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ABSTRACT

Solitary meanders of the Agulhas Current, so-called Natal pulses, may play an important role in the overall
dynamics of this current system. Several hypotheses concerning the triggering of these pulses are tested using
sea surface height and temperature data from satellites. The data show the formation of pulsesin the Natal Bight
area at irregular intervals ranging from 50 to 240 days. Moving downstream at speeds between 10 and 20 km
day—* they sometimes reach sizes of up to 300 km. They seem to play a role in the shedding of Agulhas rings
that penetrate the South Atlantic. The intermittent formation of these solitary meanders is argued to be most
probably related to barotropic instability of the strongly baroclinic Agulhas Current in the Natal Bight. The
vorticity structure of the observed basic flow is argued to be stable anywhere along its path. However, a proper
perturbation of the jet in the Natal Bight area will allow barotropic instability, because the bottom slope there
is considerably less steep than elsewhere along the South African east coast. Using satellite altimetry these
perturbations seem to be related to the intermittent presence of offshore anticyclonic anomalies, both upstream

and eastward of the Natal Bight.

1. Introduction

The Agulhas Current is a major western boundary
current along the east coast of South Africa. Its water
originates from recirculation in a southwest Indian
Ocean subgyre, from the Mozambique Channel, and
from east of Madagascar (e.g., Grundlingh 1980; Lu-
tieharms et al. 1981; Seatre and Jorge da Silva 1984,
Grundlingh 1992; Lutjeharms 1996). After the Agulhas
separates from the curved southern tip of the continent
it makes a large anticyclonic turn, approximately con-
serving its potential vorticity, and flows back east into
the southern Indian Ocean as the Agulhas Return Cur-
rent (Lutjeharms and van Ballegooyen 1988a; Ou and
de Ruijter 1986). In this retroflection area large anti-
cyclonic rings are formed, which travel into the South
Atlantic Ocean (Boudra and de Ruijter 1986; Olson and
Evans 1986; L utjeharms and Gordon 1987; Gordon and
Haxby 1990; Naeije et al. 1992; Feron et al. 1992).
These eddies are the largest in the ocean and probably
establish a key connection in the global thermohaline
circulation, with impact on regional and global climate
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(Veronis 1973; de Ruijter 1982; Gordon 1986; Gordon
et al. 1992).

Compared to other western boundary currents the
Agulhas Current adjacent to southern Africa’s east coast
exhibits aremarkable stability, with very little sideways
meandering along the greater part of itstrajectory. Grin-
dlingh (1983) has estimated that the current’s average
path is in fact invariant to =15 km. This current path
stability between Cape St. Lucia (Fig. 1) and the Agul-
has Bank south of Africaisinterrupted only at irregular
intervals by the passage of large solitary meanders,
which have been named ‘““Natal Pulses’ (Lutjeharms
and Roberts 1988). An example is given in Fig. 2, an
infrared satellite image.

The observed Natal pulses have some remarkable
characteristics. They seem to originate in the region of
the Natal Bight (Fig. 1), adistinct offset in the coastline
north of Durban. They move downstream at a rate of
about 20 km per day (e.g., Grundlingh 1979) and grow
steadily in size during this movement. Attemptsto iden-
tify such pulses in the current north of the Natal Bight
have been largely unsuccessful. Similar features may
possibly evolve from the Delagoa Bight, a comparable
coastal offset farther upstream, but have not been ob-
served to progress downstream (Grindlingh 1992).

The Natal pulse is more than a kinematic curiosity.
It has been suggested that it may play a central role in
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Fic. 1. Bottom topography off the Natal coast.

upstream retroflection of the Agulhas Current (Lutje-
harms and van Ballegooyen 1988b) and in the shedding
of eddies from the seaward side of this current (Lutje-
harms et al. 1992). Such upstream diversions of sub-
stantial quantities of water from the Agulhas Current
may, in turn, significantly influence the behavior of the
downstream Agulhas retrofl ection, where Agulhas rings
are shed to complete the interocean transfer of water
from the Indian to the South Atlantic Ocean. Further-
more, the irregular passage of Natal pulses and their
embedded cyclonic eddies may cause inshore counter-
currents (Lutjeharms and Connell 1989) that carry fish
larvae and other organisms upstream aong the coast.

The peculiar characteristics of the Natal pulse give
rise to a number of questions. What is so special about
the Natal Bight that pulses should originate mainly from
there? Why do they emerge at irregular intervals; that
is, what triggers their initiation? Why do they grow with
distance downstream, and are the cyclonic eddies as-
sociated with them their cause or effect?

Various mechanismsfor theinitiation of the meanders
have been proposed. It has been observed that the lo-
cation of the current in the Natal Bight area changes
suddenly in coincidence with rising atmospheric pres-
sure following a coastal low (Pearce 1977). However,
no significant relationship could be found between
winds and meanders of the Agulhas Current. L utjeharms
and Roberts (1988) have mentioned that the meanders
could be due to topographically induced, coastally
trapped lee eddies, which are driven energetically by
the Agulhas Current. Occasionally, these |ee eddies may
escape as a process of vortex shedding and travel down-
stream on the inshore side of the Agulhas Current. They
also coined the possibility that the adsorption of deep-
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sea eddies onto the seaward border of the Agulhas Cur-
rent may act as atriggering mechanism for the formation
of aNatal pulse. Grundlingh (1992) has mentioned that
sometimes large meanders are formed north of the Natal
Bight area as well, possibly due to inherent instability
of the flow or to the adsorption of acyclonic eddy from
farther east into the current. Lutjeharms (1989) hypoth-
esized that eddies that have been observed to be
spawned at the subtropical convergence to the south
(Lutjeharms and Valentine 1988), drift to the north, and
interact with the Agulhas Current along the Natal coast,
thus triggering a Natal pulse. This would agree with
observed seaward disturbances on the Agulhas Current
(Lutjeharms and Roberts 1988) and on the Gulf Stream
(e.g., Nof 1986).

In this paper the triggering of Natal pulses is inves-
tigated using satellite altimeter observations from the
Geosat, ERS1, and TOPEX/Poseidon missions, and
NOAA satellite infrared imagery. In the next section
the satellite observations are described and the identi-
fication of Natal pulses is explained. In the following
section several of the above described hypothetical
mechanisms for Natal-pulse formation are investigated.
We find that the most probable generation mechanism
is barotropic instability of the baroclinic Agulhas Cur-
rent. Such an instability may be expected over the rel-
atively flat bottom topography close to Durban, where
water columns can move relatively easy up or down
slope. Hydrographic cross-shore sections in the Natal
Bight carried out in the past are used to check the pro-
posed necessary conditions for instability. It is found
that these conditions may be met occasionally. The re-
sults are discussed and a concluding section closes the

paper.

2. Satellite observations

Three years of Geosat and two years of ERS-1 and
TOPEX/Poseidon altimeter data were processed to
search for the generation and the evolution of Natal
pulses. Only the first 18 months of Geosat data could
be used because of atimeter failure this close to the
coast. Also for ERS-1 some tracks were lost.

The pulses have such small dimension close to Dur-
ban (a diameter of about 30 km) that the sea surface
topography signals are smoothed away on gridded maps.
Therefore individual tracks have been used to estimate
the time of their creation. Interpretation of track signals
farther from the coast is so difficult that gridded maps
were used there.

Infrared imagery from the Pathfinder Project (Vaz-
quez et al. 1994) has been used to validate the altimeter
observations. Unfortunately, we could not use the in-
frared data to follow and study each individual Natal
pulse because of persistent cloud cover over the area;
only snapshots are avail able to complement the altimeter
results.
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Fic. 2. NOAA infrared image. Grayscale from white (cold) to black (warm), with white clouds over land. Two Natal
pulses are visible as cyclonic meanders in the relatively dark (warm) Agulhas Current between Durban and Port Elizabeth.

a. Altimeter data analysis

Geosat altimeter data of the period November 1986
to April 1988 have been used for the analysis. Obvious
errors were removed and corrections applied for the
solid earth and ocean tides, the dry and wet troposphere
(from the Fleet Numerical Oceanography Center), the
inverse barometer effect, and the sea state bias (2% of
the significant wave height). The mesoscal e ocean signal
was derived from the corrected altimeter heights using
collinear track analysis as described in Feron et al.
(1992). A sinusoidal radial orbit error removal was ap-
plied (see, e.g., Wakker et al. 1990). The resulting sea
surface heights show only the time-varying part of oce-
anic features, after the time mean has been subtracted.

Note that the time mean consists of the unknown time-
mean currents and the unknown geoid.

ERS1 and TOPEX/Poseidon data for the period of
April 1992 until December 1994 have been processed
as well. The mesoscale ocean signal was derived from
corrected altimeter heights using crossover minimali-
zation with a Fourier series model up to degree 2 (Wisse
et a. 1995).

To identify Natal pulses individual arcs were used
covering the East African coastal zone (see Figs. 3aand
3b). Being cyclonic events, Natal pulses show up as
depressionsin the time-variable surface topography. Ex-
amples for Geosat are given in Fig. 4. The anomaly in
track 275 could beidentified asthe Natal pulse observed
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FiG. 3a. Geosat ground tracks used in the collinear-track analysis:
D is Durban, EL is East London, and PE is Port Elizabeth.

by Grundlingh (1992) from a NOAA infrared image
(Fig. 2.

To identify their origin in the Natal Bight area, dis-
tance-weighted interpolation was used to produce 0.5°
by 0.5°, weekly interpolated maps for Geosat. The com-
bined ERS-1 and TOPEX/Poseidon dataset was inter-
polated to the same grid, every 10 days. The interpo-
|ation was a Guassian weighting in space and time, with
decorrelation lengths of 0.5°, 7 days for Geosat and 0.5°,
10 days for ERS-1 and TOPEX/Poseidon. It produced
visually the same results as collocation. (Figures 9a—d
show examples of sea surface topography anomaly maps
in the Natal Bight area. These are discussed in section
4.)

b. Identification of Natal pulses

From earlier analysis of infrared images and hydro-
graphic data (L utjeharms and Roberts 1988; Grundlingh
1992) a Natal pulse is characterized by the following
properties:

« it manifests itself as a cyclonic eddy in the current

* it spawns close to Durban

« it travels in the downstream direction with a velocity
of 10-20 km day*

« its diameter ranges from 30 to 200 km

« it follows the Agulhas Current along the east coast of
South Africa.

All tracks in the examined period were explored for
cyclonic features. Only those were selected with an am-
plitude of at least 10 cm and a width of at least 30 km
in order to prevent noise and other small-scale features
to blur the picture. In Figs. 5a and 5b the results are
depicted for Geosat and ERS-1/TOPEX/Poseidon, re-
spectively. Each track is represented by a single char-
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Fic. 3b. ERS'1 (solid) and TOPEX/Poseidon (dashed) ground
tracks used in the collinear-track analysis: D is Durban, EL is East
London, and PE is Port Elizabeth.

acter. A track with a cyclonic feature is depicted in the
figuresasan O. A track without such feature is depicted
with a small X. The observed cyclonic features have
diameters in the correct range (see Fig 4). Their height
amplitudes varied from 10 cm to over 1 m. This vari-
ation in magnitude can be related to growth of the puls-
es, to the satellite ground track crossing the edge of a
pulse or to pulses having different sizes. Also indicated
(by squares) in Fig. 5 are thermal infrared observations
of Natal pulses (clouds permitting). They give extra
support to the altimeter data analysis.

Dotted lines in Figs. 5a and 5b denote possible paths
of the features along the coast. In total 14 events are
visible that can be identified with Natal pulses. They
appear to travel downstream with velocities of 10-20
km day ~* agreeing with estimates obtained from satellite
infrared images (Lutjeharms and Roberts 1988). A
strong increase in the number of meanders is observed
near East London, around 600 km downstream from
Durban, and beyond. This is probably due to the wid-
ening of the continental shelf at that point, allowing a
more unstable current there. Figures 5a and 5b show
that occasionally more than one pulse is present in one
“event” denoted by the dotted lines. This phenomena
was confirmed by the infrared images.

Pulses, or pulse events, appear to be formed mostly
intermittently with a period between 50 and 150 days.
However, in the first nine months in 1993, no Natal
pulses could beidentified at all. Apparently, longer time-
scale variations exists in pulse formation.

3. Analysis of suggested triggering mechanisms

After having identified the Natal pulses from indi-
vidual tracks we have tried to identify their triggering



DecemMBER 1999

track 275 1 march 1987
50 . : .
height (cm)
0 4 |-
» _W_
-100 1
-150 . . .
0 100 200 300 400

Along-track distance (km)

track 274 21 march 1987
50 A 1 1
height (cm)
0 L
-50 1
-100 1
-150 . ; .
0 100 200 300 400
Along-track distance (km)
track 008 5 april 1987
50 1 1 L
height (cm)
[
-50 B L
-100 A F
-150 : . .
0 100 200 300 400

Along-track distance (km)

DE RUIJTER ET AL.

3047

track 011 11 march 1987

height (cm)
0

W N

-100 A +
-150 i i .
0 100 200 300 400
Along-track distance (km)
track 010 25 march 1987
50 1 L L
height (cm)

0 1
-50 1
-100 - F
-150 . . .

0 100 200 300 400
Along-track distance (km)
track 273 15 april 1987
50 1 1 1
height (cm)

0 L
-50 1 r
-100 1 r
-150 . ' .

o] 100 200 300 400

Along-track distance (km)

Fic. 4. Individual profiles from Geosat tracks with dates as indicated for the same Natal pulse travelling
along the coast. Note the increase in strength as the pulse travels south.

mechanism from interpolated spatial images of sea
height anomaly. Four possible processes have been ex-
amined.

a. Triggering by eddies pinched off from the
meandering Agulhas Return Current/Subtropical
Convergence

Such eddies were speculated to move in a north-
westward direction until hitting the Agulhas Current,
possibly inducing large meanders in it (Lutjeharms
1989). To investigate this, travel paths of anomalies
were examined from the sea-height anomaly fields. In
general, eddies pinched off from the strongly meander-

ing Agulhas Return Current appeared to travel westward
to feed back into this current (see also Feron et al. 1998
and Griundlingh 1995). Some eddies were lost in the
altimeter signal. No eddy, cyclonic or anticyclonic, was
observed to cross the area from the Agulhas Return
Current to the Agulhas when the latter still flows along
the coast of South Africa. So, this suggestion is not
supported by the altimeter data.

b. Generation by lee eddies escaping from the Natal
Bight

While the Agulhas flows along the Natal Bight, a
relatively shallow cyclonic lee eddy is formed in the
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Fic. 5a. ldentification of Natal pulses with Geosat. Open circles
denote cyclonic anomalies, crosses no significant feature, and the
absence of a character bad tracks. Gray squares denote infrared ob-
servations of a Natal pulse. The dashed lines show the possible prop-
agation of a Natal pulse (or of a pair of pulses).

bight (e.g., Pearce 1977; Lutjeharms and Roberts 1988;
see also Gill and Schumann 1979). Every now and then
this eddy might become so strong that it is shed from
the bight, producing a solitary meander in the Agulhas,
which is then transported south along the coast. For this
process to be true relatively strong cyclonic eddies
should be observed in the Natal Bight, followed by an
anticyclonic signal at escape. However, the Geosat track
that crosses this area showed a strong cyclonic feature
only once, in the first repeat orbit. This track seems to
bereliable in the Natal Bight region in 75% of the cases
for longer periods of time, so a strong signal had to be
visible, if present. Another Geosat track does show cy-
clonic features north of Durban, but only in two cases
did it precede a Natal pulse, while in five cases it did
not. This means that the lee eddy escaping from the
bight gives no significant surface signal. But then it is
unlikely to perturb the Agulhas Current significantly.
Either way, there is no clear evidence for this mecha-
nism from the altimeter data analysis.
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Fic. 5b. Identification of Natal pulses with ERS-1 and TOPEX/
Poseidon. Open circels denote cyclonic anomalies of ERS-1, black
circles denote cyclonic anomalies of TOPEX/Poseidon, crosses no
significant feature, and the absence of a character bad tracks. Gray
boxes denote infrared observations of a Natal pulse. The dashed lines
show the possible path of a Natal pulse (or of a pair of pulses).

¢. Adsorption of deep-sea cyclonic eddies

These eddies seem to originate from east of Mada-
gascar (Lutjeharms 1989; Grundlingh et al. 1991; Lu-
tjeharms and Roberts 1988; Grundlingh 1992). Close
examination of the gridded fields did not show the ad-
sorbtion of cyclonic features into the Agulhas. Also
Grundlingh (1995) found no evidence for adsoption in
his analysis of the first year of TOPEX/Poseidon data
(see his Fig. 11). All features seemed to stay at least
about 100 km from the coast, sometimes moving along
at the seaward edge of the Agulhas (Grundlingh 1995).
On a few occasions in the full dataset part of a large
cyclonic system upstream of Cape St. Lucia seemed to
be adsorbed by the current. However, such an interaction
leads to the generation of a Natal pulse only if accom-
panied by an anticyclonic feature east of Durban (see
section 4 and also Fig. 10 for examples). Clearly, the
Agulhas itself in that area is highly variable and not
well defined, so perhaps these features form part of the
varying upstream branches feeding into the Agulhas,
which are dtill largely unknown (Lutjeharms 1996; de
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Fic. 6a. Averaged velocity section near Durban, after Toole and
Raymer (1985). Contour interval 10 cm s*.

Ruijter et al. 1999). It is not an adsorption in a well-
defined current. The necessary presence of anticyclonic
features for Natal pulse generation is analyzed further
in section 4.

d. Instability of the Agulhas

To investigate the possibility that Natal pulses are
formed due to an instability of the Agulhas Current,
conditions for linear stability of the current have been
determined. Such an analysis is complicated by the
marked horizontal and vertical structure of the current
and the large bottom slope (see Fig. 6). To first order
the momentum balance is semigeostrophic in this area
(e.g., Ou and de Ruijter 1986), with geostrophy only in
the alongshore component. Consequently, earlier studies
based on the quasigeostrophic approximation (e.g.,
Charney and Stern 1962, Pedlosky 1964, 1970, 1987;
Blumen 1968; Hart 1974; de Szoeke 1975; Killworth
1980; Steinsaltz 1987; Samelson and Pedlosky 1990)
cannot be applied directly.

It can be shown that the time evolution of the sum
E of the kinetic and potential energy of a perturbation
on a semigeostrophic jet is given by

oE gf
— = u + =T
p fJ u,uv dy dz JJ poNzqup dy dz

= TKE + TAPE. 1)

TKE and TAPE denote the transfer of energy from the
mean flow to the perturbations, feeding on the kinetic
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or available potential energy of the mean flow, respec-
tively. Here the x coordinate is chosen along the current
axis southwestward and the y coordinate positive sea-
ward across the current; T(y, 2) is the mean current of
which the stability is investigated, u and v are the per-
turbation velocities, f isthe planetary vorticity, p isthe
perturbation density, p, is the mean density, and N is
the buoyancy frequency, defined by N2 = g(logp),.

An order of magnitude estimate for the energy trans-
fer terms can be obtained from observations of the basic
current structure. Toole and Raymer (1985) have con-
structed an averaged section of southward alongshelf
velocity in the Agulhas Current off Durban (Fig. 6a)
from repeated hydrographic measurements taken mainly
during the late 1960s and early 1970s (e.g., Pearce
1977). For the inshore edge of the Agulhas Currrent the
cross-shore scale is about 10 km, while U varies nearly
linearly with depth, with a proportionality constant of
about —1.2 X 10-2 s7* (Fig. 6a); f2/N? is estimated
from Houry et al. (1987) as 5.3 X 10~° (aconservative
estimate). If we take the horizontal and vertical scale
of the perturbation equal to that of the mean velocity
and use geostrophy, we find TKE/TAPE = (N2/f2) I2/
I2 =~ 140, indicating that instabilities, if arising, can be
expected to be mainly barotropic.

Thisis different for other western boundary currents.
For instance, the Gulf Stream becomes mixed or bar-
oclinically unstable. In Fig. 6b a geostrophic velocity
profile is given as representative for the Gulf Streamin
the South Atlantic Bight (from Miller and Lee 1995).
A characteristic horizontal length scale is 20 km, a ver-

(b) © =)
Depth 50
(m)
200 700
400+ 50
600
1
8001 0
T [ [ T | T 1
0 20 40 60 80 100 110 120

Distance offshore (km)

GULF STREAM

Fic. 6b. Averaged velocity section for the South Atlantic Bight af-
ter Miller and Lee (1995). Contour interval, 10 cm s,
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Fic. 7. Stability diagram of normalized bottom slope versus nor-
malized jet steepness. The two lines mark the unstable regime. The
mean flow at Durban (Ds) is stable, but a slight increase in sharpness
results in an unstable current (Du). The current is stable at Port
Edwards (PE).

tical shear of U, about 4.0 X 10-1s1; f2/N2isestimated
from Levitus (1982) as about 1.4 X 10-4. With the same
assumptions on the perturbations as above we now ar-
rive at TKE/TAPE = 4.5. So, the Gulf Stream is likely
to be more sensitive to mixed instabilities. The reason
for this striking difference is that the Gulf Stream is
broader, more stratified, and more confined to the upper
layers than the Agulhas.

Next step is to check whether a necessary condition
for barotropic instability, which is a vorticity constraint
related to cross-stream (and cross topographic) mean-
dering, can be fulfilled in the Natal Bight area. A nec-
essary condition for instability of a baroclinic current
in a continuously stratified fluid over a sloping bottom
is derived in the appendix. The derivation is slightly
complicated because the relative vorticity of the basic
current is comparable in magnitude to the planetary vor-
ticity. For the Agulhas Current it boils down to the
condition that, at least at a certain depth z, and cross-
current position y,,, the lateral potential vorticity gra-
dient changes sign:

f—u,
h =0 for Y= Yer Z= 7. (2)
y

This condition has the same form as the necessary con-
dition for barotropic instability in a barotropic fluid

Velocity 5 -
(m/s)

0 T T T T
0 20 40 60 80

(km)

100

Distance offshore

FiG. 8. Averaged velocity profile near Durban over the upper 100
m, after Pearce (1977).
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FiG. 9. Averaged velocity section near Port Edward, after Pearce
(1977). Contour interval: 10 cm s

(e.g., Pedlosky 1987; Le Blond and Mysak 1978) except
that now the condition has to be met by the baroclinic
current somewhere in the jet.

To apply the above to the Agulhas Current we restrict
ourselves to the region with the largest horizontal gra-
dients, betweeny = 20 km and y = 35 km. The velocity
profile and the bottom profile can be approximated by
Uy, 2 = a(2y? (a > 0,0 <y <y,) and h(y) = h,e”
(hy > 0, v > 0), in which we choosey = 0 at 20 km
from the coast and y, = 15 km. Note that « is maximal
in the upper 100 m (see Fig. 6a). Substitution in (2)
gives as a necessary condition for instability: y., = 1/y
+ fla(z). The condition 0 = y,, finally leads to

2% 2y )
It

For fixed maximum horizontal shear gradient [U,, =
2a(2)] condition (3) iseasier satisfied if the bottom slope
is gentler (i.e., if vy, becomes smaller). For a given
slope (y fixed) a sharper jet [i.e., larger «(2)] favorsthe
condition. The condition y,, <y, is of no physical im-
portance but only indicates to what distance the ap-
proximations for U and h are valid.

We estimate (see Fig. 6a) «(0) = 4.0 X 10°m-ts?
and y = 1.2 X 10-* m~*. In Fig. 7 this point is depicted
in the stability diagram with character **Ds,”” of Durban.
It lies just within the stable regime but is close to in-
stability. In fact, an increase in jet sharpness with only
afactor 1.2 is enough to push the point in the unstable
area, denoted by “Du’ in Fig. 7. Individual observed
profiles indicate that this criterion is met occasionally
(Fig. 8).

When applying the above farther downstream, the
continental slope is so steep that barotropic instabilities
cannot betriggered. For instance, near Port Edward (Fig.
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9) the inshore edge of the jet may be characterized by
a = 1.0 X 108 and the very steep topography by v =
5.0 X 10-* m=*. A value for y, of 5 km, denoted by
“PE” in Fig. 7, shows that at this location the current
is far from barotropic instability.

Our conclusionisthat the* average’” AgulhasCurrent
is stable along the continental slope. Occasionally, how-
ever, the actual current is stronger and its profile sharper
in the Natal Bight area so that the necessary condition
for barotropic instability is satisfied. This probably re-
sultsin agrowing meander, which may evolveto aNatal
pulse.

4. Discussion

Analysis of satellite atimeter and infrared data sup-
port the hypothesis that Natal pulses start as topograph-
ically induced instabilities, triggered by an increase in
strength and sharpness of the Agulhas Current close to
Durban, where the topographic sloperelaxesin the Natal
Bight. If that conclusion is correct, then the question
arises what the causes for such increases in the jet might
be, particularly since the occurrence of Natal pulsesis
highly irregular. To this end we examined gridded sea-
surface height anomaly fields of the area offshore of the
Natal Bight.

A Natal pulseisexpected when the Agulhasincreases
its horizontal shear upstream of Durban. This can be
achieved by alarge antiyclonic anomaly seaward of the
upstream Agulhas (Fig. 10). Tables 1 and 2 show that
the aforementioned situation indeed precedes a Natal
pulse. The first column gives the date at which an an-
ticyclonic anomaly moves within 200 km of the Natal
Bight. The second column indicates the structure and
position of the anomaly field at that instant, and the
third column shows the date at which a Natal pulse
emerges, as derived from the individual tracks in Fig.
5. The fact that the days of observation in the first and
the third column are not precisely the same might be
due to the uncertaintiesin the time estimates: the gridded
fields are interpolated weekly (Geosat) and every ten
days (ERS-1 and TOPEX/Poseidon), and the actual be-
ginning of the Natal pulse can only be obtained with
an uncertainty of 17 days (the repeat period of Geosat)
or 10-35 days for the other satellites. So a mismatch
of up to about 17, respectively 35, days can be accounted
for. The tables suggest a relation between the presence
of anticyclonic anomalies and the generation of Natal
pulses. Occasionally, acyclone may be present northeast
of Durban just before the appearance of a Natal pulse,
but certainly not in all cases.

The anticyclonic anomalies originate from farther east
and northeast. They seem to have their influence on the
Natal Bight area, after which they move either south
into the Agulhas Return Current region or they weaken
and finally disappear from the images. Sometimes an
anomaly moves eastward, away from the Natal Bight
area, to return later, at which anew Natal pulse appears.
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Unfortunately, the size and propagation of the anomalies
in this part of the ocean is so erratic that a more con-
clusive analysis like that leading to Fig. 5 could not be
performed in this case.

The picture that emerges is the following: Large cy-
clonic and anticyclonic anomalies from the east and
northeast perturb the outer edges of the Agulhas. An-
ticyclonic features favor an increase in current strength
upstream of Durban. This increase in strength might
trigger barotropic instability of the baroclinic current,
which is possible here due to the relatively small bottom
slope. The instability evolves into a Natal pulse. It is
important to note that Figs. 5a and 5b do not show the
generation of pulses farther south, where large offshore
anomalies sometimes influence the current aswell. This
was also found from infrared images (Lutjeharms and
Roberts 1988) and is most probably due to the slope
topography that is much steeper there. It seems clear
that the relatively small bottom slope close to Durban
is indeed a necessary condition for their formation. A
stability analysis of FRAM (Fine Resolution Antarctic
Model) has shown that instabilities in the model are
mainly baroclinic, but it is mainly barotropically unsta-
ble near Durban (Ivchenko et al. 1997). These findings
add support to our observations and hypothesis. Of
coursg, it is difficult to access the amplitude of the dis-
turbance by these anomalies, so it is difficult to predict
if alinear stability analysis will already show Agulhas
instability. Currently, we are performing a more com-
plete stability analysis using a numerical model.

5. Conclusions

The generation of Natal pulses, large solitary me-
anders in the Agulhas Current originating in the Natal
Bight area, has been shown to be most probably related
to barotropic instability of the baroclinic current in that
area. The steepness of the continental slopeismuch less
in this area than elsewhere along the southeast African
coast, thus favoring meander growth. Support for this
hypothesis has been obtained both from hydrographic
and satellite altimeter data.

We identified six Natal pulses from analysis of in-
dividual tracks of 18 months of Geosat altimeter data.
Two years of combined ERS-1 and TOPEX/Poseidon
data revealed eight Natal pulses. Most findings were
accompanied by one or more infrared identifications.
The pulses appeared at irregular intervals, sometimes
in pairs. Their average propagation speed is about 15
km day-*, in close agreement with earlier estimates
based on satellite infrared images of sea surface tem-
perature (Lutjeharms and Roberts 1988).

Analysis of gridded satellite altimeter data suggested
that the formation of a Natal pulse is accompanied by
anticyclonic features east of Durban. These eddies orig-
inate from farther east or from the Mozambique Chan-
nel. The anomalies seem to perturb and enhance the
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FiG. 10. Examples of gridded anomaly fields south and east of the African continent. Anticyclonic anomalies are white, cyclonic anomalies
are dark, contour interval is 10 cm, D is Durban. In al cases an anticyclonic anomaly lies east of Durban, with a weaker anomaly on its
inshore side. This indicates an increasing strength and sharpness of the Agulhas Current, probably triggering a Natal pulse.

basic current so that instabilities can grow and Natal
pulses are generated.

The stability analysis of the Agulhas Current is com-
plicated by its large relative vorticity, which is of the
order of the planetary vorticity. This means that per-
turbations are not in geostrophic balance. However, the
altimeter and hydrographic observations suggest that to
first order the alongstream velocity is geostrophic, while
the cross-stream velocity is not. Using this approach we
found that for an **average”” Agulhas Current the max-
imum speed and cross-shore profile of the current are
such that the necessary condition for barotropic insta-
bility is not met in the Natal Bight. At other locations
the bottom slope is so steep that the basic flow is very

stable. However, the necessary condition for instability
is close to being satisfied near Durban so that, if max-
imum speeds are larger or the jet a little sharper, the
threshold is exceeded and an instability can grow. Ob-
served Agulhas Current profiles off Durban (e.g., Pearce
1977) show that the variability at that location is large
enough to sometimes overcome the stabilizing effect of
the topographic slope. However, it isunclear at thisstage
whether disturbances in the current related to the anom-
alies offshore can be treated with alinear stability anal-
ySis.

A suggested relation between Natal pulses and the
shedding of Agulhas Rings in the retroflection region
has been investigated by van Leeuwen et al. (1999).
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TABLE 1. Relation between observed Natal pulses and large off-
shore anomalies in the Natal Bight area from Geosat gridded maps.
According to our conjecture, a pulse is possible when the position
of the offshore features is such that the Agulhas Current increases
in strength upstream of Durban.

Date of anomaly

arrival east of Nature of anomalies Date of Natal
Durban offshore of Durban pulse observation

1986:328 Anticyclone east of Durban 1986:330

1987:38 Anticyclone east, cyclone 1987:40
northeast of Durban

1987:108 Anticyclone east of Durban 1987:100

1987:197 Anticyclone east, cyclone 1987:195
northeast of Durban

1987:304 Anticyclone east, cyclone 1987:320
northeast of Durban

1988:14 Anticyclone east of Durban 1988:25

They found that some pulses seem to cause a shedding
themselves, while others interact with Rossby wavesin
the Agulhas Return Current to form Agulhas Rings.
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TABLE 2. Asin Table 1 but now from ERS-1 and TOPEX/
Poseidon altimeter data.

Date of anomaly

arrival east of Nature of anomalies Date of Natal
Durban offshore of Durban pulse observation

1992:170 Anticyclone east, cyclone 1992:160
northeast of Durban

1992:260 Anticyclone east of Durban 1992:280

1992:320 Anticyclone east of Durban 1992:315

1993:10 Anticyclone east, cyclone 1992:350
northeast of Durban

1993:90 Weak anticyclone east of Durban no pulse

1993:210 Anticyclone east of Durban 1993:210

APPENDIX
Instability Condition

In this appendix we derive a necessary condition for
instability. A characteristic velocity scaleisU = 1 m
s (see Fig. 6a). We assume that the perturbations have
the same cross-current length scale L, = 10 km as the
mean profile. The alongshore length scale L, = 50 km
of the perturbations can be estimated from altimeter
observations of Natal pulses (see Fig. 4). The timescale
is chosen to be advective T = L,/U. We then find for
the mean velocity U and for the perturbations, to first
order,

pofU = —P,

pofu = —p,

—po(f — TU)v = —p,
9p = —p, (A1)

with free-slip boundary conditions at upper and lower
boundaries.

A necessary condition for instability can be derived
following Pedlosky (1987), but using (A1) instead of
guasigeostrophy. Using a normal-mode assumption for
the perturbations p = p(y, 2) expik(x — ct), we obtain

Yo (O f
2 4 k2 24~ VIn2
fo f R e T L

oo o2 f| T, .
= — - —|—2 (@ - +
fo J_h f - UyHyU —c N2u- cz(u Op.p* dz dy

in which the horizontal gradient of the potential vorticity
is given by

_ _ f 1,
IT, = —u, — (f - uy)z(@]c — Uy>z' (A3)

0

dy (A2

—h

o f(f - u)
Typzp*

0

This expression differs from its quasigeostrophic ana-
logue only in the presence of the (f — T,) factors.

To proceed, this expression is simplified by investi-
gating the order of magnitude of the different terms.
Taking the same characteristic scales as in section 3d,
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we find that the second term on the right-hand side of
(A2) isabout afactor 10 smaller than the potential vor-
ticity term. Furthermore, the cross-current potential vor-
ticity gradient can be approximated by —1,,. The upper
boundary term is proportional to U, and is also an order
of magnitude smaller than the other terms. At the lower
boundary only the bottom-slope term remains due to its
large magnitude: h, =~ 0.03 (Fig. 6a) compared to the
isopycnal slope. Following Charney and Stern (1962)
we concentrate now on theimaginary part of (A2), lead-
ing to the following necessary condition for instability:

Yo o] 2 fU Yo 2
f f PP T8y dz+j th—2 oy = 0.
o So—cl2f—mu, o [o—c|

. (A4)

This equation expresses transparently that the vortic-
ity structure of the basic current has to be appropriate
to overcome the stabilizing effect of the stretching of
the water column over the bottom slope. In order to
reach this balance the steering level [the level at which
U = Re(c), see Pedlosky, 1987] has to be close to the
lower boundary. This means that the factor [u — |2 will
be close to its minimum value near the lower boundary
(see Johns 1988). Because U is decreasing with depth
and the phase velocity of the perturbations is constant
with depth, [0 — c|? will attain its maximum near the
sea surface.

From calculations presented in the literature (for in-
stance Gill et al. 1974; Johns 1988) one would expect
that |p|? will attain its maximum values close to the
pycnocline. If we now assume that perturbations satisfy
(A4) for which |p|? has approximately the same vertical
structure as [U — c|? (which is not a strong point in the
present analysis, but we are only searching for a nec-
essary condition), we arrive at

Yo 0 f
f bf T, dz+ fhfdy =0
0 h y

(A5)

in which b is the proportionality factor between |p|? and
|u — ¢|? (which can still bey dependent). Equation (A5)
yields as a necessary condition for instability that the
expression between brackets changes sign in the cross-
current direction, hence, after some rewriting,

i f f;Uy dz=0 foray= A6
hf_Uy h , - y_ycr' ( )

If the jet is not extremely sharp so that the absolute
vorticity f — T, does not change sign, a necessary con-
dition for instability emerges that, at least at a certain
depth z, and cross-current position y,,, the lateral po-
tential vorticity gradient changes sign:

f—1u
( - y) =0 fory=y,, z=12,. (A7)
y
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