
.. . ....... 

l . 

VJ•., 
.0() 

-.3fr 
VJ'-t 

a 

I 
::; 

"•; 

'• 
"l 

I 

I 

\ 

(J,fi'f' . .- , ' 
Oceanogr. Mar . Bioi. Ann. Rev ., 1985, :ZJ, 105-182 

Margaret Barnes, Ed. 
Aberdeen University Press 

THE BENGUELA ECOSYSTEM 
PART I. EVOLUTION OF THE BENGUELA, 
PHYSICAL FEATURES AND PROCESSES 
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Sea Fisheries Research Institute , Private Bag X2, Rogge Bay 8012, Cape Town , 

South Africa 

INTRODUCTION 

The Benguela is one of the four major eastern boundary current regions of the 
World ocean and the oceanography of the western coast of Africa south of 
about 15° S, like that off California, Peru and North West Africa is dominated 
by a coastal upwelling system. Research in the area during the nineteenth and 
first part of the twentieth century was directed mainly at taxonomy , at 
improving navigational safety, and the development of fisheries. In spite of 
the observations of Ross (1847) early workers such as Muhry (1862) and 
Petermann (1865) viewed the Benguela Current as a northward extension of 
the West Wind Drift and it was only during the 1920s that Meyer (1923) 
showed conclusively that they are separated by a well-defined convergence 
zone , the Subtropical Convergence . After World War II a detailed study of the 
oceanography of southern African west coast waters commenced . The 
literature prior to 1970 was largely descriptive in nature, and it is only during 
the last fifteen years that mesoscale processes (i.e. processes occurring over 
spatial scales of tens of kilometres to a few hundred ki)ometres with time scales 
of hours to a few days) have been given serious attention. 

This review will take a broad view of the status of the Benguela ecosystem 
and the main thrust will be aimed at reviewing the present state of knowledge 
of the main processes governing the system. It has been divided into parts , viz. 

Part I which deals with the evolution and physics of the Benguela system, and 
which is the subject of this paper , Part II (Chapman & Shannon ; 1985, also 
appearing in this volume) which deals with chemical processes , and Part III 
will address the various biological processes. Part lUis in preparation and will 
appear in Volume 24 of Oceanography and Marine Biology: An Annual 

Review (1986) with L. V. Shannon, J. G. Field and W. R. Siegfried as authors . 
Part IV is also in preparation . Part I has been subdivided into a number of 
sections covering the origin of the Benguela system, large scale features , 
meteorology, seasonal and inter-annual variability and mesoscale physical 
processes . Two important papers on the physical oceanography of the region 
appeared during 1983 (Nelson & Hutching s, 1983; Parri sh, Bakun , Husb y & 
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106 - L. V. SHANNON 

Nelson, i983) and the present article is intended to complement and build on 
the work of these authors . Processes in the nearshore region, e.g. in the 
intertidal zone and the surf zone, will not be considered in this review except 

where they are important for the broader understanding of the system as a 

whole. 
In a review of a complex ecosystem such as thatofthe Benguela it is difficult, 

if not impossible to · cite all relevant literature without making the paper 
cumbersome and unreadable. Accordingly the list of references, while being 
reasonably comprehensive, is by no means exhaustive. It should, however, be 
adequate to lead into the remainder of the available literature on the Benguela 
ecosystem arid · into the more specialized disciplinary literature . Readers are 
also referred to the comprehensive bibliography on the physical ocean­
ography of the South East Atlantic compiled by Lutjeharms, van Balle goo yen 

& Valentine (1981). 

EVOLUTION OF THE BENGUELA CURRENT 
. AND UPWELLING SYSTEM 

The South Atlantic Ocean began to fotm about 130 Myr (million year) ago 
(Kennett , 1982; Dingle, Siesser & Newton, 1983) following the rifting of 
Gondwanaland and the separation of the South American and African plates . 
Van Zinderen Bakker (1975) has suggested that it may have taken until mid 
Tertiary times before the ocean had - sufficient zonal width to permit the 
development of its present circular wind and oceanic circulations . Kennett 

· ( 1982) has indicated that the anticyclonic gyre was well established in the 
South Atlantic by the Eocene, which, if correct, implieS' that an equatorward 
flow (at the surface) along the west coast of southern Africa has existed at least 
for the past 50 Myr. This early current, the precursor of the South East Atlantic 
Drift , had however little in common with the eastern boundary current regime 
off southwestern Africa as w,e know it today - fossil evidence from the Eocene 
marine transgression implies that warm water conditions prevailed in the 
South East Atlantic Ocean during the early to middle Tertiary (Ward, Seely & 
Lancaster, 1983). A number of important geological and climatic events were 
necessary before the present thermohaline circuJation in the World ocean 
could be established (see Fig . 1). During the Paleocene (65 to 55 Myr ago) 
Australia and Antarctica were joined . They began to drift apart 55 Myr ago 
(Kennett, 1978) but circum-Antarctic flow was blocked by the South Tasman 
Rise and Tasmania. During the Eocene the Southern Q'cean was relatively 
warm and Antarctica largely non-glaciated, and according to Kennett (1978) a 
tnajor climatic boundary was crossed at the Eocene-Oligocene boundary 
(38 Myr ago) when Antarctic sea ice began to form and a' drop of 5 oc in the 
temperature of bottom waters resulted . Kennett (1978) suggested that this 
threshold was crossed because of the gradual isolation of Australia and 
Aniarctica and perhaps the opening of the Drake Passage. Furthermore, by 
the early Oligocene the opening of the Atlantic had progressed to a point 
where the South Atlantic was open to Antarctic bottom waters (Deacon, 1983). 
This implies that the thermohaline circulation as we know it today could not 

have been initiated until after the onset of the Oligocene period, i.e. more 
recently than 38 Myr ago . Other major events which must have significantly 
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108 L. V. SHANNON 

influenced circulation in the Atlantic Ocean were the closure of the mid­
American seaway and the formation of the Antarctic ice-cap during the mid to 
late Miocene (Kennett, 1978) and the· complete closure of the Mediterranean 
basin and the desiccation of this sea between 6·2 and 5·3 Myr ago (Van 
Zinderen Bakker, 1978)-ice volumes in the Antarctic were greater at the 

Miocene-Pliocene boundary (5 Myr ago) than today (Kennett, 1978). As a 
consequence of the substantial cooling during the mid to late Miocene, 

separate water masses originated in the Southern Ocean and the Subtropical 
and Antarctic Convergences were formed, with the result that the climate of 

( southern Africa changed completely {Coetzee, 1978). 
A dominance of arid to semi-arid conditions throughout the history uf the 

Namib desert, which dates back to the Cretaceous, are revealed by Mesozoic­
Cenozoic stratigraphicn;cords (Ward et al., 1983), with a desert sand sea in the 
southern and central Namib existing from early to mid-Tertiary times, and an 
internal sedimentary structure ofthe dunes reflecting a dominant southerly 
palaeo-wind regime, similar to the present wind patterns, which lasted for 20 to 
30 Myr. Wind strengths must have been relatively low, however, as a 
consequence of low temperature gradients between the equator and the pole. 
Thus , although this suggests that a driving mechanism for upwelling might 
have existed along the western coast of southern Africa 50 to 20 Myr ago, the 
development of a..Q_roto-Benguela system could not take place. until after the 
present thermo-haline circulation in the South Atlantic and_£QuthcrJLD-ceans 

. was established during the late Miocene. While upwelling probably existed 
during early times the water which wa supwelled would have had very different 
temperature, salinity, and nutrient characteristics to those of late Tertiary and 
Quaternary upwelling waters. It is considered that the early upwelling would 
have appeared as tongues rather than as a continuous Ekman drift process. 
Consequently prior to the late Miocene , the Benguela region would not have 

flora and fauna characteristic of 
current UQWellin re ·mes. 

A Cenozoic era has been the equatorwards movement of tl;te 
westerly wind belt with important consequences for the contraction of the 
subtropical ocean gyre systems and meridional heat transfer, although . 
throughout the era southern Africa did not at any stage lie within this belt of . 
westerly winds (Deacon , 1983). It was equatorwards movement of the 
westerlies and the growth of the Antarctic ice-cap that focused atmos 
subsidence in the present belt of subtropical high Qressure cells- which was 
.the fundamental cause of mid-latitude afidity and Mediterranean-type 
climates bordering the arid belt (Deacon, 1983). According to Ward et al. 

(1983) the aridification of the Namib desert since the late Tertiary, has been a 
progressive process, and these authors do not accept Siesser's (1978) 
contention that the aridification was initiated by the onset of major persistent 
upwelling during the late Miocene, for a number of reasons. Nevertheless the 
geological evidence seems to indicate that the southerly palaeo-winds were 
intensified over much of the Namib region from the late Tertiary and have 
persisted through the Quaternary sub-era. 

Siesser (1978, 1980) and Diester- Haass & Schrader (1979) have postulated a 
late Miocene origin ·· for strong persistent Benguela upwelling off northern 
Namibia, based on Deep-Sea Drilling Project cores n·ear to the abutment of 
the Walvis Ridge with the African continent (site 362/362A-approximate 
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latitude 20o S). More recent studies by Meyers et al. (1983) on cores taken by 
the GLOMAR CHALLENGER in a similar area at DSDP 530 and 532, support the 
earlier findings of Siesser (1980) and others that date _onset of upwelling as 

_late Miocene . Diester-Haass & Schrader (1979) consioer ed that the greater 
abundance of siliceous microfossils in the Pleistocene might have been due to 
an intensification of cold water current patterns and to higher wind velocitie s 
(the latter being deduced from the high abundance of displaced continental 

·opal remains) . The view of Seisser (1978) was that upwelling off northern 
Namibia was weak and spasmodic from the mid or late Oligocene to mid 

,Miocene period , and intensified during the late Miocene (12 Myr ag_o). Siesser 
'( 1980) presented a plausible argument for the late Miocene origin of northern 
Benguela upwelling , and suggested that the enormous blooms of a single 
nanoplanktonic organism, Braarudosphaera, reflected in the high accumu­
lation rates during Oligocene times were more probably a response to a 
regional South Atlantic event rather than to local Benguela upwelling . The 
sediment deposit rates and organic carbon contents from the core analysi s are 
shown in Figure 2. Although these data related only to the northern Namibian 
Benguela system , Siesser (1980) argued intuitively that it was probable that 
upwelling woqld begin all along the coast with only a slight lag from place to 

. place, once the forcing mechanisms were established. The palaeo-climatic and 
palaeo-ecological records of the southern part of the Benguela system (around 
the South West Cape) strongly suggest, however , that persistent upwelling was 

not established iri the region until the late Pliocene , about which time , from the 
work of Siesser (1980) and Meyers et al. (1983), productivity in the northern 

Benguel a reached a maximum . 
ln a recent article on fossil sea-birds from early Pliocene (5 Myr ago) 

· deposits in the South Western Cape , Olson (1983) found that the region had a 
mor e sub-Antarctic marine environillent then than at present , and that the 
marine avifauna of the southern Benguela area has changed dra stically since 
the early Pliocene . Studies by Tankard & Rogers (1978) , Coetze e (197 8), 
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Hendey (1983) and Coetzee, Scholtz & Deacon (1983) on pollens and 
vertebrate fauna from the late Tertiary and Quaternary fossil deposits in the 
South Western Cape indicate that the climate of the region during the early 
Pliocene was in an intermediate stage, between that of the Miocene and the 
present. Hendey (1983) considered that a summer wet-winter dry rainfall 
pattern was characteristic of the early Pliocene in the South Western Cape. 
The present arid summer-wet winter Mediterranean type climate in the 
southern Benguela region only appears to have been fully established towards 
the end of the Pliocene, i.e. about 2 Myr ago (Tankard & Rogers, 1978; 

. Hendey, 1983). At this time there was a sharp increase in the organic carbon 
content of marine sediment cores from northern Namibia (Siesser, 1980, .see 
also Fig. 2). Also by this timethe Agulhas Current was similar to its present · . 
form, its quasi-modern flow patterns having been established about 5 Myr ago 
in the early Pliocene (Martin, 1981). Thus, although there is evidence of 
equatorward flow in the South East Atlantic and sporadic coastal upwelling 
off Namibia since the Oligocene epoch, and although a proto- Benguela system 
appears to have been initiated off Namibia during the late Miocene (Seisser, 
1980), the system as we know it today is clearly of .ID..Qitle...centru.igi.n 
dating from the late J>liocene. · 

Marine transgressions and regressions during the history of the Benguela 
syStem (e.g. Siesser & Dingle, 1981)would have had a significant impact on the 
upwelling regimes and current patterns. Sea level fluctuations since the 
Paleocene epoch from Hendey (1983) have been included in Figure 1. High sea 
levels during the mid Miocene and early to mid Pliocene times would have 
resulted in the present continental shelf being 100 to 200m deeper, with the 
drowning oflower lying coastal areas and the formation of coastal islands (e.g. 

the Cape Peninsula) and an irregular coast having numerous embayments. 
Conversely, at the Miocene-Pliocene boundary and also during the mid to 
late Pliocene the lower sea levels would have exposed large areas of shelf, e.g. St 
Helena Bay. These bottom topographic and orographic changes would 
obviously have had a major effect on the positions of upwelling centres, the 
oceanic front and the general dynamics of the Benguela system. 

A feature of the modern global climatic regimes initiated iri the and 
continuing through the Pleistocene has been the characteristic rhythm with a 
periodicity of about 100 000 years, linked to perturbations of the orbit of the 
earth relative to the sun, of cooler climates, i.e. glacials or hypothermals, 
interrupted by shorter periods of warmer climates, i.e. interglacials or 
hyperthermals (Deacon, 1983). In the Benguela regime the coldest interval of ' 
the late Pleistocene, with the most severe climatic conditions, was between 
16 000 and 18000 yr ago, and temperatures approximated to those of the · 
present from about 12 000 yr ago (Deacon , 1983). The late Cenozoic palaeo­
environments on the western coast of southern Africa have been discussed in 
some detail by Van Zinderen Bakker (1975), Tankard & Rogers (1978), and 
others. During glacial episodes the atmospheric pressure gradient between 
Antarctica and the equator would have been steepened with the 
intensification of atmospheric and oceanic circulation. During the last 
hypothermal, the South Atlantic anticyclone was situated 5o. further north 
(Van Zinderen Bakker, 1975) and cold polar air could penetrate the interior of 

Africa up to about 24° S (Coetzee et al., 1983). The consequence of 
this would have been an intensification of upwelling and for the Benguela 
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system to shift further north . Van Andel & Calvert(1971) suggested in fact that 

the Benguela Current was intensified during glacials in order to account for 
the increased erosion they observed on the Namibian shelf. In support of the 
concept of a northward shift, Bornhold (1973) suggested that there was a 

northward extension ofthe Benguela regime along the coast of Angola and an 

onset of upwelling oft the Congo and Gabon, as deduced from the analysis of 

Angola Basin sediments. To what extent theW alvis Ridge would have acteq as 

a barrier to this hypothesized northward extension of the system is a matter'for 

speculation . The inferred atmospheric and oceanic systems around southern 

Africa during glacials and interglacials are illustrated in Figure 3, which is 
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from Van Zinderen Bakker: (1976). It should be noted, ·however, that in his 
most recent interpretation of African palaeo-environments during the last 
glacial (Van Zinderen Bakker, 1982) this author ascribed the changes as being 
a consequence of worldwide cooling and a strengthening of the circulation 
systems rather than to a latitudinal shift in climatic belts. Deep-sea cores from 

the northern Benguela show a distinct layering of organic concen­
trations corresponding to cycles of 30 000 to 50000 years (Meyers et al., 1983) 

which reflect changes in upwelling intensity in the area and/or of sea level. 
· To summarize, therefore, while there is evidence of sporadic upwelling () rt _ the the pjoto-B_enguela off Namibia _ VlaL · 

not irutJated until the late MIOcene. l)pwelhng was mtensdied 
f) , .- during the and the full development of the Benguela and 1ts 

' ·· southward extensiOn to the South .Western Cape dates from late PhoceneJo 
early Pleistocene . Cyclical perturbations induced during glacials and inter­
glacials resulted in latitudinal shifts in the extent of the system and changes in 
the intensity of upwelling and currents. 

TOPOGRAPHY 

The Cape and Angola Basins which comprise the abyssal pl.ain in the South 
East Atlantic Ocean are separated by the Walvis Ridge, which runs from its 
abutment with the coast at about latitude 20o Sin a southwesterly direction for 
more than 2500 km towards the Mid-Atlantic Ridge (Fig. 4).' The Walvis Ridge 
forms a barrier to the northward and southward flow of water below a depth of 
3000 m (Shannon & van Rijswijck, 1969; Nelson & Hutchings, 1983) and, as 
will be discussed later, exerts a major influence on the circulation in the South 
East Atlantic . Prominent geological features of the Cape Basin, which is 
bounded in the south by the Agulhas Ridge, are the numerous seamounts of 
volcanic origin (e.g. Discovery, Vema). 

The western coast of southern Africa, which forms the eastern boundary of 
the Benguela system, is characterized by a relatively narrow coastal plain 
which rises to the main continental escarpment, situated between 50 and 
200 km inland (see Fig. 4). Much of the coastal region is arid. The Namib 
Desert extends between about 14° Sand 31 o Sand is at its widest in the central 
region, which comprises the main Namib Sand Sea (Ward et al., 1983). The 
major part of the coastal belt is characterized by sand dunes, with occasional 
rocky outcrops. North of 32° S the coastline is regular and, except for Walvis 

. Bay and Liideritz, is devoid of significant embayments . The Orange and Fish 
River valley forms a major break in the escarpment and continental plateau at 
the Namibia-South Africa boundary, while the valleys of the Olifants and 
Berg Rivers in the south, that of Kunene River in the north, and the courses of 
several dry Namibian rivers provide secondary discontinuities. South of 32° S 
the coastline is irregular with several capes (formed by granitic outcrops, e.g. 

Cape Columbine, Cape Peninsula, Cape Hangklip) and bays (e.g. St Helena 
Bay, Saldanha Bay, Table Bay, False Bay). This southern region, viz. the South 
Western Cape is topographically different from the remainder of the area and 
has a Mediterranean type climate and vegetation. 

The bathymetry of the western continental margin of southern Africa is 
variable, with narrow parts of the continental shelf situated off southern 
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Fig. 4.- Bathymetry of the East Atlantic Ocean and main oro­
graphical features of southwestern Mrica . 
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Angola (20 km), south of Liideritz (75 km) and off the Cape Peninsula (40 km) 
and the widest zones off the Orange River (180 km) and in the extreme south 
(Agulhas Bank). In the Kunene margin the shelf is narrow (about 45 km), 

·about 200m deep and the continental slope is relatively steep (Bremner, 1981) . 
Between Cape Frio {18° S) and Chamais Bay (28o S), the Walvis Shelf, which is 
typically 140 km wide, is relatively deep on average, with the shelfbreak being · 
at about 350m on average (Birch, Rogers, Bremner & Moir, 1976). Double 

shelf breaks are, however, common off the , \V,est coast (Siesser, Scrutton & 
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Simpson, 1974), and around 23° S (Walvis Bay) there are very pronounced 
inner and outer breaks corresponding to depths of about 140 and 400 m, 
respectively (see Fig. 5). The broad innei: shelf between 22° S and 23°30' S 
probably plays an important role in the dynamics of the central Namibian 7' 

region. Between Chamais Bay and Hondeklip Bay (30°30' S) is the Orange 
Shelf which is at its widest, viz. 180 km, off the mouth of the Orange River. In 
this region the shelfbreak deepens from about 200m in the north to 500 min 
the south (Birch et al., 1976). The outer shelf, viz. the Orange Bank , is shallow 
(160m) while the mid shelf reaches 190m in places. At about 31° S there is 
another shallow feature, Childs Bank, situated about 150 km offshore. Further 
south, in particular between 32° S and 35° S the coastline is irregular and the 
shelf is variable in width. Between 31 o Sand 33o S (Cape Columbine) there is an 7' 

inner ·and an outer shelf break (200 to 380m and 500 m, respectively) which 
merge south of 33° S to form a single, deep shelfbreak (500 m, Birch & Rogers, 
1973). Between 31 o S and 35° S several submarine canyons cut into the shelf, 
the most prominent of these being the Cape Canyon which is situated 60 km 
offshore between 33° Sand 34o S. Its axis runs in a north-south direction , i.e. 

more or less parallel to the coast, and the canyon is thought to be a marine 
extension of the Olifants and Berg Rivers dating from the Palaeogene (Dingle 
& Hendey, 1984). The Agulhas Bank, a relatively wide and shallow feature, 3f 

forms the southernmost margin of the continent. Easf---west bathymetric 
transects at selected localities in the Benguela region are shown in Figure 5, 
and these will be referred to in subsequent sections. For detailed charts of the 
bathymetry of the Benguela region and South East Atlantic, readers are 
referred to Dingle, Moir , Bremner & Rogers (1977), Rabinowitz, Shackleton & 
Brenner (1980), and Shackleton (1982). 

The western continental margin of southern Africa between the Kunene 
River and Cape Agulhas is dominated by biogenic sedimentation and . 
concomitant authigenesis resulting from the high productivity of the upweiJed 
waters in the Benguela system (Birch et al., 1976). Like the bathymetry, the 
composition and physical characteristics of the surficial sediments can be 1 

helpful in gaining a broad ·understanding of the dynamics of the system. The · 
following very brief summary of the nature . of the sea floor, sediment texture, 1 

calcium carbonate, and organic carbon content is based on Birch et al. (1976) ! 
and Birch & Rogers (1973), as is Figure 6. Much of the region, in particular in 
the south and between Liideritz and the Orange River has a rocky bottom 
while there are substantial with sparse sediment cover. The sediments i · 
mantling the western continental margin form textural zones parallel to the ' 
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17° 20° E 

TEXTURE CALCIUM CARBONATE ('Yo) I ORGANIC CARBON ('Yo) 

§ Sand 

• Muddy sand 

• Sandy gravel and 

Gravelly sand 

• Gravelly sandy mud 

B Gravel 

6 Muddy gravel and 

Gravelly mud 

. [2J Sandy muq 

llllJ Mud 

• 'greater than 75 • greater than 10.0 

• 50 to 75 5J 5.0 Ia 10.0 

llliiDJ 25 to 50 @lliJ 2.0 to 5.0 

• 5 Ia 25 Ill 1.0 Ia 2.0 

less than 5 II 0.5 to 1.0 

§I less then 0.5 

Fig. 6.-Sediment texture , calcium carbonate and organic carbon content 
along the west coast (from Birch et al., 1976). · 
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coast, and in general the sediments become finer seawards, changing from 

sands on the inner and middle shelves to muddy sands and sandy muds on the 

outer shelf and muds on the outer continental slope (Birch et al., 1976). This 
-pattern has, however, been considerably modified by localized river input and 

biological deposition. Significant features of the shelf in the Benguela region 

are the two extensive mud belts, each almost 500 km long. The southern belt 

which extends between the Orange and Olifants Rivers, up to 40 km wide and 

averaging 15m thick, is situated over the outer edge of the middle shelf and is 
mainly of terrigenous (river) origin (Birch et. al., 1976). The northern belt which 
lies over the middle shelf between Cape Frio and Conception Bay comprises 
organic rich diatomaceous oozes(> 5% organic carbon content). Other than 
two large deposits of dominantly fine sediment, the outer shelf is covered iri 
sand-sized material (Birch et a/., 1976). According · to these authors the en 1-
careous flora and fauna which.are the most important biogenic contributors 
to the shelf sediments in the Benguela region are mainly planktonic or benthic 
foraminiferans, while locally, siliceous phytoplankton dominate some near­
shore sediments and polychaete worms have converted some of the terrestri­
ally der ived muds on the western coast into sand-sized faecal pellets. Th!! outer 
and middle parts of the shelf are covered by carbonate-rich sediment (>50 % 

CaC0 3). Birch et dl. (1976) have shown that the highest organic carbon values 

on the shelf are related to the diatomaceous muds between Luderitz and Cape 
Cross (15% C

0
,
8

) and to the organic rich faecal pellet muds on the shelf break 
north of Luderitz ( > 5% C

0
,g), on the inner shelf and off Lamberts Bay ( > 5% . 

C0 ,g}, and south of Cape Hangklip ( > 2% C
0
,g). Sediment, depleted in organic i 

carbon , in some regions is associated with deposits of glauconite and apatite 
mixed as pellets(Birch, 1979). The manner in which the organic-rich sediment 
curves eastward around the Agulhas Bank (see Fig . 6) 'is regarded by Birch·et 
al. (1976) as an indication that this southernmost region lies within the ' 

sedimentological regime of the Benguela. Readers are referred to the following 
for further information: van Andel & Calvert (1971); Calvert & Price (1971 a); 

Birch (1975, 1977, 1978); Scrutton & Dingle (1975); Rogers (1977); Bremner 
(1978, 1980a,b, 1981, 1983); Summerhayes , Bornhold & Embley (1979); 

Robson (1983). A synthesis of information about the sedimentology of the _ 
Benguela region is in preparation by Drs J. Rogers , J. M. Bremner and R. ' 
Johnson . 

' l 

METEOROLOGY . l 
. . . 

The prevailing winds over the Benguela region are determined by the South ! 
Atlantic high pressure system (anticyclone), the pressure field over the adjacent I 
subcontinent and by eastward moving cyclones across the southern part I 
-produced by perturbations on the subtropical jet stream (Schell, 1968; Nelson I · 
& Hutchings, 1983). The South Atlantic high is maintained throughout the i 

year but undergoes . seasonal shifts.. in position {it is approximately centred j 
around 30° S : so Em summer and 26° S: 10o E in winter , Schell, 1968; van l 

Loon , 1972a) and intensity (3 to 4 mb). The pressure over the African j 
radically from a well-developed low during summer to a ; 

weak h1gh 10 wmter as the continental heat low and Intertropical Gonvergence ;i 
Zone moves northwards, and consequently the pressure gradient along thi' ! 
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coast is seasonally variable. The curved anticyclonic flow associated 
with the South Atlantic high is guided by the coastline owing to the desert-like 
narure_ofthe coastal plain acting as a thermal barrier to cross flow (Nelson & 

H u tchmgs, 1983) and by the orography of the continental escarpment. As a 

result the .wmds alon . the western coast of southern Africa are predominantly 
u uthe.rly and upwellmg favourable . The Ekman transport compu e -from an 

extensive set of data by Parrish et al. (1983) for 1 o latitude and longitude 
rectangles during January to February (summer) and July to August (wirtter) is 
illustrated in Figure 7a, and the effect of the seasonal migration of the pressure 

systems is clearly evident. There are four features apparent in Figure 7a which 
arc worth highlighting . First, the Liideritz area is the principal potential 
upwelling centre in the system, while atC_ape Frio a secondary region of winds 
highly favourable for upwelling exists; secondly, there is a pronounced 
l)ITshore divergence zone north of 28o S, which supports the earlier findings of 

, . Stander (1964), of a progressive anticyclonic rotation in the wind field with 

increasing distance offshore; thirdly , the wind stress maximum is situated in a 
band away from the coast , evident particularly during winter; the fourth 
fca t u.re is that the difference between the summer and winter nearshore Ekman 
transport north of Liideritz is not large (cf Stander's 1964 wind data) , but is 
substantial in the south. What is less evident in Figure 7a but is apparent in the 
work of Berrit (1976), from the plots of wind speed cubed in the paper of 

Parrish et al. (1984), of wind stress and wind stress curl in Duing, Ostapoff & 

Merle (1980), and of nearshore wind stress in Boyd, Husby & Norton (in 
prep :l-see Figure 7b - is that the !5° S parallel is the approximate northern 

boundary of the highly upwelling favourable wind field. North of this latitude 
winds tend to be lighter and more onshore. It should be noted that Figure 7a 
was intended by Parrish et al. (1983) to facilitate the inter-regional comparison 

of four upwelling systems, and probably Figure 7b is more suited to a 
discussion of the longshore variation of wind stress near the coa st in the 
Benguela region as the 1 o rectangles are taken adjacent to the coast. Figure 7a 
tends to over-emphasize the winter wind stress near 27° S (Luderitz) and 
under-emphasize the summer upwelling favourable winds in the southern part 
of 1 he system. In Figure 7b the wind stress maxima near 33° to 34 o Sand 31 o S 
during spring and summer are shown quite clearly . 

The essential differences in the seasonal wind regime between the northern 
and southern parts of the Benguela region were illustrated by Hart & Currie 
( 1 IJ60) from a consideration of four coastal sites. Their diagrammatic 
representation is shown here in Figure 8.ln winter , with the northward shift of 
the pressure systems , the effect is much more pronounced in the south where 

i the South 1 the frequency of winds with westerly components - i.e. non-upwel_ling 
he adjacent 1 favourable ·- is significant. In this southern regiqn of the Benguela, wmd­

.t tho.::rn part :: induced upwelling is highly seasonal and reaches a maximum during spring 
:i68; Nelson and summer (Shannon , 1966; Andrews & Hutchings, 1980) and the upwelling 
.ughout the extends from September to March (Andrews & Hutching s, 1980) . 
. ely centred North of about 31 o S the macro scale wind field exhibits relatively less seasonal 

I, 1968; van variation . Upwelling is perennial here, but with a spring-summer maximum 

.he African and autumn minimal as far north as 25° Sand a late winter-spring maximum 

,; 

ummertoa 

em vergence 

t along the 1 

north of this latitude (Stander 1964; Schell, 1968). While the wind off northern 

and central . Namibia shows relatively little seasonal variation , there are 

OllVertheless slight maxima in the upwelling favourable wind during April to 
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Fig. 7.- a, Ekman transport during summer arid winter (after Parrish et al., 

1984). b, Y-component of wind stress per l o rectangle adjacent to the coast 

(after Boyd et al., in prep .). 

May and October(Stander , 1958, 1963; Berrit , 1976; Boyd et al., in prep .). Th u: 
the Benguela region can be divided into two distinct regimes. 

Land-sea breezes are common along the coast north of Cape Columbin< 
(Jackson, 1947), and the diurnal modulation of the coastal wind has beer 
described very adequately by Hart & Currie (1960) and Stander (1958, 1963 
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120 L , V. SHANNON l 
1964). The contrast between the morning and afternoon winds, in particular ( 
those. at Walvis Bay, is illustrated in Figure 8. In this figure the marked 'i 
intensification of the coastal winds during the day with a or backing of ! 
winds towards the south or southwest (depending on location and is l 
evident. Distinct seasonal changes in the land-sea breezes were noted by f 
Stander (1964). Hart & Currie (1960) have cited the view of S. P. Jackson j 
" . .. that the sea-breeze probably has a fetch of 80-100 miles over the sea,t 
that is from its divergence from the southeast trade ". Obvious! X this diurnal ( 

pulsing of winds and the seasonal variation exhibited therein must be impor- f 
tant for the coastal upwelling dynamics of much of the Benguela region, the t 
northern part in particular. . { 

In the southern Benguela an important modulation of upwelling with a{ 
longer period, viz. about a week, is provided by the wind relaxation or 

with the passage of south of the_ continen_t the J 
upwelling season. Nelson & Hutchmgs (1983) summanzed the SituatiOn very t 
neatly as follows (see Fig. 9): "In the belt of westerly winds between 35° S andl 
45° S, low pressure cells form ahead of planetary waves in the subtropical jet I 
stream . The associated cyclonic rotation of air produced as these cells advect t 
eastwards , causes the wind field as far · north as the Olifants River to be i 
modulated with an intensity which increases southwards to Cape Point . In the f 
summer months the effect is usually, but not necessarily, weak, manifesting } 

H High pressure ce ll 

Low pressure cell 

Coa stal low 

Upper air pressure trough 

Wind 

Fig. weather pattern over the Benguela system typical of summer 
(after Nelson . & Hutchings , 1983). a, South Atlantic high 

established, coastal low at Liideritz , southerly winds at Cape Town · b South 
Atlantic high ridging, gale force winds at Cape Town, coast al 1dw 'moves 

south; _ c, South Atlantic high weakens, northwest winds at Cape Town, 

followmg passage coastal low; d, South Atlantic high strengthens, 
southerly wmds along " west coast ; e, berg wind conditions . 
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·. r:;>df ll:S a pt;riodic weakening of the South Atlantic High and slackening or 
of south easterly winds along the coast. In the winter months ; the 

r::d...,.·! may be, but is not necessarily, strong, bringing in its extreme form gale 
4,•'1'<:..: no rth westerly to south westerly winds of some hours duration, in cycles 
,4 to MX days .... Associated with the approach of cyclonic systems, is the 

of cells of low pressure which form near Luderitz (Taljaard, 
and Van Loon, 1961) and travel round the subcontinent as trapped 

.i •;ud at a speed of about 750 km day- 1 
. .. • The migration of these cells 

11!.t4thward along the coast seems to occur as a precursor to the approach ofthe 
<l®ntc systems to the south (Nguyen Ngoc Anh and Gill, 1981) and is best 
<)M.crycd in the summer months under conditions of weak modulation of the 
S.·u,db Atlantic High pressure cell. The cyclonic rotation of air about these cells 

upwelling locally as the wave travels along the coast and the 
t'fiida tion in the wind at the centre causes suitable conditions for the 

of inertial motions and possibly shelf waves ." . . , 1 
Another large-scale feature of the meteorology of VIrtually the entire Q,. · ' (l 

lkngucla region is the occurrence of "berg" during and winter r) {)vJI"v 
tJaduo n, 1947; de Wet, 1979). These occasiOnal katabatic wmd events are \!.... 
•S>'M..">Ciatcd with the formation of a large high pressure system (a precursor to "' 
the coastal lows) over or just south of the southern or southeastern part of the 
1.\,llx."'nhnent of several days duration. The anticyclonic circulation around the 
!Hgh in a strong (up to 15 m·s -lor more) easterly to northeasterly flow 

the plateau of dry adiabatically heated air. Satellite imagery suggests that 
winds are locally intensified by topographic features such as river valleys, 

,)J ..:i they may transport substantial quantities of sand and dust out to sea 
t Shannon & Anderson , 1982). This aeolian transport to a distance of 150 km 

between 18° Sand 30° S during a single berg wind event is shown in 
1- tf<i,HC 10 which emphasizes the directional coherency of the wind over a 
dt>tanceof nearly 1500 km.lt has been suggested by Hart & Currie (1960) that 
tJies.e .berg winds have little effect over the sea owing to their divergence 

the marine boundary layer. On the macroscale, however , they appear to 
suppress upwelling in the southern region (Nelson & Hutchings, 1983). A. J. 

ij;.)yd (pe rs. comm .) has indicated, however, that these winds can produce 
l;,;;ali7.ed upwelling, but that this effect seems to be limited to within 10 km of 

the coast. 
Very little has been published on the interannual variations in the Benguela 

1und regime. An upwelling index based on the integrated longshore com­
ponent of the wind at a site (Cape Point) since 1961 has been cited in 
Hutchjngs, Nelson, Horstman & Tarr (1983), Nelson & Hutchings (1983), 
Cnndord, Shelton & Hutchings (1984)and Hutchings, Holden & Mitchell­
huJe$ (1984), and shows minima during 1966and 1983 and a maximum in 
1ii15, but no clear trends . .The Cape Point site is, however, not characteristic of 
ti!c whole Benguela region. Early work by Rawson (1908) has indicated a 19-
y.:ar periodicity in the latitudinal position of the subtropical high pressure belt, 
whic;b he tentatively suggested may belinked to the lunar period of 18·6 years, · 
wb.ilc Dyer & Tyson (1975) and Tyson (1981) have indicated a distinct 
periodicity in summer rainfall over the interior of South Africa : It seems 
probable that there may well be an interannual wind cycle over the Benguela 
f\:l ime, but long reliable sets of data are not readily available to verify this . It is 

that the northern and southern Benguela regions will be affected 
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Fig. 10.- Aerosol plumes of sand and dust due to a katabatic wind event: 
NIMBUS 1 CZCS , 670 nm band, 9 May 1979; (after Shannon & Anderson, 1982). 
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differently, as the recent studies on the southern Benguela warm event of 198: 
1983 suggest (e.g. Shannon, & Agenbag, 1984b; Walker, Taunt o 
Clark & Pugh, 1984). · 

As indicated earlier, much ohhe western coast is arid and has a low rainfa 
Rainfall over the sea in the Benguela region ranges from less than 10 cm·yr 
in the north to 50 cm·yr- 1 in the south, while the respective annu 
evaporation ranges from less than 75 to 125 em (Albrecht, 1960 as cited in V: 
Loon , 1972b). On average, the only significant inputs of fresh water into tl 
Benguela system are via the Orange . and Kunene rivers (summer) in the nor f 
and Olifants and Berg rivers (winter) in the south . The last three have me<1 
annual run-offs of 7300 x 106

, . 708 x 106
, and 528 x 106 m3

, respecti ve' 
(Department of Environment Affairs, South Africa). During periods of heav 
rainfall in the catchment areas the is, however, manifest as a thin ler 
of low salinity water with mesoscale dimensions (Shannon , 1966). The impa < , 
of the episodic floods which occur In the Namib with a time scale of decad e 
(e.g. during 1933-1934; Ward, Seely & Lancaster, 1983) on the oceanograph 
of the Benguela has not been well documented . 

Fog is common over much of the region north of 32° S, in particular aroun • 
Walvis Bay. Diagrams in van Loon (1972b) indicate the existence of a dee· 
centre of dew point depression at 850 mb along the western coast with . 
summer maximum (16 oq centred around 27° Sand in winter at 22° S (18 oc 
Total cloud cover generally increases offshore and from south to north , wit! 
inshore values ranging from about .40 to 70% (Van Loon, 1972b; Parrish eta / 

1983). The summer minimum zone indicated by Parrish et al. (1983) lie 
between 25° Sand 34° S while in'W.inter it shifts north to between 22o San < 
32° Sin sympathy with seasonal movement of wind belts. The relatively clouc 
free nature of the southern Benguela regiori makes it amenable to investiga 
tion using satellites (Shannon & Anderson , 1982). 

WATER MASSES 

The large scale hydrology of the South East Atlantic has been described by 2 

number of authors . ·ctowes (1950)-synthesized much of the early Gerrhar 
(Meteor) and British (Discovery) work, while authors such as Fuglister (1960) 
Hart & Currie (1960), Darbyshire (1963), Stander ( 1964), Shannon (1966) 
Shannon & van Rijswijck (196'9), Visser (1969a:,b), Moroshkin, Bubnov & 

Bulatov (1970), Welsh & Visser (1970), and Henry (1975) have reported the 
results of several cruises in the region during the 1950s and 1960s 

There are several water off the western coast of southern 
Africa, including inter alia tropical and subtropical surface waters, South 
Atlantic central, Antarctic Intermediate, deep and bottom water. The 
principal water masses are annotated on the suite of T-S plots for the Benguela 
area between latitudes 15° S and .35° S shown in Figure 11 and the general 
similarity between the T-S curveSis evident. According to Clowes (1950), 
Stander (1964) and Shannon (1966) the water which upwells t6 the sorface and 
to subsurface depths along the coast between Cape Frio (about 18° S) and 
Cape Point (about 34° S) is central water. This water mass which corresponds 
to the linear portion of the T-S curve connecting the approximate .points 6 °C, 
34·5%o and 16 °C, 35·5%o is fourid throughout the South East Atlantic, either 
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;1;: " l.tya separating the surface and Antarctic intermediate layers in the 
... region , or as the sole or main water mass present over the Benguela 

!tlllth:ntal shdf. Central water is formed in the Subtropical Convergence 
. ;scribed by a - .. •n by the sinking and northward spreading of mixed subtropical and sub­

,r!y German a.ot.m:tic water masses (Sverdrup, Johnson & Fleming , 1942; Orren, 1963, 
dister (1960k 1 %6) . Central waters in both the South East Atlantic and South West Indian 
nnon (1966), i have very similar T-S characteristics (Orren , 1963; Shannon , 1966) and 
, Bubnov Jt u dtfficult to quantify the contribution of the latter to the Benguela system . 
reported the e {'wwes (1950) and Shannon (1966) have suggested that some Indian Ocean 
Js and 1960s.·a «ntra l water' enters the Benguela region at subsurface depths , although its 
of southern ; is probably small. Dietrich (1935) and Darbyshire (1963), 

::tlers, South l bvwcve r, have shown that the dynamic topography is favourable for the 
water. The ; cnira u1ment of this water around the Agulhas Bank . Clowes (1950), Shannon 
he Benguela f (1966), and Visser (1969a), by considering the .properties of central water at the 
· the general : ltr 70 to26·75 sigma-t and 140d ·C 1 isanosteric surfaces (approximately 10" to 

>Wes (1950), : 11 -e; 34·9 to 35·0%o) deduced that in the oceanic region the flow of central 
: surface and } was predominantly northerly to northwesterly as far as latitude 20° S. 
t 18" S) and i North of 20° S the central water T-S curve is laterally displaced by about 

(}Y '··- (See-Fig; 11) suggesting that in this region the central water is not of 
points 6 "C, i lkngucla origin but has been advected southwards from lower latitudes. The 

I antic, either : W.cr upper portion of the T-S curves for the region between 20° and 30° S 
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124 L. v. SHANNON I 
indicates the presence of a water mass characterized by a salinity minimum j 
(18 oc, 35-2° I oo)- The dissimilarity between the curves for the four s o areas sug- l 

the origin of the salinity minimum may not be simply due to sun ! 

warming of upwelled water. f 
Overlying the central water west ofthe zone influenced by coastal upwelling l 

are subtropical surface and subsurface waters with temperatures and salinities { 
in the approximate ranges 15-23 oc and 35·4-36 -0o I oo (Clowes, 1950). Deacon i 
(1937), Clow_es (1950), Fuglister (1960), & van Rijswijck (1969), and f 
Welsh & V1sser (1970) have shown the ex1stence. of a subsurface current } 
(salinity maximum) at depths between 50 and 200m. · J · 

At its source Antarctic intermediate water has a characteristic temperature f 
and salinity of 2·2 oc and 33·8o /,oo• respectively (Sverdrup et al., 1942), and the J · 
salinity minimum which marks the core gradually becomes less 
with distance from the source. In the South East Atlantic the minimum · 
is usually between 34· 3 and 34·5° 100 and the temperature between 4 and s oc t 
(Clowes, 1950; Stander , 1964; Shannon, 1966). The meridional change in thei 
minimum salinity is evident in Figure 11, and ifthe dilution curve generated by 
Welsh & Visser (1970) for the South East Atlantic is correct (it differs from that 
of Defant, 1961), then this implies that the percentage of true Antarctic 

intermediate water in the core decreases from about 50% in the southern 
Benguela region to slightly less than 40% north of20 ° S. The salinity minimum l ' 
lies at depths between 600 and 1000 m (Clowes, 1950; Fuglister, 1960;i ' 
Shannon , 1966) but there is a tendency for it to be shallowest offshore at about ! ; 
latitude 24° S (refer to Fuglister, 1960) and immediately west of the shelf break f 

1 

in the southern Benguela region (e.g. Fig . 12). Isentropic analysis by Clowesi ' 
(1950) and Shannon (1966) using sigma-t surface 27·25 suggested that there is af ·.· 
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Fig. 12.-Salinity distribution off Roodewal Bay (30°21 ' S), January 1959 
(after Shannon , 
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ty minimum , ... o terly flow of Antarctic intermediate water south of latitude 25° S, a 
5o areas sug- .· 6-(!;J•nt: which was supported by Visser (1969a). Recent direct current 

y due to sun by G. Nelson (pers. comm.) , however , show substantial 

! movement ofthis water mass in the Benguela region. Some Antarctic 
.al upwelling water may be advected from the Indian Ocean into the Atlantic 
md salinities ; ;tNunJ the Agulhas Bank (Clowes , 1950; Shannon, 1966). North of 25° S 
150). Deacon ' (1969a) data indicated a southward movement at the 80 ci-te: 1 

: (1969), and ; ttWnu; tenc surface (equivalent to sigma-t 27·28) within 500 km of the coast. 

face current •• S o tth Atlantic deep water is detected as a high salinity layer lying beneath 
.>\ntarctic intermediate water, and according to Clowes (1950) can be 

temperature · 4S far south as 56o S. Shannon & van Rijswijck (1969) noted the 
>42), and the ' of the deep water core at depths ranging from about 2000 to 3000 min 

pronounced : East Atlantic, it being deepest at about latitude 32° S. Its tem­
num salinity ' J!!rnturc and salinity decreased from about 3·1 oc, 34·93° I oo at 16° Sand 2·9 oc 
14 and 5 Atld ).llS9"/c,0 at 24o S to 2·4 °C and 34·87%o at 32o S, suggesting slow 

1ange in the ? movement. At 24° S in the -Angoia Basin the deep water is 
by : by a slight salinity minimum, with the relatively uniform warm 

:rs from that · "-''hoe North Atlantic bottom water lying below it. In the Cape Basin , 
,e Antarctic · b-<>'tltc-H· r. the deep layer overlies the colder and less saline Antarctic bottom 

tle southern whid1 has a typical temperature and salinity of< 1·5 oc and < 34·77°/oo, 

ty minimum ' ... IlVcly. and is present at depths deeper than 4000 m (Shannon & van 
lister , 1960; M.rJi.""lJd: . 1969). These authors considered that the Walvis Ridge effectively 
.Jre at about , hu,.,;-.cJ the southward penetration of North Atlantic bottom water into the 
; shelfbreak ; liasi rr and northward flow of Antarctic bottom water into the Angola 
; by Clowes il.a.un, .d though they did detect some leakage at the break in the Walvis Ridge 

1at there is a 44 .H 1 ' E. The. temperature profile along latitude 24° S (Fig. 13, from 
; t· 1960) i.llustrates this blocking effect. Subsequent to Shannon & van 
'. ( 1969) study the quest ion of the penetration of Antar ctic bottom 
i. iif;i:tcr from the Cape into the Angola Basins was considered in more detail by 

! C <)ll.Uury & Ewing (1974). 
F2 l , 
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BOUNDARIES OF THE BENGUELA SYSTEM AND 

LARGESCALE FRONTAL FEATURES 

l· 
1 
l . 
( 
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The " Benguela Current " was defined by Hart & Currie (1960) as the nami .. 

applying " . . .. to the region of cool coastal water along the 
coast of Afnca" , i.e. water charactenzed by a pronounced negattv_e surfa ·· . 

temperature anomaly found mainly between 15° sand 34° s within 185 km 0 • 

the coast, which forms the eastern periphery of the anticyclonic gyre in 
South Atlantic . This definition was followed by inter alia Shannon (1966) 
other s have preferred to define the Benguela Current in term s of 
northward setting currents . Bang (1971) questioned both definitions ; if· 
considered on the basis of upwelled water the character of the "current 1,< 
becomes absurdly discontinuous in both time and space ; if defined in terms oa· 
surface flow then the Benguela cannot be differentiated from the 
Trade Wind' Drift. Bang (1971) proposed that the term "Benguela Current 1; 
should be considered as " . . . that area east of the offshore divergence withi tf 
which , as has been well established, oceanic processes are dominated by 
term atmospheric interactions. The divergence is thus , at least partly, 
hydrodynamic discontinuity reflecting the geomorphological discontinuity or 
the continental slope and separating the weather-dominated Benguela systenf/: 
from what might be termed the climatic flywheel of the southeast Atlantic 
sea circulations. " Several subsequent workers , e.g. Lutjeharrns (1977), Nelso d; 
& Hutchings (1983) and Parrish et al. (1983) have tended to refer to the area al; ·. 
the Benguela current system, Benguela upwelling area , Benguela system of 
Benguela region . Throughout this review it is referred to as Benguela system ... 
region . As processes taking place both sea wards and shoreward s of the shelf 
break and oceanic front are important for the under standing of the ecosyste nt 
as a whole , the western boundary of the system will, for the purpose of thi4' 
review, be considered as being fairly open-ended. f' 

While the question of definition of the seaward boundary of the Benguel{' 
system is somewhat academic, there generally exists over much of the aret · 
between Cap e Point arid Cape Frio a well-developed oceanic thermal fron!f 
South of Liideritz (2T S) the front tends to be well developed and althoug li\ 
spati ally and temporally variable , approximately coincides with the run ofth f 
shelf break. The meandering nature of the oceanic front was first noted bj : 
Currie (1953) who suggested that this might be related to the existence of;' 
centres of upwelling and resulting mesoscale eddy systems as far north as Capf 
Frio. Little is known, however, about the oceanic frontal system offNamibi ' 

sea-su .rface temp-erature. and pigment .. 
mdtcate the extstence of a frontal band whtch appears to be more diffuse tha •. ·. 
in the southern Benguela region. The width of the zone influenced b : 
upwelling related processes off Namibia varies seasonally (see Fig. 14, which if 

Parrish et al., 1983; see alsb Stander , 1964; Boyd & Agenbag, 1984al 
Whtle features , however, change in time and space , the oceanf, 
ographtc statiOn spacing and sampling frequency has generally been inl 
adequate to establish the existence and persistence of a baroclinic frontal zoot 

near the shelfbreak otfNamibia. In the southern Benguela region the oceanid• 
front al system is better documented, particularly between Cape Point ancf 
Cape Columbine thanks to the pioneering work of the late Dr Nils Bani 
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Fig. 15.-NOAA 1 enhanced infrared image of the Benguela, 15 June 1979, 
showing fronta] features (from Van Foreest et al., in press) . 
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Fra. 14. - ·Sea surface temperature anomaly (from Parrish et al., 1983). 

, ¥.lu.n1- 1971, L973, 1974; Bang & Andrews, 1974). Bang's mesoscale observa­
: 'ltdl be diswssed later; at this stage it will suffice to record that Bang drew 
; JO di.Stinction between the inshore frontal system and the strongly 
·· offshore frontal zone (divergence) close to the shelf break . Another 
, which was observed by Bang (1971) in the vicinity of the shelf 
\ \im: r gcnce between the Orange River and Hondeklip Bay was the 
': """c-n.x of slicks, which he suggested might ,. be related to internal wave 
1 These fea tures have been observed in some satellite images further 
i: t!C'\jittiAJ)el, Bryne, Proni & Charnell 1975; Nelson & Shannon, 1983), while 
r tW, .. rc commonly sighted off Namibia during research cruises (A. J. Boyd, 
) Jll(fei · 

{ · waves or meanders in the main oceanic thermal or pigment 
; .been illustrated by various authors, inter alia Currie (1953), Bang 

.1. L utjcharms ( 1981 a), Shannon, Walters, Mostert & Anderson (1983), 
; apd Shannon , Hutchings, Bailey & Shelton (1984). In a recent paper Van 

Shillington & Legeckis (in. press) have suggested that the large-scale 
;' •t.Klflary features which have been observed at the thermal front from 
}#tdkJt,: of the Be.n:guela (see Fig . 15) may be related to the of 
( ,.. shelf wave wtth a 2·2-day penod. These authors have pomted out, 

while the wavelength of such a wave fits the observed structural 
Y'-twcs wc::U, it does not explain their baroclinic and stationary nature . · 
t "l'b<: northern and southern boundaries of the Benguela system are 
l. tc&wna bly well defined, although in the literature there is some disagreement 
; ._. l o what constitutes the boundaries . While Copenhagen (1953), Shannon, 

& Jury (1981), and Nelson & Hutchings (1983) have cited Cape Frio 
1fi ' $J ilJ the effective northernmost boundary of the upwelling system , Hart & 
C.u.mc (1960), Stander (1964), and Parrish et pl. (1983) have shown that 
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upwelling doe s take place north of this latitude. Hart & Currie (1960) 

evidence of coastal upwelling extending to 17o Sand 15° S during March 

Octob er 1950, respectively , while Stander (1964) recorded upwelling off 

Kunene River on three of his quarterly surveys during 1959, the 
pronounced upwelling being during July 1959. The surface 

anomaly maps from Parrish et al. (1983), shown in Figure 14, sugges t that 

upwelling influence extends as far north as about 15° S, and support 

concept of a seasonal shift in the extent of the northernmost zone o( 
Parrish et a/. (1983) have provided a sigma -t profile along a line 

appro ximately 200 km offshore around southern Africa (reproduced as 

16). From this it is suggested that the northern boundary of the 
Benguela system lies at about 16° S, although from the work of Moro shkin 
al. (1970) there is evidence for the northward penetration of components oft 
Bengu ela as far as 12° S to 13° S. What is important is that , while there 
changes in the wind field and orienta tion of the coastline around 15" S, t 
northern boundary of the Benguela system is largely an oceanographic 
Although coastal upwelling does occur over a three- or four-month 
(June- September) further north off equatorial west Africa (Berrit , 1976; 

1981), it is clear that this is not related to local winds, and is not a 
exten sion of the Benguela system : While the wind field north of 15° S is n 
highly favourable for upwelling , some uplift of warm saline waters 

inshore from above the intense pycnocline is nevertheless possible . 

Hart & Currie (1960) regarded the southernmost extent of the 
upwelling area as about 34o Sand Andrews & Hutchings (1980) endorsed 
view that the Cape Peninsula is the southernmost significant upwelling _, •• ., .......... ..,.. 

During the summer the upwelling zone can , however, extend as far south 
east as Cap e Agulhas (35° S: 20° E) which is regarded by Harri s (1978) 

Shannon et al. (1983) as a: more appropriate boundary of the western 

system than Cape At both of these capes the orientation of the 
chan ges by about 45°. In addition, there is a marked change in the wind 

J: 

::.: 
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0 
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Fig. 16.- Sigma-t compared with depth appro ximately 200 km from the 
coast aroqnd southern Africa (after Parrish et al., 1983). 
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50) 35 S Fig. 7). Shannon et al. (1981) broadly interpreted the 
March and; boundary of the Benguela system as the Agulhas retroflection area 

:IIing off the-. ttnpbcd !be inclusion of the Agulhas Bank region within the system 
}, the •· l6). 1 bat water of_Agulhas origin ·contributes to the offshore part of 

lS well established (Clowes, 1950; Darbyshire , 1963; Shannon, 
gest that 1973). As Bang (1973) stated," ... vestiges of Agulhas Bank or 
support th{ Current water are almost always found off the Cape upwell cell". 
Jf upwelling;· to F1gure 6 shows that organically rich sediments occur over the 
ine situated: Ajulbas which is ecologically an integral part of the produc- · 
uced as Fig;.' coast reg1me. Thus, the southern boundary of the Benguela is 
the :pftlililSM."Cd by . a combination of meteorological , oceanographical, and topo­
[oroshkin ei lf#.;tpbx;al W:tors . 
ments of the' the- rnc$0Seale processes associated with the northern and southern 

1Ie there ari or the Benguela system and the oceanic front are discus sed in more 
d 15° S, tn aubllequent sections. 

· 

MACROSCALE CIRCULATION 
onth perio4 
976; 
L northwar d 
!5° s is not llic (olhJiilring is a brief discussion of the large scale circulation in the upper 
vaters close L)l tbe So.uth East Atlantic between latitudes 13° Sand 38° Sand the oo 
e. ; . ..,; lU E meridians . Readers are referred to the section (pp. 122- 125) on water 

1e Benguela. information on the of the deeper water masses, while the 
ndorsed th{ iJilic:t'.alu re pertammg to the htghly vanable and complex dynamics of the 
welling site ielOUOCPtal shelf region will be reviewed later . 

. r south and 

; (1978) C URRENTS 

;s tern . 
he I'Ywor to !.he work undertaken during the Meteor and Discovery expeditions 
e wind fiet4 lhis'century, knowledge of the surface currents in the region was based 

.; .. , 

; • ·.n.ps· drift measurements . Defant (1936) as cited in Hart & Currie (1960) 

j an cxlensive set of data of Dutch current observations and averaged 
w:asonally into one degree rectangles . His charts show the existence of a 

current in a band 200-300 km wide running in a north 
oo · direction ; adjacent to the coast at 34° S and moving progres-

tr'lcl) · offshore northwards . North of 20° S the streamlines bend westwards . 
ld't!J'C.lCP )5° S and 20° S.Defant (19,36) indicated a one-sided divergence line, 

- --· wot Ql which the flow was predominantly westwards. It is significant that two 
spar buoys (FGGE type) with drogues set just below the 

· 1 west of Cape Town during March 1977 (Harris & Shaimon , 
lf19}.ilnJ February 1979 (Nelson & Hutchings, 1983) followed similar general 

to Lhat indicated by Defant' s "Benguela curfent " streamlines . Nelson & 
983) suggested that the current is steered , 

* m areas of steep topography and meandenng over the planes. 
_----'f ttilfrU & Shannon (1979) noted a predominantly westerly movement between 

• l:S" .S and 18° S in accordance with the dynamic topography of the area . 
; 1964; Shannon & van Rijswijck, 1969; Moro shkin , Bubnov & 

lulatov , 1970). It is perhaps also significant that the drifter released in March 

rom the f 19!1_ into the Angola Basin gap in the Walvi s at about 
:; J'l'· tbii respect Shannon & van RtJSWlJCk noted that the Rtdge appeared 
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130 L. V. SHANNON 1 

_to influence local currents significantly. According to Harris & Shannon } 
(1979) their drifter indicated a mean velocity of 17 cm·s- 1

, calculated over 

shortest distance between the first and final fixes, which is similar to the meant 
velocity of drift cards passing through the region (Stander, Shannon &f 
Campbell, 1969; Shannon, Stander & Campbell , 1973). Harris and Shannon t_ 

( 1979) recorded a 15° deviation of drifter trajectory to the left of the cumulativ cl, 

wind stress vectors, a finding supported by the inferred drift card trajectories inl 
the region (see Shannon et al., 1973). The implications of this' are that, awa y'j 
from the coast and in the absence of strong gradient currents, the surfa ce? 
currents will be closely related to the prevailing wind . The anticycloni J. 
curvature of both wind and surface current fields in the area .tends to -

' ·" 

this (compare Figs 7 and 17). . 
From drift card returns , Shannon, Stander & Campbell ( 1973) estimated i 

rotational period of the South Atlantic gyre of about 38 months. Althoug H . 
relatively few drift cards released in the Atlantic between 30° Sand 50a S havd\, 
been recovered along the west coast of southern Africa, those which 
suggest a mean speed in the West Wind Drift of about 15 em-s - 1

. On the , . 
of drift card data Stander et al. (1969) speculated on the probable transport of 

Jasus tristani larvae from Tri stan d_a Cunha to the Vema Seamount , and fronf 

their work the meandering nature of the currents between 30° Sand 40° San d 
I 0" W and 10° E can be inferred , and which has subsequently been confirme 4 
by the trajectories of three satellite-tracked drifters through the aref ­
(Lutjeharms & Heydorn, 1981; Lutjeharms & Valentine, 1981). Thei l 

oscillating paths which abruptly change direction from eastwards to .•.' 
wards on approaching 10° E were in agreement with the dynamic topographi ·'' ' 

of Dietrich ( 1935). . · 'i · 
The work of Stander (1964), Moroshkin et al. (1970) and Dias (1983a) 

greatly contributed to the. understanding of the complex flow patterns in thjt 
region north of23 o S, Moroshkin et al. (1970) showed a substantia) westwar ­
flow between 23o S and 15° S at the surface with a large cyclonic gyre (r ={ 
300 km) separating this "west (main) branch of the Benguela current" and. 
the eastward flowing South Equatorial Countercurrent further north. 
authors proposed the existence of three branches of the Benguela north of 
20" S with a " Benguela divergence " separating the main (west) branch from thf 

more easterly branches. They also showed the merging of the swift 
ftowing Angola Current inshore and the Benguela. It should be noted that th < 

study of Moroshkin et al. (1970) related to autumn, a season which , as will ··· 
seen in the subsection on seasonal and interannual variability , is not typical <f · 
'average ' conditions in the Benguela region . f 

Different authors have measured or inferred surface or near-surface curren tf. 
using various techniques , including drift cards , ships drift , satellite-trackecf 

drifters ,_ dynamic topography ana!ysis, and an attempt t! 
synthesize the data has been made m Ftgure 17. It IS based on the followinf _ 
Rennell (1832); Dietrich (1935); Defant (1936); Clowes (1950); Hart & Curri t · ; 

(1960); Darbyshire (1963); Stander (1964); Shannon (1966); Duncan & Net; 
(1969); Shannon & van Rijswijck (1969); Stander et al. (1969); Visser (1969aj 1··. -

et al. (1970); Shannon et al. (1973); Harris & Shannon (1979f *' -. 
Lutjeharms & Heydorn (1981); Lutjeharrns & Valentine (1981); Boyd l , 

Agenbag (1984a); Nelson & Hutchings (1983); Dias (1983a); and Parrish et 1-·_-._. 

(1983). "' ' 
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. F aii.JlS TS BETWEEN 200 AND 300M 
'f; H art & · · · · . 
Duncan & lb.¢ a rculation of South Atlantic central wate r between 200 and 300 m is 

;); Visser >ehematically in Figure 18. This figure is a composite based on the 
Shannon topography of Dietrich (1935), Stander (1964), ·shannon & van 
(1981); Boyd & (1969), and Moroshkin et al. (1970) and the isentropic analysis of 
1nd Parrish et aL (1966) and Visser (1969a). A note of caution must, however, be 

... papers of Shannon & van Rijswijck (1969) and Visser (1969a) 

'· 

.. < .• . 

. 

·' 

r. 

·' 

.'J.: 

_·.; 

'·.· 

-· ... 
·.:. 



_-, 

-... ; 

i 
' 

_ .,.. 

I 
i 

132 L.- V . SHANNON - l 
relate to winter , while that ofMoro shkin et al. (1970) was based on an autumn f' 

cruise , with the resultant bias of some of the features in Figure 18. · 
Excluding the 250 km wide band, the direction of flow in the are 

south of20 o Sis not significantly different from that at the surface (Fig. 17), e.g : . . 
the convergence of the West Wind Drift and the main equatorward -. 

between 1 oo E and 15° E; the topographic control exerted by the Walvis ,,,. 
and the westward flow between 20° S and 25° S. North of 20° S t-he circulatio · 

s 
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__. 
et al (1970) ._, i 
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Fig. 18.-Probable movement of central water between 200m and 300m­
based on work of Dietri ch ( 1935), Stander ( 1964), Shannon ( 1966), 

Vtsser ( l969a), Shannon & van Rijswijck (1969), and Moroshkin et al. ( 1970). 
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man autumn ;. ropn: Moroshkin et al.'s (1970) data suggest a predomi-

18. meandering movement of 10° E and south of the 
w i? the l.)'re -which is centred around 13° S: 4o E. Various authors , 
: (Fig. 17), mler oliu Hart & Currie (1960), Stander (1964), Visser{l969a), De 

. torwa.rd 0 9W:). Moroshkin et al. ( 1970), Bailey (1979), and Nelson & Hutchings 

Jbown the existence of a poleward undercurrent flowing parallel to 

Je 0( the shelf break and penetrating as far south as Liideritz (Visser, 

Cape of Good Hope (De Decker 1970, Andrews & Hutchi.ngs, 
;\,,. lbiJ underc urrent is at times characterized by its low dissolved oxygen 

, 1 ' . ....... .. wl)'ptcally < 2 mH - 1
, and < 1 mH - l at the core-and was postulated 

, Currie (1960) as a deep compensation current, which according to 

t. l964) results in the poleward extension of the equatorial oxygen-poor 
Sctto n & Hutchings (1983) have suggested that a weak cyclonic gyral 

;tQ.'!iiP whK.-h exists in the region with the Walvis Ridge as its northern 

y would tend to trap the oxygen-deficit;nt water. The available 

· :-»r·e on the formation and advection of the oxygen-depleted layers is 

Chapman & Shannon (1985). 
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The equatorward volume transport in the Benguela system appears to be · ·. 

the order of 15 Sv (1 Sv = 106 m3 ·s- 1
), a. figure which is comparable witht · 

other major eastern boundary currents (Wooster & Reid, 1963). Bang 4. 
Andrews (1974) and Bang (1976) estimated fluxes of 7 Sv and 10 S(' 
respectively, for the equatorward shelf-edge jet in the southern Benguela whicf 

a substantial the gross in the 
Atlanttc . Nelson & Hutchmgs (1983) ctted recent unpubhshed work wht<f 
suggests that in the vicinity of the shelf-edge jet the flux may be locally motf 

intense . . . .E 
The (few) published estimates of the meridiona:J and lateral volume fluxes t 

the Benguela system are summarized in Table I. 

SEASONAL CHANGES AND INTER-ANNUAL 
VARIABILITY 

The seasonal distribution of temperature and salinity along the western co 
has been described by several authors inter alia, Clowes (1954),-Buys (195 
1959), Stander (1958, 1963, 1964), Shannon (1966); Schell (1970), Woo st: 

(1973), Christensen (1980), O'Toole (1980), Boyd & Agenbag (1984a), Parri l · · 
eta/ . (1 Stetsjuk (1983), and Strogalev (1983). Readers are also referred ·._· __ 
the sectton on macroscalemeteorology . .· 

Christensen (1980) showed the mean monthly surface temperatures arou · 
southern Africa south of 25° S from data provided by commercial shippi . 
during the period 1968-1978 , while more recently Boyd & Agenbag (1984( 

have disc-ussed the seasonal surface structure of t. ?e between 17oi'·· 
and 34° Sand between 37 and 300 km offshore usmg a stmdar set of data b · 
from a slightly longer period (1968-1980). Boyd & Agenbag have compar 
their seasonal (three months per season , viz. December-February , etc.) maj 
with those generated from a more extensive data set, but with a coarser g 
spacing, by Parrish eta/ . (1984) for the two two-month periods , January . 
February and July to August . The seasonal averages from Boyd & Agenb ' 
(1984a) are shown in Figure 19. These authors drewattention to the gene ' 
similarity between the winter and spring distribution with water cooler th · ·' 
16° C along the entire coast between 18° Sand 34o S extending up to 300 · 
offshore. During summer and autumn (very similar-see Fig. 19) the area ' 
cool water contracts meridionally and zonally . Longshore temperat _. 
gradients are weak (1 oc or less per 1 o of latitude) compared with the offsh :, ' 
gradients, the latter being strongest in summer and autumn in the area south . · 
Walvis Bay (Boyd & Agenbag, 1984a). North of Walvis Bay the offsh1 " 
gradients weaken slightly and the isotherms bend more towards the coast. ·· 

. large-scale seasonal surface temperatures broadly reflect changes in in -:' 
lation , upwelling , vertical mixing and horizontal advection. They do n4 '' 
however, show the intense mesoscale coastal upwelling events . 

The changes in temperature and salinity in the upper 50 m based . ·· 
monthly sampling by research vessels in areas off Namibia (21 o S-24 ° S) a.J· 
off the Cape (32° S- 33° S) have been described by Buys (1957, 1959), Standi' 
(1958, 1963), Stander & De Decker (1969) and Boyd & Agenbag (1984a,b). Tf 
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to the v• riation in temperature in the two regions is shown in Figure 20, and 

:er cooler lowest values during and close betw i:en the 20m 
to 300 ave.raged temperatures. The seasonal s1gnal appears to be more 

19) the area than off the Cape where, excluding May , there is little 
· ; Ul .lbe temperature at 20m and 0-50 m during the year. Both Namibia 

th the CJ.pe curves show peak during late summer to autumn 
c area south •l••U-momhlag between the two regions (March and May, respectively). 
y the offshor( . t»e Niottf)ibia thesalinity tends to follow the curve but with a lag 
the coast. •ml .Ofte to two months (see Stander & De Decker , 1969), whereas off the 

· tnges in ins&t,-. ih uation is more complex. (A note of caution: the area between 32P S 
They do .H' S encompasses a strong baroclinic frontal zone and is highly variable. 

?fk 'M.O.Q•lity off. the Cape is evident from the ti,me series of monthly 

, m based made by Andrews & Hutchings, 1980, near Cape Town-see 

S-'-24° S) an(.f$lt) .\ · . 
i 959), Stand el·. · l lllt:• Mud:ies on the occurrence of thermoclines in the Benguela system have 
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21°-22°S ; 9-65km (1978 -1983) 

(after Boyd and Agenbog, 1984) 
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Fig. 20.- Mean monthly temperatures in the upper 50 min two areas of the 
Benguela system . 
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bl;tv.ccn Sand 33o Sand 21 o Sand 24° S, respectively. The results are 
in Table II. OfT Namibia thermoclines tended to be shallower and 

during summer were less frequent than in the south, and were 
un the average with slightly warmer less stratified water. Boyd & 

suggested that the warming of the layer below 30m off 
during late summer to early autumn is not primarily caused by 

'59 - ·1963) 

r , 1969) 
TABLE II 

" 

0 
'"''4-.rfftet< of thermoclines at two sites in the Benguela system : *estimated from 

m diagrams 

( 
.. 

Season 

Frequency 
occurrence 

(%) 

Depth 
of top of 

thermocline 
(m) 

Temper ature 
at top of 

thermocline 

CC) 

Temperature 
drop across 
thermocline 

(OC) 
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downward heat transfer across the thermocline, and that the water which· ! ' 
upwells there during this period is warmer and more saline . ; J ·• 

Readers are referred to the sections dealing with mesoscale processes and t · ' 

. the work of Stander (1964), Schell (1970), and O'Toole (1980) off Namibia, and ' -"·'· · 
of Clowes (1954), Shannon (1966), De Decker (1970), and Andrews & • ,... 

Hutchings (1980) off the Cape for further information about seasonal "'''' 
in the vertical structure of the Benguela system. · : 

Surface isothel1ns in the Atlantic Ocean during winter (e.g. Mazeika, 1968) ', 1 

show upwelling off the coasts of Angola and Gabon, i.e. north of the mai m· ' ;. 
Benguela region. In an analysis of data from the region Berrit (1976) c.., " 
that north of 15° S the winds were not favourable for Ekman upwelling and c. · ·• 
that the strong 'upwelling signal evident in the temperature data had othe ·• ·\t, 

causes .. Upwelling occurs .in the eastern equatorial region of the Atlantic an · .: :. ' 
along the Gulf of Guinea coast during the austral winter , and Moore et at; ·;' 
(1978) attributed part of this upwel·ling to an internal Kelvin wavegenerate 

by incre.ased winds ofT northern Brazil. wave travels along th:f_•·_·· "'"t 

equatonal wave gmde and reflects at the Afncan coast polewards an<Jt .-t 

westwards in the form of coastal Kelvin and Ross by waves . Subsequent studie !r• '" 
by Picaut (1981) have indicated that the wave propagates polewards betwee ' t'• . 
1 o S and 13o S with a phase velocity of about 0· 7 m·s - 1 and then propagate , '· " 

further south, but with some distortion. If Picaut's results are .,., 
then it would imply that the wave could reach Namibia during Augustan d!• ,._,' 

Cape Town (34° S) about a month or two (allowing for changes in strati t i flliit." 

fication) later. Although there is no definite proof that this does happen, thef 
data below 30 m in Boyd & Agenbag (1984a) and the appearance on -:: Jlt 

shelf near Cape Town of cold ( < 8 oq water during September to Octobe tf.. 
(refer to Fig . 21-from Andrews & Hutchings, 1980) seem to support the wavef: 

A comparable of of a "warm pulse" coul .d possibly b]f · 
mferred from a companson of the diagrams presented by Bernt (1976) an j : 

Figure 20. It should also be noted that a warm pulse is evident off Abijan1'. ' · 

during April which is approximately the same time the Benguela * r 
temperature maximum. Furthermore, Hirst & Hastenrath(1983) postulated al .. ,,. 
link between the (austral) summer relaxation of the westward wind stress in th > 
equatorial western Atlantic, the subsequent warm pulse ofT Angola and th 
Angolan rainy seas<)n (March to April). It is tempting to speculate whethe : k 

the upwelling system throughout the Benguela is not perhaps 'primed' b '; " , 
this coastal trapped Kelvin wave which then facilitates Ekman upwelling . Th ? ..;.!, 
lack of a strong seasonal wind signal ofT Namibia and the oceanographic dat ;';, 
from both the Cape and Namibia seem to support the idea of priming . I .., .... 
the Benguela upwelling is primed and then terminated by Kelvin waves, the!il iii' . 

this implies that a major causative mechanism of the inter-annual variability o6 ,,. 
the would have its origin in the equatorial region of the Atlanti , 
Vanatwns due to changes in the local wind fleld would be superimposed o ·· "' 
this . 

Very little has been published on the inter-annual variability in th 

Benguela system, and it is evident from what literature is available that Iongl ¥'"" . 

term records, where they exist , have yet to be adequately analysed. ..._, 
perturbations occur on the time scale of years and decades seems 'i';J! . 

the biological record (Shannon, Crawford & Duffy, 1984), but ·::., 
mherent short term and spatial variability of the system has .. , , 

I 
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: water which 1; ""' mmutoring. ( 1957, 1959), Stander (1958, 1963), Stander & 
. f H%9}. Strogalev (1983), and Boyd & Agenbag (1984b) have all 
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ocesses and to f short oceanographic sets of data in the northern and 
Namibia, lk1l:l(ucla regions and have suggested certain trends. In the Cape , the 
l Andrews thatfortheperiod 1950to 1957therewasacool 
.sonal li!J.Itn *"·•h tarina 1954 to 1955 and 1955 to 1956, and he suggested the possibility 

. ! cyde, a view supported by Stander(1963) in his analysis of the 
!laze1ka, tWit Nami bian records , where a cool period was noted during 1957 to 
h of the mam .t \ftt.•, (1983) data indicated that 1972 to 1974 and 1976 were 
176) years off central Namibia . !he recent study of the 1982 to 
upwelling Benguela warm event (reported m S. Afr. J . Sci., Vol. 80, No. 2, 
. ata had . 19M) has highlighted the inter-annual variability in the system since 
e Atlantic and l fhlkcr , Taunton-Clark & Pugh (1984), see Table Ill, reported on 
i Moore et • .lotll,a.urface temperature data for the southern Benguela for the post 
tave generated J-" poJ0\.1 and concluded that , while warm events in this region correspond­
.vels along f"<aa.tk events peaked during the summer, they had a distinctly different 
.olewards and !' IQ the F.l Nino, being related to variations in the wind field rather 

.equent studies-f. k< the of warm water into the system from the north . These 

.vards between ). that the early 1960s were 1 to 2 oc warmer than average years 
,en propagates t (sec last paragraph) being the 1967, 1971, and 1979 were 
e )'il'".&n an the southern region and et al. (1984) indicated a possible 
1g August and {: between the position of the Subtropical Convergence and local 
.nges in strati { .-.. (see also Gillooly & Walker, 1984). While the summer of 1982 
es happen, th<:·. ••• abnormal in the southern Benguela with respect to temperature 
:a rance on the / 19!!4; Duffy, Berruti, Randall & Cooper, 1984; Gillooly & 
Jer to Octobe n 'lit a.i,« , l9S4), wind (Nelson & Walker, 1984; Schul ze, 1984; Hutchings, 
pport the wa vd & M itchell·l ones, 1984 ), sea level (Brundrit , de Cuevas & Shipley, 
uld possibly bet \••l •nd biological characteristics (Shannon , Crawford & Duffy , 1984; 
rrit (1976) and t Brundrit era/., 1984; Branch, 1984; Duffy et al., 1984; Shannon & 

lent off Abijan f" 1983 b; Hutching s eta /., 1984), off Namibia the work of Boyd & 

t 1984b) has shown no significant anomaly , although the preceding 
3) postulated at, winter (1982) were characterized by cooler than usual conditions . . 
,nd stress in the]: the most satisfactory approach to the que stion of inter-annual 
.ngola and y· is the examination of long-term tidal records. Recent studies on sea 

culate . ;lt•w-l -.:tjwtcd for atmospheric and tides , by Brundrit, Shipley, 
ps 'pnmed bYf' l.,. .- & Bruodnt (1983) and Brundnt et al. (1984) have shown coherency m 
upwelling. The f; • t111001:hly records from nine sites along the coast (22°57' S to 34°35' S), with 
11ographic which has a very large spatial structure, 

of priming. Ifj sarne t.rend at each site . Their results a decline in sea 
· <in wa ves, 1979 with .1982 showing a lower level m the mter-annual cycle. 

al variability high. values were observed by Brundrit et a/. (1984) at the 
Jf the Atlanti c.Q during the 1982 to 1983 spring and summer . On the longer term, 
perimposed on$ cl al. ( 1"983) showed peaks during 1963 and 1968 to 1969 and troughs . 

. 'f to 1966 and 1971 (Table Ill). · 
iability in thef · the early 1950s, although there have been several warm and cool 

ilabl e that i*••' m I he Benguela, only two events approximating to major El Nino type 
a nalysed . Tha d have occurred viz. in 1963 and 1984. During the 1963 event 
;eems probable }: 2-4 oc and salinities O·l--0·2%a above normal were recorded in 

· 1984), but the:$ m (Stander & De _Decker, 1969). These authors noted 
has .. . I()U.thward mtruswn of warm sahnp Angolan water was not accom ­
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TABLE 111 

Comparison of upwelling indices for the south ern Benguela region: *, 1960s were generally warm; t, units of relative wind displaceme nt 

Year 

1953- 1954 

1955- 1956 

1957 

1958 

1959 

1960 

1963 

1964 

1966. 

1967 

1968 

1969 

1970 

1971 

Sea tern perature 

Shannon 
(1976) 

St Helena Bay area 

Warm 

Cool 

Warm 

Coo l 

Warm} } 
Warm 

Walker et a/. 

(1984) 
Tab le Bay & west 

co·ast* 

Warm 

Warm 

Very warm 

Cool 

Cool 

Coo l 
1972 Warm 

1973 Slightly warm 

1974 Warm } 
1975 

1976-1977 Summer warm 

1978 Cool 

Upwelling index/ reference 

Nelson & Hutchings 

(1983) 

Low (14)t 

Low (18)t 

1974--1976 

Hig h (22)t 

Wind 

Nelson & Walker 

(1984) 

Sea level 

Brun drit et a/. 

(1983, .1984) 

Low (2nd half of 1959) 

High (mid-1963) 

Low (a lso 1965) 

High 

High 

Low (early 1971) 

-

r 

-:< 

"' X 
;.. 
z 
z 
0 
z 

. , 
·, 

1979 Cool . 
· · · · · · · ·. Abnormally low. Low m . 
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;,'i • da:rease in upwelling favourable winds . A recent event of similar 

during the late summer of 1984 (Boyd & Thomas : 1984). r, h iiJJ£"\.'t of the 1963 event was felt subsequently in the Cape (Brundrit et al. 

twJ. lll). From data presented by Walter (1937), it is evident that 

til Jamdar or greater 'magnitude occurred during 1934, when monthly 

';. k.mperatures were 2-3 oc above the long-term average from March 

cJ.- July at Swakopmund . The anomaly was accompanied by a reversal or 

,_kt:qll l of tbe usual northerly flow of the Benguela, and the flood waters 

&f l ; *"• lhoc Orange River were reported as moving southwards instead of 

. Although not yet confirmed by the physical data , biological 

·; .; l<4- Shannon, & Duffy , 1984), suggest that Benguela El 
j ; also have occurred m 1950 to 1951 and around the turn of the 

l ·These do, seem to be less frequentin the t than m the eastern Pacific . ·· 

t 
-;, i 

1l .. 

e.t 
tHE NA MAQUA-LODERITZ UPWELLING AREA 

_§ ! rorU'!t.1pnl upwelling centre of the Benguela , as borne out by the work of 
< [· .1otho rs, inter alia Copenhagen (1953), Stander ( 1964), Boyd & 

{ ( 191S4a), Parrish et al. (1983), and Stetsjuk (1983) is in the vicinity of 

.;:' t27" S) - approximately eq uidi stant from the northern and southern 

of the system . Defant (1936) noted that the zo ne of greate st 

t', tt:mpcrature anomaly was situated between 23o Sand 31 o San 

j illto n· although based on relatively few has been sub­
by subsequent analyse s by Wooster (1973), Parn sh eta /. (1984) and 

l l'i!83J. Copenhagen (1953) identified on the basis of temperature and 

l W!<:.re'l:;ctry three main centres of upwelling in the Benguda , viz. Luderitz , 

l Bay, and Cape Point with secondary centres at Hondeklip Bay and 

f )lay. Boyd & Cruickshank (1983) indicated maximum negative surface 

· i anomalies 37 km offshore at 25° Sand 29° S, corresponded 

1;,.; ¥1ilc of two cool tongues noted by Ha.::t & Curne (1960) on both 

?r by Stander (1964), and by Bang (1971). These tongues which are 

a __ E rela ted lo both the bathymetry and the wind field have as their bases 

§ g g t· ·l..-mt a nd Hondeklip Bay and , together comprise a major environmental 

"'u u .. ill the Benguela, effectively dividing the system into two . Relatively few 

f . stations have been occupied in the central Benguela, probably 
. mos f of the research has been focused on the important pelagic fishing 

-.:"t;;u 'i!ilucll lie to the north and to the south of the 'cold' region . In the 

;; puragra phs published work relating to mesoscaLe upwelling pro­

u3 the Namaqua {28° S- 31° S) and Luderitz (24° S-28° S) zones is .. 
'f ZONE 
1· 

.<'t v.cdge -shaped zone extending northwards and broadening from 

::=: Bay to the Orange bight is evident from satellite thermal infrared 

Stander(1964) and Shannon (1966) have shown the presence of 

i' in the bight during most seasons . Nelson & Hutchings (1983) and 

t .-.»J n-Clark: (in press) considered that this tongue was largely determined 
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17° 18° . 

Fig. 22.- Sea surface temperature distribution rq in the Namaqua zone, 
lOth November 1980 (from Taunton-Clark, in press). 
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•tb.rmclry , Southwest ofHondeklip Bay the shelf is narrow and deep , 
::f:;:;::J: ,.ii!ltd:!u rcgwn cold water would be readily available close inshore . Further 

tk \hell broadens and the inner shelf is marked by a progressive 
··:-::::(:] Ml'..-m a lllwards the coast (Taunton-Clark, in press). Moreover the mean 

.. · ot coast changes slightly at Ho.ndeklip Bay. The 
If \} 't 5hoaling (8-12 oq Isotherms over the 

! Sand 29 SIS evident from Bang's (1971) sequence of sectwns. 

; m d;c area are predominantly longshore with a diurnal sea-breeze 

th 1·-.: .. '"_'d .. a strong perturbation as pass through and the cJ3 · ;, A.tliil.nllc high weakens (Nelson & H utchmgs, 1983). Nelson, Kamstra & 

({]. ·· 1198)) have examined the mean .annual winds and surface temperature 
· *' _.half degree rectangle grid and have shown the existence of an area of 
• negative wind stress curl adjacent to the coast at Hondeklip Bay, 
t ... ,A ..;ookst water to the north in the Orange bight. Taunton-Clark (in 
r .. i recently reported on the results of a series of meteorological and 

· measurements made on aenal surveys of the Namaqua 

lhe last quarter of 1980. Figure 22 illustrates what this author 

.. :::J 1ypically developed upwelling tongue . Taunton-Clark (in press) 

j}D V.snd speed maximum offshore , with a local maximum northwest of 

. · ·. tbp Bay coinciding wi.th the plume base and the local therm.al low 
-: .. ::+ .uu. Lowest temperatures were recorded north of Hondekhp Bay 

:A• t<hc <JUihor felt that the upwelling response in the area was markedly 

l the .cape Penins-ula. Drift data .in Clowes (1954) is consistent 
'l N..-· t t:K '-•)nfigurauon of the Namaqua upwellmg tongue . 
{ Stander ( 1964) and Shannon (1966) found no evidence support 

Q.,: cellular structure (Fig. 23) proposed by Hart & Curne (1960), 

<I ,t,,, .· 
•1 ...... ·. 

_L--l.l.'"'---'-::----- · . .., . . MILES OFFSHORE 
18° . f ·:· 

Namaqua zone, 
•ress). 

>,t\lf; ::J.- Distribution of specific volume anomaly, Orange River line, 
liq)t cmber 1950, showing cellular structure (from Hart & Currie, 1960). 
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e 
::t: .... 
"" w 
0 

200 

280 

Fig. 24.- Main structural features of the Benguela region between 29° Sand 
32° S identified by Bang (1971). 

!'_'. 

,: ,. " 

probably on account of their wide station separations , Bang's (1971) verti · 

temperature sections of the area between 29° Sand 31 o S during = .. : : 
show mark ed wave-like features over the outer shelf and shelf break, which llC;··. .... · . , 

suggeste? were of divergence . This author's .... ·.• ... •. . ..... . 
schematic of the !llai? structural features of . the Beng.uel ;.,.; '; ..... ; 
between 29° S and 32° SIS shown m Figure 24. presence of surface shck ::(*'·· '""' , , 
?oted by Bang (1971) over the shelf break, which were prob .ably related hi.· w'> . " , 

waves , were subsequently observed m LANDSAT of till · 
regiOn between 30° Sand 32° S by A pel et al. (1975). The shck spacmg record e( .· .. · ·. • 

by Bang (1971) viz. 1-2km , was sii?ilar to that of Apel et al. (1975) offshore, = ::<...::. 
km. -r:he wave ev1dent from the LANDSAT scen.e appeared ti' 

radiate out spacmg of 20--40 km from a source near C.hJ!d's Bank . . 1,.:.: _ , 

Shannon , Schhttenhardt & Mostert (1984) showed , from NIMBUS- 7 CZcfJ\ r. 

imagery, the existence .or an S-shaped band of elevated chlorophyll over ':,...:.._ .. 
Orange Banks (approximately 150 km offshore between 28° Sand 30° S) whic!_\· : .. ·.· ..... -. · . 
they suggested might be associated with a semi-permanent shelf-bre ] "· 

divergence These however, did not exclude the ·. f ."f'. .' 
chlorophyll-nch water bemg advected offshore from the Hondekhp Ba ·· 
upwelling centre . Whether shelf-edge upwelling, as suggested by Shan no ·': '· •' 
(1966) actually takes is debatable . · ·. 

Although there have been no published measurements to date of the she) '' r 

edge jet in the Hondeklip Bay-Orange River area , its existence seems probab . 
from Bang's (1971) sections. Likewise, while there is no definite evidence of a i . 
undercurrent .deep compensa .tion current in the area (Nelson & 
1983) the possibility of the se bemg present should not be excluded . ,,, · . 

'.!· . . . . 

LUDERITZ ZON E ''\o ; 

.Ji< r•'"'' 

Following of Copen?agen (1953), Currie (1953), and Hart & < •. J 

(1960) which Identified the regwn around Liideritz as an important 

<tf: 

' ,, 

. ::,. 

>·w· .. •• . •. • 
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,..'{,, l .t'»t studies by Stander (1964),Bailey (1979) and Stetsjuk (1983) 

the spatial and seasonal extent of upwelling in the area. According 
'*'' ( 1964), "Low surface temperatures are most conspicuous between 

upwelling ·; 28" S. It would undoubtedly appear that the area from the Orange 

'e 

·• 
29° Sand 

;, £ Mt·'!:t nHJuth to Liideritz is a region where upwelling occurs repeatedly, 

,\· more frequently and intensely than elsewhere along this coast" 
· (1964) work which was based on nine quarterly surveys (1959 to 

';. I·•J i !>bowed persistent upwelling throughout the year with a slight maximum 

• •fir to' and a minimum during autumn, which is in agreement with the trend 
in Bailey's (1979) analysis of the mean monthly upwelling favourable 

'' iU Liideritzfrom 1971 through 1977. Bailey described the wind field in 
. ii>c,.,'!;...: detail and showed that the southerly coastal winds were fairly consistent 
5 the year with a tendency towards a maxinmm during the last 

·• ,;,,;4n.; T and a minimum (half to two-thirds of average speed) between May and 

k :• i I he wind speed maximum is situated 50 km or more offshore .) This is in 
ngreement with Stetsjuk's (1983) "cold advection" values which 
minimum upwelling in the region 24° S to 28o S between July and 
and maximum upwelling between October and December. Bailey 

also found good agreement between the monthly average sea-surface 
within 80 km of the coast between 24° Sand 29° Sand the winds 

1971) vertical .. t u..kri tz from 1977, and_ he considered that the upwelling 
b . 1966: .calc for the Ludentz zone was relattvely Iong-more analogous to the 

h f't\rt'\to&lld North West African situations rather than to those off Oregon and in 
.' w ted: M ulhern Benguela. The sea temperature and wind speed records from 

h
s aBnno a 

1 
.• • '"tcr (1937) for Liideritz during November 1927, which showed a good 

. e engue a. . . b h . bl . h " . l .d . · f· 
1
. k :. ;!l.•·t ·r.c correlatiOn etween t e two vana es, suggest, owever, a •air y rapt 

.ur aces IC S;: · .. s h · I B il (19.79) b d h d · 
bl 1 d t .

.. f<il"'>•;-...>n.c (I-- tg. 25) . . omew at cunous y a ey o serve t at unng 
y re ate c.. . 1 M .h d " ll . · f td \i.'"f;Wic.itm vcars m anuary to a. rc warmer water appeare 10 owmg stronger 

nagery o •s;.. . . . ( d d L"d . . D b J Th . . dDl: recor e at u entz) m ecem er to anuary. IS response 
··mg recor "'"'' · · d d 26° S 27o S h. h · ff h . be ,due to the large eddy , centre aroun to · , w 1c ts 
) 

0 
s of the Liideritz zone upwelling, noted & (1960), 

f ( 1964 ), Bang (1971 ), Bailey ( 1979) and_ whtch IS ass oct ate? w1th a 

. _
7 

CZCS: iii-;""*m".ud now north of 25 and an eastward mtruswn of_ oceamc water 
1

1
llulsl h .·. .. 27 ' Sand 28o S, possibly as some form of compensatiOn. 
1y overt e.· · d 1· · d ' ·b · tO 200 d400 ffN ·b· 

o h. ·· temperature an sa 1mty Jstn utwn a · , , an m o ami 1a 
l 
30 

S) w January 1960 is shown in Figure 26 (from Stander 1964), and the spatial 
shelf-breaa.; . . L "d · 11· · h B 1 t · . . T of\ Alld 1mpact of the u entz upwe mg site on t e engue a sys em IS 

Ity. t' evident as is the con·vergence zone between the tongue and the 
ndekltp Namibian regime at 22o S to 24° S. Nelson & Hutchings (1983) have 

" 

by Shannoq · · · f b ?00 d 400 .), that the coherency m the tongues o water etween- an m 

f I h If
/ :slighlly offshore during the sum.mer, points to the possibility. of wind-

. o t 1e s e •. . . . h d . h b h b t h " b bl upwellmg bemg en ance m t e area y t e om topograp _Y-
ms pro af e .. commented that cold water (7- 10·5 oq was consistently present m 
lldcnce o an.. • . . If h d h A . h N th , h' ; to the she at t ese ept s. s m t e !maqua Z0

0

ne, e 
"- Hutc mg1 _.,.,,J,ib,btlity of this cold water near to the coast between 27 Sand 28 S (the 

..:d. i .td " deep here with the shelf break at about 500 m-see Fig. 5, p. 114) 

art & Currier 

,nt 

.. ::: 

.. with the orientation of the coast and the shelf break appear to be 

considerations for the upwelling dynamics. 
1\.;,tl.».;ough unfortunately Stander (1964) did not show vertical profiles along 

line, seasonal mean vertical sections from the same set of data are 

·- , . • _.-· ·',! '·"'····· ··-· 

•. · 

).· 
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Fig. 25.- Variations in wind speed and water temperature at Liideritz during 
. November 1927 (after Walter, 1937). 
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Fig. 26.- Temperature and salinity at 0, 200, and 400 m off Namibi a during :"i;'! 

January 1960 (after Stander, 1964). 
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"uJ L.a blc in Schell (1970) and these confirm the pronounced uplift of the 

over the shelf. Hart & Currie (1960) and Stander (1964) found that the 

kii:"•d kJ water off southern Namibia originated from a depth of 200-300 m: 

t:.llhc rt & Price (1971 b) have quoted a depth of220 m for their Sylvia Hill line 
S - their southernmost line and one on which maximum active upwelling 

• •• lh >tcd) during October 1968, while Bailey (1979) recorded depths of 300 

MrJ H Om for lines off Chamais Bay (27°56' S) and Marshall Rocks (26°21' S), 
t:n p;x tively, during an upwelling event in November 1976. It should be noted 

Latun (1962), using a two-layer steady state model, obtained good 
with Hart & Currie's (1960) observations of upwelling on their 

\Jt.a.ngc River line. He found strongest upwelling (3·5 to 4·7 x 
i 10 the shelf break and that water could not rise to the surface layer from 
i below 325 m. Bailey (1979) has compared this maximum upwelling 
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Fig. 27.-Surface temperature (oq distribution in Liideritz zone and sigma-t 
.profile along the Marshall Rocks line (26°21' S) during upwelling period (a,c) 

and quiescent period (b,d) (from Bailey, 1979). 
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148 . . . . . L. V. SHANNON . l 
condttJOn w1th the qu1escent case (February 1977) and hts surface 
charts of the area and vertical sigma-t profiles along the Marshall Rocks 
for these two extreme cases a:re shown dramatically in Figure 27. J# 

The. only study of the response . of the Liideritz system to a mesoscale windl 
event 1s that by Bang (1971) who Illustrated the effect of 3-6 days of gale force {l• 
southeasterly wind . (His dramatic diagram is shown in Figure 28.) Bang 

that the. mixing the gale were smaller than 
depth havmg mcreased by 5--15 m. The 16 oc 1sotherm wasf 

d1splaced up to 80 km seawards over a few days, and temperature changes oft • 
0·5--1 oc well below the thermocline at depths between 100 and 250m weref' 
evident. Bang postulated the existence of a "pivot" or point of little change 
the system at about 27°40' S: 14°55' E from his and Stander's (1964) data . 
felt that, while upwelling occurs to the north and to the south, the vicinity 

th.e pivot was one of comparative The po.sition of the pivot coin.cidesl;· . 
wtth the central Benguela "envtronmental basm" proposed by Boyd 8b ·• 
Cruickshank (1983) and may be the effective boundary between the Cape and·.;. 
Namibian subsystems. : . 

Evidence for the existence of a deep compensation-poleward 
in the Liideritz zone was examined by Bailey (1979). Although no · · · 
current measurements have been made in the area, Bailey deduced from 
dynamic topography of the region (e.g. Fig. 29) together with · 

analysis and an examination of the oxygen distribution that, during au 
poleward undercurrent was present 100-150 km offshore at a depth of 
400 m, and over the shelf in south between 50 and 100m. Visser (1 

DISTANCE OFFSHORE ( n. miles) 

80 70 60 50 40 30 20 10 

I 

· ._ , 

t( J' "l r-, 

200 
ll 

Fig. 28.-Temperature ;tructure (0 C) at 26° S (from Bang, 1971) before and 
after a southeasterly gale during February 1966. 
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'fig. 29.- Water movement inferred from dyhamic topography, May 1976 
(from Bailey, 1979). 

. - 1.0 
f ,M:w showed an undercurrent J()(}-150 km west of Liideritz at a depth of about 
t· 't{ O m during July ·1959. The fact that it has not been detected during other 

should not exclude it as a permanent feature , but may rather be symp­

of the station spacings and measurement techniques . 
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-f- -_-, , Wt.S OSCALE PROCESSES IN THE NORTHERN BENGUELA 
e ore .:. 

- · After -: 

- Chonge::: 

; he literature on the northern Benguela region is mainly of a descriptive 
) (e.g. Currie , 1953; Hart & Currie, 1960; Stander, 1964; Calvert & Price , 

relatively little is known about the mesoscale dynamics off central 
Namibia . Reference to the wind field and bathymetry and the 

of Hart & Currie (1960), Stander (1964), O'Toole (1980), Boyd (1983a), 
1) before and 
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Parrish et al. (1983) and Van F oreest, Shillington & Legeckis (in 
suggests that there are centres of upwelling around Conception Bay (24 o 
near 18° S-19 ° Sand 20° S-21 ° S, i.e. south of Cape Frio and Palgrave 
respectively. The region between Walvis B·ay (23o S) and 21 o Sis a 
area between the Li.ideritz and northern Namibian zones and is general 
characterized by a lower upwelling intensity (see Stander , 1964; Calvert 
Price, 1971b; Boyd & Agenbag, 1984a). 

O'Toole (1980) characterized three main surface water types in the 
viz. cool upwelled water (12-18 oc, S 34·9-35·2% 0 ), warm, saline Angola 
( 17-22 o<;;, S 35· 5-35·9° / 00 ) which periodically advances towards the sout 
mainly during summer and autumn, and water of oceanic or mixed origin 
20 °C, S 35·2-35·5%o) which appears to advance from the west towards 
coast between 19° Sand 22° S during summer. Boyd ( 1983a) identified a tnnrtJoJ E . 

saline water type (S 35·3-35·5% 0 ) having a temperature lower than 15 
which is upwelled off centr;al Namibia in autumn, the origin of which 
to be from the north. 

The geostrophic circulation during nine cruises off Namibia has ; 
discussed by Stander (1964) in some detail. Surface and subsurface 

·. patterns often differ substantially, e.g. Figure 30. The dynamic topography 
not a good indication of surface currents (Boyd & Agenbag, 1984a) as 

. upper 20 m is primarily wind driven (Moroshkin, Bubnov & Bulatov, 1 
Boyd & Agenbag , 1984a; Hagen, 1984) and it is in this surface layer that 
of the short-term variability in the system occurs (Stander, 1963). The upper 50 
is well mixed during winter and spring, the main upwelling season 1...,,a· uu•·••"· 
1964; O'Toole, 1980) but stratification is increased during the summer 
autumn due to insolation , advection, and a partial relaxation of the wind. 

ff l. 11\T ) \' 

r---r---'r-.,--"tr..,......--.--r-.,---.--.---,-.--.---,-r-rr.:--.---.---,r-..--...,-.......- --1(!. -:he I 
5 

1.02 . tno ilnd · 

) · rcspc< 

lib <"peed 

0 decibar 200 decibar 

Fig. 30.-Dynamic topography of the 0 and 200 decibar surfaces relative to 
I 000 decibars, October 1959 (from Stander, 1964). 
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,, · f> .. xcept near the northern boundary of the Benguela or during wind 
.. .-usals, the surface currents are predominantly longshore towards the 

studies by Boyd & Agenbag (1984a) at 10m depth 46 km 
(approximately over the 200m isobath) at 21 o S and 24° S showed 

.· iaLi vely consistent motion to the northwest (10-30 cm·s -I) in accordance 

¥ttb the prevailing winds. These authors suggested that this flow probably 
as far as about 18o S where the drogues indicated a pronounced 

.ikh ore movement near to the Angola front. The work of Stander (1964), 
l'du.arov (1967), and Filippov & Kolesnikov (1971) revealed a fairly complex 

of currents between 50 and 300 m. Yelizarov ( 1967) showed pro-
·• fHUlced poleward flow west of the shelf break between 20° S and 28° S and he 

the existence of a mesoscale anticyclm1ic gyre centred around 
30' S: 12°30' E. Several of Stander 's (1964) diagrams indicate two large 

:idd1es, one centred around Liideritz and the other around 19° S to 20° S, with 
.......... ,. .... .. ll<.a.•lward flow between 21 o Sand 23° S (see also Fig. 30). The' latter feature is 

,_1k:ult to explain-the area between Walvis Bay and Cape Cross is not a 

•..in upwelling site - unless a narrow jet is present over the shelf break . 
& Hutchings (1983) postulated the existence of a large cyclonic gyre 
18° Sand 25° S, with poleward flow near the shelfbreak while Stander 

I984a) as thej indicated a subsurface cyclonic gyre of smaller dimensions . Whether or 

Bulatov, 1970;;; gyre extends to the surface is, however , a matter of speculation , as is its 

layer that That there is a perennial poleward jet or subsurface compensa-
. The upper 50 m(L current extending down to 300-400 m in the northern Benguela region, 
.eason but not always associated with low oxygen water , seems to be well 
he summer andi ot.ablished (Hart & Currie, 1960; Stander , 1964; Yelizarov , 1967; De Decker , 

1 of the wind . f.. t t70: Moro shkin et a/., 1970). The sediment texture and composition maps 
j 1981; also Fig. 6, p. 115) show the existence of a narrow band of 
l coarse material deficient in organic carbon on the outer part of the 

l.COCr shelf (i.e. west of the diatomaceous mud belt) extending between Cape 
Jr1o Walvis Bay, and which may be associated with a subsurface jet. In 

respect Hagen (1979) and Hagen eta/. (1981) have shown evidence of an 
· in the upper 100m over or near the upper shelfbreak at 20° S. 

hs speed and persistence , however, have yet to be confirmed by direct 

t! was urement. 
gra ve Pt. Data presented by Hart & Currie (1960), Stander (1964), Schell (1970), and 

·c c 1 t: .. h ert & Price (1971b) indicated that the maximum depth affected by 
ape ross · S · liPWclling off central Namibia was generally httle more than 200 m. tander 

'WALVIS BAY i U%4) showed that the depth te,nded to increase through the upwelling season , 
'If •!llL"(:asionally reaching about 300 m near the end of the season . At 17° S 

River) it seems that the upwelled water originates from a depth of I•,': 

m or shallower , probably on account of the increased stratification in the 
of the northern boundary of the Benguela (see Fig . 16, p. 128). The only 

estimate of the rate of off is 
. Ulue of 1·9 m-day - 1 (2·2 x 10- 3 cm·s 1}for penods of vigorous upwelling. 

-r . 
' I I \ ' · , i; CENTRAL NAMIBIAN REGION 

15° } 'Ac central Namibian region (21 o S to 24° S) can broadly be divided into two 

to ftn...s. Conception Bay (24° S) anf;i 'Yalvis Bay (23° S) theo 
approXJ.mately from north to south, while north of about 22 30 S the 
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orientation of the coast is about 330°. A double shelfbreak is characteristic . 
much of the region (see 5, p. 114).and is most marked west of.-.,w""''"" 
where the upper break occurs at 140m some 100 km offshore and the 
br-eak at 400 m about 160 km offshore. The broad shallow Swakop 

. probably plays an important role in the dynamics of the region. Except 
Conception Bay and at 21° S where the shelf is narrow, water from deottli;J, 

greater than 150--200 m is not readily available close inshore. The '-'A'""''"'' ·' ..... Ii 
of the central region seem to be upwelling centres (see figures in Calvert 

Price, 1971b; O'Toole, 1980; Boyd, 1983a) although A. J. Boyd (pers. "v"""'l .W,· 

feels that they only appear as such in view of the reduced upwelling intensity 
the area between 21°45' Sand about 23° S. ' 

Diagrams in Stander (1962, 1964), O'Toole (1980), Parrish et al. (1983), 
(1983a), and Boyd & Agenbag (1984a) strongly suggest the existence of a 
permanent convergence zone off central Namibia between the Liideritz 
northern Namibian systems. It is most pronounced during the um1mc:t:lt 
between latitudes 22o Sand 23° S (e.g. Fig. 25), and is at times more evident 
subsurface depths (e.g. Fig. 30). Also tqe mean annual "cold advective 
ofStetsjuk (1983) showed a well-defined maximum (warm) at 22° S. A. J. 
(pers. comm .) prefers to consider the central region as a transitional zone 
local bathymetry influencing conditions rather than an area whose ClyJnarntOIJ 
are determined by convergence. That the configurations of the large 
tongue which emanates from Liideritz to an extent determines the structure 
the region nevertheless seems probable from Stander (1964), Bang (1971), 
Parrish et al. (1983). Bang (1971) noted southward motion of the front 
south of 24° S and inshore south of Walvis Bay following a gale, .lJ. lJUll'-'a•uJJr ;. 

cyclonic circulation and possibly nearshore compensation flow around 
main Liideritz upwelling tongue. Bang's data also seem to suggest . 
secondary centre of upwelling off Conception Bay. 

The thermohaline characteristics of the central Namibian region are 
well understood. The salinity fluctuations lag the temperature by about one 
two months (Stander & De Decker, 1969) and this complicates the ,.· 
tation of upwelling (Boyd, 1983a). During autumn warmer, higher sali 
water (15 oc; s 35·2 to 35·4° I oo) is upwelled in the region (Boyd, 1983a; Boyd 
Agenbag, 1984a), and Boyd (1983a) suggested that this upwelled water had 
more northerly or offshore origin than at other times of the year. AI 
instead of upwelling, the surface water which is removed through .ul\. .tuaJ I!!• 

transport may be replaced to an extent'by horizontal advection of warm 
water from the north during periods when stratification is at a maximum , 
this would tend to contradict the observations of equatorward currents 
10 m by Boyd & Agenbag (1984a). (These authors suggested a 
compensation just below the thermocline . when stratification was 
Nevertheless surface compensation may occur during periods of weak 
winds, and whatever the origin of the water upwelled, the topography of 
region between 22° S and ;f 3° S would nottend to favour upwelling of 
from deeper than 150 to 200 m. 

Temperatures reach a maximum during March (see Fig. 20, p. 
Strogalev, 1983), and during late summer water of oceanic or Angolan 

move in from the north or west and then to retreat as the upwell 
mtens1fied later through autumn when stratification decreases. This "' .. ,_,.,..., 
may be what happened in the sequence shown in Figur e 31. What should 
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Fig. 31.- Temperature distribution (0 C) at 20 m near Walvis Bay (after 
Stander, 1962). 

be sight of is that the Tropic of Capricorn passes through Walvis Bay and 
. mal zone withf during summer insolation is substantial (Copenhagen, 1953; du Plessis, 1967; 
1dse dynamiei$ . Boyd & Agenbag, 
uge upwellinai. Although the statwn spacing in most published studies is inadequate to 
he structure ot1. 4c<luce the nature of the frontal structure over the shelf breaks, the work of 
.ng (1971), an( ·ll art & Currie (1960), Stander (1962, 1964), Visser (1969a), Schell (1970), and 
the front Hagen et al. (1981) suggest the existence of a baroclinic jet; A subsurface 

ale, indicatin tl .alinity maximum at 5(}-100 m west of the upper shelf break is well defined 

1w around tbt} .. during summer (Stander , 1962), but whether this is indicative of an under­
to suggest · or merely an _advanced stage of upwelling is not clear. Another feature 

f · .-hich may be characteristic of summer is the presence of high salinity water 
region are noli . ( > 35·0%a) at the bottom on the _mid-upper off Walvis Bay(Stander, 1962) 

1y about one tot\ &ad also noted by Hart & Curne (1960) dunng September to October 1950. 
;s the interpre-t In an analysis of winds at Pelican Point and temperatures at selected sites 
. higher salinity! · ocar Walvis Bay, Stander (1963) found a good inverse relationship between the · 
1983a; Boyd ai, · .Uulherly wind component 0 and 20 m (Fig. 32) and fair 
ed water had al · .a8feement between downwelhng favourable wmds and the occurrence of 
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Fig. 32.- The relationship between sea water temperature anomaly (broken 
lines) at selected stations and the southerly wind component (solid lines) at 

Pelican Point , Walvis Bay (after Stander, 1963). 
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warm water . I:Iis view was that most of the short term variability was confined . 
to the upper 20m. What is somewhat surprising, considering the spatial scales, · 
was the degree of coherency noted by Stander (1963) between the surface · 
temperatures in the Walvis Bay(23° S) and St Helena Bay (32° S to 33° S) areas • 
during the period 1954-1957 . Stander 's single 23-h anchor' station indicated 
the existence of internal waves with a half-tidal period. Although Boyd (l983a) •. 
found little change in the vertical structure over a two-week period near 22° S, 
data from Schultz, Schemainda & Nehring (1979) showed distinct short-term 
periodicity, possibly related to internal tides with im amplitude of about '1 0 
(see Fig. 17 in Chapman & Shannon, 1985). · 

The only direct measurements of currents in the areas are those of Boyd . 
(1983b), Boyd & Agenbag (1984a), Boyd, Potgieter & Buys (1983), and Hagen · 
(1984). The drogue tracking study ofBoyd (1983b) over the shelf around 22° 
suggested that diurnal land-sea breezes control the currents in the upper 5 
with a response time of a few hours, but deeper currents were not di 
influenced by the wind. The average surface current (10-15 cm·s -t) was 1 
of the wind speed. Boyd noted marked shear between the surface currents 
those at 20 and 30 m. At the latter depth 13oyd observed a 1u ........... ._, 

poleward undercurrent with ail average velocity of 3· 5 cm·s - t. Boyd et 

(1983) identified three main time scales from a current meter mooring 
Walvis Bay between October 1981 and March 1982, viz. 2-4 days; tidal 
diurnal; those with periods of less than half a day . These authors obtained a.··. 

fair correlation between the mean daily southerly wind componen ,t and the , 
onshore subsurface currents , the latter evidently compensating for the cyclonic· 
circulation and net surface flow out of the Bay noted by Pieterse & van der· 
Post (1967). . 

Hagen (1979) suggested that the rhythms with periods of several days in 
current field over the shelf were due mainly to the dynamics of these waves, 
while Hagen (1981) concluded that the energy-rich barotropic shelf waves 
occasionally impressed their space-time structures upon that of the local 
baroclinic mass field. His model, which ignored stratification, indicated that, 
for the shelf configuration at 20°30' S there was a northward propagation of 
barotropic mesoscale eddies of9 km·day - 1

, while the second and third modes 
of the solution yielded wavelengths and periods of 600 km and 350 km and 5 
days and 7·2 days, respectively, i.e. similar longshore spacings to the 
observed by Van Foreest et al. (in press). In a follow-up investigation Hagen · 
(1984) compared the space- time patterns arising from the cross-shore 
structure of a free barotropic continental shelf wave with those of the 
clinic structures from the relative pressure fields. His study was supported 
data from four current meter moorings and a cross-shelf transect h .. t.., ...... 

20o S and 21 o S comprising 15 stations 10 km apart which was repeated 1 
times at 36-h intervals during the autumn of 1979. Hagen concluded that 
local temporal cross-shelf variations in the structure ofthe observed mass field 
could be explained in terms of the linear theory of continental shelf 
Hagen (1984), furthermore, found that within 100 km of the coast the 
shore current and the appropriate mass fields responded hydrostatically wi 
less than a day lag to the variations in the long-shore component of the local 
wind. These events had a meim period of 5·6 days : Seawards of the 100- . 
wide coastal zone Hagen indicated the possible existence of an internal Ross by 
wave with a period of 13 days. 
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t NTERACTION BETWEEN THE BENGUELA AND ANGOLA SYSTEMS 

t he region between 15° S and 20° S =is extremely complex and not well 
ilnderstood (see Currie , 1953; Stander, 1964; Filippov & Kolesnikov, 1971; 

. t.(oroshkin et al., 1970; O'Toole, 1980; Parrish et al., 1983; Nelson & 

Hutchings, 1983; Boyd & Thomas, 1984). Usually evident from the tempera­
ture and salinity distribution is a well-defined convergence which demarcates 
dM: approximate boundary between the surface waters of the Angola and 
Benguela systems . This front which is positioned approximately over the 
Walvis Ridge abutment extendsfrom close to the coast near 17° S offshore in a 
10uihwesterly direction and appears to migrate seasonally over about 3° of 
wtitude (18° S in March, 15° S during winter). The surface temperature and 
talinity changes associated with it are about 4 oc and 0·4° / oo• respectively-the 
distinct differences in the thermohaline characteristics of Angola water and 
lhat of Benguela origin are illustrated by the upper portions of the mean T-S 

curves (see Fig . 12, p. 124). 
The interpretation of the mesoscale oceanographic processes in the region 

*It complicated by the fact that the majority of cruises tended to terminate 
lliii:ar the Angola-Namibia geographic boundary, and by the generally 
lbadequate spatial and temporal scales of measurement. The timing of the 
a uises, many of which have taken place during autumn when the southward 
low:ing Angola Current (Fig. 33) is near a maximum and upwelling off 

in the upper 5 m, 
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Namibia near a minimum may also have led to some bias in the published 8 
interpretations . <.'1( A ngol: 

Exceptfor the work of Stander (1964) little appears to be known about the · · · n plain t' 

seasonal changes at 17° S. His figures indicate, that at this l;ititude , stratification · . Stander ( 

reaches a maximum during summer west of the l 00-km wide coastal zone, and fur t 

a minimum during winter. Stander (1964) showed clear evidence of upwelling ' Stan de · 

off the Kunene River at times . His diagrams suggest that during summer , when . .. · ta riahlc v 

it occurs , it does so very close inshore and the upwelled water originates from n- S, ar 

depths shallower than 50 m. During winter the depth affected by upwelling ft riabilit) 

may extend to 100 m. From the wind stress (Wooster , 1973; Berrit, 1976;- ·. 'mvcstigat 

Duing, Ostapoff & Merle, 1980 ; Parrish et al., 1983) and topography it might ·• itndert akf 

be expected that the area north of Cape Frio would be a key area for upwell in . tut hor s ic 

throughout the year (with slight maxima during May and October) , but this . · Angola 0 
does not seem to be the case. Either the stratification is such , particularly · da divcr g 

during summer, that relatively warm saline water is recycled at very shallow ihc Rengu 

depths or otherwise the surface water transported offshore (cf drogue studies ' 100 m prt 

s 

E 

-Fig. .. -:-Geostrophic circulation in the 0-100 m layer off Angola and . 
Namibia (after Moroshkm et al., 1970): 1, South Equatorial Countercurrent ; 
2, Angola Current; 3, West (main) branch of Benguela Current; 4, 5, 6, North 
bra_nches Benguela Current ; 7, eddies in inner region of cyclonic gyre; 8, 
antJcycloruc curl; 9, Benguela Divergence ; 10, merging zone of Angola 

Current and north littoral branch of Benguela Current 
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1e published & Agenbag , 1984a) is replaced by the southward horizontal advection 
water, as intimated by Hart & Currie (1960). The latter would 

Jn about the .-t plain the strong coastal downwelling and southward flow observed by 

stratification (1964, his plate 69) during October 1959 when upwelling was taking 
tal zone , and .' · ·J'-ace further south (see also Fig . 30). 

of upwelling · :_, Stander (1964) noted that the surface flow becomes more complex and 
lmmer , when . : J;ariable with decreasing latitude off Namibia , in particular between 23o Sand 

ginates from · :' U ' S, and his dynamic topography also shows similar complexity and 
JY upwelling , ,, a riability at subsurface depths (100 m). The most comprehensive single 

1976; · w vestigation of the circulation off Angola and northern Namibia was 

tphy it might . : .. between April and June 1968 (Moroshkin et al.; 1970). These 

i"or upwelling · ; ;Wthors identified northward filaments of the Benguela west of the coastal 

ber), but this .'•. Angola Current , extending to 12° S to 13° S, and they postulated the existence 

particularly l til a. divergence zone between these northerly and the main (westerly) branch of 

very shallow .i_ Ulc Benguela north of 20° S. The schematic representation of flow in the upper 
rogue studies !: 100 m proposed by Moroshkin et al. (1970) is shown in Figure 34 which, 

for autumn, is in substantial agreement with the studies of Dias 
il983a,b) off southern Angola and Stander (1964) and Robson {1983) off 

Jinte 
: ·.Noir --

E 

\.ngola and 
• tercurrent; 
5, 6, North 
nic gyre; 8, 
of Angola 

l. 

fi, "Namibia . The surface southerly flow inshore is most marked north of 17° S, 

11.tUie at this latitude · Stander (1964) indicated a semi-permanent northerly 

tow between 100 and 200 km offshore and more variable flow near the 

'"'divergence". Filippov & Kolesnikov {1971) have , however , questioned 

.-hether the equatorward intrusions off Angola are of Benguela origin and 

£ .whether the poleward.flow is an extension of the Angola Current. 

. Nevertheless the available evtdence does seem to suggest that subsurface 

t meridion al interaction between the Angola and Benguela systems can occur 
t · oYe.r a distance of about 1000 km. 

t·· 
i MESOSCALE PROCESSES 

IN THE SOUTHERN BENGUELA 

f The general features of the oceanography around the South West Cape have 
been described by Isaac (1937), Clowes (1950), Darbyshire (1963, 1966), 

,. Shannon (1966), Bang {1973), Andrews & Hutchings (1980), and others, while 

I
f;. Nelson & Hutchings (1983) have . reviewed recent work on mesoscale 
·· upwelling processes in the region. · · 
, The dynamics of the s outhern Benguela upwell ing system are governed 
: J;argely by three factor s, viz. mesoscale atmospher ic perturbations , the 

the influence of the Agulhas Current system . The periodic '

1

. ,> J1;laxation in upwelling caused by ·the free zonal pas sage of easterly moving 

.L t.)'dones to the south of the continent, described by Nelson & Hutchings 
' U 983), was summarized earlier in this review and reader s are referred to Figure 

. ' 9 (see p. 120). Typically wind reversals modulate the system with a period of 

l about six days. These modulations are superimposed on the seasonal cycle, 

'l which is much more pronounced in the Cape Peninsula and Agulhas Bank 

f .areas than in the north . The seasonal wind stress curl diagrams in Kamstra (in 

press) illustrate thi s quite dramatically . In winter a broad convergence zone 

:1· exists south and east Cape with smaller zones in Table and s_.t 
·, l tclena Bays, whereas m summer the wmd field around the South West Cape ts 
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predominantly divergent and strongly so immediately west of the 

Peninsula. (These features are also evident from the study of '"'"' .. ""v'" .ilf· 
Chapman, Eagle & McClurg, 1983.) The topography of the southern 
region is complex. The coastline is irregular with several bays and capes 
changes its general orientation markedly at Cape Point, just south of 34° 
while in places mountain ranges are present close to the coast (see Fig. 

p. 113). These topographic features shear the wind stress field, giving rise 
aJ6ngshore variability in the coastal upwelling(Jury , 1984, in press). 
of water of Agulhas Current origin, which appear off the western coast 
shallow tongues or as !idvected eddies (sheared off from the current in 
Agulhas retroflection area) provide a modulation with time scales 
froQJ a few days to several months. 

Although Copenhagen (1953) identified both the Cape Peninsula and 
Columbine areas as importantupwelling centres, the tongue-like nature of 
upwelling was first noted by Andrews& Cram (1969) in their classic aerial 
shipboard study. Subsequent investigations have shown localized 
off other capes (e.g. off Cape Hangklip-Cram, 1970; Jury, 1980, 1984, 
press). The . mesoscale svucture of the upwelling tongues is 
noticeable from satellite thermal infrared and ocean colour imagery 
Harri s, 1978; Lutjeharms, 1981a; Shannon & Anderson, 1982; 
Mostert, Walters & Anderson, 1983; Shannon & Lutjeharms, 1983). Figure 
(from Harris , 1978) shows two broad but discrete tongues emanating from 
Cape Peninsula and Cape Columbine systems during an advanced stage 
upwelling, and well-developed upwelling can be seen extending as far east 
Cape Agulhas. 

Prior to the work of Bang & Andrews (1974) knowledge of the 
around the South West Cape was based on data from drift card r,.t, .. rnt 'il 

(Clowes, 1954; Duncan, 1965; Duncan & Nell, 1969), Pisa tubes 
1966), ships' drift (e.g. Rennell , 1832; Defant , 1936; Tripp, 1967) and mov<!m<ml!S 
inferred from isentropic and T-S analysis (Clowes, 1950; Shannon , 
Darbyshire , 1966; De Decker , 1970) and the dynamic topography 
1935; Darbyshire, 1963). From the above a relatively simple picture PmProPd l\ 

with cyclonic curving flow aroundthe Cape, predominantly wind driven at 
surface during much of the year, current reversals during periods 
northwesterly winds, intermittent countercurrents close inshore, and an 
defined poleward undercurrent . Much of this work has been synthesized 
Harris (1978). The complexity of the current field was only fully 
after the advent of relatively recent current metering and buoy 
programmes. 

· The area has a high degree of variability. Lutjeharms (1977) addressed 
question of time variations in the spatial scales and intensities of 
circulation around the South West Cape, and noted changes in the 
of the 26·4 sigma-t surface of up to 50 m. His energy distribution over 
spatial spectrum showed two configurations; the most common one having 
abrupt change in slope at 150 km (i.e. a predilection for disturbances 
dimensions of less than 150 km) which compared well with the 
dimensions (120 km) of frontal eddies between 30° Sand 34° S 
1981a). The second configuration, which showed a monotonic increase for 
distances measured , was tentatively attributed by this author to 
extensive upwelling. · 
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ln the following paragraphs an attempt will be made to synthesize the 
·· ·present knowledge of mesoscale upwelling processes in the Cape Peninsula 

f::ape Columbine areas as well as the influence of the Agulhas system on 
lbe '6enguela regime . Fine-scale investigations undertaken in semi-enclosed 
bays or close inshore and which relate primarily to tidal or wave driven 

(e.g. Shannon & Stander, 1977; Gunn , 1977; Bain, 1983) have not been 
. included. 

INFLUENCE OF THE AGULHAS CURRENT SYSTEM 

The southernmost part of the Benguela system, like the northern extremity, is 
mtluenced by a warm water regime. In many ways both the northern and 
w uthern boundaries can be considered as mirror images, pulsating seasonally, 
hut out of phase by a few months (Shannon, 1977). The wanner surface waters 
:present offshore in the south ( > 20 oc in summer, > 16 oc in winter at 20° E) 
have properties of both South Atlantic and South Indian Subtropical surface 
•·ater as well as Agulhas Current water. These waters are advected northwards 

,;, the Cape during the upwelling season (Darbyshire, 1963, 1966; 
1966; Duncan & Nell , 1969) and may result in the intensification of 

the horizontal frontal thermal gradients in the Cape Peninsula and Cape 
Columbine upwelling areas (Bang & Andrews, 1974; Lutjeharms & Valentine , 
l9!H) . 

There has been some difference in opinion as to the extent oft he penetration 
" il f the Agulhas Current water into the Benguela region (e.g. Shannon, 1966; 
8 Darbyshire, 1966; Orren & Shannon, 1967; Jones , 1971), although this can in 

part be attributed to the definitions ofthe water types . The surface water of the 
1 .Agulhas Current is warm (generally > 21 °C, but somewhat cooler in winter 

ilnd typically >23 oc during summer-Shannon, 1970; Pearce, 1977) with a 

i$<1linity of 35·1- 35·4%o (Pearce , 1977) which is lower than South Indian 
· Subtropical surface water. It has a subsurface salinity maximum of about 

.

·_. )5·5%o (ciowes , 1950; Darbyshire, 1_964;. 1977) which . corresponds 
·_ to a temperature of around 18 °C-1.e. surular T-S to that of much of the 
i ' ubtropical surface water in the South East Atlantic between 30° Sand 35° S. 
J Central water in the Agulhas likewise has similar T-S characteristics to that in 

South 950; Orren , 1963; Sha?non , 1?66). except at 
i 1he surface,1t IS extremely difficult to assess the degree of mteractiOn between .
1
. the Agulhas Current and Benguela on the basis of their thermohaline 

.. Relatively pure f\gulhas Current water does, however, pene­
f. trate mto the South East times dunng summer 
} -When the wind regime faCilitates thiS advectiOn) m the form of shallowmg 

warm filaments , generally less than 50 m deep or as eddies . Generally the 
of warm Agulhas surface water are situated 180 km or further away 

from the coast (Shannon, 1966) and seldom penetrate much north of 33° S. 
t One such tongue moving around the Agulhas Bank is evident in Figure 36a 

{from Bang, 1973, 1976). 
i In the area south of the Agulhas Bank the Agulhas Current executes an 
l abrupt turn (Dietrich , 1935; Duncan, 1968; Bang, 1970; Griindlingh & 

1 lutjeharms, 1979) and it is in this retroflection zone, which is one of high shear , 
tbat various independent circulation features may be spawned (Lutjeharms, 

i '1981b). Lutjeharms & Valentine (1981) and Lutjehanns (1981c) have shown 
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Fig. 35.-NOAA thermal infrared image of the S.W. Cape on 15th March, 
1977 showing well-developed upwelling off Cape Columbine and the Cape 

Peninsula and extending as far east as Cape Agulhas (after Harris, 1978). 
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that at least two mechanisms · exist for the advection of pockets of warm · 1 rmport: 
Agulhas Current water into the South Atlantic , viz. first, the growth or . i not p 
instabilitie s and the shedding of eddies on the northern border of the Agulhas · . Curren · 
Current a11d their subsequent advection across the Agulhas Bank and around : ' · 
the ·cape and secondly, the formation of rings at the retroflection " point ; . stabilit; 
southwest of the continent (similar to Gulf Stream rings). A drifting buoy : · occasio 
placed at the centre of one such ring during May 1979 followed a meandering :. strong 1 

northward path west of, but in sympathy with, the Benguela thermal front, with ; 
the ring slowly losing its character due to mixing with colder surrounding : ' are wea 
water (Lutjeharms & Valentine , 1981 ). A conceptual image of the formation o( _ Perrins. 
eddies and rings is shown in Figure 36(b). Nelson & Hutchings (1983) k '' residen• 
suggested that the advection of vortices into the Benguela system could ' ' western ' 
significantly alter the current flow patterns on a time scale of a few days. · Lazaru: 

Several authors , inter alia Dietrich (1935), Clowes (1950), Shannon (1966) . shelfu n 
and Darbyshire (1963, 1966)Jtave shown that the movement of subsurface and . tn Trom ·. 
central water components from the Agulhas Current around the Agulhas .. J maxima 
Bank and into the Benguela region is probable , and it has been suggested westofl 
(Shannon, 1966) that modified Agulhas central water may upwell along the east a:s· 
western coast at least as far as 30° S, and probably further north. Shanno 

While there is some uncertainty as to the contribution of the Agulhas i Bcekma 
Current pet se to the Benguela system, there is general agreement that , that transiti< 
Agulhas Bank water is substantial , and that the region is ecologically of utmost ! ihe batl 

p. 115) 2 

36° 

37° 

17° 18° 19° 

Upwell 
reg:me 

b 

Fig. 36.- a, surface temperatures (oq during January 1968 showing strong 
frontal feature pivoted on Cape Point and filament of Agulhas Current in the 
south (after Bang, 1973); b, conceptual image of Lutjeharms (1981b,c) 

showing format ion of shear-edge eddies and rings. 
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of warm • llllportance to the Benguela . The formative mechanism of Agulhas Bank water 
e1e growth oC · lis not properly but it appears that it comprises modified Agulhas 
,f the Agulh;u Current Atla?tJc "':ater types .. The Agulhas Bank is characterized by very 
,k and around •trong wmds dunng wmter (Parnsh et al., 1983) which together with reduced 
flection point facilitate mixing to a depth of at least 75 m (Pugh, 1982) and 
drifting buoy occasiOnally throughout the water column. During summer and autumn a 
a meandering flrong thermocline is established at about 50 m which requires wind speeds 

mal front, with yeater than 20 m·s- 1 for its erosion (Pugh, 1982). Net currents over the Bank 

r surrounding · weak but indicate a strong diurnal activity (Welsh, 1964; Schumann & 
1efonnation of Perrins, 1983), and Shannon & Chapman (1983a) have suggested that a 
tchings (1983) residence time of water on the Bank may be as long as several weeks. On the 

system could western side, cold water moves up onto the shelf during , spring (Tromp, 

1 few days. Lazarus & Horstman, 1975; Nelson & Hutchings, 1983), and remains on the 
,hannon (1966) shelf until autumn (the pronounced uplift in spring and early autumn evident 

subsurface and · m Tromp et al., 1975, may be related to the bimodality in the southeasterly wind 

td the Agulhas maxima in the area) and upwelling of central water can occur close inshore 

been suggested 'J "'·est of Cape Agulhas (Tromp et al., 1975; Harris, 1978) and occasionally as far 

pwell along thd cast as Algoa Bay (Schumann, Perrins & Huriter, 1982). Recent studies by 
.rth . : Shannon & Chapman (1983a) on surface currents and winds and Schumann & 

of the Agulhas '· Beekman (1984) on the thermal structure suggest that is a divergence or 

.ent that, that of ; transitional zone over the Bank around 21° E, which coincides with a break in 
gcally ofutmost 't the bathymetry, changes in sediment structure and composition (see Fig. 6, 

p. 115) and composition of fauna . It is also possible that internal waves of tidal 
j character which are indicated by the strong surface signals in satellite images 

--,------, ! over the western Agulhas Bank (Nelson & Shannon , 1983) may play an 

. ve il 

:egime 
b 

Dispersion of 
shear- edge feature 

1.111p0rtant role in the mixing of SUbsurface and deeper 'waters in thiS region . 
Ships' drift (Harris, 1978), isopycnal and isentropic analysis (Shannon, 1966; 
Tromp et al., 1975), drift cards (Duncan & Nell, 1969; Shelton & Kriel , 1980; 

. Shal)non eta/., 1983), Physalia (Shannon & Chapman, 1983b), and fish eggs 
and larvae (Shelton & Hutchings , 1982; Shelton, 1984) indicate a net westward, 

then northward movement around the Cape ofsurface Agulhas Bank water in 
the area west of 20° E during the summer (October to March) and an 

intermittent eastward movement in the inshore region further east. During 

winter and during periods of prolonged westerly winds the drift card returns 

suggest a net inshore eastward flow of surface water in the area between 18° E 
and 27o E (Algoa Bay), which implies that South Atlantic Subtropical surface 
water is seasonally along much of the southern coast of the 

continent. 
From ·the above it appears that, as in the northern Benguela - Angola 

system zone, the interactions between the Benguela and Agulhas systems can 
r extend over a substantia1 distance, i.e. around 1000 km. Whether Agulhas 
{ water can maintain its identity as far north as 21 o S on the western coast as 
i 5uggested by Darbyshire (1966) is, however, questionable. Perhaps studies 

.. i· using stable isotope ratios or radionuclides .(e.g. Shannon, Cherry & Orren, 
' 1970) would be useful here . 

shQwing strong 
.;· ,s Current in the 

1arms (198lb,c) 

tgs. 

'-:··. :/' 

.J 

} lHE CAPE PENINSULA UPWELLING AREA 
I 
1 The Cape Peninsula must surely rate as one of the most spectacular upwelling 

{ sites in the World . It is near the southern extremity of a subcontinent whose 
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eastern boundary current system is bounded on its poleward end by a ':"arm ·' · becomes tor 
water regime. It is an area where bottom topography and orographtcally effect result i 
induced wind curl are at least as important as Ekman divergence in .. tongues bel( 
the upwelling process . It is a region where the wind field is modulated on a time ' Mountain c 

scale of days as well as seasonally and where upwelling occurs on spatial scales along the 6r 
from less than one kilometre to tens of kilometres , responding in a matter of ' . ridging arot 

hours to changes in the wind. It is also an area of immense natural beauty . The ·; . due to the c; 
upwelling season off the Cape Peninsula extends from September to !"farcb . · formation 0 • 

(Andrews & Hutchings , 1980), with maxima in upwelling favourable wmds m. wind vortic i 
November and March at Cape Point. The temperature and salinity time series · and therm a l 
of Andrews & Hutchings (1980) showed that the properties of both the offshore the establi sb 
water and subsurface (shelf) water followed a simple seasonal cycle. Distinct reversals oc( . 

bimodality in the annual cycle however , exhibited by the near sh?re and a comp ; ' . 
surface (upper 30 m) waters , w htch may be related to the corresponding .: . Jury (I 9!1 

bimodality in the longshore winds. . mteractio:v c 
· The shelf break which is convoluted by the Cape Point Valley (Nelson , m .,1!5: vertical she; 
press) is deep and the shelf itself is narrow with the result that cold water is _ 6 x J0 - 4. 

available at subsurface depths close inshore , in particular near Point, 1 per 10 km d1 

which Bang (1971, 1973) regarded as the southern pivot point of the Benguela ·,._ studies whic 
system. The Table Mountain range which stands isolated to the flow of :! Cape Penim 

southerly wind creates local zones of strong wind curl and divergence lccted durin 
in press). According to Nelson (in press) there are four definable classes or :!; growth and I 

atmospheric events, viz. deep southeaster, shallow southeaster , n?rthwester , l areas encom 
and coastal low. Following on from the work of Andrews & Hutchmgs (1980). thermometr ) 
the wind field ,around the Cape Peninsula was studied during CUEX (Cape ·, although sh· 
Upwelling Experiment) by means of aerial surveys augmented by between the 
weather stations and data from shipping (Jury , 1980, 1981, 1984, J?ress: f. hctween 12 

Nelson , Kam stra & Walker , 1983; Kamstra , in press). The charactens!tcs of·l rmmediate" 
1 

this fi.eld have been described in some detail by Jury (1980) and these changes in sv 

been h1ghhghted m Shannon, Nelson & Jury (1981) and Nelson & Hutchmgs ; On a larger 

(1983) . . =: between 'win( 
. The Cape. Peninsula upweiling Ne.lson, 198 ,atellite imar 
IS charactenstlc of the along shore vanabihty m upwellmg m the regiOn was 'i!, The existeJ 

first documented by Andrews & Cram (1969), and was subsequently shown by , helfbreak w 
Andrews & Hutchings (1980) to be a semi-permanent feature of the area I of the coasta 
during the summer months. Its surface features are masked during northwest· , · Duncan ( 1 96, 

erly winds but it only disappears entirely during the winter months (AndreW! r, ·\ndrews & 

& 1980). These author .s demonstrated that the short· f Brundrit (19 

term vanabthty of .the tongue and m the structure IS 1m posed the l upwelling, bt 
seasonal cycle, which was also wmd-generated : Changes m sea '? upwelling se; 
surface temperature d1stnbutwn m response to mesoscale wmd events were .: Shannon et'(. 

examined by Jury (1980, 1984). His work has resulted in a substantiall y K thown that•'l 
understand .ing of the dynamics of t?e southern Benguela , and the 1: periods of sw 

essent1al features of his stud.y of Pemnsula are briefly as follows. j Almost alway 
T?e onset of southerly wmds With wmd speed maxtma north of the 

10 
100 m or J, 

Porunsula, follow;ng the passage or a oold fcont, ;nH;ates upwell;og off th< mphos that 
north:vestern Pemnsula and entrams oceamc water and compresses the ·' Andrews & 

1 
oceamc front against the coast in the south. The travelling anti· •. .,.,ater is avail 
cyclones passmg south of the region create deep (2000 m) air flow from 160" l the front am 
when they are supported by an upper air ridge . This "deep 
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becomes topographically accelerated over the Cape Peninsula in a classic cape 
ttfect resulting in the growth of upwelling and the formation of pronounced 

· tongues below the wind jets in Table Bay and immediately south of the Table 
Mountain chain (i.e. at Bakoven) as well as at other localities further south 
along the 60 km Peninsula mountain range . With the South Atlantic high 
ridging around south of the country the orographic influences are magnified 

time series 
he offshore 
le. Distinct 
nearshore 

responding 

· due to the capping effect of the depressed inversion layer which results in the 
(ormation of a calm zone (wind shadow) north of the Peninsula and cyclonic 
wind vorticity. During this "shallow southeaster" phase the upwelling tongue 
and thermal oceanic front progress westwards and southwards. Finally, with 

· · the establishment of a coastal low and approach of the next cold front, wind 
reversals occur and northwesterly winds cause a relaxation in the upwelling 
and a compaction of the oceanic thermal front over the shelf region. 

Jury (1984) has demonstrated that vertical wind shear controls the 
t.nteraction qftopography and winds in the area and his results indicated that 

(Nelson , in vertical shears of - 2 x 10- 2 ·s - • produced horizontal wind vorticities of 
.ld water is - 6 x 10- 4 -s - 1 and alongshore sea surface temperature gradients of 1 oc 
:ape Point, per 10 km during the summer upwelling season . Two of Jury's (in press) case 
e Benguela -s,ludies which illustrated the growth and decay of upwelling tongues off the 
he flow of Cape Peninsula are shown diagrammatically in Figure 37. Using data col-
ce (Nelson. ' · lected during CUEX , Taunton-Clark (in press) attempted to quantify the 

classes of growth and decay of the Cape Peninsula upwelling tongue by comparing the 
orthwester , : areas encompassed by selected isotherms (measured by airborne radiation 
ings f thermometry) with wind records from coastal weather stations. His results , 
JEX (Cape although showing a fair degree of scatter, indicat6d a linear relationship 
by coastal between the plume area and the wind displacements, with a response time of 

4, in press; between 12 and 24 h. The latter should be compared with the "almost 
::teristics of immediate" response noted by Andrews & Hutchings (1980), and the rapid 
I these f_._·. changes in superficial frontal gradients noted by Bang (1973) over 12 and 16 h. 
Hutchmgs a la(ger scale, Lutjeharms (1981a) obtained a fair correlation (r = 0·73) 

,u. ! between wind stress and the area of upwelled water as inferred from infrared 
98 1) which satellite images . 
region was The existence of a well-developed front positioned approximately over the 

;'i 

y shown by shelfbreak west of the Cape Peninsula and which forms the seaward boundary 
of the area If of the coastal upwelling region has been noted by various authors inter alia 

northwest - Duncan (1966), Andrews & Cram (1969), Bang {1973), Bang & Andrews (1974), 
.s (Andrew s. * Andrews & Hutchings (1980), and Shannon et al. (1981). According to 
Heed short- Brundrit (1981) it could be established in perhaps five days of vigorous 
.used on the upwelling, but once established , its main features could persist over an entire 
11tgcs in upwelling season , particularly at subsurface depths. Indeed Duncan (1966), 
,vents were { Shannon eta/. (1981) and Hutchings , Holden & Mitchell-Innes (1984) have 
Jbstantiall y : 5hown that the subsurface front is maintained during winter and during 
:la, and the ' periods of sustained downwelling . Off the Cape Peninsula water of 9-10 oc is 
follows. almost always present shorewards of the front at relatively shallow depths (50 

) f the Cape f co 100m or less) even during winter, and this dynamic priming of the system 
ling off the l implies that upwelling can be rapidly switched on and off by the wind. 
presses Andrews & Hutchings (1980) nevertheless show that cooler , lower salinity 
elling anti - i water is available at these depths in summer than in winter. Associated with 
v from 160: i the front and the shelf break off the Cape Peninsula is a well-developed 
outheaster f equatorwardjet (Duncan, 1966; Bang & Andrews, 1974) which appears to be 
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Fig. 37.- Growth and decay of upwelling ofT the Cape Peninsula (after Jury . in press) . 
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more intense below the surface layer. Bang & Andrews (1974) have described 
how the front gradually moves seawards during periods of prolonged 

favourable wind stress as a result of potential energy being accumulated faster 
than the frontal jet can utilize it, and once it reaches the edge of the shelf it can 
expand downwards - i.e. an equilibrium position exists in the vicinity of the 

shelf break . These authors have suggested that the influx of warm water from 

the Agulhas Bank outside the Cape upwelling cell, by intensifying frontal 

gradients , favours the. maintenance of both ·front and jet. The intense front and 
jet measured by Bang & Andrews (1974) during January 1973 is shown in 
Figure 38. Bang (1973), who first described the front in detail, drew a 

DISTANCE FROM SHORE (n . miles) 

20 10 
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+ . 
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200 + 

250 + 
(b) lsotachs normal to transect (em . s -1

) 

Fig. 38.-Subsurface frontal feature and shelf-edge jet west of the Cape 
Peninsula at about 34° S during January 1973 (after Bang & Andrews, 1974) . 
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distinction between the inshore frontal zone, formed by the outcropping of the 
seasonal thermocline 18-28 km offshore and which was dominated by the 
activity of mixing cells (shallow pockets imbedded in the front), and the main 
frontal system further offshore-his "offshore upwell region"-which had .· 

strong subsurface thermal gradients. Brundrit (1981) showed that the frontal 

jet is close to instability, and it has been suggested that small perturbations in · 

the front can rapidly grow into fully fledged mesoscale eddies , as evident in · , 
satellite imagery of the region (Lutjeharms, 1981a; Shannon & Lutjeharms, .·: 
1983). These authors suggested furthermore that the cascading of potential ·. :· •. 

energy at an intensive front caused by baroclinic instabilities could provide a . £ · 

potent mechanism for cross-frontal mixing . In this respect , Bang (1973) 
postulated that the observed mixing could provide a mechanism for· 'i 
cross-frontal advection of small particles, and that the action of the mixing , J# 
cells within the front combined with overturning events to produce transient 1{ 
subthermoclinical sheets of relatively homogeneous water. ' 

Andrews (1974) and Andrews & Hutchings(1980) identified four water types . ; 

off the Cape Peninsula during the upwelling season, which they categorized as 

follows. ' 

(a) Oceanic water lying outside the front and above the thermocline with a > 
temperature greater than 18 oc and a salinity around 35·4%a- . 

(b) Upwelling water with a temperature of 8-10 oc and, an approximate 

salinity of 34·7%a- • ) 
(c) Mixed water, formed by the mixing of upwelling and oceanic waters and J 

which generally exists as a wedge between the coast and the frontal zone, :·i 
· narrowing in the south. . 

(d) Shelf water with a temperature less than 8 oc underlying the 

water. · " 

A possible criticism of this categorization is that it implies that only water of J 
8-10 oc upwells off the Cape Peninsula and that the water between 10 and « 
18 oc is mixed . While this may be the case during strong upwelling events, .{ 

there is no reason to suppose that warmer more saline central water or mixed ! 
water does not upwell during periods ofless intense winds. Bang (1973) sug· ·j 

that the isothermal lens wh_ich he recorded immediately beneath and f 
mshore of the surface front and whtch formed part of the shelf water indicated l 
bottom turbulence. Shelf water is, however, normally isolated from the upwell f 
circulation (Bang, 1973; Andrews & Hutchings, 1980). The oxygen-depleted 

water which appears _ the botto"!- in late summer (De Decker, 1970) has the f, 
same T-S charactensttcs as upwelhng water (Andrews & Hutchings, 1980). 

Nelson (in press) commented on the difficulties associated with analysis in j 
an upwelling region but \J,oted that the characteristics of the central 'water ofJ j 

the Cape Peninsula differed from those of South Atlantic central water as : 
defined in Sverdrup, & Fleming (1942). His work showed that the : 

upwelled water originated from a maximum depth of 200 m and that its 
subsurface persistence was longer than two days. 
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. Shannon (1966) intimated that breaking internal waves could be i ... .. 

m_ the local upwel_ling process , while Bang (1971, 1973) suggested that they 
mtght be responstble for large scale vertical mixing near the shelf break . 

internal with large amplitudes have been measured near Cape 
Pomt , and the questiOn of these waves breaking in areas of steep bathymetry 
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su_ch as exist off the Cape . Peninsula has been addressed by Nelson (in press). 
H1s work also showed ev1dence of turbulent mixing between 250 and 400 m 
west of the front. 

.· · · Assuming a steady wind of 5 m·s - 1 Shannon (1966) showed from theoretical 
that water_ could_ upwell off the Cape at a rate of 11 m·day - 1. 

· from the displacement of 1sohahnes Andrews, Cram & Visser ( 1970) estimated 
a rate of around 21 m·day - 1 with winds of about 10 m·s - 1, while Andrews 
(1974) and Andrews & Hutchings (1980) noted a linear relationship (r = 0·95) 

rate and the longshore wind speed, with a mean uplift 
dunng active upwelling conditions of 21 m·day - 1 and a maximum of 
32 m·day -

1
. It should be noted, however , that these rates refer to part of the 

system for part of the time and as such are not true averages . From nutrient 
data Andrews & Hutchings (1980) obtained a mean upwelling volume flux for 
the Cape Peninsula cell of 9 x 109 m 3 ·day- 1 which equates to an upwelling 
rate of 4·5 m-day - 1 over the whole study area (2000 km 2

). By comparison, 
Bang's (1976) estimate of a flux of 0·5 x 106 m,3 ·s - 1 for the Cape Columbine 
and Cape Peninsula zones ( 15 000 km 2

) would ·give a flux of 6 x 109 m3 ·day - 1 

for the Cape Peninsula. Bang (1976) also suggested that localized springs or 
fountains of upwelling of crystal clear ice-blue water of 8- 9 oc with 
displacements of 30 m·h - 1 might exist in the system. Andrews & Hutchings 
( 1980) felt that coastal downwelling was a minor feature off the Cape 
. Peninsula. Bang (1976) noted , however, that the concepts of upwelling systems 

· in general are so pervaded by upwelling t4at the requirements of large scale 
·aters and } sinking have received scant attention . Sinking has been noted near the front 
ntalzone , {· (Bang, 1973; Andrews , 1974; Andrews & Hutchings ; 1980; Nelson, in press) 

.. ·. and can occur there both as a slow diffuse process and in fairly dramatic 
upwelling overturning events (Bang, 1973). In addition, Bang (1976) suggested that 

parcels of cold water could break away from the cell and be dissipated by 
y water of mixing and sinking . Both he and Nelson (in press) have drawn attention to the 

10 and dissipative role which Langmuir circulations yould play in the system. . 

.1g events, .·].·- ._·. ·· The surface current patterns inferred from drift card recoveries (Duncan & 
· oM 1ixed Nell, 1969; Shannon eta/., 1983) have been substantiated by direct measure-
1973) sug- ments using drogues and current meters. The earliest direct measurements of 
neath and currents west of the Cape Peninsula (excluding nearshore pollution-related 
indicated j_ work) were made by Duncan (1966) using Pisa tubes (jelly bottles). His study 

rhe upwell showed the existence of three mesoscale cyclonic cells at a depth of 100-200 m 
!-depleted I in water of about 10 oc_ The main t<ddy was situated off the northern part of the 
70) has the J Peninsula and there was a suggestion of an equatorwardjet of27 cm·s - • about 
ws 1980). 30 km offshore with southerly flow further east and a retroflection zone near 

in t 34o 10' S (Slangkop) . His surface drifts under northwesterly win?s were 
1 water off f . equatorwards (>50 cm·s - 1

) over the shelf break west of Cape Pomt. The 
1 water as i · existence of a strong shelf-edge jet (Fig. 38) 60 km west of the Peninsula at 34° S, 
d that the ' having velocities of about 60 cm·s - 1 at the surface and 120 cm·s - 1 at 150 rn, 

1d that its . was demonstrated by Bang & Andrews (1974). Their work showed poleward 
· flow east and west of the jet with a poleward undercurrent of about 40 crn·s- 1 

important , _. near the bottom on the shoreward side of the jet. Bang (1974) suggeste-d that 
, that they . ·. the jet could be expected to be closer inshore off Cape Point, over the Cape 

- 1elf break . '· Point Valley. The findings of Bang & Andrews (1974) and Bang (1974) were 
near Cape :: substantially confirmed by Shannon , Nelson & Jury (1981) using a profiling 

,,th ymet<y I euuent melee during CUEX . (Nelwn, in pre,, has discus.W the CU EX ,esul" 
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in more . detail.} Except close inshore where shear was evident (noted also by . 1979 

Boyd, 1982}, currents were generally barotropic. The jet (about 90 cm·s- 1
} was ·· · ' currr 

·most pronounced between 34°30' Sand 34°10' S just west of the 230m isobath, . I 984 

and there was evidence of a convergence zone around 34o 10' S, i.e. in a similar ' ' pred 

position to the area of retroflection noted by Duncan (1966). The results of an i · to th 

intensive buoy and drogue tracking experiment undertaken in the upper 50 m · the r 
during CUEX have been reported by Nelson (in press) and again confirmed ' woul 
the existence of an equatorwardjet qf about 50 cm·s -lover the shelfbreak . His ·· ' (1976 
study also showed the cyclonic eddy and the eon vergence zone near 34°10' S. A. Th · 

buoy with a drogue set at 10 m was released southeast of Cape Point by . , Shan 

Shelton & Hutchings (1982) and showed rapid movement (55 cm·s - 1
) around · wit hi 

the Cape along the oceanic front, accelerating to 70 cm·s - 1 west of the Cape Valle 

Peninsula. Other studies involving the tracking of drifters by ships and corre 

satellites confirmed the existence of topographically contr?lled eq·uator- · cause . 
ward flow m the southern Benguela near the shelf break (Hams & Shannon, · ! the C 
· f been J' 
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1979; Nelson & Hutchings? 1983; Brown & Hutchings, 1984) and variable 
currents closer inshore (Van Ieperen, 1971; Boyd, 1982; Brown & Hutchings, 

The two mode model of Van Foreest & Brundrit (1982) 
predicted the equatorwardJet west of the Cape Peninsula in a similar position 
to that measured by Bang &Andrews (1974) and Shannon et al. (1981), as it did 
the poleward flow west of the jet. Their model also predicated that velocities 
would decrease with depth contrary to the observations of Bang & Andrews 
(1974) but in accordance with Shannon et al. (1981). 

The only published information from moored current meters is that of 
Shannon et al. (1981) and Nelson (in press) who had two meters positioned 
within 50 m of the bottom in 253 m of water near the head of the Cape Point 
Valley during CUEX. The measured currents showed abrupt changes which 
correlated with local winds, the response time being a few hours, but evidently 
caused by pressure adjustments occurring on a scale many times larger than 
the Cape Peninsula upwell cell. Since the CUEX work, several moorings have 
been positioned in the vicinity of the Cape Pen,insula. The results of this work 
are largely unpublished, but Nelson (1983) shows the existence of a southward 
coastal current and north - south direction switching over periods of typically 

· six days, presumably as a barotropic response to atmospheric forcing. This 
appears to be a characteristic " of the whole shelfzone as far as Cape Columbine 
(G. Nelson, pers . comm.). 

The diagrammatic representation of near-surface and deep currents around 
the Cape Peninsula given by Nelson (in press) is shown in Figure 39, and 

.; 
illustrates a very plausible mechanism for the generation of frontal eddies as 

i suggested by the author. 
• The dynamics of False Bay which forms the eastern seaboard of the Cape 

·. Peninsula does not appear to have any substantial influence on the upwelling 
. '· 'system and, therefore, will not be discussed here. Readers are, however, 
· referred to the following papers dealing with the Bay: Atkins (1970), Cram 
·• (1970), Harris (1978), Shannon, Walters & Moldan(1983), Jury (1984, in press), 
i Van Foteest & Jury (in press) . 

. 1; .. ;,::A as off the Cape Peninsula, is 

controlled to a large extent by the bathymetry (seep. 174) and the influence of 
i the orography on the wind field. Cape Columbine itself is a headland jutting 
l sea wards at 33o S consisting of low smooth hills rising to about 250m (Jury , in 

press). The main shelf break is convoluted by a major submarine valley, 
l namely the Cape Canyon (see Fig. 4, p. 113 and 41, seep. 174), the axis of which 
;. . runs approximately from north to south. West of Cape Columbin e the 300m 
L isobath is only about 30 km offshore, and this . means that deep water is 
f available close to the coast. Between 33° S and 32° S the shelf broadens 
! substantially with the outer break (400 f!l) running in a northwesterly 
'' · direction and the shallower 1sobaths tendmg to curve eastwards and 
; around the Columbine peninsula . 

·t· The surface wind vectors ,stress and curl in the area between 31 o Sand 33° S, 
·; averaged over half degree rectangles of latitude arid longitude, and described 
. · by Kamstra (in press) showed distinct seasonal variation. During summer the 
. · .. ·.wind vectors indi.·cated cyclonic curvature around Cape Columbine and into 
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St Helena Bay, with a zone of strong divergence evident from the wind stress . 
curl north of 31 o S. The pronounced curving of the wind has also been shown 

by the records from coastal weather stations (Hutchings, Nelson , Horstman & :J" 
Tarr, 1983) and from aircraft drift measurements (Jury, 1984, in press). The last J 
author also showed a distinct wake in the lee of the Columbine peninsula .. J 31 

during a period of shallow southerly winds (inversion between 60 m and 350 m). · · ·I 
·Kamstra 's (in press) winter wind data showed a rather confused pattern , which · . 
could have been expected as the area between 31 o Sand 33° Sis intermediate 

between the zone of winter westerlies in the south and the perennial southerly i 
winds north of 31 o S. The two case studies of Jury (in press) showed the surface . 
expressions of upwelling characteristic of periods of shallow and deep J: 

(inversion between 350m and 500 m) southerly winds . In the shallow wind case . ;; 
the lowest sea surface temperatures occurred immediately west of Cape · 
Columbine , approximately coinciding with a sausage-shaped zone of strongly · L 
negative wind stress curl, i.e. the classic cape effect off this headland . Reduced ·_i' 

cyclonic curvature of the wind occurred under deep southerly wind conditions, 5 
with no significant headland wake, although a small convergence zone was .· : 

evident in St Helena Bay (the latter could have implications for the retention of · 
pollutants in the bay-see Shannon et al., 1983). Evident in this case study was rt"' 

a cool tongue extending north from the Columbine peninsula and Ekman 
upwelling alorig the coast further north and east. The growth and decay of the 

Columbine upwelling tongue and coastal upwelling during a .summer wind , 
cycle was illustrated by Shannon , Schlittenhardt & Mostert (1984)-see ·;; 
Figure 40. The curving of the narrow tongue around the peninsula is evident- J 
a feature often noted in the satellite infrared and ocean colour images of the : 
region (Shannon , Walters & Mostert , in press). Several satellite images have · j 
indicated a subsequent anticyclonic curving of the tongue north of 32° S-i.e. 
an inverted 'S' configuration-suggesting topographic control. At times the ] 

"·I 
base of the tongue or plume was around33 °20' S (Shannon & Anderson , 1982). .Li 

The wa.ter masses present in the area have been described by Clowes (1954), f> 

Buys (1957, 1959), Duncan (1964), De Decker (1970), Bailey & Chapman (in 

press), and others . The properties of the surface layer (upper 20-30 m) are :: n "ro' 

modified locally by the inflow from the Berg river during winter and in f 
summer by insolation (Clowes, 1954), although recent studie s have shown that ' i 
the latter cannot account for the rapid warming of the water noted on occasion f 
(G. Hughes, per s. comm .). Obviously advection, frontal mixing , and the t 
entrainment of water in the area must be important considerations. According * 
to Clowes (1954), a subsurface salinity maximum was common in the area f 330 

during his study (1951 and 1952) at a depth Of about 30m, most marked during · 
summer. The author attributed this to a subsurface current , although it may t 

Fi 

have been char acteristic of advanced upwelling (Shannon , 1966). No estimates 
have been made of the rate of upwelling between 31 o S and 33° S, although 

from the rapid response of the surface expression thereof (e.g. Fig. 40) it is I 
probably of the same order as off the Cape Peninsula viz. a maximum of 

around 20 m·day-
1

• The upwelled water originates from depths of 100-300 m · The 

(Clowes, 1954). An series of monthly measurements in the 'j Colum 

upper 50 m at two statwns , one JUSt north of Cape Columbine , the other :I figures 

120 km. further bimodality in the uplift of near-surface ·i···:-.. showec 
water (30-50 m), With max1ma durmg October - November and March - April · · viz. in t 
(Mostert , 1970). .·.· Colum l 
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_ The subsurface characteristics of the frontal systems in the Cape 

' Columbine-St Helena Bay area have not been studied in any detail. The 
l figures in Clowes (1950), Buys (1957, 1959), and Duncan (1964), however, 
! showed the existence of a front in the upper 100m around longitude 17°30' E, 

viz. in the vicinity of the upper shelf break (20 km to 30 km offshore from Cape 
Columbine and further offshore north of 33° S) which suggest the existence of 
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the shallow jet predicted by Van Foreest & Brundrit (1982). Few closely 

spaced measurements have been made in the region of the outer shelf break 

north of 33° S, except those of Bang (1976) along a line at 32°30' S. His work 

showed clear evidence of a major subsurface front near the shelf edge during 

February 1966 (Bang, Jones, 1 971), which he suggested was evidence of a 
baroclinic jet with an estimated surface velocity of about 60 cm·s - 1

. His figure 

showed a second shallower jet at 17°30' E. Also significant is that satellite 

thermal infrared images of the area (Shannon et al., in press) showed close 
agreement between the position of the oceanic thermal front and the outer 
shelfbreak. Thus , there is a suggestion that , north .of33 o S, there are two fronts 
and two jets , viz . the main oceanic front with which is associated the main 
.shelf-edge jet (400 m isobath) and a second front immediately west of the 
Columbine upwelling tongue with which is associated a shallow ephemeral jet 
(200m isobath). Satellite thermal infrared images (e.g. Figure 35, facing p. 158) 
sea-surface temperature data from aircraft (e.g. Fig. 40) and ships (Clowes, 
1950; Shannon, 1966) often show a distinct westward bend in the oceanic front 
near 33° S. Thus, it seems that a divergence zone may exist at this latitud ,e 
between the main shelf-edge flow and the shallower cyclonic curving jet west of 
the Columbine upwelling tongue. Inspection of figures in Clowes (1954) and 
Shannon (1966) seems to suggest that the divergence is most marked during 
late summer. From published diagrams it seems likely that the Cape Canyon 
may exert a substant ial influence on both the circulation in the area and 
upwelling off Cape Columbine, although its precise role has still to be 
quantified. 

Three questions arise. First, do direct measurements of currents support the 
concept of the postulated Columbine divergence; secondly, is there evidence of 
a poleward undercurrent ; and thirdly , does sinking occur at the fronts ? With 
respect to the last question the answer is probably yes. Clowes (1954) has 

shown strong evidence for this in some of his sections , while Shannon et a/. 

(1983) showed a zone of high radiance in NIMBUS-7 CZCS band 520 nm 
immediately east of the oceanic thermal front, indic ating the possible 
accumulation offloatables (oils, particulates) there , suggesting surface conver­
gence. As to the existence of a poleward undercurrent, Holden (1984) has 

shown that perennial net southward flow occurred at depths below 80 m over 
the 180-m isobath west of Cape Columbine over periods longer than 10 days . 

His moored current meter data displayed a clear seasonal response in the 
poleward current with a maximum during winter (average 14 cm·s - 1 and a 
minimum in summer (6 cm·s - 1 

). Occasional bursts of speed of up to 50 cm·s - 1, 

most frequent in winter , were noted. Further north the southward flow was 

weaker. His results have thus confirmed the existence of a deep compensation 
c.urrent postulated in the region. Low-oxygen water (De Decker, 1970) may at 

times be associated with a poleward coastal undercurrent. From data from the 
moored . current meters and from a current profiling line west of Cape 
Col urn btne, Holden ( 1983) suggested that the interface between the surface 
and deeper currents sloped downwards away from the coast and that this 
interface tended to rise in winter , and occasionally during summer , to form a 
broad countercurrent at the suy.face, rather analogous with the California 
situation. This concept was to some extent supported by the intensive current 
profiling cruises undertaken within 20 km (180-m isobath) of the Columbine 
peninsula during September I 974 and June 1975 (NRJO , I 976). While the 
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latter cruise showed southward or southwestward .flow (10-60 cm·s - 1) 

throughout the water column under northerly wind conditions ; the currents 
during September 1974 (southerly winds) were; however, equatorward and 
ba,rotropic , around 50 cm·s - 1

, showing no evidence of any poleward 
subsurface current. A drogue tracking experiment in November 1975 
(NRIO, 1976) under strong southerly winds showed surface flow (typically 
>50 cm·s -J) directed to the north with the strongest current or jet (up to 
135 cm·s -

1
) over the 100-m isobath i.e. in or immediately west of the 

Columbine upwelling tongue . A drogue released off the Cape Peninsula in 
recently upwelled water (Barlow , 1984) approximately followed the 150-m 
isobath northwards, and accelerated dramatically past the Columbine 
peninsula. The ship's drift measurements by Clowes (1954) east of 17°30' E 

showed a similar equatorward set of about 50 cm·s - 1 off the Columbine· 
peninsula. Thus , there seems to· be ample evidence of accelerated northward 
flow within 30 km of this peninsula which is probably strongest near the 
surface during summer, in particular during strong southerly wind events 

which favour the rapid development of the Columbine upwelling tongue . This 
is the Columbine jet. West of the 17°30' E meridian the situation appears , 
however, to be somewhat different. The paths followed by three satellite 
tracked drifters during late summer to winter (Harris & Shannon, 1979; 
Lutjeharms & Valentine , 1981; Nelson & Hutchings , 1983) while also 
exhibiting accelerations west of Cape Columbine tended to diverge olfshore in 
the region between 33o S (Cape Columbine) and 32° S, approximately 
following the run of the outer shelf break. Ship's drift observations (Clowes, 
1954) showed similar westward or northwestward sets in these latitudes west 
of the 17°30' meridian . Furthermore , the one current profiling line during June 
1975 (NRIO , 1976) which extended 50 km offshore showed marked westward 
flow at the outer stations in sharp contrast to the currents within 20 km of the 
coast. Thus, there seem to exist two distinct branche s of the current with a 
divide or divergence zone, the Columbine Divergence or Divide, near the 
17°30' E meridian . Whether the outer branch exists at subsurface depths is not 
certain , although the evident topographic steering of the satellite drifters and 
the shelf-edge jet inferred by Bang (1976) at 32"30' S seems to suggest that it 
does. It is also not certain whether the two branches of the current coexist (Fig. 
39, seep . 168, suggests that they do) or whether the current flips between the 
northward and westward configurations, with a preponderance for the former 
during spring and early summer and the latter from late summer to winter. If in 
fact the westward branch only forms in response to sea level adjustment during 
wind reversal s then in fact the Columbine Divide could be associated with a 
confluence and retroflecti on of the currents rather than divergence. Jn any 
event the two branches do provide alternative mechanisms for the northward 
transport of material either into the St Helena Bay area or into the northern 
Benguela . The current s in the coastal area north ofSt Helena Bay are generally 
sluggish (Clowes, 1954; Holden , in press) and a cyclonic cell having mesoscale 
dimensions has been suggested (Duncan & Nell, 1969; Holden , in press). The 
residence time of water in this area is probably substantial. The northern 
boundary of this cell (30o S) is the perennial Namaqua upwelling area 
discussed earlier. The influence of the Namaqua region on the St Helena Bay 
area would appear to be largely restricted to the subsurface countercurrent, 
although a surface countercurrent may form in the absence of upwelling . 
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Fig. 41.- Schematic representation of currents in the Cape Columbine - St 
Helena Bay area . 

E 

The main currents in the region between 31 o S and 33o S are shown 
schematically in Figure 41 . 

A CONCEPTUAL MODEL OF THE BENGUELA 

The distinguishing features of the Benguela are highlighted in Figure 42 which 
is perhaps more of a conceptual image rather than a model. In it I have 
attempted to paint a cohe sive picture of the system as a whole , and it is hoped 
that it may prove useful to workers in other discipline s and to those not 
familiar with the Benguela. While it does represent my interpretation of the 
system, it should , however , be viewed by readers in conjunction with the 
appropriate text and not in isolation . 
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Fig. 42.- A conceptual model of the Benguela system . 
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