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Abstract. The ability of a seasonally forced high-resolution global ocean general
circulation model to simulate eddy variability and associated energy and momentum
transfer processes in the Southern Ocean is assessed by comparing model statistics
with observations. The observations include Geosat altimeter data analyzed for
surface velocity variance at satellite ground track crossover points, current-meter
data from the Agulhas and Campbell plateaus, and surface drifter data in the
Tasman Sea. In western boundary currents and energetic regions of the Antarctic
Circumpolar Current model eddy kinetic energy is lower than observed by typically
a factor of 4, and in less energetic regions by a factor of 10. Differences in the
location and extent of energetic regions are related to smoothness of the model
bathymetry and other features of the model configuration. Eddy momentum flux
divergence and eddy to mean kinetic energy conversion at the surface are diagnosed

from the model. These show regions where eddy activity accelerates the mean
flow through instability processes. Observational estimates of these terms are
computed using mean flow gradients from hydrography climatology and altimeter
eddy statistics. Several features of the spatial distribution of the observational
estimates are consistent with the model and suggest that future calculations of
mean currents from altimeter data will allow direct computation of eddy to mean

current momentum and energy conversion terms.

1. Introduction

Ocean models are now being implemented with res-
olution sufficient to allow spontaneous generation of
mesoscale eddies through instability processes. Exam-
ples are the Fine Resolution Antarctic Model [FRAM
Group, 1991] of the Southern Ocean, the global model of
Seminer and Chervin [1988, 1992], and the North At-
lantic World Ocean Circulation Experiment (WOCE)
model [Bryan and Holland, 1989; Spall, 1990; Boning et
al.,, 1991]. All are multilevel, primitive equation mod-
els that include realistic bathymetry, are driven with
climatological wind and surface flux boundary condi-
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tions, and integrated long enough to calculate statis-
tics of the mean and eddy fields. The models generally
perform well at simulating the mean global circulation.
They are less successful in reproducing the observed
magnitude of mesoscale variability. For example, while
the spatial distribution of mesoscale variability in the
WOCE North Atlantic model agrees qualitatively with
that observed by the Geosat altimeter, the magnitude
of the surface height variability is too low by a fac-
tor of up to 4 in the central and, in particular, eastern -
Atlantic [Stammer and Béning, 1992]. Compared to
current-meter measurements, the WOCE model eddy
kinetic energy (EKE) is too low by a factor of 2 to 6
over a large depth range in the Canary Basin [Spall,
1990] and by more than a factor of 10 to 20 elsewhere in
the eastern Atlantic [Treguier, 1992]. There are several
reasons to expect low model eddy energy. The simu-
lations were driven with monthly winds and therefore
omit variability generated by weather-frequency wind
forcing which may be significant, especially in the east-
ern Atlantic [ Treguier, 1992]. Experiments varying the
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lateral friction coefficient show sensitivity of the EKE
to subgrid-scale dissipation [Béning et al., 1991]. But
of greatest significance is model resolution. Energy and
momentum exchange processes due to geostrophic tur-
bulence occur on the horizontal scale of the first-mode
Rossby radius. Consequently, autocorrelation length
scales of surface height variability in the WOCE model
and Geosat show a systematic decrease toward high lat-
itudes as the Rossby radius decreases [Stammer and
Béning, 1992]. However, the length scale decrease in
the model is less pronounced than in the data and led
Stammer and Béning [1992] to conclude that while the
model resolution of 1/3° in latitude by 0.4° in longitude
is adequate in the tropical and subtropical Atlantic, it is
inadequate for resolving mesoscale variability poleward
of 30°N. Doubling the resolution improved the simu-
lation of eddy length scales poleward of 35°N [Béning
and Budich, 1992] in an idealized basin version of the
model. Decreased friction in the high-resolution case
also contributed to increased EKE values throughout
the model domain.

The present study examines mesoscale variability in
the Southern Ocean in the global model of Seminer
and Chervin [1988, 1992]. Southern Ocean observa-
tions from surface drifters [Patterson, 1985], current-
meters [Bryden, 1983] and altimetry, all show high lev-
els of eddy energy, particularly in the western boundary
currents and major fronts of the Antarctic Circumpo-
lar Current (ACC). Bryden [1983] emphasizes that the
principal generation mechanism for this variability is
baroclinic instability and that poleward eddy transport
of heat is potentially important to the Southern Ocean
heat balance. In quasi-geostrophic model studies, ed-
dies also play a role in the Southern Ocean momentum
balance. In these models, zonal momentum input by
the wind is transferred meridionally by convergence of
eddy momentum flux to intensify and concentrate the
zonal jet that comprises the model ACC. By eddy form
drag, momentum is transferred vertically to be balanced
by topographic stress at the seafloor [McWilliams et
al., 1978; Wolff et al., 1991]. Observational evidence
for this process is provided by Johnson and Bryden
[1989] who, by assuming eddy fluxes result primarily
from baroclinic instability, related poleward eddy heat
flux in the Drake Passage to the vertical flux of momen-
tum and obtained a plausible balance for the ACC in
this region.

The Seminer and Chervin [1988, 1992] model is de-
scribed in section 2. Since the model resolution is com-
parable to the WOCE North Atlantic model, it is un-
likely to be highly successful at simulating the mag-
nitude and length scales of Southern Ocean mesoscale
variability. Nevertheless, it should give a good descrip-
tion of the regional distribution of eddy variability, and
it is instructive to examine where regional patterns ob-
served by altimetry are modeled well and where they
are not. Section 3 summarizes the analysis of Geosat
data at ground track crossover points to resolve hori-
zontal velocity variance and eddy momentum flux, or
Reynolds stress. The current-meter and drifter data
compared to the model are described in section 4. The

WILKIN AND MORROW: EDDY KINETIC ENERGY AND MOMENTUM FLUX

comparison between modeled and observed EKE and
eddy momentum flux is presented in section 5. Features
of the energy and momentum balance are explored in
section 6 and compared with similar terms computed
from Geosat and Southern Ocean mean dynamic to-

pography.
2. Description of the Model

The global ocean model analyzed here is described
in detail by Semtner and Chervin [1988, 1992]. The
model resolution is 0.5° latitude by 0.5° longitude, with
20 levels in the vertical. The model has been run in
five stages of increasing realism. Throughout all stages,
stability-dependent vertical mixing was used and sur-
face fluxes were parameterized by restoring model sur-
face temperature (T) and salinity (S) to observed clima-
tology with a 30-day timescale. Stage 1 was a 10-year
calculation where T and S were restored weakly (3-year
timescale) at all depths to annual mean observed values,
and annual mean wind forcing was applied. In stages 2
and 3 the restoring term was removed in the model
thermocline (25- to 710-m depth) and lateral mixing
decreased thereby allowing the quasi-steady circulation
of stage 1 to spontaneously generate mesoscale variabil-
ity through instability processes. Stage 4 incorporated
seasonal winds and surface fluxes and was run for 10
years. '

A fifth stage to the integration has since been com-
pleted. This was a rerun of the 10-year seasonal forced
case but without the deep restoring to observed T and S.
With deep restoring terms removed, regions of high
eddy energy increased in extent although the maximum
modeled values of EKE remained little changed. Since it
is evident the restoring to observed T and S below 710-
m depth damps mesoscale variability, eddy statistics
from the tenth year of stage 5 are used in the compari-
son with observations. Here, the term “eddy” variabil-
ity includes any departure of the instantaneous model
solution from the mean for year 10. “Eddy” statistics
computed in this manner therefore include a contribu-
tion from the seasonal cycle. However, this contribution
is minor compared to the variability associated with the
eddies and is consistent with the notion of “eddy” statis-
tics commonly reported from the Geosat mission.

Surface velocity is computed from altimeter data by
assuming geostrophic balance with the sea surface slope,
whereas the model velocity also includes ageostrophic
processes, notably, wind-driven Ekman flow. In the
model, wind forcing is applied as a body force to the
surfacemost level and vertical mixing is weak, so the
Ekman flow is largely contained within level 1. The
model velocities used in the comparison with altimeter
geostrophic velocities are therefore taken from level 2 of
the model centered at 32.5-m depth.

3. Geosat Data Analysis

The analysis of Geosat altimeter data used here is
described in detail by Morrow ef al. [1992, 1994]. Two
years of data were used to compute components of sur-
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face geostrophic velocity at crossover points of the satel-
lite ground track. Uncertainty in the geoid makes ac-
curate calculation of the absolute velocity impossible at
present. However, the time variable (or eddy) compo-
nent of velocity is readily obtained once standard cor-
rections for atmosphere and orbit errors are applied and
the mean sea surface height is removed. The ground
track velocity components were interpolated to a com-
mon time and rotated to east and north components
(#/,v"). From these eddy velocity time series ensemble
average EKE and eddy momentum flux were computed
for 2° latitude by 2° longitude bins.

Equatorward of 30° latitude the satellite ground
tracks are not sufficiently orthogonal to allow reliable
separation of the two velocity components. Further-
more, in the equatorial Atlantic, systematic differences
were found between eddy length scales from Geosat and
the WOCE model [Stammer and Boning, 1992] despite
the relatively high resolution of the model compared to
the Rossby radius at low latitudes. This was attributed
to a bias introduced by the poor signal to noise ratio
of altimeter data in the tropics. For these reasons only
data from south of 30°S are considered in the present
study.

4, Other Data: Drifters and
Current-meters

Drifter data are available for comparison with the
model from a 30-year surface drifter program in the
Tasman Sea. Velocity variance estimates from these
data have been averaged in 1° latitude by 1° longi-
tude bins (G. R. Cresswell and J. L. Peterson, Satellite
drifter measurements of current energies in the Tasman
Sea, unpublished manuscript, 1993). This resolution is
comparable to Geosat and provides an alternate view
of eddy variabilty in a western boundary current sys-
tem, namely, the East Australian Current. Some of the
differences between drifter and altimeter data can be
explored by extending the comparison to model results.

A comparison of subsurface observations of currents
in the Southern Ocean with the model will be presented
using data from two long-term current-meter deploy-
ments. Seventeen months of data are available from a
mooring deployed southeast of New Zealand at 49.4°S,
189.5°E [Bryden and Heath, 1985)]. Instruments ranged
in depth from 1000 m to 5000 m below the surface.
Also, 2 years of current measurements were made in
the Agulhas region at five mooring sites with instru-
ments deployed at depths ranging from 200 m below
the surface to the seafloor [Luyten et al., 1990].

5. Comparison of Model and
Observations

5.1. Eddy Kinetic Energy

Eddy kinetic energy in the Southern Ocean from
Geosat is compared to the model in Plate 1. The most
energetic regions coincide, namely, the axis of the ACC
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(in particular over the Southeast Indian Ridge), the Ag-
ulhas Current, the East Australian Current separation,
and the Brazil-Malvinas Current confluence. However,
throughout most of the Southern Ocean, model eddy
energy is much lower than Geosat (Plate 2). Between
30°S and 60°S the mean model EKE is 6.20x1073
m? s72, the mean Geosat EKE is 1.59x1072 m? s72,
and the mean ratio is 0.17 or roughly 1:6. The pattern of
this ratio is similar to the EKE distribution itself, being
generally smaller away from energetic regions. Where
observed EKE is greater than 2.0x1072 m? s~2 (24% of
the area), the mean ratio is 1:4.4. Where the model is
less energetic than 5.0x 1073 m? s72 (86% of the area),
the mean ratio is 1:12.3. Table 1 shows zonal aver-
ages in 2° latitude bands for these energy regimes. For
energetic regions between 40°S and 45°S the ratio is
between 1:2.2 and 1:4. Outside this latitude range the
model performance relative to Geosat is poorer.

In low-energy regions and at low latitudes, Geosat
altimeter measurement errors can adversely affect EKE
estimates [Morrow et al, 1994]. Furthermore, in the
subtropics there may be a significant contribution to
eddy variability from weather-frequency forcing, a pro-
cess not included in the model. For these reasons, low
model EKE values compared to Geosat in low-latitude
and relatively quiet regions do not necessarily indicate a
serious deficiency in the model. Nevertheless, it is clear
the model underestimates EKE by typically a factor of
at least 4.

This factor of 4 in EKE is consistent with previ-
ous comparisons based on sea surface height variabil-
ity [Seminer and Chervin, 1992} and with results from
the comparable resolution WOCE North Atlantic model
[Stammer and Béning, 1992]. The baroclinic instabil-
ity process that converts large-scale potential energy to
eddy-scale potential and kinetic energy occurs on the
length scale of the first-mode Rossby radius. Stammer
and Boning [1992] found the resolution of the WOCE
North Atlantic model was inadequate for simulating
eddy length scales north of 30°N because of model reso-
lution relative to the Rossby radius. Rossby radii in the
Atlantic Ocean compared to resolution of the WOCE
and Semtner and Chervin (SC) models are shown in Ta-
ble 2. At 30°N the WOCE model resolution is close to
one Rossby radius. In the South Atlantic the SC model
achieves this resolution between 20°S to 30°S. Therefore
it is expected that in the Southern Ocean the SC model
is only marginally eddy-resolving and will not match
the observed magnitude of eddy variability, especially
at high latitudes.

Differences are not only due to model resolution at
high latitudes or Geosat error at low latitudes. There
are also distinct regional differences. Regions of high
energy are evident in the data but absent from the
model (Plate 1), namely, the Agulhas Basin (30°E,
50°S), downstream from Kerguelen Plateau at 90°E,
the Leeuwin Current in southwest Australia, Macquarie
Ridge and the Campbell Plateau (150°E to 170°E), the
mid-Pacific Ridge, the Scotia Sea, and the Malvinas
Current. These discrepancies are considered in sec-
tions 5.3 and 7.
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5.2. Eddy Momentum Flux and Velocity Vari-
ance Ellipses

High-resolution quasi-geostrophic model studies in-
dicate that in the Southern Ocean, eddies play a role
in the zonally integrated momentum balance by trans-
ferring zonal momentum meridionally through conver-

Table 1. Zonal Mean Ratio of Geosat EKE to Model
EKE by Latitude

Geosat EKE/Model EKE

Geosat EKE > Model EKE <

Latitude All Bins  0.02 m%~? 0.005 m?s~?
-31 14.7 5.1 24.5
-33 10.2 2.7 23.1
-35 7.4 3.1 11.9
-37 7.3 5.2 16.9
-39 3.6 2.4 144
-41 3.0 2.3 9.5
-43 3.1 2.5 9.3
-45 3.8 4.0 5.5
-47 3.4 9.1 8.7
-49 6.0 10.8 13.3
-51 5.9 2.4 15.2
-53 5.3 3.2 9.3
-55 4.8 2.9 8.5
-57 6.3 7.8 7.5
-59 6.9 9.5 7.1

EKE, eddy kinetic energy. Column 2, mean over all
ocean bins. Column 3, mean for energetic regions where
Geosat EKE > 0.02 m? s~2. Column 4, mean for rela-
tively quiet regions where model EKE < 0.005 m? s~2.
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gence of the u’v’ component of the eddy momentum flux
[Wolff et al., 1991]. The momentum of the narrow zonal
jet is subsequently balanced by other processes. The
pattern of w'v’ computed by Morrow et al. [1992] from
Geosat supports this result by showing a tendency for
regions of negative u'v’ to occur to the north of zonal
mean flows and positive uv’ to the south. A similar
tendency is found in the model, but as was the case for
EKE, model uv’ is lower than observed by typically a
factor of 4.

However, locally, the u'v’ term alone does not indi-
cate the sense of eddy momentum flux work on the mean
flow except where the mean flow is strictly zonal. This
requires computation of the divergence of all compo-
nents of the eddy momentum flux and is presented in
section 6. However, the sense of eddy work on the mean
flow can be examined qualitatively by considering ve-
locity variance ellipses computed from the three com-
ponents of the horizontal eddy momentum flux: u?, v'?,
and uv’. Anisotropic eddy fluctuations are represented
by an elongated ellipse, with the principal direction of
the velocity variance aligned with the major axis of the
ellipse. Ellipses with major axis in the northeast (south-
east) quadrant indicate eastward velocity perturbations
are correlated with northward (southward) velocity per-
turbations. Local eddy momentum flux convergence is
thus likely in a frontal region where the major axes
of surrounding velocity variance ellipses point obliquely
toward the front but in the direction of the local mean
flow.

For example, over the Southeast Indian Ridge near
150°E the ACC flow is toward the southeast and large
velocity variance ellipses indicate substantial eddy en-
ergy (Plate 3). To the north of the mean current, vari-
ance ellipses point slightly south-southeast, while to the

Table 2. Rossby Radii (Ro) Relative to Model Resolution for the Semtner and Chervin (SC) model and the

WOCE North Atlantic model

SC Model (Ay = 55.6 km)

WOCE Model (Ay = 37.0 km)

Latitude Ro, km Az, km Ro/Az Ro/Ay Az, km Ro/Az Ro/Ay
60 7 27.8 0.25 0.13 22.2 0.32 0.19
50 12 35.7 0.34 0.22 28.6 0.42 0.32
40 20 42.6 0.47 0.36 34.0 0.59 0.54
30 35 48.1 0.73 0.63 38.5 0.91 0.95
20 50 52.2 0.96 0.90 41.8 1.20 1.35
10 100 54.7 1.83 1.80 43.8 2.28 2.70
0 350 55.6 6.30 6.30 444 7.88 9.45
-10 100 54.7 1.83 1.80 43.8 2.28 2.70
-20 55 52.2 1.05 0.99
-30 35 48.1 0.73 0.63
-40 23 42.6 0.54 0.41
-50 13 35.7 0.36 0.23
-60 6 27.8 0.22 0.11
-70 5 19.0 0.26 0.09

WOCE, World Ocean Circulation Experiment. Ro values for the North Atlantic are from Emery. et al. [1984]

and South Atlantic from Houry et al. [1987].
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Tasman Sea and East Australian Current. The
western boundary current of the South Pacific, the East
Australian Current (EAC), flows south along the Aus-
tralian coast but separates near 32°S to form the Tas-
man front. In the region 30°S to 40°S, 140°E to 170°E,
the mean model EKE is 0.0049 m? s~Z which is substan-
tially less than that from Geosat (0.0417 m? s™2) and
surface drifters (0.0341 m? s™2). In Plate 3, Geosat and
drifter data show that a region of high eddy variabil-
ity extends from the coast to Lord Howe Rise (160°E),
whereas the model EKE is trapped much closer to the
coast. Thus though the mean transport of the EAC is
simulated quite well [Semtner and Chervin, 1992], the
model EAC fails to exhibit the level of instability and
hence eddy energy expected from observations, and the
model eddies dissipate too rapidly.

Although the magnitude and eastward extent of the
model EKE are too small, the pattern of velocity vari-
ance shows reasonable qualitative agreement. The vari-
ance ellipses are oriented alongshore near the coast in
the model, as they are in observations. Immediately off-
shore, the ellipse principal axes are oriented southeast-
northwest and turn to northeast-southwest farther off-
shore. This turning is associated with the first me-
ander of the Tasman front which generally occurs be-
tween 152°E and 156°E [Mulhearn, 1987] and is cap-
tured in the model mean flow [Seminer and Chervin,
1992]. Near 33°S, 157°E, model variance ellipses are
oriented strongly north-south consistent with a Tasman
front that varies meridionally in position but maintains
a steady zonal transport. This behavior is evident in
animations of the model output [Isakari et al., 1992].
However, observed variance ellipses are more isotropic
in this region, indicating the Tasman front is more vari-
able in position and strength.

A further difference between model and observations
is seen immediately adjacent to the Australian coast
where the model energy is low but Geosat, and to a
slightly lesser extent the drifters, show appreciable eddy
energy. This is most likély the result of the model no-
slip boundary condition and the staircase discretization
of the coastline, both contributing to weak currents in
the model boundary layer.

Morrow [1994] compared Geosat and drifter observa-
tions in this region in detail, concluding that Geosat
variance ellipses tend to be less isotropic than drifter
ellipses and show sharper spatial gradients between re-
gions of high and low eddy energy. These features
were attributed to the additional spatial averaging in-
herent in drifter observations and that drifter data in-
clude high-frequency wind-driven ageostrophic currents
which may cause drifter EKE to be greater than Geosat
in relatively quiescent regions. The model EKE values
are more akin to Geosat observations than drifter ob-
servations, being computed as the average over time of
velocities at fixed locations. The result that the model
variance ellipses are less isotropic than the drifter el-
lipses and more spatially variable in magnitude sup-
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ports Morrow’s et al. [1994] conjecture.

Agulhas Current. Model and Geosat EKE for the
Agulhas Current region is shown in Plates 4b and 4¢. A
local maximum in both EKE distibutions occurs near
40°S, 20°E, and high values extend eastward from this
point. These energetic regions are associated with me-
andering of the Agulhas retroflection and eddies shed
by the current. However, as noted in section 5.1, model
EKE is consistently weaker than observed, and there are
significant local differences in the EKE patterns. Ob-
served EKE is high throughout the Agulhas return cur-
rent (35°E to 65°E) due to meandering of the mean cur-
rent position, whereas model EKE is very low between
35°E and 45°E. The model mean flow is almost uni-
formly zonal in this region until it crosses the Southwest
Indian Ridge at 47°E and takes several large meanders
(Plate 4a). East of the ridge crest, model EKE increases
markedly (Plate 4b). It appears therefore that mean-
dering of the model mean current triggered by instabil-
ities in the Agulhas Plateau region is damped rapidly
and the mean current subsequently becomes steady and
zonal until it reaches the Southwest Indian Ridge. Here,
interaction with bathymetry triggers further variability
in the current and accounts for the increased EKE from
50°E to 65°E.

The model results shown here from stage 5 of the in-
tegration differ noticeably in the Agulhas region from
those of stage 4 which included deep restoring to clima-
tology. In the stage 4 results (not shown) there are two
local maxima in EKE, at 37°S, 17°E, and 40°S, 30°E,
separated by relatively low EKE of 0.02 m? s~2 where
the local maximum occurs in the stage 5 results and
Geosat. Thus the deep restoring to climatological T
and S below 710-m depth, albeit with a long 3-year
timescale, has a significant impact on the tendency of
the model Agulhas Current to meander and generate
long-lived eddies.

Observations from current-meter moorings in the Ag-
ulhas region [Luyten et al., 1990] provide a comparison
with the depth structure of the model EKE (Figures la-
le). The ratio of modeled to observed EKE is approx-
imately uniform throughout the water column at all
sites, indicating the model captures the vertical struc-
ture of eddy energy quite well. Model vertical resolu-
tion is adequate for resolving at least the first baroclinic
mode. Therefore a reasonable simulation of the vertical
structure of eddy energy is expected if the eddy variabil-
ity is dominated by the barotropic and first baroclinic
modes, as it is elsewhere in the Southern Ocean [In-
oue, 1985]. The model EKE near the site of the Bryden
and Heath [1985] mooring is extremely low at all depths
(Figure 1f). As noted earlier, the model ACC in this
region flows steadily along the flank of the Campbell
Plateau exhibiting little variability. The current-meter
data and Geosat, which are in reasonable agreement,
highlight the Campbell Plateau region of the model as
providing a particularly poor simulation of eddy vari-
ability.
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Figure 1. Eddy kinetic energy (m?s™?) from the

model (solid line) compared to surface values from
Geosat (asterisk) and long-term current-meter records
(solid circle). Geosat values are bilinearly interpo-
lated to the mooring location from the four closest
crossover points. Dashed line links observations. (a-
e) Mooring sites in the Agulhas region [Luyten et al.,
1990]. (f) Current-meter data from the Ridge Array
(49°40’S, 170°30°W) southeast of New Zealand [Bryden
and Heath, 1985].

6. Eddy-Mean Flow Interaction

Eddy-mean flow interaction processes, such as con-
vergence of eddy momentum flux accelerating the mean
current and EKE generation through barotropic and
baroclinic instabilities, cannot presently be examined
with altimeter data alone because the marine geoid is
not known with sufficient accuracy to give reliable es-
timates of mean geostrophic currents. However, such
calculations can be attempted by estimating mean cur-
rents from hydrography and combining these with eddy
statistics from Geosat. Here, mean currents are com-
puted from the gradient of surface dynamic height rel-
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ative to 2000 db from the 1° latitude by 2° longitude
gridded values of Gordon and Mollineli [1982]. Where
the ocean is shallower than 2000 m, mean currents
and eddy-mean flow interactions are not computed. To
see if the result is plausible, the outcome is compared
with momentum and energy conversion terms computed
from the model, which provides a self-consistent set of
mean current and eddy statistics.

6.1. Kinetic Energy Conversion

The conversion of EKE to mean kinetic energy
(MKE) is given by (see Appendix)

—0c —0v —0u —0v
WY = 4 VW — 4 W —— T

Oz Oz 8y+vv%

Where this term is positive, EKE is being converted
to MKE at that location through the Reynolds stresses
doing work on the mean shear so as to accelerate the
mean flow.

Focusing on the Agulhas Current region, where eddy
energy is greatest in the data and model, Plate 5
compares EKE to MKE conversion rates from hydrogra-
phy and Geosat to the model. There are several points
of qualitative agreement. An area of significant EKE
to MKE conversion (red) occurs west of the Agulhas
Plateau near 20°E, 40°S. Immediately east of this re-
gion the model shows MKE to EKE conversion (blue)
on the western flank of the Agulhas Plateau. The data
show the same sense to energy conversion in this re-
gion but of weaker magnitude. Still farther east, in
the region 27°E to 30°E, model and data show EKE
to MKE conversion. This area includes the top of the
Agulhas Plateau and its western flank. The data show
EKE to MKE conversion atop the Southwest Indian
Ridge (49°E), whereas the model suggests this process
occurs downstream from the ridge. The region of MKE
to EKE conversion at 16°E, 38°S in the model occurs
where the Agulhas Current retroflects and begins to
flow eastward and the model regularly generates eddies
that move west into the Atlantic [Isakari et al., 1992].
The data show the same sense to energy conversion here
but it is extremely weak and displaced slightly south as
is the retroflection point itself. Another region of active
eddy generation in the model is the western boundary
current prior to its separation from the coast. It is
not possible to examine the corresponding region in the
data because the gridded hydrographic climatology is
too coarse to capture the western boundary current,
and Geosat data have not been considered in bins that
cross the coast. However, where the negative energy
conversion region in the western boundary current ex-
tends offshore near 28°E, 36°S in the model, there is a
corresponding region in the data.

Forcing by wind stress, 7, contributes approximately
(1/p)x(mean current)/(Ekman layer depth) = (0.1 Pa/
10% kg m™3)(0.5 m s71)/(50 m) = 1x10"%m?®s™3 to
the mean kinetic energy balance, which is compara-
ble to the estimated kinetic energy conversion rate of
+4x10~"m? s73 in this region.
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stability in the mean current. Other regions where the
true bathymetry is steep and highly variable but this
detail is lost in the model are the Agulhas Basin (30°E,
50°S), downstream from the Kerguelen Plateau at 90°E
where the ACC crosses the mid-Pacific Ridge at 140°W,
and the Scotia Sea. All are regions where model EKE
is lower than expected compared to Geosat. Regions
where the model mean currents are steered strongly by
bathymetry include the EAC and along the east side of
Campbell Plateau. These boundary currents exhibit lit-
tle variability and, consequently, much lower EKE than
observed. The smooth and continuous f/h contours of
the model may lead to overly stable mean currents in
these and other boundary current regions with lower
than observed EKE, namely, the Leeuwin and Malv-
inas Currents. Accurate representation of bathymetric
detail therefore appears to be important to the simula-
tion of Southern Ocean EKE distribution. Experiments
with a similar resolution model modified to eliminate
the need for smoothing the bathymetry do indeed show
improved distributions of EKE (A. Semtner, personal
communication, 1993).

In modeled lateral boundary layers the no-slip condi-
tion and “staircase” numerical representation of coastal
boundaries contribute to noticeably lower energy in
coastal boundary currents than is observed. Outside
the coastal boundary layer, the region of active eddy
generation where the EAC separates from the coast has
EKE values typically one fourth of those observed, but
this ratio drops rapidly to one eighth in the central Tas-
man Sea. Model animations [Isakari et al., 1992] show
EAC eddies do not exhibit the observed tendency to
drift offshore and are dissipated too rapidly by either
too strong lateral mixing or surface buoyancy flux, or
both.

While differences in eddy energy reveal some system-
atic deficiencies of the model, the qualitative distribu-
tion of Southern Ocean eddy variability is modeled suc-
cessfully. So too is the pattern of eddy momentum flux,
as indicated by the coincidence in observed and modeled
patterns of velocity variance ellipses. Coherent patterns
in the anisotropy of velocity variance ellipses occur in
regions of strong shear in the mean currents (e.g., the
EAC separation and the ACC near 150°E), indicating
significant interaction between the mean currents and
the eddies. It is therefore reasonable to expect that the
model should capture many of the essential qualitative
features of eddy-mean flow interaction, even if the sim-
ulated eddy variability is too low in magnitude.

The calculation of eddy-mean interaction terms from
the combination of hydrography climatology and Geosat
eddy statistics is fraught with likely sources of error.
The resolution of the gridded climatology is inadequate
for capturing the sharp gradients in surface mean cur-
rents and is compiled from data gathered over a time
period different from that of the Geosat mission. Never-
theless, the apparent agreement between modeled eddy-
mean interaction terms and those estimated from data
is encouraging. Though the magnitude of the conver-
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sion terms in the data and model are comparable, it
is likely both underestimate the true magnitude. The
modeled eddy variability should be at least fourfold
greater, and since the shear in model mean currents is
also likely to be limited by model resolution, the eddy-
mean interaction terms could be underestimated by well
in excess of the factor of 4.

In isolated regions such as the Agulhas Current, eddy
momentum flux divergence and eddy-mean kinetic en-
ergy conversion are comparable in magnitude to the ef-
fects of direct wind forcing, although integrated over
the entire Southern Ocean, their contribution is small.
However, a fourfold increase would make the contribu-
tion of horizontal eddy transports of momentum signif-
icant, as it is in high-resolution quasi-geostrophic mod-
els. Future high-resolution primitive equation Southern
Ocean simulations, or well-resolved mean currents from
an altimeter, would help resolve this issue.

Appendix

Local exchanges of kinetic energy and momentum be-
tween the mean and eddy components of a flow gov-
erned by the primitive equations are determined by the
following diagnostics:

Kinetic Energy Conversion

The horizontal momentum equations of the primitive
equations may be written

U + Uty + vuy +wu, — fv = R* (1a)
vy + uvg + vvy + wy, + fu RY (1b)

where the pressure gradient and dissipation terms are
represented schematically as R* and R”. All other no-
tation is standard:

Variables are separated into mean and eddy parts,
e.g., u = U+, where the overbar denotes a time mean
and the prime denotes the departure from this mean.
Taking the time average of v’ times (equation (1a)) plus
v’ times (equation (1b)) yields an equation for the ma-
terial derivative of the eddy kinetic energy

%%(ulz + ,012) — [u/Ru' + v/R'v'] -

[w/ 't +V W' + U0 Ty VT U W T, VW] (2)

Similarly, the time average of U times (equation (1a))
plus T times (equation (1b)) yields a mean kinetic en-
ergy equation

= D1 y9%) = (2R + TR - (@) + (o) +

(Tw'u’), + (Fu’—v’-)x + (vﬁ)y + (Fw’v')z} +

[0/ u Uy + v T+ 'V Ty + 0V Ty U W T, VT, (3)
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The final term in brackets in (3) is the same term but
with opposite sign to that in (2). It represents ex-
change of kinetic energy between the eddies and the
mean flow. The contribution to this term from the ver-
tical Reynolds stress (u'w’,v'w’) cannot be estimated
from altimeter data but will be neglected because verti-
cal velocity perturbations are weak near the sea surface.
Therefore when the term

WUty + VU + W'y + v’y 4)

is positive (negative), this implies transfer of kinetic
energy to (from) the mean flow from (to) the eddies.

Eddy Momentum Flux Divergence

Denoting the local horizontal mean current (@,7) by
the vector T, a unit vector e parallel to the mean flow
may be defined as e = (ey,ey) = (%,7)/|q]. Then the
momentum balance in local alongstream coordinates is
obtained from the vector product of e and the time
average of (1)

D 1

D =

Dt [@(R" + f7) + 2(R” - fo)] -

1 —_—
Gl [@(wul + v u) +w'ul) + B(u'vg +o'vy +wil)]  (5)
Using continuity to rewrite the Reynolds stress compo-
nents and again neglecting the contribution of the ver-
tical velocity perturbations, the final term in brackets
may be written

1 — — —_— —

- g (B + 70, + 567+ T7,)] (9
When this term is positive (negative), it implies eddy
momentum flux divergence transfers momentum to
(from) the mean flow from (to) the eddies.
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