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ABSTRACT

Satellite aitimetry has previously been used to map the magnitude of the surface eddy variability of the global
oceans, but the direction of the time-variable velocities have been more difficult to determine. Here, a technique
is presented for resolving both magnitude and direction of residual surface geostrophic velocities at Geosat
altimeter crossover points; pfoviding a two-year time series with a temporal resolution of 17 days and horizontal
resolution of around 100 km. The time series of residual velocity components are then used to determine surface
eddy statistics in the Southern Ocean and to investigate the role of transient eddies in the Southern Ocean
momentum balance. The surface eddy statistics from Geosat crossover points show a complex spatial distribution
in the surface Reynolds stresses (1’2, v’2, u’v°). In contrast to the assumptions of isotropic variability in
previous analyses of altimeter data, velocity variance ellipses are found to be distinctly anisotropic in many
regions. The surface eddy statistics compare favorably with the available in situ current meter data and surface
drifter data. The complex spatial distribution of surface eddy momentum flux is strongly influenced by bottom
topography and the position of the mean current. On a zonal average, the horizontal divergence of eddy mo-
mentum flux from transient eddies is found to be around two orders of magnitude too small to directly balance
the eastward momentum from the wind. In the Agulhas Return Current and near the Macquarie Ridge/Campbell
Plateau, the Reynolds stresses are significant and they act to concentrate the mean jet, in agreement with recent
numerical models. However, circumpolar streamwise averages along paths parallel to the mean axis of the
Antarctic Circumpolar Current show only a small net convergence.

1. Introduction

The Southern Ocean is unique in being the only
zonally unbounded oceanic region, and provides a
major link by which water properties are exchanged
among the Atlantic, Indian, and Pacific Oceans. It is
a rcgion of large heat and momentum exchanges be-
tween the ocean and the atmosphere. The large 3
X 10'* W heat loss south of the Antarctic Circumpolar
Current (ACC) (Gordon and Taylor 1975) implies a
southward oceanic heat flux of the same magnitude
across the circumpolar band (Gordon 1981), which
may be accomplished by eddy heat fluxes (de Szoeke
and Levine 1981; Bryden 1979). Ocean eddies may
also play an important role in transporting momentum
in the circumpolar region (Gill 1968; McWilliams et
al. 1978; Wolff et al. 1991).

The role of eddies in the Southern Ocean momen-
tum balance has been the subject of numerous theories
and numerical models over the last four decades. Strong
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westerly winds input a large amount of momentum
into the Southern Ocean, but the absence of any con-
tinental boundaries between 56° and 61°S means that
Sverdrup balance cannot apply at these latitudes. The
wind input of momentum cannot be balanced by hor-
izontal or vertical diffusion alone (assuming the normal
range of diffusion parameters), as the resulting model
transports through Drake Passage are much greater
than observed (Gill 1968; McWilliams et al. 1978).
Gill (1968) suggested that eddies may act to transport
eastward momentum meridionally away from the axis
of the ACC. Another theory is that topographic form
stress may balance the momentum input by the wind.
This form stress can be set up as the mean current
flows over bottom topography (Munk and Palmén
1921 ) or as eddies interact with topography ( Holloway
1987).

Recent models (Johnson and Bryden 1989; Treguier
and McWilliams 1990; Wolff et al. 1991) suggest that
transient and standing eddies may provide the mech-
anism for transferring the zonal momentum vertically
downward to be removed by bottom topographic form
stress. Marshall et al. (1993) note that standing eddies
are an artifact of choosing a zonal-meridional coor-
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dinate system, and cannot play a role in the actual
momentum balance for the ACC. In these models, the
horizontal eddy momentum fluxes from transient ed-
dies act to concentrate and strengthen the mean flow,
rather than transport momentum away from the cir-
cumpolar band as suggested by Gill (1968).

Ideally, these theories and models should be tested
against global observations at all depth levels. Unfor-
tunately, there are limited long-term observations of
eddies in the Southern Ocean to differentiate between
these theories. The main problem in measuring eddy
variability is that the eddies occur everywhere in the
ocean over a wide range of space and time scales. To
adequately measure the meandering currents and ed-
dies requires high horizontal resolution ( ~ 10 km) and
short time resolution (~ 10 days); high vertical reso-
lation is not necessary as only a small number of modes
are required to represent the vertical structure in the
ocean (Hurlburt 1986). In the Southern Ocean, the
problem of measuring eddies is compounded by the
difficulty and expense of maintaining the traditional
current meter moorings in this remote region.

The regular repeat sampling of satellite altimeter data
has the potential for providing long term global obser-
vations of surface eddy statistics, especially at middle
to high latitudes (Fu and Zlotnicki 1989). Previous
satellite altimeter studies have confirmed the presence
of a vigorous eddy field in the Southern Ocean, with
large geographical variations (Cheney et al. 1983; Zlot-
nicki et al. 1989). Regions of high eddy energy are
shown to be strongly controlled by the position of the
mean flow and bottom topography (Sandwell and
Zhang 1989; Chelton et al. 1990). This is supported
by theoretical studies that show the interaction of a
zonal current with topography is important in the gen-
eration of instabilities and eddies (e.g., McCartney
1976; Thompson 1993).

Observations of the vertical and horizontal eddy
momentum fluxes are limited in the Southern Ocean.
The vertical eddy momentum flux has not been mea-
sured directly, but the downward transfer of zonal mo-
mentum by eddy form drag has been estimated at
Drake Passage from the meridional eddy heat flux and
the vertical temperature gradient (Johnson and Bryden
1989). Horizontal eddy momentum fluxes have only
been observed at a few current meter locations in the
Southern Ocean (e.g., Wright 1981; Bryden and Heath
1985; Luyten et al. 1990). These results give differing
estimates of the magnitude of the horizontal eddy mo-
mentum flux. To examine the eddy contribution to
the zonal momentum balance, Bryden and Heath
(1985) extrapolated these “point source” results
around the entire circumpolar region and found that
horizontal eddy momentum fluxes could account for
only 25% of the momentum input by the wind. Given
the large spatial variations in the eddy field, is this ex-
trapolation correct?
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The zonally averaged surface momentum flux has
been estimated from the FGGE surface drifter mea-
surements (Piola et al. 1987). The results show a mo-
mentum flux out of the region of order 60 cm? s 2,
with the main contribution from the mean flow and
standing eddies. The zonally averaged eddy momen-
tum flux from transient eddies is smaller, around 5
cm? s72, except for a large positive flux of 27 cm? s 2
at 51°S. There are large errors associated with these
calculations (Piola 1987), which are attributed to the
irregular temporal and spatial sampling of the data.
Moreover, the drifter results may be biased toward
higher energy frontal regions (Hofmann 1985).

The distribution of anisotropic eddy kinetic energy
and horizontal eddy momentum flux has been difficult
to determine from surface altimeter data. This is due
to the problem of resolving north/east directional
components of the surface velocities from the along-
track altimeter data. The traditional approach in alti-
metric studies is to resolve the across-track component
of geostrophic velocity from the alongtrack sea surface
slope, then assume the flow is isotropic to estimate the
eddy kinetic energy. The assumption of isotropic vari-
ability may not be valid, especially in regions of strong
currents or close to topography. The two components
of the surface residual velocity vector have been re-
solved from mapped altimeter sea surface height data
(Tai and White 1990; Chelton et al. 1990), although
the objective mapping filters out most of the variance
associated with smaller-scale eddies.

In this paper, an alternate technique is presented
that resolves the magnitude and direction of residual
surface geostrophic velocities at Geosat crossover points
into conventional (u, v) components, while maintain-
ing a spatial resolution of about 100 km, set by the
satellite measurement noise and pattern. This method
is used to obtain a time series of orthogonal surface
velocity components at each altimeter crossover point,
from which we resolve directional eddy variability sta-
tistics and determine the geographic distribution and
the anisotropic structure of the surface mesoscale vari-
ability. The technique also allows a direct measurement
of the surface eddy momentum flux over the Southern
Ocean, as described by Morrow et al. (1992). A similar
method was applied by Johnson et al. to examine
Reynolds stresses in the southeast Pacific Ocean. The
results over the entire Southern QOcean permit an in-
vestigation of the role of transient eddies in the zonal
momentum balance of the ACC, especially in the high
eddy energy regions where the ACC interacts with bot-
tom topography.

The paper proceeds with a description of the Geosat
data and the processing techniques that are required
to extract residual sea surface height data from the al-
timeter measurements (section 2). The method for re-
solving orthogonal velocity components at altimeter
crossover points is discussed in section 3 (a detailed
error analysis for the Geosat measurements is presented
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in the appendices). The velocity variance from (u’,v")
components is presented in the form of variance ellipses
in section 4, which show the magnitude and the prin-
cipal direction of the variance. The altimeter velocity
variance statistics are compared with independent ve-
locity measurements from surface drifters and in situ
current meter records. In section 3, the distribution of
the surface eddy momentum flux field (or horizontal
Reynolds stress) is presented for the Southern Ocean.
The zonally averaged eddy momentum flux is discussed
in relation to the zonal momentum balance. To in-
vestigate the transfer of momentum between eddies
and the mean current, “streamwise” averages of the
Reynolds stress components are calculated, relative to
a mean current determined from independent hydro-
graphic data. Section 6 sets out a discussion of the re-
sults and conclusions of the study.

2. Geosat data processing

The following calculations are based on two years
of Geosat radar altimeter data, from the start of the
17-day Exact Repeat Mission commencing in Novem-
ber 1986. The Geosat satellite orbit gives a longitudinal
spacing between ground tracks of around 150 km at
the equator, converging to around 75 km at 60°S. A
full description of the techniques used to measure sea
surface height from altimetry and the associated errors
is given in Chelton (1988). For a description of the
Geosat mission see Douglas and Cheney (1990).

The Geosat data used in this study are based on the
Zlotnicki/Fu dataset from the NASA Ocean Data Sys-
tem at the Jet Propulsion Laboratory ( Zlotnicki et al.
1989, 1990). The data are corrected for the standard
atmospheric and geophysical errors as described in
Cheney et al. (1987), including corrections for wet and
dry troposphere range delays, ionospheric range delays,
solid earth and ocean tides, and the inverse barometer
effect on sea level by atmospheric pressure loading.
The sea state bias is corrected using the Witter and
Chelton (1991) algorithm. Satellite orbits were based
on the GEM-T?2 orbit model (Haines et al. 1990). The
corrected height data were edited to remove anomalous
points, all flagged data, and measurements over land
following the procedures of Zlotnicki et al. (1990).
This includes rejecting data records with sigma height
values greater than 10 cm; attitude angles greater than
1 degree and automatic gain control less than 16 dB
or greater than 40 dB. The height data were then in-
terpolated using a cubic spline routine to a fixed geo-
graphical grid at approximately 7-km spacing, corre-
sponding to the uniform latitudinal grid of Zlotnicki
et al. (1990). This process simplifies the removal of
the geoid and orbit errors from each pass and is com-
putationally more efficient. '

Residual orbit errors were removed from the global
dataset for the two-year period November 1986 to No-
vember 1988 (ERMs 1-43) by Chelton and Schlax
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(1993), using an extension of the method developed
by van Gysen et al. (1992). Sea surface height residuals
were extracted for our Southern Ocean study area, from
longitudes 0°-360°E and 1latitudes 30°-60°S (limited
to the south by sea ice contamination).

3. Resolving orthogonal velocity components at
crossover points

Residual sea surface velocities can be calculated from
the smoothed alongtrack sea surface slope using the
geostrophic relation; that is, for an ascending pass,

g dh

V, s (3.1)
where g is gravitational acceleration, fis the Coriolis
parameter, x is the alongtrack direction, and 4 is the
residual sea surface height (SSH) after the removal of
the mean and orbit errors, as described in section 2.
The sea surface slope is calculated by fitting a 25-point
linear regression to the alongtrack residual heights. The
transfer function of this filter has a reasonably sharp
cutoff in the wavenumber domain, which preserves
most of the variability at wavelengths greater than 100
km (Schlax and Chelton 1992). This filtering was nec-
essary because of the 3-5 cm rms measurement noise
in the Geosat data. Any eddy variability at shorter space
scales will be indistinguishable from the measurement
noise, and thus cannot be resolved by Geosat data (Fu
and Zlotnicki 1989). It should be noted that typical
eddies at high southern latitudes have spatial correla-
tion scales of 30-40 km (corresponding to a radius of
deformation of 10 km) and integral timescales of 14—
16 days (Bryden and Heath 1985). The smoothed
height data analyzed here cannot resolve the shortest
eddy scales and therefore may miss a significant fraction
of the eddy energy. However, the resolution and sam-
pling density of the Geosat data are better than those
of all previous datasets, such as drifters or current me-
ters.

The direction of the eddy velocities cannot be de-
termined from this calculation since we are measuring
only the cross-track component of the residual flow.
The Geosat orbit configuration produces ground tracks
that are aligned at 21° from north at the equator, and
around 45° from north at 65°S (Parke et al. 1987).
Thus, the traditional maps of EKE derived from cross-
track velocities and assuming isotropic variability have
an intrinsic bias—they measure more zonal variability
near the equator and equal parts of zonal and merid-
ional flow at 65°S. As we will see, the eddy variability
we are measuring can be distinctly anisotropic, es-
pecially in regions of strong mean currents (Richardson
1983) or in the vicinity of bottom topographic features.
Resolving orthogonal components of eddy variability
is also necessary for calculating the horizontal eddy
momentum flux.
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The magnitude and direction of the residual velocity
can be resolved at crossover points by a simple geo-
metric transformation. Here, we have available two
(generally nonorthogonal ) components of geostrophic
velocity from each of the ascending and descending
passes (V,+, V4/), and a known angle (¢) between the
ground track and the north meridian, which varies as
a function of latitude only. The residual velocity can
be calculated in any orthogonal projection, for exam-
ple, in east/north components (', v’) following Parke
et al. (1987):

Vot Vg
= 2
2 cos¢ (3.2)
Va/ -_ Vd'
f = 3.3
2 sing (3.3)

The errors associated with the geometric transfor-
mation in Egs. (3.2) and (3.3) can also be determined.
If the residual sea surface slope measurements from
the ascending and descending passes have a variance
error of o2, then using the law of propagation of vari-
ances and assuming V. and V- are independent, the
variance of the errors in the " and v’ components will

be
o2, =1 (8% Y
¥ 2\ fcoso

o2, = 1 ( £0s’ 2
Y2\ fsing )
If there were no measurement errors in the corrected
altimeter data, the geometrical transformation of Egs.
(3.2)and (3.3) would resolve the orthogonal velocities
perfectly. However, Egs. (3.4) and (3.5) show that the
error in each velocity component depends on the es-
timated measurement error o;-, that is, how well the
geostrophic sea surface slopes can be estimated from
the filtered alongtrack residuals. The error in u’ and
v’ will also vary with latitude, depending on three fac-
tors: the Coriolis parameter f, the crossover angle ¢,
and the time difference between the ascending and the
descending passes. For a detailed discussion of these
errors, especially in regard to the Geosat mission, the
reader is referred to the appendix.

(3.4)

(3.5)

4. Velocity variance in the Southern Ocean

Velocity variance statistics were calculated from the
two-year time series of 8.5-day interpolated u’, v’ ve-
locity components, at each crossover point. From
this time series we can compute the north/east velocity
variance terms (u’?, v’?) and the covariance term
u'v’. The magnitude and the direction of the eddy
variability are represented here using variance ellipses
(see Preisendorfer 1988). The direction, 8, of the axis
of principal variability, measured anticlockwise from
east, is
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o1y — U
7.7 ’

uv

tanfd = (3.6)

where ¢, is the variance along the major axis and is
given by

1, =%, =3 — T p—
on =5+ 02+ V(7 — 32 4 4w
(3.7)
and along the minor axis by

622=(u,2+l),2)—0'11. (38)

Anisotropic flow is represented by an elongated el-
lipse, with the principal direction of the velocity vari-
ance aligned with the direction of the major axis. The
orientation of the ellipse depends on the covariance
term, u’v’; the major and minor ellipse axes define
the coordinate system in which #’ and v’ are uncor-
related. Ellipses with a major axis oriented in the
northeast quadrant have a positive u'v"; ellipses ori-
ented toward the southeast quadrant have a negative
u’v’. Thus the direction of eddy momentum flux can
be inferred simply from the ellipse orientation.

a. Velocity variance ellipses on a 5° grid

Velocity variance ellipses reveal the principal direc-
tion and anisotropic nature of the variability, as well
as the magnitude and spatial distribution of the eddy
energy. The velocity variance ellipses for the Southern
Ocean, calculated from ensemble-averaged statistics on
a 5° grid, are shown in Fig. 1. The 5° grid spacing was
chosen at the same resolution as most of the FGGE
drifter studies (e.g., Patterson 1985; Daniault and
Menard 1985). The magnitude of the two datasets are
comparable in the boundary current regions of the
Agulhas Retroflection, the east Australian Current, and
the southwest Atlantic. The main differences occur in
the ACC, where the 5° binned FGGE drifter measure-
ments can be up to ten times larger than the Geosat
results. Because the drifters tend to converge toward
the narrow, highly energetic frontal zones (Hofmann
1985), the drifter velocities are biased toward the small
fraction of the 5° bin that has a higher EKE. The more
regularly spaced Geosat measurements sample high and
low energy regions equally, and thus provide more ac-
curate 5° averages in frontal regions.

The Geosat ellipses show little eddy activity over
topographic ridges and shallow plateaus, while the
higher eddy energy occurs in the deep basins, adjacent
to major topographic features. These results are con-
sistent with recent numerical models ( Treguier and
McWilliams 1990; Wolff et al. 1991) and earlier alti-
metric studies based on sea surface height variability
(Sandwell and Zhang 1989; Chelton et al. 1990). The
variance ellipses appear, isotropic along the axis of the
ACC. Distinct anisotropic variability is most evident



2054

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 24

2000, 500, 90

VARIANCE ELLIPSES and 3000m BATHYMETRY

FIG. 1. Velocity variance ellipses for the Southern Ocean from Geosat crossover velocities ensemble averaged on a 5° grid. The position

of the 3000-m depth contour is shaded gray. The scale ellipse has a semimajor axis of 2000 cm

rotated by 90° from north.

in the high eddy energy regions of the Agulhas Retro-
flection and Return Current, the East Australian Cur-
rent and the southwest Atlantic region, and is probably
influenced by meridional shifts in the zonal jet. Aniso-
tropic ellipses are also noted where the mean current
interacts with bottom topography, for example, across
the Madagascar Ridge at 40°E and the Macquarie
Ridge at 170°E. Ellipses on a smaller 3° grid reveal

2 52, a semiminor axis of 500 cm? s?, and is

more of the anisotropic nature of the variability (Mor-
row et al. 1992).

b. Velocity variance ellipses at individual crossover
points

An advantage of the present technique is the ability
to resolve variations in the EKE distribution on scales
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of order 100 km over the entire ocean basin. Main-
taining the fine spatial resolution is especially important
in the Southern Ocean, where abrupt changes in to-
pography cause a similar response in the eddy field.
Velocity variance ellipses are derived from the in-
dividual Geosat crossover points in the Agulhas Retro-
flection and Return Current (Fig. 2), southeast of
Australia (Fig. 3), and in the southwest Atlantic region
(Fig. 4). At this resolution the anisotropy of the eddy
variance is apparent. Close to coastlines and near major
topographic features, there is a strong tendency for
variance ellipses to align with the bottom topography
(see in particular Fig. 3). The ellipses immediately ad-
jacent to the east of Australia are oriented parallel to
the east Australian coast, and there is distinct steering
of the ellipse angles around the Campbell Plateau at
55°S,170°E. Similarly, in the southwest Atlantic region
(Fig. 4), the higher variability is bounded by shallower
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topography, and along the boundaries the ellipses tend
to align with the bathymetry.

In regions of higher variability away from topo-
graphic features, the ellipses are also anisotropic. This
is noted in regions where the mean current is strong
and narrow, or meanders, for example, in the Agulhas
Retroflection and Return Current, in the East Austra-
lian Current, and downstream of the Macquarie Ridge
and Drake Passage. There are sharp spatial gradients
in the magnitude and direction of the ellipse variability
between adjacent crossover pdints. This particularly
occurs across the axis of the mean current, and between
regions of high and low eddy energy. These distinct
spatial gradients reaffirm the need to maintain the
highest spatial resolution possible. Along the path of
the mean current, the ellipse magnitude and orientation
tend to be more coherent between neighboring cross-
over points. This suggests that the processing tech-
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FI1G. 2. Velocity variance ellipses for the Agulhas Retroflection region from the time series of velocity components at Geosat
crossover points. Only variance ellipses above the estimated background noise level are shown. Estimated background noise
ellipses are constant at each latitude (see text), shown on the right-hand side of the plot. The position of the 3000-m depth
contour is shaded gray. The scale ellipse is described in Fig. 1.
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F1G. 3. As in Fig. 2 but for the region southeast of Australia and New Zealand.

niques for interpolating and smoothing the velocity
data are preserving coherent oceanographic signals.

Recent numerical models have found that the eddy
variability tends to be anisotropic in the region of strong
mean currents. In a flat-bottom quasigeostrophic model
of the Southern Ocean circulation, Wolff et al. (1991)
found that eddy ellipses northward of the current were
tilted from northwest to southeast, whereas eddies south
of the current were tilted from southwest to northeast.
This structure is also apparent in the Geosat data, for
example, upstream of Kerguelen Plateau at 50°E and
upstream of the Macquarie Ridge at 160°E. In these
cases, the eddy momentum flux tends to be directed
S0 as to transport zonal momentum toward the central
jet. The tilted ellipses may be caused by the reduction
of the intrinsic Rossby wave phase speed by the central
current (McWilliams and Chow 1981).

Similar patterns are also evident in variance ellipses
derived from 30 years of fine-resolution surface drifter
data in the East Australian Current region (Morrow et

al. 1992) and from an eddy-resolving numerical model
(Wilkin and Morrow 1994). The altimeter variance
ellipses tend to be less isotropic than the 1° binned
drifter data and show sharper spatial gradients between
regions of high and low energy. The bulk variance sta-
tistics are similar (Morrow et al. 1992), although there
are regional differences in magnitude. For example, in
the high eddy energy region (30°-40°S, 150°~160°E),
the altimeter variance of 602 cm? s~2 is greater than
the drifter variance of 456 cm? s~2; whereas in the low
energy region (30°-40°S, 170°-180°E), the drifter
variance of 113 cm? s~ is larger than the Geosat vari-
ance of 96 cm? s™2, which is at the background noise
level. Besides the different spatial and temporal sam-
pling of the datasets, it is not known how faithfully the
drifters follow the surface currents, since the buoys are
subject to windage. Drifter data also include an un-
known ageostrophic component (Large and van Loon
1989) and therefore may not be directly compatible
with the altimeter data.
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FiG. 4. As in Fig. 2 but for the southwest Atlantic region.

This analysis only considers Geosat velocity variance
ellipses greater than the estimated background noise
variance. Background error ellipses are calculated by
using Eq. (A.2) as an estimate of the background SSH
error, then propagating that estimate through Egs. (3.4)
and (3.5), and then (3.6), (3.7), and (3.8). These
background error ellipses are constant along crossover
latitude lines (see appendix B), and represent the error
dependence on the Coriolis parameter, the crossover
angle, and the crossover time difference. Error ellipses
are plotted on the right-hand side of Figs. 2, 3, and 4,
assuming the errors in the two velocity components
are uncorrelated. An increase in the northward com-
ponent of error variance is apparent toward the equa-
tor, especially between 20°S and 30°S. As discussed in
the appendices, these errors are intrinsic to the orbit
configuration of each altimeter mission and limit the
analysis to higher latitudes. In this paper, the analysis
is restricted to the region south of 30°S. Highly ener-
getic regions within 30° of the equator may still be

analyzed where the signal-to-noise ratio is sufficiently
large.

Ellipses with large variance that exceed the back-
ground noise level may still not be statistically signif-
icant. The statistical significance of the variance is cal-
culated based on the number of degrees of freedom
(ndf), which is approximately equal to the number of
data points at each crossover point (see appendix B).
Based on the ndf, a statistical F-test table (Table A.1)
is used to estimate how close we are to the expected
variance of an infinite number of samples. On average
we have 30 degrees of freedom at each crossover point,
so we are within 50% of the expected variance for an
infinite time series. Even with our maximum ndf at
each crossover point of 43 (assuming no data gaps),
we are only within 40% of the expected variance. Any
improvement in the statistical significance requires a
much longer time series, or some spatial averaging (as
in section 4a) at the expense of the 100-km spatial
resolution,
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¢. Comparison with in situ current meter data

The Geosat velocity variance ellipses measure tem-
poral variability at a fixed location (the crossover
point). This is analogous to making surface velocity
measurements from a current meter mooring; albeit
current meters have a faster sampling rate, measure
both the geostrophic and ageostrophic motion, and
measure both velocity components concurrently and
without the spatial filtering over 100 km.

Nevertheless, it is constructive to compare the Geo-
sat velocity variance with statistics from long-term
current meter arrays. The surface EKE from Geosat
data were bilinearly interpolated from the four closest
crossover points onto mooring locations, in the Agulhas
Retroflection (Luyten et al. 1990) and southeast of
New Zealand (Bryden and Heath 1985) (see Table
A.1 in Morrow et al. 1992). Geosat variances were in
general a factor of 1.5 to 2 times greater than the current
variability at the shallowest depths (200 m in the Agul-
has and 1000 m southeast of New Zealand). Vertical
profiles of the composite statistics (Morrow 1992 ) show
that the surface intensification is consistent with the
strong current shear observed at the deeper records.

A 3-month overlap between the Agulhas deployment
times and the start of the Geosat mission also allows
a direct time series comparison between the two da-
tasets. Figure 5 shows the velocity time series from the
Agulhas current record 838 at a median depth of 205
m, compared to the surface velocity time series from
the closest Geosat crossover point (32 km northwest
of the current meter location). This current meter time
series was chosen as an example as it has the longest
overlapping period with the Geosat mission. The north
and east velocity components and the stick velocity
vectors from the two datasets show good agreement,
although the in situ current meter records show more
high-frequency signal than can be resolved by the sur-
face altimeter velocities, interpolated to 8.5 days. Con-
sidering the different limitations of the current meter
and altimeter datasets, the comparison in Fig. 5 is very
encouraging.

5. Distribution of eddy momentum flux

The distribution of surface horizontal eddy momen-
tum flux gives us some insight into the dynamical pro-
cesses of the ACC. In particular, the mapped distri-
bution can show whether eddies act to transport mo-
mentum away from the region of wind forcing, or into
or away from the mean current. The geographical dis-
tribution also suggests the importance of bottom to-
pography in this interaction.

To first order, the ACC can be considered a zonal
current. In this case, the cross-stream flux of alongs-
tream momentum by transient eddies is given by
u’v’. The interaction of the mean current with bottom
topography produces a complex pattern of u'v” in the
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FIG. 5. Time series of current meter data in the Agulhas Retro-
flection at 38°S,18.5°E from the shallowest meter at 195 m from
Luyten et al. (1990) for the three months from November 1986. The
heavy line denotes the Geosat surface velocities in north/east coor-
dinates from the closest crossover point, 32 km to the northwest,
measured over the same time period.

Southern Ocean. To investigate the larger-scale patterns
of u’v’, the data were ensemble averaged on a 2° lat-
itude by 5° longitude grid (Fig. 6). This grid was chosen
to increase the statistical reliability of the variance and
covariance estimates and because we expect larger co-
herence in the alongstream direction, as discussed pre-
viously. In the Agulhas Return Current from 20° to
80°E, there is a general pattern of eddy momentum
flux convergence with positive v’ to the south (dark
in Fig. 6) and negative u'v’ to the north (light) of the
eastward mean current. Convergence of eddy momen-
tum flux is also noted upstream and downstream of
the Macquarie Ridge near 150°E, and near the Pacific
Mid-Ocean Ridge at 140°W. There are also limited
regions of eddy momentum flux divergence, for ex-
ample, downstream of the Pacific Mid-Ocean Ridge at
110°W. .

The altimeter observations in Fig. 6 are more com-
plex than a simple convergence of #’v" along the mean
axis of a zonal current. When there is a northward
(southward) deflection of the mean current (i.e., a time-
independent meander), there is a corresponding
northward (southward) horizontal momentum flux
from transient eddies and meanders. In the Aguthas
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FiG. 6. Eddy momentum flux #'v’ from Geosat crossover velocities, composite averaged onto a 2° latitude by 5° longitude grid. The
thick black lines denote the 3000-m depth contour. The thin black lines show the 0/2000 dbar dynamic topography with a contour interval

of 20 cm from Gordon and Monelli (1982).

Return Current, as the mean current is forced north
of the Del Cano Rise at 45°E, there is a northward flux
of eastward momentum over a wide range of latitudes.
In the Crozet Basin downstream, the mean current de-
flects back to the south and there is a southward flux
of eastward transient eddy momentum across the mean
current. This pattern is repeated downstream of Ker-
guelen Plateau at 90°E. In the southwest Atlantic re-
gion, the complex pattern of positive and negative
u’v’ is reflected by the strong topographic gradients. It
appears that the horizontal transient eddy momentum
flux may have a role in steering the mean current

around bottom topography and in changing its posi-
tion. '

To test whether these eddy momentum flux calcu-
lations are significantly different from zero, the cross-
correlation coefficient C,,/,- is calculated at each cross-
over point, following Bryden (1979):

u'v’
The cross-correlation coefficient is then compared with

the 95% significance level to test the statistical signifi-
cance of the u'v’ calculations. The 95% significance

Cu’v’ = (5-1)
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level is evaluated in the standard way, based on the
number of degrees of freedom ( ndf) (see appendices),
as

95% level = V1 — (0.05)40™",

Most of the #’v” measurements above 25 cm? s 2 in
Fig. 6 are also above the 95% significance level. The
notable exceptions are some undersampled regions of
large u’v’, for example, around 30°~40°E in the Agul-
has Retroflection where there are frequent data losses
along ascending Geosat ground tracks, resulting in
fewer degrees of freedom. The ndf for this study are
discussed in detail in the appendices.

The u’v’ values calculated from the surface individ-
ual crossover points are also compared with in situ
current meter records at depth [again see Table A.1 in
Morrow et al. (1992)]. Southeast of New Zealand, the
comparison with the Bryden and Heath (1985) results
is very good; the current meter # v’ field is northward
at all depths and both the surface altimeter value and
the 1000-m current meter record show a northward
eddy momentum flux of around 50 cm?s~2. In the
Agulhas Retroflection, all of the surface current records
(around 200 m) show a northward flux in u’v’ of
around 50-200 cm? s~2 (Luyten et al. 1990), which
corresponds to the large positive maximum in the
mapped Geosat u'v’ field in Fig. 6. So although the
altimeter u'v’ field may appear complex, the data are
consistent with existing point measurements from long-
term current arrays. Note that the magnitude of the

v’ field shows considerable scatter in the Agulhas
region. This scatter is expected as the u v’ field is less
spatially coherent than the velocity variance field, and
the bilinear interpolation process can cross sharp gra-
dients in the u v’ field. These sharp gradients may be
small-scale features of the u'v’ field, which are also
apparent in the vertical current profiles, but may be
augmented by the large amount of missing Geosat data
in the region.

(5.2)
-2

a. Zonal average of eddy momentum flux

One of the considerations in examining the eddy
momentum flux is to determine its contribution to the
zonal momentum balance in the Southern Ocean. The
zonal momentum balance can be expressed in a zonally
and vertically integrated form (Johnson and Bryden
1989) as

f dzfdx[—+——( )+%(uv)]
Lap, 1o

=fHdzfdx[fv—— e o2

, (5.3

o ax ] ( )
where u, v are the eastward and northward velocities,
fis the Coriolis parameter, py is the density of seawater,
p is pressure, 7~ is the eastward stress component, and
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H is water depth. At the zonally unbounded latitudes
of Drake Passage, the zonally and vertically integrated
meridional transport must vanish so the first term on
the right-hand side of Eq. (5.3) is zero. For a zonally
connected ocean,

ff _86; (uu)dxdz = 0

is also zero. So for steady circulation, the integrated
zonal momentum balance becomes

f dzfdx[—( la”]

v) +—2F

Iy

(5.4)

dx [Tg‘urface - Tgottom]-

The right-hand side of Eq. (5.4 ) refers to the zonally
integrated zonal wind stress minus the zonal bottom
stress. Gill (1968) argued that for frictional bottom
stress to directly balance the wind stress would require
bottom velocities of around 20 cm s ™!, which are much
larger than observations suggest. So bottom frictional
stress alone is not sufficient to balance the wind forcing.
Instead, Gill (1968 ) suggested that wind stress may be
balanced by a divergent momentum flux out of the
circumpolar region, that is, the first term on the left-
hand side of the balance equation. The second term is
the zonal pressure gradient acting against bottom to-
pographic features in the circumpolar region; the bal-
ance between surface wind forcing and topographic
form drag was first suggested by Munk and Palmén
(1951). In the case of a flat-bottom model, such as
considered by Gill, this bottom topographic form drag
term is zero.

The time-averaged zonal mean horizontal momen-
tum flux has three components:

() = (ad) + (u*v*) + {(u'v"), (5.5)

the zonal mean flow component (i), the contribu-
tion from spatially fixed meanders about the zonal
mean position of the current (the standing eddy com-
ponent) {u*v*), and a contribution from temporal
variability (the transient eddy component) {u'v"). The
overbar refers to a time average and the { ) brackets
refer to zonal averages. Gill (1968) considered the
principal part of the momentum flux was due to tran-
sient eddies and calculated that a vertically and zonally
averaged net eddy momentum flux of around 100
cm? s~2 out of the circumpolar region is required to
balance the momentum input by the wind.

The difficulty in testing Gill’s theory is in providing
zonal and vertical observations of #’v’. Bryden and
Heath (1985) evaluated the vertically averaged u v’ at
one location southeast of New Zealand; when extrap-
olated around the Southern Ocean it could only balance
one-quarter of the momentum input by the wind. The
Geosat zonally averaged eddy momentum flux from
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transient eddies is shown in Fig. 7, in comparison to
the FGGE drifter results from Piola et al. (1987). Note
again that the altimeter only includes geostrophic mo-
tion—the drifter results also include an ageostrophic
component. In general, the magnitude of the zonally
averaged surface {(u'v") is around 5-10 cm? s~ for
both datasets, with a peak around 50°S of 27 cm? s 2
for the FGGE drifters and a statistically significant peak
of 10 cm? s~ for the Geosat data.

Following Gill (1968), the contribution of the tran-
sient eddy momentum flux to the zonal momentum
balance was investigated, by comparing the momentum
input by the wind over the zonally unbounded latitudes
of Drake Passage from 56.5°S to 61.5°S, with the di-
vergent eddy flux of momentum out of the band. The
area integral of the zonal wind stress over this latitude
band is 1.75 X 10'7 dyn, derived from ECMWF wind
data (Trenberth et al. 1990). The Geosat estimate of
the net flux of zonally averaged (u'v") between the
northern and southern boundaries of this circumpolar
band is only —6.8 cm? s 2 and is convergent (based
on zonal values significant at the 95% level ). Note that
this calculation is sensitive to the choice of method-
ology; for example, the sign can vary if one changes
the significance level or includes low-reliability esti-
mates, although the magnitude always remains small.
Multiplied by the circumpolar distance at 60°S of
20 000 km, and by an average water depth of 4 km,
the net flux of eddy momentum is only 5.5 X 10'* dyn
into the circumpolar region. These surface flux esti-
mates are also likely to overestimate the depth-averaged
values. So the Geosat measurements indicate that the
zonally averaged meridional flux of zonal momentum
is at least two orders of magnitude too small to balance
the momentum input by the wind, and is in fact con-
vergent not divergent.

b. Streamwise averages of eddy momentum flux

The wind forcing is predominantly zonal at the lat-
itudes of Drake Passage, so zonal averages are useful
in determining the role of horizontal eddy momentum
flux in balancing the momentum input by the wind.
However, it is evident from Fig. 6 that the largest
u'v’ values are not associated with the latitudes of
maximum wind forcing around 50°S, but with the lo-
cation of the mean current, especially where it interacts
with topography. This suggests that the observed tran-
sient eddies may be generated by baroclinic and baro-
tropic instabilities in the mean flow, as predicted in
recent numerical models (Wolff et al. 1991; Treguier
and McWilliams 1990). In this case, it is preferable to
consider the transfer of momentum between the tran-
sient eddies and the mean current.

When the mean current is not strictly zonal, the me-
ridional flux of zonal momentum (u’v") will not ac-
curately represent the cross-stream eddy momentum
flux. To rectify this problem, we have considered the
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FIG. 7. Zonally averaged u’v’ from Geosat crossover velocities
(solid line), compared with FGGE surface drifters (Piola et al. 1987)
(dashed line). Zonal values above the 95% significance level are solid
filled.

divergence of eddy momentum flux in both the zonal
and meridional momentum equations, respectively,
which can be thought of as eddy forces, F*¥, on the
mean flow; that is,

FOY = —(w'd)), — (u'0'),, (5.6)
FOY = —(y0'), — (v'0)),, (5.7)

where the overbar denotes time averaging, the primes
denote the time-varying component, and subscripts
denote spatial differentials.

We are interested in how the horizontal Reynolds
stresses may transfer momentum from the eddies to
the mean current; to estimate this we need to define
the local direction of the mean current. The mean flow
cannot be determined directly from Geosat data due
to uncertainties in the marine geoid. But we get an
approximate measure of the mean field from the his-
torical dynamic topography data of Gordon and Mol-
inelli ( 1982, hereafter referred to as the GM data). We
use the 1° latitude by 2° longitude gridded 0/2000
dbar dynamic topography to determine the direction
of the mean flow, represented by the unit vector (um,
_l The horizontal Reynolds stresses (u’u’, v'v’,

u’v’) were similarly smoothed and 1nterpolated onto

1° latitude by 2° longitude grid, using an inverse
distance weighting filter, over a 3° by 3° square cen-
tered at the crossover point. The divergence terms in
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Egs. (5.6) and (5.7) were then calculated by centered
first differences at each grid point.

The contribution of the horizontal Reynolds stresses
to the alongstream momentum balance can be found
by considering the alongstream component of the eddy
force on the mean flow, F%; that is,

Feidy = peddy 4 vaf,ddy. (5.8)

The mapped alongstream eddy force [Eq. (5.8)] is
shown in Fig. 8a. Positive values imply that the eddy
forces are imparted fo the mean flow by the eddy field.
Assuming these surface values are representative of the
upper 1000 m, the magnitude of the depth-integrated
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eddy forcing on the highly energetic Agulhas Retro-
flection and Return Current (typically 1-8 cm? s~2) is
similar to that of the local wind stress forcing. (A depth-
integrated eddy force of 1 cm? s is equivalent to a
surface wind stress forcing of | dyn cm™2.)

The cross-stream divergence of horizontal Reynolds
stresses (i.e., the eddy forces perpendicular to the mean
flow, F9%) can also be expressed as

FOY = 0, FEY + gy, Fo3% | (5.9)
Figure 8b shows a coherent alongstream pattern, which
may be related to cross-stream meandering of the mean
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F1G. 8. (a) The magnitude of the alongstream component of the eddy force, depth averaged over the top 1000 m (in cm? s72) [Eq. (5.8)].
(b) The magnitude of the cross-stream component from Eq. (5.9). The thin line is mean axis ACC2 (see text).
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flow. The dominant term in Fig. 8b is the cross-stream  of the mean flow by the Reynolds stress divergence.
gradient of the variance (v'v’),, which results from The peak magnitude of the streamwise average, depth-
any nonstationary meanders in the mean axis of the integrated eddy force is almost 1 cm? s 2, Thus, in the
ACC. This variance is largest at the location of the region of the Agulhas Return Current, the present
mean axis, and decreases away from the mean axis. analysis indicates that the horizontal Reynolds stresses
From Eq. (5.9), this translates to positive values north are of comparable importance to the wind stress.

of the mean current and negative to the south. The For the Macquarie Ridge and the Campbell Plateau
well-defined zero contour in Fig. 8b corresponds to the  region (145°-175°E), Fig. 10b shows a broad positive
location of the maximum velocity variance. This pro- band (£3°) with depth-integrated values up to 0.5
vides a good altimeter-based estimate of the position cm?s~2, and surrounding regions where the term is
of the mean axis of the ACC (Chelton et al. 1990), negative. These regions where the streamwise averages
independent of whether the Reynolds stresses contrib-  are clearly positive indicate a net convergence of hor-
ute to the mean alongstream velocity. izontal Reynolds stresses, which can act to accelerate

Streamwise averages of the alongstream and cross- the mean flow, as predicted in recent numerical models
stream eddy forces were calculated parallel to a defined (McWilliams et al. 1978; Wolff et al. 1991; Treguier
mean axis of the ACC. Two definitions of the mean and McWilliams 1990). For the region of the Pacific
axis were used. The first (ACC1) is defined from the Rise, the results are sensitive to the choice of axis used.
position of maximum gradient in the GM data. Use This may be because the ACC is weaker and the po-
of this mean position may introduce errors in the sition of the jet axis is therefore poorly defined by the
streamwise calculation, since the highly smoothed, historical dataset in the region. In the ACC south of
historical mean position could be spatially offset from South Africa at 50°S where the jet axis is also poorly
the mean position over the two years of Geosat data.  defined, the alongstream eddy force is much smaller.
Moreover, in regions of sparse hydrographic data den- For the streamwise averages along the entire cir-
sity, there may be significant errors in the position of cumpolar ACC path (not shown), there is a positive
the ACC axis from the GM data. The second mean alongstream eddy force 2° south of the current. How-
axis (ACC2) is defined from the zero contour of Eq. ever, the magnitude is small; only of order 0.1 cm? s 2
(5.9) (i.e., based on the cross-stream divergence of the for both definitions of the ACC axis. The streamwise
Geosat Reynolds stresses ), which may provide a more average of the cross-stream eddy force demonstrates
accurate estimate of the axis of the ACC. For example, the same clear pattern of positive values north of the
ACC2 more accurately reproduces the large meridional mean current and negative to the south, as noted in
meanders that are known to exist at 27°E and 32°E  Fig. 8b. .

(Lutjeharms and Ballegooyen 1988). Both mean axes
are plotted in Fig. 9 for both the ACC and the Agulhas
Return Current.

The streamwise average of the alongstream eddy We have described a technique for resolving surface
forces for the Aguthas Return Current (20°-60°E)are  eddy velocity components at Geosat crossover points,
shown in Fig. 10a and are multiplied by a depth of #  with the primary aim of investigating the role of hor-
= 1000 m as an estimate of the depth-integrated quan- izontal eddy momentum fluxes in the dynamical bal-
tities. The alongstream average is similar for both def- ance of the ACC. The technique provides long-term,
initions of the current: namely, positive 1° north of ocean-scale measurements of surface velocity variance
the axis (corresponding to a local convergence of mo- and horizontal eddy momentum flux in the Southern
mentum toward the jet) and a secondary smaller max- Ocean south of 30°S, with better spatial coverage than
imum 2° south of the axis. Farther north and south current meter moorings, and more regular sampling
are negative regions, which may indicate a deceleration than can be obtained from surface drifters. Even so,

6. Discussion
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FIG. 9. Mean axis of the Antarctic Circumpolar Current, ACC! (thin line), derived from the maximum gradient in the 0/2000 dbar
dynamic topography from Gordon and Molinelli (1982). The “mean axis” is defined as the continuous circumpolar path; the Agulhas

Return Current is also shown. The mean axis derived from the cross-stream divergence of eddy momentum flux, ACC2, is shown as the
thick line.
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FIG. 10. Streamwise averages of the alongstream component of the eddy force, depth
averaged over the top 1000 m (cm? s?) (a) in the Agulhas Return Current (20°-60°E)
and (b) for the Macquarie Ridge and Campbell Plateau region (145°~175°E). Stream-
wise averages are plotted as a function of the distance in degrees latitude from the
chosen axis. The solid line is calculated using path ACC1; the short-long dashed line

using path ACC2.

smoothing to remove the measurement noise of Geosat
limits the spatial resolution of the data to around 100
km, so we may still miss a significant portion of the
eddy energy at higher latitudes, where the radius of
deformation decreases to around 10 km. In future
work, the lower measurement noise for TOPEX /Po-
seidon may allow us to resolve more of the smaller-
scale eddy energy in the ACC. Note that the technique
resolves only the transient eddy component of vari-
ability; the time-invariant flow such as the mean cur-
rent and the standing eddy component cannot be re-
solved from presently available altimeter data due to
uncertainties in the marine geoid.

The calculated surface variability shows reasonable
agreement with available in situ current records in high
energy regimes: at 200 m in the Agulhas Retroflection
(Luyten et al. 1990) and at 1000 m southeast of New
Zealand (Bryden and Heath 1985). The magnitude
and direction of the altimeter surface velocity variance
is consistent with a surface amplification from the cur-

rent measurements at depth. In addition, there is rea-
sonable agreement in the time series of residual veloc-
ities from altimetry and 200-m currents in the Agulhas
Retroflection from a 3-month overlapping period.
Moreover, the u’v’ measurements have the same sign
and similar magnitude, even in the Agulhas Retroflec-
tion where there are strong spatial gradients in the eddy
field. The agreement with the long-term current meter
records is reassuring, as both datasets measure temporal
variability at one location, with minimal spatial aver-
aging. The measurements are made over different pe-
riods, and their consistency suggests that long-term
eddy statistics may be fairly stable in the Southern
Ocean, especially in regions where the mean flow and
variability are constrained by topography. ’
The measured surface eddy variability from transient
eddies was found to be distinctly anisotropic, especially
in regions associated with strong mean currents or close
to topographic features. The results imply that the iso-
tropic assumption used in previous studies to calculate
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EKE from alongtrack altimeter data is not valid locally,
although basin-scale or zonal averages of variability
are close to isotropic. Zonal averages of v'?/u’? show

a slight increase in the meridional component at lower

latitudes. This is the opposite to basin-scale averages
in the Southern Ocean from a Lagrangian analysis of
surface drifters (Johnson 1989), which find the vari-
ability has a larger zonal component. The larger me-
ridional component in the Geosat data may be influ-
enced to some extent by measurement error, as the
geometrical transformation maps more error into the
north component of velocity than the east component
at lower latitudes. A more significant problem is that
the comparison is complicated by the different spatial
and temporal scales that are included in the zonal av-
erages. The resolution of the Geosat data is about 100
km spatially and 17 days temporally. With this reso-
lution we may be missing a significant portion of eddy
energy at higher latitudes, where the Rossby radius of
deformation is small. However, the drifter data miss
even more of the eddy variability because of the large
space and time averaging necessary for the sparse data
distribution. As noted earlier, drifters also tend to con-
verge at fronts, biasing the sampling, and are affected
to an unknown degree by windage.

The method for calculating orthogonal velocity
components at altimeter crossover points is fairly sen-
sitive to measurement error. The 4-8 cm accuracy of
the Geosat data means that the measurement error can
dominate the ocean signal in low energy regions. The
background measurement errors, which include any
errors in the geophysical corrections, have been esti-
mated in this study (see appendix B). Only velocity
variances that are above the estimated background
noise are used in the analysis of horizontal eddy fluxes,
either at individual crossover points or in the zonal
and streamwise averages. It is expected that the TO-
PEX /Poseidon mission will have improved accuracy
in orbits, instrument precision, and geophysical cor-
rections. This should reduce the background measure-
ment noise by at least a factor of 2-3 and increase the
signal-to-noise ratio, thus allowing us to resolve more
of the low energy regions of the ocean.

a. Zonal averages

The altimeter results show that the zonally averaged
horizontal divergence of eddy momentum flux is at
least an order of magnitude too small to balance the
large amount of momentum input by the wind, and is
also of an ambiguous sign. This result implies that other
mechanisms must be more important in balancing the
wind-input momentum. The main contender appears
to be bottom topographic form stress, set up by eddies
(Holloway 1987) or the mean flow (Munk and Palmén
1951) interacting with bottom topographic features.

Recent quasigeostrophic channel models have shown
how transient and standing eddies may be important
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in transporting wind-input momentum vertically
downward, to be balanced by bottom stress or bottom
topographic form siress (Treguier and McWilliams
1990; Wolffet al. 1991). Note that the lateral boundary
conditions of these channel models prohibit the me-
ridional transport of momentum beyond the bounds
of the channel walls, so the surface momentum is forced
to be transferred vertically. The interesting result of
these simple models is that an intensive eddy field de-
velops to accommodate the large vertical momentum
transfer. A simple model by Johnson and Bryden
(1989) also involves the vertical transfer of zonal mo-
mentum by eddies, to be balanced by bottom form
stress. This model is developed and tested for Drake
Passage conditions where the lateral continental
boundaries are real, and the measured horizontal eddy
momentum fluxes are small [ from both the current
meter data (Wright 1981) and the Geosat data analyzed
here]. Again the vertical eddy fluxes transfer momen-
tum downward.

As suggested by Munk and Palmén (1951), an al-
ternate balancing mechanism is that most of the mo-
mentum input by the wind goes directly into the surface
Ekman layer, as proposed in coarse-resolution models
and reinforced from the near eddy-resolving Fine Res-
olution Antarctic Model (FRAM)(Webb et al. 1991).
The equatorward surface Ekman transport is balanced
by a deep poleward return flow below the sill depth of
2000 m, which then sets up topographic form stress
(P. Saunders 1992, personal communication ). At 60°S,
FRAM shows a northward Ekman transport of 10.5
Sv balanced by a southward return flow of 13 Sv below
the sill depth of 2000 m, and finally a bottom north-
ward flow of 2.5 Sv. The FRAM model also finds a
significant eddy field in the Southern Ocean, generated
by instabilities in the mean current. These eddies are
coherent with depth [ as found in current meter obser-
vations, e.g., Bryden and Heath (1985) and Scire-
mammano et al. (1980)]. There is some vertical trans-
fer of momentum associated with these eddies, al-
though the magnitude of these vertical eddy fluxes has
not yet been determined (D. Stevens 1992, personal
communication ). On the basis of FRAM results, D60s
and Webb (1994) argue that it is the mean meridional
circulation (rather than time-variable eddies) that is
responsible for much of the vertical transfer of mo-
mentum. The zonal pressure gradient associated with
the deep northward geostrophic flow is of the correct
sign and magnitude to yield a topographic form drag
that balances the wind stress.

Whether momentum input by the wind is transferred
vertically by eddy fluxes or horizontally within the
mean, Ekman transport cannot be resolved using Geo-
sat data alone. But the present results have shown con-
clusively that on a zonal average, the horizontal di-
vergence of eddy momentum flux is not sufficient to
balance the zonal momentum input by the wind.
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b. Streamwise averages

The altimeter results clearly show that Reynolds
stresses can be significant in redistributing zonal mo-
mentum laterally in the energetic regions near topo-
graphic features where Hofmann (1985) found fronts
were most clearly delineated. A convergence of mo-
mentum is noted in primitive equation models with
realistic topography and forcing (Semtner and Chervin
1992; D. Stevens 1992, personal communication ) and
has been observed in the Gulf Stream and Kuroshio
Current (Schmitz 1982; Nishida and White 1982; Tai
and White 1990). Quasigeostrophic numerical model
results show the convergence of eddy momentum flux
from transient eddies is around 0.2 to 0.5 cm? s~ for
both layers (Treguier and McWilliams 1990; Wolff et
al. 1991). The surface Geosat measurements (assumed
representative of the top 1000 m) are of a similar mag-
nitude in the Agulhas Return Current and near the
Macquarie Ridge/Campbell Plateau. Wilkin and
Morrow (1994) have compared the observed eddy-to-
mean momentum flux and eddy-to-mean energy con-
version with similar calculations from an eddy-resolv-
ing numerical model in the Southern Ocean region.
Their comparison shows that altimeter-derived hori-
zontal fluxes are consistent with the high-resolution
model results despite the noisy Geosat data and un-
certainties in the position of the mean axis of the cur-
rent. Indeed, their results not only support the present
results but also indicate that this technique provides a
useful diagnostic tool for eddy-resolving numerical
models.

While local values of the Reynolds stress divergences
are large, the circumpolar streamwise averages are
small. The Geosat results (assumed representative of
" the top 1000 m) are a factor of 2-5 smaller than the
depth-averaged quasigeostrophic model results (Tre-
guier and McWilliams 1990; Wolff et al. 1991). The
differences may relate to our difficulty in defining the
mean flow as some of the streamwise averages in section
5b are sensitive to the chosen definition of the mean
axis. The highly smoothed mean axis based solely on
the sparsely distributed GM hydrographic data
(ACC1), does not include the small-scale meanders or
sharper gradients evident in the fine-resolution model
results. Indeed, the altimeter transient eddy component
is more complex than in the model, especially around
topographic features where standing eddies dominate,
suggesting that small-scale meanders may contribute
significantly to the observed variability. We believe the
second choice of mean axis (ACC2) inferred from the
more regularly sampled Geosat data, which includes
more small-scale meanders, provides a more reliable
mean. It also results in a positive alongstream force on
the ACC by transient eddies. Resolving small spatial
scales in both the mean and the variability is necessary
for understanding the dynamics of eddy-mean current
interactions. This is especially important in the ACC,
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given the combination of the depth of the ACC, the
strong topographic gradients, and the decrease in the
Rossby radius of deformation toward higher latitudes.

This analysis of altimeter data has demonstrated that
global-coverage satellite data can be used to examine
important physical processes, especially in the vast
Southern Ocean where in situ observations are so
sparse. The time series of orthogonal velocities at
crossover points has revealed the complex structure of
velocity variance and eddy momentum flux in the
Southern Ocean. By including an independent measure
of the mean flow, the momentum exchange between
the eddies and the mean has also been estimated. The
techniques developed in this study are applicable to
future altimeter missions, including TOPEX /Posei-
don, with the promise of improved data quality and
duration.
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APPENDIX A
Accuracy of the Geometrical Transformation
a. Effect of the Coriolis parameter

The velocity components are derived assuming
geostrophy. Therefore, for fixed errors in sea surface
slope, the error in each velocity component, as given
by Egs. (3.4) and (3.5), is a function of f!. Because
of this increase in error toward the equator, we have
restricted the present analysis to latitudes south of 30°S.

b. Effect of the crossover angle

For the Geosat orbit geometry, the crossover angle
decreases toward the equator and the ground tracks
become more nearly parallel. Thus, we resolve the east—
west component of velocity well, but the north-south
component poorly. This is reflected in the error anal-
ysis: the cos?¢ and sin?¢ terms in (3.4) and (3.5) pro-
duce an increase in the northward error variance
(02) at lower latitudes, and a decrease in the eastward
error variance (o2/). Near 65°S, the ascending and de-
scending ground tracks are nearly orthogonal (¢
~ 45°), so the error in the sea surface slope variance
o2 is shared equally between the north and east velocity

components.
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To illustrate this problem, Fig. Ala shows the zonal
average of the ratio of north and east velocity variance
from the crossover velocity data as a function of lati-
tude. A purely isotropic signal would have a
(v’?/u’?) ratio of 1.0. Figure Ala shows that the zon-
ally averaged velocity variance from the Geosat data
is close to isotropic at 60°S, and the ratio gradually
increases to have a larger meridional component at
lower latitudes. This increase may be a real ocean signal
but may also be influenced by the geometric transfor-
mation and the measurement error. If the SSH data
were purely “noise,” the v'2/u’? curve would coincide
with the theoretical noise curve of (¢2./62,) = (cos?¢/
sin%¢), derived from Eqs. (3.4)and (3.5), that is, sim-
ply a function of the crossover angle. The fact that the
zonally averaged (v’2/u’?) ratio deviates significantly
from the theoretical noise curve emphasizes the high
signal content of the Geosat data.
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¢. Time interpolation between ascending and
descending passes

The third factor affecting the variance errors is the
crossover time difference (At). The ascending and de-
scending passes are not measured concurrently, but
may be separated in time by up to 8.5 days for the
Geosat 17-day repeat orbit. The crossover time differ-
ence varies as a function of latitude (Fig. Alb). Any
change in the ocean signal or in the measurement error
during the intervening time can introduce errors in the
calculation of orthogonal velocity components. Thus,
the ¢Z term in Egs. (3.4) and (3.5) may vary with the
crossover time difference. This effect is apparent in Fig.
Ala, where the small latitudinally periodic fluctuations
in the ratio (v’2/u’?) are directly related to the cross-
over time difference (Fig. Alb). To minimize the error
in o, we have chosen to interpolate the time series of
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FIG. Al. (a) The zonal average of the ratio v'?/u’? from velocities resolved at Geosat crossover points.
The upper curve shows the theoretical error_variance of o2/02. The lower line at v'2/u’? = 1.0 denotes
isotropic variance. The x marks the mean (v’?/u’?) for each crossover latitude; the vertical bars denote the
standard deviation. (b) The time difference between ascending and descending passes at Geosat crossover

points, which is constant along each crossover latitude.
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at Geosat crossover points as a function of crossover time difference ( At).

ascending and descending velocities at each crossover
point to a common 8.5-day time grid, using a natural
cubic spline, before calculating orthogonal compo-
nents. The interpolation procedure is applied to each
ascending and descending time series at altimeter
Crossover points.

The interpolation to an 8.5-day time grid (rather
than 17 days) increases the number of velocity esti-
mates but does not necessarily increase the number of
degrees of freedom (ndf). Current meter studies in the
Southern Ocean find that the temporal scales of eddy
variability are around 14 days in Drake Passage ( Bry-
den and Pillsbury 1977) and around 20 days southeast
of New Zealand (Bryden and Heath 1985). Thus, the
original time series of altimeter velocities measured ev-
ery 17 days gives nearly independent estimates in the
Southern Ocean. The benefit of using the 8.5-day in-
terpolation is for cases where the closest pair of as-
cending and descending velocities ( Az days apart) are
missing, but the next closest pair (17-At) are available.
This provides a measurement within the 17-day period,
and approximately one extra degree of freedom. If both
pairs are available, the 8.5-day interpolation doubles
the number of samples, but still only provides one de-
gree of freedom. This accounting is only necessary to

estimate the statistical significance of the velocity vari-
ance. Note that all of the available 8.5-day interpolated
velocities are used in the further analysis of velocity
variance. Each crossover point will have a maximum
of N = 43 independent velocity estimates over a two-
year period, assuming there are no data gaps. On av-
erage, the ndf is around 30 because of missing data.

d. Weighting of interpolated velocities for calculating
variance statistics

The interpolated velocity time series includes points
that have been interpolated from their original as-
cending and descending measurement times by be-
tween 0.15 days and 8.35 days. Because the errors are
smaller when interpolating over a small time difference,
the interpolated velocities were weighted accordingly
before calculating velocity variance statistics. Figure
A2 shows the variance of the SSH difference between
ascending and descending passes, which increases ap-
proximately linearly with crossover time difference.
This increased temporal variability can be thought of
as a measure of the increased error in the velocity es-
timation due to the crossover time difference. A
weighting function was chosen based on a linear
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regression of the data in Fig. A2, and gives more weight
(W) to smaller crossover time differences (Ar), ac-
cording to the relation

W =0.646 — 0.017A¢. (A.1)

The weights are only applied if we interpolate to both
the (Az/2) time and the (8.5 — At/2) time. If either
interpolated time has missing data, the remaining point
is given a weight of one.

APPENDIX B
Problems Particular to the Geosat Mission
a. Effect of missing data

The systematic, repeated data dropouts during the
Geosat mission make it sometimes difficult to distin-
guish noise from anomalous (but accurate) data points
at undersampled crossover points. For example, one
ascending or descending pass can cross an eddy or a
meander of the mean current, but if the subsequent
repeat passes are missing, the feature may not be sam-
pled again. This one large velocity can then introduce
a skewing of the statistics at a single crossover point
that is not representative of the “undersampled” time
series. With no data gaps, or a longer time series (e.g.,
5 years), we would have adequate degrees of freedom
so that one isolated measurement would not dominate
the statistics at individual crossover points.

The ndf can be increased by spatial averaging, but
we wish to preserve the smallest possible scales of vari-
ability. Alternatively, we could eliminate individual
crossover points that have less than a minimum ndf.
However, due to the systematic geographical patterns
of missing Geosat data (Douglas and Cheney 1990),
eliminating undersampled crossover points would re-
move important regions of high variability, especially
in the boundary current regions. To resolve this prob-
lem we have chosen to edit any time series with less
than 26 df, and remove outlying velocities. The cutoff
at 26 df was chosen from the standard F-test table ( Ta-
ble A.1), as the level at which the measured variance
should be within 50% of the expected variance from
an infinite time series.

The editing procedure is as follows. First, the statis-
tical sample size for the estimate of the standard de-
viation was increased by ensemble averaging over all
of the (V,., V) velocity measurements over three
zonally adjacent crossover points. This combines data
with the same crossover time differences and is more
likely to average over homogeneous oceanic conditions,
since ocean variability tends to be more coherent zon-
ally than meridionally in the Southern Ocean. Indi-
vidual (V,, V) velocities at the central crossover point
are then tested, and any velocities larger than n = 2.5
times the standard deviation are rejected. Different
values of n have varying effects of the EKE, the
v’?/u’? ratio, and the total number of rejected data
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TABLE A.1. Statistical F-test for variance. Estimates the number
of degrees of freedom (ndf) required for the measured variance to
be within a certain percentage (x%) of the expected variance (if there
were an infinite number of measurements). For example, with 26
DF, we are within 50% of the expected variance from an infinite
series.

ndf 11 26 43
Within=x% 80% 50% 38%

157
20%

>500 0
10% 0%

points. The 2.5 standard deviation level was chosen as
a trade-off between reducing the northward error in
the velocity variance due to anomalous points and
maintaining the original variance and number of data
points.

Imposing the 2.5 standard deviation editing criteria
removes less than 3% of the data but reduces the total
velocity variance by 12%. It also reduces the overall
average v’?/u’? ratio from 1.5 to 1.34, indicating that
the top 3% of the outliers have a larger v’ component,
consistent with “noisy” or anomalous data. The 2.5
standard deviation edit has little effect on the zonal
average of the (v'2/u’?) ratio_at high latitudes, but
substantially reduces the (v'%/ u'?) ratio at lower lati-
tudes, especially when the crossover time difference is
large. For example at 33°S, the zonal average of
(v"?/u’?) is 2.6 with no editing of outliers, compared
to 1.9 with the 2.5 standard deviation edit. Removing
these velocities has a significant effect on the EKE, and
the rejected data could be real, but undersampled vari-
ability. Thus the 2.5 standard deviation edit is not an
ideal method, but has been adopted here to cope with
the frequent data dropouts and the short (2 year) record
length of the Geosat time series. Altimetric missions
such as TOPEX /Poseidon will have higher accuracy,
fewer data dropouts, and a longer record, so that this
editing criteria should not be necessary.

b. Effect of the background noise in low energy
regions

The discussion of errors in this section has concen-
trated on all of the crossover data, irrespective of
whether the measurements are in high or low energy
regions. However, spectral analysis of Geosat along-
track residual SSHs has demonstrated that the back-
ground measurement error can dominate the ocean
signal in low eddy energy regions (Le Traon et al. 1990;
Stammer and Boning 1992; Morrow 1992). The low
eddy energy can occur in isolated pockets, and also
over vast regions such as the eastern Pacific, from
180°E to 80°W, and 30° to 50°S (Zlotnicki et al. 1989;
Chelton et al. 1990). The combination of low energy
and low latitudes is particularly troublesome, as the
geometrical transformation will tend to map the dom-
inant measurement error into the northward velocity
component [see Egs. (3.4) and (3.5)]. Thus, it is im-
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portant to estimate whether the measured velocities
are above the background noise level.

The background noise in the residual height field is
estimated by a regression fit through the data in Fig.
A2. The simple regression gives a variance of the re-
sidual height difference, o3, that increases linearly with
crossover time difference, At; that is,

ok, = 64. + 6.7At. (B.1)

The variance of the residual height difference at zero
time lag is around 64 cm?, giving an rms error at zero
lag of around 8 cm. This 8 cm error will include residual
orbit error and long wavelength measurement errors
(e.g., wet troposphere correction, sea-state bias effects,
etc.). The estimated background height variance in Eq.
(B.1) has a constant value at each crossover latitude
since At depends only on latitude (see Fig. Alb). This
value is propagated through the velocity calculations
at each crossover latitude in order to estimate the error
variances in the geostrophic velocities and in the or-
thogonal north/east components.

The zonal averages of the (v?/u'?) ratio were then
recalculated, using only the orthogonal velocity vari-
ances that are above the maximum estimated back-
ground noise [derived from Eq. (A.2)], and including
the 2.5 standard deviation edit. The results in Fig. Bl
show the zonal averages are substantially reduced and
almost isotropic at low latitudes. For example, at
33°S the zonal average of the ratio of (v'2/u’?) has
been reduced by a factor of 2 from the original unedited
data. This result gives some confidence that in regions
where the signal-to-noise ratio is greater than one, the
orthogonal transformation method is providing reliable
results.
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