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CHAPTER 1

INTRODUCTION

(i)

Statement‘gﬁ Intent

The area encompassing Cape Columbine and St. Helena Bay of f
the. South-West coast of Africa lies within one of the
world's major upwelling centres ~ the Southern Benguela
System. Cape Co]umbine is a major site for active QbWe}]ing
within this system, others are located at the Cape Peninsula

and in the north, at Hondekl1ip Bay. Nel'son and Hutchings

‘(1983) state that of these three sites, only the Cape

Peninsula has been the subject of intensive study. Cape
Columbine 1ies between Saldanha Bay and Lamberts Bay and is
within a large pelagic and rock lobster (Jasus lalandii)
fishery. Bailey and Chapman (1984) report that 29% of the
total west coast pelagic fish catch, (109,684 tons) came
from the area off Saldanha-St. Helena Bay in 1981 increasing
to 33%, (125265 tons) in 1982. Rock lobster landings account
for approximately 41% by weight of the West Coast catch
(1523 tons). In view of its importance both commercia]]y and
oceanogrdphica]]y, a research project into the marine
processes occurring in the Cape Columbine Area is important

in our understanding of the Benguela System as a whole.



Because of the complex nature of marine systems and their
interdepence on physical, chemical and biological processes
and phenomena it was decided to adopt an interdisciplinary

approach.

The overall objective of the thesis is to investigate and
interpret hydrological events occurring at the Cape
Columbine upwelling site and the adjacent coastal waters,
with special reference to St. Helena Bay. The first step in
the study involves monitoring the meteorological occurrences
which resulted in the prevailing hydrology and thusAgive a
genera]_background»to the observed structure. It became
necessary to establish two Sﬁb—systems in the area which can
be distinguished on the basis of the time scales within
which they operate. Genera]iy speaking, outside St. Helena
Bay the waters have a 3-5 day synoptic variability governed
by meteorological conditions, but within the semi~closed
system of the Bay itée]f a longer time span of around 25
days governs the processes in this separate but inextricably

Tinked water body. ' L.

Within the 3-5 day cycle there were found active and passive
phases during which upwelling and physico~-biological
stabilization occurred respectively. The 25 day residence
time permitted the full maturation of the ageing upwelled
water and lended itself to studies of its origins and mode

of formation.



A natural deve]opment>in the work lead to the categorization
of different water types 6ccurring in the area which‘further
involved exploring the pathways that exist between them.
This is crucial to an understanding of the-systém as a whole
and necessitates using both direct and indirect evidence in

order to unravel its complexities.

Having established the parameters and possible inter-
relationships existing within the overall system it became
possible to study the semi-closed system of St. HeTéha Bay
and identify mechanisms and processes occurring within the
water and investigate their implications for the area in
general. This incorporated monitoring patterns of horjzontal
water movement in the Bay, and demonstrating the methods by
which nutrients can reach the photic zone in the absence of
active upwelling. Concentrations of nutrients and
chlorophyll, were used to support the evidence presented for

vertical mixing.

The nutrient levels occurring in the Bay and within the area
generally were also used to gain an understanding of an
oxygen~depleted water mass which is shown to be closely
associated with St. Helena Bay watér. Matters relating to
its remote or local origins are dealt with within the
context of a credible time scale. The same data were used to

jdentify nutrient limitation in the area.



(11)

Literature Review

Several works have been completed in recent years which deal
with the Benguela System as a whole and provide essential

reading. Nelson and Hutchings (1983), in their account of

- the Benguela upwelling area consider the general features,

including bottom topography, circulation patterns and the
influence of Agulhas water on the west coast system. The
presence of low oxygen water is also noted together with the
relationship between sea level adjustment and warm wafer
events. Their chapter on the macroscale meteorology of the
system gives an excellent description of the cyclic weather
pattern typical of the summer conditions which'governé the
upwel]ihg pulse. Also included is a review of work done on

mesoscale coastal upwelling processes.

Shannon (1985) has written comprehensively on the Evo]ﬁtion
of the Benguela and its physicg] features and processes and
Chapman and Shannon (1985) considered the chemistry and
related processes. These two works form part of a review of
the present state of knowledge of the main processes

governing the Benguela System.



The works mentioned above consider the Benguela System as a
whole and give a comprehensive background to the Cape
Columbine upwelling site and St. Helena Bay region in this
general context.However,kresearch specific to the étudy

area has been carried out intermittently since the 1950's.

Clowes (1954) performed a study which included phosphate
levels in the area and suggested that increased phosphate
concentrations near St. Helena Bay resulted from the
southward~flowing inshore current. This acted as a t}ansport

mechanism from Namibian waters.

Buys (1957) studied the temperature varjations in the upper
50m of the water column in the St. Helena Bay area between
September 1950 and August 1954. This investigational report
gives an account of the method used to establish any
periodic, and therefore predictable, cycles of temperature
within the upper 50m. An unsuccessful attempt was made to
correlate this temperature data with commerical fish catch
figures. The same author made a 1959 study of the
hydrographical environment and commercial catches between
1950 -~ 1957. His conclusions relevant to the present:study
were that "..... in the coastal area the waters have for the
most part the same origin throughout the year, namely the
upwel led waters which to a greater or lesser extent have
been heated by the sun". He also noted that the Agulhas

Current exerts a variable influence during summer and autumn



in the study area.

Duncan (1964) investigated the seasonal occurrehce of
thermoclines off the south-west Cape between 1955 -~ 1961 fn
the same study area as Buys. He noted their seasonal
variations, frequency of occurrence at certain positions,
their depth distribution ahd the temperatures at which they
occur. It was demonstrated that, especially in the coastal
region, solar radiation was responsible for the formation of
thermoclines in cold upwelled water. |

Currents and patterns of.water movement were the subject of
a drift card and drift bottle study made by Duncan and Nell
(1969). They sought to establish a seasonal variation in the
moveméﬁt of surface water off the west and south-west coasts
of South Africa. An inshore southward current and offshore
northward current was found on the west coast during summer
together with a westward drift from Cape Agulhas after
rounding Caﬁe Pofnt. Winter showed either a general
southward movement on the west coast or the typical summer

pattern.

Several cases of mass mortality of marine organisms during
the summer months of 1967-68 on the west coast of South
Africa, lead to the DeDecker (1970) study of an oxygen-
depleted subsurface current in the region. He describes such

a current circulating within 20 miles of the coast and



- includes jts seasonal and Tong~term f]uctuafions over a

period of 10 years. The current is traced back to the sub-
surface oxygen minimum in the South-~East tropical Atlantic
and he jdentifies ft as an offshoot of the Deep Compenéation
Current postulated by Hart and Currie (1960). An oxygen-~
depleted water body is described in the present study and an
attempt is made to discover its origins and mode of

formation.

A two part study was made of the southern Benguela Eegion by
Jones (1971) and Bang (1971) resulting from their cruise on

H.M.S. Hecla in 1966. Bang (1971) essentially complements

the detail of Jones (1971), who studied temperature,
salinity, dissolved oxygen and nutrients between Cape Town
and Orange River. This included ah E-W transect extending
from St. Helena Bay to 15°E. He noted that the upwelling
cycle in the area was at a quiescent stage but, importantly,
introduced the concept of ageing of upwel led water. It was
maintained that the lower salinity water at the surface
indicated past upwelling, and that since stability resulted
from atmospheric heating one could expect low salinity -
surface waters for a considerable period. This would only
occur.in the absence of wind generated turbulence. The
nutrients information was also of relevance because it gave
information relating to the degree of biological activity.
Depletion at the surface coupled with regeneration near the

bottom indicated a quiescent stage in the upwelling cycle.



Chapman (1983), 1in his study of iodine speciation noted the
close association between the 1ow oxygen water around Sf.
Helena Bay and a mixed water body with constant value of CTE
= 26.8. This research is of extreme relevance to the present
study since Chapman concludes that the oxygen poor water is
produced locally rather than brought from a distance, which
disagrees with DeDecker (1970). He also makes a first order
estimate of the time necessary to reduce the normal oxygen
content of the water to zero. This dovetails the study made
into residence times for water in St. Helena Béy, which

forms part of this thesis.

Currents and patterns of water movement have been the
subject of study by Holden (1983, 1984). The former study
shows the existence of a perehnial net southward flow at
depths below 80m.over the 180m isobath west of Cape
Columbine. This is for periods greater than 10 days and
displays a maximum value in winter. Holden (1984) found
currents in the coastal area north of St. Helena Bay to be
sluggish and the existence of a cyclonic cell was also

suggested.

The work of Bailey and Chapman (1984), which concerns the
nutrient status of the St. Heleha Bay Region, investigates
the chemistry of the oxygen-deficient water mass mentioned
gar]ier. Comparisons are made between concentrations of

nutrient overlying the sediment and those within the



(i11)

upwelling source water. Mechanisms for the formation of
oxygen-deficient water are discussed in the context of a
local cyclonic gyre and deviations from the Redfie]d ratio.

They found nitrate to be the 1imiting nutrient.’

In view of the importance of the Cape Columbine upwelling
site and the St.He1ena Bay region to the Benguela System as
a whole it must be considered to be relatively understudied. -
This thesis gives a physico-biological perspective_to events
occurring in the area and investigates methods of.nutrientv
renewal to surface waters in the absence of active

upwel 1ing. This involves, for the first time, a quantitative

approach into aspects of vertical mixing.

Research Plan -

The first two chapters of this thesis provide a general
back ground to the work conducted in the area and comprise of
firstly, anbintroductory‘chapter and secondly a chapter
giving the research rationale and essential features fn the
data. The reseérch rafiona]e gives details of the study area
and the location of hydrographic stations. Also included are
details relating to the deployment of equipment, sampling
methods and analysis. The next section provides an overview
of the data and selects typical and essential features which

merit further scrutiny. Aspects of wind, temperature,



salinity, currents, oxygen and nutrients and Chlorophyl1,

were selected.

These data were then subjected to interpretation in 6hépter
three. The thermohaline structure of the water column is
described together with its mode of development and
formation. Patterns of water movement in the stuqy area are
deécrjbed and related to the presence 6f certain other

physical parameters.

The relationship between Chlorophyll, and hutrients is

investigated and cértain anomalous data points are discussed
in relation to nutrient influx to the euphotic zone. The
occurrence of a primary nitrite maximum also gives an

indication of processes occurring in the water column.

A study into the occurrence and origins of an oxygen
depleted layer is carried out. This feature has been
described previously in the‘1iterature agd a_statistica]
study of the nutrient ratios occurring in the area generally

and within the layer itself was performed.
Turbulent and diffusive mechanisms of vertical mixing were

investigated quantitatively and also included was a study of

the possible evolution of salt fingering layers.

10



In order to give a credible time scale for the occurrence of
certain oceanographic processes, the wind data were used to
calculate the residence time for a particle of water in St.

Helena Bay.
The final chapter discusses various points resulting from

the study and deals with the inter-relationships that were

found to have occurred between the different sets of data.

11



CHAPTER 2

THE RESEARCH RATIONALE AND ESSENTIAL FEATURES OF THE DATA

(1)

The Study Area

Fig 1 shows the area studied during a cruise of the R.S.

Africana on the 24 and 25 March 1984. St. Helena Bay, which

lies at the southern end of Africa on the west coast
(Latitude 32940'S), provides a passive environment within
the Benguela upwelling system and is adjacent to the Cape
Columbine active upwe]]in§ site (Latitude 32°950'S). As
mentioned earlier this is one of three major upwelling

1ocatjons on the west coast of Southern Africa, their

respective locations are shown in Fig 2.

On the first day 12 stations were occupied in St. Helena Bay
a]ong‘a 1ine approximating to the 60m depth contour.
Sampling began at station 1A at 1400 hrs and ended at
station 3D at 0100 hours on day 2. The 1ine running west
from Cape Columbine consisted of five stations approximately
5 nautical miles apart, and forms the Cape Columbine
transect. Stations wére occupied between 1430 hrs and 1730

hrs on day 2.

12



(i1)

Equipment and Methodology

Temperature and salinity data were collected using the CTD
(Conductivity, Temperature, Depth) apparatus;It was‘thus
possible to obtain continuous profiles of these parameters.
The CTD incorporated a rosette of 12,5 1itre Niskin bottles
and water samples were taken at stations 1A, 1D, 2A, 3A and
3D in St. Helena Bay and at all stations on the Cape
Columbine transect. Sampling depths were at ten metre
intervals from the surface to 50m. In additioh to“this at
the deeper stations on the Cape Columbine Transect, samples
were taken at various depths below 50m to a maximum of 297m

over the Cape Canyon (Station CC2).

Current data were collected using an array of 4 Neil Bfown
Acoustic current meters. At each current metering station
the CTD apparatus was used to reveal the 2 layer structure
in the water column and the array of current meters was then
deployed so as to straddle the density interface between
thesg‘layers (i.e. the pycnocline). Current metering was

only done in St. Helena Bay.

Wind data in the ten days preceding the sampling programﬁe
were obtained from the Sea Fisheries Research Institute

weather station at Stompneus (see Fig 1) and prevailing
meteorological data were available from the ship's in-house

information system.

13



In St. Helena Bay the ship was permitted to drift freely
while the current mefers were deplbyed. During thié period
CTD casts were done every hour (e.g. Stations 1A, 1B, 1C,
1D) and water samples were taken at the beginnihg and end of
the current meter deployment (i.e. 1A and 1D). The shiﬁ then
steamed to the location of statfon 2A where the process was

repeated. The method of data collection is summarised below.

Station No. Current Metering CTD casts Water samples Met. Data

1A
1B
1C
1D

2A
2B
2C
2D

3A
3B
3C
3D

Continuous Yy A
Continuous Y ‘ Y
Continuous Y Y
Continuous Y Y Y
Continuous Y Y ' Y
Continuous Y Y
Continuous Y Y
Continuous Y B { Y
Continuous Y Y Y
Continuous '.Y Y
Continuous Y Y
Continuous Y Y Y

On the Cape Columbine transect CTD casts and water samples
were taken at every station, current meters were not

deployed.

14



(111) Analysis of Samples

(iv)

At water sampling stations oxygen was analysed on_Board by
Winkler titration, using the azide method of Montgomery et
al (1964) to prevent nitrite interference. Shore analysis
was performed on all other samples. Phosphate levels were
obtained according to the method of Murphy and Riley (1962)
and silicate, nitrate and nitrite according to Strickland
and Parsons (1972). Analysis of samples was modifigd for use
with the Technicon Auto Analyzer II as described'bY'Mostert
(1983). Chlorophyll a samples were measured accordiﬁg to

UNESCO (1966).

Wind Regime

The wind conditions for the ten days preceding this study
are presented in Fig 3. The data was available from the
weather station at Stompneus and repesents the general wind

pattern over the St. Helena Bay/Cape Columbine area.

The outstanding feature is the strong south-~easterly wind

‘event 1asting from the afternoon of 1 March 1984 until the

evening of 22 March 1984. The average wind speed during this
period was 8.5 ms~1 (17 knots) with maximum speeds observed
during the late afternoon and evening (10 ~ 15 ms‘l, 20 ~ 30

knots). For the next 2  days prior to the collection of

15



(v)

hydrological data, 1ight and variable winds were recorded

averaging 3 to 4 ms~l (6 to 8 knots).

Therefore during the period before this study there weré 3.5
days with wind conditions favourable to Ekman transport Qf
surface waters and strong upwelling followed by 1.5 days of
1ight winds, permitting the water column td "reiax" and

equilibrate.

Wind data were taken at each station during the caurse of
hydrological sampliné,'rhe average wind speed on day 1 in

St. Helena Bay was 4.25ms™! (8.5 knots) with a range of 3ms”‘
1 to 6ms™1 (6 knots to 12 knots). On day 2, during the
sampling of the offshore transect at Cape Columbine, there
was an average wind speed of 8.7ms™! (17 knots) with a range
of 7ms~1 (14 knots to 20 knots). In St. Helena Bay the wind
was coming from the east (i.e. offshore) while on the
following day a SSE wind prevailed during the whole sampiing

period.

Temperature and Salinity

(a) St. Helena Bay

The essential features of the temperature and salinity

structure in St. Helena Bay are shown in Fig 4a. Profiles

16



have been drawn for stations 1B, 2D and 3C. The most
striking characteristic in eacﬁ of the 3 profiles is the
presence of an homogeneous water body underlying the
thermociine with temperature and salinity constant atljust
below 10°C and 34.75% respectively. This forms a Bottom
Mixed Layer (BML) and is discussed in Chapter 3(i). A warmer
surface Tayer is found overlying the thermocline which shows
a gradual 1increase in temperatufe with éea surféce
temperature (SST) values of 14.4°C at Station 1B and 13.3°C
at Station 3C. Initially this drop in SST was aftribhted.to
normal heat loss during the night since Station 1B was
sampled at 1500 hrs on day 1 and Station 3C at 0100 hrs on
day 2. However, a heat balance calculation performed for one
particular station (Station 1B), showed that an overnight
heat loss of between 400 Wm~2 and 1000 Wm~2 would be
necéssary to account for such a temperature decrease in the
upper waters. This figure is much too high when compared to
normal levels of heat loss (say 100 Wm~2) and therefore the
lower surface temperature observed at Station 3C is
attributed to the advec;ion into the area of water having
upwelled more recently than its Station 1B counterpart. It
would thus not have had the chance to warm up to the same

extent.
The salinity structure within the thermocline shows some

small variability but is otherwise about the value of

34.75% This variability in the thermocline region is

17



important in the analysis of diffusive mixing processes and

the problem is addressed in detail in Chapter 3 (vi) (b).

(b) Cape Columbine transect.

The Cape Columbine transect gives a contrasting picture with
respect to temperature and salinity, and profiles from
Stations CCl, CC3 and CC5 are included in Fig 4B. Station
CCl has the same characteristics as the St. HeTéna_Bay
stations with a BML below 35m underlying the sunwarmed
surface layer (SWSL) and separated by a strong thermocline.
The sea surface temperature (SST) was approximately 14°C.
Again, salinity shows little variation within the
thermocline and reaches a maximum of 34.827in the surface
layer. An esséntia]]y constant value of 34.75%. found within

the BML.

The contrast between the thermohaline structure of St.
Helena Bay and the Cape Columbine transect and the
similarity between the water structure of St. Helena Bay and

Station CCl are shown in Fig. 4C.

From Fig. 4B it canvbe seen that between Stations CC3 and
CC5 the SST rises from 15.0°C to 16.6°C but there is no BML
evident at either location. Station CC3 has a layer of low

salinity water at the surface extending to 30 m depth with

18



(vi)

values approximately 34.80%.. Below this layer is found
water of higher salinity 34.97% which gradually decredses
to a bottom minimum of 34.58%.. Station CC5 exhibitg a wind-~
mixed surface layer (16.6°C, 34.98%2) aﬁd a strong
thermocline below which, temperature and salinity both
decrease with depth to bottom values of 9°C, 34.68%

respectively.

Currents

Current measurements were made for a period of one day only,

during sampling in St. Helena Bay. Current meters wre

.deployed while the ship was free drifting at Stations 1, 2

and 3 respectively. Fig. 5A shows the current vectors at the
various depths for each of these three stations. Each
station shown in Fig 5A represents the average of
approximatliey 3 hrs of current measurements. Adjustment has
been made to the data to account for ship's drift and
included in Fig. 5A are the wind vectors for each of‘the

three stations.

The near surface currents are seen to move in the opposite
direction to that of the wind, it is therefore evident that
the waters of St. Helena Bay were not reacting in direct
response to the wind. The upper 16m of the water column has

current speeds ranging from 18cms™! at Station 1 to 55cms~!

19



(vif)

at Station 3. The BML shows a southward and shoreward
movement at Stations 1 and 2 respectively with current
speeds ranging from 26cms™! at station 1 to‘50cms"1 at
Station 2. The BML at Station 3 is seen to move offshore at

approximately 10cms™L.

Fig. 5B shows the progressive vectors for Stations 1, 2 and
3, in the surface and bottom layers. Both layers seem to
exhibit a general anticyclonic rotation in the St. Helena

Bay area.

Dissolved Oxygen

(a) St. Helena Bay

The Tevels of dissolved oxygen found in St. Helena Bay are
shown {n a vertical section of St. Helena Bay stations in
Fig. 6A. Typical surface values of 8;n1 1~1 were found. A
sharp oxycline is present below which the levels drop to 2
ml 171, Minimum values were‘generally found at the base of
the water column (0.43 mil 1-1 at.Station'ZD) with the
exception of Statioh 3D where the oxygen minimum (0.59 ml
1-1) was found at a depth of 40m. Oxygen depleted (0.D.)
water is a widely reported feature within the Benguela

System (Copenhagen, 1953; DeDecker, 1970; Bailey, 1979;

20



Boyd, 1981; Chapman 1983) and is defined as having oxygen
content ¢2 ml 1"1(Chapman, 1983). The 0.D. water is seen
to be clearly associated with the BML lying below the 10°C

isotherm which is marked as a dotted 1ine in Fig. 6A.

(b) Cape Columbine transect.

Dissolved oxygen profiles from the Cape Columbine transect
are shown in Fig. 6B. Again Station CCl has the saﬁe form
as the St. Helena Bay statiﬁns, the 0.D. water 1ies below
the 10°C isotherm and comprises the BML. A surface maximum
value of 7.2 ml 171 is observed. The remaining‘stations,
which 1ie further offshore, show no evidence of an 0.D.
layer. A more uniform distribution can be seen with levels

-1

of around 6 m1 1 at the surface decreasing to 4 ml 1-1 at

the base of the water column.

Oxygen saturation values in the water column were plotted
at each station (Fig. 7). A pattern emerges which clearly
distinguishes St. He]ena Bay plus Station CC1 from the
offshore stations of the Cape Columbine transect. At the
néarshore stations (St. Helena Bay and Station CCi)
saturation values of up to 145% are seen in the surface
waters decreasing rapidly to values less than 10%
saturation. The offshore stations have saturated surface

values of around 110% but there is not the same sharp

21



reduction in the sub-~-surface water.

(viii) Nutrients and Chlorophyll,

(a) St. Helena Bay

Profiles Sh0wing the typical distribution of nitrate,
silicate, phosphate and Ch]orophylla against depth have been
pfepared for one of the St. Helena Bay nutrient sémp]fng
stations (Fig. 8). The profiles show the surface waters-to
be nutrient depleted but with high levels of chlorophyll,.

A contrasting enrichment of nutrients occurs in the bottom
waters. As expected, the amount of Chlorophyll, in the
bottom waters was low. The re]ationéhip betwéen Chlorophyl1,
and nitrate, silicate and phoéphate are dealt with
quantitatively in Chapter 3 (iii). Vertical sections have
been drawn showing the horizontal distribution of nitrate,
silicate and PO4. (Fig. 9). They show an intrusive body of
nutrient-rich water within the BML (NO3 > 20 ug at ]”1, Si0,
>30 ug at 1”1, PO4> 2.2 pg at 1-1y. in all cases the water
body is in close contact and possibly transcends the
interface between the BML and the warmer surface water. This
feature is of great importance with respect to the

replenishment of nutrients fo the euphotic zone. Ih the
event of vertical mixing occurring at the interfacial

boundary then high levels of nutrients are in a position to

22



be transported upward. The data is analysed for vertical

mixing processes in Chapter 3 (vi).
(b) Cape Columbine transect

Nutrient and Chlorophy]]a profiles have been drawn for 3 of
the stations on the Cape Columbine transect (Fig. 10). Once
again the lowest values of nutrients were recorded in the
surface waters with nutrient enrichment occurring at the
base of the water column. Chlorophyll, was on]yfmeaéured to
a depth of 50m but at Station CCl gave a similar picture to
that obtained in St. Helena Bay with highest vé]ues at the
surface and a decrease with depth. Chlorophyl1, values were
lowest at the outermost Station, CC5. Nitrate and Silicate
sections from the Cape Columbine transect are shown in Fig.
11. These show a pool of nutrient~enriched water lyingon
the shelf inshore of the Cape Canyon. At Station CCl, this
water is again in close proximity to the boundary between
the BML and the surface water which 1lies at approximately

30m depth.
The nitrite profiles for both St. Helena Bay and Cape
Columbine (Figs. 12a and 12b respectively) clearly display

a sub-surface primary nitrite maximum.

In St. Helena Bay maximum values of approximately 0.3 ug at

1~ were observed at a depth of between 10m and 20m. The

23



Cape Columbine transect showed maximum values of
approximately 0.5 ug at 171 at depths of between 20m and
40m. The exception to this was station CCl which had a

characteristic St. Helena Bay maximum value.
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CHAPTER 3

INTERPRETATION OF DATA

(i)

Thermohaline structure of the water column

Shannon (1985) refers to the Cape Columbine upwe]]ing'area
as being controlled to a large extent by the bathymetfy and
by the influence of the orography on the wind field. The
300m isobath is approximately 30 km west of Cabe CéTumbine
resulting in deep water being available in close proximity
to the coast. The maih shelf break ié modified by a major
submarine valley, the Cape Canyon which has a North-South

orientation.

Clowes (1950), Stander (1964) and Shannon (1966) state that
South Atlantic Central Water upwells to the surface and to
subsurface depths along the coast between Cape Frio ( 1895S)
and Cape Point ( 349S) and would therefore constitute the
upwelled water found in the Cape Columbine area ( 3290').
Sverdrup, Johnson and Fleming (1942) and Orren (1963)
contend that this Central Water is formedin the sub~
tropical convergence region by the sinking and northward
spreading of mjxed sub-tropical and sub~Antarctic water
masses. Nelson (1984) further states that the ﬁpwe]]ed
water originates from a maximum'depth ofv200m. According to

Clowes, 1950; Buys, 1957, 1959; and Duncan, 1964, a major
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front exists in the Cape Columbine upwellingarea in the
upper 100m at an approximate longitude 17930'. It is in the
vicinity of the upper shelf break which 1ies 20 km ~ 30 km

west of Cape Columbine.

The temperature section from the Cape Columbine transect is
shown in Fig. 13A. The front is manifested as a weak
surface feature only. Temperatures of >15°C are observed
west of Station CC3 and the lowest outcropping temperature
value is the 14°C isotherm. The isotherms are uplifted
towards the coastal boundary. The overall pictere is
typical of a senescant upwelling event, the isotherms
having been permitted to 'relax' in the period of 11ighter

winds following the strong south-easter mentioned earlier.

The temperature seetion has its limitations as a means of
interpretation however, owing to the non-conservative
properties of temperature, especially in surface waters.
The more conservative property of salinity is considered in
Fig. 13B where the section is shown from the Cape Columbine
transect. It is already appareﬁt from Fig. 4B that there is
a less saline body of water lying in the upper 30m at
Station CC3. Fig. 13B shows the overall extent of this low
salinity water and more importantly, because of the
conservative nature of salinity,it is possible to identify
the offshore origins of the upwelled water. Fig. 13B shows

a band of water, originatingat Station CC5 between about
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125m and 200m. This upwelling water has moved shoreward and
upward forming a pool of water in the inshore region. This
picture agrees with Nelson (1984) who states that upwelled
water comes from a depth of less than 200m. A]go evidént
from Fig 13B is a body of water 1ying below the band of
upwel 1ing water which seems to play 1ittle or no active
part in the dynamic processes occurring. In the present

study it was observed below the 34.70%. isohaline.

The front between the upwelled water and offshore wéter is
not a clearly distinct feature according to the temperature
section in Fig. 13A. The picture is more clear in Fig. 13B,
however, the 1imits of the front are still not clearly
defined since the regions labelled as salinity inversions
(which also appear as temperature inversions in Fig 13A)
indicate the possibility of mixing through interleaving. In
this case the front is 1ikely to extend beyond Station CCS.
The salinity and temperature microstructure of these

regions js discussed later.

The origin of the homogeneous water mass (T = 9.8, S =
34.75%, O} = 26.8) observed in St. Helena Bay and at
Station CCl can a]go be seen from Fig. 13B. It is seen
1ying on the inner shelf inshore of the Cape Canyon and its
source depth at CC5 of 180 - 190m is evidenced by tracing
the band of water between the 34.76%, and 34.74% isohalines

in Fig. 13B and the 9.8°C isotherm in Fig. 13A.
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The temperature section for St. Helena Bay in included in
Figure 13C. This again shows the same homogeneous water type
formiﬁg a bottom layer, below the sun-warmed surface layer.
The 10°C isotherm is also uplifted from a depfh of nearly
30m at Station 1A to approximately 14m at Station 3. This
1ine of stations runs from SW to NE on a bearing towards

Elands Bay.

Duncan (1964) and Chapman (1983), in their studies of the
area show a similar thermohaline structure to that'reported
here. Buys (1959) states that in the coastal area tﬁe waters
have for the most part the same origin throughout the yeaf,
namely upwel 1ed water which to a greater or lesser eftent
has been heated by the sun. In addition, Chapman (1983)
reports the uplifting of the 10°C isotherm as indicative of
relict upwelled water and Boyd (1981) states that offshore
movement of water near a coast can cause the lower layer to
rise by continuity. The current data presented in Fig. 5

supports the “piling-up" of 10°C water against the coastal

boundary.

The south-easterly, upwe]]ing—favourab]e wind followed by a
calm period lends suppo;t to this pattern of events. Duncan
(1964), however, attributes the sloping 10°C isotherm to the
Autumn onset of northerly winds, pushing warm surface waters
over the cold water which has been moved up by the variable

southerlies. The absence of any northerly winds in the data
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(i7)

would refute this idea.

The picture that emerges is that of a well-mixed wedge of
relict upwelled water within St. Helena Bay, deepéning

shorewards and overlain by a stratiffed, sun~-warmed surface

"~ layer. The presence of the same homogenous water mass in the

inshore region of the Cape Columbine transect provides an
interesting clue to the possible pathways existing in the -

system and is discussed in Chapter 4.

Water Movements

The current data co]]ected in St. Helena Bay do not give a
Tong time series of water movements in the area since the
current meters were on]i deployed for a period of three
hours at each of tHe three current metering stations. The
results from this work do however give a 'snapshot' of
events.occurring in the area on a particular day and are a
valuable aid to the interpretation of the local hydrography.
Clowes (1954) and Holden (1984) state that the currents in
the St. Helena Bay area afe sluggish and Bang (1976) reports

1

speeds of around 10 cms™". Fig. 5 shows the currents during

the present study with a maximum current speed of 55 ems~1

in the sun-warmed surface layer at Station 3. The maximum

current in the BML occurred at Station 2 with a value of 50

1 1

cms™*. Current speeds of around 10 cms™* were found in the
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BML at Station 3. The currents reported here are therefore
greater than those found in the earlier study and

demonstrate the variability occurring within the area.

The direction of the surface current was opposite to that of
the wind at Stations 1 and 2 indicating that the water
movements have a strong inertial component. Duncan and Nell
(1969) and Hoiden (1984) report the existence of a cyclonic
cell in the Bay but, the results reported here indicate an
anticyclonic rotation which suggests that the cyclonic cell

is not a permanent feature.

In order to investigate the potential for vertical mixing as
a result of current shear it was decided to treat the water
column as a two~1ajer system with the 10° isotherm as
interface between the SWSL and the BML. Stations 2 and 3
were found to have the greatest potential for mixing due to
current shear. Station 2 showed a 90° difference in current
orientation but no appreciabie difference in speed (3 cms”
1)and at Station 3, a 45 cms ™1 speed difference occurred
between the adjacent layers but with no directional
difference. At station 1, both layers were moying in the
same direction and with an 8 cms™! speed difference. This
aspecf of the study is discussed quantitatively in Chapter
4 (vi) where the data is treated for both turbulent and

diffusive mixing mechanisms.
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Evidence of water movement in the St. He]eha Bay area is
inferred indirectly from the nutrient data collected during
the study. Fig. 9 shows the sections for nitrate, éi]icate
and phosphate respectively. They indicate a 'core' of high
nutrient water extending from the northern part of the
study area at Station 3 as far south as station 2A.'These
sections, on the face of it, indicate that the water body
is moving south. The currents presented in Fig. 5 agree
.with the southward movement of the BML at Station 3.
According to station 2 however it would be expected«for the
head of the high nutrient core to swing around to the‘east
and therefore shorewards resulting in its possible
recirculation. This would explain the absence of the high
nutrient water at Station 1 and agrees with the existence
of an anticyclonic cell within the bay. Aﬁ alternative
explanation is possible which assumes a wholly local
nutrient regeneration process. In this case the high
nutrients lying to the northern end of the core are part of
an older section of water which has moved from the south,
where lower nutrient values are found. This problem is

discussed later in Chapter 4.
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(ii1) Re]ationshipvbetween Chlorophyll and Nutrients

A regression and correlation analysis was performed to show

the relationship between:

(a) Chlorophyll vs Nitrate
(b) Chlorophyll vs Silicate

(c) Chlorophyll vs Phosphate

The stations in St. Helena Bay and Station CCl\on“the Capé
Columbine transect all yielded coherent results. Howeyer,
Stations CC2, CC3, CC4 and CC5 were all in deeper water
(down to 300m), and §ince chlorophyll, was only measured at
discrete depths to 50m it was not possible to obtain the

complete picture at these stations.

Fig. 14 shows the regression 1ines for chlorophyll, vs each
of the three nutrients at all the St. Helena Bay nutrient
'samplfng stations and a}summary of the product moment
correlation coefficcients for the same stations plus station

CCl is given in Table 1.
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TABLE 1 -

Station No ALL 1A 1D 2A 2D 3A | 3D CC1
STATONS .

Chlorophy11, vs NO5 |-0.87 (-0.96 |~0.99 (-0.97 |-0.83 |-0.82 |-0.99 | -~0.99
Chlorophyll, vs Si05|-0.84 | -~0.89 |~0.60 }-0.95 |-0.87 }-0.87 {-0.96 }-0.93
Chlorophyl1, vs PO, |-0.64 |~0.71 |~0.71 |-0.87 |-0.60 [-0.69 (-~0.95 |~0.94 _

The strong negative correlation found to exist between
chlorophyl1, and each of the nutrients show that high levels
of chlorophyll, are associated with low nutrient values in
the surface waters and vice versa in the bottom waters. An
interesting feature to note from Fig. 14 however, is the
existence of data points away from the main regression line.
These shall be referred to as “outliers”. These outliers are

notated with the station number from which they originate.

It can be seen that in respect of Chlorophyll, vs both NO;
and P4, outlying data points are found at stations 2A, 2D
and 3A. Chlorophyll, vs Si03 shows outliers at Stations 2A
and 3A only. The situation at Station 2A is caused by an
increased level of phytoplaﬁkton productivity resulting in
enhanced ch]orOphyHa values. It would also appear that NO3
has been taken up preferentially to PO, at Station 2A since
on the Chlorophyll, vs P04 graph there persist high values

of PO, despite the enhanced phytoplankton production.
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At Stations 2D and 3A the outljers are caused by an
unusually high nutrient reading for the given 1eve1 of
Chlorophyl1l, and are thought to result from an influx of
nutrients to the SWSL from the BML. Table Z‘Shows>the
physical and chemical data from the 9m depth sampling level
at stations 2D and 3A respectively. This relates to the

specific data points of the outliers shown in Fig. 14.

TABLE 2
Station | Depth Sal Temp NO4 SiO3 POq
No m | 7. () |(ugat 17)(ugat 171)f(ug at 1°1)
2D 9 34.73 | 11.67 16.6 10.7 2.1
3A 9 34.73 | 10.79 23.4 20.2 2.42

It can be seen that in both instances the nutrient values
were obtained from the base of the SWSL, just above the
109C isotherm (Temp 11.67°C and 10.79°C respectively). The
nutrient sections in Fig. 9 show the core of high nutrient
water lying in the region of this boundary 1ayer, and in

the cases quoted here, transcending the layer.
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(iv) The Primary Nitrite Maximum.

A diagrammatic representation is given below showing the
position held by nitrite in the-prdcesses of
denitrification, assimilation, ammonification and

nitrification:

N2
/:\
N5O
AN
S i \.
NO3 €===-% 5 NOZE== = NHy << cell N

(From Olson, 1981)

Olson (1981) made a study of the production of nitrite from
nitrate and ammonia and the uptake of nitrate and ammonia
using 15N tracers. Nitrite holds an intermediate position
in the processes of nitrogen assimjlation and regeneration
and in denitrification. The study of its distribution is
therefore of importance in understanding the marine

nitrogen cycle (Rakestraw, 1936).

Olson (1981) found that the sub-surface nitrite maximum (as
shown in Figs. 12A and 12B) occurs near the 1% 1ight level

and coincides with the upper part of the nitrate gradient.
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Secchi disc readings were used to estimate 1ight penetration
depths (3 x Secchi depth = 1% I,) at the St. Helena Bay
statibns and the 1% 1ignht lTevel was found to be
approximately 9m - 12m depth. Maximum vd]ues of NO, were
observed at 10m ~ 12m. This is thought to be an acceptab]é
agreement with 0Tson (1981) considering the inprecision
inherent in the use of Secchi discs. No 11ght penetration
readings were taken on the Cape Columbine transect. Both
the nitrate and nitrite profiles from Stations 3A and CC4
are showh in Fig. 15 and it can be seen that the ﬁftrite
maximum occurs at the upper 1imit of the nitrate gradient

which also shows agreement with 01son (1981).

Previous work conducted on the occurrence of nitrites by
Brandhorst (1959) found that nitrite near the bottom of the
eubhotic zone in well-~oxygenated water was the result of
ammonia oxidation by nitrifying bacteria while Vaccaro and
Ryther (1960) state that the nitrite source is due to its
excretion bjphytop]ankton during nitrate reduction. Wada
and Hattori (1971) in their work in the Central North
Pacific attribute ammonia as being the.main source of
nitrite at the depth of the nitrite maximum, and Miyazaki et
al (1973, 1975) fOund both nitrate and ammonia to contribute
to nitrite in the euphotic zone in Sagomi Bay and in the

Western North Pacific.
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Olson (1981) concludes that ammonia is the predominant
source of nitrite in the Primary Nitrite Maximum in sub-
tropical waters and in the Ross Sea in.Summer; but thét both
nitrate and ammonia were important in the Scotia Sea in
early Spring. He further states that during a period of
upwel1ing off the Southern California coast (which is more
relevant to the conditions found off the west coast of South
Africa) nitrate reduction by phytoplankton may be important

as a source of nitrite in situations where NO5 is present in

near surface waters. During the present study, a 1argé

standing stock of phytop]ankton is implied by the high
ch]orophy]]a values measured in St. Helena Bay and high
nitrate values have been found in the upper parts of the
water column thus indicating concurrence with the

Californian upwelling case.

(a) The Oxygen Depleted Layer

The oxygen depleted water (<2 ml 1“1) observed below the
thermocline in St. Helena Bay and at Station CCl on the Cape
Columbine transect is c]eér]y associated with the BML (6} =
26.8) shown in Fig 6A, and as such agrees with fhe work
carried out by DeDecker (1970), Chapman (1983) and Bailey
and Chapman (1984). It is further sfated by Chapman (1983)
that in‘St. Helena Bay, water with a oy value of 26.8 is

present on the shelf at all times of the year except mid-
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winter and is closely associated with the oxygen depleted

(0.D.) water.

Oxygen supersaturation in surface waters, provided thefe is
an absence of physical dissipation and in-situ temperature

changes, represents the excess of photosynthesis over
respiration. Oxygen depletion, on the other hand occurs when
organic compounds are broken down accompanied by a-
consumption of oxygen. Andrews and Hutchings (1980)

therefore regard the presence of 0.D. water as an iﬁdicator
of nutrient regeneration. The question arises as to whether
the 0.D. water reported in this study is of a local or
remote origin. DeDecker (1970) contends that the 0.D. water
occurring as far South as Cape fown is associated with the
deep compensation current postu]éted by Hart and Currie
(1960) and that the oxygen~dep1eted water has a discrete
source to the north. Bailey and Chapmah (1984) feel that the
oxygen depletion in St. Helena Bay results from local

processes in an essentially semi~closed system, and Chapman
and Shannon (1985) state that the temperature and . |
sa]fnity values at the three sites of oxygen~depleted shelf

water occurring in the Benguela System, i.e.

(a) between 22 and 24°S 1ying north of the principal
upwel 1ing centre
(b) Orange Bight -~ South of Luderitz and North of Hondeklip

~(c) St. Helena Bay, near the Cape Columbine upwelling centre
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(Visser, 1969), indicate that the 0.D. water is formed
locally. The physical properties of the 3 water types are
typical of their respective latitudes rather than indicative

of a common source.

In the present study the refationship between oxygen and
nutrients 1is explored in the context of nutrient
regeneration and é*study is made of the origins of the
oxygen depleted layer. It was decided to approach fhe topic

by posing the following questions:

(a) What is the extent of nutrient regeneration occurring on
the shelf compared to offshore waters? |
(b) What stage has the regeherative'process reached in terms
-of the sequential breakdown of phosphate, nitrate and
silicate?
(c) Do the ratios of certain nutrients indicate the water to

be of remote or local origin?

Calvert and Price (1971) in their study 6f upwelling and
nutrient regeneration in the Benguela Current made a
comparison of the nutrient concentrations of the shelf water
with those in offshore waters of the same salinity, assuming

that salinity is a conservative property.

~ A similar comparison is made in the present study. Values of
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nitrate, phosphate and silicate conceﬁtrations have been
superimposed on the salinity section of the'Cape Columbine
transect. (Fig. 16A). The water Tying on the inner | |

shelf can be seen to be nutrient enriched compared to waters

further offshore of the same salinity.

The homogeneous body of oxygen depleted water in St. Helena,
whose salinity is constant at 34.75%1s also found to be
enriched in nutrients compared to water of the same salinity
offshore. (Mean N0 = 22.5ug at 171, P0, = 2.14u.g-'at 1-1,
105 = 27.9ug at 171). N

The evidence given above clearly shows that nitrate,
phosphate and silicate are foqnd in greater quantities in
the nearshore region of the Cape Columbine transect and in
St. Helena Bay when compared with offshore waters for a
given value of salinity. Therefore, in answer to the first
question, nutrient regeneration on the inner shelf occurs to
a greater extent than in offshore waters. One would
therefore expect a higher degree of oxygen depletion to

occur.

In open oceanic water Redfield et al (1963) have shown that
the nutrients nitrate, silicate and phosphate are released
in constant atomic proportioné N: Si: Pofl6:16:1
respectively. Grill and Richards (1964) make the distinction

that during nutrient regeneration, the ratios of change of
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the nutrients vary with time. Initially phosphate is
.released more rapidly than both the rate of dmmonification
and silica solution from diatom fests.Later a re]étive]y
constant ratio of N : P of 16 : 1 is found whereas silicate
gradually increases relative to phosphate. The increase in
the Tevel of silicate is due to the continued solution of
the diatom tests after most of the phosphate has been
released from the cells. Clearly an examination of the
nutrient ratios in the study area will indicate which stage
the regenerative process has reached. Three differént ratios

have been measured:

'(a) N03 : Si03
(b) NO3 : PO,
(c) Si03 ZP04

In the work of Redfield et al (1963), nitrate and phosphate
are used to represent values of nitrogen and phosphorous
respectively and the same has been done in the present
study. Since ammonium and nitrite have been neglected then
the value used for total nitrogen is understated. However,
Probyn and McQuaid (1985) have found that under upwelling
conditions nitrate contributes 96% to the total
concentration of nitrogen. Nitrite concentrations were
extremely low in comparison with nitrate ( 1%) and Bailey
(pers. comm.) states that measured values of ammonium were

higher than reality owing to experimental error. For these
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reasons nitrate concentration is used in the ratios since

this is by far the major compohent.

Previous studies of inter nutrient re]ationéhips in the
Benguela System carried out by Calvert and Price (1971),
Andrews and Hutchings (1980), Bailey and Chapman (1984),
made use of regression equations to obtain the nutrient
ratio, although an integrétion technique was applied to
certain of the Andrews and Hutchings data. The regression
method was used by Redfield et al (1963) to ascerfain the
predicted oceanic ratio between nutrients. Each data point
on their graphs represents the concentrations of the pair of
elements determined from discrete samples of sea water
co]]ecteq at varying depths throughout the water column. The
lower values were from the biologically productive surface
waters where the nutrients have been consumed, and high
values represented samples froh gfeater depth. They go on to
state that the slope of the 1ine drawn throuéh the points
gives the ratio of the difference in concentration of the
elements in question, however they emphasize that these
ratios do not represent the proportions in which the
eléments ;re avai1a61e in sea water, but rather the ratios
of change in their concentration resulting from biological

activity.

In order to discover the origins of the 0.D. water, the

present study considers the bottom layer of homogeneous
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water found in St. Helena Bay and at Statibn CC1 on the Cape
Columbine transect. Since the water at both locations is at
the bottom part of the water column, the regression
relationship will indicate ratios of change resu]ting.from
regenerative processes. Regressions for each of the nutrient
ratios are shown in Fig. 16B. The avajlability of the

various nutrients (i.e. occurrence) is shown in Table 3.
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TABLE 3

Ratios of nutrient occurrence in the oxygen depleted layer in St.

Helena Bay and Station CCl on the Cape Columbine transect

Station No Oxy gen NO3:5703 NO5:P0,4 S104:P04
(m1 171) |
ccl 1.34 1.05 10.9 10.4
1.31 1.00 10.5 10.5
1.96 1.04 10.4 . 10.0
2A 0.89 1.10 11.5 10.5
0.77 0.85 11.2 13.3
0.76 0.80 12.1 15.1
0.53 0.64 7.6 11.8
2D 0.71 0.72 10.2 14.2
0.43 0.64 10.1 15.9
3A 1.58 1.16 9.7 8.3
1.74 1.16 13.0 11.2
1.13 0.89 11.8 13.3
0.71 0.66 8.9 13.6
0.49 0.61 8.5 14.1
3D 0.95 - 0.91 12.8 14.1
? 0.78 11.0 14.1
0.59 0.72 11.4 15.8
0.88 0.68 10.5 15.3
0.86 10.7 12.9

Mean values
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The predicted Redfield oceanic ratio of NO3 : PQ4 is 16 : L.
The ratio of occurrence of these two nutrients in the bottom
0.D. water of St. Helena Bay was consistently less than this
ratio, having a mean value of 10.7 (see Tab]e 3). This
indicates a higher proportion relative to nitrate in the
water. The regression slope for the same two nutrients (Fig.
16B) showing the ratios of change in concentration due to
regeneration is 7.0. Again, this is Tower than Redfield's
predicted ratio, showing that PO, is being regeneréted to a
greater extent than NO;. Since P04 is released moré'rapidly
than nitrate in the initial stages of regeneration (Grill
and Richards, 1964), then its relative abuhdance and greater
rate of regeneration indicate the water to be of'recent and
therefore local origin, in terms of breakdown of organic

matter and oxygen depletion.

The results gained from the Si03 : POy ratfos of occurrence
and regeneration are not as conclusive. The ratio of
occurrence is again consistently less than Redfield's ratio
of 16 : 1. It has a mean value of 12.9 showing that P04 is
slight]y'more abundant than Si03.'The regression slope fdr '
Si03 : P04 = 15.7 showing that the nutrients are being
released in constant atomic proportions. According to Grill
and Richards (1964) this would indicate a later stage of the
regenerative process when silicate gradually increases
relative to phosphate. This picture does not, however,

agree with the early stage regeneration suggested by the NO3
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: POy ratio above. A possible explTanation for this is the
enhanced 1iberation of S$i03. Mortimer, (1971) has shown that
this occurs in bottom sediments where oxygen concentrations

-1

are less than 1.4 m1 17%, as is the case in the present

study.

The evidence found so far would therefore seem to suggest
that POy is being released more rapidly than NO3, indicating
a recent and local nutrient regeneration. This rapid
regeneration of POy 7s not clearly shown by the Sf03 : POy
ratio, owing to the fact that enhanced silica liberafion
occurs in oxygen depleted waters. This being the case, then
further supportive evidence should be provided from the NO5
: §105 ratjo.Enhanced S105 1iberation would again offset

the resu]fs.

The mean ratio of occurrence of the two nutrients is 0.86
compared to a predicted Redfield ratio of 1. The waters are
therefore slightly enriched with Si03 compared to N03..The
regression slope = 0.3 which means that Si03 is being
released to avgfeater extent than NOj. This is the expected
result, given that Si05 liberation is enhanced in these

waters.

In order to test whether enhanced Si03 1iberation is general
in the area or confined to oxygen depleted water, a

comparison was made with the well oxygenated bottom water
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(>4 m1 1°1 below 50m) of the Cape Columbine transect (Fig.
16C). The ratio of occurrence between NO; and Si03 was found
to be 1.6 indicating a relative abundance of NO3. The
regression relationship was also 1.6 indicating fhat NOj was
being 1iberated faster than S103. These two results fit a
pattern of local nutrient regeneration. This gives further
support to the contention that anomalous ratios obtained in
the adjacent bottom water of St. Helena Bay were due to
enhanced Si03 regeneration in oxygeﬁ-depe]ted water, and

that processes occurring there are also localised.
Shannon (1985) notes that observed low NO; : 3103 ratios in

St. Helena Bay could also be due to the occurrence of

nitrate reduction to ammonia or elemental nitrogen.

(b) Utilization and limitation of nutrients

Whereas bottom waters were_studied in order to demonstrate

patterns of nutrient regeneration and oxygen depletion,

‘utilization and 1imitation of nutrients is confined to the

upper layers. In St. Helena Bay and at Station CC1l this was
defined as water lying above the 10°C isotherm and therefore
within the biologically productive SWSL. The surface water
at the remainder of the offshore stations was defined as
that 1ying between Om -~ 50m depth, ensuring that samples

came from within the photic zone.
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Again, the nutrient ratios which have been considered are:

S103 @ PO,
NO3 : PO,

These relationships for St. Helena Bay and Cape Columbine
transect are represented graphically in Figs. 16D and 16E
respectively. The regression for each ratio has also been

fitted in each case.

It has already been stated that the slope of the 1ine drawn
through the points does not represent the proportions in
which elements aré available in sea water, but rather the
ratio of change in their concentration resulting from
biological activity. In surface waters, this ratio of change
will indicate the uptake of the various nutrients during
photosynthesis. The position of the intercept of the
regression 1ine with the x or y axis is also important since
it shows which nutrient is limiting. This is apparent
because it shows that, accdrding to the relative uptake, and
availability of Fhe two nutrients considered, one will be
totally depleted before the other. Note that actual data
values in the uppermost surface samples will also help in

this interpretation.
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In St. Helena Bay surface water (Fig. 16D), the NO3 : Si0g3
regression has a slope = 1.1. This is a1md§t identical to
the predicted Redfié1d slope of 1 for the two nutrients,
showing'that they are being utilized in equa1'proportions.
The intercept 1ies very close to the origin, but gives some
evidence that when N0, is completely exhausted,.there
remains a small amount of Si05 (lpgat 1-1). surface data
values support the evidence for NO3 limitation. (E.g. Si03 =

1.7 ug at 1“1, NO3 = 0.7 pg at 1-1).

The Si03 : POy ratio in St. Helena Bay surface waters gives
a slope of 8.7. This is substantially lower than the
predicted Redfield ratio of 16. Since utilization rather
than regeneration is now being considered, this indicates a
higher uptake rate of Si03 relative to PQ,. The position of
the intercept shows that Si0; is depleted first and is
therefore 1imiting over PO,. Actual surface values show
higher relative quantities of PO, than Si03 (P04 = 0.58 ug
at 1”1,1Si03 = 1.7 uyg at 1“1) and therefore support thisv

contention.

The regression for NOj3 : P04 has a slope of 9.9 indicating
that NO3 is being taken up to a greater extent than P04.
The intercept shows NO3 to be Timiting over POy, again
supported by actual surface values (P04 = 0.58 pg at 1“1,

NO3 = ).7 pg at 1-1).

49



In summary, fhe biologically active surface waters of St.
“ Helena Bay utilize NO3 and Si03 in approximately the same
proportions as those predicted by Redfield (i.e.-l : 1)
while PO, is uti]iied the least. (Note that the PO, data
points relative to the predicted Redfield slope show it to
be the most abundant nutrient). There was evidence to show
that NO3 was more 1imiting than Si03 and the PO, was the

least 1imiting nutrient.

The surface waters of the Cape Columbine transéc; were
subjected to a similar analysis (Fig. 16E);'The
relationship between NO; : Si03 dave a regression 1ine with
a slope = 1.7. This is greater than Redfields predicted
slope of 1.0 and therefore indicates that Si03 is being
utilized faster than NO3. The regression 1ine virtually
passes straight through ‘the origin and therefore nutrient

limitation 1is not readily apparent.

The Si05 : POy sTOpe(4.98) showed the relative uptake of
Si03 to be much higher than that of PO,. Surface data
values show Si03 to be limiting (e.g. Si03 = 1.6 pg at 1‘1,
P04 = 0.5 pg at 1‘1), however the regression 1ine does not
give any definite indication since its intercept is nearly
through the origin. Given the balance of evidence, with
high rates of Si03 uptake and lower relative surface
concentrations, it seems 1ikely that Si03 is 1imiting over

PO .
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NO3 can be g]ear]y seen as the 1imiting nutrient in the
relationship between NO3 and P0O4. There are just over 0.2
ug at 1-1 of PO, remaining after N03 has been totqlly
depleted. The slope of the NO3 : POy regréssion is 12 and
therefore compared to Redfield, indicates a more rapid

uptake of NO3.

The picture regarding nutrient 1imitation in the waters off
Cape Cojumbine does not show any major difference between
NO3 and Si03, both nutrients however, are liﬁitiagover
PO4. The fact that NO3 is clearly the 1imiting nutrient with
respect to POy and that Si03 is only marginally 1imiting
over PO, gives indirect evidence that NO3 is more limiting
than Si03 in the system; This overall result now gives broad
agreement with the St. Helena Bay waters as far as nutrient

1imitation is concerned.

Patterns of utilization between the various nutrients were
found to differ at the two sites. In Cape Columbine waters,
$i03 was taken up faster than NO3, with PO, being the least

utilized. The comparative results are summarized below:

St. Helena Bay Cape Columbine Transect

Utilization NO3 + S{0;> PO,  Si03 > NO3 > PO,

Limitation NO3>Si03>P0,  NO3 > Si03 > PO,
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(vi) Mixing Processes
(a) Turbulent

In a column of water the greater the stability of
stratification then the greater the work required to
displace water bodies in a vertical direction. j.e. In
stratified water turbulence is inhibjted. The Richardson
number gives the ratio between buoyancy and velocity shear
and thus gives an indication of whether stratifitafion or
shear is dominant. The same formula as that applied by
Krauss (1981) hés been used to calculate the Richardson

number

' -3
(07\+| - C’T‘)AZ x 10 i g

viz. Ri (“Ml - \M\)z "(\/ﬂn - \/.n)z

where n + 1 and n represent two different levels in the

water column

g = signa ~ t value

AZ = distance (m) between n and n + 1
u = northerly current component

v = easterly current component

This calculation gives a value for the Bulk Richardson
number (R{(B)). Ri(B) provides an approximation to the

. Gradient Richardson Number, Ri(G)
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o (/42)
(*%2)

where Ri(G) =

g = acceleration due to gravity

/°= density
z = depth
u = velocity

In order for Ri(B) to be a good approximation to Ri(G) it
is necessary to measure both velocity and density gradients
on length scales down to the Ozmidov length (E*?N%&-; wﬁere
€ = rate of dissipation of energy, N = Brunt-Vaisaila
frequency), which is an appropriate length for the
prediction of Ke]vin-Helmhqltza instability (Simpson, 1975).
This length is thought to be around 30cm although Woods and
Fosberry (1967) carried out dye studies which indicated

that the shear is concentrated into regions of

approximately 10cm thickness.

Where Ri(G) is less than some critical value (Ri(CRIT))
then turbulence will occur. If Ri(G) > Ri(CRIT) then
conditions will be stable. Simpson (1975) haé deduced from
the Miles and Howard théorem that for characteristic
oceanic profiles of shear and density, active turbulence
will occur whenever Ri(G) £ 0.25 for a time long enough to

allow the growth of instabilities in the shear flow.
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In this present study the Bulk Richardson Number_is
calculated and it was not possible to resolve ve]ocity
according to the O0zmidov scale owing to equipment
1imitation. Presented here is therefore a'someﬁhat dilﬁted
approxim;tion to the Gradient Richardson Number and the
interpretation of its value will be less definitive as a

result.
In other words;

Ri(B) < Ri(CRIT):~ There must be more
turbulence than stability
over the depth range

measured

Ri(B) > Ri(CRIT):~ There must be a sub-
region of greater
stability, and over the
depth range there is more

stability than turbulence

Current meters had been deployed in the SWSL and within the
BML below the 10°C isotherm at each of the three current
metering stations. The boundary region between these tﬁo
]é}ers was of greatest interest with regard to vertical
mixing and the Bulk Richardson number would indicate the

presence or absence of turbulence within this zone.
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Measurements from current meters deployed on either side of
the interface-were used in the calculation. Fig. 17 gives a
schematic representation of the current meter deployment and
relevant data points. Table 4 gives a'sumﬁary of the

measurements used in the calculation of the Bulk Richardson

Number.
TABLE 4
Station 1 Station 2 Stétiqn‘3
Depth (m) n 23 15 10
Depth (m) n + 1 33 | 18 13
aZ (m) 10 3 v 3

U, (ms~1) ~0.16 0.47 ~0.42
V, (ms™l) 0.074 0.01 ~0.35
op (Kgm3) 26.64 26.73 26.71
Uy + 1 (ms™) ~0.24 0.006 0.01
Vo + 1 (ms~1) 0.1 0.5 -0.1
on + 1 (Kgm=3) |  26.83 26.83 26.83
Station 1

Ri(B) = Buoyancy = 0.01862 = 2.63

Ve1ocfty shear - 0.007076
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Station 2

Ri(B) = Buoyancy = 0.00294 = 0.0065
Velocity shear 0.4554

Station 3

Ri(B) = Buoyancy = 0.003528 = 0.0143
Velocity shear - 0.2474

The criterion has already been established that turbulence
occurs when Richardson number values < 0.25. Krauss (1981)
further states that such values would also indicate the
presence of breaking internal waves. According to the -
calculations made above and within our self-~imposed limits
of ﬁnterpretation it is possible to state that within the
boundary layer at Stations 2 and 3 there was moré
turbulence than stability with the possible presence of
breaking waves. In the presence of such mechanisms, the
1ikelihood of vertical transport across the interface
through turbulent mixing is predfcted. The Ri(B) value for
Station.l indicates that stability dominates over
turbulence and vertical transport through'thfs means would

not be expected.

The reason for the much lower Ri(B) numbers at Stations 2

and 3 can be attributed to the increase in velocity shear
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rather than decrease in buoyancy. Compared to Station 1, the
buoyancy force at Stations 2 and 3 is reduced by
approximately 80% whereas velocity. shear has increased by -

6400% and 3400% respectively.

(b) Diffusive Mixing (Salt Fingering/Double Diffusion)

Vertical mixing by salt-fingers has been well desqribed in

the literature, (Stern, 1960; Turner and Stommel, 1964;

Turner, 1967; Gregg, 1973; Tajt and Howe, 1968). It arises
because of the differential diffusion rates between heat and
salt. In a two layer system in which warmer, saltier water
overlies cooler, less salty water then the upper layer loses
heat and the lower layer gains it faster than tﬁe salt is
transferred (100 x faster). The upper water, having lost
heat becomes denser and‘tends to sink while the lower water
becomes 1ess dense and tends to rise. Salt fingers are the
resulit. A schematic diagrﬁm of this type of process is shown

in Fig. 18.

The continuous temperature and salinity data obtained from
the CTD permftted detailed profiles of each to be drawn
across the interface between the two water layers in St.
Helena Bay (Fig.19A). The scaling of the temperature and
salinity axes is important with regard to studying the‘

diffusive mixing proéesses; however this is dealt with later
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in the section.

A fairly complex microstructure is . observed, howéver, a
.regular feature in the salinity profiles is the"bump' which
occurs at the top and bottom of the thermocline. These
'bumps’ are found at every station and are too regular to be
interpreted as artefacts. The comp]eXInicrostructure with
- the occurrence of similar steps and layers to those observed
by Tait and Howe (1968) offers qua]itatfve evidence that the
boundary layer between the SWSL and the BML is a potential
zohe for diffusi?e mixing processes. It was decided to apply
the work of Ruddick in obtaining a practical indicator of
the stability of the water column to double-~diffusive
activity and thus adopt a quantitative approach to the

problem. -

Turner (1973) has shown that the single most important
indicator of the relative strength of double-~diffusion is

the gradient ratio @p , where:

_ < 93z
Rp = %,
énd: T = temperature
S = salinity
Z = depth (nB.+ve downwards)

. . 13y d$
Ruddick (1983) introduces a sketch of the /c)z Vs /c)Z-
plane which shows the regions of instability to double-

~ diffusive convention (reproduced in Fig. 19B). The axes
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have been scaled in terms of their contribution to the
density gradient. Ruddick further states that the

convention is that Z is positive downward and :

£ o o 9T Js
.1) °<¢)'L+ﬁd7~

Therefore, having represented any given point in the water
column on Fig. 19B, the slope of the chord from that point

to the origin = /K/q

In the present study it has been possible to di spense with
the need for such a sketch in order to obtain values of .

The following technique has been used:

\ /9 _ A S .-
since 73' Sﬁ'l> - o< dZ A .,-)'7. ©
then X = "7‘:7 (_g‘g\' S

=

L (¢

The waters of the St. Helena Bay area were found to have
values of < and p of around 200 x 10~3 and 800 x 1073
respectively. This equates. to a ratio of 1 : 4. In other
words, a 4°C change in temperature is the equivalent of a

1%ochange in salinity, in terms of jits effect on de'nsity.

The temperature and salinity axes in Fig. 19A. have been

scéled on this basis. The result of this is to compare («T)
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with ([35) and effectively eliminate « and/3 from Turner's
equation. Rp now simply becomes 6737/55

. /AZ
which can be calculated directly from the
temperature/salinity profiles. (Note: the scaling of the
axes and consequent elimination of o and [3 from Turner's

equation mean that unit rather than actual values should be

applied to Ch-/6,2_ and 65/62 when making the R/a’ calculation)

Having established the method for obtaining a value for R/),
the next step is to interpret this value in te‘rms of
sfabﬂity, instability or marginal stability. The cateéory
into which the calculate‘d R/: value fits can be read off
the sketch in F1'g.>19.B, however it is first necessary to

establish the criteria for these categories.

. s NS S
Stated simply, the stability criterion is th'atﬁ Z 0.

Alternatively, (from equation (1)), 3(BY _ éa(o:’) > g
, ' 3%

- (xT) < 3(BS)

or % 37

This stability criterion applies for all possible signs of
M and é.gs_s—) and leads to a categorization based on
9Z 32 .

R/) . This is presentéd below; note that < and p are not

included.
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STRONG STABILITY MARGINAL STABILITY
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T <« o0 3T < 0 T > 0
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od od and
B yo e <o %’«Si 2 ©
Y2 o%
- AT o 8%
@:é‘a1<o é}:<%‘21<o <y e
Vil Y
9%y
Then
“thea
>O oad 1% Rf 70 ond e
such Wy such e :
Rp 71 Rp <!

Ruddick's sketch (Fig. 19B) also shows a sub-division of diffusive

and fingering categoriés into weak and strong sectors depending on

their %P value.
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In summary:

gﬁ value Stability Category
1-~2 _ Strong fingering.
2 - 00 v Weak fingering
0.5 - 1.0 Strong diffusive

0 -0.5 Weakly diffusive

In Fig. 19A, the %F va]ue~a "hence the strength of'double

d1ffus1ve act1v1ty h&s been noted on the portion of the
profile over which it applies. Both weak and strong

fingering processes can be seen to occur.

(c) Evolution of fingering layers

If the ddub1e~diffusive processes discussed above are
treated as progresswve wwth time, then the effect of
different rates for the d1ffus1on of heat and salt, must be
considered on the marginally stable layers. Fourier's Law

may be applied to quantify the extent of heat transfer (Q):

Q = -~k dT  where k = thermal diffusivity.
SZ
Fick's Law, by comparison gives the amount of salt transfer-

(Ns) by molecular diffusion:

Ns = -DdS where D = molecular diffusivity.
oz :
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" Gregg (1973) states that heaf diffuses about 100 x faster
than salt. The result of this is that fingering stability
and diffusive stability develop differently when time is
brought into consideration. The arrows drawn in Fig. 198
show the development of weak fingers to strong fingers
leading to instability, whereas when diffusjon is
considered, the trend is for strongly diffusive layers to

weaken, leading to a stable condition.

This pattern of deve]opment becomes more clear when one
considers the effect of the differing rates of diffusion on
h ter R “6%7 in th f th
the parameter = 35 in the context o e

Vit B _

criteria established for marginal stability.

The zones of salt fingering, together with their relative
intensities have already been established. It was therefore
decided to show the evolution of fingering Tayers in the

manner envisaged above.

A fairly quiescenf environment with 1ittle or no turbulent
mixing was felt to be the most appropriate, and therefore
Stations 1A, 1B, 1C and 1D were chosen for this task in the
1ight of Richardson number results. The key features in the
salt fingering analysis were the 'salinity bumps' occurring
in the profiles, hence salinity profiles from the above four

stations have been p]otted adjacently, and specific zones in
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(vii)

the water column have been 1inked with adjacent stations. by
the superimposition of a ¢’;~section (Fig. 20). Salt
fingering can be seen to develop from weak fingering layers
at Statioh 1A (gf = 2.6 and 2.3) to strong fingerihg at
Station 1C (5P = 1.0 and 1.9). The relationship of fingering
layers between adjacent stations was not so readily apparent
at Stations 2 and 3 but this would be expected from the
turbulence existing there according to the Richardson Number

calculations.

Residence Time

Wind data collected during the ten day period prior to the
cruise (Fig. 3) were used to compute the Ekman transport of
surface water and hencé the residence time for a particle of

water in St. Helena Bay. Northerly components (u) and

Easterly components (v) of wind velocity were used to

calculate a value for the transport of water using the

formulae:
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Where f is negative
Mean Ekman transport

T -
U = Mean Wind Stress

-h
]

Coriolis Parameter

2a1sin &
where:q. = éngular:ve]. of
earth’s rotn.

-5 -
7.29 X 10 sec

K

geographical
latitude

s s
/Pe = Density (1 x 10 Kgn )

In this particular case,:fzis the component for offshore

transport and T¥ is the longshore transport.

x
Note on mean wind stress ( T ,'C%

= 4

T - C’f’w Jurevr, w Nm?®
-2
T?- C,yoon- Jorevr . v N
where Cp = drag coefficient. Garratt
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(1977) applies the following formula in the calculation of
Cp: |
Cp = (0.73 + 0.069 Ju2+v2) x 1073, it is applicable for

high wind speeds.
Values for Ekman Transport were obtained as follows:

0.64 mzs“l

(offshore transport) TX

0.092 m2s~1

(longshore transport) TY
In order to compute a residence time for a particle of water
in St. Helena Bay the cross sectional area of the bay was

calculated using the 80m depth contour as its seaward limit

35km. (35 x 10 m)

80m

- Sea Bed

Cross-sectional area, A = (35 x 103) (80/2) = 1.4 x 10%m.
The residence time (seconds) for a particle of water in the

predefined 1imits of St. Helena Bay is given by:

A x Residence Time (days) = A

= = 4
T : T(8.6 x 10 )
The following values were obtained:

. A
Residence Time(x) (Offshore component) = F=p,,4)= 25 days
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A
Residence Time(y) (Longshore component)= Ty (g, ,3)=176 days

The offshore component for residence time. has the dominant
effect and therefore the turnaround time for water in St.
Helena Bay is thought to be in the region of 3-4 weeks. This
value may be an underestimate since Shannon (1966) suggests
the presence of a cyclonic gyre in the bay which would cause

watér to be recirculated.
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CHAPTER 4
Discussion

The waters.of St. Helena Bay and off Cape Columbine
provided an ideal oceanographic setting for the.study of
two contrasting yet closely 1inked systems. The surface
waters, and more especially those off Cape Columbine were
- found to respond directly to wind stress resulting in a
time scale of 3 -~ 5 days for variability. This perioq of
synoptic variability has an "active" phase during which
upwelling favourable winds are present, followed by a
“passive" phasé when upwelling ceases and the system is
permitted to equilibrate physically and develop

biologically.

The active phase is characterized by a sharp thermohaline
front between offshore surface waters and newly upwelled
surface waters. Qutside the front,surface temperature and
salinity have values typical of oceanic water found in the
area (usually 35%5 189C). The surface waters inside the
front are characterized by much lower temperatures with the
possibility of outcropping 10°C isotherms. Salinity is also

lower with values between approx 34.7% and 34.9% This.
newly upwelled water has lower oxygen values (approx. 4ml
1“; and enhanced nutrient levels when compared with its

surface counterpart lying outside the front. Since no
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biological activity has yetAtaken place within the euphotic

zone, Chlorophyl1, values are also low.

The present study, however, was undertéken during the
passive phase of the synoptic variability and vertical
sections of temperature and salinity for the Cape
Columbine transect (Figs. 13A and 13B resp.), show
conditions after a period of post-upwelling relaxation. The
isotherms can be seen to have re-aligned themselves and the
temperature front is a broad surface feature only. Tﬁé more
conservative property of salinity, however, clearly shows
the separation of upwelled water from surface waters lying
offshore during this post-upwelling phase. It is important
to note that the passive phase results in sun~warmingof
surface waters inside the front together with bhytop]ankton
growth. Oxygen levels increase together with increases in
Chlorophy11, and depletion of nutrients at the surface.
Nutrient regeneration occurs as a continuous process in the

bottom waters over the inner shelf.

The present study also shows the existence of a water mass
within St. Helena Bay which has an associated time scale of
approximately 25 days. This is especially the case with the
BML occurring below the 10°C isotherm (o} = 26.8). Longer
term processes of nutrient regeneration and oxygen
depletion were found to have occurred. In additfon; the

waters of the most inshore station (Station CC1l) on the
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Cape Columbine transect have been shown to have similar
characteristics, forming part of the same hydrographic

regime.

The important point to emerge from this comparison is that
the 3-5 day synoptic variability may not be the appropriate
time scale, apart from in the surface waters off Cape

Columbine. The Tonger time scale associated with St. Helena
Bay means that its water is not necessarily formed_by the
previous upwelling event but is more 1ikely the re;ﬁlt of

several previous synoptic cycles.

Andrews and Hutchings (1980) described four water types
associated with the Southern Bengué]a upwel1ing area. These
weke primarily defined on the basis of temperature, though
chafacterisation of associated salinities and nutrients

were also provided. The water types are:

(a) Oceanic water which is found to 1ie outside the oceanic
front and above the thermocline. In their study it was
found to have temperature and salinity values of >18°C and

>35%res pectively. The water was fairly well oxygenated
(approx. 6 m1 1~1) but was low in nutrients and Chl

or0phy11a.

(b) Upwelling water originating from South Atlantic Central

Water. This was found to have temperatures between 8°C and

70



10°C and its salinity was 1ower than that of oceanic water
(approx. 34.7%. It was also characterised by low levels of

Chlorophyl1, and large concentrations of nutrient (P04

21.4 ug at 1"1; $103=16.0 ug' at 1"1; NO;=220 pg at 1"1)(.‘

Oxygen values were approximate1y 42 m 17l

(c) Shelf water which lay under the upwelling water.

(d)

Temperature was  8.0°C and typical salinities bé]ow 34.6%
were foﬁnd. The shelf water is similar to uﬁyel'lfng
water in origin but remains below the photic zone an&iplays
little part in the upwelling system. It was found to have
Tow values of oxygen and Chiorophyl1, (4 mi 1L and 0.5 ng

1-1 respectively) and enhanced nutrient concentrations.

Mixed water. This was formed through the mixing of Oceanic’
and Upwei]ing waters and comprised the greatest proportion
of all water in the study area. The authors further state
that it has variable conservative and very variable non-
conservative charactristics due, in part, to its origin
and, in part, to the intense biological activity that

occurs within it.

Thé Andrews and Hutchings classification deals with wafers
occurring at the Cape Peninsula upwelling site whereas the
present study js concerned with waters occurring off Cape
Columbine. Shannon (1985) points out that it is implicit in

the classification of Andrews and Hutchings that only water
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of 89C ~ 10°C upwells, and that water between 10°C and 18°C

is mi xed.

The Andrews and Hutchings categorisation of‘water types has

been imposed on the Cape Columbine transect temperature
section (Fig. 21). This shows a pool of shelf water lying
below the 8°C isotherm and confined to the basal region of
the Cape Canyon. Overlying the Shelf Water, Upwelling water
forms a broad band between the 8°C and 10°C_i§9therms
moving up onto the inner shelf. The remaindér of the
vertical section comprises of mixed water lying above the

upwel1ing water, with no evidence of Oceanic Water.

The present study gives a more detailed thermohalihe
“structure on the Cape Columbine transect. Vertical sections
of temperature and salinity are shown in Figs. 13A and 13B
respectively. They show broad agreement on the existence of
shelf water and upwelling water, however, the shelf water
forms a much larger water body compared to when the Andrews
and Hutchings criteria were applied. In this instance the
© 34.70% isohaline forms the boundary, and the water does not
funnel up onto the inner shelf. The upwelling water moves
inshore and upwards into the photic zone in the same manner
envisaged by Andrews and Hutchings. There is evidence from
the salinity section, however, that certain features are
present in both the bottom waters of the inner shelf and

surface water inside the salinity front, which do not show
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up in the Andrews and Hutchfngs classification.

The first of these features is a 1ayer'of well-mixed bottom
water with constant temperature and sa]inify values (9.8°C,
34.75% O = 26.8). This can be seen below a depth of 35m
at Station CC1l, but does not extend offshore as far as

Station CC2.

The othér feature shown in the éa]inity sectionlforms a
body of water at the surface between Stations CC3 and CCl.
The same feature can be seen in the temperature section,’
overlying thev14°C isotherm. It is referréd to in the
present study as, Maturing Upwelled Water. The former
classification by Andrews and Hutchings would have included
this feature in the broad classification of Mixed Water.
Mixing, however, is not responsible for the formation of
this water since it has retained the characteristic
salinity values of upwelling water (£-34.80%. It differs
from uﬁwe]ling water on the basis of temperature with
values of approximately 149C. This is the result of sun
warming. Further differences compared to Upwelling Water
include increases in surface oxygen and Chlorophyll,
concentrations with concomitant decreases in nutrient
levels. These changes result from the maturing processes,
and thus biological activity, that this water haé undergone
following upwelling, and they occur during the passive

phase of the synoptic cycle.
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The overall effect of this re~classification, is to.expand
the Andrews and Hutchings category of Upwelling water to
allow for processses of maturation and at the same time
contract their category of Mixed Water, which is no longer
felt to comprise the greatest proportion of all water in

the study area.

Mixing does occur at the upwelling front and evidence for
this was found at Stations CC3, CC4 and CC5. Température
and salinity data in Figs. 13A and 13B showed evidence of

inversion layers and these are labelled on the diagrams.

Fig. 22 gives a detailed picture of the temperature and
salinity in the top 100m at these three stations.
Temperature and salinity anomalies can be seen at both

Stations CC3 and CC5. CC4 shows a salinity inversion only.

'Mixing'is predicted as a result of these inversions. The
evidence suggests the presence of interleaving layers of
water over a broad front. Cross-frontal mixing will occur

as a result of this, but not to such an extent as to form

the large body of mixed water envisaged in Fig. 21.

Water with the Andrews and Hutchings characteristic oceanic
values (>18°C_ and>35.00_%) was not presenf in either of

the vertical sectioné apart from pockets of high salinity
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water (up to 35.06%) in the frontal mixing zone. It thus
seems 1ikely that in the present study, the transect did

not extend beyond the front.

The differentiation between water types in this stqu is
based primarily on salinity. Salinity is a conservative
property and although other non~conservative parameters are
introduced in the broad definitions, they merely show the
developmental changes that have occurred in the "Sqlinity~

~tagged" water type.

Within the upwelling system five categories of water are
introduced. Two water types from the Andrews and Hutchings
classification are retained, namely QOceanic water and Shelf
water. Mixed water is omitted and three sub-categories of
upwelled water are introduced replacing both the former
upwelling and mixed water tyﬁes. Active and péssive phases
of the upwelling cycle are introduced into the
classification and although tehperature and salinity
.values are given, they are not intended to be definitive.
It is recognized that on a different occasion, fo]]o&ing,'
for example, advection or entrainment from another area,
othef temperature and salinity values may be preéent,
however this would not change the overall structure which

is presented here.

A summary of the five water types is given below:-
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(1)

(2)

(3)

(4)

Oceanic Water ~ Water with a salinity >35.00%. It 1ies

outside the upwelling front and is found above the broad
band of upwelling water. Surface temperatures will usually

be > 18.00°cC.
Shelf Water ~ this was found below the upwelling water but
played no active part in upwelling or biological processes.

Its salinity was <34.70% and temperature, < 9.49C.

Upwelling Water -~ this water forms a band between the

Oceanic water and Shelf water. It is brought to the surface
layer during active upwelling but has not yet been
subjected to a post-upwelling maturation. Its salinity
range was 34.70%, to 34.90% with temperaturevs between 9.4°C
and 119C. Chlorophyll,, oxygen,and nutrients are the same

as those in Andrews and Hutchings upwel1ing water.

It is important to note that the general category of South
Atlantic Central Water contains both Shelf water and
Upwelling Water, the latter appearing uppermost in the

water column.

Maturing Upwelled Water ~ The salinity range for this water

type 1ies in the upper half of that quoted for upwelling

watér, in this case 34.78%. -~ 34.90%¢ It is upwelling water
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(5)

which has been permftted to develop in the photic zone
during the passive phase of the upwelling cycle. This
results in large variations in its non-conservative
properties depending on the extent of Sun-warming.and
levels of biological produétion. Generally, temperature
values will 1ie between those of Upwelling and Oceanic
waters, oxygen and Chiorophyl1, values will be enhanced and
nutrients will be depleted in comparison to upwelling

water,

Inshore Bottom Mixed Water - This homogeneous body of water

was found with constant salinity of 34.75%. and temperature
= 9.89C at the innermost Station (CCl) on the Cape
Columbine transect,and at all stations in St. Helena Bay.
It is formed during the general upwelling process, however,
its enhanced residence time (within St. Helena Bay) permits

a full maturation. It is oxygen depleted (<2 ml 1-1) and

nutrient enriched.

A summary of these water types is shown in Fig. 23. This
should be compared with the previous classification shown

in Fig. 21.

Having established the different water types occurring in
the Cape Columbiné system it now becomes essential to give
a dynamic perspective, by exploring the pathways that exist

between them. This is done in the context of both the
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active and passive phases and within the 3-5 day and 25 day

time scales which have already been established.

'During the active phase, within the 3-5 day period of
synoptic variability, the main water types in evidence are
oceanic water.and newly upwelled water. (The shelf water is
taken to be a constant feature in this analysis.) Oceanic
water at the surface is transported offshore during
.upwelling and the offshore water 1ying'at depth is the
source for newly upwel led water in the nearshore reéfon. In
addition, the active phase of the 3-5 day variability has a
pulsing effect on St. Helena Bay within the context of its

25 day residence time.

The passive phase is characterized by oceanic water
sepérated from the nearshore region by a broader boundary
layer. The offshore deep water and nearshore deep water are
unchanged. However, the newly upwelled water in the surface
nearshofe region forms the body of maturing upwel 1ed water
which has a higher temperature, dissolved oxygen and

Chlorophyl1, and lower nutrients than its predecessor.

The presence of Inshore Bottom Mixed Water at the innermost
Cape Columbine station and within St. Helena Bay shows an
association between the two regions and the potential

existence of a pathway from one to the other.
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(a)

(b)

(c)

There is no doubt that the water occurring at these two

locations is of the same type since the signature

properties agree with the classification outlined above.
i.e. Well mixed water of specific temperature and salinity,

exhibiting oxygen depletion and nutrient enhancement.

In order to explain the presence of the same water at Cape
Columbine (Station CCl) and within St. Helena Bay it is

necessary to consider three possible pathways:

Newly upwelling water on the Cape Columbine transect
forming a well-~mixed body of bottom water on the inner
shel f which advects northwards and eastwards into St.

Helena Bay.

Water comprising the Inshore Bottom Mixed Water in St.
Helena Bay occurring as a relict water body from previous
upwelling events which advects southwards around Cape

Columbine.

Upwelling water which forms a mixed bottom layer on the
innér shelf in the'region of Station CCl and
simul taneously, forms a similar water body in St. Helena
Bay as part of the same upwelling process, but on a 1ine
further to the north. Timescales are important when
considering these possible pathways. Holden (pers. comm.)

has distinguished from his current metering study, a N-S
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oscillatory water movement caused by the passage south of a
¢oasta] low from the Luderitz region. This is a regular
meteorological event (Né]son and Hutchings, 1983). The
pulsing effect operating within the 3-5 day synbptic
variability would be superimposed on any overall trend in

pathways acting in the 25 day time scale.

The evidence from which it is possible to identify the
operating pathway is restricted to the nutrient and oxygen
structure between the two locations. The short.terﬁ current
metering done in St. Helena Bay and the offshore origins of
Inshore Bottom Mixed‘water shown in Fig. 13B do not

indicate pathway directions as a long term trend.

The relationship of the waters between Statjon CCl and St.
Helena Bay is demonstrated by its inclusion in the nutrient
sections of St. Helena Bay (see Fig. 24). With the
inclusion of CCl, the picture suggests an independent
development of the respective Inshore Bottom Mixed Water

Bodies as outlined in (c) above.

If CC1 is omitted (as in Fig. 9), then the intrusion of
high nutrient water in St. Helena Bay can be interpreted'in
two ways. If nutrient regeneration (and therefore oxygen
depletion) is essentially a Tocal phenomenon then since
nutrient levels in the bottom waters are greater at

Stations 2 and 3 than at Station 1, then it suggests a
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movement northwards (as outlined in (a) above). Howevef, if
the intrusion has conservative properties then this

suggests a southward advection as stated in (b) above.

The present study bermits any one of the three possible
pathways depending on how the data is interpreted.
Therefore it is not within the scope of this thesis to give
any definite answers in this respect. The author suggests,
however, that the identification of this pathway should -be

of'prime importance in future studies relating to\the,afea.

Another pathway has been shown to exist within the matured
water of St. Helena Bay between the BML and the SWSL. This
acts to transport nutrients to the euphotic zone, thus
supporting further productivity in the absence of active
upwelling. The vertica]"mixing'mechanisms responsible for
the establishment of this pathway have been outlined in
Chapter 3 (vi) and are discussed later in the present

chapter.

The bulk of this study was taken up by investigating the
hydro]ogonf.the Inshore Bottom Mixed Water and 1its
overlying Sun-warmed Surface Layer. Its long residence time
of around 25 days in the relatively sheltered environment
of the Bay provided an excellent regime for the study df
events and processes in a mature body of upwelled water.

The water column in St. Helena Bay consisted of a two layer
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system. The surface layer .of sun-warmed watef overlying a
well;mixed bottom 1layer. Surface temperatures of the sun-
warmed surface water (13.59C -~ 149C) were 3°C - 49C hignher
than those found in newly upwelled water yet salinities
were the same. Compared to oceanic water, temperatures were
between 2°C and 3°C lower and salinities were quite

different.

In Shannon (1985), G. Hughes is quoted as saying that heat
budget‘calculations can not account for the extent of
warming that hasroccurred in the surface 1ayer, yet the
virtuai]y isohaline nature of the water column in St.
Helena Bay gives strong evidence for a common source, with
no evidence for an advéction of warmer surface water.
Perhaps the heat budget calculations did not take into
account the longer residence time which has been found for
waters in the Bay. Within the constraints of the physical
evidence avajlable, it is inevitable that the warm surface
layer in St. Helena Bay is the result of insolation.
Further evidence for the maturation process is given by the

high levels of dissolved oxygen (up to 145% super-
| saturation) in the photosynthetically active surface layer.
In contrast oxygen depletion has occurred in the BML due
to local nutrient regeneration. Fig. 7 shows the
distinction between these two layers very clearly. The
s]oping of the 10°C isotherm (Fig. 13C) gives further

evidence for a body of relict upwelled water in the Bay
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(Chapman, 1983).

The BML maintains constant temperature and salinity
characteristics, (just below 10°C, 34.75%) and its offshore
origins can be seen on the salinf%y séction of the Cape
Columbine transect (Fig. 13B). The diagram shows the 34.75%.
isohaline and the inshore body of mixed water sitting on
the shelf. At each station on the transect, the 34.75%0
-isohaline coincides with the BML's characteristic
temperature value and thus jts offshore origins:can be
identified. A band of water can be seen to follow a pre-~

destined upwelling path onto the inner shelf.

The homogeneous nature of St. Helena Bay water is thought
to result from internal waves impinging on the coast along
" the band of upwelling water and "shaking out" as mixing
cells after crossing the Cape Canyon. Homogeneity is then
further maintained by bottom friction induced by tidal

currents and inertial oscillations.

The patterns and intensity of water movement in St. Helena
Bay were found to be at variance with some of the previous
work conducted in the area. Currents haye been reported as
sluggish by Bailey and Chapman (1984). The pattern of water
movement in the Bay can be seen in Fig. SB; This shows an
anticyclonic rotation and is contrary to the cyclonic cell

reported by Duncan and Nell (1969) and Holden (1984). The
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anti-clockwise movement of the water ( 180° in the BML)
over a period of about 12 hours does however lend. support
to the contention that a strong inertial component
dominates water movements in this area. In addition to the
anti-clockwise rotation the surface current direction is
opposite to that of the wind at Stations 1 and 2. Holden
(Pers. Comm.) states that in the St. Helena Bay area,
inertial currents (with a time scale of 24 hours), together
with tidal effects (semi-diurnal time scale), and a 5-6 day
synoptic variability are the main factors inflﬁencfﬁg-water
movement. The possibility of underlying trends within the
25 day residence time of water in St. Helena Bay, and the
movement of water between St. Helena Bay and Cape Columbine

have been discussed earlier.

Vértica] mixing is necessary as a post upwelling event to
supply the photic zone with a fresh influx of nutrients and
thus sustain productivity. The high degree of negative
correlation between Chlorophyl1, and each of the three
nutrients indicates that nutrients are depleted where
ChlorOphylla is the most abundant. This is the expected
picture. If one takes a more penetrating l1ook at the data,
however, a more complete jdea emerges. The highest values
for Chlorophyl1, were found at Stations 2 and 3 reaching a
peak of 37.8 ug 1-1 at station 2A. Each of the nutrient
sampling stations at Station 1 showed lower levels,

indfcating lower primary productivity. The high mid-water
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levels of nitrate, silicate and phosphate (Fig. 9 ) mean
that there is a fresh supply of nutfient~rich water
available to the surface layer. Klein and Coste (1984)
state that strong nutrient entrainment beriodé are
associated with strong current shear and strbhg temperature
and nitrate gradients at the mixed layer base within the
thermocline. The difference in the present study is that
the mixed layer underlies the thermocline, but the
analagous conditions regarding nutrients and current shear

are readily apparent.

The study undertaken in Chapter 4 (vi) shows that both
turbulent and diffusive vertical mixing processes occur in
St. Helena Bay. The Richardson Number analysis indicated a
dominance of turbulence at Stations 2 and 3. The evidence
for Station 1 showed non-turbulent conditions to persist.
This evidence for turbulent mixing across the interface
betweem the Inshore Bottom Mixed Water and the SWSL
corroborates the higher Tevels of Chiorophyl1, found at
Stations 2 and 3 &ompared to Station 1. An influx of
nutrients due to vertical mixing would provide the impetus
for fresh primary production. Table 2 actually shows
unexpectedly high levels of nutrients lying in water above
the BML and at the base of the SWSL. Mixing due to internal
waves is predicted at Richardson Number < 0.25 (Krauss,
1981) which is the case at Stations 2 and 3. Indirect

evidence for the presence of internal waves can be seen in
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Fig. 6A where the 10°C isotherm is out of phase with the
2m1 1 oxygen isoline in spite of the fact that they are
associated. Pingree et al (1979) attribute such an
occurrence to the passage of intérna]'wavés causfng a
vertical displacement. The temperature and oxygen data are
asynoptic to the extent of a few minutes and in this event
a vertical displacement of water would be possible due to

the passage of an internal wave.

The method used to quantifyAdiffusive mixing was found to
be easy to apply and yielded coherent results. Evidence was
found for both weak and strong salt~-fingering (Fig. 19A)
which generally occurred at the base and top of the
thermocline, where 'bumps' of 1ower salinity water can be
observed. The Richardson number calculated for Station 1
indicated a suppression of turbulence by buoyancy forces,
it was therefore gratifying to observe diffusive processes
occurring as an alternative method of vertical mixing in
the absence of turbulence. The surface Ch]orOphyHa values
were less at Station l-than.at Stations 2 and 3 indicating
the lower nutrient fluxes associated with diffusive mixing.
}he turbulent conditions at Station 2 and 3 lead to a more
complex thermohaiine microstructure and the appearance of
unstable layers. Since bondftions at Station 1 were
relatively tranquil, it was possible to isolate, between

stations, levels in the water column having the same 0{
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values, and subsequent]j to establish a deve]opmental
association between salt-fingering layers at adjacent
stations (Fig. 20). This type of abproach permifted the
monitoring of changes in fingering 1ayérs with time and
upheld the contention that weak fingering develops into
strong fingering 1ayers which then leads to instability.
The conditions at Stations 2 aﬁd 3 were not suitable for

this type of study owing to the high turbulence.

With regard.to the origins and mode of formation of'bxygenu
depleted water in St. Helena Bay, it has been shown to be
nutrient-enriched compared to water of the same salinity
offshore. This indicates that nutrient regeneration and

hence oxygen depletion are enhanced on the inner shelf.

The analysis performed on the bottom water in St. Helena
Bay, showed, from the ratio of occurrence, the relative
abundance of the various nutrients in the oxygen~depleted
water and the information regarding regeneration rates,
gained from the slope of the regression 1ines,he1ped to
complete the picture. The ratio of occurrence obtained for
both NO3 : POy and Si05 : POy showed PO4 to be the most
abundant nutrient in the oxygen debleted water.
Furthermore, P04 was found to be regenerated faster than
NO3 but at approximately the same rate as Si03. The
abundance of P04 in the water together with its enhanced

regeneration over NO3 point towards a recent and therefore

]
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Tocal mechanism for oxygen depletion. (It has already been.
- stated that according to Grill and Richards (1964),P0, is
released initfa]]y). In the case of Si03 : P04, which
shoWed equiva]ent rates of regenerafion, this can be
explained by the enhanced 1iberation of Si03 iﬁ 0Xygen
depleted water (Mortimer, 1971) offsetting the rate of POy
1iberation.

The NO3 : Si03 ratio of occurrence showed Si03Ato be in
higher relative concentrations, and the slope of régression
indicated Si03 to be liberated faster than NO3. This
apparent anomaly which suggests a remote origin for the
water body is again thought to resq]t from enhanced Si03
regeneration in oxygen-depleted water. Note that the
regression analysis from the Cape Columbine transect (?%g.
lSC) showed S103 to be regenerated more slowly than in the
bottom water of St. Helena Bay. Further work by Grasshoff
(1975) found that silica resolution fis enhanced in anoxic
areaé'owing to the 1iberation of Fe ions. These Fe ions
along with A1 stabilize the coating of organic matter which
protects the biogenic silica when conditions are oxic

(Lewin, 1961).

The balance of evidence presented here supports local
nutrient regeneration and hence locally induced oxygen
depletion. Chapman (1983) calculated that it would take

between 17 and 23 days fof decomposition following 1local
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primary production td deplete the water below the
thermocline of oxygen. The residence time of 25 days
calculated for a particle of wafer in St. Helena Bay
together with the established pathwéy for its origin
provides the appropriate setting for these processes to
occur. Chapman and Shannon (1985) present a comprehensive
picture of the formation and advection of low Oxygen water
in the Benguela system as a whole in their review of its
chemistry and related processes. The results preégnted hére
agree é]osely with their conclusions of a locally and
biochemically produced body of oxygen~deficient water over

the inner continenta] shelf.

The study into relationships between nutrients in the
_surface waters of St. Helena Bay and off Cape Columbine
yfe]ded interesting results and provided an insight into
the utilization and 1imitation of nutrients in the Southern
Benguela. Nitrate was found to be the Timiting nutrient,
a1thoUgh the evidence for this conclusion was not so clear
cut in Cape Columbine surface waters. PO, was always found
to be the least 1imiting nutrient. Nitrate 1imifation
agrees with previous studies by Andrews and Hutchings
(1980), Barlow (1980), and Bailey and Chapman (1984). Si0;
has only been found to be 1imiting in the Northern Benguela

System by Bailey (1979) and Boyd (1983).

The utilization of nutrients in the surface water by
¢
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phytOplankfon was seen to differ between Cape Columbine
waters and those in St. Helena Bay. Off Cape Columbine,
S103 was utilized to a greater extent than NO3, with PO,
uptake being the lowest. In St. Helena Bay, the uti]iéation
of Si03 and NO5 was in constant atomic proportions of
approximately 1 : 1. POy remained the least utilized

nutrient.

Since diatoms require Si03 and dinoflagellates have no such
requirement, Chapman and Shannon (1985), discussed the
effect of changes in the relative numbers of diatoms and"
dinoflagellates on nutrient 1limitation. They contend that
the configuration of the phytoplankton population could
affect the relative NO3 : Si03 balance and determine which
should be limiting. The preseht study adds the extra
dimension of nutrient utilization in addition to nutrient
1imitation, and therefore provides a supplementary method
for forecasting which group of phytoplankton will dominate.
-A]thdugh NO3 was found to be 1imiting in both St. Helena
Bay and off Cape Columbine, Si03 uptake was found to exceed
that of NO3 in the Tatter area. This points to a dominance
of diatoms in the water. Nﬁtrient uptake in St. Helena Bay
showed $i03 and NO3 being utilized in equivalent
pfoportions and thus allows for the existence of a mixed

phytoplankton population.

In the present study, nutrient regeneration, utilization
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énd 1imitation have been interpreted on the basis of
comparing nutrient ratios with predicted open oceanic
ratios found by Redfield et al (1963), f.e. NO3(N)

ST03(S7) = PO4q(P) = 16 : 16 : 1 respecti?e]y.
Complications, however, may arise when making open oceanic
assumptions within a major upwelling system such as the

Southern Benguela.

It has been shown that the source water for the inshore
regioﬁ at the Cape Columbine upwelling siteifs_South
Atlantic Central Water . This water is mpdiffed by nutrient
utilization and sun~warming in the photic zone, to form
Maturing Upwelled Water, and by nutrient regeneration and
mixing on the inner shelf to form Inshore Bottom Mixed
Water. It is therefore suggested that in order to obtain

the complete picture regarding utilization, a comparison
should be made between Maturing Upwelled Water and South
Atlantic Central Water; and regeneration, by comparing
Inshore Bottom Mixed Water with South Atlantic Central

Water. A necessafy prerequiﬁite for this type .of approach
is the characterization of the nutrient status of South
Atlantic Central Water. It is then hoped that studies of a

more definitive nature may take place.
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A montage of three upwelling sites south of the Orange
River (a, b and c¢) defined by aerial radiation thermometry

o
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11 January 1980

FIG. 2 From Nelson and Hutchings (1983).



The Wind Regime: Ten Days Preceding‘the study.
Data from Stompneus Weather Station
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A Bottom Mixed Layér (BML) is shown below the Sun Warmed Surface Layer (SWSL)
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FIG. 4A Temperature and Salinity profiles - St. Helena Bay
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FIG. 4B Temperature and'Salinity profiles: Cape Columbine Transect.
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Temperature and Salinity Profiles: Cape Columbine Transect and St. Helena Bay
(Similar Thermohaline Str. Evident at Stns. CCl and 1B)

CAPE COLUMBINE TRANSECT ST. HELENA BAY
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CURRENT AND WIND VELOCITIES

- St. Helena Bay
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FIG. 5A




PROGRESSIVE CURRENT VECTORS
SHOWING ANTICYCLONIC ROTATION

SURFACE LAYER

-
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SCALE
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FIG. 5B




Showing the body of oxygen depleted water below the 2 ml 17! isoline and its
close association with the 10°C isotherm
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FIG. 6A Vertical Section of Oxygen in St. Helena Bay



Dissolved oxygen profiles: Cape Columbine Transect
(Note the presence of .oxygen depleted water at Station CCl1).
NB CC5, CC4 and CC3 are drawn to same depth scale
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Oxygen saturation values, 0-50m, St. Helena Bay and Cape Columbine Transect
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Nutrient and Ch]orophy11a profiles: St. Helena Bay
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Vertical Sections of Nutrients in St. Helena Bay
High Nutrient water is in close proximity to Surface Water
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Profiles of Nutrients and Cho]orphy]]a: Cape Columbine Transect
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STATION

Vertical Sections of Nitrate and Silicate: Cape Columbine transect.

NO.
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Nutrient units are ng at 1-1

Note the nutrient-rich waters on the inner shelf.
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STATION 1C

NITRITE (wg. at.171)
01 02 03 04 03

Nitrite Profiles: St. Helena Bay
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Nitrite profiles: Cape Columbine Transect
(Note the similar range of values at Station CCl to those in St. Helena Bay (Fig. 12R))
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Temperature Section: Cape Columbine Transect

shows structure during the passive phase of synoptic cycle.
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Salinity Section: Cape Columbine Transect
Shows the offshore origins of upwelling water

cC cca CC3 CcC2 cC1 SHORE
0 - l | | |

—a

|
 ——"TOW_SALINITY EEEEL

50 INVERSIONS UINVERSIONS U

wad e

100 -

1501+ LI T o m -

Dl P -
oot —— -

-
-
—_—

e - —

200

250

300

350

FIG. 13B



Y,

St. Helena Bay

-

- Temperatyre Section:

=== Station Nt_).

A

3D 3C3B3A

2C 2D

2B
|

1D
|

L
1

1A

14

>

+ + + 4+ 4+ + 4+ + + + + + + + +

¥ i
o [ =3
[ o

8b

Depth (m)

13C

FIG.



Regressions of Ch]orophy]]a vs Nutrients in St. Helena Bay
'Outliers' have been labelled with Station No
‘A11 " outliers were found at 9 m depth

Ch1, vs Nitrate Ch1a vs Si03
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r+ -0.87 r = -0.84

Chl,
(wg 171)

0 5 10 15 20 25 30 0 5 10 15 20 25 30 35 40
NO, , | - sio,
(ng at 1°1) ' (wg at 1-1)
30+
25
201 Chla vs POg
Chly 15 y = -10.2 x +28.4
e = -0.64
(ug 171) r

F1G. 14




Compariéon of Nitrate and Nitrite profiles at
two stations: St. Helena Bay and Cape Columbine Transect respectively.
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Nutrient Concentrations superimposed on salinity section: Cape Columbine Transect
shows enhanced levels of nutrients on the inner shelf
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Inter-nutriént relationships in St. Helena Bay, Bottom Layer
and Station CCl
Ratios give an indication of the origins of the oxygen depleted layer.
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NO

FIG.

Ratio of No3 : 3103 in the oxygehated
(>4 m 1'1) bottom water of Cape
Columbine Transect.
Gives a comparison with oxygen depleted bottom water
(< 2ml 1'1) in St. Helena Bay.
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Inter - Nutrient relationships in the Surface Waters of
St. Helena Bay, showing patterns of utilization and limitation

Nitrate : Silicate Nitrate : Phosphate . Silicate : Phosphate
y=11x-1.0 y=99%-4,5 : y =8.7x - 2.6

r=0.92 ' r+0.82 : r=0.84

NO,
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Inter-nutrient relationships in Cape Columbine Transect Surface Waters,
showing patterns of utilization and limitation.
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Current meter deployment and data for Ri No. Analysis
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Salt-Fingering

Diffusion of Heat

and Salt at
different rates "Salt-fingering
' Hot, salty
Cold, less
salty

FIG. 18 | _From Gregg (1973)



Depth (m)

FIG.

Temperature and Salinity profiles, scaled in terms of their

respective contributions to density.

Shows salt-fingering

layers, and the relative strength of double-diffusivity.
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Sketch showing the regions of instability
to double diffusive convection

From Ruddick (1983)

FIG. 198



Evolution of Salt-Fingering Layers

Salinity profiles at adjacent stations showing %p Values and
Tinked by isopycnals
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Categorization of Water Types in the Cape
-Columbine upwelling area, based primarily
on Temperature
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Depth (m)

Vertical Sections of nutrients - St. Helena Bay plus Station CCl
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