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Water mass distribution and geostrophic circulation off Namibia
during April 1986

J.Sa1ar.® M. Masa® and A, ), Borp®t
[Reveived 12 Sl 1990 aqecepted & Saminary 19910

Absteact—yW ater mass distoimition and weostrophic circulgtion off lhamibis are presented for Apeil
L4, 3 monih of relatively sirong seetm saster intrwsion (mom the gomth and west. The main resultiy
that mesgscale procesies develun in lhe area during the seaxom when the coastal apwelling s
relaxed. and these provesses mey be o allermaive conbrhuion to the ferileagon of the regon,
The main features aleerved are the [olowing.

Anuolan waters ent@red the region throoeh the sorface Tuver. wilh 2 macimowm Sow ae M0m

Jdepth

A frontal Zone | ecaterad bomveen 207% and 2275 separaled Angolan and Benaucla waters. an the

surtaes layer.

Anticyelome codies with 5 radivg of 15300 mdes sesureed off ventral and southern Namibia

Weater npeecedling o7 Woalves Bay appesrcd toderive from the oore ot the Angnlan warcr, which

Ficl at a depth of S0-100m.

Anticyelonic geres oight canlmhote w the upseeting off Wbz Bay and oo the oocorrenee of &

loval sinkiog 0ot centee, aboeul 5omiles offbore, tbos alloweng long residenee g and

reciculation.

The ocewirence of eddies may hove been relaiel 10 the peneral relasatien of e Benpocla
Tpwelling Ssstem in the meceding 3 months and e peaetration af the Angolan walers, in the
eepion nocrh of Walvis Bay, while io the sourh, the meandecs ol the oeeanic froot may reossin mosl
MiiTalala IR

TNTREODUCTION

IT is well koown that upwelling is an impotianl veeanographic feature off the Namibian
coast. The knowledge of upwelling causes. fluctuations and variability s essential to
understand the distribution, miprations, spawning. etc. of the living resources.

Traditionally, the upwelling intensity and variability has been estimated by Sea Surlace
Temperature anomaly analysis and wind stress (LuTiRHARMS and MEFUWIS. 1987). Other
factors such as curtent pattern and water mass distribution can help to obtain & more
precise picture of this phenomenon. This is particularly important at the season when the
vpwelling is relaxed. During this period, the area is dominated by mesoscale structures and
frequent intrusions of warm northern water, but production levels still remain high in
cerlaln arcas, such as near Walvis Bay (EsSTRaDa and Maurkasg, 1987,

FCSIC Trstitut due Cidncios del Vear Passcing MNacionad. #'n USHIG Barcelona. Spain.
Foea Tislweries Besearch Tostitute. Rogge Bay, {Mupe Town 8002, Sonth Afrbeu.
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The present paper is based on the information obtained ftom SNEC IT {Spanish-
Namitian Environmental Cruise) which surveyed the tegion from 17°30°S w0 26°30°S
during April 1980 (Fig. 1). A water mass analysis and the geostrophic circulation,
estimated by the dynamic method. are presented and discussed. The main result is g
confirmation of the role of mesoscale structares as alternative mechanisms to provide the
nutrients found in the coastal surface waters ((GUTIERREZ e @f., 1986).

Four water types have boen described at the surface layer within the shell wone off
ceniral and northern Namilia, in the norihern part of the upwelling arca influenced by the:
Bengucky current, All of these water types arc derived from the South Atantic Central
Water (SACW. Sverpeurr e of.. 1942), O'Toor s (1981 characterized three ol them: (i)
cood upwelled water (T = 12-18°C and § = 34.9-35.2), present sll along the coast, (i)
Anpolan water, warmer and more saline (#'= 17 22°C and § = 35.5-35.9) always present
in the northernmost area of the region but showing seasonal intrusions {BovD et af. | 19%7)
towards the south, mainly during late surnmer and autumn, and (iil) ocesnic water
(1= 16-22°C and § = 33.2-35.5) coming from the west towards the coast in the region
between 19°5 and 22°%, mainly during summer and sutumn. Boyo (1983a) defined another
water type [iv]. saline upwelled water (¥ < 15°C and § = 35.3-35.5), which is upwelied in
the central region during autumn, but whose probable origin is from the notth.
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The periodic soulthwards mtrusions of Apgolan waters have heen studied in several
papers. A few inlrusions had an extraordinary extent, and their effect onupwelling and the
biots of the region is comparable o Bl Niao, off Pera (Bovr ecaf, T985: Saansaov eraf.,
1986). The typicial Angolan water intrusions alse show much interannual variability.
Dueing the first quarter of 1986 one of the most important intrusions occurred even thouph
irwius nof an El Nine type. In this case, the maximum sowthward peneiration wis agbscrved
in April (BoyD er af ., 1987,

Although the dynamic method reveals the pressure forces related to the density held,
and s wsetul in the identification of cddics snd gther mesoscale strugtures, surface currenrs
on the shallow Namibian shelf are mainly wind driven {Boyn, 1983b}. so that the
geostrophic approach would not be the most appropriate for that coastal region. More-
over. the selection of g relerenee level wnd the extrapolation e these shullower areas s
always problematic. Turthermore having a wide spacing between offshore stations in the
alongshore direction {Fig. 13, it is difficult to give a precise image of the general cireulation
in the region. However ii geostrophic fow patteros are considlerad together with the
distmatrativmn of wiler misses a belier image cun be presented, pood enough to describe the
abserved featares and to be related to other observations.

MALI'ERIALS AND METHODS

The grid of hvdrographic stations of SSEC II {Fig. 1) consisted of a series of transects,
lollowing parallcls of latitude . Four of them, the “main™ ones, cxtended between 5 and 135
niles offshore. Two smaller sections, up to 75 miles offshore, Aanked the main sections 30
miles apart. Finally, the pattern was completed by some coastal stations. At every station,
3 CTETY eustowas otained by means of 3 Neil Brown Mark UL probe, The basic data, at the
standard levels., and preliminary results can be foundin GUTirRREE er af. (1986) and Masd
{1987}, respectively.
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The various watcr masses have been identified from 1'% diagrams and horizontal
distributions of salinity and temperature, accerding tor the lraditional methods. Complete
hydrographic profiles were used, based on data denyity of one CTE reading per meter.

Dvnamic topogtaphies were obtuincid by calcutaling the dynamic anomaly predle tor
cvery station according Lo the International Sea Water State Equation (LINESCOY, 1981).
The relerence level was taken at 70 m. This level was chosen because the difference
between dynapiic anemalics cvery W m presented a minimom between 70 wnd SU0 m.
The Helland-Hansen method was used to extrapolate dynamic heights at shallower
statioms {STANDER, 1964, This method consisted of substituting the botiem by a quiescent
water benly. Other authors like STannEr (1904) and MorosHkin e @l [197U0) chose a
relerence level of T m, but in both cases, more stations were done ofishare and the
density of stations was lower. In oar casc, the choiee of o TN m reference Tevel would
live given a bigger anomaly pradiene al the reference level. and a greater nomber of
starions would have required extrapolation.

RESULTS

TS diagrams based on the four stations turthest oftshore on each mamn line are piven n
Fig. 2a. These diagrams show the presence of the core of the South Allantic Contral Wargr
between 1K and 800 m depthin all the stations. Near the sucface, the water can be seen to
huve heen locally modified by contact with the atmosphere and the surrounding waters,
generally in the sense of increasing temperature, The charactenistics of the SACW showed
a zonal distribution in the sense of higher salinity 4t lower latitude, for the same
temperature (Fig, 2a).

The upper 1 m of T8 profiles for the stationy at the extremoes on the northern ling arg
vhown in Fig. 2h. Near the shore, the surface water had the same properties of the 5ACW
tound at Y100 m at the offshore stations, which is an indication of active upwelling in this
area, from depths of up to 100 m.

Dvnamic pographics of diffcrent depth surlaces all relative w the 700 morelerene:
level are presented in Fig, 3. It can be observed that the gecstrophic circulation at the
surface shows a net flow directed perthwards over all the region except i1 the northern
come (18"8). Oiher features such ay antieyelonie eddies, can also be observed. Their
dynamic signatures penetrate deeper than 1K m, but less than 200 m. Both the major
northern (19°5) and southern (26°5) anticyclonic eddies tall paitially beyond the edge of
the continental shell, bot the Wilvis Bay cddy falls instead whelly on the shelt, with
northvward flow within 33 miles of the coast and further offshore than 75 miles.

The estimated speed of surface current ranges from values of the order of 15ems ' to
35 cms” ! where the current was dominated by the eddies. 'he mean fow of the Bengucla
countercurtent towards the south, suggested by the dypamic topography at 204 and 300 m
depth (Fig. 3cand d}, is supported by the advectiom ol the dissolved oxygen. The intrusion
of equatorial low oxvgen water is clearly shown in the section parallel o the eoast at 135
miles offshore in Fig. 4.

Coastal upwelling was imost intense at both extremities of the sampled regwon, as cian be
inferred from distributions of temperature, salinity. dissolved oxvgen and outrients
[(Maxsa, 19873, The horizontal salinity distributions at the surface and 100 m depth (Fig. 5)
show the signature of a ftont with important gradients in a transition zone between 23°5
and 19"S. The horizontal temperarure distriburion at the surface (Fig. 6) show that coastal
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STATION N°

OO0 . /

Fig- 4. verugal distribotion of dissolved oxvgen (ml ] ":I 1 oa seeiion ul 135 males offbure.

upwelling was weak at 2045, it the nerthern zone of the trunsition zone, but active at 2375
at its southern boundary. ‘The upwelling of this relatively high salinity water at the surface
off Walvis Bay will be discussed.

DISCUSSION AND CONCLUSTONS

SNEC II was cartied out at the heginning of the autumo, which s an cspecially
interesting scason in the Namibia region because of the relaxation of the coastal upwelling
in the preceding 3 months and the development of Angolan water intrusions. According to
Boyp er af. (1987), during 1986 a typical but important introsion was present, under which
the coastal upwelling was not extinguished and good nutrient supply o the surface layer
wis cotinued. In othet papers dealing with geastraphic caleulations, the grid of stations
covered a larger area and extended further offshore (Srawper, 1964} or northwards
(Mowosukiy, 1970; [as, 1983). Some of the features diseussed in these papers. such as
ihe cxistenee of a large subtropical cyclonic eddy, fall outside of the coverage of the SNEC
IT cruise. Conversely, the higher reselulion in the nearshore area of SNEC-II produoced
evidence of mesoscale features thar did nett appear in previously mentioned papers.
Another important aspect to be considered is that the importance of the Angolan intrasion
in April 1986 wus apparcntly much stronger than that corresponding to the same montlh in
1959/1960) ar in March 1965,

The most important results obtained in the present study can he summarized as foltows:

Strong anticvelomic eddies were made cvident by geostrophie caleulations where the
sampling density was high. This also suggests that more eddies might have existed in
areas of lower sampling densily. The importance of eddics was pointed ast as carly asin
the work of Hary and Coreie (1960), who reported that “The Benguela current consists
of a serics of anticyelonic eddies, of inlerlocking tongues of cool and warmer waler, of
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areas of rich and relatively poor phytoplankton, all of which merge inte s complex
pattern which is in & constant state of change or flux. This guality of irregularity and
instability 15 in fact one of the teatures which emphasize the discrete character of this
upwelling region.” Most of the subseguent authors reparted the oceurrence of cddicsin
ihe southem Benguela region (SHaxnon et ¢f., 1985}, The development of thess: cddics
suggest Lhat the main Benguels current was still unstable, atter the relaxation of coastal
upwelling in the preceeding 3 months, and a transfor of cnergy 10 lhe ediies was
uccurring at that tfime.

The presence of afrontal strip, north of 22°5, separating the southernwater mass feom
the Angolan watars. In this zone, up to 1935, the main northwards current was
decaying, the coastal upwelling was weak, and from 2078 to 22°% geostrophic flow
appoars t be weak and more unitormly longshore (although this coald partially be due
to the low sampling density]. This is the sigrnature of the boundary between the Angola
and Benguela waters (SHavNoN and AceNeac, 1987} which extonded as Far as the
southern limit of the normal seasonyl excursion, as pointed out by Bove e af. (1947).

According to the dynamic topographies, the Angolan waters had penetrated the
region ftom the porth, following the continental shelf edpe, with u maximum southerly
component at 30 m depth at 17°30° (Fig, 7)., Further south these waters were conducted
wrwands the coastal region (Fig. 3) thus becoming available fur coastal upwelling off
Walvis Bay. This last aspect is well evidenced by the salinity distributioms (Fig. 53, The
high sabinity values near the shore could be interpreted as an indication of no upwelling
hut, if these values are compared to those of the water column offshore, it can be seen
that the upwelled witer had a salinity shightly higher than the corresponding value
according 1o temperature for this latitudle in the SACW (Fig, 81, which is an indication of
its more northerly origin. This is an important confirmation regarding the origin and the
path for the saline upwelled water described by Bovo {164%3a) off Walvis Bay in late
summer and early automo, referred toin the Introduction as the fourth water tvpe.

Some differences in mechanisms, ameang the three main observed upwelling contres,
are found.

{1} Ip Liideritz repion the classical picture of coastal upwelling was obscryed. There
was a larpe coastal band where the upwelled water, originated from mare than 150 m
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depth, was transported oftshore and northwards at the suriace by the combined eftect of

Ekman transport and the main current.

(i) The upwelling process off Walvis Bay, near the frontal region and with more saline
upwelled waters, as pointed out previously (Fig. 8). seews to be very complex. It cannot
be described easily by a two-dimensional scheme. Morcover, the data coverage of the
cruise was not complete enough o be conclusive, ITowever, the available information
confirms that the eddies could have a sigmificant rale contributing 1o condurt northem
elishore waters towards the coast st 100 m depth (Fig. 3], This figure also shows that the
walter upwelled to the surface near the shore appears to be trapped by the eddies S miles
offshore.

(iii} Clese Lo the mouth of the Cunene River, at the nortthern boundary of the
sampling area, the upwelled water came from shallow deprhs of not more than 10 m,
according to transport from offshore. The water muss present in this region is clearly
Anpedan waler. The northward extent of this upwelling centre cunnot be desenbed as no
measwrements were made north of this line.

The tnstabilities in the Benguela Current have been yenerally related to fluctuations ot
the ceeanic front hetween eonstal gnd open sey waters {NELSON and Hurcnines, [983;
SaaNmox, 1985). In this case, the oecurrence of these eddies within the coastal region,
north of Walvis Bay, appear to be related with the previous relaxation of the upwelling . the
subscguem pencilration of the Angelan watersin the region (Boyo edaf, 1987), and the 1e-
cslablishiment of the Beonguela current in course. South of Walvis Bay, the meanders of the
oceanic front, offshore, may reman moest important. It all these phenomena are indeed
redated, they would combinge it the Walvis Bav region between 24°8 and 22°5. Here, the
coekistenee of waters of different onigin that were mixing, upwelling and recirculating
appears to have led 1o enrichment reflected in the results of phytoplankion and primary
productiom otttaincd by Esteava and Magaase (1987). using data from the same cruise,
which show that the arca off Walvis Bay was the most productive within the whole region
studied.
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