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ABSTRACT

The methods of analysing, interpreting and computing surface
geostrophic currents from GEOSAT altimeter data are explained.
These methods were implemented in an examination of. GECSAT
altimeter dafa for the period 12 July 1988 to 13 May 1989 with
application to the identificatioﬁ and tracking of Agulhas rings

in the southeast Atlantic Ocean.

A population of as many as five anticyclonic (and cyclonic)
circulation features of annular form consistent with that
reported for Agulhas rings was identified from the altimeter
data. The positive identification of the same - feature in

subsequent repeat cycles was, however, difficult.

The Vema ring was identified as it travelled approximately along
the ground track of GEOSAT pass A158. Its horizontal
(approximately 200 km diameter) and vertical ( »30 cm sea surface
elevation) dimensions confirmed its identity as an Agulhas ring.

The translation speed of the Vema ring along pass A158 was

7

determined as 6.8 cm's” consistent with the speeds reported in

the literature. Surface geostrophic speeds calculated from the

altimeter-derived sea surface slopes showed maximum anticyclonic

7

speeds of nearly 40 cm's”™ toward the SW at the northern rim and

1

25 cm-s”' toward the NE at the southern edge. of the ring.



PREFACE

This project was undertakén in order to develop the ability
within the Sea Fisheries Research Institute (SFRI) to archive,
analyse and interpret altimeter data in preparation' for ouf
involvement in the Cape Basin Experiment component of the
TOPEX/Poseidon mission which began with the successful launch

from Kourbu, French Guiana, on August 10, 1992.

The body of thé thesis consists of five chapters. Chapter 1
provides a short introductiqn to the Agulhas retroflection region
and briefly develops the rationale for interest in this region
and the satellite altimetry techniques applied to the study of
its mesoscale variability. An overview of the Agulhas
retroflection, its aschiated rings, the responsible mechanisms
and their characteristics is given in Chapter 2 so as to describe
.the features which will be sought in the altimeter data.

Chapter 3 describes the altimetry measurement concept, the common
techniques of analysis plus the specific details of the software
package used. The results from these analyses are then
interpreted and discussed with reference to other analyses of
altimeter data for this region in Chapter 4. Concluding comments

are given in Chapter 5.

Preliminary results of these analyses were published in Duncombe
Rae et al. (1992b) and a copy of this manuscript is included as

Appendix A.
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CHAPTER 1
INTRODUCTION

The Agulhas Current retroflection region to the south of South
Africa has long been known as one of active variability in the
mesoscale current patterns (see Frontispiece), but only
relatively recently has the potential importance of this feature
and its associated rings or eddies Been realised (e.g. Gordon

1985} .

The path available for the circumpolar circulation around
Antarctica 1is relatively wide between southern Africa and
Antarctica and allows the exchange of Qarmer, more saline water
from the southwest Indian Ocean into the southeast Atlantic. This
may significantly influence the heat and salt balance of the
Atiantic and may be,v in part, responsible for this ocean's
anomaly in having a net equatorward heat flux across 30°S (Gordon
1985, 1986). This transfer of heat and salt is thought to be an
important part of the global thermohaline circulation and hence

a vital link in understanding global climate and climate change.

Cold and very saline North Atlantic Deep Water (NADW) is formed
in the North Atlantic and sinks to travel southwards,Aultimately
spreading into the world oceans at depth. After reaching the
surface layers, mainly in the tropical regions of the Pacific
Ocean, .it returns via the IndianVOcean circulation (see Fig.1)

({e.g. Broecker 1987 and 1991). A warm-water return path is



Great Ocean Conveyor Belt

Figure 1. The great ocean conveyor logo (from Broecker 1987).




required for the intermediate and thermocline water which has to
be returned to the North Atlantic to balénce the production of
the NADW there (Gordon 1986, Piola and Gordon 1986). The Agulhas
Current provides the pathway and a significant prdport&on of this
exchange takes place by way of ring Vshedding from the
retroflection and by the intermittent direct leakage of Agulhas
Current water into the southeast Atlantic'(Gordon 1986, Olson and
Evans 1986, Lutjeharms and Gordon 1987, Shannon 1985,- Shannon et
al. 1990, Gordon et al. 1992). Since Agulhas‘rings may be as much
as four times as$energetickas those in other western boundary
currents (Olson and Evans 1986) they may, in addition tQ their
heat and salt contributions, contribute éignificant gquanta of
energy into the relatively quiescent Benguela system (Holland
1978). The rate of production of thesé rings and their subsequent
migration and decéy are important inputs to the improvement of
the understanding of regional and global ocean heat and mass

balances (Van Ballegooyen et al. in prep.).

Intrusion of the retroflection westward into the South Atlantic
and the passage of rings through the region may have significant
effects on the local ocean environmental conditions and weather
(Brundrit and Shannoﬁ 1989, Shannon et al. 1989, Duncombe Rae et
al. 1992a,b). Large eddies of relatively warmer water may serve
to modify atmospheric systems moving eastward toward the Cape,
perhaps intensifying cyclonic low pressure systems or having
larger-scale effects (Walker and Mey 1988, Mey et al. 1990,
Shannon et al. 1990). Ektensive positive sea surface temperature

anomalies adjacent to the South African coast and of Agulhas



origin have been described (Shannon et al. 1989) and 1linked
positively to increased rainfall over the subcontinent (Walker

1989, Walker 1990).

- The dominant fish species which is exploited by the South African
pelagic fishing industry is the anchovy (Engraulis capensis)
which is spawned on the Agulhas Bank and recruits to the fishery
on the west coast (Crawford et al. 1987). The shedding of Agulhas
rings may influence the funnelling of Agulhas Bank water into the
Benguela system and thereby assist in the transport of anchovy
eggs and laryae into their recruitment area (Lﬁtjeharms and
Valentine 1988). The recent identification of phyllosoma larvae
of what may prove to be an Indian Ocean rock -lobster species
(Panulirus'spp.) in the eastern arm of the South Atlantic gyre
(P.C.N. van der Byl and D.E. Pollock pers.comm.) suggests that
ring shedding and translation may provide a mechanism for the
inter-ocean and basin-wide distribution of biotic material

(Duncombe Rae 1991).

Duncombe Rae et al. (1992b) have shown that Agulhas rings may
interact with the Benguela upwelling system by the entrainment
of filaments at the upwelling front. Significant volumes of water
(offshore volume flux of 1.5*10°% m®* s - Lutjeharms et al. 1991)
may be siphoned by this process from the Benguela frontal region,
providing the potential for the loss of fish eggs and larvae from
the Benguela upwelling system with the consequent impact on the
recruitment potential of a fishery resource such as the anchovy

-(Duncombe Rae et al. 1992a).



An improved understanding of the interactions of the Agulhas
retroflection and rings with the local environment and biota plus
the ability to monitor them would be a valuable addition to the
fisheries resource assessment toolbox as well as to the.

understanding of global climate mechanisms.

Satellite altimetric techniques offer+- cost-effective and .

relatively synoptic monitoring of the mesoscale circulation
features of the Agulhas retrofleqtion region and that influenced
by their subsequent translation (Fu and Zlotnicki 1989).
Altimetry, unlike thermal satellite imagery, is not defeated by
the cloud cover prevalent'in the region to the south of South
Africa andrcan provide the sea surface topography and surface
geostrophic current speeds on time and space scales capable of
resolving Agulhas rings. The technique therefore provides a
better meaﬁs of determining the rate of shedding of rings and
their migration than is possible withr thermal imagery (where the
surface thermal signal may be quite quickly masked of lost ) or
traditional shipborne survey methods (Gordon and Haxby 1990,
Duncombe Rae et al. 1992b, Feron et al. 1992). The direct
assimilation of altimetry data into numerical models is an added

important benefit.

GEOSAT Exact Repeat Mission (ERM) altimeter data for
approximately one year (12 July 1988 to 13 May 1989) and covering
the region from 20°S to 40°S and 0°E to 20°E were analysed for the
study reported in this thesis. The computer facilities available

precluded the use of a longer data span, but one year was



considered to be adequate for the generation of a useful meén sea
surface topog:aphy. The use of the GEOSAT altimeter results‘for
the potential identification of Agulhas rings and tracking. of
their translation into the southeast Atlantic was examined, with
‘particular reference to the '"Vema" ring which had been identified
from hydrographic survey data in April and May of 1989 (Duncombe

Rae et al. 1989).

This project was undertaken in order to develop the ability
within the Sea Fisheries Research Institute (SFRI) to archive,
analyse and interpret altimeter data in preparation for our
involvement in the Cape ‘Basin Experiment component of the
TOPEX/POSEIDON mission which began with the successful launch

from Kourou, French Guiana, on August 10, 1992.



CHAPTER 2

An overview of the Agulhas Current retroflection and its

associated rings
2.1 A brief description of the Agulhas Current system

The Agulhas Current is one of the world's largé western boundary
current systems and flows relatively close inshore along southern
Africa's southeast coast between about 28°S and 35°S (see Fig.2)

(Duncan 1968, Grundlingh 1983a,b and others).

The current is characterised by a relatively narrow ribbon of
warm water some 90 to 100 km wide (Pearce 1977). Current speeds
increase from both édges of this ribbon toward a maximum at the
*(>Tm-s”) central current core which may “be some tené of
kilometres wide (Duncan 1968, Pearce op.cit., Grundlingh 1983a,b,
Lutjeharms and Van Ballegooyen 1988). The inshore and offshore
edges of the current are often convoluted and features such as
shear-edge eddies may be seen from satellite thermal imagery
(Harris and Bang 1974, Lutjeharms 1981a,b, .Lutjeharms et al.
1989). The main body of the current is topographically steerea,
following the continental shelf slope approximately parallel to
the coast (Grindlingh op.cit., Goschen and Schumann 1990). South
of the southern Cape coast, at about\36°S, it exhibits meanders
until eventually reaching an abrupt turnaround where it curves
to the south and then flows back toward the east as the Agulhas

Return Current to close the






circulation of the South Indian Subtropical gyre (Bang 1970a, b,
Grundlingh 1977, Grindlingh and Lutjéharms 1979, Lutjeharms and
Van Ballegooyen op.cit., Duncombe Rae 1991). This recurvature is
a consistent downstream circulation feature first. documented by
Dietrich (1935), named the "retroflexion" (sic) by Bang (1970a,b)

and now popularly referred to as the Agulhas retroflection.
2.2 The Agulhas retroflection
2.2.1 The location and dimensions of the retroflection

Bang (1970a,b) noted from his analysis of sea surface
temperatures for March 1969 that thé main body of the current
retroflected at about 22°E. Harris and Van Foreest (1978) and
Harris et al. (1978) described, from their analyses of combined
hydrographic data, ship's drift vectors and satellite infrared
imégery, two extreme modes of final retroflection. One was at the
longitude of Cape Agulhas at 20°E and the.other as far west as
14°E. Although the analysis of satellite-tracked drifting buoys
also showed retroflection to occur as far west as 14°E, satellite
thermal (infrared) imagery did not suggest any preferred location
within the range defined above (Harris et al. op.cit., Lutjeharms

1981b) .

More recently, analyses of larger data sets based on satellite
thermal imagery and hydrographic observations have allowed the
compilation of some descriptive statistics for the retroflection,

some of which are given in Table 1.



Table 1. Locations and dimensions of some features of the
thermal
imagery (aftér Lutjeharms and Van Ballegooyen

Agulhas retroflection

1988).

from

satellite

1978 1979 1982 1983 All years
Total number of image days 337 361 318 95 11t
Number of cloudpoor days 47 53 44 31 175
Cloud poor days as percentage 14% 15% 14% 33% - 16%
Retroflection position for each event (B, Fig. 3) 17°26' 18°25° 18°36’ 18°27 18°15°E
Maximum easterly retroflection position (B, Fig. 3) 19°45’ 20°50° 25°30 20°40' 20°30°E
Maximum westerly position of warm features 9°40 10°00 12°00 10°00’ 9°40°E
Mean diameters of retroflection loop (AC, Fig. 3) (km) 374 310 332 370 342
Standard deviation of loop diameter-(km) 54 78 71 53 66

10
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Figure 3. The variable positions of the retroflection and
rings deduced from satellite thermal imagery (from
Lutjeharms and Van Ballegooyen 1988).
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Although the position of the retroflection was found to be highly
variable, its most consistent easterly position was identified
at 20°E, coincident with the location of the highest current
speeds (>100cm-:s™') inferred from drifters (Grundlingh 1979,
Patterson 1985, Lutjeharms and Van Ballegooyen 1988) (see Fig.3).
A maximum easterly retroflection position at 20° 30'E, in
agreement with earlier observations, and a mean position over the
four years at 18° 15'E was noted. Retroflectiohvhas, however,
been seen to ocCur on a few occasions each year as far upstream
as 25°E, perhaps induced by the downstream propagation of a
"Natal pulse' (Lutjeharms 1981a,b, Lutjeharms and Roberts 1988).
A secondary location of the retroflection seemed to lie at about
16°E, but its exact western extent was often obscured by the
rings radiating from it. The farthest westward extent of the
retroflection was observed from the declouded Meteosat imagery
to be at 9° 40'E and is somewhat farther west than previous
estimates (Lutjehafms and Van Ballegooyen op.cit.) although
Lutjeharms (1988b) did report the possible presence of the

retroflection as far west as 8°E.

The average retroflection loop diameter was found to be
relatively constant from year to year with a mean of 341 * 72 km
over the period January 1978 to November 1979 (Lutjeharms 1981b)
and 342 + 66 km for the years 1978, 1979, 1982 and 1983

(Lutjeharms and Van Ballegooyen 1988) (see Table 1).

The dynamic topographies associated with Agulhas rings have been

calculated from the temperature and salinity fields to give

12



surface relief relative to the general background of some 30 .to
70 dyn cm (Hafris and Van Forreest 1978 - 30 dyn cm relative to
the 1000 db level; Gordon et al. 1987 - 50 and 70 dyn cm relative
to the 1500 db level; Gordon and Haxby 1990 - 30.dyn cm relative
to 3000 db; Vvan Ballegooyen et al. in prep. - 20 to 75 dyn cm
relative - to 1500 db). Surface topographies from satellite
altimetry have yielded similar\ results of 30 cm or more
suggesting only weak barotropic modes associated with rings

(Gordon and Haxby op.cit., Van Ballegooyen et al. op. cit.).
2.2.2 The mechanism for retroflection

Attempts at mathematically modelling the Agulhas Current have:
commonly considered it as a free inertial jet where the
conservation of potential vorticity and the influence of thtom
topography were important in determining the course of the
cufrent (Harris 1970, Darbyshire 1972, Harris and Bang 1974, Gill

and Schumann 1979, Lutjeharms and Van Ballegooyen 1984).

A net poleward flow in such a model can be sustained if the
planetary vorticity change on moving southward (the B effect) is
balanced by increasing depth of the curfent (Robinson and Niiler
1967, Niiler and Robinson 1967). Because the depth is limiting,
the current must change direction. However, since no substantial
topographic feature exists in the retroflection region, it has
been considered aoubtful that topography is the main steering
effect on the current (Lutjeharms and van Ballegooyen 1984, Ou

and De Ruijter 1986). De Ruijter (1982) modelled the current as

13



part of the large scale wind-driven ocean circulation
incorporating inertia and showed that the model retroflection was
critically dependent on the position of the zero of the wind
stress curl south of South Africa. Later models incorporating
baroclinicity showed the retroflection to result from an
adjustment to the change in vorticity balance as the current
separates from the shelf (De Ruijter and Boudra 1985, Boudra and
De Ruijter 1986). After separation, potential vorticity is
conserved and the gain of relative vorticity is expressed in the
retroflection toward the east. Ou and De Ruijter (op.cit.)
incorporated current inertia, the beta effect and the curvature
of the bathymetry in their model and produced current separation
at 35°S and a éouthernmost retroflection position at 41°S which
are consistent with observations. Although their modelled
retroflection was unstable, it did point to the importance of
changes in the volume flux of the current in determining the
cufrent path. Varying the volume and momentum transport of the
modelled current showed earlier (i.e. farther east) retroflection
under conditions of increased transport (Lutjeharms and Van
Ballegooyen op.cit.). Although ﬁo evidence for seasonality in the
surface velocity of the current was noted by Pearce and
Grundlingh (1982), seasonal changes in the volume transport may
be related to changes in the subsurface velocity field (Duncan
1970). Retroflection positional shifts due to volume transport
changes are consistent with the hypothesis of Grundlingh (1978)
which stated that retroflection may occur farther west in summer

when the flow of the Agulhas Current is assumed to be weakest.

14



Coastal friction may act as a sink for the latitude—inducéd gain
of positiVe vorticity and was includedeith inertial and 8
effects in the model of Boudra and Chassignet (1988). They
determined that the vertical stretching component (due to
bathymetric changes) was as important as the planetary vorticity

component in producing the model retroflection.

More recently, Holland et al. (1991) have used a 5 layer, eddy-
resolving, quasi-geostrophic model to investigate the time-
dependant flow in the Agulhas retroflection region. They showed
the value of assimilating satellite altimeter (GEOSAT) data for
realistically initialising models and "to keep their forward
integration on track'. Although detailed modelling of the oceans
around southern Africa is scarce, the retroflection of the
Agulhas Current and the shedding of fings from it are features
of sophisticated largelsCale and global eddy-resolving ocean
circulation modelé such as those reported by the FRAM (Fine
Resolution Antarctic Model) Group (1991) and Semtner and Chervin

(1992).

In summary, one may see the retroflection as being governed by
the total change in vorticity (due to changes in the curvature
of the current path, changes in the planetary vorticity with
changing latitude and changes related to bathymetry) coupled with
the effects of changes in the volume transport of the Agulhas
Current and possibly the curl of the wind stress south of the
continent. The Agqgulhas is unique among western boundary currents

in that it reaches the southern tip of the continent at a lower

15



latitude than that at which it would naturélly separate and this
results in its somewhat different behaviour compared td other

western boundary currents (Veronis 1973; De Ruijter 1982).

2.2.3 The behaviour of the retroflection and consequent

ring shedding

Lutjeharms and Van Ballegooyen (1988) showed how variable the
features of the Agulhas Current are downstream of about 20°E (see
Fig.3). They used the strong thermal gradients (some 4°C per 10
km) which were visible from thermal imagery to delineate Ehe
westward extremes of the retroflection position (Lutjeharms and
Van Ballegooyen ob.cit.). They noted that the intrusion of warm
Agulhas water may extend some 500 km westwardvinto the southeast
.Atlantic, but that it was not always possible to distinguish
whether an intact retroflection ldop‘orfclosely spaced series of

rings was responsible.

Figure 4 shows a stylised view of the general behaviour of the
retroflection according to which Lutjeharms and Van Ballegooyen
(1988) determined vtheir "consistent characteristics in the
progradation behaviour of the retroflection'. They identified
conSistent events wherein the retroflection exhibited
progradations toward the west. The rate of westwérd movement was
seen to increase over time until being terminated by a ''sudden
discontinuous Jjump'" toward the east (Lutjeharms and Van

Ballegooyen op.cit.). This is graphically displayed in Figure 5.
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Figure 4.

26 - 27 NOV 1978

3 - 10 DEC.1978:

14 - 27 DEC 1978

The typical westward progradation, ¢ ur r en t
coalescence and ring-shedding behaviour of the
Agulhas retroflection in 1978 (from Lutjeharms and
van Ballegooyen. .1988). AC denotes the
retroflection loop diameter and B the farthest,
westward intrusion of an intact retroflection
loop.
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Figure 5.

Table 2.

1978

22"

] LR L T

260 270 3O 30 360
g’k
+10°

- 2*
b 12°
b 16°
- bt

- 20°

zonal location of the westernmost limit of  the
Agulhas Current retroflection for three full years
from METEOSAT thermal infrared imagery. Abscissas
are in year days. Solid lines denote an intact
retroflection loop. Where rings had become
detached or where cloudiness made it difficult to
establish the unbroken nature of the retroflection
loop, represented by dotted lines (from Lutjeharms
and Van Ballegooyen 1988).

Statistics of prograding events of the Agulhés
retroflection determined from satellite thermal
imagery (from Lutjeharms and Van Ballegooyen
1988) . ‘

" 1978 1979 1982 1983 All years

Number of cloud poor days. 47 53 44 31 175
Mean period of each event

(days) 55 37 32 30 39
Mean rate of westward

progradation (cm s™') 7 13 14 15 12

18



Lutjeharms and Van Ballegooyen (1988)’determined a mean westward
progradation rate of 12 cm's”' and a mean event duration of some
39 days, neither of which exhibited any seasonal variation (see
Table 2). They also proposed that each progradation event
culminated in the shedding of an Agulhas ring. From three years
of data (1978, 1979 and 1982) they calculated an average of nine

rings shed per year at just more than one month intervals.

Satellite altimetry results have indicated that at least five
rings are shed per year (Gordon and Haxby 1990). Van Ballegooyen
et al. (in prep.) report 14 rings over the two years 1987 and
1988 which they convert to a shedding rate of one every two
months. Feron et al. (1992) produced a correlation matrix showing
the time delays (average of four'weeks) over which sea surface
height anomaly features (from GEQSAT altimeter data for November
1986 to September 1989) within the Aqulhas rétroflection region
become decorrelated (see Fig. 6). The '"small islands of high
correlation" observable in Figure 6a show that after several
weeks the current again asumes its earlier position. Figure 6b
and 6¢c shows the correlation matrix transformed so that the y
axis represents time relative to the x axis time. The peaks
apparent in Figure 6b and 6C represent periods of stability in
the Agulhas retrofléction pattern. Feron et al. (op.cit.) suggest
that the relatively rapid changes toward less stable patterns
which occur after thesé peaks indicate the shedding of a ring and
the subsequent return of the retroflection to a previous
location. This seems to be consistent with the behaviour

described by Lutjeharms and Van Ballegooyen (1988). Figure 6c¢C
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Figure 6.

150

e - P e o~
A . LR >
130 L ,
o .
roal | &
ko 47
;’(' . e
H : : A -
x78 : .)’ Ll 8 -
£ 4 d e Ls
g 4 bl I i I:”"
ke - .71 . e |
52 . / ~ L
€ | e ]
26
i N PO - »
oF ‘V LT
0 :
] 26 s2 78 104 130 150
* x T
16118 3
5 12 i 2 3
.- E ¥ N B " Decorrelation
gz o1 P A Ty time:
¥z o4 : g - i 2 1) <---4 vecks
£9
e X 0 Y v O
E E ' Recurrerce
=3 , Y
- < 16 !4 k ' period:
E-1 * ‘ i {-—-14 wveeks
Pl T}
T2 127 X Y
< é B-1 “Pulse” in the
~ correlation:
|

¢=0.0 0.25 0.5 0.75 1.0
uncorrelated >< corralated

a. The correlation matrix in the Agulhas
retroflection area showing the return of the sea
surface anomaly field to a previous pattern after
some time period.

b. The correlation matrix transformed so that the
y axis represents time relative to that on the
X axis. This shows an average decorrelation time
of four weeks.

c. The matrix transformed via principle
components analysis and harmonic analysis to
contain 80 % of the normalized variance.

18 pulses in the correlation time suggests that
is how many rings were shed over the three years
(from Feron et al.1992).
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1978-12-06

1978 -12-10

1978 -12-13

1978 -12- 14

1978-12-18

Figure 7. The characteristic development and shedding of an
Agulhas ring as observed from satellite thermal
~imagery (from Lutjeharms and Van Ballegooyen
1888) .
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shows some 18 of theSe peaks over the three year period of
observation whichfqonfirmsian average ring-shedding rate of 6 per
year. Contrasted with the reported ring-shedding rates of two per -
year for the East Australian Current (Nilsson and Creswell 1981), .
the rate for the Agulhas is quite high, but not as high as the
one per week reported for the Brazil Current {Legeckis ahd(

Gordon 1982).

In their analysis of satellite thermal imagery, Lutjeharms and
Van Ballegooyen (1988)'showed how most cases of ring shedding
were preceded by the genesis and growth of a cold wedge of
Subantarctic Surface'Wate: at the subtropical convergence as
shown in Figure 7. They proposed a mechanism, revealed in Figure
8, whereby closure of the retroflection loop onto itself results
in this cold wedge being drawn equatorwards and finally
separating the ring from the retroflection (see also Lutjeharms
and Gordon 1987, Gordon et al. 1992). This is consistent with the
wind-driven, baroclinic model bf Boudra and De Ruijter (1986)
from which it was concluded that ring formation was dependant on
the closure of the retroflection onto itself and the interaction
with the cold, low potential vorticity, eastward currents to the
south. Such a mechanism for ring spéwning may be influenced or
preéipitated directly by perturbations in the Agulhas Current
itself. Changes in volume transporf may influence

the location of»theAreEroflection and perhaps the downstream
growth of current meanders may be agents’ of ring shedding

(Lutjeharms 1981b, Lutjeharms and Van Ballegooyen 1984}).
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Figure 8.. ‘conceptual image of the initiation (2),
development (3) and separation (4) of an Agulhas
ring from the retroflection {(from Lutjeharms and
Van Ballegooyen 1988)
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Table 3. Parameters measured for some of the rings listed
in Table 5. Radius is .the radius of the maximum
radial velocity, with wvalues in parentheses

_indicating estimates; h,, is the depth of the 10°C
isotherm at the ring centre; L is the
difference between the depth of the 10 C isotherm
at the centre and at the edge of the ring; v, and
v refer to the translation and maximum radlal
speeds respectively (negative speeds indicate
anticyclonic flow); APE is the available potential
energy; KE is the kinetic energy.

Ring Radius (km) h}o (m) Shyq (m) v, ems) | v, (em-s7h) APE (x10-15]) KE (x 10-15])
R83.1 115 750 370. 48 ~60 30,5 6.2
R83.2 130 740 420 8,5 -90 514 8,7
R83.3 90 560 140 ? -29 ? ?
R87.1 (130) 425 145 ? ? ? ?
R87.2 (150) 700 350 ? ? ? ?
R87.3 (100) 650 300 ? ? ? ?
R87.4 (115) 770 455 ? ? ? ?
R87.5 (140) 520 370 ? ? ? ?
R87.6 145 520 300 83 -43 ? ?
‘R89%b 145 600 300 6.4 -55 388 23
R90.4 90 870 510 ? -60 26,2 2.6
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Table 4. Some characteristids of Agulhas rings deterined
from hydrographic and GEOSAT altimeter data (from
Van Ballegooyen et al. in prep.).

v

_ Eddy Altimetric Initial _Dimension3 from  Period Drift speed Hydrographic . Max Dynamic
Height! dimension? individual pass dimensions* Height anomalys
(cm) (km) (km) (em.s!y " (km) (cm)
Al <20 - - Jan 87 - 'Apr87 .. 47 . 260 20.
A2 30-40 130 230 Jan 87 - Apr 87 6.0 50.
A3 <20 - - Feb 87 - Aug 87 4.0 310 45
A4 50-60 190 x-300 250 x 280 ~ Dec 86.- Sep 87 9.0 245 x 280 60
A5 35-40 100 .200 Jan 87 - May 87 3.7. 190 31
A6 30 80 x 160 - Jan 87 - Nov 88 5.4 - 220x290 31
A7 40-50 240 x 550 - Dec 86 - Nov 87 6.4 - 65-75
A3 Dec 86 - Jun 87 - 6.4
Jun 87 - Dec 87 1.0
Dec 87 - Jun 88 1.6
: . Jun 88 - Dec 88 2.1
Ct  -40 1600 - ~ Jan 87 - Dec'87 4.6 -

Taken from interpolated altimeter data above the altimetric niean'sea level

Taken from the interpolated snapshots at the + 20 cm contour -

Taken from individual passes at the 0 cm contour (background)

Taken from the 10°C/300 m intercept contour :

Determined as the anomaly of the dynamic height (calculted relative to 1500 dB) with respect o reference dynamic height of 153 ¢cm

[ e
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2.2.4 The characteristic dimensions and flow velocities

associated with Agulhas rings

Satellite thermal imagery suggests that typical ring diameters
are similar to those for the retroflection loop at about 340 km
(see Tables 3 and 4) (Lutjeharms and Vaanallegooyen 1988).
GEOSAT altimeter data have defined eddy diameters of 350 km (for
May 1987 - Gordon and Haxby 1990), 100 to 360 km (July 1987 to

July 1988 - Wakker et al. 1990b), while that for 1989 showed
diameters in the range 200 to 300 km (Duncombe Rae et al. 1992b).
Hydrographic déta on Agulhas Current'rings have shown diameters
from about 180 km to 300 km_(see Table 3), but these values will
vary according to the criteria chosen tQ>define the edges of the
rings. Table 4 gives the characteristics of the eight eddies
tracked by Van Ballegooyen et al; (in prep.) from GEOSAT

altimetry and verified by hydrographic results.

Although a rénge of eddy-like features may be shed from the
retroflection and propagate into the southeast Atlantic, rings
were specifically defined as having ‘'definitive annulus
characteristics'" by Lutjeharms and Van Ballegooyen (1988). The
"retroflection ring" reported by Gordon et al. (1987a,b) and the
"Vema'" ring réported by Duncobe Rae et al.(1992b) were shown to
be highly elliptical in shape with major to mihor axis ratios of
approximately 2:1. This is reiterated by Van Ballegooyen et al.
(in prep.) who suggest that recently shed rings or those that.
have in some way interacted wifh the parent current will have

irregular shapes.
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The surface thermal signature of rings may be relatively quickly
masked as. a result of the large sea/air temperature differences
causing a rapid transfer of heat from the ocean to the atmosphere
(Walker and Mey 1988, Lutjeharms and Gordon 1987, Duncombe Rae
1991). The subsurface signature of rings, however, extends to
'. depths as great as 4000 m (Gordon and Haxby 1990). A central,
mixed isothermal core is evident in some rings extending to a
depth of about 100 m (Van Ballegooyenvet al. in prep.) or to 300

m in the case of a "winter'" ring which suffered greater heat loss
to the relatively colder wiﬁter _etmosphere and hence deep
convective mixingI(Duncombe Rae 1991). Isotherm deéression at the
ring centre relative to its edge may be between 140 m and 510 m
with typical depressions of 300 m to 400 m (see Fig. 9) (Dﬁncombe
Rae op.cit.) The salinity strucfure generally follows that of the
temperatures (see Fig. 9). Surface salinities within Agulhas
fings are higher than those typical.of Agulhas surface waters and

maf be increased by evaporative losses (Van Ballegooyen et al.

op.cit.).

Olson and Evans (1986) reporfed thermocline (10°C isotherm)
depression of 400 m and 7QO m:for their northern and southern
rings fespectively (see Fig. 10). They noted greater scattef in
the depth of this isotherm at the oufer edges of the ring as a
consequence of a tilt in the lafgelscale thermocline. This slope -
of the background thermocline suggests that the) rings were

embedded in a large scale background flow.

Agulhas rings are .characterised by an .anticyclonic sense of
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Figure 9. South/north section across the Vema ring (May
1989) a. temperature (°C), b. salinity
(x 10'3), c. density (kg-m‘3) (from Duncombe Rae
et al. 1992b).
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Figure 10.
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Azimuthal mean distribution of the depth of the
10°C isotherm in (a) the northern and (b) ’
southern Agulhas rings studied by Olson and Evans
(1986) . Individual measurements of the 10°C depth
are given by dots. The mean is hand drawn and 1is
forced to have zero slope at r = 0 or at very
large radii consistent with the boundary
conditions on a symmetric vortex (from Olson and
Evans 1986). :
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and Evans 1986).
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rotation with velocity maxima toward the outer edges of the rings
(Olson and Evans 1986). Table 3 shows the radial speeds

' to 90 cm's™'. Azimuthal

'encountefed to range from some 29 cm-s”
velocities calculated ;S a function of radius from the ring’
centre for the two rings investigated by O0lson and Evans
(op.cit.) are illustrated in Figuré 11. Excess momentum inside
the radius of maximum velocitiés which has been méasured by
drifters may indicate a coherent barotropic mode superimposed on
the ring interior. Olson and Evans (op.cit.) reported that this

excess momentum relative to that inferred from the baroclinic

field may be a common feature of anticyclonic rings.

The range of translation speeds of hydrographically detected

1 1

rings liQS‘betWéén 4.8 cm*s™ and 8.5 cm s (Olson and Evans
1986, Duncombe Rae 1991). GEOSAT alfimeﬁer results showed
translation rates of 5 to 8 cm'sJ (Gordon and Haxby 1990), 4 to
8 cm' s (Wakker-et al. 1990b) and 1 to 9 cm-s™' (Van Ballegooyen
et al. in prep.). The last authors reported‘initial rates of ring
translation of 3 to 9 cm' s™' which decreased as .a consequence of
reaching the Walvis Ridge where the ringﬁ,were delayed and also
decayed to some extent. These rates eﬁceed those predicted from

' - 0lson and

~theory for tHe B-induced propagatioh (about 2 cm-s”
Evans op.cit.) and suggest further evidence for a large component
of their translational motion coming from the background flow in
which they are embedded.

L3

2.2.5 The translation paths of rings
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Early hydrographic data have revealed large rings probably of
Agulhas origin’in the region tQ the south and southwest of the
Cape, although their true nature, mechanism and consequences were
not initially appreciated (Duncan 1968, Bang 1970a,b; Harris and
Van'Foreest 1977). The analysis of satellite infrared imagery led
Lutjeharms (1981a,b) to describe the development and Shedding of

"Agulhas rings and their subsequent translafion both to the north
and south of the retroflection. Similarly, Lutjeharms and Van
Ballegooyen (1988) described how the retroflection and
surrounding regions may at any time be populated by a‘number of
rings of various ages and in various stages of decay (Lutjeharms
and Valentine 1988). Their suggestion is that these represent
rings spawned eaflier and then displaced from the retroflection

by their subsequent translation. Duncombe Rae (1991) compiled a
table (see Table 5)‘and a map (see Fig. 12) giving the postions

‘of rings in the south Atlantic detected by hydrographic survey.

These data are further supported by the évidence‘ for the
consistency in the position of rings to the SW of Cape Town
identified from the locations of warm filaments seen in infrared
imagery (Lutjeharms and valentine 1988). These authors inferred
the presence of rings at this location for about thirty percent
of the time, but could relate no specific dynamic reason such as
bathymetric féatures to explain the persistence. Gordon et al.
(1987a,b) noted from hydrographic results, the presence of two
‘rings simultaneously, one recently shed near the retroflection,
the other located to the WSW of Cape Town. The data suggest that

there is a preferred translation path of these rings to the NW,
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Table 5. A list of rings encountered hydrographically in
the South Atlantic Ocean. The rings are . named
chronologically according to the year encountered.
The position refers to the time at which
hydrographic measurements were made.

Ring Vessel Voyage Date Lat. (°S) | Long. (°E) Source Comment

R&41 | Africana ll ? - 64-3 40,5 15 Duncan 1968 Wide station spacing.
. : Reversing bottles
R69.1 | Africana ll ? 69-3 35 15 Harris & Van Foreest 1978 | Wide station spacing.
: : . Reversing bottles
R83.1 | Knorr 1045 83-11 35,5 154 Olson & Evans 1986 ARC (Cape Town eddy)
R83.2 | Knorr 104-5 83~11 389 18,3 Olson.& Evans 1986 ARC (Retroflection eddy)
RR3.3 | Oceanus 133 83-2 23,0 -5,0 McCarnney & - .| Detected on CTD line
: ‘Woodgate-Jones 1991 | along 23°S
R85.1 Thomas Washington ? 85-3 35 15.5 Bennett 1988 CTD line (Cape Town
eddy 85) )
RS7.1 | SA. Agulhas 48 87-2 34.8 15.8 Lutjeharms 1987, 2 lines SCARC (ring
Valentine er al. 1988 Susan)
R87.2 | SA. Agulhas 48 87-2 359 11,6 Lutjeharms 1987, 1 line SCARC (ring
Vilentine er al. 1988 Rosemary)
R87.3 | SA. Agulhas 48 87-2 377 9.5 Lutjeharms 1987, 2 lines SCARC (ring
Valentine-er al. 1988 Mariaari)
R87.4 | SA.Agulhas 48 87-2 38,0 15,0 Lutjeharms 1987, .| 2 lines SCARC (ring

: B Valentine er al. 1988 Erina)

R87.5 |S.A. Aguthas 48 87-2 40,9 144 Lutjeharms 1987, . 1line SCARC (ring
Valentine er al. 1988 Helen)

- R87.6 | Discovery ? 87-4 27,0 7.5 Gordon and Haxby 1990 |1 CTD line

R89a Africana 71 89-4 32,1 10,8 Duncombe Rae ér al. in 1 XBT line (Vema ring)
press a

R8% Benguela 246 89-5 30,5 9.2 Duncombe Raeeral.in | R89arevisited, 3 lines

_pressa (Vema ring)

R90.1 | Melville 7 90-1 30 2 Gordon et al. in prep. CTD line SAVEA4

R90.2 | Melville ? 90-1 30 6 Gordon et al. in prep. CTD line SAVE-4

R90.3 | Africana 81 90~5 36,3 14,3 Personal observation | Feature on return from

, ) : -South America. Ring?
R90.4 | Africana 85 90-7 353 11,7 Duncombe Rae and Search for ring :
: Shillington in prep. (Winter ring)
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Figure 12 . The positions of Agulhas rings detected

' hydrographically in the South Atlantic Ocean.
Rings are numbered according to Table 5. The
circles indicate the diameter of the maximum
azimuthal velocity for each ring in Table 3.
Estimated diameters are shown for rings for which
no data appear in Table 3. Data sources for the
rings are given in Table 5 (from Duncombe Rae
1991). ’ '
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passing relatively close to Capé Town (Olson and Evans 1986,

wWakker et al. 1990b).

- Although thefé is some evidence to suggest that rings may
propagate southwards across the Sdbtropical Convérgence (Colton
and Chase 1983, Lutjeharms 1988b))xreports show translation after
shedding into the south Atlanfic in a generally WNW to NW
direction (Olson and Evans 1986, Gordon and Haxby 1990). Analysis
of GEOSAT data for 1987 and 1988 revealed that only one of the
fourteen eddies identified moved southwards abréss the
SubtropicalAConvergence (the»same eddy reported by Wakker et al.

1990b) (van Ballegooyen et al. in prep.).

This process of ring shedding ahd tranélation may play an
important role in the local and,baéin scale heat balance. The
rings may translate far into the South Atlantic although this was
difficult to observe from satellite thermal imagery due to the
relatively rapid loss of the surface thermal signature (Walker
and Mey 1988). McCartney and Woodgate-Jones (1991) described a
positive Agulhas ring east of the mid-Atlantic ridge in the
eastern sOuth Atlantic subtropical gyré at 5°W and 23°S. It was
sfill an energetic’feature distinguishable in the hydrographic
data some 3000 km ahd‘two years distaht from itsAshedding at the
‘Agulhas retroflection region. The rings may cross the Cape Basin
embedded in the Benguela arm offthe'gyre and may be delayed on

encountering the Walvis Ridge before moving farther westwards.

Van Ballegooyen et al. (in prep.) mapped the paths of their eight
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Figure 13.

Movement of rings observed during the SCARC
cruise and the altimetric study performed by Van
Ballegooyen et al. (in prep.). Dashes indicate
the position at the first of each month, dots
give the positions of the rings at the time of
the SCARC cruise (Feb/Mar 1987) and circles show
the positions of separatlon or coalescence (from
vVan Ballegooyen et al. in prep.).
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eddies (see Fig. 13). They conciuded~that at short time scales
' the eddies may interact‘andAmoyevin any direction;,leading to a
”spaghetti—liké migration pattern', but Ehéf on -longer time
scales they generally moved towards the west or northwest. Wakker
et al. (1990b) and Gordon and Hagby (1990) identified the

presence of numerous ''densely packed” anticyclonic and cyclonic
eddies in the Cape Basin. Gordon and Haxby (op.cit.) showed
»translation paths within an envelope of 1000 km north-south
dimension and‘ stretching towards the northwest  from the
retroflection (see Fig. 13). Wakkér et al; (op.cit.) alluded to
two “channels of increased variability west of South Africa in
the vicinity of the Walvis Ridge”; indicated from their root mean
square (rms) sea surface height variability map, and- in broad

agreement with the results of Gordon and Haxby (op.cit.).

wWakker et al. (1990b) noted that thé7trahslation velocities of
rihgs in the SE part of the Cépe Basiﬁ is rather chaotic, but
that equatorward bf 35°5 the ring;‘ begin to move with the
subtropical gyre in a NW to W.direct;on; The topography to the
south and southwest of Cape Town appeared to influence the
passage of rings in the south where Wwakker et al. (op.cit.)
" suggested that fings preferred passage to the north of the
Schmidt-0tt seamount. Thése authors reported that fafther north
the Walvis Ridge has a markedieffect on the passage of rings.
They further reported that‘fings may be delayed for some time at.
the’Walvis Ridge and that relativel} deeper pathwayé across the

Ridge were favoured (Wakker et al. op.cit.).
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From GEOSAT altimetry, Gordon and Haxby (1990) traced rings into
the wéstern South Atlantic between latitudes 20°S and 30°S and
reaching to 30°W. These authors suggested that the rings may be
entrained by the Brazil Current and so rejoin the gyral
circulation and contribute to the northward flow across the
equator to feed the productioh of North Atlantic.Deep Water. It
may be possible for them tb be entrained by the North Brazil
Current and translate more directly acros$ the equator (Stramma

1989, Duncombe Rae 1991).
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CHAPTER 3
Satellite Aitimeéry
3“1 The measurement of sea surface topography by altimetry
3.1.1 The altimeter measurement scheme

The first diréct physical oceanographic measurements in the form
of sea level and its variability wére made in the 1970s by radar
altimeters aboard the GEOS3 (1975-1978) and SEASAT (1978)
satellites. Although GEO0S3 .data pro&ided poor spatial coverage
and SEASAT{ failed after a short lifetime, the potential 6f
satellite altimétric techniques was cleér (Douglas and Cheney

1990, wWakker et al. 1990a, Ray et al. 1991).

satellite altimetry may‘be‘simplyvdescribed as the measurement
- of the satellite altitude above the point on the ocean surface
directly beneath it (the sub—satellité point)'(Calmanv1987, Smith
‘et al. 1987, Fu ét al. 1990). The GEOSAT éltimeter radar antenna
emitted a short pulse (102.4 ps duration) downward every 980 ps
and determined‘the timé taken, At, for this signal to travel down
" to the sea surface, reflect and return to the antenna. The radial
disfance between the altimeter antenna and the ocean surface, or
its height above the sea, h_, can then be caléﬁlated by:

s

At (1)
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where c = the.speedkof light (Fu et al. 1988, Fu and Zlotnicki
1989, Nerem et al. 1990, Fu et'al{ 1990 énd others). This
measurement, hs,, contains erfors resulting from varibus
instrumental and environmental sources which are summarised by

the model below (after Nerem et al. 1990):

h +hm+b+s (2)

etide

h = hs+ hc+ h i,ono+ hwet+ hd ry+ hbaro+ hot'ide+

where
h is the geometric distance between the satellite
centre of mass and the ocean surface at thé
subsatellite point;

h is the instantaneous_ distance between the
-altimeter'antehna and the ocean surface;

h is‘the correction for the displacement of the
altimeter antenna from the spacecraft centre of
mass;

et 'is_the wet‘troposphere correction;

dry is the dry troposphere correction;

ono is the ionosphere correction;

is the inverse barometer correction;

o
[
3
[o]

otide is the ocean tide correction;

ctide is the solid Earth tide correction;

is the EM bias or sea state.correction;

o mb" =20 S R S R
x

is the correction for a possible bias in h;

™

is the coﬁtributibn of random and systematic
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errors to the altimeter measurement.

Corrections for signal propagation delays resulting from
atmospheric dry air mass (hmy)' water vapour content (hwt) and

ionospheric influences (h., ) were provided with the Geophysical

jono

-Data Records (GDRs). For GEOSAT, corrections for hmy' h and h___

wet (e]

were derived from.the relevant climatology fields provided by the
United States Fleet Numerical Oceanography Center (Douglésvand
Cheney 1990). Ionospheric retardation of the radar signal was
corrected using a model scaled by the monthly average sunspot
numbers (Smith et al. 1987). Corrections fér the solid Earth and

ocean tide effects were also provided with the GDRs.

The correction for the EM (electromagnetic) or sea state bias
results from the tendency of the altimeter to over-read its
altitude relative to a 'rough' sea surface. Surface wave trbughs,
beéause of their cusp-like shape (departure from a sinusoidal
profile), reflect radarisignals bettef than peaks (Grindlingh
1988) and this leads to underestimation of the sea surface
elevation above the reference ellipsoid. Douglas and Agreen
(1983) suggested corrections of some 6 to 7 percent of the
significant wave height (SWH or }ym), but uncertainty still
exists as to the preferred correction algorithm (Wakker et al.
1990a, Fu and Glazman 1991, and others). For this reason no
corrections for sea‘state bias were made in this aﬁalysis (Van
Ballegooyen et al. in prep.). Aspects of this data reduction

procedure are portrayed in Figure 14.
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The orbit height, h

o!

is obtained by a global ground-based
network of Doppler tracking stations and represents the height
of the centre of masé of the satellite above an arbitrary
reference, usually a standard oblate spheroid fit to the earth's
shape (Calman 1987, Smith et al. 1987, Wakker et al. 1988) (see
Fig. 15). The geoid height, hg,'represents‘a level surface or
surface of equal'geopotentiél and may be derived from historical
ground or satellite-based gravity data. The sea surface would
coincide with this geoid if the ocean were at rest and would vary
in height, h__, relative to the reference surface by up to 100m
(some say 200 m, e.g. Chelton et‘al. 1990) as a result of
| bathymetry and irregular mass distribution of the solid earth
beneath the sea (Calman op.cit., Nerem et al. 1990, Wakker et.
al.1990a). Bathymetric features such as seahounts, deep ocean
trenchés_and faults are revealed in the sea level variations (see
Frontispiece). Thé much smaller departurés from the geoid (about

v1 Metre) caused by geosfrophic f;ow and other‘dynamic pfocesses
are\termed the dynamic ocean topography n (Fu et al. 1990,

Nerem et al. op.cit. and others).
Thus n may be related to hg and h__ as

.Y](X) = hsea_hg(x). (3)
and
h,, = h,(x)-h(x) ()

at any position x, as is shown in Figure 15.
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Figure 14. Altimeter data reduction scheme. Abbreviations
.. - and contractions are: c.o.m., centre of mass;
alt. ref. point, altimeter reference point;
corr., correction; geom., geometric; -instant.,
instantaneous; refer., reference (from Wakker
et al. 1988). ‘
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Figure 15. A definition 'sketch for the altimeter
measurement system (from Calman 1987).
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Only h is measured directly by the satellite, so much data must
‘come.from elsewhere and accgracy problems‘result from differences
in the relativg scaies of observétioﬁ; Satellite orbit heights
are typically about 800km, while n has a maximum of just more
than 1 metre. The quantity ((ho—h)—hg) represents a small
difference 5etween large numbers and‘is therefore sensitive to
small errors in each of the terms. Since orbit height
determinations were reported as the largest source of errors
(random errors of about 3 m‘globally), this is an importaﬁt point
to note (Smith et al. 1987 and bthers). Fortunately, errors
‘aSSOCiated'with the orbit determination.vary on time and length

scales much greater than the mesoscale su:face topography.

Radial orbit errors are essentially long-wavelength compared to
the oceanic mesoscale eddies (0(300 km)) and may be assumed to
vary linearly over length scales up to 3000 km. Infthe“method of
coflinear’analysis used here, relati&e errors between subsequent
exact repeat orbits are almost eliminated by removing lineér
trends from. the éltimeter measuremenﬁs. This detrending also
removes components of other errors remaining in the altimetef
profiles (Wakker et al. 1988f. This process 1is sensitive to
‘deviations in the«collinearity'df exact fepeat tracks of more
“than two kilometres, especially in areas of steep bathymetry. In
the case of GEOSAT, where collinearity within one kilometre was
achieved,;this linear detrending is successful (Wakker et al.

op.cit., Brenner et al. 1990),

Linear detrending of orbital arcs which form crossing ground
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tracks is also used in the crossover differences minimization
technique. The trends within the area of study are adjusted so
as to miﬁimize the crossdver residuals. A potential probleh is
that the residuals contain nO‘information about the slope or

elevation of the sea surface as a whole (Wakker et al. 1988).

Numerical‘techniques for the .removal of long-wavelength errors
thus successfully remove most of the orbit error as well as the
influence of the general large scale ocean circulation, leaving
the mesoscalev features of inferest (Cheney et al. 1989 and

others).

Although the ggoid is relatively poorly known over many parts of
the globe and geoid modeis may induce(their own errors, it is
possible to derive time-dependent currents without a geoid.

Since geoidal effects are relatively time-invariant -over the
dominant timé scales of ocean currents (<1 year), mean surface
elevations may be calculated ffom exact repeat orbits which are
substituted as a geoid (Calman 1987, McConathy and Kilgus 1987,
Smith et al. 1987, Grundlingh 1988). Exact repeat ground tracks
to collinearity of within 2 km are required, particularly in the
vicinity of steep geoid gradients, in order to eliminate sea
surface height variations (unrelated to ocean dynamics) which
could otherwise arise (Wakker et al. 1988). By considering the
measured sea heights and deduced n to be the’sum of the time

dependent and time independent or mean components of n

nix,t) = n(x)+n'(x,t) (5)
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h,(x,t) = h (x)+h ' (x,t) (6)

sea

therefore the time-varying component of n is given by

‘n'(x,t) = h'(x,t)-h_ (x) (7)

sea

The fluctuating part of the sea surface topography (SST) can then

be derived purely from satellite altimetric measurements and

orbit height data by equation 5. The mean sea surface h%a(x) can
be computed by averaging equation 5 ueing repeated measurements
err the same point. This effectively eliminates the need for a
gravitational geoid to .study ocean variability and is
particularly suited to regions of high vafiability such as where
rings and current meanders dominate v(e.g. the Agulhas
retroflection region). Knowledge of mean flows is unfortunately
lost since the mean dynamic topographies are combined With the
éeeid in determining ' the mean sea sufface, which, following

equation 3, is given by:

sea

h.,(x) = n(x)+h (x) (8)

This seperation into mean and fluctuating components is the basis
of the crossover and collinear methods of studying ocean

variability (see Chapﬁer 3.1.2).

Analyses of the altimeter return signal also yield ocean surface

wind speeds and significant wave heights (SWH or HU3)’ wind
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speeds are related‘ to the radar backscatter power or cross
section and SWH to the slope of the leading edge of the return
signal (e.g. MacArthur et al. 1987). Global measurement of these
'wind and wave parameters in conjunction with the ocean surface
topography should also provekto be very useful to a large number

of maritime organisations.

Many of the errors inherent in altimetric détermination of SST
occur‘at vastly different scales, allowing the use of filtering
and other numerical methods for the separation of signal from
noise. The meén values of any errors in the altimeter height
measurements are included in the mean sea surface derived so only
the time-varying components of these errors will affect the
ultimate accuracy. The time-varying components of these errors
isigenerally much smaller than the the mean error (Chelton et al.
1990). The most‘prdblematic of the atmospheric errors is that
caused by atmospheric water vapour whose scales of variability
can closely match those of the mesoscale ocean circulation énd
may result in the reduced accuracy of altimeter-measured SST.
Spatial water vapour gradients in’ the Agulhas retroflection
region may differ significantly from the climatology of the
region (Mey et al. 1990) and may serve to reduce the elevations
recorded for rings. However, since the signal from Agulhas rings
is a relatively large one, this factor should not have proved
problematic (Mohaldo 1990). Altimeter missions following GEOSAT
(i.e. TOPEX/POSEIDON) will have onboard microwave radiometers to
enable accurate corrections for atmospheric water vapour to be‘

made to the altimeter data. Generally, however, most corrections
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will provide a significant rédgdtion ih the variance of SST (Ray
et al. 1991). Further details of errors, their scales and the
effectiveness of corfections are given by Wakker et al. (1988),

Nerem et al. (1990), Ray et al. (op.cit.).
3.1.2 The crossover and collinear techniques

The crossover and collinear techniques are the two commonly used
methods of deriving SST and its variability from satellite

altimetric data.

The chssover‘techhique uses the difference in measured sea
surface height at two different times‘from loéations where the
satellite ascending aﬁd'descending paés tracks cross each other
(Calman 1987, Douglas et al. 1987 and others) (see Fig. 18).
Because‘the geoidal componént contained within the altimeter
height measurements will be the same for all height measurements
at the cfossover point, the crossover differenqe containS'no
error due to the geoid. In»aadition to corrections for altimeter
measurement erfors, é reduction to the dominant radial»orbit
error is achieved by a correction to the ebhemeris which 1is
.derived from minimising the height measurements at crossover
points (Douglas et al. op.cit., Wakker et al. 1988, Leben et al.
1990, Nerem et a;. 1990)f,Since radial'orbit errors may be
‘éssumed to vary linearly ovéf length scales of < 3000 km fWakker
et al. op.cit.), linear trends for each orbit segment within the
region of interest may be adjustedAto'minimise the root mean

square (rms) crossover differences. The variability of the
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residual sea heights at crossovers can then be calculated and
combined to produce a field of topographic variability. The
crossover method was not used in the analyses presented in this

thesis.

The collinear method was provided by the Satellite Altimetry Data
System (SADS) (see Chapter 3.3) package‘and is the technique used
~for the analysis presented here. This method depends on the
collinearity or geographical superposition of individual
ascending or descending repeat passes. GEOSAT collinear ground
tracks varied by * 1 km at the equator crossing nodes from their
nominal ﬁaths {Brenner etAal. 1990). Other than in regions of
extremely steep gravitationél gfadients {such as where ver§ steep
bathymetric gradients occur at the edge of subsea canyons, etc.)
this contributed generally small errors of 1 to 2 cm (Brenner et
al. op.cit.) and COllinear\tracksrwere assumed to be perfectly"

aligned (Wwakker et al. 1988, Van Ballegooyen et al. in prep.).

AAgain it may be assumed that the geoidal component of the
measurements will be identical for each collinear pass. Therefore
their differences will be free of this error (Douglas et al.
1987). Only residual errors caused by orbit 1level changes,
instrument error and sea level variability will be reflected by
the differences (Grundlingh 1988). Much of the residual orbit
error may be reméved by lineafly detrending the along-track

height measurements (Douglas et al. op.cit., Grindlingh op.cit.):

The individual measurements at 1 second intervals are slightly
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offset between repeat passes. Data were therefore interpolated
along+tfack so that they co~registefed épatially (Wakker et al.

© 1988, Van Ballegooyén et al. in prep., and others).

»

. The variability of the SST may be derived from the collinear

.differences in similar fashion to that described previously for
the crossover technique. The SST for a given 17 day cycle,bfor
example, may be derived as the departure of the collinear
measurements for individual passes from the mean topographic
profile éomputed over a nest of ’a’ number of repeat passes,
thereby effecﬁively removing the geoid and large spatial~ and
long time-scale components. The SST remaining represents features
of the mesoscale circulation like rings and current meanders
(Douglas et al. 1987, Grundlingh 1988, Fu et al. 1990, and

others).

Blaha and Lunde’(1992) suggesf caution in the use of this time
‘averaged represéntation of the geoid;’Apart frbm.the geoid and
relatively time-invariant chponents of the 88T, this meén
contains a smoothed realization of the transient SST due to rings
and current meanders. Several vyears of data may be required
before adeqately smoothing out mesoscale variability in the mean.
Furthermore, should the period of the repeat cycle fall within
that of the mesoscale circulation, aliasing may present a problem
(Tournadre 1990,‘Blaha and Lunde op.éit.). The latter authors
propose the use of a selected reference pass as a way of
eliminating the influence of the geoid. This approach also has

drawbacks, however, since the reference pass will contain signals
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reiated to the geoid as welli as dynamic processes and may
“}therefore induce spurious features in the departures from the

‘reference.
3.1.3'Ge05trophic flow and sea surface topography

) Geostrophic flow in the ocean is defined as a balance between the
horizontal pressure gradient force and the apparent Coriolis
force, assuming that.frictional and'boundary effects may be
neglected, that flow is honwaécélerated and occurs in straight
lines (Neumann and Pierson 1966 andAothers). This geostrophic
approximation is applicable to ocean current syétems with length
scales greater than 50 km and time scales greater than 1 day

{Wells 1986, Calman 1987).
Vertical pressure changes in the ocean, excluding atmospheric
préssure effects, are due only to the weight of water above a

given point and thus independent of water motion. This is

illustrated by the vertical hydrostatic egquation:

1 dp | | (9)

where p is water density, p is pressure, g is the gravitational

acceleration and z is positive -upward.
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Horizontal pressure gradients exist and depend .on the mass or
density distribution within the ocean. These gradients are
related to ocean surface slopes which may be set up by winds, for
example, and to the spatial variability in the temperature and
salinity of sea water. If the effects of atmospheric pressure are
excluded, the sea surface may be considered to be an isobaric
surface. In a well-mixed, homogeneous ocean, density will
increase with increasing depth as the water is affected by the
weight of water above. Isobars representing surfaces of equal
pressure will be parallel to the sea surface and to the
isopycnals (or surfaces of equal density). Horizontal pressure
gradients within the ocean will be determined only by the sea
surface slope in such barotropic conditions (Neumann and Pierson
1966 and others). Spatial variability in the density of sea water
also affects the mass distribution within the ocean resulting in
horizontal pressure gradients. Under these baroclinic conditions,
the isopycnals and isobars will intersect. As soon as a parcel
of water begins to move under the influence of a horizontal
pressure gradient, the Coriolis force will act towards the left
(southern hemisphere) until balancing the pressure gradient force
to produce steady motion perpendicular to the gradient. The
geostrophic equation defines this force balance in the x-

direction as:

1 dp (10)

- - = v 2Qsing¢
p dx

where v is velocity perpendicular to the pressure gradient, Q is
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where v_ is the surface velocity and n is .the sea surface
eievation with respect to thé ’geeid and’ x 1is horizontally
perpendicular to v, (Calman 1987, Wakker et al. 1990a). The sea
surface elevations,measured by the altimeter are the sum of the
barotrepic and baroclinic eomponents ({Blaha and Lﬁnde‘1992).
Hydrographic data on the temperature and salinity’distributions
can provide the relative baroclinic flows down the water‘column.
Referencing these relative currents te the altimeter-derived

surface currents will yield absolute results.

Complete derivations of the geostrophic.relationship and methods
are given in standard texts like Neumann and Pierson (1966), Pond

and Pickard (1978) and many others.

3.2 The GEOSAT mission

The U.S. Navy Geodetic Sateilite (GEOSAT) mission was initially
conceived as a means of rimpreVing knowledge of the earth's
gravitational field (Jensen end Wooldridge 1987, McConathy and
Kilgus 1987, Douglas and Cheney 1990). The dense coverage of
altimeter data which the satellite could provide would enable
more accurate determination of the mariﬁe geoid necessary for the
improved navigation requirements of the United States Navy.
GEOSAT flew two consecutive missiOns known as the Primary Mission
and the Exact Repeat Missioh. In addition to the geodesy

applications of the Primary Mission, the U.S. Oceanogrepher of

the Navy devised the Global Ocean ApplicationsvPrOgraml(GOAP) in
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order to optimise the environmental and oceanographic uses of
data from both the Primary Mission and the Exact Repeat Mission

(ERM) .

The Primary Mission began when the satellite was launched on 12
- March 1985 into‘an 800 kiiometre altitudé, 108 degree inclination
orbit that provided near repeat grouna tracks every three dafs.
This mission lasted 18 months, whereafter, beginning on 1 October
1986, the satellite orbit was changed to a 17.05 day exact repeat
cycle optimised for oceanographic apﬁlications. The satellite was
declared operational in: this ERM orbit on 8 November 1986
{Douglas and Cheney'1990)..Although this mission was scheduled
to end in April 1989, the satellite cohtinUed to operate until
tape recorder failure in October 1989 ended the global data set
(Douglas and Cheney op.cit.). The mission finally ended on 5
January 1990"“wheh“‘the‘ altimeter outpﬁt power vdrobped““below
acéeptable limits (Wakker et al. 1990a). During the frimary
Mission, the acéuracy of measuring mesoscale sea surface
topography was limited by errors in the known marine geoid which
contaminated the oceanographic meaSurements. The exactly:
repeating orbit of the ERM allowed the'long—term averaging of
local mean sea surface along tracks which may then be subtracted
from the altimeter heights to reduce the effect of errors in the

geoid.

The ERM orbit provided an equatorial ground track separation of
164 kilometers, decreasing with increasing latitude to the limit

of coverage at about 70° latitude north and south. In the region
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of .our interest in the . south east Atlantic, ground track
separation varies from about 110 to 140 kilometers (see‘Fig. 18).
The spatial resolution provided coupled with the repeat cycle
period of 17 days is 1likely tQ adequately resolve mesoscale
eddies (Fu and 2lotnicki j989), although this period may allow
aliasing of the eddy signals. The ascending nodes, or positions
where the ascending passes cross the equator as the satellite
travels from south to north, of the exact repeat orbits are
approximately at 1.05 + n(1.475)°E lohgitdde, where n=0 to 244
(244 orbits of the earth within one 17 day period or cycle) (see
Fig. 18) (Descending passes represent the ground track of the
- satellite on the same orbit, butvduring that period of its travel
from north to south). These nodes were chosen to coincide‘with
those of the eaflier Seasat, since collineerity within about 10
kilometers (at the equatof) of thevSeasaﬁ tracks was a condition
of the evailability of the data to general users. Neighbouring '
paéses are not completed _consecutively (i.e. they‘ are not
adjacent in time), but are occupied irregularly over each cycle
(see Fig. 18). This pattern is, however, exactly repeated for all

cycles.

GEOSAT was egquipped with a 13.5 GHz nadir-looking pulse
compression radar altimeter emitting pulses of 102.4 ps duration
every 980 pus (MacArthur et al. 1987/ Sailor and LeSchack,1§87,
Frain et al. 1987 and Jones et al. 1987 give full details of the
altimeter configufation and eperation). The instrument provides

three basic measurements with errors as follows:
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1. satellite height to * 3.5 cm at SWH of 2 m;
2. SWH to * 10 percent of the SWH or 0.5 m, whichever

is the greater;

1 1

3. wind speed to 1.8 ms™' over the range 1 to 18 ms™'.
The GEOSAT data from the ERM period were distributed on a monthly
basis by the U.SﬁA. Natioﬁél Aeroﬁautics aﬁd Space
Administration's (NASA) National Oceanographic Data Center (NODC)
as Geophysical Data Records (GDR). Each GDR contained the 1-
second along—track averaged height measurements (see Chapter 3.4)
"and the various accompanying corrections. Details éf these
corrections and £he compilation Qf the GDRs may be found in the
"GEOSAT Altimeter Geophysical Data Record: User Handbook' (Cheney

et al. 1987).
3.3 The Satellite Altimetry Data System
3.3.1 Introduction to the package

The software package employed for the analysis of the GEOSAT data
v*was provided by Dr.M.L.Grindlingh of the Division for Earth,
 Marine and Atmospheric Sqience and TechnoLogy (EMATEK) of the
CSIR at Stellenbosch. The Satellite Altimet:x Data System (SADS)
emanated from a projectvinitiated by Dr.Grindlingh. This project
entailed fhe development rof a computer data management and
analysis system for satellite ‘altimetry data based on the .

standard processing methods.
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The design, development and implementation of the SADS package
is described in detail by three voiumes. ”Part‘1: The Design of
SADS" contains design inforhation and hardware requirements as
well as déscribing datayflows through the system (Lewié 1990a).
"Part 2: Programmer's Refefence Maﬁual” details the software
written for implementing the design and may be referred to ih
conjunction with the "Satellite Altimetry Data System Report: The
NOAA GEOSAT Programs' which déscfibes the software developed by
NOAA for altimetry applications (Lewis 1990(b), 1990(c)). The use
of fhe SADS is covered in ”Paft 3: User's Manual" which leads the

user through the menu-driven system (Lewis and von St.Ange 1990).
3.3.2 Application

Stepwise details of the procedure through the SADS are given in
the User Manual so only brief descriptions of the processing

options which were used for this analysis will be given here.

The initial Geophysical ﬁata Records (GDRs) are read from their
distribution medium and converted into formats compatible with
personal computers (PC). The original data are obtained as large,
sequential, time—ordered‘collectiéns of measurements where any
one measurement is identifiable by its time and global position
(latitude and longitude). These data are separated into user-
selected passes which represent data along individual ground
tracks of the satellite, either ;sce;ding {travelling south to
north) or descending. The corrections for atmospheric effects and

tidal influences which are included in the GDRs are applied.
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Observations were not corrected fér the'Slightinon—colinearity
(of < 1 km) of repeat orbits, bnt Were,interpolated in the along-
track direétion to co—regisfer the 1 second observations from
repeat orbits (Van Ballegooyen et al. iIn prep.). The orbital
model used did not correct for orbital undulation, but tilt~énd~
bias corrections were applied over 10°latitude intervals in ordér
to minimise these erroré (van Ballegooyen et al. oé.cit.). No
correction for sea state biaé was applied since uncertainty
exists concerning the correction whicn should be used, but this
is not consideied to have had a significant impact on the results
(Wakker et al. 1990a and others in Van Ballegooyen et al.
op.cit.). Passes which qrosséd' the geographical window of
interest over the time period required (Cycles 37 to 54 - see
Table 6) were then nested together according to their ascending

or descending sense.

At the time of analysis, only the collinear method had been
implemented in the SADS. FolloWing this nethod it is pqssible to
produce the profilgs of éea:height along track for each pass by
two methods. One method involves normalising the variability with
respect to a selected reference pass, but is therefore dependant
on the characteristic topography at the time of the reference
pass. The other method, which was used for this analysis, first
determines the mean along-track sea height profile for each nest
of passes over avgiven time period. This mean signal is then
removed f;om that for individual passes to produce the along-
track residual sea heights as departures from the mean topography

over the time period chosen (about one year in the case of this
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analysis). If this period is sufficiently long, the SST due to
the geoid and the relatively time—invariaﬁt effects of the large-
scale ocean circulation will be effectively removed. The residual
heights then reveal the mesoscale, short-term features 1like

eddies and current meanders which are of interest.

These residual heights can be treated as xy data pairs of height
values and aécompanying latitude/longitude coordinates and
plotted for inspection as the topographic profiles along track
(see Fig. 22). The residuals can also be grouped into a compound
file representing all values for all ©passes within the
geographical window for eaqh 17 day cycle. These values can then
be interpolated onto a uniform grid and contoured using a
proprietry package such as SURFER (Golden Software, Inc.
1989,1990) to produce the SST anomaly over that cycle. Since
‘neighbouring passes within any cycle are irregularly spaced with
respect to time, a degree of spatial and temporal blurring occurs.
in these contour maps. Furthermore, since the region under
inspection 1is highly variable at time scales shorter than 17

days, these contours are dificult to interpret.

To reduce the temporal distortion described above, the ''snapshot"
facility of the SADS was used. Residual heights were linearly
interpolated at weekly intervals between the times of consecutive
obser&ations of individual passes (Van Ballegooyen et al. in
prep.). These interpolated values were then gridded and confoured
as above. The linearity of the interpolation in the snapshot

procedure tends to reduce the sea heights and the contouring,
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using the method of inverse distance squared, results in some

smoothing which means that the contdur values only approximate
. f

the true dimensions of the features revealed (Van Ballegooyen et

al. op.cit.).
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Table 6. Start dates of GEOSAT repeat cycles 37 to 54

Cycle 37 12 Jul - 28 Jul 1988
Cycle 38 29 Jul - 14 Aug 1988
Cycle 39 15 Aug - 31 Aug 1988
Cycle 40 01 Sep - 17 Sep 1988
Cycle 41 18 Sep - 04 Oct 1988
Cycle 42 05 Oct - 21 Oct 1988
Cycle 43 , 22 Oct - 07 Nov 1988
Cycle 44 08 Nov - 24 Nov 1988
Cycle 45 25 Nov - 11 Dec 1988
Cycle 46 12 Dec - 28 Dec 1988
Cycle 47 29 Dec - 14 Jan 1989
Cycle 48 15 Jan - 31 Jan 1989
Cycle 49 01 Feb - 17 Feb 1989
Cycle 50 18 Feb - 06 Mar 1989
Cycle 51 07 Mar - 23 Mar 1989
Cycle 52 24 Mar - 09 ‘Apr 1989
Cycle 53 10 Apr - 26 Apr 1989
Cycle 54 27 Apr - 13 May 1989
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CHAPTER 4
The anélysiS‘of the GEOSAT altimeter data
4.1 Data selection and processing

Hydrographic data collected on board FRS Africana during April
of 1989 revealed the presence of an Agulhas ring near the Vema
seamount (31° 40's, 8° 20'E) (see Fig. 16) (Duncombe Rae et al.
1992b). A.more intensive hydrographic survey of this feature was
conducted by the RS Benguela during May of the same vyear.
Conductivity-temperature-depth (CTD) and Expendable
bathythermograph'(XBT) stafions were occupied along lines which
crossed the Vema ring approximateiy SE to NW (line BB') and NE
to SW (line CC') (see Fig.16). CTD stations were spaced at 30
nautical mile (apperimately 55»km) intervals with XBTs deployed

midway between them.

The horizontal thermal structure of the ring as indicated by the
temperature field at a depth of 200 m is shdwn in Figure 16. The
ring appeared to have been elliptical in shape with its major
axis aligned.épproximately east-west and having a diameter of
some 330 km (with respect to the 16° C isotherm) (Duncombe Rae et
al. 1992b). Its hinor axis of approximately 165 km diameter was
aligned north-south (Duncombe Rée-et'al. 1989, Duncombe Rae et
al. op.cit.). A wvertical temperéture Sgction from the FRS
Africana cruise in April suggests a horizontal diameter of about

240 km along a WNW-ESE axis
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Figure 16. The Vema ring in‘dicated by the isotherms (°C)

‘contoured at 200 m depth from CTD (triangles)

and XBT (circles) data collected by
FRS Benguela during May 1989 (from
Duncombe Rae et al. 1992b).
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Figure 17. Surface geostrophic current vectors (cm-s'1)
referenced to 1150 db. The 1lengths of the
vectors are proportional to current speed. Even
numbered CTD stations are annotated (from
pDuncombe Rae et al. 1992b)
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(Duncombe Rae et al. 1992b). In May, the RS Benguela data

v'describe an E-W ring diameter of about 530 km and a N-S diameter

]
/

-of -some 180 km with respect to the 10° C isotherm.

The surface geostrophic velocities calculated from the CTD data
and referenced to a level of no motion at 1150 db are shown in
Figure 17. The anticyclonic circulation of the ring is clear with
maximum speeds of 55 cmes~! to the SW between stations 6 and 7 on

1 to the NE between stations 3 and 4 on line

line BB’ and 46 cm-s”
CC’ . Ship drift observations from SATNAV fixes while on station

confirmed the anticyclonic flow (Duncombe Rae et al. 1992b).

In order to provide spatial congruence with the hydrographic
observations; GEOSAT data within the geographic window from 20°
to 40° S and 0° to 20° E were selected (see Fig. 18). This
‘region includes the Agulhas retroflection and  rings quite
recently shed from it. The time period from 12 July 1988 to 13
May i989, covered by GEOSAT cycles 37 fo 54 (see Table 6), was
selected to allow the earlier identification and tracking of the

ring to its ultimate position of hydrographic detection.

NQ‘GEOSAT data were available for cyéles 39, 45, 50 and 51. Data
quantity and quality were unfortunately declining during this
period and none were available after mid-May 1989 for true
temporél overlap with the hydrographic detection of the ring. The
deterioration of electromechanical components of the altimeter
coupled with the increased solar acti&ity and resulting

spaCecfaft attitude variability caused severe data
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Figure 18.

Map showing the west coast of South Africa and
including the nominal ground tracks of the
GEOSAT ERM orbits from which altimeter data
were used in the analysis presented in this
thesis. Ground tracks are numbered with the
prefix A denoting an ascending pass and D a

descending pass. The irregular timing of
adjacent passes 1is indicated by the start
dates shown for ascending passes Al1l5, A158
and A201.
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dropouts after this time (Chelton et al. 1990).

A local geoid approximation was modelled by the average sea
surface topography within- the window for the one year period
selected. The average sea surface_brofile_for each pass crossing
the window over cycles 37 to 54 was computed and subtracted from
the individual passes to leave the residual sea heights; This
subtraction should remove the effects of the true geoid plus
those components due to the relatively time-invariant circulation

features.
4.2 Results

4.2.1 Contours of the sea surface topography

Contours of the residual sea surface heights representiﬁg a time "7

series over cycles 37 to 54 are shown in Figures 19(a) to 19(n).
Data for'each pass and within each cycle were cbmbined and
gridded onto a uniform grid before contduring in 10 cm levels.
Red shaded areas represent sea surface elevations higher than

10 cm referénced to the zero or mean baékground level. The zero
line is annotated and should represent no departure from the mean
background sea surface topography (SST) which combines the
geoidal component and those due to semi-permanent features of the
circulation. All , other contoursy' represent sea surface

depressions.. .

In general, the contours reveal that the SST is most variable in
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 p'the SE corner of the region which is consistent with the analyses
reported in the literature (as an example see Fronrispiece). This
may be expected from the influence of the variable behaviour of
the Agulhas retroflection, the frequent shedding of rings from
it and the interactions at the subtropical convergence. Root mean
square varianees were not calculated here as this exercise has
been performed repeatedly and reported widely in the literature

(see Shum et al. 1990 for example) .

The region is populated by a number of features representing both
sea surface depressions and elevations. It is clear that the
shape of rhese feateres rs determined to some extent by the
distribution Qf available data apd the consequent contouring. It
is therefore.important to view the data availability overlays
simultaneously wheh interpreting the contours. Each cycle
represents a period of 17 days over which the data are temporally
smoothed. Neighbouring ascendiné_or descending passes are not
necessarily adjacent in time, but follow an irregular sequence
over the cycle (e.g. cycle 53: passes A115 on 24/04/1989; A158
on 10/04/1989; A201 on 13/04/1989; see Fig. 18). This sequence
is, however, duplicated from one eycle to the next. This may
result in the spatial distortion of features which may shift
significantly over 17 days. An Agulhas ring, for example, may
move some 100 km in that time thus blurring its representation

by the contours.

It was anticipated that these contour plots of SST would provide

a means of identifying and tracking Agulhas rings from their
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shedding to their translation westwards or northwestwards through
the SE Atlantic as has been achieved by other researchers (e.q.

Gordon and Haxby 1990, van Ballegooyen et al. in prep.).

From the hydrographic data and other altimetric results we expect
Agulhas rings to be annular in shape and of about 150 to 500 km
in diameter (see Chapter 2). They should be characterised by sea
surface elevations in their centres of about 30 cm or more above
the background. Van Ballegooyen et al. (in prep.) report that
side lobes of opposite sign to an intense SST feature are
generated by the altimeter process. The assessment of true
topographic relief should therefore be relative to the depth or
height of theses lobes in preference to the zero reference. An
‘examination of the contours for cycles 37 to 54 (Figs. 19(a) to
19(n)) shows that the identification of annular features with
elevations of at least 30 cm above the zero reference which may
be Agqulhas rings is relatively easy for any given cycle. It
appears that the region may generally be populated by as many as
6 rings at any time which is consistent with the literature to
date (see Lutjeharms and Valentine 1988, Duncombe Rae 1991, Van
Ballegooyen et al. in prep.). There seems to be a preferred
position for a region of sea surface elevation in the vicinity
of the Vema seamount at about 31° 40’S, 8° 20'E which may be
related to a delay in their passage caused by interaction with

the Walvis Ridge (Duncombe Rae 1991, Van Ballegooyen et al. in

prep.).

Inspection of the data availability overlays shows that many data
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gaps existed, particularly in the area closest to the west coast
of South Africa, for most cycles. Cycles 40 and 53 were selected
for more detailed inspection because of their relatively complete
data coverage. Five Agulhas rings may be identified from cycle
40 (see Fig. 19(c)), their centres located approximately as given
in Table 7 which also gives their diameters and maximum surface
elevations. Four annular shaped depressions are also evident
which would suggest cyclonically rotating eddies. These are
identified on Figure 19(c) by numbers C40.1 to C40.4. They have
surface depressions ranging from 70 cm to 40 cm and have

diameters of approximately 140 km to 340 km.

Similarly, several Agulhas rings may possibly be identified from
cycle 53 and are detailed in Table 8 (see Fig. 19(m)). In
addition to the anticyclonic rings, several areas of topographic
depression suggestive of cyclonic rings are also evident on
Figure 19(m). Their maximum depressions range from 20 cm to as
much as 90 cm and their maximum diameters from 130 km to 310 km.
The very intense features such as those at about 21°S, 5.5°E and
23°s, 6.5°E (indicated on Fig. 19(m) by /) are considered to be
artefacts of the data distribution and contouring problems and

are ignored.

Inspection of the contour plots for consecutive cycles did not
allow for the positive identification of the same feature in
subsequent cycles and hence it was not feasible to track the
progress of a ring over time. Without concomitant hydrographic

confirmation it is not possible to positively identify any
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features as Agulhas rings (see Tournadre 1990). The estimation
of shedding rates for rings can therefore only be crudely derived
as follows. Assuming a mean translation rate towards the west or

1 (Duncombe Rae 1991, Van Ballegooyen et

northwest of some 5 cmes™
al. in prep.) one may conclude that any features visible in the
SST for cycle 40 (start:1 September 1988) should have drifted
beyond a radius of some 1000 km from their shedding location
(centered say at 38°S, 20°E) by the time of cycle 53 (start:10
April 1989). An assessment of those features evident within this
radius may then be assumed to be the production rate over the
seven months elapsed. On this basis, perhaps 4 rings can be
identified within the 1000 km radius in cycle 53 yielding a rate
of about 6 or 7 rings per year which is consistent with other

reports (e.g. Olson and Evans 1986, Van Ballegooyen et al. op.

cit.).
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Figure 19.

Sea surface topography anomalies (departures
from the mean sea surface topography for
cycles 37 to 54). Regions of elevation >10 cm
are indicated by pink shading. The zero
contour is annotated and others refer to regions
of sea surface depression. The overlays for each
figure show the data availability for each
altimeter pass for each cycle. Figures 19a
to 19n refer to cycles 37 to 54 respectively,
but note that no altimeter data were available
for cycles 39, 45, 50 and 51.

73

















































































R 9} AN y

IR ooy

;- Y S | “

0

o
T .

l
(o]

w ?
(S bap) apnyioT

. OV__T-
- LI/
b ““.....“...“.“..\\\
RN R o
] O
s
(AR

o
S "00‘.%-

S AT
g ®_O\AO uﬁmOOO 1S9 40} AHODU} U_GDOLO. .

| L
o0 .
T

|
d.
)







.. | o |
Y S AR VA

(3 bep) epnyibuo
gl _ N__ | 9 ,

0

| ‘ $ %
(S bep) epmpp7.

&
7

I
08
1

00N

—
d-.
)

- 107~

0z 9L 2l 8 ¥ 0
¥S 9[0AD }SDOD }sep JoJ ODJ| punois






Table 7. Locations ‘of poséible Agulhas rings
identified from the GEOSAT altimeter data
for cycle 40 ) :

Ring | Position ‘ Approximate Maximum
number of centre i maximum elevation
diameter (cm)
(km) relative to
of 20 cm contour zZero
A40.1 37°s, 15.5°E 270 . 60
A40.2 38.5°s, 14°E 170 60
A40.3 . 37.5°s, 11.5°E 250 50
A40.4 33%s, 12.5°E 140 ' 30
A40.5 31°s,7.5°E 310 30

Table 8. Locations of possible Agulhas rings identified
from the GEOSAT altimeter data for cycle 53

Ring Position | Approximate Maximum
number of centre diameter elevation
(km) (cm)
A53.1 © -37°S, 16.5°E 110 40
A53.2 36°s, 15.5°E 140 40
A53.3 32°s, 9°E 170 50
A53.4 33°S, 10.5%E 240 30
A53.5 35°s, 9°E 270 30
A53.6  37.5°S, 11.5°E 5400 40
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4.2.2 Contours of the "snapshot" SST

Residual sea surface heights at 7 day intervals were interpolated
following the procedures described in Chapter 3. These values
were gridded and contoured as previously described. Snapshots for
the period 14 February 1989 to 14 April 1989 are shown in Figures

20(a) to 20(i).

Since it is possible for the festures being investigated to move
a half diameter'within 17 days, it was anticipated that the
reduced time distortion prqvided by the snapshots woﬁld help in
the identification and tracking of festures (Van Ballegooyen et

al. in prep.).

Positive topographic features are identifiable as possible
Agdlhas rings, but the identification of the same feature in
subsequent snapshots is difficultf A subjective interpretation
of the snapshots identified a persistent topographic elevation
in the region of the Agulhas retroflection south west of Cape
Town at about 35°S, 13°E. This feature is spatially consistent
over several weeks until a feature of markedly greater elevation
than the background seems to bud off early in March (see Fig.21)
and propagate northwestwards. Its path roughly follows the
nominal ground track of ascending pass A158 through to a position
centered approximately at 33°S, 10.5°E by the time of the final

snapshot of 14 April 1989. ¢
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Although latervaltiﬁeter data were nof available.for‘synoptic
comparison with the hydrogréphic data, some corroboration wa’s
evident. The location of the ring centre on 6 April ( see Fig.
21 - from hydrographic aata in Duncombe Rae et al. 1992) agrees
well with the altimeter-defined feature fof 14 April (Fig. Zﬁ).
Siméle measuremehts taken from the plots show the ring to have
travelled about 400 km in a northwestward direction between 14
February and 14 April. This equates to an approximate translation

1

rate of about 7 cm+s™’ which is within the range given in the

literature (e.g. Olson and Evans 1986, Gordon and Haxby 1990).

Interprétation of the SST contours for the snapshots 1is
»difficult, partly due to the spatial smearing which results
(Duncombe Rae et al. 1992b). It should be simpler to identify

features and follow their progress along individual passes.
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Figure 20. Maps showing the residual sea surface heights
interpolated at 7 day intervals to (give
"snapshots'" of the sea surface topography.
Snapshots covering the period 14 February 1989
to 14 April 1989 are shown in Figqures 20a to
20i respectively..
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Fig. 20c
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Fig. 20f
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Fig. 20i
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Figure 21. Composite of snapshot sea elevations from

mid-February to mid-April. Contours less
than 20 cm and elevations away from the
features of interest have been omitted.

The ascending satellite ground tracks over
the area (A115, A158, A201) are marked.

The approximate positions of the ring
centre on 6 April and 20 May 1989
determined by hydrography and on 15 June
1989 by NOAA infrared imagery are

indicated by crosses (from Duncombe Rae et
al. 1992b).
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4.2.3 The along-track profiles of SST

The along-track sea height profiles were plotted for the
ascending pass A158 along which the Vema ring appeared to
have travelled after early March 1989. Figure 22 shows the
profiles between 40°S and 24°S for cycles 52, 53 and 54,
representing the period 24 March to 27 April 1989. No data

were available for cycles 50 and 51 or later than cycle 54.

A region of topographic elevation greater than 30 cm
(relative to the zero background) exists between 36°S and
38°S which may signify a westward intrusion of the Agulhas
retroflection loop to about 14°E into the south east
Atlantic (altimetry will only show the variable component
relative to the mean over the one year of data analysed
here). Its diameter of about 250 km is somewhat less than
the ''reasonably constant" retroflection loop diameter of
342 + 66 km given by Lutjeharms and van Ballegooyen (1988).
This may be as a result of the pass crossing the westward
edge of the loop and not its complete diameter. However,
since the SST and diameters of the retroflection and rings
are comparable, it is difficult to distinguish between them
from a single pass. Inspection of neighbouring passes did

not afford a clear decision.

The feature assumed to be an anticyclonic Agulhas ring is
evident centered at about 33°S. Assuming the background

topography to be represented by the zero line, the ring
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shows topographic elevations of some 30 cm and a N-S
diameter of 200 to 300 km which is in general agreement
with the hydrographic observations and accepted ring
dimensions (180 km with respect to the 10° C isotherm -
Duncombe Rae 1991, Duncombe Rae et al. 1992b). The dashed
line in Figure 22 indicates the ring's equatorward movement
along track A158. Its displacement of some 200 km over the

34 days from cycle 52 to cycle 54 suggests a translation

1 1

rate of 5.9 km+:day ' or 6.8 cm*s” which again compares
favourably with the 6.4 cmes”! derived from the XBT sections
(Duncombe Rae et al. op. cit.) and falls within the range

reported (Duncombe Rae op. cit.).

Pass A158 lies approximately along the same ground track as
the line BB’ sampled hydrographically by the RS Benguela
(see Fig. 16). The along-track profiles were graphically
subsampled at approximately 30 nautical mile intervals in
order to calculate sea surface slopes from which
geostrophic velocities could be computed for comparison
with those which were calculated from the CTD stations.
Table 9 gives the topographic values extracted from the
profiles at 0.5° latitude intervals (approximately 65 km due
to the 108° tilt of the orbit) along track. Using equation
12 we can compute the cross-track components of the surface
geostrophic velocities within the ring and these are also

given in Table 9.
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Figure 22. Along-track elevations from three

successive cycles (52, 53, 54) along pass
A158 in March and April 1988%. The progress
of the elevation corresponding to the ring
is indicated by the dashed 1line (from
Duncombe Rae et al. 1992b)
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Sea surface elevations, slopes and cross-

105

Table 9.
track surface geostrophic speeds
GEQOSAT altimeter data for eycles 52, 53
and 54
Position Height difference Slope Velocity
°s (cm) %1072  (cm-s™))
cycle 52
34
33.5 32 0.49 70
33 4 0.06 9
32.5 -17 -0.26 -38
32 -28 -0.43 -64
cycle 53
33.5
33 7 0.11 13
32.5 13 0.20 25
32 10 0.15 19
31.5 -20 -0.31 -39
31 -17 -0.26 -34
cycle 54
32.5
32 16 0.24 37
31.5 8 0.12 19
31 -8 -0.12 -19
30.5 -7 -0.11 -17
30 -9 -0.14 -22
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The anticyclonic sense of flow within the ring 1is

indicated. Cross-track velocities at the southern edge of

- the ring are approximately toward the NE (positive in Table

9), while those at the ncrthern edge are toward the SW

(negative in Table 9).

The maximum velocities are encountered toward the outer

1

edges of the ring and are highest at 70 cm-s” (southern

edge) and -64 cm+-s~!  (northern) for cycle 52 with

characteristic values of about 30 cm-s”'. These velocities
compare well with those computed from the hydrographic data
and from feature-tracking on satellite infrared imagery
(Duncombe Rae et al. 1992b). Figure 23 shows, for
comparison, the geostrophic velocities calculated from the

hydrographic data on line BB’ during May and those from the

altimeter data for cycle 53 (April).

These estimates were refined by the calculation of
geostrophic velocities from the "insfantaneous” surface
slopes for the individual along-track residual height pairs
(not shown). These velocities exhibited a great deal of
variability in the along-track direction as may be expected
from the relative noisiness of the signals shown in Figure
22, Calculating the slopes from the second order

differenced data according to:
slopej = (Yy(is1) ~ Yx(i-1))/{X(ie1) = X(i-1)) (13)

provided some smoothing of the velocity profile ({not
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shown), but still passed much of the noise.

The residual sea heights were then smoothed with a 70 km
running median filter (used by Didden and Schott 1992) in
order to remove the outlying values. The smoothed altimeter
sea surface topography profiles were then subsampled at 0.5°
latitude intervals for spatial resolution comparable to the
hydrographic station data. An example of these values for

cycle 53 is shown in Figure 24.

The general features observable are réimilar, but quite
large differences in velocities may result from the various
methods. It would appear that the profiles should first be
smoothed before subsampling at suitable intervals for the
computation of surface slopes and geostrophic velocities
(note that Didden and Schott (1992) used a 70 km running

median filter on the residual heights and then subsampled

every 20 km).
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Figure 23. Surface geostrophic velocities for the

Vema ring computed from hydrographic
referenced to 1150 db (line BB' : May
(from Duncombe Rae et al. 1992b)) and
GEOSAT altimeter data (pass A158
April 1989). Triangles indicate
positions of hydrographic stations
circles the positions where altimeter
were the altimeter height profiles
subsampled.
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Figure 24. Raw altimeter height profile along pass

A158 and the smoothed profile  after
filtering with a 70 km running median
filter. Cross-track surface geostrophic
speeds for data subsampled = at
approximately 30 nautical mile spacing are
shown for the raw and smoothed profiles
for comparison. ’
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CHAPTER 5
CONCLUSIONS

Previous authors have shown that GEOSAT altimeter data are
capable of resolving Agulhas rings and indicating their progress
through the southeast Atlantic (Fu and Zlotnicki 1989, Gordon and
Haxby 1990, Wakker et al. 1990b, Feron et al. 1992, Van
Ballegooyen ét al. in prep.). The analysis of the GEOSAT
altimeter data for July 1988 to May 1989 presented in fhis thesis
again confirms this facility, but also serves to indicate some

limitations on the method which are worth noting.

The contours of the sea surface topography for each 17 day repeat
cycle or weekly "snapshot'" indicate that a population .of
- anticyclonic (and cyclonic) ring=like features was present within
the southeast Atlantic near the Agulhas retroflection region. The
horizontal and vertical form of these features was consistent
with that reported by other authors for Agulhas rings in the
region. The positive identification of any particular feature in
subsequent repeat cycles was, however, difficult. Van Ballegooyen
et al. (in prep.) report that rings may interact and move
somewhat erratically while close to their separation from the
retroflection which itself behaves erratically (Lutjeharms and
Van Ballegooyen 1988). This may mean that the geoid approximation
synthesised over only one year of altimeter data for this
analysis failed to adequately smooth the prevalent mesoscale

features and so failed to unambiguously indicate rings. 1In
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In support of this conclusion, Feron et al. (1992) stated that
although the altimetric 'detection of Agulhas rings in the
relatively quiet South Atlantic gyre 1is rather straightforward,
" the shedding process itself is rather difficult to extract from
the altimeter measurements'" and that a ”straightforwérd
interprgtation of the sea level maps in the retroflection area
" is extremely difficult". These authors concluded this was a
result of the meandering of the Agulhas Current in the
retroflection region which introduced artificial ring-like
features into the sea surface height departures from the mean sea

surface.

Another problem possiblf responsible for the difficulty
experienced in tracking rings was that of the decline in quality
and gquantity of the altimeter measurements as GEOSAT reached the
- «end -of its life, resulting in frequent-data dropouts on two or
more passesvin the area of interest. This obviously impacted on
what could be reVealed by the sea surface topography maps and may

also have affected the synthesised mean sea surface.

Knowing, from hydrographic measurements, the location of the Vema
ring in April and May of 1989, it was possible to backtrack the
path of a topographic elevation which was assumed to be the same
ring. Confirmation of the chagaéteristics of this feature were
made from the along-track sea surface topography profile from
ascending pass A158, along whose,ground track the ring seemed to
propagate between February and April 1989. The altimeter data

showed that the ring progressed toward the NW at an average rate
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of 6.8 cm-s”! which agrees well with the hydrographically derived
rate of 6.4 cm+s”' for this partioular ring (Duncombe Rae et al.
1992b) and datatfound for other rings (Olson and Evans 1986,
Gordon and Haxby 1990, Van Ballegooyen et al. in prep.).

Sea surface slopes computed from the along-track sea surface
topographic profiles provided cross—track surface geostrophic
velocities of up to 25 cm-s~! toward the NE at the southern rim

! toward the SW at the northern rim of the

and up to 39 cm-'s’
ring. Comparison of the altimeterederived velocities and velocity
structure of the ring with those from the hydrography for the
Vvema ring shows good agreement in both direction and speed,
although the altimeter-detected ring was located farther south.
This served to confirm the altimeter-detected feature as being
an Agulhas ring. A high degree_of small spatial scale variability
" (between Consecutive 1-second along-track values which represent
a spacing of about 7 km) in the seavsurface slopes was present
and taken to be spurious. The 1—second‘measurements were then
smoothed by the application of a 70 km running median filter as
reported by Didden and Schott (1992). The resulting smoothed sea
surface height residuals were again subsampled at approximately
30 nautical mile (55 km) intervals in order to provide the same
horizontal spatial resolution as achieved by the hydrographic
station spacing. Surface geostrophic velocities computed from
these smoothed values still provided results consistent with the
hydrographic description of the Vema ring. Since no altimeter
data were available for direct synoptic comparison with the

hydrography it was not possible to use the altimeter data to
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investigate aspects of the decay of the ring over time.

It has beeﬁ shown that the GEOSAT altimeter data provided a
valuable tool for the study of the mesoscale variability of the
southeastern Atléntic Ocean region, it is anficipated that the
improved measurement accuracy of the TOPEX/POSEIDON altimeter
will allow the full development of the altimetric methods for the
further investigation and monitoring of Aguihas ring shedding and
propagation features. The TOPEX/POSEIDON satellite has an exact
repeat ’orbit perioa of 10 days which provides an improved
temporal resolution over the 17 days of GEOSAT. It 1is
unfortunate, however, that the more frequent repeat cycle has the
inverse effect on the spatial resolution. The ground track
separation of TOPEX/POSEIDON is some 300 km at mid-latitudes
which will make it difficult to spatially resolve Agulhas rings.
The usefulness ofvvthe sea surface vtopography‘ maps from
TOPEX/POSEIDON will therefore be limited in terms of the
detection of Agulhas rings unless a ring happens to  propagate

along the path of a ground track of the altimeter.
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An Agulhas ring in the South Atlantic Ocean and its interaction
with the Benguela upwelling frontal system
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Abstract—An Agulhas ring was detected using XBT probes on a cruise between Cape Town and
Vema Seamount in the south-east Atlantic Oceanin April 1989. CTD and nutrient data, collected
on a second cruise in May 1989, GEOSAT altimeter data for February-April 1989 and cloud-free
NOAA-11 satellite imagery from June 1989 were used to characterize the ring. The ring was
elliptical (330 km E~W and 165 km N-§, relative to the 16°C isotherm at 200 m depth), evident to at
least 1200 m, and centred on 30.5°S, 9.2°E in May, about 700 km west of the Orange River. Its drift
velocity was 6.4 £ 1 cms™! to the NW. Maximum anticyclonic geostrophic surface currents near its
edge were S5 cm 5”7 relative to 1150 db. The available potential energy was estimated to be
38.8 x 10" I and the kinetic energy 2.3 X 10" J using a two layer model of the ring. A cool filament
extending 450 km offshore from the Benguela upwelling front was identified in the hydrography
and the NOAA-11 imagery. Entrainment velocities (maximum of 75 cm s71) of mature upweiled
water from the Benguela frontal region were inferred from feature tracking.

INTRODUCTION

RESEARCH into the behaviour of the Agulhas Current at its retroflection point south of
Africa (e.g. BANG, 1970; Harris and Van ForeesT, 1978; BENNETT, 1988) has highlighted
the need to understand the volume flux and characteristics of the flow of Indian Ocean
water into the South Atlantic Ocean. Gorpon (1985, 1986) has demonstrated that warm,
salty thermocline water must round the Cape of Good Hope in order to balance the
production of cold, salty North Atlantic Deep Water which then spreads into the world’s
deep ocean basins. The manner in which this transport takes place is of great interest and it
has been assumed by many workers that the shedding of rings at the Agulhas retroflection
will assist the transport of the warm thermocline water around Africa. Ocean modelling
(e.g. BouDra and CHASSIGNET, 1988; CHASSIGNET and BoUDRA, 1988) has increased our
understanding of the mechanism of ring formation at the retroflection.

There have been few observations of the formation of warm Agulhas rings at or near the
retroflection region (e.g. LUTIEHARMS and GORDON, 1987), and the best evidence to date of
the possible large number of anticyclonic rings that can be present in the South Atlantic
Ocean at any one time is to be found from the GEOSAT satellite altimetry data for
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Fig. 1. Cruise track of F.R.S. Africana (line A...A) April 1989 and R.S. Benguela (dashed

A..V..B)May 1989 in the South Atlantic. V indicates Vema Seamount. Bottom contours (doited
lines) in metres, surface temperatures from NOAA-11 imagery for 15 June 1989.

November 1986-November 1987 (GorpboN and Haxsy, 1990). Their study suggests a
production rate of about five rings per year, accumulating a mean volume flux of 15 x 10°
m? s~ ! of Indian Ocean water into the Atlantic Ocean.

Ship-borne observations based on CTD, drifter and satellite data of Agulhas rings near
the Agulhas retroflection and in the South Atlantic Ocean have been discussed by OLson
and Evans (1986), GorpoN et al. (1987a), Lutienarms and Gorpon (1987), LUTIEHARMS
(1987), LutseHARMS and VAN BALLEGOOYEN (1988), Gorpon and Haxsy (1990), and
McCARTNEY and WooDGATE-JoNES (1991). SHaANNON et al. (1990) discussed a major
intrusion of Agulhas water into the South Atlantic during 1986 and 1987, and suggested
that their NOAA satellite data confirmed the initiation of an Agulhas ring observed later
by GorpoN and Haxsy (1990). DUNcOMBE RAE et al. (1989) presented two expendable
bathythermograph (XBT) derived temperature sections of an Agulhas ring in the South
Atlantic Ocean and discussed the resulting northward heat transport. It is the intention of
this paper to explore the hydrography, dynamics and nutrient data of this latter Agulhas
ring and to show that it is possible for Agulhas rings to interact significantly with the
Benguela frontal system.

DATA AND METHODS
(a) Hydrographic measurements

During voyage 071 of F.R.S. Africana (SHANNON et al., 1989), vertical temperature
sections were obtained from XBTs launched at approximately 40 km intervals between
Cape Town (34°S, 18°E) and Vema Seamount (31°40’S, 8°20’E) in April 1989 (Fig. 1:
A...A), and on this leg an Agulhas ring was discovered. A specially designed follow-up
cruise on the R.S. Benguela was undertaken in May 1989 to make a more detailed CTD

and nutrient survey of this feature. (Fig. 1: A..V..B). The ring was found on the first E-W
~ exploratory XBT transect. Two detailed CTD sections were then made at 30 nautical mile
(55.5 km) intervals SE-NW and NE-SW through the ring. A Mark III Neil Brown CTD
was deployed at a descent rate of 1 ms™ !, with a data value stored once per metre, down to
anominal depth of 1200 m. Nutrient samples were taken at depths of 0, 50, 100, 200, 250,
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300, 500, 750, 1000 and 1200 m on the up-cast. The nutrient samples were frozen and later
analysed ashore (MosTeRT, 1983) for nitrate, silicate and phosphate.

(b) NOAA imagery

NOAA-11 AVHRR infrared i imagery was available for the period January~July 1989.
Cloud-free images showing the ring were available for 24 and 30 April as well as 15 and 16
June 1989. The pair of images, approximately 24 h apart, for 15 and 16 June was
transformed to Mercator projection using an -ARIES II image processing system and
software developed for this purpose by the Sea Fisheries Research Institute (SFRI). The
surface circulation pattern was then constructed by manual tracking of small-scale thermal
features (AGENBAG and SHANNON, 1988).

(c) GEOSAT altimetry

GEOSAT altimeter data were available from November 1986 to April 1989, but it was
decided that the data of cycles 37-54 would provide a suitable representation of the geoid
for the period prior to the cruises, from 29.December 1988 to 27 April 1989. Complete data
were not available for cycles 39, 45, 50 or 51.

The data were processed using software developed by the CSIR at Stellenbosch (LEWIS
1990a, b; LEwis and St. ANGE, 1990). The 1 s along-track averages of sea surface height
from the geophysical data records (GDR) received from the National Oceanic and
Atmospheric Administration (NOAA, U.S.A.) were corrected for tidal and atmospheric
effects using values supplied with the GDRs. Spurious data were edited following re]ectlon
criteria similar to those employed by WAKKER et al. (1990b).

A collinear analysing technique was employed in which the mean sea surface elevation
profile for a track or pass (repeated every 17 days) was computed. This mean profile
approximates to the marine geoid. The approximate geoid was subtracted from the
individual passes, leaving residual height profiles that contam details of the mesoscale
ocean circulation with which we are concerned. : : ~

Using all the passes within a complete 17 day cycle of the satellite to create a surface
profile of the sea surface elevation yiélds a temporally aliased picturé. To minimize this
temporal smearing, a reduced grid consisting of the passes in a-7 day period was used to
create “snapshot” pictures of the sea surface height. Whilst rendering a better témporal
representation these snapshots rely on a reduced data setso only a qualrtatrve indication of
the features present can be obtamed

RESULTS
(a) Hydrography
1. Horizontal sections. The temperature field at 200 m (Fig. 2) from the Benguela cruise
data in May 1989 indicates that at this time the ring was highly. elliptical, with the 16°C
isotherm giving a major axis diameter of 330 km and a minor axis diameter of 165 km (a
‘ratio of -about 2:1).: The geostrophic velocity of the surface with respect to a level-of-no-

motion of 1150 db (Fig. 3), calculated from the CTD station data, shows the highest speeds
between Stas 6 and 7 (to the SW at 55 cm s™') and Stas 3 and 4 (to the NE at
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Fig. 2. Temperatures at 200 m depth contoured from XBT and CTD data for the May 1989
Benguela cruise. Solid circles are XBT drops and triangles indicate CTD casts. The E-W XBT line

isfrom A to A’, the S-N CTD and XBT line is from B to B’, and the N-S CTD and XBT line is from
Cto C'.

46 cm s™1). The anticyclonic nature of the circulation was also confirmed by ship’s drift
obtained from SATNAYV fixes while on station (wind speeds were less than 5 m s™!
throughout the cruise).

2. Vertical profiles.

(1) F.R.S. Africana data—April 1989. It is clear from the vertical bathythermograph
section obtained in April 1989 between Cape Town (CT) and Vema Seamount (V) (Fig. 4)
that the ring had little surface expression. The upper 100 m layer was well-mixed with a
temperature of 21°C at the ring’s centre. A horizontal diameter of the ring at this stage can
be determined from the section to be 240 km, while the 6°C isotherm was depressed by 320
m at the centre of the ring. Referenced to a level surface at 500 m, the temperature
difference between water at the centre of the ring and at the edge was 5°C.

(ii) R.S. Benguela data—May 1989. Three vertical temperature sections were made
through the ring in May 1989. It is evident from the E-W XBT section (Fig. 5a) that the
western edge of the ring had not been reached, as the isotherms were still rising towards
the surface. To estimate the horizontal E-W dimension, we take twice the distance from
the eastern edge (where the isotherms level off) to the centre, yielding a distance of 530
km. We obtain an estimate of the N-S extent in the same way from combined CTD and
XBT sections (Fig. 5b and ¢) of 180 km. These sections revealed a surface mixed layer of
19°C down to a depth of 100 m across the centre of the ring.

The vertical salinity sections from the two CTD transects (Fig. 6) show an isohaline
upper mixed layer of 35.66 psu to a depth of 100 m. These sections indicate a difference of
0.6 psu between the ring core water and the surrounding water at 400 m depth.

The vertical nutrient distribution (Fig. 7) measured on the S-N CTD transect through
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Fig. 3. Surface geostrophic current speeds (cm 577) referenced 101150 db. The lengths of the -
vectors are proportional to the current speed. Even-numbered CTD stations are indicated.

the ring (line B..B’ on Fig. 2) shows that the concentrations of silicate, phosphate and
nitrate in the surface water surrounding the ring are typical of oligotrophic Atlantic Ocean
water. Water within the ring has even lower nutrient concentrations, typical of the
Agulhas Current (CHAPMAN et al., 1987), particularly in the upper 300 m. However, use of
these nutrient values to assist in differentiating Agulhas {Indian Ocean) water from
Atlantic water can be problematic (CHAPMAN ef al., 1987) due to mixing at the Agulhas
retroflection of Agulhas water with both Atlantic water and water south of the Subtropical
Front during the ring separation. The silicate distribution is similar to that reported»by
GorDON et al. (1987b) for the ring they examined.

‘The potential density sections (Fig. 8) computed via the equatlon of state (e. g GILL
1982) from the potential temperature and salinity for the two CTD transects of the ring
show most of the features discussed in the temperature and salinity sections. From the
potentlal density data the geopotential anomalies (GPA) were calculated relative to 1150
db, enabling the calculation of geostrophic velocities between CTD stations through the
water column relative to that depth (Fig. 9). For these stations, the volume. flux in
Sverdrup (1Sv = 105m3s ~1) was also calculated and is indicated below the reference level
in Fig. 9. :

If the depth of an isotherm can be statlstlcally correlated to the geopotentlal anomaly
relative to some depth, then there exists a large quantity of useful data in the XBT casts.
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. Fig. 4. Vertical temperature section derived from XBT measurements taken from F.R.S.
Africana in April 1989 on a cruise between Cape Town (CT) and Vema Seamount (V).

Following Orson ez al. (1985) and OLsoN and Evans (1986), we plotted the regression of
the depth of even-numbered isotherms (8, 10, 12, 14°C) with the geopotential anomaly
(GPA) relative to 1150 db, the deepest CTD data available for all stations. The depth of
the 10°C isotherm (ko) gave the best fit (r> = 0.982) so that the GPA (D;;50) can be
estimated from the relation

D1150 = 001513 th + 77585

Using Olson ez al.’s two-layer model with g = 0.01513 (standard error in g’ of +0.0005)
to obtain GPAs from the XBT traces, we could calculate the surface geostrophic velocities
from both the CTD and XBT data. In spite of the good correlation between the depth of
the isotherm and the GPA, the velocity distribution shows greater horizontal shear than
one would expect from the distribution obtained from the CTD traces alone. This reflects
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Fig. 5. Temperature sections from XBT and CTD measurements from R.S. Benguela in May
1989. (a) E-W XBT section A..A’, (b) S-N XBT and CTD section B..B’; (¢) N-§ XBT and CTD
section C..C’ (see Figs 1 and 2 for cruise track details).

the greater detail evident in the temperature, and hence density, structure revealed by the
XBT data.

Following OLsoN and Evans (1986) we plotted the depth of the 10°C isotherm (f,4) |
against the distance from the ring centre (d) and fitted a normal curve to the data (b, = Ao,
+ a, exp (a,d%); where h. is the depth of Ay, far from the ring) to model the ring.
Integrating over the model we obtained values of 38.8 x 10 J for the available potential
energy (APE) and 2.3 x 10"* J for the kinetic energy (KE) of the ring.  , .

In order to determine water mass characteristics of the ring water, temperature-salinity
(T-S) sections were compiled for all the stations. From these T—S diagrams it became clear
that there was something very unusual about the NW corner of the first CTD transect (line
B..B’, Stas 8 and 9). The salinity between depths of 50-150 m was much lower.(35.2 psu)
than that of the other edge stations. In other “edge” stations, this low salinity is normally
found at about 200 m, and-associated with a temperature of about 13.20°C. - .

Water with such characteristics (7' = 13.20°C; § = 35.2 psu) is commonly found in the
Benguela upwelling frontal region much closer inshore, and has recently been observed in
a decaying filament off Liideritz (SHILLINGTON ef al., 1990). The contrast between this low-
salinity near-surface layer and the water in the centre of the ring is shown inithe T-S
diagram in Fig. 10. This water is evident in Fig. 6a.as the low salinity (35.20 psu) 100 m
thick layer from 50 to 150 m depth at the NW edge of the ring. ..’ oo

. The only plausible explanation for this low salinity water being present in this region
near the surface is that it is mature upwelled frontal water from the Benguela upwelling

LR
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Fig. 6. Salinity sections for the two CTD transects across the ring: (a) S-N leg B'.. B (Stas 1-9),
(b) N-S leg C..C’ (Stas 10-17). The mid-water salinity minimum (Sy;,) indicating Antarctic
Intermediate Water (AAIW) is shown by the dotted line.

region (SHILLINGTON et al., 1990), as confirmed in the NOAA satellite imagery of the cool
filament surrounding the northern edge of the ring (Fig. 11).

(b) Remote sensing

1. NOAA imagery. The NOAA satellite image from 15 June 1989 shows the origin of the
anomalous edge water described above to be a filament captured from the Benguela
upwelling system (Fig. 11a). The ring was first observed in contact with the filament in
satellite infra-red images from 24 and 30 April. From feature-tracking between the two
images from 15 and 16 June 1989, velocity vectors were constructed on the perimeter of the
ring showing anticyclonic motion with speeds up to a maximum of 70 cm s7! to the
north-east of the ring (Fig. 11b). Elsewhere speeds were of the order of 50 cm s7h At
the base of the filament current speeds were of the order of 25 cm s, The filament was
50 km wide and 550 km long, extending from the edge of the Benguela upwelling front.
The water within the filament originated in the current associated with the upwelling front
(AGENBAG, submitted).

2. GEOSAT -altimetry. From the snapshot pictures obtained from the GEOSAT
altimeter data, a region of elevated sea surface can be identified in the region of the
Agulhas retroflection, to the south-west of Cape Town. This region remains relatively
static over several cycles, within a few hundred kilometres of the area marked
“14 February” in the composite (Fig. 12). On the snapshot representing 1 March, afeature
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Fig. 7. Vertical nutrient sections for S-N leg B..B’ (Stas 1-9). (a) Silicate, (b) phosphate, {c)
nitrate. Concentrations are in mmol 1%,

of markedly greater elevation than the surroundings appears to bud off from this elevated
region and moves north-westwards approximately along ascending ground track A158.
The positions of this feature on 14 March and 14 April in the weekly snapshots are
indicated.

No data were available after the end of April. This is unfortunate as the three sets of data
(altimeter, hydrographic and infra-red) do not overlap in time to any great extent.
However, some corroboration is obtained: the position of the ring centre on 6 April
(determined by hydrography from the Africana XBT data) is in the same region as the sea
surface elevation revealed by the altimeter data at about the same time (14 April). Using
earlier altimeter data, the structure can be tracked back to the region of the Agulhas
retroflection two months earlier (late January 1989).

The averaged altimeter data depict spatially smoothed sea surface elevations and are
thus quite difficult to interpret if the features are of the same order of magnitude as the grid
spacing of the satellite ground-track. It is easier to identify features and to follow their
progress along individual tracks as sampled by the GEOSAT altimeter.

Along ascending pass A158 the ring appeared to move NW and can be seen (Fig. 13) in
successive cycles 52, 53, and 54 (24 March-27 April). For this pass (A158), GEOSAT data
are bad or missing for cycles 50 and 51 (before 24 March) and for cycles after 27 April 1989.
The region of sea~surface elevation corresponding to the Apgulhas retroflection is evident
between 36°S and 38°S. The anticyclonic Agulhas ring is seen to move progressively
equatorwards, as indicated by the dashed line in Fig. 13, at a speed of 6.8 cm s™!. The sea
surface elevation relative to the general background sea level (assumed to be 0 cm on Fig.
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Fig. 8. Vertical potential density (g;) structure for the two CTD lines on the R.S. Benguela cruise:
(a) Leg B..B’ (Stas 1-9). (b) Leg C..C’ (Stas 10-17). Units are kg m 2.

13) was about 30 cm and the north-south diameter was between 200300 km. Sea surface
slopes were calculated from Fig. 13 to be 3.2 x 10~°. From the geostrophic balance (e.g.
GILL, 1982) this corresponds to speeds of 40 cm s~ 1.

DISCUSSION

The general direction of translation of the ring, the NOAA imagery before the
hydrographic cruises from January to May 1989 (DuncoMBE RAE ef al., 1989) and the
distribution of similar rings followed using satellite altimetry (Gorpon and Haxsy, 1990)
suggest that the ring originated at the Agulhas retroflection. This hypothesis has been
confirmed from GEOSAT altimetry during and prior to the period of the cruises.

At the retroflection, Agulhas water with a temperature above 16°C is isohaline and less
saline (35.6 psu) than the South Atlantic thermocline water. The ring centre exhibited two
isohaline layers: one of 35.66 psu with temperature greater than 19°C near the surface and
another of 35.61 psu with a temperature of 17.5°C at 150 m (Fig. 6a).- Water in the
surrounding South Atlantic had a salinity greater than 35.7 psu at temperatures greater
than 17°C. The more saline water of the ring centre near the surface could be due to

“evaporation increasing the salinity in the wind mixed layer.-

These features confirm the Agulhas origin of the ring. Further confirmation of the
Agulhas origin of the ring is given by the sections of silicate, phosphate and nitrate which
show the concentrations of these nutrients to be depressed relative to the surrounding
water (Fig. 7). '
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From the two measured XBT sections (one from the F.R.S. Africana and the other from
the R.S. Benguela) we inferred that the ring translated 230 km in 42 days. The
measurements give a velocity of 6.4 cm s ™! in a northwesterly direction. An error of 50 km
in the first ring location (e.g. due to the first transect not exactly bisecting the ring) would
imply an uncertainty in the speed estimate of about 1 cms™*. From the GEOSAT altimetry
data presented in Fig. 13, the ring is seen to move 200 km in 34 days, a speed of 5.9 km
day™ (6.8 cm s™') immediately prior to the Africana cruise, which is in good agreement
with the speed deduced from the hydrographic data.

CusHMaNn-RoIsIN ef al. (1990) show theoretically that rings of the dimension seen here
should have a westward translation of some 2 cm s™! due to the planetary beta effect.
(They use a one-moving-layer model for their main result, and in attempts to generalize to
a two-layer system, suggest that there will be an additional equatorward component.)
OLsoN and Evans (1986) obtained theoretical westward values of 1.6 and 2.1 cm s™! for
the rings they studied, while observed westward values were 7.5 and 3.8 cm s~!, Our
theoretical westward translation is consistent with these results (2.1 cm 5™, calculated
following Nor (1981) and FrierL (1984)). The observed westward component was 2.1 cm
s ! calculated between the ring positions in May and June. Although this is similar to the
theoretical value, extrapolating back to the retroflection region requires the use of a higher
value of the westward velocity. Note that OLson and Evans (1986) also observed drift
speeds higher than the theoretically determined values.

The speed obtained from observations for the ring reported here implies that the
background flow must be an important additional effect to drive the ring in a north-
westerly direction at a speed three times the theoretical rate. The only other known case of
an Agulhas ring drifting along a very similar path to the one taken by the ring discussed
here is described in detail by Gorpon and Haxpy (1990). They described a ring which
GEOSAT data showed was moving at 8.4 cm s~!. The continuation of the ring path
described by Gorpon and HaxBy (1990) has been evaluated from subsequent GEOSAT
data by WAKKER et al. (1990a). They found the ring had a mean speed of 4 cm s™! and
stalled somewhat as it passed over the Walvis Ridge. Most rings observed recently in the
South Atlantic (e.g. OLso~ and Evans, 1986; Gorpon and Haxsy, 1990; WAKKER e? al.,
1990a) have a more westerly direction. OLsoN and Evans (1986) found the speed of
translation from drifter data for the two rings they observed to be 4.8 and 8.5 cm s ™.

DuncoMBE RAE et al. (1989) calculated that the heat loss of the upper mixed layer to the
atmosphere between the XBT temperature sections from the two cruises was of the order
of 1.8 x 10" J. (The time between the sections was 42 days.) This is consistent with an
estimated heat loss of 80 W m 2, which is considered to be the climatic mean for this region
(HOFLICH, 1984). DuNcOoMBE RAE ef al. (1989) also estimated that the volume flux of the
ring per annum was about 1.2 x 10°m>s™! per ring per year, whilst the ring injected a heat
energy flux of 2 X 10 J s and excess salt amounting to 2 x 10" kg into the South
Atlantic.

In addition to the thermal energy input we have calculated the APE and KE associated
with this ring (38.8 and 2.3 x 10" J, respectively). These values are of the same order as
those obtained for similar rings by OrsoN and Evans (1986) and also an order of
magnitude greater than similar Gulf Stream rings. The kinetic energy of the ring under
consideration here is slightly lower, suggesting that some of this energy has already been
lost by friction to the South Atlantic, due to the longer time elapsed since shedding from
the Agulhas.
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Fig. 12.  Composite of snapshot sea elevations from mid-February to mid-April. Contours less

than 20 ¢cm and elevations away from the features of interest have been omitted. The relevant

ascending satellite ground track over the ring path (A158) is marked. Adjacent ground-tracks

(A115, A201) are shown to indicate ground-track spacing. The approximate positions of the ring

centre on 6 April and 20 May determined by hydrography and on 15 June by NOAA imagery are
indicated by crosses. A dot indicates Vema Seamount.

Of considerable interest to fisheries and biological applications is the apparent connec-
tion between the ring and the Benguela upwelling front. Coastal upwelling zones are well-
known features of eastern boundary currents (SHANNON, 1985). Large volumes of cool
deep water are transported away from the coast, often in the form of narrow filaments or
jets extending perpendicular to the coast (FLAMENT ef a/., 1985). In the Benguela region,
LuTiEHARMS et al. (1991) have identified several extremely long filaments extending
hundreds of kilometres from the coast, allowing interaction with passing rings.

We have two sources of information which reveal that the ring entrained mature
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Fig. 13. Along-track elevations from three successive cycles (52, 53, 54) along pass A158 in
March and April 1989. The progress of the sea surface elevation corresponding to the ring is
indicated by the dashed line.

upwelled water from the Benguela front. The first is the NOAA-11 satellite imagery both
before and after the CTD transects (24 and 30 April 1989, not shown, and 15 June 1989,
Fig. 11), and the second is the appearance of low salinity (35.2 psu) water at the NW corner
of the CTD transect (Stas 8 and 9). Referring first to the satellite imagery from 15 June
1989 (Fig. 11a), it can be seen that a cool filament of surface water with a temperature of
16.6-17°C had been entrained by the ring. Using feature-tracking (AGENBAG and SHAN-
NON, 1988), surface velocity vectors of the order of 50 cm s ~! were derived in the vicinity of
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the cool filament and the outer edge of the ring (Fig. 11b). The low salinity water (35.2 psu)
in Stas 8 and 9 between 50 and 150 m can be satisfactorily explained by noting that
SHanNoN (1985) found a salinity minimum of 35.2 psu for T-S curves in the region
20°-30°S, 7°-18°E in the upper surface layer near the coast.

SHILLINGTON et al. (1990) reported that the filament they investigated (26°S, 12.5°E) had
surface water with temperatures of 13° to 18°C and a salinity of 35.2 psu (between 0 and
130 m). The westward extremity of their filament extended to 27°S, 12°E, some 340 km
east of the centre of the ring being discussed here, or 160 km north of the base of the
filament entrained by the ring (Fig. 11a). Unfortunately we have no simultaneous T-S
measurements from the Benguela frontal region at the time of these cruises, but from the
evidence presented above, the source region of the low salinity water is assumed to be the
Benguela frontal region.

Assuming that the filament is continuous around the ring, its length is approximately
1000 km. If the entire volume of water (5 x 10'?> m®) within this annulus 50 km wide,
300 km diameter and 100 m deep, has its origin in the current associated with the Benguela
upwelling front, the possible effects on the Benguela ecosystem could be profound. The
shelf-edge frontal jet is responsible for the transport of eggs and larvae from the spawning
grounds of certain species to their nursery areas along the west coast of South Africa.
Removal of these larvae from the ecosystem by the ring may be detrimental to the
commercial fisheries of these species as suggested by DuNcoMBE RAE et al. (1992).

To judge the significance of this interaction with the Benguela ecosystem, we need to
know the frequency of the juxtaposition of rings with the Benguela upwelling front.
Although it is difficult to determine how often this interaction with passing rings occurs,
GorponN and Haxsy’s (1990) data from a ring in a similar location in 1987 (about 250 km
further west) show no obvious entrainment of Benguela upwelling frontal water by the
ring. On the other hand, LutJEHARMS et al. (1991) discuss other extended filaments from
the Benguela upwelling front and suggest that at least some of these extreme extensions
are caused by Agulhas rings.
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