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deeper flow (7). 
This investigation revealed that signifi- 

cant leakage or virtually total retroflection of 
Agulhas current water occurred at about the 
longitude of Port Elizabeth (25OE) two to 

Anomalous upstream Retroflection in the three times per year, on average (Fig. 1). 
Agulhas current These events had a typical duration of 3 to 6 

weeks. The event that is partly shown in Fig. 
2 lasted for more than 2 months. These 

J. R. E. LUTJEHARMS AND R. C. VAN BALLEGOOYEN periods are long enough for a significant 
part of the total flow to be diverted. The 

The Agulhas current, the major western boundary current of the Southern Hemi- occurrence of persistent cloudiness over the 
sphere, plays a crucial role in the water mass balance of the world oceans by controlling area for long periods during which the sea 
the transfer of thennodine water h m  the Indian to the Atlantic ocean systems. The surface was either partially or totally ob- 
main mtchanism for such transfer is through the shedding of large rings of warm scured implies that this assessment of the 
water at the Agulhas retroflection south of Africa. On the basis of satellite imagery and incidence of upstream reversals on the basis 
drifter tracks, anomalous reversals of the current are observed to occur far upstream of of satellite images is probably an underesti- 
its characteristic retroflection location. The observations agree with results of an mate. 
inertial jet model of the current. These anomalous reversals probably cause abrupt and A few drift tracks of fke-drifig buoys 
major changes in the fluxes south of Africa and thus in the rate of ring shedding. This describe such instances of upstream reversal 
unusual flow bimodality in a major component of the global ocean heat transport (Fig. 2). The track of buoy 74625 south of 
system could have important climatic implications. Port Elizabeth simulates the disposition of 

the eastward warm water outflow from the 

T HE AGULHAS CURRENT DOMINATES ring shedding. The Agulhas current up- Agulhas current which commenced a few 
the circulation pattern of the south- stream of Port Elizabeth (Fig. l), however, days before the buoy reached the area. Sea- 
west Indian Ocean. It derives mast has a remarkably stable path configuration surface temperatures measured by the buoy 

of its water fiom the Mozambique channel (4), flow rate (13), and mass transport (14) were consistently higher than 20°C, which 
(I), fiom east of Madagascar (2,3) and from for a western boundary current. indicates that the buoy was continuously in 
recirculation in a southwest Indian Ocean We have scrutinized 11 years of thermal surface water of the @as current. The 
subgyre (1, 2). It reaches its full stature at infrared satellite images of the southwest drift track for a buoy that was placed a 
about the latitude of Durban (Fig. 1) and Indian Ocean to test the hypothesis (15) number of years previously describes a sirni- 
closely follows the shelfedge of the southern that the configuration of the southwest In- lar current configuration (Fig. 2) somewhat 
African continent for most of its subsequent dim Ocean subgyre might lead to an occa- farther to the west. These drift patterns 
downstream path (4). On overshooting the sional eastward leakage of water from the present circumstantial evidence for the exis- 
southern tip of the continent, it retroflects in Agulhas current location at a position far tence of upstream remfledons. 
a reversal (5) that carries most of its warm, upstream of its usual remflection location In two instances the area was suflidently 
saline water back to the south Indian Ocean. (16). This circulation system lends itself doud-fke over an extended period to ob- 
The retroflection loop is an unstable config- 
uration (6) that causes a large Agulhas ring 
to occasionally pinch off (7). These rings, 
described as the most intense observed any- 
where (8), drift into the South Atlantic 
Ocean. Ring shedding occurs, on average, 
about nine times per year (9), which leads to 
a substantial transfer of energy and water 
from the Indian to the Atlantic ocean sys- 
tems. This exchange of water has important Fig- 1- Portrayal of an UPS- 

retrofldon of part of the Agulhas climatic implications (1 0, 11 ) . current in the vicinity of Port b- 
The total flux of warm Indian Ocean w .   hi^ thermal -image is 

water into the Atlantic by way of ring from the advanced very high reso- 
shed- is mast likely a function of the lution radiometer on board the 
volume flux of the Agulhas current (12). Oceanic and At- 

mospheric ' ' 'on) satellite 
various m d e h  of the current (12) suggest hr 13 May=- water in 
that perturbations in the flow may precipi- darker hues. south of port. b- 
tate ring formation or influence the rate of 

seaward w m e ~ y a v r a n i a l m d  o its normal track and a 
dear biication of warm water 

National Research Institute for Ocean0 Council for is aPParcnt. The be- 
Saendc and Industrial Research, P.O% 320, stel- tween Port Elizabeth and Cape 
lcnbosch 7600, South Afnca. Town is about 700 km. 
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serve a sequence of kinematic events which 
preceded and followed an upstream retro- 
flection. In both cases, an extreme solitary 
meander in the Agulhas current (17) was 
observed to progress downstream while the 
Agulhas return current (18), forced by the 
Agulhas Plateau, was noted to lie landward 
of its mean position. When the meander in 
the Agulhas current approached the vicinity 
of the Agulhas Plateau, we infer that high 
horizontal shear between the meander and 
the Agulhas return current led to their amal- 
gamation and a partial upstream retroflec- 
tion in the current. This newly created loop 
then progressed downstream at a rate similar 
to that of the parent meander. 

All observed leakage events started at 
about the same geographic location, 25"E, 
which suggests that a single mechanism may 
cause the upstream retroflection. In an at- 
tempt to identif) this mechanism we mod- 
eled the Agulhas current by representing it 
as a free inertial jet. We have used the model 

Fig. 2. Interpretive line drawing of a thermal 
infrared satellite portrayal of an upstream reversal 
of the Agulhas current. The image used was from 
METEOSAT 11 for 20 April 1981. Tracks of two 
free-drifting weather buoys have been superim- 
posed (21).  The solid line is for buoy 74625; its 
position on 30 April 1.981 is indicated by an open 
circle on the track. The broken line represents the 
drift track of a buoy that was launched in 1973 
(22).  The Agulhas current usually retroflects 
about 500 km southwest of Cape Town. 

of steady-state conservation of potential vor- 
ticity (19). We assume that the current can 
be regarded as a narrow filament of rapidly 
flowing water that moves steadily and with- 
out friction through a region of geostrophic 
flow (19). 

Results of a number of parameter config- 
urations are presented in Fig. 3. The param- 
eter values that we used are realistic accord- 
ing to all measurements currently available. 
The parameter ranges exceed those mea- 
sured so that modeling results should be 
representative of what occurs in the ocean 
and not be an artifact of a narrow range of 
values. All current trajectories were started 
off Durban at 30"s in a water depth of 1000 
m (Fig. 3). This location corresponds close- 
ly to the mean path location for the current 
in this area (4). A vertical velocity profile 
was used that approximates the observed 
profile (14). Values of bottom velocity were 
chosen to lie between 5 and 10 c d s ;  initial 
surface velocities were between 160 and 200 
cds ,  which are comparable with published 
data of 160 c d s  (13). A width of 120 km 
was used for the current to match its estab- 
lished volume transports (14). 

In all cases where lateral movement is 
such that the jet crosses over the northern 
extension of the Agulhas Plateau (Fig. 3) it 
retroflects. The shortest distances between 
the 1000-m isobath of the continental shelf- 
break, where the Agulhas current is usually 
located, and the 4000-m and 3500-m iso- 
baths of the plateau are 150 and 250 km, 
respectively (Fig. 3). Results of the applica- 
tion of the free inertial jet model therefore 
imply that shoaling of the offshore bottom 
topography of the Agulhas Plateau induces 
the Agulhas current to retroflect at 25"E 
when seaward meandering of the current 
exceeds 200 km. The geographic location of 
retroflection agrees with the position of all 
upstream reversals that were observed in 
satellite imagery and buoy drift tracks. Al- 

Fig. 3. A number of different cur- 300s 
rent trajectories for the Agulhas 
current on the basis of a free inertial 
jet model. Parameter combinations 
for each flow path are for trajectory 
1: C = 112, VT - 160 C ~ S ,  
VB = 5 c d s ;  trajectory 2: C = 112, 
VT = 180 c d s ,  VB = 8 c d s ;  tra- 
jectory 3: C = 112, VT = 200 c d s ,  350s 

VB = 8 c d s ;  trajectory 4: C = 112, 
VT = 160 C ~ S ,  and VB = 7 C ~ S .  
VT indicates current speed at the sea 
surface; VB is the bottom current 
speed and C is the depth ratio 
between an upper, high-speed flow 
and a slower, bottom flow. The 40% 

bathymetry is in steps of 500 m and 
is a digitized version of that by 
Simpson (23) at a 15-km grid spac- 
ing. The upstream retroflection 2 0 0 ~  ZVE 3 0 0 ~  
that is forced by the Agulhas Plateau is evident. 

though the physics controlling the flow 
were simplified in the inertial jet model, the 
model's demonstrated ability to simulate 
bottom influences on the path of the Agul- 
has current (12) gives us confidence that the 
upstream reversal is indeed bathymetrically 
induced. 

Extreme lateral meanders in the Agulhas 
current with am~litudes that exceed 200 km 
are rare (17). Most observed meanders of 
this size have been identified as "Natal 
pulses," which are large, solitary meanders 
caused by upstream vortex shedding (17). 
Eddies formed in the lee of the sharp coastal 
offset at about 29"S, the Natal bight, are 
shed intermittentlv and move downstream 
inshore of the ~ g h h a s  current. They force 
large but transient path divergences on its 
flow path. The amplitudes of these pulses 
range between 50 and 230 km; pulses are 
observed on some part of the current at least 
17% of the time (1 7).  An estimated 20% of 
these pulses would have sufficient amplitude 
at the longitude of Port Elizabeth to cause 
retroflections of the current here as implied 
bv the free inertial iet model. 

The satellite and drifter observations pre- 
sented in this report are for the upper ocean 
layers only; even though these are usually 
representative of deep layers in this area (5, 
7, l l ) ,  no deep measurements of an up- 
stream retroflection are currently available 
that would allow the vertical extent to be 
determined. Results of the inertial jet model 
and of previous cruises in the area (15) 
strongly suggest, however, that upstream 
retroreflections are not a surface phenome- 
non only. 

Everv one of the world's western bound- 
ary c&rents exhibits certain singular kine- 
matic characteristics because of their differ- 
ent geographical locations and in particular 
because of the distinct adjacent coastal and 
bathymetric morphologies that are associat- 
ed with each current. The uDstream retro- 
flection of the Agulhas currek, induced by 
the downstream advance of a Natal pulse 
combined with the presence of an atypical 
offshore shallow area, the Agulhas Plateau, 
may represent an intermittent, major inter- 
ruption in the volume flux; such an inter- 
ruption has not been observed in any other 
western boundary current (20). 

The effect of 111 or partial retroflections 
cannot be quantified at present. The inher- 
ent instability in the dynamics of the normal 
downstream retroflection (6, 12) suggests 
that even small perturbations in the total 
volume flux of the current, caused by up- 
stream diversions, may trigger or dampen 
ring shedding into the South Atlantic ocean. 
The effects of this mechanism on heat flow 
to the Atlantic ocean may have climatic 
implications on a large scale. 
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Regeneration of Sensory Hair Cells After 
Acoustic Trauma 

Any loss of cochlear hair cells has been presumed to result in a permanent hearing 
deficit because the production of these cells normally ceases before birth. However, 
after acoustic trauma, injured sensory cells in the mature cochlea of the chicken are 
replaced. New cells appear to be produced by mitosis of supporting cells that survive at 
the lesion site and do not divide in the absence of trauma. This trauma-induced 
division of normally postmitotic cells may lead to recovery from profound hearing loss. 

AIR CELLS ARE THE MECHANORE- 

ceptors that transduce acoustic 
stimuli into electrical activity in 

the ear. Disease, exposure to loud sound, 
treatment with antibiotics, and processes 
associated with aging can cause hair cells to 
die, which results in a loss of hearing (1). 
The hair cells in the cochleae of birds and 
mammals are produced during the first two- 
thirds of embryogenesis (2), and it has been 
thought that any subsequent losses lead to 
permanent deficits. However, in some fish 
and amphibians hair cells are produced 
throughout life and may contribute to self- 
repair (3). Recently, we have found that 
sound-induced damage resulting in the 
complete loss of the stimulus-transducing 
stereocilia bundles of hair cells in chickens 
can be reversed by the growth of new 
stereocilia bundles (4); this observation has 
been confirmed by other investigators (5) .  
Counts of hair cells in histological sections 
also have shown recovery after an amino- 
glycoside was administered in chickens (6). 

These findings suggest that regeneration 
dependent on the production of replace- 
ment hair cells may occur in the avian 
cochlea. 

We have investigated the potential regen- 
eration of hair cells by exposing small 
groups of 9- to 13-day-old chickens to a 
loud tone, sufficient to cause hair cell loss 
(7). Since damage varies greatly with small 
changes in sound intensity, one chicken 
from each group was killed and the cochleae 
were fixed immediately after the acoustic 
treatment; only groups with moderate dam- 
age were used. Other chickens from each 
group were allowed to survive for 10 days 
after the treatment and were administered 
[3H]thymidine. This radioactive tracer is 
incorporated into replicating DNA, allow- 
ing cells that are mitotically active to be 
identified later by autoradiography (7). 

The crescent-shaped sensory epithelium 
in the chicken cochlea contains a dense 
population of hair cells, which have surface 
stereocilia bundles that are stimulated by 

BO is the total ocean depth at the origin (xoso), Co is 
the curvature of the free inertial jet at the origin, C,  
is a constant that equals 10IOfoT/M wherefo is the 
inertial frequency, T is a bulk value for the integrat- 
ed volume transport across unit depth of the stream 
near the bottom, and M is the integrated momen- 
tum transport across the section of the stream. C2 is 
also a constant, 10'2pVIM, where P equals df7dy at 
any particular latitude, f is the Coriolis parameter, 
and V is the integrated volume transport. The 
numerical method of calculation is in (12). 
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sound in a high to low pitch gradient from 
the proximal to the distal end. The other 
cells in this epithelium are supporting cells, 
which have microvilli-covered surfaces that 
are normally interposed as thin lines be- 
tween the hair cells (Fig. 1A). 

When we exposed chickens to a tone of 
1.5 kHz at 115- to 120-dB sound pressure 
level (SPL) for 48 hours, lesions were pro- 
duced at a consistent location in the proxi- 
mal half of this epithelium (Fig. 1B). In ears 
fixed immediately after sound exposure, 
stereocilia bundles were missing in the le- 
sioned area, and the surface was covered by 
scattered cells that appeared to have been 
extruded from the epithelium. Some cells 
possessed stereocilia bundles that identified 
them as hair cells. The positions that hair cell 
surfaces normally would have occupied were 
filled by the expanded surfaces of supporting 
cells. During the 10 days after the treatment, 
the lesioned area gradually returned to nor- 
mal as stereocilia bundles reappeared, differ- 
entiated, and grew larger, in a manner re- 
sembling their embryogenesis (4, so that 
the site of the lesion became almost indistin- 
guishable from the same site in control 
epithelium (4) (Fig. 1, C to F). 

Autoradiographic localization of DNA 
that incorporated the radioactive thvmidine 
demonstrated that the damage produced by 
the acoustic treatment had stimulated mitot- 
ic replication of cells. At the lesion site, the 
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