Resolution Antarctic Model (FRAM) (Killworth and
Nanneh 1994; lvchenko et al. 1996; Stevens and lvch-
enko 1997). In this analysis of the Semtner—Chervin
model output, form stress also emerges as the dominant
process balancing wind stress.

As noted by Johnson and Bryden (1989), for a cir-
cumpolarly averaged path, form stress may be written:

form stress = — 35[ ——dz dx
—H(x) pO

0]
- jg j fv, dz dx (2
)

using the standard geostrophic relationship, where v,
the geostrophic velocity, is specifically the portion of
the meridional velocity explained by the pressure gra-
dient. Alternatively, noting that the total velocity issim-
ply the sum of geostrophic and ageostrophic compo-
nents so that v = v, + v,, and that
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since there is no net flow into the Southern Ocean, (2)
may also be written:

0
form stress = é; J fU,, dz dx (©)]
—H

Note, however, that the above definitions of form stress,
(2) and (3), apply only for averages along circumpolar
paths; for noncircumpolar regions an additional pressure
term will be introduced later.

In order for form stress to balance wind forcing ex-
actly, momentum must transfer vertically, directly from
surface to bottom. If form stress and wind forcing do
not act in the same geographic locations, then horizontal
momentum fluxes across the ACC will also be required
to close the momentum balance. These lateral transfers
will be considered in the discussions of the momentum
balance, which follow. The next section describes the
Semtner—Chervin model used to consider the ACC mo-
mentum balance in this study. Readers less interested
in model mechanics may wish to skip ahead to the dis-
cussion of the momentum balance and energetics be-
ginning in section 4.

3. Momentum information from model output

The Semtner—Chervin model is a 20-level global gen-
era circulation model based on the Cox—Bryan code
(Semtner 1986). It solves the primitive equations rep-
resented by the unaveraged form of (1) in the zonal
direction and its meridional counterpart, along with trac-
er conservation equations for temperature and salinity.
For this study, results were analyzed from the ** quarter-
degree” version, which implemented several refine-
ments from the earlier half-degree version (Semtner and
Chervin 1992). A free sea surface was implemented
based on the formulation by Killworth et al. (1991). The
horizontal resolution was set to 0.4° in the zonal direc-
tion and 0.4° cos(¢) in the meridional direction so that
square grid boxes are maintained and the horizontal res-
olution increases at higher latitudes. In the Southern
Ocean, this marginally resolves typical eddy length
scales: between 70° and 30°S the model resolution rang-
es from 15 to 38 km. For comparison, multiplying 2
times the first baroclinic Rossby radii calculated from
hydrographic data (Houry et al. 1987) yields length
scales between 30 and 120 km for the South Atlantic.
Similarly, using Geosat altimeter data Gille and Kelly
(1996) estimated the eddy decorrelation length scalein
the Southern Ocean to be 85 km.

The model was initialized with the output from a
32.5-yr run of the half-degree model. At one-quarter
degree resolution, it was then run for 1 yr using cli-
matological winds. Finally, for the period from January
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1986 to December 1989, it was forced with ECMWF
operational forecast model winds (Trenberth et al.
1989). Surface buoyancy forcing was based on the Lev-
itus (1982) monthly climatol ogies with a one-month re-
laxation timescale. Unlike older versions of the model,
this version included no relaxation to Levitus climatol-
ogy anywhere below 2000 m. Using a three-month
timescale, temperature and salinity wererelaxed to *‘ an-
nual mean Levitus’ climatology only in the upper 2000
m within 7° of the northern and southern boundaries of
the model domain (located at 65°N and 75°S, respec-
tively) and within 7° of the Straits of Gibraltar (Semtner
and Chervin 1992; A. Semtner 1994, personal com-
munication).

The model isformulated on the Arakawa B-grid: tem-
perature-salinity points are located at the center of mod-
el grid boxes; velocity points are on the corners at the
same depth as temperature and salinity points. Boundary
conditions are

o-z @
Maz Po
at the surface, and
Ju
no = buVu? + v? 5)

at the bottom, where b, the bottom friction coefficient,
is unitless and takes the value 1.225 X 10-3. The hor-
izontal viscosity, A,, is —11 X 10" cos’(¢) cm* s,
No-slip boundary conditions are imposed on the side
walls so that u and v are zero at al grid points corre-
sponding to land.

Although the details of the resolution and forcing
differ, the basic model formulation isthe sasmeasFRAM
(FRAM Group 1991), and many of the results are qual-
itatively similar. While investigations of the mean mo-
mentum balancein FRAM (Killworth and Nanneh 1994;
Ivchenko et al. 1996; Stevens and Ivchenko 1997) have
averaged 72 instantaneous monthly model dumps, the
Semtner—Chervin model output used for this study con-
sists of time-averaged means, variances, and covari-
ances of the model variables produced from three-day
model snapshots. [Jayne and Tokmakian (1997) have
pointed out that primitive equation models include sig-
nificant inertial oscillations, which are often aliased by
regular periodic sampling schemes; the frequent sam-
pling of the Semtner—Chervin output is likely to reduce
the magnitude of this aliased energy.] The impact of the
nonlinear advective terms in the momentum balance
may be examined by computing derivatives of the stored
u, v, and w variance and covariance terms. This permits
a reasonable approximation of all of the terms in the
momentum balance.

Several subtletiesin the model formulation imply that
perfect estimates of these mean terms cannot be ob-
tained, and the momentum balance will not close com-
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pletely. Although the term fv may be determined ex-
actly, the pressure gradient term

(po@ COSP)~2ap/oA

is not stored by the numerical model and must be cal-
culated by applying the model equation of state to the
mean temperature and salinity values. A partial correc-
tion for the nonlinearitiesin the equation of stateismade
using the standard deviations of temperature and salinity
(Gille 1995) but it cannot be expected to account for
al of the nonlinearities.

In addition, the vertical viscosity w is Richardson
number dependent (Pacanowski and Philander 1981)
and thus is time dependent and highly nonlinear. In the
deep ocean, w is small and roughly constant at 1 cm?
s7%, but at shallower depths nonlinearities in w may
cause significant errorsin the momentum balance. Since
w depends on covariances of vertical derivatives, which
are not stored, its mean may not be corrected by using
the variance. Thus the time mean of upper-ocean vertical
viscosities cannot be calculated directly. Moreover, er-
rors may have been incurred in recomputing the wind
field used for the Semtner—Chervin runs. These errors
in w and wind forcing hinder upper-ocean analyses, but
are not a problem in the results presented here.

Additional errorsarisefrom several of the other terms
in the momentum equations. In the model formulation,
the nonlinear advective terms are computed by adding
adjacent values and then multiplying and computing de-
rivatives so that the time-averaged results involve not
only the correlations u'u’, v'v/, and u’v’, which are
stored in the mean model output, but also the correla-
tions of adjacent points (for example, u/;,,v/;), which
are nonnegligible and contribute to the misfit in the final
results.

The vertical advective terms also play a significant
role in the momentum balance. The vertical velocity w
is computed at the same locations as u and v for dy-
namical computations, and at the same locations as T
and Sfor tracer computations, but only the tracer com-
putation value is stored. Differences between these val-
ues can be substantial, so in this analysis W is recom-
puted directly from u and v; however, the stored co-
variance terms u'w’ and v'w’ rely on w at T, S points
so that the dynamical vertical advection terms cannot
be determined exactly. Nonetheless, errors induced by
these minor technical problems do not significantly af-
fect the major terms in the momentum balance.

In the Southern Ocean, the model indicates the flow
to be confined to two or more narrow jets, in general
agreement with hydrographic observations (Orsi €t al.
1995) and altimeter measurements (Gille 1994). The
average transport through Drake Passage in the model
output is 200 X 10° m? s~*, which exceeds the observed
value of 130 X 10° m? s~* by about 50%. Although the
model and observed transports are of similar magni-
tudes, the large discrepancy suggests that the model may
not fully capture the physical conditions governing the
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Fic. 1. Verticaly integrated and zonally averaged dominant mo-
mentum balance in the quarter-degree Semtner—Chervin model output
(in cm? s7?). (a) The pressure gradient term L~ [[ p,~* dp/ox dx dz
(solid line), which is the negative form stress, and the integrated
stress term L=t [[ ud?U/dz? dx dz = L-* [ 7%/p, dx (dotted line); (b)
the sum of the form stress and wind stress.

ACC. In qualitative comparisons between the model
output and observations, Stammer et al. (1996) found
that the model represented some features of the large-
scale circulation well but had shortcomings in dupli-
cating other features. This study will specifically in-
vestigate Southern Ocean momentum, and the results of
this analysis will provide a framework for examining
altimeter data. The next sections will examine the crit-
ical dynamics in the model momentum balance.

4. Vertically integrated momentum balance
a. Zonally averaged balance

The momentum equations are locally dominated by
geostrophy: Zonally averaging allows us to consider the
vertically integrated net momentum balance for the full
Southern Ocean. Since there is no net transport into the
system, the Coriolis term, fv, integrates to zero, and the
zonally integrated pressure gradient term is equivalent
o —fu,, and represents form stress, as discussed in sec-
tion 2. Figure 1a shows that form stress balances wind
stress according to

0~¢j dzdx %—dx (6)
7Hpo

The balance agrees with findings from the FRAM model
(Killworth and Nanneh 1994; Stevens and Ivchenko
1997). However, while previous studies have focused
largely on the zonally unblocked region between 55°
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FiG. 2. Vertically integrated and zonally averaged momentum bal-
ance in the quarter-degree Semtner—Chervin model output (in cm?
s72). Terms shown are (&) the component of form stress not balanced
by wind stress (L [f — pg* dp/ox + w 020/0Z2 dx dz), (b) the mean
equatorward momentum flux divergence (L' [f 90 ©/dy dx dz), (c)
the equatorward eddy flux divergence (L~ [f ou’v'/ay dx dz), and (d)
the biharmonic friction term (L~ [f A,, VT dx dz). Term (e) represents
the residual imbalance. The offset between successive termsis —0.4
cm? s 2,

and 62°S, in this analysis latitudes intersected by con-
tinents are included since the continents are merely very
tall topographic obstructions, which induce form stress
in the same way that smaller ridges do. The presence
of subsurface topography at even the unblocked lati-
tudes means that the pressure gradient term does not
vary dramatically between blocked and unblocked lat-
itudes.

Bottom friction is negligibly small, so that the resid-
ual difference between the form stress and the wind
stress (Fig. 1b) is an indication of the amount of mo-
mentum transferred meridionally rather than vertically.
This meridional transfer of momentum links the
Southern Ocean with the closed ocean basins to its
north. Consider the contribution of each of the termsin
the time-averaged momentum equation (1) to this re-
sidual momentum balance. The nonnegligible terms,
plotted in Fig. 2, are the meridional mean momentum
divergence, du v/ay, the biharmonic friction term,
A, V40, and the meridional eddy momentum divergence,
au’v'loy. [Hereafter Cartesian coordinates (x, y) are used
for simplicity.] The most significant contribution to the
cross-stream momentum balance is due to the mean
eddy flux divergence (Fig. 2, line b) and is noticeably
larger than the eddy flux divergence from transient ed-
dies (Fig. 2, line ¢). The remaining terms from Eq. (1)
related to the vertical advection of momentum, bottom
friction, and long-term velocity tendency are too small
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to explain the residual momentum imbalance (Fig. 2,
line €); instead, the residual is probably due to small
errors in the wind field used for this analysis, nonlin-
earities in the pressure gradient term, nonlinearities in
the surface Richardson-number-dependent vertical vis-
cosities, and errors in computing the meridional eddy
flux divergence terms.

The overall results are consistent with the findings of
Stevens and lvchenko (1997) for the FRAM model. In
the Semtner—Chervin model, biharmonic friction (Fig.
2, line d) appears more substantial than the FRAM re-
sults would indicate, but this effect is most noticeable
at high latitudes, outside of the FRAM analysis region
where friction removes point-to-point spikiness.

The Semtner—Chervin results also qualitatively re-
semble the quasigeostrophic (QG) channel model re-
sults, which showed that stationary eddies were the
dominant factor accounting for latitudinal differences
between the locations of surface wind forcing and bot-
tom topographic form stress. In a two-layer idealized
QG channel model (Wolff et al. 1991), eddy momentum
terms were substantially larger than they arein the prim-
itive equation results of Fig. 2, with a peak amplitude
about half the peak wind stress, and the stationary eddies
acted to intensify the form stress to the narrow latitu-
dinal band of the bathymetric obstruction. In contrast,
results of a three-layer QG model with readlistic ba-
thymetry (Marshall et a. 1993) showed that stationary
eddies behaved much asthey do in the Semtner—Chervin
model output. In the three-layer model, the mean eddy
amplitudes were about an order of magnitude smaller
than the wind forcing and did not intensify the form
stress to a narrow latitudinal band. The similarity of
these three-layer QG results to the Semtner—Chervin
output suggests that, in both QG and primitive equation
models with realistic bathymetry, form stress can act
over a broad latitude range and stationary eddies are
only required to transfer momentum short distances be-
tween the locations where it is input by wind stress and
where it can be removed via form stress.

b. Average balance along streamlines

The zonally averaged momentum balance illustrates
how the flow responds to the predominant zonal wind
forcing, but it is not the only way to consider the mo-
mentum balance. Marshall et al. (1993) argued that
properties fluxed northward in one large stationary me-
ander of the ACC will return southward within the ACC,
providing no net flux of momentum or other properties
along the circumpolar path. To eliminate the effect of
standing eddies and to ask what processes control the
structure of the mean meandering ACC itself, they ad-
vocated studying the momentum balance in stream co-
ordinates; the geostrophic component of the mean cross-
stream Coriolisterm ( fu,) iszero, and only ageostrophic
effects, transient eddies, and frictional effects may act
to redistribute momentum across the ACC.
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180°

Fic. 3. Sea surface height contours used for mapping vertically integrated momentum balance in stream
coordinates. Contours extend from —0.5 m at the south to 0.5 m at the north with a contour interval of 0.1 m.

For vertically averaged flow, thereisno easily defined
geostrophic contour onto which the equations of motion
may be translated. Instead, consider the flow along the
sea surface height contours n defined by the model free
surface, as shown in Fig. 3. The equations of motion
are translated into stream coordinates by first defining
continuous height contours, then determining the zonal
distance s, and meridional distance s, between consec-
utive points, and finally rotating the equations, using a
cosine/sine transformation, so that

aongstream momentum

=M, X M

X M x—2 (@)
where M, is the x-momentum equation and M, the y-
momentum equation. (Note that curvature terms are not
introduced into this expression for alongstream mo-
mentum because the advective and frictional terms,
which would be altered by the change in coordinates,
are computed before converting to alongstream coor-

dinates.) The resulting rotated momentum equation is
essentially identical to (1) except that all coordinates
are in stream coordinates. Rotated coordinates will be
labeled x, and y,, the alongstream velocity is u,, and the
cross-stream velocity is v,

The dominant momentum balance shown in Fig. 4a
is analogous to the zonally averaged balance: the total
transport across streamlines integrates to zero; the pres-
sure gradient term, integrated along streamlines, rep-
resents the form stress. This form stress provides the
dominant balance for wind stress as indicated in Fig.
4a.

Theresidual difference between wind stress and form
stress is substantialy different from the zonally aver-
aged case, as shown in Fig. 4b. While mean eddies
dominate the zonally averaged balance, in the along-
stream average substantial contributions come from a
combination of biharmonic friction and transient and
mean eddy flux divergences. Marshall et al. (1993) pre-
dicted that transient eddies should be critical to the over-
all balance of the real ocean. However, just as Ivchenko
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Fic. 4. Momentum balance integrated vertically and averaged along
streamlines in the quarter-degree Semtner—Chervin model output (in
cm? s72). (&) The (negative) ageostrophic Coriolis term (L=t ff fo —
fy, ds dz) rotated into stream coordinates (solid lin€), the mean wind
stress (dash—dot line), the mean equatorward momentum flux diver-
gence L~* [[ oun/dy ds dz (dash double-dotted line), the transient
equatorward eddy flux divergence L~ [[ gu’v'/dy ds dz (long dashed
ling), the biharmonic friction term L-* [ A, V“U ds dz (dotted line),
mean vertical flux divergence (short dashed line), and bottom friction
(double-dashed—double-dotted line). (b) The same information, ex-
cept that the solid line represents the portion of the ageostrophic
velocity not accounted for by the wind stress. (c) The residual mo-
mentum imbalance when all these terms are summed. If the mo-
mentum balance were perfect, this term would be constant at zero.
The errors inherent in the along-stream integration are comparable
in magnitude to this imbalance.

et al. (1996) found for FRAM, biharmonic friction is
the largest of lateral momentum transfer terms in this
model. The large magnitude of the biharmonic friction
term relative to the transient eddy term indicates that
subgrid-scale processes are more important than re-
solved eddy processes in fluxing momentum across the
numerical ACC. Thus the results suggest that the model
may not adequately resolve the high wavenumber eddy
processes hecessary to represent cross-stream momen-
tum transfer.

In addition to biharmonic friction, the remaining
terms in the momentum bal ance are also important. The
mean eddy flux term (9Um,/dy,) exceeds the transient
eddy flux term (dulul/dy,) so that stationary eddies ap-
pear more significant than transient eddies. This effect
can be attributed to several factors. First, the largest
contribution occurs because the surface streamlines used
for this analysis are not precisely parallel to the deep
geostrophic flow, so we can predict a deep cross-stream
geostrophic component to the mean eddy flux term. Sec-
ond, a large Ekman transport at the surface produces a
substantial ageostrophic mean eddy flux. And finally,
even if the Reynolds stress terms (U, were exactly
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zero along streamlines, because of the model discreti-
zation the Reynolds stress divergences would nonethe-
less be nonzero in stream coordinates. In addition to the
horizontal advective term, the mean vertical momentum
flux divergence is nonzero because of the free surface
and tends to accelerate the flow. Bottom friction and
transient vertical eddy flux divergences are less signif-
icant.

¢. Local balance along streamlines

Although the global balance is dominated by wind
stress and bottom form stress, effects other than these
may be substantial portions of the local dynamics along
the path of the ACC. The momentum balance along the
0.2-m height contour (fourth from the north in Fig. 3)
reveals dramatic shifts in the magnitude of the termsin
the momentum balance, asindicated in Fig. 5. Two flow
regimes appear: in relatively quiescent regions where
the ocean is deep and bathymetry plays a negligible
role, such as the region between 10°E and 60°E, the
termsin the momentum balance are small and vary grad-
ually over large distances, here the Coriolis term fu,,
roughly balances wind stress. In contrast, at three iso-
lated topographic features—Kerguelen Island at 70°E,
Macquarie Ridge and Campbell Plateau at 170°E, and
Drake Passage at 60°W—the terms are larger and more
variable, and eddy fluxes and friction may be substan-
tially larger than the wind stress. All of these topo-
graphic features extend to the ocean surface in certain
locations, but are deeper than 1000 m through the central
portion of the ACC flow. Their presence has a dramatic
effect on the magnitude of the terms in the momentum
balance.

The difference between regions near topography and
deep midbasin areas can be represented statistically by
measuring the percentage of alongstream points at
which at least 50% of the ageostrophic Coriolis term
(fv,g, the solid line in Fig. 5a) is locally explained by
the wind (dotted line in Fig. 5a): Thisis true at 81% of
points in quiescent regions, but at just 30% of points
in eddy active regions. In other words, the wind isfairly
constant along streamlines; in quiescent regions, the
ageostrophic surface Ekman transport locally balances
the wind. In regions with strong topographic variations,
the ageostrophic velocity, the mean and transient hor-
izontal flux divergences, the mean vertical flux diver-
gence, and horizontal viscosity all substantially con-
tribute to the overall momentum balance.

These differences might imply that the ACC dynam-
ics near topographic features are substantially altered
from those in broad ocean basins. To examine the rel-
ative importance of momentum flux divergences and
friction in the alongstream momentum balance, each of
the terms is compared with the residual difference be-
tween the wind stress and ageostrophic Coriolis term.
Although the magnitudes of fluctuations of each of the
terms in Fig. 5 differ dramatically between quiescent
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Fic. 5. Vertically integrated momentum balance along the height contour 0.2 in the quarter-
degree Semtner—Chervin model output (in cn? s2). Upper panel shows (a) the ageostrophic
Coriolis term, [ fv,dz, and (dashed) wind stress, (b) the equatorward mean momentum flux
divergence; (c) the equatorward eddy flux divergence; (d) the biharmonic friction; and (€) mean
vertical eddy fluxes; terms are offset by —20. The lower panel shows the residual imbalance,
which is due to inaccuracies in computing the pressure gradient and eddy flux terms and accel-

eration due to curvature of the ACC path.

regions and energetic regions, the actual partitioning of
energy between frictional and nonlinear terms varies
less substantially. Table 1 indicates a slight decrease in
the importance of transient eddy fluxes and an increase
in the importance of the mean vertical momentum flux
divergence within eddy-active regions, but the differ-
ences account for less than 10% of the variability. Thus

TaBLE 1. The contribution of each major term (in percent) in the
vertically integrated, time-averaged alongstream momentum equa-
tion. Values shown indicate the percentage of points alongstream at
which the indicated term accounts for over 50% of the residual dif-
ference between the ageostrophic Coriolis term fuv,, and wind stress,
that is, points where |(fv,, — wind stress — term)/(fv,, — wind stress)|
< 0.5. Eddy active regions correspond to three topographic features:
Kerguelen Island (76° to 82°E), Campbell Plateau (145° and 170°E),
and Drake Passage (70° to 45°W). This statistical comparison, while
unusual, effectively minimizes the impact of large outliers. The num-
ber of points at the bottom indicates the total nhumber of alongstream
values considered in each category.

Eddy active Quiescent

Term All points regions regions
auvlay 53 56 52
au'v'lay 35 29 36
A, V4 19 20 19
Juw/oz 11 16 10
Number of points 16 313 3601 12 701

the overall dynamical regime does not shift enormously
between eddy-active and quiescent regions, and the ma-
jor difference appears to be the substantially greater
spatial variability in the momentum balance terms, cor-
responding to increased kinetic energy in eddy-active
regions. Energy levels along streamlines will be ad-
dressed in greater detail in section 5.

d. Form stress along streamlines

Because the ageostrophic velocity term does not pre-
cisely represent form stress except in a vertically and
circumpolarly integrated sense, form stress will instead
be computed directly from the pressure gradient term
in order to look at its regional influence. In this case,
the pressure effects on the boundary of the region must
be removed, leaving only the pressure difference due to
ridges within the study region. Thus the vertically in-
tegrated form stress is the difference between the geo-
strophic transport predicted from the pressure values on
the region boundaries and the actual geostrophic trans-
port through the region;

form stress

0 L 0
=if(g—mm—iff P @
pO —H Po 0 —H ax
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Fic. 6. (a) Total vertically integrated form stress [as defined in (8)], integrated along roughly
10° wide swaths along streamlines in the ACC and divided by the length of the streamlines (in
cm? s72). This provides a measure of the portion of form stress (averaged along streamlines)
generated in each longitude region. Results for al height contours from —0.5 to 0.5 m, as shown
in Fig. 3, are superimposed. (b) Wind stress (dashed line) and ageostrophic velocity (solid line)
for the same segments used in (@) indicate that the wind stress is fairly uniform, even though the
actual form stress itself is concentrated at three ridges.

where p, is the westernmost pressure in the basin at a
given latitude and depth, p; is the easternmost pressure,
and 0 and L correspond to the western and eastern limits
of atwo-dimensional region. Thus the pressure p,(2) =
p(x = 0, 2) for all depths above the ocean floor at x =
0. Below the ocean floor at x = 0, p,(2) is equal to the
westernmost bottom pressure measurement within the
region. Similarly p; = p(L, 2) except at levels below the
ocean floor at x = L.

Although wind forcing is uniformly balanced by the
ageostrophic portion of the Coriolis term along stream-
lines, the actual form stressis caused by individual ridg-
es. Using (8), the effective form stressis estimated over
roughly 10° swaths in longitude. The results, illustrated
in Fig. 6, indicate that form stress can be attributed
almost exclusively to three major topographic features:
Drake Passage near 70°W, Kerguelen Island near 60°E,
and Campbell Plateau around 170°E. Smaller topo-
graphic features are not an apparent source of form
stress in the numerical model output.

These results are consistent with analytic results by
Wang and Huang (1995) who found that in order to
influence the net ACC transport ridges must exceed a
critical height, which depends on the channel width,
depth, and the size of B. Similarly, in aquasigeostrophic
model, Treguier and McWilliams (1990) found that wid-

er ridges were important sources of form stress, while
smaller features had much less influence on the overall
momentum balance. While these two idealized models
may not accurately represent the ACC along most of its
trajectory, each of the three topographic features that
are sources of form stressin the Semtner—Chervin model
are quite tall, breaching the surface in some locations,
and they do confine the ACC to anarrow channel. Thus,
the numerical model may respond to the same con-
straints as the idealized models.

In contrast to the form stress’ localized response to
three ridges, the ageostrophic velocity term shown in
Fig. 6b responds uniformly to the wind. It does not
represent the form stress except when averaged around
the entire circumpolar path and may be a misleading
proxy for form stress.

5. Surface kinetic energy

Now armed with some knowledge of how the model
momentum balance functions, we can consider how the
model compares with the the ocean. The Geosat altim-
eter, which flew in an exact repeat mission from October
1986 to December 1989, provided repeated measure-
ments of sea surface height variability from which sur-
face eddy kinetic energy can be estimated. Increased



2228

eddy kinetic energy near topographic features may be
a result of topographic lee waves and may feed greater
instabilities, but as section 4c has shown, it does not
appear to alter the overall momentum balance. Sincethe
major alongstream variations in the momentum balance
appear to be in the amplitude of the fluctuations rather
than in the actual partitioning of momentum between
the terms, changes in energy serve as a convenient in-
dicator of the major momentum variations for compar-
ison with other measurements. Eddy kinetic energy has
the advantage that in addition to being easily computed
from model output, it may also be estimated from al-
timeter data.

Detailed analyses by Morrow et al. (1992) and John-
son et al. (1992) have used crossover techniques for
estimating eddy kinetic energy and Reynolds stresses
from atimeter data. Here, a dlightly different method-
ology has been developed. Rather than confining in-
vestigation to crossover points and temporaly inter-
polating to match ascending and descending measure-
ments, the alongtrack variability data were objectively
mapped using decorrelation scales estimated directly
from the data (Gille and Kelly 1996). The resulting
regularly gridded instantaneous sea surface height maps
include error estimates (Gille 1995). Eddy kinetic en-
ergy and Reynolds stress estimates computed from the
gridded data are generally consistent with the results of
Morrow et a. (1992).

Numerical models have historically tended to under-
estimate surface kinetic energy relativeto altimeter mea-
surements. Wilkin and Morrow (1994) found that, on
average, surface eddy kinetic energies estimated from
the altimeter were a factor of 6 greater than those com-
puted by the half-degree model. In contrast, in this anal-
ysis, the discrepancy is reduced to a factor of 2, sug-
gesting that the finer resolution of the quarter-degree
model more effectively represents eddy processes. Be-
tween 45° and 60°S, the mean eddy kinetic energy mea-
sured by the altimeter is 1.5 X 10-2 m? s~2, compared
with 7.2 X 10-3 m? s~2in the model output. Eddy kinetic
energy is greatest along the axis of the ACC. In these
energetic regions, Wilkin and Morrow (1994) found
closer agreement, with the ratio of atimeter to model
eddy kinetic energy reduced to between 2.2 and 4. In
this analysis, eddy kinetic energy has been averaged
along mean surface streamlines, determined from the
atimeter data by Gille (1994). The results are similar
to those of Wilkin and Morrow: averaged along stream-
lines, eddy kinetic energy measured by the altimeter is
about 1.6 times greater than that found in the model, as
indicated in Fig. 7. Like the FRAM model results shown
by lvchenko et al. (1996, Fig. 8), the Semtner—Chervin
model indicates alinear increase in eddy kinetic energy
with sea surface height, but this model is roughly twice
as energetic as FRAM. Neither model captures the eddy
kinetic energy peak seen by the altimeter at the 0.1-m
height contour, but the differences may be due to the
broader nature of the ACC in portions of the model
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FiG. 7. Eddy kinetic energy averaged along surface height contours.
Solid line indicates energy in the quarter-degree Semtner—Chervin
model output (in cm? s72). Dashed line is the same quantity in altim-
eter data, with error limits indicated by dotted lines.

output. This peak in eddy kinetic energy near the axis
of the Subantarctic Front (SAF) suggests that the me-
andering ACC fronts themselves may account for a sub-
stantial portion of eddy kinetic energy in the Southern
Ocean.

The results of the alongstream momentum balance in
section 4c show that eddy kinetic energy varies sub-
stantially along streamlines, as shown in Fig. 8. In the
numerical model output, eddy kinetic energy has a rel-
atively small background value and peaks at three major
locations associated with topographic obstruction of the
flow: Drake Passage (60°W), Kerguelen Plateau (70°E),
and Campbell Plateau (170°E). These kinetic energy
peaks may be due to topographic lee waves associated
with isopycnal displacements caused by form drag. En-
ergy levels measured by the altimeter are relatively low
in quiescent deep ocean areas, but rise dramatically at
topographic features. However, unlike the model results,
which suggest that only three topographic features are
important in the momentum balance, the altimeter data
show a broader energy peak at Drake Passage (60°W)
and increased energy near the Crozet Plateau (40°E) and
at the Eltanin and Udintsev Fracture Zonesin the central
Pacific (140°W). The northern side of the ACC aso
shows increased energy near 140°E, where the SAF
crosses over the Indian-Antarctic Ridge. Thus, in ad-
dition to the three magjor topographic features that in-
crease eddy kinetic energy in the model, several addi-
tional ridge structures are al so sources of increased eddy
kinetic energy. The larger background level could be
attributed to instrument noise, as well as to eddy vari-
ability unresolved by the model.

While eddy kinetic energy is an indicator of height-
ened eddy variability, mean kinetic energy is an indi-
cator of the strength of the mean flow. Mean kinetic
energy along streamlines (Fig. 9) in the numerical model
output has a background level very close to zero but
surges upward near the three major topographic features
at Drake Passage, Kerguelen Island, and Campbell Pla-
teau, where streamlines compress together akin to a
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Fic. 8. Eddy kinetic energy along surface height contours. (a) Energy for the quarter-degree
Semtner—Chervin model output in cm? s—2, along height contours corresponding to —0.4, —0.2, 0,
0.2, and 0.4 m. (b) Eddy energy along height contours in Geosat altimeter data, for contours —0.2,
0, 0.2, and 0.4 m. Error estimates obtained from the objective mapping procedure for the altimeter
measurements average 50 cm? s2. Lines are offset by 750 cm? s2

western boundary current. Model mean kinetic energy
levels also fluctuate in the mid-Atlantic and mid-Pacific
Oceans. In the altimeter data, mean kinetic energy is
calculated based on the reconstructed mean sea surface
height field of Gille (1994). The altimetric mean kinetic
energy rises above its background level in the same
locations as does the model energy. However, the altim-
eter results show less dramatic variationsin energy lev-
els; mean kinetic energy does not rise as high at major
topographic features nor does it reduce as smoothly to
low background levels in mid ocean.

Assuming that kinetic energy in the Southern Ocean
islargely associated with topographically generated sta-
tionary and transient features, the observed energy dif-
ferences may indicate that many more than three to-
pographic features significantly influence ACC dynam-

ics. The greater impact of topography in the observed
ocean relative to the model might be attributed to one
of several related factors. First, it may indicate that sub-
surface topographic features in the ocean define narrow
deep ocean channels that are better able to support deep
frictional boundary currents than the coarse topography
of the numerical model. Second, it may mean that the
model has too much horizontal diffusion of momentum
and tracers and not enough aong-isopycnal diffusion
so that momentum transfer along isopycnalsisinhibited.
Third, it may simply be a manifestation of small vertical
velocities in the model related to coarse vertical reso-
lution, unrealistic deep density fields, or the unusual
thermodynamics imposed by the surface boundary con-
dition represented through relaxation of upper-level
temperature and salinity to Levitus. Fourth, it may in-
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Fic. 9. Mean kinetic energy along surface height contours. (a) Energy for the quarter-degree
Semtner—Chervin model output (in cm? s=2) along height contours corresponding to —0.4, —0.2,
0.0, 0.2, and 0.4 m. (b) Mean energy along height contours in Geosat altimeter data, for contours
—0.2, 0.0, 0.2, and 0.4 m. Average error is 160 cm? s—2. Offset between lines is 2000 cm? s2.

dicate that the model’s 33.5-yr initialization period is
not sufficiently long for higher-order baroclinic modes
initially injected into the system to spin down. The bar-
otropic mode has a timescale of 12 days and is likely
to be well represented by the model. However, the first
baroclinic mode, with 40-km Rossby radius, has a
140-yr timescale that is unlikely to be captured in this
model run.

Regardless of the specific physical processes at work,
the fact that only topographic features that breach the
surface are sources of form stress and heightened eddy
or mean kinetic energy in the model suggests that com-
munication between the deep ocean and the surface is
greater in the real ocean than in the model so that deeper
topographic features have a greater impact on ocean
circulation. This difference may explain why the model

transport is 50% larger than the observed Southern
Ocean transport.

6. Summary

This combination of numerical model output and al-
timeter data used for this investigation has elucidated
several key features of the Southern Ocean momentum
balance.

The momentum balance has been examined by av-
eraging zonally, by averaging along stream coordinates,
and by examining the alongstream variations of the mo-
mentum balance. Consistent with previous studies, the
vertically averaged balance shows that form stress bal-
ances wind stress, both in zona coordinates and in
stream coordinates. In zonally averaged coordinates, the
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residual difference between wind stress and form stress
is predominantly balanced by horizontal mean momen-
tum flux divergences while biharmonic friction and eddy
flux divergences play a less important role. Averaging
along streamlines diminishes the role of the mean flux
divergences since the cross-stream mean geostrophic ve-
locity is zero. Instead, biharmonic friction is the largest
term balancing the form stress divergence.

Horizontal viscosity is a parameterization of subgrid-
scale processes; if the magnitude of the terms in these
results is representative of real ocean processes, then
either the model resolution isinadequate or amore phys-
ically justified representation of eddy viscosity should
be found. The magnitude of horizontal viscosity sug-
gests that the dominant scales of motion are smaller
than the grid spacing or, aternatively, that the particul ar
parameterization used in the model is inadequate, im-
plying that a smaller viscosity coefficient or an isopyc-
nal formulation for viscosity might yield better results.
Both explanations indicate the importance of parame-
terizing subgrid-scale processes correctly.

The alongstream momentum bal ance shows substan-
tial variability associated with three large topographic
features: Drake Passage, Kerguelen Island, and Camp-
bell Plateau. At each of these, land intersects the path
of the ACC, and essentially all form stress is due to
these three features. Despite the variability, the relative
importance of terms in the momentum bal ance does not
change substantially between regions associated with
topographic barriers and quiescent midbasin regions.
The major differences appear to bein the kinetic energy
level rather than the structure of the dynamical balance.
Given this observation, eddy kinetic energy has been
examined along streamlines in the numerical model and
in the altimeter measurements.

Both model and data feature narrow meandering jets
that make up the ACC, and energy levels are greatest
along the jet axes. Overall the altimeter data indicate
twice as much eddy kinetic energy as the model output
predicts. This difference, coupled with the surprising
importance of horizontal viscosity in the model, sug-
gests that the model resolution may not be sufficient to
capture al eddy processes. Along surface streamlines
model eddy kinetic energy showsthree substantial peaks
corresponding to the three major topographic features,
all of which extend through the entire water column. In
the altimeter measurements, eddy kinetic energy peaks
at these same locations, but also at many smaller to-
pographic features, indicating that minor ridges may
also be sources of form stress.

The resemblances between model and oceanic jet
structures and the order of magnitude agreement in en-
ergy levels together suggest that the numerical model
captures upper-ocean physics reasonably well. Discrep-
ancies between model and measurements offer addi-
tional insight into the critical dynamics governing the
ACC and suggest that the baroclinic structure of the
model may not duplicate oceanic processes.
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