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A new method to determine the mean sea surface
dynamic topography from satellite altimeter
observations
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Abstract. A method is presented to calculate mean sea surface dynamic topography
from satellite altimeter observations of its temporal variability. Time averaging of a
simplified version of the quasi-geostrophic potential vorticity equation for the upper
ocean layer results in a differential equation for the averaged relative vorticity in
which the mean divergence of the eddy vorticity fluxes acts as a source or sink.
The essential part is that these eddy fluxes can be determined from the altimeter
observations. Consequently, no parameterisations appear in the averaged vorticity
equation. From the average vorticity field, surface geostrophic velocities and related
mean dynamic sea surface topography can then simply be derived. The usefulness
of the method is established using ”perfect” data, namely numerical output from
the United Kingdom Fine Resolution Antarctic Model. The method appears
applicable to areas of the ocean with strong enough mesoscale variability such as
the major western boundary currents and their extensions and to frontal regions of
the Antarctic Circumpolar Current. Quite realistic results are presented for active
regions of the world ocean. Results are compared with hydrographic observations
for the major western boundary current extensions of the Southern Ocean. An
important application is to combine the newly derived averaged flow field with the

observed eddy field to derive the total time-varying geostrophic surface velocity
field. As a striking example this is applied to the Agulhas Current retroflection,
where the repeated shedding of large rings can now be synoptically reconstructed

as a continuous process.

1. Introduction

The expected accuracy of recent marine geoid mod-
els at scales shorter than about 4000 km is still at the
decimeter level. This is not adequate for determination
of the mean global ocean circulation at these length
scales [Chelton, 1988; Nerem et al., 1990; Fu et al.,
1996]. The only direct way to use satellite altimeter
observations for determining the mean global ocean cir-
culation is to combine the altimeter observations with
a geoid model with centimeter precision at all wave-
lengths.

A direct consequence of the inability to extract the
MSSDT, 7, is that the high measurement precision and
accuracy (3-5 cm) of altimeters can only be optimally
exploited to determine the time-variable sea surface to-

INow at Rijkswaterstaat, Delft,

Netherlands

Survey Department,

Copyright 1998 by the American Geophysical Union.

Paper number 97JC00389.
0148-0227/98/97JC-00389$09.00

pography ’. Assuming geostrophy, 7’ can only be used
to compute the time-variable surface velocity field. The
possibility of accurately observing ocean variability in
the mesoscale range (10-100 days, 50-500 km) has led
to progress in understanding and mapping the ocean
eddy field [e.g., Cheney et al., 1983; Wakker et al.,
1990; Tai and White, 1988; Shum et al., 1990; Gor-
don and Haxby, 1990; Feron et al., 1992]. However,
the inability to determine the MSSDT, and thus the
mean flow field, makes interpretation of altimeter ob-
servations very difficult. For instance, it is impossi-
ble to distinguish between ring formations and current
meanders, and ring trajectories are hard to study in
regions with strong mean currents. Methods to im-
prove interpretation of altimeter time series are based
on additional information, e.g., other independent ob-
servations. Vazquez et al. [1990] combined Geosat
data with observations of sea surface temperature in the
Gulf Stream area. Other studies [e.g., Tai and White,
1988; Willebrand et al., 1990; Gordon and Hazby, 1990;
Ichikawa and Imawaki, 1994] combined hydrographic
data and/or surface drifter buoys with Geosat data to
study rings detached from the mean flow. Kelly and
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Gille [1990] and Qiu et al. [1991] investigated the mean
flow in the Gulf Stream and Kuroshio Extension, re-
spectively, by fitting a synthetic current’s height profile
to Geosat residual height data along individual tracks.
Their results were found to be in remarkable agreement
with hydrographic and acoustic Doppler current pro-
files [e.g., Kelly et al., 1991; Teage et al., 1990]. More
recently, Gille [1994] used the same technique for map-
ping the Antarctic Circumpolar Current. Both the Sub-
antarctic Front and the Polar Front could be determined
and analyzed from Geosat altimeter data.

Another way to improve interpretation is application
of statistical techniques that analyse decorrelation in
time and space [e.g., Feron et al., 1992].

Two methods are presently in use to estimate the
long wavelength part of the MSSDT from altimeter ob-
servations. The first method simultaneously adjusts the
gravity field and determines the MSSDT. This so-called
integrated least squares approach is successful for wave-
lengths larger than roughly 4000 km [e.g., Marsh et al.,
1990; Engelis and Knudsen, 1989; Nerem et al., 1990;
Visser, 1992]. The second method has become increas-
ingly more interesting due to the very accurately known
orbit of the recent TOPEX/POSEIDON satellite mis-
sion. Due to that high precision (3-5 cm in radial po-
sition), height observations can simply be subtracted
from the best available geoid model to give an estimate
of MSSDT [e.g., Minster et al., 1993; Naeije et al., 1993;
Fu et al.,, 1996]. This approach is beginning to work
because of improvements in the accuracy of the latest
geoid models. A limiting factor in both approaches is
that the errors in the gravity model are larger than the
MSSDT signal for wavelengths smaller than approxi-
mately 4000 km. The short wavelength part of the
MSSDT can therefore not be separated from the gravity
field.

In the next section the observations are described. In
this paper a method is proposed to estimate MSSDT
from satellite altimeter observations of sea surface vari-
ability (section 3). It is based on time averaging of a
simplified vorticity equation in which sea surface topog-
raphy is separated in a mean and a time-varying part
(section 2).

The approximation is valid only for ocean areas with
strong mesoscale variability such as the major west-
ern boundary currents and the jets within the Antarc-
tic Circumpolar Current. Application of this method
shows surprisingly promising results (section 4) as com-
pared to hydrographic observations in three major west-
ern boundary currents of the Southern Ocean. A more
detailed comparison between climatology and the new
MSSDT fields is achieved by comparing meridional sec-
tions (section 6). Section 7 shows how mean and time-
variable flow can be combined to determine absolute
time-varying sea surface topography fields from the al-
timetry time series. This is applied to determine ring
shedding in the Agulhas Retroflection area. In the con-
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cluding section the method, its results, and limitations
are summarized and discussed.

2. Data

The geostrophic surface flow and sea surface dynamic
topography, n, can be decomposed in a time-averaged
mostly large-scale part (u and 7) and a time-variable
mesoscale part (u’ and v'),

n =7n+7
u =u+u
v =7+

If the observed time series (7/(z,y,t)) are sufficiently
long in time, realistic estimates of the time-variable ve-
locity (cross) covariances, u'u/, v/v/, and u’v’, can be
computed (Plate 1). The overbar indicates time averag-
ing, in this study over 3 years, e.g., the complete Geosat
Exact Repeat Mission (ERM) data set. Geosat suffered
from data loss in certain regions during the third year,
something that should be kept in mind when looking
at the results. These eddy stress terms can be derived
from satellite altimeter anomalies under the assump-
tion of geostrophy (Plate 1) and are computed at an
equidistant Az = Ay = 0.5° grid. They hold statis-
tical information of the mesoscale turbulence over the
total averaging period [e.g., Holloway and Kristmanns-
son, 1984; Holopainen, 1978; Hoskins et al., 1983].

Gridding has been done with a 1° decorrelation dis-
tance. Obviously, the 0.5° grid oversampled the spatial
scales Geosat is able to resolve. This oversampling is
chosen for computational purposes. The spatial deriva-
tives, necessary to compute the above mentioned eddy
stress terms, are derived over a 1° spatial distance both
in longitudinal and latitudinal direction. Let ¢’ be the
time-variable relative vorticity:

, o o

¢= or Oy (1)

The geostrophic time-variable flow is divergence free.
This allows the relative vorticity eddy flux terms /¢’
and v/’ to be expressed in terms of the eddy stresses:
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Computing uw'¢’ and v’¢’ from (2) and (3) is very effi-
cient and less sensitive to measurement noise because
the gradients are computed from the time-averaged
eddy stress terms. The spatial distribution of these
mean relative vorticity eddy flux terms (Plate 2, top two
panels) shows clear inhomogeneities. In such regions
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Plate 1. Horizontal eddy stress terms in the Southern Ocean computed from almost 3
years of Geosat altimeter data. QOcean regions with strong mesoscale activity correlate with

large eddy stresses (units are cm? s=2).

the divergence of these average eddy fluxes is nonzero,
so it can act to modify the mean flow (Plate 2, bottom
panel).

3. The Method

3.1. The Vorticity Balance

Areas with larger eddy variability are the separation
regions of the major western boundary currents and
their extensions (Plate 1). There the divergence of the
mean relative vorticity eddy flux has values of order
102 s~2 (Plate 2, bottom panel). This is an order of
magnitude larger than vorticity input at the surface by
the wind (O (107'3s~2) [e.g., Hellermann and Rosen-
stein, 1983]) and of the same order as the advection of
planetary vorticity (85 = 1.6 x 1072 s 2 for = 0.1 m
s land B =1.6 x 10~ m~! s~! is the variation with
latitude of the Coriolis parameter). A measure for the
relative importance of advection of relative vorticity is
the 8 Rossby number %/BL?. With the above charac-
teristic value for 3 and 7 and a length scale L = 10° m,

this Rossby number is of order 1. An estimate of the
relative importance of stretching is obtained by con-
sidering the potential vorticity equation for the upper

ocean layer
d (¢+f\_
2 (51) o @

where ( is relative vorticity, f is the Coriolis parameter,
and h is the upper layer thickness. If lower layer veloci-
ties are relatively small, than it can be shown that in the
time-averaged form of the potential vorticity equation,
an estimate of the stretching is given by

(5)

for characteristic values: A = 10 m, the density,
p = 103 kg m—3, density difference between upper and
lower layer, Ap = 1 kg m~3. Consequently, the effect of
stretching can be estimated from the data. In the areas
with large eddy variability this term appears to be of
order 10714 572 (Plate 3 and Table 1), so it is at least an
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Plate 2. The vorticity eddy flux stress terms w/¢’ and v'¢’ (x10~°m s~2) in the Southern
Ocean computed from almost 3 years of Geosat altimeter data. The bottom panel shows
the divergence of these eddy flux stress terms, i.e., (8(u'(")/0z + O(v'¢’')/Oy) (units are

x10714 s72),

order of magnitude smaller than the above-mentioned
processes.

Obviously, the above assumptions are only approxi-
mately valid in the areas we consider. It should be con-
sidered as a first step in the development of a method,
where the question to be addressed here is whether it
leads to reasonable results. If that is already the case in
this simple context, than it is worthwhile to develop and
refine further the method and include a more complete
model. So the starting point is the vorticity equation
for the upper layer:

dC+¢ +f) _
where
i = _Q. + 2. + 2 (7)
dt - ot Yoz oy

g on g on
22 =22 8
joy "7 foa )
Averaging (6) in time gives
__(')_Z_ __6_Z s _Oom_Oum
uax+vay+vﬁ— &cuC ayv( 9)

In this balance between mean relative vorticity advec-
tion by the mean flow, planetary vorticity advection,
and the divergence of the average eddy fluxes of rela-
tive vorticity, the latter term is estimated by satellite al-
timetry (Plate 2, bottom panel). So, within this model
context a solution can be determined without parame-
terizing the eddy fluxes.

Using geostrophy, this equation can be written as
a third-order nonlinear differential equation in 7 (the
MSSDT):
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Plate 3. The ¢/0n//6t derived from almost 3 years of Geosat altimeter data (units are

x10715 m s72),

10
fox Oy (10)
Instead of directly solving this nonlinear equation, we

follow an iterative two-step approach which first solves
¢ and than 7.

3.2. The Approximate Solution for the Mean
Dynamic Topography

Equation (9) can be used to form the following set of
equations:

— 3Z 0 ~ _ _?_T_ _a__ﬁ 11
u*£+ v*_@_ _'U*/B 6£EUC ayvc ( )
ot
o
3—5 ~ gy- (13)

where the two underlined terms will be regarded as un-
knowns that can be approximated via a least squares
procedure. Here u,, 7., 65/8:10, and 8¢, /8y are ini-
tially estimated from the Levitus [1982] climatology. By
adding (12) and (13) to (9), the system becomes overde-
termined and the least squares approximation for 8¢/8x
and 8¢/8y can be determined.

Because the vorticity equation has been derived using
important simplifications and the climatology is known
to be uncertain, we give equal weights to all three equa-
tions. Solving the above set of equations results in
new estimates for the unknowns consisting of an opti-
mal combination of the vorticity balance (which include
the altimeter observations of horizontal eddy vorticity
fluxes) and climatology.

Once new values for 8/0z and 8 /8y have been de-
termined, they are differentiated with respect to = and
Yy, respectively, and summed to find Q:

0= 0% 9%
~ dzdr ' Bydy

from which ¢ can be solved straightforwardly using,
e.g., iterative multigrid methods [e.g., Wesseling, 1992].

(14)

Table 1. Estimated Maximum and Minimum for Different Terms in the Potential Vorticity

Equation
Variable Low/Noise High/Maximum  Units

W~V ~T~T 0.05 0.5 m s~!
ou/dx ~ 8u/8y ~ 0%/8x ~ Bv/0y 1x 1077  2x 1078 s71

¢ ~C 1x 10-7 2x 10~ s~!
0C/0x ~ 8¢ /0y ~ d¢' [0z ~ B¢ |y 1x 10712 2x 10~1 s~!m!
B 1.6 x 1011 m~!s71
Wl ~ v 1x 1078 1x 1077 m s~2
C'on’ /ot 1x 10716  1x 10714 m s™2
O('{")/8x ~ B(v'C") /By 1x 10714 1x 10712 s~2
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Plate 4. (a) Smoothed initial field (FRAM) derived from a 2-year averaged FRAM dynamic
topography. (b) The divergence of FRAM eddy flux stresses (units are x107!3 s72). (c)
New MSSDT solution from the potential vorticity approach (units, see right-hand side fo

vertical color bar).

The horizontal resolution is chosen according to the ob-
servations, e.g., Az = Ay = 0.5°. Necessary bound-
ary conditions for this elliptic differential equation are
taken from climatology and prescribed on closed con-
tours where the sea surface variability equals 7 cm. Re-
sults of changing this boundary condition showed more
sensitivity to the smoothness of the contour than to the
magnitude of variability. Those contours enclose ocean
regions where the ocean signal is large compared to the
altimeter noise level which means that the right-hand
side of (9) can be determined with confidence.

Zbound = ZLev (15)

The second step in the procedure is to derive 7 from
the improved time-averaged relative vorticity . Using
the definition of the relative vorticity of the stationary

|variability=7 cm

geostrophic flow field in terms of the mean sea surface
dynamic topography, we can write

=_99071 g7

¢ = Foa0z " Foudy
from which 7 can be easily solved. The boundary con-
ditions for (16) also need to be given on the 7-cm vari-
ability contour:

(16)

Thound = MLev  |variability=7 cm (17)
So at the boundaries we prescribed 7 derived from the
Levitus [1982] climatology. Following this two-step ap-
proach the mean sea surface dynamic topography, 7,
can be estimated as a function of the horizontal coor-
dinates z and y. To find 7 that fulfills both equations

(11)-(13) and (10) the above-described procedure has
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Plate 5. (a) Original 2-year averaged FRAM dynamic topography. (b) Absolute error
defined as the difference between the best solution and the original dynamic topography.
(c) Relative error defined as v uZ + v2, where u and v are the geostrophic surface velocities
derived from the absolute error in the dynamic topography.

to be repeated by computing a new %., T, 8¢, /0x, and
8¢, /8y and following the same solving strategy. After
each iteration the new 7 field is regarded as the new (im-
proved) climatology until the solution has converged to
an 7 field that in very good approximation fulfills (10).

3.3.Testing the Method

To test the applicability of the proposed method
for improving the smooth climatology (such as Levitus
[1982]), we applied the method to output of the Fine
Resolution Antarctic Model (FRAM) [FRAM group,
1991]. Several earlier studies have shown that FRAM
results compare with altimeter data [e.g., Feron, 1995;
Lutjeharms and Webb, 1995]. The results of such an
eddy-resolving model supply a perfect test for control

purposes. Two years of FRAM surface pressure fields
have been used to derive eddy statistics, namely the di-
vergence of the average eddy fluxes of relative vorticity.
Exactly the same techniques were used as those used for
computing the eddy statistics from Geosat data. Taking
a smoothed version of the 2-year averaged FRAM dy-
namic topography as initial field (Plate 4a), the solution
strategy as described above is applied to the Agulhas
Current Region. Plates 4a-4c show the smoothed initial
FRAM field, the FRAM eddy divergence, and the final
solution after applying the method, respectively. Plate
5 shows the original FRAM field together with the abso-
lute and relative error. The absolute error is defined as
the difference between the original field and the best so-
lution. The relative error is defined as v/u2 + v2, where
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Plate 6. (a) The MSSDT from Levitus relative to 1000 dbar. (b) New MSSDT solution
from the potential vorticity approach. Differences only occur in ocean areas with strong
variability, i.e., the western boundary currents.

u and v are the geostrophic surface velocities derived
from the absolute error in the solution.

3.4. Measurement Error Propagation

An error of 0.05 m in the altimeter observations of
n’ will be propagated to the surface velocity fields v’
and v'; eddy stress terms u'u’, v'v/, and w/v’; and mean
relative vorticity eddy flux terms u/¢’ and v/¢’. Error
propagation rules result in 0.07 m s™! for v’ and v’;
8.1 x 1073 m? s~2 for v'v/, v'v/, and wv’; and 1.0 x
108 m s72 for ¥/’ and v’¢’. These error propagation
estimates are based on computing spatial derivatives
over 1° spatial distances at 45° latitude. To get some
insight in how these errors translate into errors in the
final MSSDT, a sensitivity test was performed by using
the solution strategy described in the previous section.

From this test an upper bound of 8-10 cm could be
derived for active ocean regions.

4. Application to Western Boundary
Currents

In this section the iterative solving strategy described
above for obtaining an approximate mean surface dy-
namic topography from the observed eddy fluxes is ap-
plied to the most eddy-active areas of the world ocean.
After 30 iterations, where the new 7 is repeatedly used
to derive a new 4, and U, field, the solution converges
to 77 as shown in Plate 6b. The climatologic field from
Levitus [1982}, which is used as boundary condition and
initial field, is shown in Plate 6a.

In ocean regions where strong eddy activity is ob-
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Plate 7. (a) The MSSDT in the Gulf Stream area in dynamic centimeters from the Levitus,
[1982] climatology, relative to 1000 dbar. (b) The divergence of the eddy flux stress terms
enlarged from the bottom panel of Plate 1 (units are x107!3 s72); the 7-cm variability
contour is shown on which the boundary conditions are prescribed. (¢) New MSSDT solution
from the conservation of potential vorticity approach (section 3); the contour interval is 10

cm.

served (Plates 1 and 2), the gradients in the solution
for 7, corresponding to surface geostrophic velocities,
are increased. In other ocean areas the eddy vortic-
ity fluxes are too small (Plates 7b-11b), and the new
solution is forced to and thus equivalent to the clima-
tology. Those regions where the method applies corre-
spond to the western boundary currents and their ex-
tensions and frontal areas in the Antarctic Circumpolar
Current. The relevance of the new results (Plate 6b)
compared to MSSDT fields determined from simultane-
ous approximation of the gravity field and the MSSDT
is that they contain the total variety of spatial scales,
from 200 km to the very large scales.

Because the method only applies for certain regions
in the ocean, the major western boundary currents will
be studied in more detail. To achieve better compari-
son between the climatology and the improved MSSDT
fields, the Gulf Stream (GS), the Kuroshio Extension
(KE), the Brazil/Malvinas Confluence (BMC), the Ag-
ulhas Extension (AE), and the East Australian Current
(EAC) are shown separately and enlarged in Plates 7-
11.

The Gulif Stream is probably the best investigated
western boundary current of the world ocean [e.g., Fo-
fonoff, 1981; Watts, 1983]. Gulf Stream meandering
including warm and cold core ring formation has been
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Plate 8. (a) The MSSDT in the Kuroshio Extension in dynamic centimeters from the
Levitus [1982] climatology, relative to 1000 dbar. (b) The divergence of the eddy flux stress
terms enlarged from the bottom panel of Plate 1 (units are x10~!3 s~2); the 7-cm variability
contour is shown on which the boundary conditions are prescribed. (¢) New MSSDT solution
from the conservation of potential vorticity approach (section 3); the contour interval is 10

cm.

studied extensively by hydrography, drifters, satellite
imagery, and altimeter observations of the sea surface
le.g., Olson et al., 1983; Halliwell and Mooers, 1983;
Maul et al., 1978; Cornillon, 1985; Kelly and Gille,
1990; Zlotnicki, 1991]. From the Florida Straits past
Cape Hatteras the Gulf Stream enters deep waters. At
approximately 70°W the meanders of the Gulf Stream
start to increase in amplitude. After 62°W, where the
Gulf Stream reaches the New England Seamounts, the
meandering continues to increase. Figure la shows the
1-year mean position of the Gulf Stream as derived from
a high-resolution quasi-geostrophic numerical model
which has been assimilated with TOPEX/POSEIDON
altimeter data (for more details, see Blayo et al. [1994]).

The Gulf Stream path seems to be stationary until the
current reaches 65°W, whereafter the standard devia-
tion (Figure 1a) increases significantly. This indicates
an north-south increase of the envelope of Gulf Stream
positions. These model results somewhat contradict a
study of Cornillon [1985}], who found from satellite tem-
perature images that the envelope which constrains the
Gulf Stream positions did not increase between 68° and
58°W. Relevant for our study is that the cross-frontal
length scale of the envelope defines how strong the in-
stantaneous Gulf Stream position will be smoothed by
averaging over a long time interval. The new approxi-
mation for 7 (Plate 7c) shows a more or less zonal Gulf
Stream from Cape Hatteras to 63°W. At this point the
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Plate 9. (a) The MSSDT in the Brazil/Malvinas Confluence in dynamic centimeters from
the Levitus [1982] climatology, relative to 1000 dbar. (b) The divergence of the eddy flux
stress terms enlarged from the bottom panel of Plate 1 (units are x10~!3 s~2); the 7-cm
variability contour is shown on which the boundary conditions are prescribed. (c) New
MSSDT solution from the conservation of potential vorticity approach (section 3), the

contour interval is 10 cm.

mean Gulf Stream bends a few hundred kilometers to
the north whereafter it follows a zonal path to the east
along the 40°N latitude band. This Gulf Stream pat-
tern is in remarkable good agreement with the findings
of recent other studies designed to determine the mean
Gulf Stream position [e.g., Kelly and Gille, 1990; Glenn
et al., 1991; Blayo et al., 1994] (Figure 1a).

The Kuroshio Current separates the southern coast of
Japan at 140°E and 35°N. After separation it is named
the Kuroshio Extension, which is characterized, as the
Gulf Stream east of approximately 70°W, as an east-
ward flowing inertial jet with large amplitude meanders
and warm and cold core ring formations. Mesoscale
perturbations generally propagate westward [e.g., Tai

and White, 1990; Qiu et al., 1991]. Annual and in-
terannual variability appears to be a prominent ele-
ment of the KE and was found in temperature data
[e.g., Mizuno and White, 1983], direct current mea-
surements accompanied with hydrographic observations
[e.g., Schmitz et al., 1987] and satellite altimeter data
le.g., Tai and White, 1988; Qiu et al., 1991]). Figure
1b shows the Kuroshio mean position derived from 2.5
years of Geosat altimeter data. The position is dig-
itized from Qui et al. [1991], who fitted a synthetic
current’s height profile to independent satellite tracks.
The Kuroshio Extension differs from the other western
boundary currents in the sense that it has two modes
between which the Kuroshio can switch, one with a



1354 FERON ET AL.: MEAN SEA SURFACE TOPOGRAPHY

A Levitus MSSDT 250
308

{ 240

230

408 220

210

- 200

508 .

0 10 20 30 40 50 60 T0E
B Divergence of eddy stresses 180

0 10 20 30

170

180

150

140

130 CM

120

110

100

T70E

40

50 60

Plate 10. (a) The MSSDT in the Agulhas Extension in dynamic centimeters from the
Levitus [1982] climatology, relative to 1000 dbar. (b) The divergence of the eddy flux stress
terms enlarged from the bottom panel of Plate 1 (units are x10~13 s~2); the 7-cm variability
contour is shown on which the boundary conditions are prescribed. (¢) New MSSDT solution
from the conservation of potential vorticity approach (section 3); the contour interval is 10

cm.

more northern trajectory than the other. This bimodal-
ity diffuses the definition of a long-term mean current
position; that is, the climatology will be a smoothed
representation of the two Kuroshio modes. The new
approximation for 77 (Plate 8c) reveals the Kuroshio Ex-
tension has its maximum northward position at approx-
imately 150°E, whereafter is slightly turns to the south.
Surface currents are clearly enhanced compared to the
Levitus climatology.

In the Brazil/Malvinas Confluence region the Brazil
Current and the Malvinas Current converge and form
a strong thermal front which has been observed be-
tween 38° and 46°S [e.g., Legeckis and Gordon, 1982;
Olson et al., 1988; Gordon, 1989; Confluence Princi-

pal Investigators, 1990]. An example of hydrographic
observations from the Brazil/Malvinas Confluence can
be found in Figure le. The new approximation (Plate
9c) for 7 reveals a well defined confluence position be-
tween 39° and 42°S with a quasi-stationary wave-like
pattern. It compares well with results found in hydro-
graphic observations for Brazil Current extension e.g.,
Confluence Principal Investigators, 1990]. The wave-
like pattern seems a realistic phenomenon and is also
observed in other western boundary regions. Compar-
ing the Levitus [1982] climatology (Plate 9a) with the
new approximation (Plate 9c) shows the increase of hor-
izontal resolution in the MSSDT field.

When the Agulhas Current runs out of western
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climatology, relative t01000 dbar. (b) The divergence of the eddy flux stress

terms enlarged from the bottom panel of Plate 1 (units are x 1012 s~2); the 7-cm variability
contour is shown on which the boundary conditions are prescribed. (c) New solution from
the conservation of potential vorticity approach (section 3), the contour interval is 10 cm.

boundary, it separates and makes a large almost 180°
anticyclonic turn which is generally referred to as the
Agulhas Retroflection [e.g., Ou and De Ruijter, 1986;
Boudra and Chassignet, 1988; Lutjeharms and van Bal-
legooyen, 1988]. The Agulhas Return Current carries
most of the Agulhas water back into the Indian Ocean
(see Figure 1c). In the Agulhas Extension the new ap-
proximation for 7 reveals a more intense westward pene-
tration of the Agulhas Current (Plate 10c) in the region
where it retroflects [e.g., Harris et al., 1978; Gordon et
al., 1987; Lutjeharms and van Ballegooyen, 1988}. The
Agulhas Retroflection, which is totally absent in the
Levitus climatologic fields, is clearly present in the new
solution between 20° and 25°E. This position for the
Agulhas Retroflection is also observed in hydrographic

measurements from the Agulhas Current (compare Fig-
ure 1c). Also, the path of the Agulhas Current is clearly
visible. Some evidence for a large meander (wave-like
pattern which may be related to bottom topography) in
the Agulhas Extension downstream from the retroflec-
tion can be observed in Plate 10c.

The East Australian Current (Plate 11) is a relatively
weak surface current. It flows southward along the con-
tinental slope and usually separates from the coast be-
tween 31° and 33°S and forms a large anticyclonic me-
ander which may extend southward as far as 38°S [e.g.,
Mulhearn, 1987] (see Figure 1d). The new approxima-
tion evidently has more structure in the time-averaged
flow pattern. The results shown in Plate 11c agree with
the most likely position of the East Australian Current
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Figure 1. (a) Gulf Stream climatology [Levitus, 1982] with its mean position (thick line),
derived from a high-resolution quasi-geostrophic model which has been assimilated with
TOPEX/POSEIDON data, superimposed. (b) Kuroshio Current climatology [Levitus, 1982)
with its mean position (thick line), derived by fitting a synthetic Gaussian-shaped velocity
profile though 2.5 years of Geosat altimeter data (digitized from Qiu et al. [1991)), super-
imposed. (c) The sea surface dynamic topography in the Agulhas Current relative to the
1500-dbar surface [after Gordon et al., 1987]. (d) The sea surface dynamic topography in
the East Australian Current relative to the 1300-dbar surface [after Boland and Church,
1981). (e) The sea surface dynamic topography in the Brazil/Malvinas Confluence relative
to the 1500-dbar surface [after Gordon, 1989]. All heights are given in dynamic meters
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Figure 2. Meridional section of (a) the Gulf Stream MSSDT at 62.0°W and (b) of the
Kuroshio Extension at 153.0°E. The dashed and solid lines show the Levitus [1982] clima-
tology and the new solution from the potential vorticity approach (section 3), respectively.
Meridional section of the Agulhas Current system (c) at 24.5°E and (d) at 54.5°E. (e)
Meridional section of the Brazil/Malvinas Confluence at 50.0°W. (f) Meridional section of
the East Australian Current at 157.5°E.
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Plate 12. A time sequence of the absolute dvnamic height in the Agulhas Retroflection at
weekly intervals determined by applying the proposed method to Geosat altimeter height
observations. Ring shedding can be observed. Analysis of the 3-year observational period
shows that 12 similar ring-shedding events occurred. Time is relative to November 8, 1986,

and the contour interval is 10 cm.

derived from satellite infrared imagery [Mulhearn, 1987]
and hydrography [Boland and Church, 1981].

5. Meridional Cross Sections

A more detailed comparison can be made between
climatology and the improved MSSDT fields by analyz-
ing meridional sections of dynamic topography. For this
purpose, six sections were chosen, one each in the Gulf

Stream and the Kuroshio Extension, two in the Agulhas
Extension, and one each in the Brazil/Malvinas Conflu-
ence and East Australian Current (Figure 2). The new
MSSDT fields are calculated over the total ERM period
of Geosat (from November 1986 to September 1989).

The meridional section in the Gulf Stream is chosen
at 62°W (Figure 2a). The mean Gulf Stream latitude
derived from Blayo et al. [1994] is marked in the plot,
which is the position where the MSSDT gradient has
its maximum.
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Figure 2b shows the meridional section though the
Kuroshio Extension at 153°W. The mean Kuroshio lat-
itude from Qiu et al. [1991] is marked in the plot. The
new MSSDT solution suggests a slightly more north-
ward front position.

In the cross section at 24.5°E which is right through
the Agulhas Retroflection (Figure 2c) the new method
shows a realistic more westward penetration of the Ag-
ulhas Current which is not present in the Levitus cli-
matology.

Improvements in the MSSDT at the 54.5°E section
shown in Figure 2d are clearly confined to the Antarctic
Circumpolar Current, roughly between 37° and 44°S.
The north-south gradient of the heights is increased
with an approximate factor of 2. Maximum surface
geostrophic velocity is 8 em/s and 20 ecm/s in the cli-
matology and new solution, respectively. Such a re-
sult could be expected as the Levitus climatology is
a mean over unevenly distributed samples and spread
over more than 50 years in time. Climatology over the
much shorter Geosat period determined by our method
should lead to sharper mean jets, given the (in situ)
observed jet like nature of the ACC in this area [e.g.,
Olbers et al., 1992].

Compared to the Levitus climatology the center of
the ACC (or its front) is shifted to the north by ap-
proximately 100 km. This is also observed in spatial
fields of the MSSDT (Plate 10).

The meridional section in the BMC is chosen at
50.0°W (Figure 2¢). In the improved MSSDT the
Brazil/Malvinas Extension is located at approximately
40°-42°S, which is in agreement with hydrographic data
le.g., Confluence Principal Investigators, 1990]. Trans-
lated into surface geostrophic flow the climatology of 7
cm/s is increased to 15 cm/s for the potential vorticity
approach (Figure 2e).

Figure 2f shows the section through the EAC which
is chosen at 157.5°E. The current is located between
32° and 34°S with a surface geostrophic velocity of 11
cm/s. Climatology gives a surface velocity of only 5
cm/s. The results compare well with the average posi-
tion of the Tasman Front, derived by Mulhearn [1987],
from satellite thermal imagery between 1982 and 1985.

6. Combining Mean and Time-Varying
Flow Fields: With Application to
Agulhas Ring Shedding

Adding the computed MSSDT to the observed rel-
ative sea heights gives absolute dynamic sea surface
heights at every desired time. A very striking applica-
tion can be shown the Agulhas Current Retroflection
region. Plate 12 shows a time sequence of sea sur-
face heights in the Agulhas Retroflection. It reveals
the formation of a large Agulhas ring. From applying
our method to the 3-year Geosat observational period
in the Agulhas Retroflection, 12 major ring-shedding
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events could be determined of which Plate 12 shows one
example. These shedding events correspond to the dom-
inant EOF modes as analyzed by Feron et al., [1992].
Besides 12 ring-shedding events the following picture
of what happens in the Agulhas Retroflection emerges:
The Agulhas Current occasionally interacts with re-
cently formed rings. Over the 3-year observational pe-
riod this strong interaction resulted in several reabsorp-
tion events (we counted six of them) which means that
one ring is in fact shedded twice. Also, smaller rings are
occasionally formed. The observed translation speed of
large Agulhas rings is typically 8 cm/s just after separa-
tion. Their characteristic spatial scale is approximately
300 km.

7. Summary and Discussion

In this study we proposed, applied, and analyzed
a simple method to improve the smooth climatologic
mean sea surface dynamic topography with satellite al-
timeter observations. We have shown that in areas with
large eddy variability, vorticity input by the wind and
stretching are small compared to the divergence of the
relative vorticity stress and advection of relative and
planetary vorticity. Starting from a simplified vorticity
equation, we have presented a method to better approx-
imate the time-averaged flow field in areas with large
enough mesoscale variability. The model includes di-
vergence of the relative vorticity stress (measured by
altimeter), advection of relative vorticity, and advec-
tion of planetary vorticity. The proposed method only
applies to ocean regions with strong mean currents and
sufficient temporal variability such as the major western
boundary currents and their extensions.

Application of the method to the five major west-
ern boundary current systems, the Gulf Stream,
the Kuroshio Current, the Agulhas Current, the
Brazil/Malvinas Confluence, and the East Australian
Current, shows promising results. The new results con-
tain the total variety of spatial scales, from 200 km
to the very large scales. On average the new solution
results in geostrophic surface currents which are more
narrow and a factor of 2 stronger than Levitus climatol-
ogy. To what degree the new results are affected by the
boundary conditions taken from the climatology, which
includes the assumption of a level of no motion, is under
investigation.

Application of the method to the Agulhas Current
retroflection region revealed for the first time a full se-
quence of actual ring-shedding events over the Geosat
period. So far, the lack of a mean current field precluded
such an analysis (e.g., Plate 12). It revealed that rings
are regularly reabsorbed and then shed again. Over
the period from November 1986 to September 1989 a
net amount of 12 Agulhas rings was pinched off, which
is 30% less than earlier estimates [Gordon and Hazby,
1990; Feron et al., 1992].
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The purpose of the present study was to investigate
whether the simplified vorticity equation could be used
to obtain reasonable and possibly surprising results in
large parts of the Southern Ocean. By comparing the
result with hydrographic observations we conclude that
indeed the vorticity-based method gives realistic results.
Moreover, the method was tested by applying it to out-
put of the United Kingdom Fine Resolution Antarctic
Model [FRAM Group, 1991].

In this study, eddy stresses have been determined by
averaging over 3 years, i.e., the complete Geosat Ex-
act Repeat Mission data set. If averaging over, say,
1 year would be sufficient to determine eddy stresses
accurately, for every separate year a MSSDT can be
determined. Then it allows the investigation of interan-
nual (long-term) changes in the flow field. Furthermore,
using the same method with TOPEX/POSEIDON ob-
servations will give insight in the solution’s sensitivity
to the eddy stress terms derived by different satellites
averaged over different years.

Given a density profile, geostrophic velocities may
now be computed at every depth. The classic prob-
lem of assuming a level of no motion, at great depth,
may therefore be no longer necessary. The new MSSDT
improves the difficult interpretation of sea level anoma-
lies alone. The exchange and redistribution of momen-
tum and energy between eddies and the mean flow may
be studied in detail (Plate 12). Fluxes and transports
across the Antarctic Circumpolar Current (of which the
mean position is determined by this method) may be es-
timated particularly if the surface fields are coupled to a
diagnostic, multilayer, eddy-resolving numerical model.

The expected accuracy of the marine geoid at scales
shorter than about 1400 km is not adequate for deter-
mination of the mean global ocean circulation at these
length scales [Chelton, 1988; Nerem et al., 1990]. The
only direct way to use satellite altimeter observations
for determining the mean global ocean circulation is to
combine the altimeter observations with a geoid model
with centimeter precision at all wavelengths. Thus, as
long as there is no accurate geoid down to the mesoscale,
the results presented in this study may be a good alter-
native.
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