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ABSTRACT

The currents, winds and hydrology of a coastal site of approximately

120 sguare mllES off South West Africa were studied intensively for two
weeks during June/July 1978. Currents were measured by means of drogues
tracked by RADAR from a central station at 45m of water depth. Classical
inertial motion was observed at several depths during a calm period
implying a short relaxation time for pressure gradient forces and the
existence of different velocity layers within the water column. ODiurnal
seabreezes and landbreezes controlled the currents at 2 and 5m depth
with a response time of a few hours but the deeper currents were not
directly affected by wind. Average surface current speeds were between.
0,2 and 0,3 kts. Sustained southerly winds caused a deepending af the
upper layer and were accompanied by slower currents. GSelected data
recorded during the diurnal wind regime yielded the relationship:
Surface current speed = 0,017 x Windspeed. A meandering poleward under=
current with an average ve1001ty of 0,07 kts was detected at 30m depth
whilst onshore flow of Blmllar average speed existed at 20m.

‘Using the results of the experimental work as a basis, the upper layer

of the sea to 8m depth was modelled as a slab, which was affected by
wind, friction and the coriolis force. Analytical solutions for a
landbreeze/seabreeze regime produced trajectories similar to those
recorded experimentally. A numerical model was also developed with the
advantage that it could use real wind input and simulate inertial effects
during temporary calm conditions.

Weak thermpclines dominated the hydrology of the area, but they were

sub ject to large temporal and spatial variation in depth. At the central
atation, thermocline depth changes could be directly related te the wind
record. Entrainment was proposed as the process responsible for the
transfer of nutrients upwards across the thermocline to the surface layer.
Below the thermocline oxygen values were very low and reached virtually
zero near the bottom. Nitrate existed in highest concentration in an
onshore moving middle lsyer. Lower values above the thermocline are
ascribed to biological uptake and lower values near the bottom to

nitrate occurring as nitrite in the anoxic conditions. The nitrate supply
process was modelled.

It is concluded that the features identified in the intensive resesarch ares
would in general be applicable to the larger area from just north af
Cape Brass (21°&5*S} to just north of Walvis Bay (23°S).

L



(i)
PREFACE

This study was designed to investigate the causal aspects of upwelling
off South West Africa, including the maasurement of currents. It was
motivated by previous publications which had noted the lack of such
research, and as it devéloped, the study was suécessful in identifying
upwelling mechanisms. Huweve;, these mechanisms are‘prnposed only to
be valid over the limited area bestween Walvis Bay and Cape Cross.
Therefore, work with similar objectives still needs to be undertaken

in other localities off South West Africa.

The preliminary results in respect of the currents measured were
presented to a meeting of thé Ruyal Society of South Africa in September
1978 and an abstract of this lectﬁre mas‘puhlished by them in June 1979.
Subseguently, the data ﬁn currents were corrected for “windaga on the
drogues" according to the methods discussed in Chapter 2 of this

thesis, and theée currents are examined and related to the wind record
in Chapter 3. (An intimduction is given in Chapter 1). In Chapter &4,

a mathematical model of surface layer movement is developed, largely

in an attempt to simulate practical results. Both analytical and
numegrical solutions are presented andvdiscussed. Chapter 5 follows
logicelly and describes, with a minimum of inference,vbmth the

hydrology of the asres inva traditional sense and the short term

cﬁanggs. Chapter 6 is a subjective appraisal of the present direction

of research in the Benguéla Upwelling System,
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Te INTRODUCTION.

1.1 The objective of this study, and the Intensive Programme.

The objective of this study was to investigate the causal
relatimnships'amongst winds, currents and hydrological changes‘off

South West Africa. This objective dictated making observations

on a time scale in keeping with the must’rapid changes in the phenomena
themselves which in a region with a known diurnal wind variation,

is of the order of hours. Such é time scale, and the fact that only a single
ship was avallable for this research,determinéd that the area of |

intensive study had to be small. In terms Df the obhjective it also had

to be suitable for the measuring of currents.

After investigating the subject of current measurement, the author
decided to use radar to track drogues from an anchored éhip, and
hence a shallow site (45m depth) at a distance of 6 miles off shore
petusen Henties Bay and Cape Cross was selected as a centre for the
study. (See the position of station MG1 in Figure 1.) The uniform
topography of the area was welcomed as 1t was thoﬁght that this would
tend to make the results more general, and their interpretation

gimpler.

Wind data were available from UWalvis 8ay and winds would naturally
be measured an the research ship herself, but to get a better
haorizontal coverage of the windfield, an additional anemometer was

installed at Henties Bay, about 20 miles south-east of MG1.
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" Similarly in order to help interpret hydrological changes at MG1 and to
assess the>spatial scales of these changes, two grids were designed
ar&und that statiqn: a8 largé scale grid, which would be accupied
before the ihtensive work commenced, and a smaller grid which would

be occupied as part of the intensive work.

On 19 June 1978 the R.S. Sérdinmgs anchored at MG1 and the Intensive
Programme, as this research was known by then, began. The collection
of data took Jjust over two weeks, during which period both diurnal

and socutherly wind regimes were experienced.

1.2 Past work as a motivation.

The area between Walvis Bay and Cape Cross is one of the most thoroughly
regearched marine areas off South West Africa, largely hacauée Walvis
Bay was, until the mid-seventies, thé centre of a thriving pelagic
fishiﬁg industry. However, the oceanographic research coﬁducted from
Walvis Bay generally took the form of occupying a certain grid once

a month, and whilst foreign and South African research covered a more
extensive area, longer periods elapsed between successive grid
ocoupations. In this manner the major hydrological works were restricted:
Hart and Currie (1960) only occupied their grid twice, the comprehensive
report on the physical nature of the Benguela Current by Stander

(196&) had seasonal cruises as its basis whilst the more "intensive®
works by Stander (1963) and Ou Plsssié (1967) relied mainly on monthly
data. It is therefgre hardly surprising that little noite was taken

of phenomena dccurring on a time scale shorter than a month or the

causal processes involved,



Howeﬁer, a few attempts were made to understand hydrological

(and bialagical) events on a shorter time scale. Pieterse and

van der Post (1967) tried to relate oceanographic conditions

to the outhbreak of red-tides in the area around Walvis Bay. Bang (1971)
documented the effects of a single storm on the upper layers of the
ocean. Stander (1963), using the small amount of short time scéle
data available to him, demoﬁstrated the Qariaﬁility af the temperature
structure in the upper layers of the ocean in the Walvis Bay vicinity,
and drew attentiaﬁ to the inadeguacy of once-a-month sampling. But
of more impnrtancé as regards this study was that Stander (gp. cit.)
discussed the nesd ﬁo study the causal seguence batweén winds,
currents, temperature and spawning (of the pilchard). Unfortunately
he subsequently abandoned éurrents, after noting that "a clear
theoretical approach to the problem did not emerge” and went on to

relate wind, temperature and spawning in a more statistical manner.

The latter approach is a much more viable one, but does little

to fill the gaps invuur knawledge ﬁf the mechanisms and real processes
going on in the ocean, particularly iﬁ coastal regions. The Intensive
Programme (which formed the physical basis of this study) was

designed to Fill some of these gaps and ineQitably at the same time

it revealed many new facts about the study area.



1.3 The lucale of the intensive research ares.

The caastlinevbetﬁeen Mélvis BEy (23°5) and Cape Cross (21°45'S)

forms a west facing arc which is somewhat set back from the general

lie of the coast between Lﬂderitz and Cape Frioy the coastline north
of Cape Craoss running NNW F;r sevéral hundred miles to Cape Frio,
whilst that to thg south of waivis Bay runs for a cumparabie distance
directly southwards to Llderitz. However, the 100 m and 200 m depth
contours between Walvis Bay and Cape Crouss gre not similarly set back
and hence this area has & wide shallow shelf. This shelf has in the
past been held responsible for certain Hydralogical feaﬁures, which

are known %to be charactéristic of, or alterﬁatively are mqét pronounced

in ,this region.

Low dxygen conditions ragularl? pfavsal in %he lower layers of the
coastal waters between Walvis Bay and Cépe Cross and beyond, and anoxic
conditions can exist at the bottom. Hart and Currie (1960) éna
Stander (196&5 discussed possible causes and fhe exteﬁt of fhese
conditions. Extension of these ﬁunditians upwards to the surface

layer has led to mortalities of pelagic fish and other organisms

in the Walvis Bay regionr(ﬁapenhagen, 1953; Pieterse and van der

Post, 196?5. Bailey (1979) attemptéd ﬁé guantify the processes
regponsible for the low oxygen of the bottom waters iﬁ the Llbderitz
region (and also summarised the literasture dealing with general

hydrological research off the South West African coast).



A mmré ldcalised feature is tﬁe high pErcentagé occurrence of thermoclines
‘all year round in the region between22°30' and 21°30'S. Du Plessis (1367)
attri#uted the prevalence (and intensity) of thermoclines in thisg

area to the wide shalimm shelf mentioned above. This shelf would

also serve to limit the %aximum slope of isopycnals during upwelling

in cuntrast to aresas further‘north and south,.

Recent results of 1. Hruger (presented by Agenbaqg, 1980) showed that an
area of high phytoplankton abundance between Walvis Bay and Cape Cross
occurred in winter. Agenbag (1980) attributed the absence of pelagic

fish inshcré ih'this éreé during winter to this pﬁytaplanktmn distribution,
the thérmccline conditions found by Du Plessis (1367) and the low

oxygen of the ares.

Badenhorst and Bayd (1988) reported that‘pelagic eggs or larvae could
on pccasion suffer very little dispersion in the grea, conditions they

postulated to be good for initial larval survival of the anchovy.

The pressnt étudy will emphasise the dominant role of thermoclines in
determining the hydrology of the intensive research area and the larger
area between Walvis Bay and Cape Cross. It aslso makes a detailed
examination of factors that influence thermocline depth and the transfer
of properties across thermoclines (and hence the low oxygen phenomenon).
The stérting point has been stated in section 1.71: the winds and the

currents they cause.



2 THE INTENSIVE PROGRAMME.

2e7 Deployment of the R.S5. Sardinops, equipment and methods.

Thé rgsearch aréa and various station positions are shown in Figure 1.
Most time was spent at station MG1 which sarvedéas the chief drogue
tracking station as well as a wind measuring station. UWinds were

also measured at Henties Bay and Walvis Bay. The larger scale "Cape

" Cross® grid was ﬁccupied once on the 15th and 16th of June, and the
small scale "mini grid" was occupied seven times as part of the
Intensiva Programme uhichvstréﬁched‘Frmm the 19+%h June to the

3rd July, 1978.

This pragrémme consisted of drogua‘tracking, Hydrafbinlugiaal statlions
and wind measurement. The ﬁini grid was worked every second day

dguring the two week peripod, this taking‘ahaut 50 hours. For the remain=
ing 38 odd hours out of every 48, the research ship R.S; Sardinops
anchored at station MGE1 in 45 metres of water, the weather permitting.
At this station drogues were released at'&ariuus depths and tracked

by radar for as long as pmssibie before being retrieved. Full
hydro/biological stations were worked every 12 hours and temperature
profiles were obtained every 4 hours. Surface temperature was monitored
continupusly until the thermograph broke down towards the end of the

programme.
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During the 12 Huurly stations at MG1, hottle samples were taken at
3tha surface" (actually at about 2m dépth) and at additinnai depths

of 5, 10, Zd,'BD and 4O metres. These samplés &ere analysed for
salinity, dissolved oxygen (hy the Winkler méthéd), nitrate, silicate,
phosphate and diatoms. In édditiun a bathythermograph (BT) and

N50V plankton net were sent down to 40 metres.

At stations MGZ and MGS'the 40m depth sample was omittéd and deeper
saﬁples were taken at 50m and 75m. Midway between all the outer
intensive stations, a BT dip was done. The positions and depths of
these‘statiuns and.dip sites are shown in Figure 2. This figure also
- displays the reéults Df_a "hydrographic survey" of the reseérch area

done by the R.5. Sardinops.

‘During the programme the exact stitiDn of station MG1 was marked

by an anchored huby fitted with a flag and a radar reflector. Thus
changes in the ship's position whilst at anchor could be monitored

by reference to this buoy. 0On the anchor rope of the buoy a modified
commercial temperature récnrder was attached at a depth of 10m iﬁ an
attempt to monitor temperature changes that may have been caused by

internal waves.

Windspeed was measured on the R.5. Sardinops by an anemometer at a
height of 15m above the sea, with direction estimated by the ship's
officers. At Henties Bay a Lambrecht mechanical anemometer recorded
cumulative wind diétance and direction on an hmﬁrly basis. The

instrument was mounted atop a pole at a'height of S metres, and was
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about half a kilometre from the sea. The Walvis Bay wind data came
from Pelican Point lighthouse, the anemometer being positioned at

a height greater than 15m.

The drogue design is shown in Figure 3. It was based on that used

by Bain (pers. com.), but was substantially uprated in order to supply
guantitative results. To this end three design criteria were applied.
~The first was that the‘radar reflector should be ciearly visible Gh the
ship's radar during reasonable weather conditions when the drogue was
about 2 miles away frmm<the éhip. The next was that the drogue must

be of sufficient size to ﬁinimite the effect of miﬁdaga on the
reflector. (Kirwan et:al (1975) emphasized the magnitude of the errors
due to the windage in drogue studies.) ‘The third criterion. was thet

the drogue should be able kc beveasily deployed, retrieved and stowed;
using either a twelve foot inflatable boat or the one hundred and twenty
foot R;S. Sardinugs; The first and the third criteria were successfully
-met. However, whilst the windage on the radar reflector was reasonably
well opposed by the greater size of the drogues used in this study in
comparisoh,ta thase used by Bain (gers; com. ), Mindage will have to

be compensated for before the drogue velocities can be regarded as
current velocifies. In the next section suitable correction factors
will pe developed using both a theoretical and practical approach.

First an outline of the drogue tracking procedures and accuracy, and

drogue terminalugy; will be given,
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Drogue tracking was done on 14 "occasions®.  An "ocecasion" began
Mheﬁvqne or more drogues were deployed and ended wheﬁ either all
dr@gués were recuvereé, ar énme drogues were recovered and deployed
~again at the same depth. For example, if the 2 and 5m drogues were
recovered bécauéé they had drifted too far from the R.5. Sardinops
for successful tracking, and then maie deployed again this would
involve starting a new occasion. Other drogues that had not been
recovered would be tracked as part of this new occasion from the
time of the re-release of the 2 and Sh drogues. Thus a single
trajectory may exténd over two occasions. Complete tracking and
wind data for 13 of thg!1& uccasioné is given in Appendix A. No

corrections have been made to this data.

Drogues were deployed at depths of 2, 5, 10, 20 and 30m. If
conditians for tracking were favourable (i.e. winds were 15 knots

or lessi, dragués would be déﬁlnyed at-all or most of these depths.
Under higher windspeed conditions, generally fewer drogues would

be deployed. UWhat often happened was that a "full house" deployment
would be fullnwed‘ﬁy garly recovery of the 2 and 5m drogues, as these
rdrmgues would be rapidly transported ouf of trabking range in high

windspeed conditions. Hence longer and less biased sampling of the

desper currents was accomplished in comparison to the surface currents.

For 12 of the 14 occasions drogues were released from the
R.S. Sardinops while she was at anchor at MG1. The positions of these
drogues were cobhtained from the ship's radar every half hour and true

bearing and distance relative to the ship were noted. The ship's
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position itself was noted relative to the MS1 marker buoy. All measure=
ments were hade to within a dégree af arc and 0,01 of a naﬁtical mile,
However, due to factors such as the impossibility of noting thé
positions of 5 drngues‘simultaneausly and a certain amount of the

ship's drift relative to the marker buoy for which no correction

was made, true time-space accuracy is es%imateﬁ to have an uncertainty
of + 0,05 n. miles abuut;the noted value. Individual half-hourly
velocity components would only have an uncertainty of about + 0,05 knots
though, as drogues were tracked in the same order. Hourly velocity

components would have an uncertainty of half the above.

On twe occasions a "three pnint'drqp" was made. 3 pasirs of drogues,
gach pair cunsisting af a‘Sm drogue and a 30m drogue, were released

at intervals of 2 miles along the 22 § latituds, the centre drop

beiﬁg done at MG1. Every two hours or so, the R.S5. Sardinops would
fyigsit® egach drogue and take g DECCA Fix to obtain position. This
method was employed for two reasons, firstly to obtain a Dréader spatial
picture of currents in the surface snd deeper layers, and secondly to
use the time cunstructively’uhen rough weather prevented anchoring

and/or radar tracking.

This section has outlined the methods and scope of the data collection
during the Intensive Programme. The next section will describe the
prelimiﬁarQ data processing undertaken, namely the development and
application of & currectiuh factor to compensate for windsge on radar

tracked drogues.
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2.2 Assessment of windage on the radar tracked drogues.

During the Pragrammé it was raalisad that windage on the radar reflectors
was sighificant, inspite af the facf that the size of the drmgués had been
abpraximately " doubled (in all 3kdimensioh5} when compared with those

used by Bain (pers. com.), whilst the radar reflector had remained the
same‘sizé. The effects of the wind could be clearly seen and felt

during both deployment and retrieval of the drogues. It was also

realised that windage wés not all obscuring: drhguas at 20 and 30m

had on several DCCBSiBBSVadVEHCBd, radar reflector and pole tilting
backwards, into the wind. vaidusly some correction factnr was

needed before the ef?ect of the wind on the currents (and not Jjust the

‘drogues) could be discussed with confidence.

A theoretical correction factor is developed below, and it will be

compared to the results of g more experimental aspprosch.

Murray~(f975) obtained an expression similar to that given below in
equation 2-1 for the relative speed between the dfague and the water,
i.e2. the error due to windage, by assuming the ﬁragﬁa to be moving at
a‘constant velocity and then balancing the force due to windage on the
part above the water against the water drag on the drogue below.
Murray (op. cit.) further modified the balance between these two
forces by the gine 0f the observed maximum angle made by the line

connecting the drogue to the surface float pole. This feature is not
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incorporated in Bquatinh 2-1 for the reason that in préctiee the
verticai component af the windage force would cause kiting and thus a
net movement of the drogue in the direction of the wind which would
not otherwise be allowéd‘?or.v Also if this feature were incorporated,
the angle should be a function of mindspeed. Equation 2-1 expressés

a straight balance between. the forces on the tetrahedral reflector and

drogue.
, v %' B |
Uo = Cr)Oair LI‘ wvv(winds;jggd) (2-1
Cd Puatey Ld
where: Us = the reiative épeed betmaenvthe drogue and the water

Lr = length dimension of the tetrahedral reflector (0,38m)

‘Ld = length dimension df thevtetrahadral drogue (1,70m)

W = uindspeed

o air = 1,25 x 1077 gn/en’
/0 water ; 1,00 gm/cm3

Cd and Cr are drag coefficients for the water and the air on the
tetrahedral drngue‘and reflector respectively. The'ratin of Cr to Cd
will be taken as 1,5 on account of the fact that whilst the drogue is
biplanaf,che>tetrahedral reflector also hésva third plane. This
gives it a surface area of 1,5 x its shadow ares which will feel the
wind in real conditions: i.aQ»mhen tﬁe wiﬁd causes the pole supporting

the reflector to aguire a slight tilt.



- 16—

From (2-1) we obtain:

= 0,0097 x Windspeed s (2-2)

To allow for the fact that wind was measured at fifteen metres ahove
the sea whilst the radar reflectnrs were at most Z2m above the sea, the
factor of 0,0097 in equatlnn 2=2 m1ll be reduced, according to a

logarithmic wind profile with scales of:

W (15)m = 10 m/s

Zo (roughness length) 10" >m

¥ (Von Karmans constant)

0,4

This gives u* (friction velocity) = D,&i& m/s and thus

wz) =U* 1/ 2 \) then gives : (2-3)
N | |
WE2) = 7,9 m/s i.e. W(2) = 0,79 x W(15) (2-4)

The error due to windage can now be expressed in a form suitable for the

correction of drogue tracks:

Uo = B x Windspeed (at 15m) (in any units for speeds)

where B = 0,0076 (2-5)

This result aorees well with two estimates of windage obtained from

a more practical approasch which is described below.

Two occasions (4 and 6) were selected in which an easterly wind was
blowing whilst a drogue below the thermocline was almost stationary.
As the wind decreased in speed the drogue accelerated into the wind

(Figure 4). Hourly components of wind and current speed in the
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direction of the "mean current', i.s. that obtained during the period
with the lowest windspeed, were correlated separately for the two
occasions. Assuming the currents to have been constant over the periods
gf measurement (see sectiqn 3.2), t@b gestimates of the effect of

{

windage on the druéues were obtalned.

The drogue tracks plnttéd in Figure &4 have not been corrected for
windage. The wind (*) and current (y) velocity components for the two
cccasinnsvare shown with their two approﬁriate reqgression lines in
Figure 5(a). These components were obtained graphically from the
origina: enlarged versiun of Figure 4 and are tabulated below in

Table 1.

Table 1: Wind and current components used for mindage'calculations

Time " Occasion &, 22/6/78 Occasion 6, 24/6/78

Current (kts) Wind (kts) Current (kts) Wind (kts)

08h30 - 09K30 -0,02 A
D9h30 = 10h30 0,06 _15 -0,03 27
10h30 - 11h30 0,06 oy -0,03 -23
11h30 - 12h30 0,09 -8 -0,03 -20
12h30 - 13h30 0,09 g 0,08 L2
13h30 - 14h30 0,1 b 0,16 -7

14h30 - 15h30 | 0,09 -7

15h30 - 16h30° ' , 0,16 0
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Figure 5(b) displays the theoretical and experimental estimates of
drogue velocity error due to wiﬁdage.' The theoretical estimate only
considers windage on the radar reflector, whilst the expsrimental
estimate takes into account all manner of windage on the part of the
drogue above the water and wind-induced surface drift on the float.
Both relate this error to the wind at 15m height. The theoretical
estimate will be used to correct all drogue tracks that appear in this
thesis but the agreement between it and the two experimental estimates
is heartening. The broad separatidn between the upper and lower 30%
corifidence interval limits for the practical estimates is not quite so
“heartening, neverthélegs they are shown in F{gure 5(b) and béloﬁ in

~Table 2.

Table 2: Error/correction factors for windage on radar tracked drogues

Dﬁcasiun L Jccasion 6 Theoretical
90% confidence interval limits 0,0103 | 0,0110 ' - (upper)
for windage error, B 0,0012 0,0058 - (lower)
,B» | 0,0058 o,008s . 0,0076

On account of these broad confidence intervals it is of importance fo
assess the’potential grror due to windage in hourly current velocity

compongnts, after correction factors have been applied. Let us

consider the following hypothetical case:
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(a)  the "true" correction factor B is 0,0110 (the upper limit
of the higheét value in Table 2) | |
(b) a ?rué current of 0,20kts exists in the direction of a

wind of 10kts, and a drogue is in this current.

The drogue will under the above assumptions, be radar speed trapped
at D,31kts. The thenfetical method will correct this to 0,23kts, a
difference of less than 20% from the true value for the hourly

velocity component.

Furthermore the mean wind velopity cobtained from all tﬁe drogue
tracking accaéiuns over the two week programme was only 1,6kts in a
nartherly directinn_(see Figure 11). Thus if B were incorrect by a
factor of 0,003, as in the Casg considered above, mean current. speeds
would be out by a factor of 00,0048 of a knot, which is negligible in

any terms.

1t is thus contended that:

1) Any discrepancy between current velocity and corrected drogue
velocity due to an errar in the estimation of windage, will be
less than 0,03kts during winds of 10-15 knots. This is of the
samevmagnitude as the uncerﬁainty in the hourly velocity compoments
caused by the tracking limitatiuﬁs mentioned in the previous

section.
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2) Average currents will not be noticeably affected at all by a
possible error in the windage correction formula. Indeed a
sampling bias will be seen to a more serious problem and this

is discussed in sections 3.4 and 3.6.

It is felt that the subject DF'wiﬁdage has been taken far enough for

the purposes of this thesis. In the following chapters "corrected
drogues tracks" will be considered to accurately portray water movement,
althougﬁ, even with spot-on cnrrectiuns; this would only be true in

calm conditions.
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3. RESULTS OF THE DROGUE TRACKING EXPERIMENT.

£

3.1 - Inertial Currents. V o,

Before the influence Gf wind on currents is discussed, the nature
‘and 8péce dependence of the vélocity of the currents prevailing
in calm conditions will be examined. Windage corrections were
miniﬁal.ur zero for all drbgues and thus the drogue paths can’be
considsred true "watsr parcel" trajectories, with the exception

of those interfered with by thermocline depth changes.

A calm period for a full 2§ hours on 1 and 2 July, 1578, provided an
opportuﬁity to observe ﬁlassical inertiasl motion at dépthe af 2, 5,

10 and 30&. The‘drnéue tracks are shown in Figure 6 and have circles
imposed on them for analysis. It is from‘thése circles that tﬁe radii
and périnds are'éleaned. The dfogue at 20 metres did not inscribe an
arc of a ﬁircle, but the thérmocline can be seen to be locasted between
15 and-QD metres and thus the 20m drujueAtrack would not reflect the
movement of any one water parcgl. In fact two very incomplete

gircular tracks seem apparent.

For the 2, 5, 10 and 30 metre drogues, the periods are in agreement
with those expected theoretically in this latitude (32 hours at
22°5) and the radii measdred are also reasonably in agreement with

radil expected from the formula:
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The Ucdurrence of inertial motibnris in itself important in that
it carries the implicatign“that residual pressure g:adient forces
were neéliéibia durihg this period. However, a calm period from
00hOO0 to 08hO0 on 27 June did not produce classical inertial motion
in the éurface_layers (although the direction of . velocity changes
was anficlnckuise) showing a rélaxatiun time for pressure gradient

forces is needed even following diurnal winds.

Theée feaﬁures éfa consistent with the fact that this study was
done in an area with a uide-shallow shelf, which would only allow
limited pressure gradiénts to establish,mhateverbthe wind history.
In regions where the shelf is narrower and steeper the residual
pressufe fradient forces could be mafe dominant due to the sloping

of isopycnéls being sble %o esitsblish on 3 larger vertical scale.

3.2 Horizontal space dependence of current Qalocity.

On two occasions the spatial nature of currsnis was lnvestigated and
the data from one of these, that of 30 June 4978, is presented here

in Figure 7. Three pairs of 5 and 30m drogues were released at

thfee locations 2 miles apart along the 22°5 latitude line and tracked,

initially by DECCA and afterwards by radar.
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The tracks at 30m show a "counter" current flowing "southwards" along
the coast, a Featqre'that has been noted by Stander (1964) and others.
The spatial veloéity distribu%imn of this current was very uniform

on this occasion, although the slower and slightly more southward
directed track of the furthest inshore drogue may have heen influenced
by the bottom topography. To this author's knowledge this is only

the second time that thié subsurface counter current has been measured
directly off SWA, although it has DFten.been inferred. HKuderskiy
(196&, nqt seen in thevuriginal) was reported by Moroshin, Bubnov and
Bulatov (1970) to have made "instrumental" ocbservations of this

current.

The presence of a thermocline between 10 and 20m (Figure 7) implies
that apart from continuity considerations, the 5 and 30m currents

" would be largely unrelated. The surface currents (at 5m) show up

mhét appears to be anticlockwise eddy formation in the surface

layer. In this type of flow, as opposed to uniform longshore flow,
obviously spatiai differences in current velocity must occur Dbecause
of the boundary imposed by the coast. The two anggr 5m trajectories
also show apparent frictional retardatién of potential inertial motion,
although this would have been abetted slightly by the light anticlockuwise
winds. It is noted here that so dominant was the role of the coriolis
force in the research area in affecting both wind and Currenﬁ that not
onoe during the entire two week experiment was clockwise rotation

pbserved in the surface layer.
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The results of this 3-point drop have shown the spatial coherence
gf current direction over g limited area. This feature will be
made use aof later m?en.compnnents of current velocity will be

treated as if they Qeré méasured at the ship's anchor site.

3.3 Wind influence on cdrrents,and an example of diurnal variation

Two different wind regimes nccurred during the R.S5. Sardinops two week
stay at MG1. During the first week winds consisted predmminantlg of

land and sea breezes, while the second week was endowed with southerly
winds and misty calms (Figure 8). Features of the calm occasions have

been discussed already.

The southerly winds were accompanied by aAFair émell which made both
anﬁharing and radar tracking difficult dr impossible, so drogue tracking
was attempted by other means. Figure 9 shows velccity vectors for
about & hours resulting frdm the first three point drop experiment on
the 28th of June. The vectors were calculated by noting the difference
betweén geployment and later positions of the drogues on the ship's
DECCA system. Surprisingly low velaciﬁies were found at both

5 and 30m. The only explanatiaﬁ for this is that much energy appears
to have been expended in deepening the upper mixed layer during the
southerly wind period (Figure 8%. Certainly this layer was well

mixed (sea the BT trace in Figure 95 and very little genergy went into

currents.
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On 22, 24 and 26 June, 1978, drogues were released in typical
lgndbraaze/seabreeze conditions (Figure 10). The best current
record was obtained on 26 June and it will be described to show
the response of the surface currents to the diurnai winds. Other
occasions showed similar features but did not have the continuity

of current measurement.

At 0BHOO an 26/6/78 a rather diffuse thermocline existed between

about 8 and 20m (Figure 13). At 20h00 hamevér, two sharp thermoclines
at 5 and 10m were present above the previous.thermncline (Figure 13).
Thus reasonably independent mnvéments would be expected at the
different depths. (This aspect is examined in detail for the 26/6/78

in section 9, hence the unfortunate jump in figure numbers.)

" As can be seen in Figure 10, the landbreeze started at‘DEhDD and
“increased in velocity to reach a maximum of between 15 and 20 knots
from 0BhO0 to 12h00. The direction was mainly 060 to D?U. Five
drogues at depths of 2, 5, 10, 20 and 30m were deployed betugen
.D7hDD and 08h00. The surface (2 and 5 metre) drogues immediately
set off in the direction of the wind (this was obviously more marked
before the windage corrections were applied) and then moved in a
maan direction of 210 to 220 dégfaes frdm 08h00 $£i11 12h00, which

ig about 30° to the left of the wind.

At 13h00 the wind dropped but it picked'up again at 16h30 as =
seabreeze from 260° before swinging around gradually to reach

southerly at 21h00. The wind died at 24h00.
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Two maré surface drogueé were deployed at 16h00 and the others
retrieved. At 16h30, aé the seabreeze started, they were heading
in a southerly direcﬁimn. Hy 20n00 their direction ha& swung to
080 under the influence of the seabreeze and at 24h00 the surface
‘drogues were heading 030, now howsver 30° to the right of the wind.
The calm cnnditiuhs from 24h00 to 0BhOO the next morning saw the
surfadé drogues swing slightly morevto the left, but inertiai
circles ware‘nat qgscribed, as mentioned in section 3.1. During
the whole diurnal cycle, the currents at 10, 20 and 30m moved in

- sluggish meandering manner to the»sadtheast, "down" the coast.

Diufnal winds have been shown to be able to énntrul the surface
currents. At 08h0O0 on 26/6/78 the surface current was westerly, at
20n00 éastarly. Thus a new time gcale of 24 haQrs can be added to
the inertial time scale of 32 hours. Ignoring pressure gradient
forces, this means that during tempurary‘calm conditions, inertial
current rotastion will lag behind diurnal rotation of the imaginary
wind (using a complex number analagyj. bhen the wind picks up
again this lag becomes noticeable. 0On the othsr hand, iﬁ a steady
state, say after 3 hours of unifmfm wind, the 5urfaﬁe currents will
lead the wind by about 30°. This variable phase of lag and lead
will cause problems. in the next section in which current aﬁd wing

components are correlated,
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3.4  Correlations between winds and currents above the thermocline.

fn intial ubjectiue of the drogue tracking experiment was to ascertain
guantitatively the response of surface currents to wind on a short
time scale, by means of correlation. GSeveral major problems were -

encountered and these are as follows:

Firstly the current record is far from continuous which precluded

d4 spectral analysis of the vectors.

Secondly the longer perinds of tracking, in particular those n? the
2 and 5m drngues, were done in calm or low windspeed conditions.
Thus viemeq’as g whaole the daté set of velocity vectors 1s biased.
(In order to keep accuracy as high as possible only uelacity vectors

from radar tracking occasions were used.)

Thirdly one is forced to assume a time lag between the wind and
current vectors, as currents take time to respond to the wind and,

as mentioned in the previous section, wind-changes.

Nevertheless, a determined effort to relate current response at
depths of 2 and 5 metres to the wind produced results which at least
underscore the fact that the surface layer did respond to, and in

general direction of, the wind forcing.

A time lag of 2 hours was used. The choice of this lag was decided

upon after examining currents and wind trajactoriés pictorially.
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It was noted that the current velocity seemed to correlate best
with the wind velocity recorded between 1 and 3 hours previnusiy.
Had the winds been more steady in velocity a longer lag would

have been no daﬁbt better, but the "steady" occasions were few and

far betweesn and these will be discussed in section 3.8.

Anocther decision was to use ognly current speed cmmponents‘far
cﬁrrelation with their appropriate wind components if the latter
had a wind speed greatef than 3 knots. The cumpﬁnent axes into
which vectors were broken were primarily north-south (Y) and
gast-west (X). X currents were only correlated against X winds and
Y currents only agdinst Y Qinds. Other axis directions were also
tried, including an angle between wind and current-axes as a
function of lag. However in view of the above-mentioned problems,
particularly bias, this ahprnach anly complicated the matter.

All Carrelatiués were lineér, in the line with Ekman's (1905)

- infipite ocean steady state equations which result in the following

relationship (at 22°S):
Surface current speed = 0,021 x Windspeed (any units) (3-2)
(The eddy viscosity value used was 4,3 x windspeed2 and the

windstress Tf was taken as 2,6 x 10"3 x density of air x‘windspead2 )

Neumann and Pierson, 1966, pp 209, 210).

2
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Although the cnndiﬁiuns for using the above-mentioned Ekman equation
were blatantly not met, his formula has acquired a generality of

applicatinn %hrdugh use, particularly as regards surface current speeds.
Table 4 below displays the results of correlations using half hourly

wind and current components. The X axis was taken as being positive

pastwards and the Y axis as positive northwards.

Table 4: Current-wind correlations

Current depth and direction 2my S 5mY - 2mX 5mX
" Correlation coefficient (1) - 0,80 ﬁ,65 | 0,73 0,45

Slope | 0,015 0,015 0,012 0,007

Number of points : | Ly L6 31 Q?

of interest in the Correiatimﬁs ig the correlation coefficient, the
slope and the intercept (not shown). * The square of the correlation
coefficient is indicative of how much of the variance ﬁf the current
components is attributable td the corresponding wind components'
variance, and the slope allows an estimate tﬁ be made of wind-caused
current components from wind velocity components.. If theré was a
residual pressure gradient current this would be apparent in =
.significant departure from zero for the intercept. The intercept
values are not given however, because after analysing them it was
realised that they reflected the sampling bias more than any residual

current.
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The values of the slope for the 2m X and Y currents are comparable to
the "slope" of 8,0?1 given in’aquaticn 3g2. In addition a small
allowance can be made fuf the fact that the Ekman equations predict a
surfacs current at angle to the wind. In the corresponding time
dependent solution of Ekman's equations this angle is about 18° after
two Jhdurs by which time the surface current speed is vefy close

to its steady state speed. In a later secﬁion current speed will be
related directly to windspeed without analysing components, and a

"slopse" of 0,017 will be obtained.

"The degree of current variance which can bé attribdted to wind élang
the same axes (rz), is on average just under half. Smoothing and
Vaveraginé of current and wind vectors raised both the slopes and the

rz Qaluas, the latter to just over half on aQeraga. However the number

af components available for correlation declined to an extent that

reduced the Ystatistical significance® of the results.

mind;CUrrent component correlations will not be taken further in
this study. However, it has been shown that the wind has prompt and
:“significant“ influence on the surface layer movement. It is
mentioned here ﬁhat statistidal significance can not actually be
given when a biaséd sample is used. However if one considers the
sample to a random one of Ylow to moderate wind speed esvents®, then
the positive correlation between wind components and the 2m current

components would be significant at the 0,1 per cent level.
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In the next section the relétinnships between current at various depths
will be examined, and it will be seen that evidence exists for a

separate current structure in the surface and lower layers.

¢

3.5 Correlations amongst current components.

A current cnmpanen% curreiatinn matrix is presented in Table 5. It
also includes Mind components, but only those appropriate to current

- tracking Décéaiunsf It is mentioned again here, that currents at

the different tracking depths wers nat always tracked simultansously.
Hence the vector data set for the'ZmVVersus 5m correlations would not
necessarily come from the same occasions as that fﬁr‘the 20m and 30m
correlations. Thus the number of vector components used for each
correlation differs and the apprapriéte numbers are also given‘in
Table 5. RllAcompDnents énnsidéred in tﬁis matrix are unsmooihed
hourly components. The average currents derived from these components

are shown in Figure 11.

For the purpose of this s%udy~cnly the highest correlations in Table 5
will be discussed, although many others are "significant". All those
discussed have r values sbove 0,75 and are as it happens, correlations
betwsen components along the same axes. Withput the conditions imposed
in the previous section, especially the 2 hour lag between wind and
surface (2 and 5m) currents, these currents correlated poorly with

wind components.
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Table 5: Correlstions amongst cuprrent components

Wind

.ma

ma,
10m
20m

30m

Wind
2m
5m
10m

20m

«

X y
2m Sm 10m 20m 30m wind  2m 5m 10m 20m 30m

,27(48) ,32(56) ,23(58) ,11(69) ,02(84)  ,47(34) ,06(48) ,07(57) -;13(58) -,21(70) -,03(8k)
93(39) L79(U6) -,02(46) -,01(ub  ,25(48) ,17(48) ,20(39) -,29(46) -,uB(LE) -,22(4k)
,85(42) ,23(43) ,25(55)  ,28(56) ,25(35) ,31(56) -,28(42) -,61(43) -,34(55)
-,06(54) =,22(53) . ,16(58) ,20(46) ,22(43) ,02(58) -,17(46) ,30(53)
,91(62)  -,16(63) -,08(46) ,09(44) ,u3(5L) ,27(69) -,31(62)
_,24(8) -,08(46) ,01(56) ,40(53) ,23(63) -, 54(8L)

-,10(48) -,05(57) ,05(58) -,03(70) ,07(84)

2 93(38)  ,17(46) ~,15(L6) -,23(Lk4)

[54(43) -,05(L4) -,23(56)
81(5L)  ,28(53)

,49(63)
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FIG. 11 AVERAGE CURRENT : VELOCITIES
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3.6 Curréntfvelﬂcities and speeds.

Ekaminaﬁian of "average" currents over the two week period at various
depths produced results (displayed in Figure 11 and Table 6) that
showed net onshore transport at MG1. The average velocity at 20m
was'difectly onshore, that at 30m had a strong “downshore® component
(possibly due to topographic effacts), as well as an onshore.one,
whilst the surface layer muvemenf (as measured by the 2 and 5m drogues)
Qas northwards and mainly 1nngsh0re. The average 10m current velocity
only had a very small offshore directed component, and could have only
minimally compensated for the onshore movement at other depths. Thus
for a cantinuify balance at the research site one must accept that
more offshore directed currents must have existed in the surface layer
and that these were Jjust not adequately sampled. The significantly
longer total time s@ent tracking the currents at 20 and 3Um puts

more confidence in their velocity figures.

It is, of course, not ﬁecessary to have an exact continuity balance

at MG1 as it is still some & miles from thevcaast. Howsver, it is

felt that a much better balance existed than is expressed in Figure 11,
in view of the bias of the current record which was discussed in section

3'&.

Table & summarises the extent and basic results of the current tracking

done by radar.
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Table 6: Current velocities and speeds.

Tracking depth (m) 2 5 10 20 30

Average velocity (kts) g,080 0,063 d,0z8 0,073 0,065
Average speed (kts) 0,241 . 0,204 0,171 0,138 0,151

Av. vglocityfsﬁeed ratio 0,33 0,31 0,16 0,53 0,41

Qnurs 0% radar tracking 48 56 58‘ &9 84

Of special interest in Table 6 are the éimilarity of the velocity/
speed ratios for the surface (2 and 5m) currents, the higher ratios
for the lower layer (20 and 30m) and the very low ratio for 10m.
These ratios can be used td support the by now oft repeated
assertions that the 2 and 5m depths were both practically always in
the wind controlléd surface layer, the 20 and 30m currents moved more
consistently (as can be seen by their higher velocity/speed ratios)
with an ansharekcamponant, whilst the current at 10m depth suffe:ed

- problems akin to those of a child with separated parents.

The agreement in direction between the average surface layer velocities
and the average wingd Qelocity (Figure 11) is welcome but not significant.
This is because about half of the wind velocity vectors used to obtain
the average were recorded during accasioﬁs when no surface tracking

was done.

In the following section the emphasis will be temporarily shifted
away from current vectors and current speeds will receive priority

attention.
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3.7 Gurrent speed variations mith denth,

Current speed prufilasvfrmm all radar tracking occasions are presented
in Figure 12. 1t muét be noted that these profiles in no way infer
anything about relative speeds between different depths. The mean .
spéed and éariabiiity fur‘thertracking depths are tabulated below in
Table 7. To obtain these mean speeds hourly or half hourly vectors
were not used, and occasions were hat weighted accdrding to the time
the drogues were iracked. Each occasion was instead considered as
sampling just gne current speed per drogue. In Figure 12, the day of
the month is indicated next to each profile (or point) with the

gococasion number in brackets.

Table 7: Current speed and variasbility

Tracking depth (in metres) 2 5 10 20 30
Mean speed (in knots) 0,23 0,20 0,14 0,11 0,12
S5td. dev. of mean speed 4,05% 0,053 0,063 0,036 0,017

Number of occasions ‘ 7 g 9 11 11

The mean speeds shown in Table 7 are similar to those of Table &,
but are somewhat lower at 10, 20 and 30m. The following points can

be noted from Table 7 and seen in Figure 12.
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FIG. 12 CURRENT SPEED PROFILES
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Firstly there is‘veryqlittle difference as regards the speed and
speed variability (i.e. std. dev.) of the 2 and 5m currents. This
vet again uﬁderscufes the féct that the wind driven layer sxtends
beyand 5 metres, and thgt either aof those tracking depths may be

usied to infer surface layer movement on different occasions.

Secondly the 10 and 20m currents show a notable speed decrease while
thz 10m curfent retains a high variability, emphasising again its

Yattachment" to both upper and lower layers on different occasions.

Thirdly‘the 30 metre current has a nominally higher mean speed than

the 20 metre current (which can be noted from both Table 6 and Table 7),
but ﬁhe iatter Table shows it to have an extremely low speed variability.
The possibility of an "under current" continucus in time and direction

is ruled out however, by the moderate value of 0,41 for its velocity/speed
ratio given in Table 6.' This would suggest a meandering counter current
in lower layers around MGB1, which is not as affected by short time-scale

continuity considerations as the direcily onshore 20m current.

Thus the present approach has yielded a slightly different grouping
of current structure with depth. The surface layer concept and the
unsteadfast nature of the fam current‘have remained intact, bu% tha
30m current has shown evidence that the lower laver is not always
one, as may have been expected; It must be borne in mind though
that a clue was unearthed earlier in section 3.5, where the 20 and
30m currents only correlated highly in the X (roughly onshare)

direction.
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This section complgtes the analysis of the whole current data set.
In furthcoming sections particular occasions will once again be

examined but on a more guantitative basis than was done previously.

3.8 Selected pafinds: “"gteady® winds and currents.

On some occasions the wind was reascnably uniform for a period of
several hnuré and drogues were deployed at at least two of the 2,

5 and 10m depths. Fbur of these periods were selected, during which
the wind did not change in direction by more than 10° and the windspeed
was greater than 8 knnts and fairly Qniform for a period of at least

2 hours. Average wind vectors were calculated for this period and
they are related to average current vectors for the corresponding
period after a lag of two haursf The data are tabulatgd in Table 8

and displaved in Figure 13.
From the average data shown in Table 8, a formulation of:

‘U(E)! = 0,017" Windspeed] ——=ww- (3-3) *(0,227/13,5) = 0,017
can be pbtained making no allowance for the angle between wind and
current. Bearing in mind this allowance, this formulation is
consistent with previaus results obtained for the slope of wind-current
component correlations (sectinn 3.4 and the Ekman based relationship
of V(o) = 0,021 Windspeed. The present result will be used |

extensively when developing the mathematical models in Chapter L.
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Tahle 8: “Bteady' winds and currents

Wind period

Veloeclity (kts)
Wind |
2m current
5m gurrent

Ama,ncaamaﬁ

Jeoocasion 1

11h30-13h30

12
0,19
0,13

0,13

Docasion b Ococasion 8

06h30-08h30 .  08h30-11h30

6 17
0,27 (est.) 0,22

0,22 0,14

0,13 0,12

Jecagion 9

21h30=-23h30

0,27
0,24

0,08

Average

13,5
0,227
0,183

0,115
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A brief description will now be given of the angular separation
between the winds and currents of these four selected periods with

reference to Figure 13.

In keeping with the results of previous sections, there was very
little separation between the 2 and 5m drogue tracks. This can be

ascribed to the balance between:

(a) the frictional and corioclis forces trying to move the 5m
drogue to the left of that at 2m, and
() the guicker response of the 2m drogue to the leftward rotating

winds.

Because these periods were chosen for their lsck of wind variation,

the first mentioned forces dominated except during occasion 9, when

the wind had a history of such rotation‘befﬁre’the selected period.

The latter occasion also found the surface current fo the right of

the wind for this very reasan (a previous description of occasions 8 and 9
in section 3.3 can be referred to for more details.) Duriﬁg the other
three periods the surface current was deflected to the left of the

wind.

The 10m current was on all four occasions found to the right of the
_surface (2 and 5m) currents. This implies that friction and the
coriolis force were losing out to the respansé of the surface layer
to the wind.’ The cause is stratification allowing shear flow to

exist between upper and lower layers. This important aspect which
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has been observable in most current data presented this far, but
has not yet been discussed, will be examined in detail in the next

section.

3.9 Burrent shear and density differences.

Current shear, that is a relative velocity betuween currenté at different
depﬁhs, is typically_faund most markedly over depth ranges with high
density gradiénts. In the research area, because of the very uniform
salinity distribution (see Chapter 5), this means over thermoclines.
For swifter Fiawing'currents a high density gradient is necessary for
shear flow, for more sluggish currents a lower gradient can suffice.
Mixing in regions of shear flow tends to reduce the density differences
by & process known as entrainment, and this aspect is discussed at
Alength in Chapter 5. In the present section, density differences and
relative velocities between "layers" that occurred du:ing occasion 8
will hevé*amined in detail, in an attempt to provide quantitatiﬁe
arguments to back up thé gualitative reasoning given thus far for

veglocity differences with depth.

The current date is given in Table 9 and the density data in Table 10.

3
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Table 9: Relative current velocities (08h00-15h30 on 26/6/78)

Depth interval (m) 2-5 5-10 10-20 20-30
Relative velocity (om/s) 3,6 3,1 4,8 4,0
(Relative velacity)z 13 9,6 23 16

Table 105 Density differences x 105 (gm/céb between depths an

26/6/78 and 27/6/78

Renge:  0-5m  5-10m  10-20n  20-30m  0-30m
Time

08ha0 2 12(s) 1 13(8) 28

12hon 5(s) 4(s) 25(s) 5(s) 39

16h00 13(s) 2(?) 19(s) 12(s) 47

20h00 15 3 24 V 5 L7

2Lh00 12 2 17 15 LE

0Lm0n & 15 12 B | 38

08hOD 17 3 g 5 34

Note: (a) A standard salinity was used for all times and depths,
as salinity was measured only at the 08h00 and 20h00
stations.

(b} (s) infers probable shear flnw between layers. The

period after 16h00 is not considered.
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Phillips (1977) discussed the balance between stability and mixing
forces and stated that for shear flow to be maintained without
rapidly destroying a high density gradient the local Richardson
number should not exceed 0,25 (a figure proposed by Taylor (1931)).
The times, and depth ranges in which shear flow could be expected on

the 26/6/78 are investigated below.

' 2

The local Richardson numbgr R; = ) g% /P(g}é) (3-4)

Hence Ql-_' Y 0,25 ./SL(Q_‘.‘)Z for shear flow (3-5)
oz q\ 02 } | .

In the present context this relationship will be written as

AF ) 0,25 ACL) X |0'3 ‘ taking g = 10° cm/sec? (3-6)
Az Az

In order to approximate to a local Richardson numher,(kz will be
taken as 100cm. All density and shear differences are then assumed
to take place over this specified thermocline depth. Examination

of the thermocline traces in Figure 13, particularly that for 20h00

on 26/6/78 shows that this is anything but an arbitrary assumption.
e now have the following condition for shear flow:

5 \2
Ap x 10 > 0225 (Auw (3-7)

The density differences required for shear flow in the various depth
ranges on 26/6/78 are tabulated below, taking (A;u)z as the (relative

velucity)2 given in Table 9.
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Table 11:

Depth range:  2-5m  5-10m  10-20m  20-30m
A/o x 107 required: 3,3 2,4 5,75 4,0

- Comparison of the data given in Table 11 above with that in Table 10
indicates that only in the 2«5m and iD-ZDm depth ranges at 08h00
would shear flow not be possible, even though the appropriate
thermocline trace shows no pronounced density gradient (Figure 13).

(An (s) in Table 10 indicates probable shedr flow.)

Further examination of Figure 13 shows that later in the day (20h00

on 26/6/78) two distinct thermoclines are evident at about 5 and 10m
‘depth.‘ The current vectors af 2, 5 and 10m reflect this by having

a very wide angular disparsion. The current at’1Dm depth is moving

at rightkangles to that at Zm.v Shear flow is definitely well
developed, and in this instance the assumption of taking tmz:é fUDcm is well
founded. However it appears that the initial density Ydigcontinuity®
which occurred above 5Sm according to Table 10, must have actually
occurred below the 5m drogues. This is dﬁe to the fact that the surface
hott;e sample was actually done at sbout 2 m depth meaning the 5m
sample was done at 7m depth. In keeping with hydrological sampling
techniques no allowance was made for this,; but in this instance it must

be noted.

In conclusion it can be said that whilst the conditions for the
existence of shear flow were commonly satisfied over more than
ong depth range in the water column, a small “disccntinuitg“ appears

necessary for "pronounced" shear flow.
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This section closes the chapter dealing with the results of the
drogue tracking experiment. Attempts will be made to model some of
these results, after a brief look at the spatizl distribution of

winds in the Walvis HBay to Cape Cross area.

A summary of the present chapter is provided on the next '3 pages.
It was designed both to sepsrate the salient results of this chapter
from the mass of methods, and to enable a reader to prnceed‘tm the

modelling chapter without referring to individual sections of the

present one.
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3.10 A summary of the results of thetdrégué tracking experiment.

(The results of each éecticn are Btatad.under the appropriaste

~section number.)

1)

2.)

Inertial mn%inn was obsefvad at differenf dépths during 3 calm
period with the implication that:

(a) pressure gradient forces had a relatively short relexation
|  time |

(b) shear flow between surface and middle, and middle and

lower layers must have occourred.

Spatial variation in current direction, but not speed, was
observed to be small at 5m. Spatial variation in velocity was

small at BOm. A "poleward" undercuzresnt . at 30m was measursd,

Strong éautherly winds that caused vertical mixing and
lowered the sufface temperature were not accompanied by

purrent velocities of any magnitude.

Diurnal winds rutéted in an anticlockwise direction with the
dffshore landbreeze generally being the strongest. The 2 and
5m currents were basically in tﬁe diréctiﬁn of the wind, but
the angle from wind {0 current was observed to change
from anticlockwise to clockaise as the wind rotated through

the day.



L.)

5.)

6.)
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Linear correlations of 2 and 5m X (i.e. easterly) currents on
Ximind, and 2 and 5m Y (i.e. northerly) currenté 0n Y wind,
using a current-wind time lag of 2 hours, would héve been
étatistically signifi:ant if the wind/current data set were

not biased.

Correlations amongst current components yielded very high

‘coefficients bBetween 2 and 5m currents in both the X and VY

direcfions (r = 0,93 in both cases). The 10m current
correlated well with surface (2 and 5m) currents in the X
directimn but nof in the Y direction mherakit is correlated
better with the 20m current. The 20 and 30m currents

correlated highly in the X direction (ﬁhat Clﬁsest to onshore)
buf ﬁot in the Y direetian,bshoming that a unified "lower layer®

cannot De assumed.

Average currents (Dalgulated\?rom the mholeAradar tracking
data set) showed mainly longshore trahsport in the surface
layer and onshore transport at 20 and 30m depth, with a
marked "downshore” component at 30m. At 10m the average
velocity was lnm and slightly offshore. Sampling bias is
thought to have led to an under—estimatian of the offshore

velocity of the surface layer.



7.)

8.)

9.)
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Current speed decreased with depth to 20 metres and then

" increased slightl{y at 3Cm. Thé 30m current had an extremely

reqular speed, and this together with its average velocity led
to the conclusion that a meéndéring counter current flows
"down" the coast in a south-easterly direction, the mean flow

beingklargely unaffected by surface layer movements.

Data from &4 Y"gteady state" occasions in which total current
velocity was divided by total wind velocity gave a formulation

of:
nSurface" current speed = B,017 x Windspeed
This result will be used extensively in the modelling chapter.

The relative velocities between layers, and the vertical density
structure showed that on a typical cccasion shear flow could
gpoour at more than one depth in the water column. Thus winds
wsuid often only éirectiy influence the surface layer (that
ahbve S—fum) and the mixing a? water properties vertically

below these depths would be severely curtailed.
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3.11

A Note on %he variations in the wind as measured at the Research Ship,

Henties Bay and Walvis Bay during June 1978.

i

vThe winds prevailing off South West ericakhave been previously
disﬁhssed along two linés.‘ Firstly, Stander (1963) and Stander and
de Decker t1959)jusing data from Pelican Point lighthouse detailed
the daily, saasagal and yeariy variability of the local winds around
Walvis Bay. Secondly, Hart and Burfie (1860), Stander (1964L), |
 Schell (1968) and Bailey (1979) described the basic pressure systems

and offshore wind regimes using ships' data.

At thevpresentvmament wind~daté is béing cnllécted from two anemaheters
along the South llest African coast in addition to that at Pelican Point.
They are situated at Ichaboe Island (26°S) and Henties Bay (22°5).

The Henties Bay aﬁemmmeter, initiélly instélled specifically for this
programme, gave data that highlighted the spatial variability of

the coastal winds in both longshore and offshore directions. The wind
measured at Walvis Bay, Henties Bay and the research ship during Juha

19?8 are shown in Figures 14, 15 and 16, and are described below,

Some basic differences amongst the winds at the 3 sites are sbvious,
namely that the stronger winds at Walvis Bay were dominantly southerly,
those at Henties Bay nnrth~easterly, and the research ship axpefienced
both of the above directions fairly equally (unfortunately the record

is much shorter.) If a sirong north-easterly was present at Henties Bay,
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a meak wind of similar direction would probably be measured at Walvis
Bay. 0On the 6thér hand, if a strong southerly was recorded at Walvis
Bay, a weak southerly could be expected at Hénties Bay (e.g. the

11th and 12th of June 1978).

All three wind records show similarity though, in that diurnal
variation is clearly discernible, albeit manifest in different ways

at the three sites.

At Walvis Bay the dominant variation is that of the southerly winds,
with unshura/ﬂffshpfa winds straddling them in time and often bordering
on calmé. At Henties Bay a similar pattern of éoutherly winds can
prevail in the absence of the dominant north-easterly. UWindspeeds

are about}half thnsé at Walvis Bay though.

On the 12 occasions when the north-easterly did "blow" at Henties Bay
in June 1978 (i.e. a minimum time duration of 8 hours and windspeeds
between 20 and 35 knots), the offshore/onshore winds at Walvis Bay

can be noted to be more prominent (e.g. the period from 21 to 26 June.)

‘The winds measured at the research ship showed less windspeed dependence
on direction, and thus incorporated the characteristics of both the

Walvis Bay and Henties Bay winds without their excessss.
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It can also be noted that the longer timescale event of "tunstant“
soutnerly minés frmm 27 to 29 June occurred with somewhat more
uniformity in space fhaﬁ the shorter time scale events, i.e. the

winds at the three méasuring sites at lesst blew in the same direction,

although with greatly differing speeds.

In conclusion it can»be said fhat the average’langshmrevwindstress,
the basic ﬁriving force for qpmelling, was greater at Walvis Bay

than at the other two sites; the Henties Bay site‘in particular
having more offshore windstress, which ﬁecause af the pulsating nature
gf the winds, mnuldAmnly géneraﬁe intermittent Uffshora surface
current pulses, with no basic longshore current. VThis wés the case

as régards currents'at the reéearch site, although,because aof the
greater occurrence of southerly winds and a diminutinn of the

velocity of thé easterlies (and currént sampling bias) a mean northward
current was detected. Further offshore from the research site, the
wind regime may have more resembled that at Walvis Bay, and a more

regular northward current may have existed during June 1978.
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k., A MODEL SHQNING SURFACE CURRENT RESPONSE TO WIND

4.1 ‘Introduction

A simple model of the surface layer incarpaiating same characteristics
found exparimentally is presented in,thié chéptér. The basic objective
is ta~investigatéAthe prediction of surface layer movement from wind
‘data, providing a defined surface layer exists. The current is the
movement of a "slab" of water extending from the surface to an

assumed depth a% B metres. Tbe equatimns are of the same form as

used by Pollard and Millard (1970), but here they are solved analytically
as well as numerically and will be used to examine different aspects of
cﬁrrant résponse to wind. Pollard and Millard (op. cit.) used their
fglab" as a means of integration and not Eecause of any physical
resemblance to reality. This is not the case here, as evidence aof the
reqgular existence of a surface layer, whose movement was basically
uni~-directional and not directly related ta»the movement of the layers
below because of shear flow, has been given in tﬁe previous chapter.

The following features are incorporated in the model:

1.) Time dependent wind and current, the driving force being a
basic longshore wind with an imposed diurnal variation including
both longshore and off-shore/onshore winds in the analytical

model. In the stepwise model any hourly wind input can be used.



67

Z2a) The caoriolis forece.

3.) Friction praoportional to current velocity and acting 'in the
oppaéite direction. Later, Fricfiaﬁ pruportiunai to wind speed

as well.
bo) Independent mcvément of a surface layer of specified depth.
The following features are amongst those omitted:

1.) Explicit depth dependence af current speed W , i.e. if the
slab is 5 metres deep W(o) = W(5) , but if a different layer

depth is chosen W(d) will not be the same as above.

2.) Horizontal and vertical continuity and coastal boundaries,
although for discussion an imaginary coast will‘he considered
parallel to the y axis on the positive x side of the urigin.
In the experimental section no evidence of direct coastal
influence on current response to wind was found, although the.
offmsﬁcrefanshore and longshore winds, and hence currents
they caused, differed. The ostensible lack of direct coastal
influence is attributed to the even bottom topography of the

area under investigation.
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4,2 The co-ordinate system, terms and ‘basic sguations

;\y (narth) 7 imaginary coast
s
dx /
dt /
2
7
%
24
2
x (east) %
> A
> %
L
7
4
g'y-z\,l ~
dt
The eguations are:
du + fv = Rv + Q1 , (4=1)
dv - fv = Rv + Q2 . ' (4-2)
ot

Q1 and Q2 are wind formulations in the x and y directions respectively.
R is a negative frictional coefficient having dimensions af(time)—q.

f ig the coriolis parameter and is taken as being constant and positive

in the above eguations.

This pair of coupled equations will firstly be solved by letting:



did
dt

du
dt

~(9-

U+ iv and Q = Q1 + iQ2 Qhere {1 has a simple analytical form.

(R + ifdy = Q : (4-3)

py = [J where p = ~(R + if) (L-t)

If1 é‘fhdt then we have a general solution for W in the form.

W

Q‘3

exp (—I)[ erxp(l)dﬂ + Cexp(~I)_ : (4=5)

A steady state solution

In order to obtain a velue for R,  was put equal to i (tc s/d)

repreéenting a case with a constant wind s in the y direction, with

tc as a transfer coefficient having dimensions depth/time, and

d is the depth of the mixed layer. The d dependence will be incorporated

in tc from now on and this will be discussed later. A steady solution

'is looked for in this instance.

W

it

it

exp (Rt + i,fé,) if LSte exp[-(Rt +1ft)] df} + Cexp (Rt +1ft)

Lste + C exp (Rt) exp(ift)
e | (4-6)
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The steady state solution is:

V- —Rste | U= -55be
R* +§* - RS

(4-7)

It is apparent from (4-7) that the value of R, or the tR/?I ratio,
determines both the angle between the wind and the current and the

speed of the cufrent.

If there is extfemély littie friction( )R/Fl tends to zero ) there is
a’ueéterly current, 90° to the left of the forcing wind. On ihe other
hénd, as }R/F‘ increases ﬁhe northerly current increases relative

to the westerly compaonent. The maximum current velocity is achieved
with R = 0 and it decressss as R increases. The current velocity
decreases propdrtionally to (1/tan29 + {)”1 as @ goes from 90°

to the left of the wind towards 0° l.e. approaching the wind direction.

Thus to obtain g value for R one must accept a value for the angle

of the current deflection from the wind direction in the steady state.
In this section “standard angles“ of 45° and 26 1/2° will Dé
cansidered, both for convenience as they correspond to R values of

~-f and -2f respectively, and because they are in line with Ekmans
(1905) result andnvariaus practical resulis reviewed by Neuman and
Pierson (1956}.. Pollard and Millard (1970) made no such assumptions
about R but used various values in attempts to get their model to

‘rebrnduce experimental results.
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A value is also needed for tc before numerical results can be abtained.

2 1/2

Since !wl = (u + vz) it follows from (4-7) that
mf = stec
I -1 _ (4L-8)
(72 + g2)/?

In the experimenta# part of this report dealing with the 4 "steady
state" occasions the relafinnship

‘Eurrent velocity, = 0,017 x wind Uelocityl was obtained (equation 3-3)

In the terminology of the present chapter this can be written

jul = 0,017 |s|

Thus . tc ‘will be put = 0,017 (4-9)

(F2.+ R2)1/2

These values of tc will be assumed to be valid for a slab of 8 metres
depth l.e. the implicit d = 8 metres. This is because shear flow and
stratification were noted to Occur usually between 5 and 10 metres

when the criteria for using the sliab model in the first place were met,
and because of the very high correlations between 2 and 5m current

- velocities and their similar speeds.
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L.t An énalytical solution with diurnally varving wind input

A specific applicétion of the analytical model was to see if the
. surfacé trajectories recorded in occasions 8 and 9 during the ses=
breeze/landbresze. @ Tregime could be approximated by a model incors

porating a theoretical representation of this wind.

A lorgshore uind’with.buth steady and fluctusting components of
magnitudes § and y' respectively, is thus considered together with a

fluctuating onshore/off-shore wind of magnitude x'.

O = Q1+ iQ2

&1 = - O t(_ Sin Cl)t = “X Sin cot (4-10)

Qz = ste + ytecoswb = S+ Ycos wt

It can be noted that the wind is nominally structured such that:

the diurnal easterly component reaches a maximum at 06h00

L e —— ———

northerly _ 12h00
westerly 18h00
southerly | 24h00

) = 2H /24 and t will be in hours giving the trigonometric functions

a twenty four hour periodicity. Ue have:

W= exp(-1)[Qexp()dt) + Cexp(-I)

where I, = - [R,t + i}ft]
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We are seeking solqtidns for both m and jﬁMdt. Once set up the
equation helow was ~ solved term by term, as the solution for each

term is an independent solution to a section of the problem.

W= exp(-I )- .iLj[-X siwot +1(5 + Ycos.wt,)] exp (l)d‘r} +C ex.p 1)

= exp(-I) i % [em(ii,w)cg‘: exp (iwt)] exp@)ou} (fiest term)

4+ exp (»1)[5 5 e?xp (l)cl}] | | | (second term)

+oexp(D{J cY[mumx—g +expClwtexp(Ddt]  CHurd term)

+ C »exp (~I) E ( fourth Yerm)

These terms mere 1ntegrated and the real solutions were obtained for

u,V and J’u,db and .f\/dt R These splutions are presented

below. They are steady state solutions and exclude the fourth term,

the transient, which will be discussed sepafately.

X . YHcw=§)coswbt +Rsmn Wbl X Y] (u)if)(()s(ﬂt + Ranat| - 55
=[-i+i [- (w"g )51 4 R_'l } [2 1[ (Wff)z + P2 R .‘,SL

w(t)

v(£) [X Y][(w f)sinwb — Rmsmt] [}ﬁ .}_][R coswt - in u)t] - .}%‘%S’

(w-§)* +R* EHL (wrg)z +r?

(w- &)s:. wb -Reoswt]4 x ‘mf)Sihu)t— R,cosu)t} 55t

] X +
% X Y (§-0)oswb - Roin wit L}{_]{Rsmmh(m f)mswﬂ _R5t
4 ‘*’i }{ (w-§)* + R JJ' 2 2| (wr§)* $R? R 1§7




T

It can be noted that the above solutions for u(t) and v(t),which exclude
the transient, have 2 24 hour periodicity, as cosine and sine of

2% /24) x (a multiple>uf 24) have identical values. - Hence the
net displacement changes over any 24 hour period is dependent only

an the constant longshore wind s.

It can also be noted that thg x'Y y'and s~winds\give independent X,Y85 terms
and thus one could keep on adding wind input functions, possibly with
a periodicity other than 24 hours, if this wasvthmught necessary for

a better wind description.

Before the above solutions are used for trials and simulation the

transient term will be discussed.

L.5 Transient effects in the analytical model

| "rrafxs;énx.{ m(t\] = Cexp(R,t) exp (ift) | (4=13)

where C is complex, but exp (Rt) reduces both the real and imaginary

parts of the transient with time, depending on the valus of R.

What Pollard and Millard (1970) refer to as an "e folding time"
namely the time taken for the transient to be reduced to 1/e of its
initial value is given by -1/R and has values of 5 and 10 hours when
~-R is set equal to 2f and f respectively. This is much smaller than
the e folding times used by Pollard and Millard (pp. cit.) theirs

ranging from 2 to 20 days with 4 and B8 days being preferred.



~75-

It can also be noted that the values of 5 and 10 hours ére based on
angles of deflection of the slab of 26 1/2° and 45° respectively

cum sole of a steady wind. Pﬁllard and Millard (1970) have thus made
the implicit assumption, by means of favouring such long "e folding
timeéﬁ,that their slab would move close to 90° away from a given
steady wind direction. This is evidence for the earlier statement
tﬁaﬁ they used this representation as a cmnvénience only: =@ slab
being an integration over a depth similar to the Ekman depth of

frictional resistance.

The formulas derived from u, § and x and y diéplacements were incorporated
jintd a program,'sm<that‘F0r gach hour over a &S‘hmur period values of

u, v, uz+ vz, x, y and total distance travelled i.e.zil(uz + v2)

were printed out, and the sléb trajectary‘and wind were plotted on an

HP plotter. T%is fadilitated cumparisnn with the drngue trajectories.

No transient effects were included because they would have only

markedly influenced the first Fém values of the above variablés.

Rlso transient effects can be examined better in a numerical model

which can incnrpdrate both step function analyiical winds, and real

wind input.v Such a model is developed later in this chapter and will

be used inter alia to investigate transient effects.

The values for x', y' and s wind inputAtﬁ the analyiical model were
used firstly to investigate their characteristic effects in conjunction
with various frictional values, before being used for simulation.

These effects in turn necessitated the study of the influence of
latiﬁude, gspecially manifest in the terms (w-f) and (w+f), on slab

trajectories with varisble winds.
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L.B ‘Discussion of the (w = f) and (W + ) terms in the analytical

gsolution

Trials‘mith various values of R in relation to f, &sing two values of

f appropriate to 11°S south and 22° south produced results that were
initiaslly disconcerting. At 11°5, mean current speeds due to rotational
winds appeared to increase if friction assumed a greater value in
relation to f. 0On the other haﬁd at 22°5, greaster friction caused a
reductian in average curreﬁt speeds (Table 11).’ (It must be noted that
these changes in the F ¢ R ratim/weré accompanied by a farm of

renormalisation discussed in b.) below.
| The cause for these differing trends at 11°5 and 22°5 was thought to
be mainly with the (w - f) term and also the (w + f) term in the

equatiors for u(t) and v(t) given in (4-12),

The following procedures were adopted to clarify the situation:

o it o4 ettt [ttt S

-------- (4=14)

“(ignoring transient and longshore wind effects) and v(t) has a similar
form, it can be aéen that by having equal x and y diurnagl wind the
‘secoﬁd part of the above eguation would = 0, eqgual but opposite x

and vy @inds would cause the first part = 0, and an x wind input only

would asllow contribution from both terms.
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Thus only diurnal winds were cansidered,'and the magnitudes of the
x and y components were chosen Quch that the characteristics of the
solutions containing only (w - f) and (w + f) terms, and a

combination, could be examined separately.

b.) Becauserdifferent f values would be considered, the implicit
transfer coefficients in X and Y (X = tc x', Y = tc y') were made
explicit and made to change with latitude according to the Ekman

rélatimﬁshib:“‘
i 1 -
Surface current speed & (Slh ¢) /x | (4~15)

From the above and eQuatidn (4-9)

tc = 0,017 { fgt‘: 22) " (R +5 (¢)’)yz | (4-16)

It must be noted that at 22°5 with a steady longshore wind 5, lm!

will always equal 0,017 x]Siusing the above equation for tc, regardless
of the value of R. This means that tc is automatically renormalised

to cumpensaie for increasing friction AEEB&DING THE STEADY STATE

RELATIONSHIP given in equation (4-9).

However even with this renormalisation, the R : f ratio can greatly
influence the mean speed of the slab during rotstional winds, the

amgunt of this influence being a function of latitude.
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Table 11: Current sﬁeed as a function of the friction to coriolis

ratio at 22°5

coriolis parameter (f) = 0,196 hours™ | x' = 20 knots y' =0

*®

friction (as a multiple of -f) - average current speed (knots)

0,2 o 0,LLa
0,4 ' 0,355
0,6 0,294
a,8 | | 0,259
1,0 - 0,238
1,2 0,225
%,a 0,218
1,6 | 0,213
1,8 ‘ 0,210
2,0 : 0,208
2,2 ' 0,208
2, | 0,207
2,6 0,207
2,8 0,207
3,0 , 0,208
Ca) It’had also been observed from running the model with diurnal

winds and different R and f values that the phase relationship

between wind maxima and current maxima was dependent on both f and

R, Thus the speed had toc be summed over a f& hour pericd and averaged.

An integral could not have been used as Jr %ﬂ(ﬁ)d% =0 using only a di=
6

urnal wind input. Integrals over other time periods would have led to
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the problem of W) phase changes with f and R in relation to the

forcing wind.

— 24

P
Thos \wl - %{}Z [Vt + VO] Yy
| e |

(L4~17)

oo

The mean speed \ml was calculated for 15 ratios of frictional to
coriolis force for latitudes from 10° to 80° in 5 degree steps. The

results of trials with three different wind inputs are discussed below.

Trials

1. A wind input of x! = y"= 1D'knmts was used so that only the

Som——

term incorporating (w - f) would remain. At 10° south Jul

increased with an increasing friction to coriolis ratio.

[

However at 155 south !hﬂ displayed very little dependence on
frictian and at 20° south and at all greater latitudes Im\
decreased uith an increasing friction to coriclis ratio. This
explains.the qifferent trends noted at 11°8 and 22°5 which
prompted this investigation. Other facts also emerged from

P

this trial with regard to the Ju| maximum. Wwith R = -f
the highest value for }wi occurred at 20°6 and with R = -2f
at 15°S5. When R was set equal to -0,2f (its smallest value)

reached a maximum at 30°5 because there the inertial and

diurnal periods are the same.
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These Featurgs are of importance because it is around these
latitudes (15°- 30°) that classical saabreeZeflandbreeze wind

regimes often occur along west coast environments.

A (10,-10) wind input was used in this trial so that only the
(w + f) terms would remain. Physically what such a wind input
impliasAié thét the rotating winds éﬁd the coriolis fcrca aré
tryingAtm drive tﬁa current in opposite rotational directions.
The‘cmrialis‘FGrca obviously cannot dominate and so the highest
"average velocity waé achiaved when friction was greatest in
relation to f. Thus there was a steady increase innia}with
increasinglﬂ‘at all laﬁitudes; This trend was most marked
where f was least.({0°8);‘Taféependence gn R and f was not
pronounced though. With R = ?D,Zf, iﬂﬁ = 0,066 at 10°S and
0,070 at 80°S, whilst with R = -3f, m = 0,161 at 10°5 and
(0,099 at 80°8. This is consistent with the fact fhaﬁ the
| (w + f) terms have no reéonances at’particular f values. This
type of wind forcing is not very likely to occur asbthe typical

rotational nature of diurnal winds is dictated by the coriolis

force.

This trial used a 10 knot diurnal wind input in the x direction
only, so both the (w + f) and (w - f) terms would be present.

The suspected dominance of the (w - f) terms was confirmed.



4.7

-81=

m———"

]w( incréaséd with the)R : Ffratio at 10°5, at 15° south there
was very little depeﬁdence and at greater latitudes U decreased

with increasingIR : fl, except for when R = -3f at 20 and 22°S.

—

Generally very little variation in ]wl occurred when -3f R& 25

-

regardless of latitude (Table 11). UWith R = -f, lm} reached

- a maximum at 20°5 and with R = 2f, this maximum occurred at

15°8., Mifhfﬂlat its minimum value (-0,2%) the greatest mean.
current speed was observed at 30°S. These trends are basically

the same as those discussed for the first trial.

Thus the (w - f) terms dominated trends from 15° towards greater
latitudes. Gnly at 10° did the (w + f) terms give the same
trends as the combined solution. Local effects at 22°S can

now be observed from a broader perspective.

Results of running the analytical model (at 22°5)

Trial 1

A steady longshore wind produced the expected straight line trajectories

with angles between wind and current dependent on R. From the printout

for triasl 1 the results of using a 10 knot southerly wind with three

frictional formulations were checked.
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Te) R was set

2.) R was set = ~-2f but tc'mas,renmrmalised to get'm‘= D,D17gs|

]

3.) R was set = -2f but without renormalisation.
(Unless specified to the contrary tc will always be renormalised to

give {m[ = 0,017 Js|in future trials.)

In the first two ingtances speeds were obviously the same by virtue
~of renormalisation but 1.) had the slab moving at 4%° to the wind
whilst 2.) had it moving at 26 1/2° to the wind. In 3.) the direction

was the same as 2.) but the current speed was reduced by 36%.

This trial,bath_ﬁesﬁs pért Dflthe model (and adaptions to the plotting
software used for the drogues) and supplies the net rate of movement

per day of the slab in relation to the strength nf.the steady longshore
wind 8 for all future trials. It has been seen though, that the total
distance and average speed of the slab is a Functian of the R : f ratio,
latitude and diurnal wind strengths even after renormalisation of tc

and this aspect is investigated belouw.

Triasl 2

The model Qas run with a 20 knot diurnal x wind only, with R =

and -2f. .The trajectories (Figure 17) appear elliptical, although
they are not true ellipses. The flatier trajecﬁnry occurred with

R = -2f and the angle between the "major axis® and the x axis was also

less than that for the trajectory with R = -f. If tha{R : Flratio
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raéohed very high values the current would merely move élowly backwards
and forwards almost in the direction of the forcing wind. This can be
confirméd by noting that w(t)/ v (t) is large for largeiRIif there is
only én % wind input. uith{R : Fivery small on the other ﬁand the

trajectory would become more circular.

In terms of mean speeHs the trajectory with R = -2f had a value of
15% less than for the R = -f case. This aspect has been discussed
simultaneously with the effects of latitudinal variation, and was

dhown in Table 11 for 22° south with R ranging from -0,2f to -3f.

The only Uther point from this trisl which deserves mention is the

aspect of lags‘betueenmindspagd maxima and current speed maxima. In

the x direction, the direcﬁiun‘of the wind forcing, the current component
maximum occurs two hours after the wind maximum with both R formulations.
However tHe y component reaches a maximum 2 hours befmge its imaginary
wind maximum with R =-2f, and occurs simultaneously with it with

Rz"'f’o

Runs with other wind inputs, which will not be discussed separately,

- confirmed the trends indicated above:
a.) - That the axis of the dominant wind has greater lags between wind
and current maxima than the axis with the lesser wind (or no

wind).

b.) Increasing R tends to reduce those lags on both axes.
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Other features shown in these runs include the following:

C.)

d.)

e;)

f.)

Over a period of time of 24, 48 hours etc. the currents will

be the same and the net displacement change is dictated only

by the longshore wind input (R and f constant.)

An increased diurnal wind and thus current component in one
direction leads to increased current components in both

directions.

Noticeably greater (by about 15%) current speeds were obtained

with R = =f than for R = -2f at 22°S.

The effect of changing the layer depth from the implicit

8 metres assumed so far, is inversely proportional to changing

‘the wind input. Thus if a slab of & metres thick was to be

investigated with a real 5 knot wind, a 10 knot wind would have
to be the input. This slab would have double the velocities of
the 8m slab, but as the slab model in this study attempts

reasonable physical realism, all further runs will use a slab

>DF Bm. Thinner slabs may be applicable to specific areas and

times such as sheltered seas and lakes in summer, and possibly
the present research area in summer. However wind speeds would
have to be kept low to avoid breaking down the stratification

at the base of the slab.
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CSimulation 1

An attempt was made to pfnduce a trajedtory which bore resemblance
to the 2 amd 5m drogue trajectories recorded during occasions 8 and 9,
During occasion 9 the wind died at 24h00 and so the model and experimental

trajectofies are expected to be disgimilarafter that time.

A diurnal off/onshore wind c# 15. knots wasg chosen as a compromise
between the 20 knot offshore and 10 knot onshore recorded experimentally
during occcasions 8 and 9. A 5 knot constant longshore wind would supply
northward disglaéament of the corrsct magnituda‘over,Z& hours. This
would have to be modified by a fD knot diurnai component in order to

get the required midday northerly wind. Friction was set = -f.

The experimental trajectories along with the model trajectory and wind
input are shown in Figure 18. Several features of the experimental

trajectories can be related to that of the model:
Te) Both trajectories are of a distorted circular nature.

2.) Average speeds over the 24 hour period are comparsble:
model (0,29 knots), 2m trajectory (0,24 knots), 5m trajectory

(0,22 knots).

3.) The absence of an offshore wind on 27/6/78 as had occurred on
26/6/78 is largely responsible for the experimental veloclities

nét having comeg round to the west by 08h00.
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Overall, as regards modelling classical situations the agréement

between the model and reality is heartening.

Other wind ihputs within the present solution were able to simulate
|

certain sectioné D% the experimental trajectories better. In addition
new anélyticél solutions ﬁould_ba derived, pussibly_incarpurating
funptions of a different periodicity, but‘particularly with a constant
wind component in direhtions other than longshore. Ffor example a
steady 5 knnt.easterly:uind with a 10 knot diurnal component would
havé the effect of making the diurnal off-shore stronger than the
onshorg. It is %elt Héwever, that not much more would be achieved

by these experiments as the data set for comparative purpose is too

small.

The alternative is a step-wise model which could employ both theoretical
and reél winds as inputs. Tmﬁ very attractive features of fhis model
are that it will be able to simulate transient effects and inertiasl
gffects. The one bad point is that the model must bg run in order to
examine results; there are no terms as in an analytical sﬁlution

which cah be examined in order to guage their effect.

It is menﬁioned here that the greatly increased average current speeds
due to the duirnal winds will Qraatly increase property exchange

across the boundary between "the slab and that below® by entrainment,
although there is no net dally displacement of the slab due to these
winds. Thus this model does have implications associated with enhanced

property transfers; these will be mentioned later.



-89

boB ' A sﬁep—wise sglution to the model'and its stebility

Solutions for u(t), v(t), x(t), and y(t} were obtained by using the
consistent and convergent formulae below, derived from eguations

(4-1) and (L4-2).

1

ultrat) = ae)[ 1+ ROE] - SVEIAL + QiAL.

A (4-18)
VE A - v+ R FSumat + Qabt

01, Q2 and at a later stage R, were input hourly. Z& t was allowed to
be any fraction of an hour down to a minute. AL sach step of the

splution a discretisation error af()@&t)was incurred.

To Bheék initially for correctness and stability of the model (i.e.

that discretisation and rounding errors are not amplified) a theoretical
wind input of the same form as was used in the analytical solution was
employed. The oputput, using different At values, was checked against

the corresponding analyticai sglutions.
Trial 1

Using a steady 10 knot longshore wind as input and different combinations

of t and R it was found that:

1.) if the initial u(t) and v(t) values were equal to the analytical
steady state values then u(t) and v(t) remained correct to 2

significant figures at subseguent times regardless of R orAt.
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2.) if the initial ult) and v(t) were set equal to zero then}u(t)'

and v(t) élways approached their steady state Qaldas. with
10 tsteps per hour i.e.At = 6 minutes, u(t) and v(t) héd a
discrepancy of less than 10% from their steady state values
after abmutlﬁ-ié hours. However the case with R = -f then overshot
its steédy solution slightly before settling down. This was
not apparent i the R = -2f case. With only 2 tstepé per
hour aimost a day was necessary to achieve similar sccuracy.
Thus with 10 tstepsAper hour the only significant departure

- from the analyﬁiéal sblution appears toc be dQB to transient
effects and not mathematical cbmplications (c.f.‘the‘S-ﬁﬁ hour

Ly Fnlding times"mentioned in section L.5).

Trial 2

>A wind input of 5 knnts steady longshore, 10 knots diurnal longshore
and 15 knots didrnal off-shore/onshore was employed and a cumpariéan
was again made‘hetweenrthe analytical and stepwise solutlons. After
transient effects had‘éiad down the following results were computed over

a 2k hour period.



Tablé 123 The accuracy of the stepwise sclution to the surface

‘layér model

Analytical Stepuwise

x displacement (n. miles) -0,92 -0,91
y displacement 1,82 1,83

Total distance ’ 5,79 5,84

'Velmcity components at any particular’time did not vary by more than

0,01 of a knot.

Although the above trials indicate the stepwise model to be accurate
and stable, a theoretical examination of stability follows to
investigate the conditions for stability.

'A forward or éuler scheme was used to obtain solutions to the pair

of equations (4-18) which can be combined and expressed as below,

where W = u + 1v again, and § is ignored.

{ned) T {(n}
w1 (Lf+ R]ﬁt + W | (4-19)
This equation is a combinatiun of the two eguations
w(m-x} 3 u(ﬂ)i,fﬁt 4 m(h) Losélliatofg chahbn) (4-20)

WL W Rae W (friction equalion) oz



~97..

The Euler schemé is uncmndifionally unstable for the oscillatory
equation but unconditionally stable for the friction equation. -That

the cohbinedAequatian is conditionally stable is shown below:

A wtﬂﬂ) _ wb’ﬂ(‘ *,' RAL +(‘L‘f£\t) | | : (4-22)
Define gnﬁamplificatinn factcr‘)u such that

w(“f‘l ’= A U)(“l , | | | (4-23)

1& ljbi'é'l the numerical solution remains bounded as n increases,
‘gnd as we knnw the exact solution is bounded the error of the
numerical solution is bounded. Then the Euler scheme is stable for

eduatian (4t=19).

A= (14 Rat +ifat) 4-24)
|l = [l + 2ADL +(R4xt)2 +6&t)2]V2 (4-25)
For stability V ‘X‘ <1 & l)‘\z < 1 (4-26)

As R is negative

“2RA6 » (RAE)® +(FAL)? (4-27)
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This condition is easily satisfied for At small enough and hence

equation (4~19) is'nmnditionally stable. The condition is:
At <€ —-‘ZR/(R"{—gz) ,' ~ | (L-28)

If weutake(Rl: 0,1f (its mihimum value in this whole sectian)

and f = 0,2 haurs™ |

then A t must be less than 0,02 ~0,5 (4-29)
| 0,000G + 0,04 |

Thus in‘A t is less thanﬂ/Z an hour (At criterion) al‘l‘ solutions
discussed ara,stable,'seeing the=miﬁimum value FDrIRlused is{**o.if?
At;maé usually set equal to 1/10 hour, a value easily satisfging‘the
stability criterion above. The rmundiﬁg arid discretisation errors

for‘a particular step will diminish in influence in succeeding steps
by a ,step. factor of at leastAt/&t criterion = 1/5, more generally

1/50 when R = ~f,

4.9  Simulation of imertial effects (Simulation 1)

An éttampt was made to model imertial conditions in this simulation
the results of which are shown in Figure 19. A 10 knot y wind component
and 8 5 knot x wind component were allowed to blow for 12 hours and

were then Yshut off*. Frictional values used were -0,2 ¥ and ~f.
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With R = -f a steady current seemed to be reached after 12 hours.
The current speed was reduced to & of its value 7 hours after the
- wind stopped (cf. the 10 hour e-folding time of the analytical solution)

and was virtually zero (i.e. 0,01 knots) aftef arother 10 hours.

When R was set ¥_-D,2F current speeds were not markedly different

under wind fofcing (because of renormalisation of tﬁ) but after Furcing
stopped‘the current speed was only hélved after a full day.} The

"inertial® part of the traje;tmry'would appear circular if observed

gver about half a day or less. Graphical estimation of the radius

of the iatter part of the trajectory using the‘method of inertial circles

as was done in the Bxperiméntal sections 3.1 gave a A radius of 0,45 n. miles.
The average speéd afound this A radius was appredmately 0,09 kis.

One should be able to estimate the value of f from this using

f = current speed/radius. This gave a value of 0,20 + .01, which is

practically the same as 0,196 used in the model.

These results aré noteworthy in that they imply that for observed inertial
motion to take placé in practice R should not be much greater than
[—D,Ef{. ‘This suggests that R could be made a function of windspeed,

with a suitable minimum value to allow calm conditions to be realistically

simulated.



' 4.10 Simulation using real diurnal winddata (Simulations 2 and 3)

- Two sets of "real' wind data, firsily that recorded during cccasions 8
and 9 and secondly a digitisation of "average conditions" at Pelican
Point (Table 13) as described by Stander (1964), were used. R was

set = ~f. . The results are shown in Figure 20.

Table 13: A typical daily wind seguence at Pelican Point

(adapted from Stander (1964))

Time Wind dir. Speed .(kts) Time  Wind dir. Speed (kts)

01h00 180 .6 13400 225 12
02h00 180 | 6 14ho0. 225 12
03h00 . 180 6 15h00 225 12
DLhOOD . 180 6 16h00 - 202 ETA
05h00 180 6 17h00 202 14
06h00 90 " 1BhO0 202 14
g7h00 90 4 19n00 202 1%
08hoo 90 U 20n00 180 8
09h00 90 A 21h00 180 8
10h00 90 10 o2h00 160 6
11h00 90 10 23h00 160 6

12hoo - 225 12 24h00 . 180 6
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SIMULATED TRAJECTORIES USING REAL AND
FIG. 20
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The trajectories for occasions 8 and 9 only resemble reality for the
period 08h00 to 16h00. The weaker southerly winds and calms recorded
during the night did not give the slab the necessary northward

displacemént. To do this two options came to mind:

ﬁQ) R could be set proportional to windspeed (after renormalisation)

in order to speed up currents in low wind speed conditions and

reduce them in high windspeed conditions.

2. A steady longshore velocity could be added to the solution at
every step, thereby acknowledging the presence of an apparent

residual current of up to 0,1 knot in this case.

The first option will be used in simulation &4, and both are employed
simultaneously in simulation 5. These simulations are described in

the next section.

The trajectory based ﬁn Stander's (1964) winds, showed a definite

daily northwérd displacement over 24 hqurs; althoughvslight southward
movement did occur around midday. The more "apparently'reélietic"
trajéctory that occurred with this windvinput could be ascribed to the
fact that no calmsAuere included. This is where thevfixed R assumption

asepems to break downe

No current trajectories were available for comparison with the above
simulatién, but comparisan of average northward speed of the slah (about
0,12 knots) with the average northward current recorded during June/July

1978 further north off Henties Bay (0,08 knots) is evidence that both
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the experimental and theoretical éectimns of this report have attained
a‘measure,af cdnsisténcy defining typical coastal Benguela current
velocities, particularly when the wind differénces between Walvis Hay
~and the research ship (diécussed at the end of chapter 3) are borne

in mind.

L.11  Simulated trajectories with variable friction and a longshore

current

In simulation &4 option 1.) mentioned previously was explored, and R

and tc were formulated as below:

R =50,05. f . |uindspeed| if [windspeed [»1 knot
R = -0,1f otheruise (4-30)
tc = 0,017. JEﬁ.F i.e. tc is constant now and has a value

bapprupriate to the old R = ~-f formulation.

As regards simulating the trajectories of occasions 8 and 9 this formu=
lation was only a partial success, the slab stil did not have sufficient

northward displacement, and so option 2.) was incorporated as well.

Pogsitive x and vy wind components of 3.5 knots were used in order to
get a longsﬁnre current of the correct magnitude. These were added to

the real wind components and R was kept the same as in simulation &4,
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Figure 21 shows that at last the model has reproduced all the basic
features 0?<the drogue trajectory, but interestingly enough only

slightly better than wids done by’the éimple anglytic model.

It is unfortunate tﬁatg besides occasions 8 and 9, the onlg‘ather long
;ecmrds of chrents were obtained during calm conditions and therefore
could Dnl? be used to test the model in & limited sense as was done

in simulation 1. B5till it is felt that this investigation has achieved
its primary objective, namely it has revealed both problems and
ﬁfucedures with regafd to the predicgion,of‘surface layer movement on

a timescale of hours from wind data. The‘contributiuns of inertiasl ‘

and residual currents have also been identified and included.

The results of the slab model and the experimental work will now

be compared to the results of a more sophisticated model (0'Brien et. al.,
18977) which also employed diurnal wind input. The hydfolﬁgical effects
kUF an "indépendentlg moving surface layer® will 58 fully discussed in

the next chapter.
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FIG. 21 DROGUE TRAJECTORY AND SIMULATED TRAJECTORY
WITH VARIABLE FRICTION AND LONGSHORE CURRENT
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\

4,12 Cdmparisnn with a more sophisticated model

‘0'Brien et al (1977) Fresented a coupled Dcéan~at§08hheric model with
a primary intention of examining "the oceanic response to sea breeze

forcing® and its "role in coastal upwelling®.

Some of their resulis are stated below and éampared with those from

both the experimentai'and modelling sections of this work.

1.2 '"The sea breeze forces a clockwise, rotating, diurnal oscillation
in the upper layer of the aocean near the coast which is

superimposed on a slowly evolving motion fielde..".

The slab model and the experimental éeétinn have displayéd this rotating
(anticlockwise in the southern hemisphere) diurnal oscillation quite
clearly. Below the thermocline currents at ZD ahd 30m are more sluggish
with a mean speed ﬁf Just over half of ﬁhat of the upper layer. The
current at‘Zﬁm is ﬁhe most consistent, with the highest average

velocity : average speed ratio (Table 6) implying a smoothed response

to surface slash movement on the diurnal scale.

24) "Near the coast the velucit? perturbation is about 10-15cm sec.uq.“
This is esguivalent to the 0,2 - 0,3 knots found both experimentally

and in the slab model due to diurnsl winds.

As the slab model defines no variation in the depth of the upper layer,
discussion of layer depth changes is based on results from the

gxperimental section.



3.)

bLo)

5.)
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The madel of O'Brien et al (1977) showed a diurnal fluctuation
in the depth of the upper layer of about 3m, at the coast

reducing to zero about 12km from the shore, which they ascribed

- to the oscillation of the currents and their kinematic coastal

boundary condition. A corresponding variation of magnitude of
about 3m can be seen in Figure 22 for the periods around the
21st and 26 June, the latter period being that during which
drogue tracking occasions 8 and 9 showed‘oscillatory currents.
Although the research site was about 10km from the coast the
shallowness of the Qatar (Fiéure 2) naareryfhe coast would

revise distances in comparison with O'Brien gt. al's model.

The fmo layer model sﬁmued a diurnal sea surface temperature
fluctuation of the order of 1°C at a point in the upuwelling
frontal regimn, Figure 22 shows a similar fluctuation for the
two periods mentioned abcve; the higher temperatures being

measured at 20h00, the lower ones at 08h00.

"The seé breeze forcing causes a weak palewérd surface counter
current'to form diurnally within 10km of the shore....". This
phenamenmn was fully witnessed during occasions 8 and 9, and
over shortar periods during other ocoasions, sg. &4 and 5, 7.

(See appendix A).
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Thus the experimental section has not only éerved as s basis for the

slab model described here; but has in addition éhﬁ;lied evidence

to help confirm trends of the coupled model @reéented by (0'Brien, gt. al.
- (1977). Also, within the gbvious limitations of the slab model, there

is no disagreeheht cancerning typical surface current speeds ahd
directians; Unfortunately the mégnitude of ﬁhe sea breeze used in the
CUupled mndel is not mentioned, nelther is the value assumed for the
coriolis parametor f. They did however state: "since the angular
‘Frequency of farcing is less than f, the (diurnal) oscillétimn does

not take the form of a propagating wave." They have thus restricted

their model to latitudes polewards of 30 degrees.

At 22°5 tha diurnal frequency of Faréiﬁg is greater thah f, but the
slab model cannot simulate propagating waves due to the assuﬁptions
of unifmrm denéity within the slab andvits fixed top and bottom. If
one no longer assumed a slab with a fixed top, and ignored at this
stage density diffafances with depth, the equations of motion would

he:

(4-31)

du T 3
V——RUa +Ql
ar *3 35%

| - 432
g!-fu—&\rz%ﬁ{t + Q2 (4322
+ 2;3
whérs 711 is the displacement of the sea surface from a level

gurface.
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It cén be seen by adopting scales of 0.1 m/s forAu andAv, & hours

forf t and a diurnally forced sea surface slope of the order of 18“6

that thHe previpusly. omitted terms Sg% and Sgﬂaapproach gsame order
: Yy /

of magnitude as the others.

The‘magnitude of the slope was estimated by using the difference in
dynamic héight hetw%en ocoupations of station MGB1 at 08h0OD0D and 20h00
on the 26th of June andja space scale G4km. (This method runs against
the assumption of uniform density, but is the only approach u@en to

the author.)

The dynamic height difference = 10 [ﬁ,0597 - a,asaa / 000

it

2 x 1078 dynamic metres

This comparable to the magnitude of the Av term which equals

- At
5 x 10 6.

Thus gravity effects will play a role, albeit not the dominant one in?

the research area. No comment will be made on the prnp;gatiun of internal
waves under the aone assumptions, but in the next chapter which discusses the
hydiolcgyvcf the research area’the prmpagationIDFAinternal waves in a

stratified ocean wiil be considered.
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k.13  Summary of Chapter &

(The results of each section are stated under the appropriate section

numbher ).

1.)

2.)

34)

The upper layer of the sea to about B8m depth was modelled as

a slab. This was done on basis of evidence given in chapter 3
regarding the regular Existencé of a surface layer, whose
mcvemenf was basically uni-directional, and which was detached
from the lower layers by shear flow. The forces considered
adﬁiné on this sléb‘were: tﬁé coriolis Fcrce,ifrictimn and

time dependant winds. Continuity considerations and topographic

‘influences were excluded.

The basic equations are the same as those used by Pollard and

Millard (1970):

du + fv = Ru + Q1 dv - fu = Rv + Q2
ot | dt |

where f is positive, R is a negative frictional term, and

41 and 2 are wind formulations.

A solution to the above equations considering a constant southerly
wind was obtsined. This was used in‘cmnjunctiaﬁ with the geault
abtained in section 3.8 ({”surface" current velocityf = 0,07
}ﬁsteady" miﬁd velocity[} to Fnrmulate‘the slab speed that would

be produced by particular winds. Two test values for the angle

hetween current and wind of 45° and 26 1/2° were assummed.



ba)

5.)

6-)

7.)

a.)

9.)
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Analytical solutions for velocity and displacement of the slab
due to diurnal and steady winds were obtained with the help
of complex algebra. The diurnal winds gave the slab no net

displacement over a 24 hour period.

‘Transienf effects were reduced to 1/e of their initial value

after 5 to 10 hours, using'values of R equivalent to -2f and

-f, (those appropriate to the two "test" angles mentioned in 3.).)

The variable effect of the friction to coriolis ratio at
different latitudes for 3 diurnal wind types was discussed

in detail.

Characteristic features of the model at 22°S were further
aXaminad; Simple theoretical formulations of diurnal and
longshore wind enabled trajectories recorded during occasions

8 and 9 to be fairly realistically simulated.

A stepwise model was presented and tested practically and
theoretically for stability. The conditional stability criterion

was easily satisfied. Transient effects were examined.

An order of magnitude reduction of the frictional term enabled

inertial effects to be simulated.
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10.) Tmﬁ sets of real diurnal wind data were used,‘firstly to
simulafe the trajectory recorded during occasions 8 and 9
and secohdly to assess tﬁe effect that the "typical" wind as
described by Stander (1964) would have on the slab. The first
‘mentioned siﬁulatia% ués not very successful, due to the fallure
of‘thé moéel ta feprnduce experimehtallresults Frum calm and
V iow windspeed conditions. In further simulaticns it was decided

to consider friction a function of windspeed.

11.)  After friction had been made a function of windspeed and a
residual current wds included in the model, the drogue
trajectories recorded during occasions B8 and 9 were successfully

gimulated.

12.) Comparison of both the experimentsl and slab model results of
this study with the near-coast results of the coupled
ocean-atmosphere model presented by 0'Brien et. al. (1977)

showed similar features and scales.

To sum up, the simple analytical model proved acceptablé under conditions
without calms. If a stepwise model is to be emﬁlnyed with real wind
input, some of the basic developments necessary to simulate conditions
realistically are that friction be made a function of windspeed, and

that an allowance be made for a residual current in the absence of

gravity terms in the equations.
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5. HYDROLOGY.

5a 1 Intrpduction,

It is not the Brimary dbjective of this chapteé to describe the
hydrology of the research area per ée, but réther tm~investigate
the hydrdlogical changes and pirculatiun patterns that were brought
about by the actiﬁn‘nf thé wind on different time scales, However,
the intensive natﬁra of this study also enabled a bettef picture
to be obtained of the underlying hydralogy of the area in winter

than has been possible to date.

Curreﬁts between the surface and 30m depth, the temperature
'fluctuations and the thermocline depth chénges shown in Figure 23
have already been discussed and related fo the wind record. This
information will now be related to the Qarious hydrological
distributions, mainly in the form of veftical sections, after
aerféin preliminafy investigations have been carried out. These
investigations will serve as further introduction to understanding
causal proceéses in time and space and include assessing the

following:
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a.j the role of entrainment in the hydrological changeé at MG1

b.)  the importance of internal waves in the research area

c.) the spatial and‘te;pnral distribution of thermoclines and
‘tempe£aturas nver the research area

~vd;) - the effect of the thermocline on the oxygen and nitrate

distribuﬁiuns at station MG1.

' Figufe 2@ aﬁmws the results of the brief larger scale survey dohe
before the intensive work began. The low oxygen values at 20m
betmean Malvis Bay and Cépe Gross, and 1° to 2°0 temparaturé drup‘
in thé tap 20m are congistent with results from préviaua wark
mentioned in seCtinn 1.3; This figure will be referred tutagain

in section 5.9 but is greéentéd here to "set the scene" for the

discuséionfcf the intensive area hydrology.

5.2  Turbulence, Mixed layer deepening and entrainment.

A deliberately‘simple'(hut in this author's opinion correct)
description of the basic hydrological chanQESthai Qccurred at Statiun
ME1 during the programme and the processes responsible is given
below. Twe time scales are discernible, firstly diurnal and

secondly of the order of a few days.

Figure 23 shows that apart from 2 atcasiuns a thermocline existed
between 5 and 30m depth. Ouring the diurnal uind’regime which

prevailed until 27 June, two periods around 21 and 26 June showsed
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diurnal gspillation of the thermocline Qith an amplitﬁde bf
appruximatély 3m ét aruund 8m depth. When thesévminds were replaced
by a more cansistenﬁ southerly regime from 2% to 29 June, the
tharmnéline deepened rapidly to below 20m and sur face layer

' temperatures dropped markedly. After 29 3une, the témpgrature qf

" the upper layers rose gradually during calm cnnditipns, aithdugh

the upper thermocline depth fluctuated markedly largely due to

the thermocline's poor definition.

The process that operated during both time séales of thermocline
despening is’a; Fnllmws:A Mind’énergy is transferred dumnwards‘from

the surface and is distributed throughout the layer above the thermo=
cling, -~ This ﬁurbulént energy then entrains the top pért of the

assumed non-turbulent water below theAthermdciine and mixes it through=
out the upper layer. Theoretically only the upper layer would become
diluted with the lower layei and the upper layer‘thus ihcraases in
depth and has lower layer properties, such as nutrients, tranéferred

into it. WNo transfer occurs in the opposite direction.

Gome of the energy associated with this deepening may have been
propagated out of the area in the form of internal waves if the
deepening occurred over a suitable time scale. This aspect will be

examined in the next section (5.3).
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Surfaca heating can be rgspansibie for "layer‘rising" and this
involves the formation of a new thermocline above the pfevious one
and turbulence is then confined within this layér. Alternatively
offshore movement of water near a coast can cause the lower layers
to rise by continuity, and if this process is sustained for a day
or more the tdp layer may bé reﬁovéd offshore and the lower layer'
will break the surface. However, associated with the offshore
movement one wili simultanscusly Have entrainment CEusing the

upper layer to become deeper.

Dominance of one or two of the ahove processes is primarily
determined by the time scales and velocities of the wind, and the
- intensity of the solar heating which basically follows a seasonal

regime but is modified over shorter periods by cloud cover.

For the two periods of'small‘diurnal upper layer pscillations
centred around the 21st and 26th June, it can be noted (Figure 23)
that the thermocline depth and surface temperatures uwere highast at
20h00 in the evening and lowest at 08h00. This means that the upper
mixed layer decreased in thickness during the day and increased at

night;

The rises in the day can be attributed to the east wind (landbreeze)
causing offshore surface movement and hence the lower layer rose.
(Envisage the effect of moving the upper layer 'wedge' above the

13,5°C isotherm offshore on 21/6/78 (Figure 30).
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In the early afﬁernamn the rise in thé upper layer during the.
morning would be augmeﬁted by solar heating and limited mixing
due to thé light winds. Tabla 10 in Chapter 3 shows clearly the
increase in density difference between 0 and 5 metres in the day

(aof the 26th June).

In the evening, onshare winds increaSedvin’strength and tended>£0
become southerly later. This‘waqld result in initial onshore
mnvemenﬁ of ﬁhe surface laysr but ﬁnriulis effects would change
,this;ta Langshmre and slightly offshore hefore mafning. The layer
~ deepening during the night can thus primarilg be ascribed to

gntrainment.

The lnngérvtime scale of the cansistént southerl§ wind conditions
{tﬁey prevéiledvfér»ha hours from ihe 27th of June) caused the
»éurfage laye; to deepen about 20m st MGE1. BSurface éurrent spesds
were surprisingly low during the three~point drop of occasion 13
on‘théM28th’June and‘it wés mentioned in section 3.3 that it was
Vthaught that most of the Qind energy:was used to deepen the mixed

layer.

Tha graduél warming of the 'surface layer' which éxtended beyond
10 metres after the 29th June has already been mentioned. The
misty prevaliling weather would have reduced the solar heating
rate in comparison to that applicable to the clear skies of the
diurnal wind ﬁeriad, and thus reduced the chances of a new

thermocling being formed near the surface.
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The above déscfiptimn has related local effects to local causes.
The space scale of 'local' effects obviously depends on their

time scale, longer time scale effects occurring with somewhat
gréater uniformity in spaée as is shown by the wind patterns for
the thrae‘measuring sites in Figures ﬁh, 15 and 16. BScales will
be further mentianéd in the next section which deals with internal

WavES.

5.3 lnternalAmavés.‘

- The pmsSibility of wind energy being transferred to internal wave
motions and the propagation of these motions in the vicinity of

‘the research site is exsmined below.

To avoid complexity, the wave motions éonsidéred wiil he those
appropriéte to an Dcéan of limited depth and cantinumus
stratificatian .84 a constant buoyancy frequency N. -In view of
the density differencé DVET thafthermccline being small and
typically less than half the density change between the top and
battam~df‘tha poean, this representation should be as valid as any
in this cnhtéxt. Le Blond and Mysak (1978) give the following
formula for the range of freguencies which can propagate in such

an gcean.
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(5-1)

tﬁ)”.g{ kz,Nl .,.(n’(f/cﬂzf]'/z
BT S (n‘n‘/d)z

where k is the wave number = 2/
n the mode number |
d the depth

N the buoyancy frequency (in radians/sec)

These waves will be left bounded in the southern hemisphere and
can only receive energy from freguencies between the 5uoyancy
frequencies and f. Further frequency restrictions can be placed

upon them depending on the spatial scale one defines.

Let us consider an ocean shelf of 50m depth and the following

hydrological values, in line with those recorded at MG1.

Table 13: Tgpical density data for the area around MG

Temperature °C Salinity &+
Surface , M, 5 32,20 26,25

50m ' 12,5 35,20 . 26,67



~-119~

The'buoyancy frequency N is given by

N cs(gﬂ%‘ secs™t

and q= 306/62(5~2)

= qQy2 A0~ secs 1 (as a radial frequency)

This corresponds to 5 oscillations per hour.

From (5;1) and using N as above, Table 14 gives the fraquencies

and periods appropriate to various wavelengths considering only

the fundamental mode of propagation.

Table 14: Internal wave time and space scales

‘Mauelehgth (km)" thular frequency (secshﬂ) Period (hours)

1

2

W

A B o ) B & 1

19
50
100

1000

9,2
b,6

3,1

g~
104

10~

10~k
1g~h

1ot

104

107>

1072

103

10”2

1,9
3,8
5,6
7,5

oy
11

| 12
24
31
32
32
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Obviously Fcfcing is necassary to give energy to the waves and on
the basis of the wind data presented (Figures 14, 15 and 16) the
range of wind‘fnrcéd periods would be festricted to between 12 and
24 hours. The 24 hour forcing could be repeated day after day but
the 12 hour forcing would have to consist, of say, a single 6 hour
gasterly Fdllouad by relative calm. In sustained calm conditions
inertial mﬁtibn may set up a propagsting wave and in this caeglit
would be necessary to restrict A to about 100km, the lungsho:e
distance about the research site over which the depth and width of
the shelf and hﬁdralogicai conditions could be expected to fulfill
reasonably the criterias assumed. It is noted though, thai the
iﬁertial currené;nbserheﬁ on 1{?)78 (Figure 6) did not seem to show
significant enefgy gain ot ldsé. Unforced waves will not be
specifically considered further. With regafd to the pfnpagation

of internai waves, fhe complex tapﬁgraphy around Cape Cross (relative
to most of the‘caastal area) would serve to obstruct waves entering
the research area from the north. Propagation;scuthma:ds waﬁid be
favoured by the uniform topography. A problem arises however, in
that the typicsl forcing mind from the east to north-east probably has
a longshore spatial scale much greater than the 7 -\19 km maveléngth
appropriate to its probable time scale of 12 -~ 24 hours. Thus these
Cwaves will be out of phase with ﬁheir forcing as they propagate

southwards.
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It can be hafed Fram‘Figures 14 and 15 that the strong sustained
easteflies recq;deq at Hentiles Bay did not occur at Walvis Bay
durihg this fesearch programme. Hence one may be able to define

a ﬁlace between these two localities at which a sudden reduction
in wind‘faféing pocurs, and waves may Lell be able to propagate
unhindered from such s spot southwards. The velocity of the 19km
'wave with a 24 héurAperiOd isvabvinusly 19km per day, andvthis
defines the maximum space scale over which a significant reduction in
the forecing must take‘ﬁlace. Such a sharp wind gradient would not
sgem likely on account of the uniform nature of the topography of
the area. Rumever this author can remember seeing on an occasion
during the programme an'eastefly wind gehérate a dust cloud
stretching severai miles out to sea about 10 miles to the south,
whilst no such'cloud occurred inshore of thevresearch ship. Thus
if the easterlQ wind can have a marked ﬁorthern boundary a similar
feature‘makaCcur Fufthar south. Satellite photography cguld help

in this regard.

A fluctuating haurly temperature record giving evidence of a
propagating internal wave (local conditions could not be held
responsible for the fluctuations) was described by Siander (1863).
Interéstingly it was recorded at a station of SSh‘depth west of
Walvis Bay. However the season was summer and temperature gradients
in the upper Z20m were pronounced andrsgretﬁably the period of the

wave could not be established.
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80 whilst a few ideas have been advanced, this present investigation
has given little additional information about the role of diurnally
forced waves of South West Africa. lhat is suspected théugh, is
that much wind emergy is initially transferred to waves but that
most of it is subsequently dissipated through interference between
wind andtwave forcing. ?rn?agatipn at greatef depths along the
coast due to a single forcing eyent is another matter, but one

which ligs beyond the écépe of this study with its emphasis on

local events.

On the other side af‘ﬁhe spectrum, short oscillations with freguencies
close to the buoyancy frequency were observed associated Qith slicks
resulting from localised dnuhmelling. These slicks generally

cccurred between midday and'midnight and were most pronounced

in thé‘late'aftérndmnfaarly evening if low Mind‘speed conditions
prevaliled. A thermagraﬁh record of the temperature at about 2m depth
taken whilst the’Bhip wés at anchor at MG1 is shown in Figure 25.

The amplifude of the tamperétdre variation ig of the order of a

degree celsius indicating a physical wave amplitude of about 5 to

10 metres.u (See the temperature time series for MG1 at 20h00 on

the 26th June in Figure 23).

These-élicks areg due to an accumulation of oily biological matter
reducing the visible gffect of windage on the surface in the
downwelling zone, and they thus appear glasssy in comparison to the
typically slightly choppy appearance of the uatéf on either side

af them. The? seem‘to align themselves parailel to the coast, but
not necessarily parallel to the wind, and advance onshore. Spacing

~ between individual slicks appeared to be of the order of a couple
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nf hundred metres, but between 'major' slicks, detectable on an
ART record as spikes, a spacing of several kilometres has been

observed (J.J. Agenbag, pers. com.)

Tﬁe~enargy‘smurde fo these Langmuir circulations is still unproved
(Pollard, 1977),’but ﬁe favoured the'theoryAnf Garret (1976) who
suggested interaction between surface wave ard sﬁrféce cufrent :
fields to be the source. This investigation éupports this theory in
that thermograph fluctuations were sncountered in calm as well as

low wind speed conditions.

These slicks are dessrving of further research in view of their
.widespraad and regular occurrence off the South West African coast.
Their study would be aided by the fact that they modify the
planktunic aﬁdustic scattering layer and hence they can be racﬁrded

in 2 dimensions on sclentific echo sounders.

Suls Thermoclines and temperatures pver the research ares

The various changes in depth and definition of the thermocline at
ME1 in response to winds and currents have béen discussed already
in many contexts. Throughout these changesAthaugh, some properties
(particularly oxygen and temperature) seemed to maintain remarkably
uniform distributions above and below the thermocline. It is thus
lmgical’tu examine the spatial occurrence of thermoclines over the
reseérchrarea before examining the distributions of other

narameters. This will both enable these distributions to be
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discussed with greater insight as well as giving an indication of
how valid :értain quantitative relationships that will be derived

at MG1 are over the whole survey area.

The horiionﬁél sections of thermncline depths and surface
témpgratures over the research area came from the é stations and
4 BT stations done every second day. The grid and thermocline
depths are shown in Figures 26 and 27, and éurfaca tamheratures
in Figures 28 and 29.‘ The usual times of statidn'occubatinn are

given below:

MG ' 08hOD
VG2 09h30
MG3 11h20
MGL  12h20
MG5 14h00

MG 20h00

In the horizontal sections the 08h00 MG1 stations were used except
for the 19th and 23rd of June when they were not done. In the
vertical sections the MGE3, MG5 and 20h00 MG1 stations were used.

The dnly effect of this non-synopticity on the vertical distributions
would be a fractionally higher surface temperature and thermocline
depth being recorded at MGE1 than if all the 'vertical section
stations' had been done around midday. It is also mentioned that

the westward direction along 22°5 will be considered to be offshore
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in the following discussions. As can be seen from Figure 1, this is
not the caée,but this CDnVentian is in keeéing wiﬁh previous work off

South West Africa.

The thefmocline depths seem to vary a;must as greatly between
successive occupations of the samé station as they‘du amuﬁgst
different stations, possibly due to the internal waves discussed
earlier. Tuwo genaral features are discernable however. Firstly the
“thermocline depth was generally greater Furﬁhef offshore, and
secundly the layer deepening caused by the tuoﬁdays of scuthérly
winds, although most marked. at MG1, resuited in a generally deeper
surface layer over the entire area. This can be seen in the |
horizontal thermocline distribution for 29/6/78 (Figure 27). The
wind similarly affected surface temperatures over the grid, the
highef temperatures being reduced so that the distribution hécame

more gniform in space. (Figure 29).

The verticél sections iﬁ figure 30 show the same trends as regards
thermocline depths. In addition it can be‘seen that the temperature
at the top of the thef&acline increased in an offshore direction.
Another interesting feature is shown in the sesction for 16/6/78,
done before to intensive survey started. It is that a stratified
layer Can'axist very close to the sﬁrface for a substantial distance
offshore. Du Plessis (ﬁ967) mentioned this fact about the area
although with particular reference tokstratificatiun in summer.
Nevarthelesé ong of his rDQtine stations, that closest to the

present research area, still shamed‘QB% ooourrence of ‘strictly defined!?
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thermaCliﬁesfin winter, by far and away the highest winter occurrence

in his research area (21 - 24°G).

From the ahbove it’has been séen that the whdle research ares was
subjeéﬁ'to thermoclines durihg‘the‘ﬂunefjuly 1978 programme, and

; that these conditions are fairly typical. It is in this light that
| %he uertiéal sectimné will,be_discusseﬁ and relatimnships hetuween

parameters at MB1 examined.

5.5 Dissolved bxygen, nitrates and temperature at MG1

Figure 31 shows dissolved oxygen and thermocline depth time series

at MB1.V From this-figure can be éeen that the surface layer was
reasonably dxygenated whilst the bottom layef was practicall§ anoxic.
Specifically the surface and 5 metre depths had oxygen values mainly
Vbetweén 3 and 6 ml 02/1,;whilst at 30 and QG metres oxygen was always
'belcm 0,5 ml 02/1. Rtvzﬂm oxygen was generslly low but increases
occurred at more frequent iﬂtervals. The oxygen at 10m depth had

- a rénge of values from less than 0,5 to greater than 6. Similarly
Figure 23 shows that the 10m temperature was sometimes allied with
surface layer temperatures, sometimes with lower layer temperatures

and on some occasions had intermediate values.
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It can be canciudadjthé‘water sémglas taken at 18mrwere reasonably
«éqﬁally'distributedkahcue, belaw,and in the thermocline. Thus these
cwater sampleé caﬁ be uskd to cbrralate temperature, megen‘(and
knitrates) with oﬁe another to study bhanges over‘the thermocline

at MGE1.

Figure 32 plots dxygénxiand nitrate) against ﬁemperatura at 10
1metres depth.. “From this figure it can. be aeén that when the
tamperafﬂré was greater than 13,758 the oxygen was greater than 3,

» whilst at temperaturés less than‘13,3°8 the nygan was lses than
1,5. But the 13,3 a%d ﬁS,? range was very much allied withvthe
thermocline (Figdré 23) and thus the separation of oxygen values
above and below these limits has served both to delinseﬁa accurately
the temperature ranges of the tharmoclina at MG1, snd show the
effeéts of thermocline placement on oxygen velues, namely keeping

the lower layar'daprivad of oxygen.

This'simple division of high oxygen abnva the thermocline, and
- very low oxygen below it will ba geen to have occurred at all the
1ntenaive statlons, gnd will facilitete laster discussinn of

‘parametars with more complex distributions.
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UerticalﬁSections.

56 Diésmlved nygen and témperéture

A camparisdn‘bf ﬁhe varticél dissolved oxygen and temperature
sections shown in Figures 30 and 33 respectively, réveals the same
divisidn tﬁat was fqund at station MG1: namely high cxygén values
above the thermocline and low values below it. However, although
gradual temperature changes occurred both above and below the
thermccliné, this was not the case as regards dissolved oxygen
where usualiy all of the 1 ml 0214 apart isaiines were 'compressed’
about the narrow vertical région of the thermocline, with only
small variation abové it and minimal variation below it. Thus the
8 vertical seﬁtiané for dissolved oxygen can help to substantiate
the description thaet has been given of thermoclines aver the

research ares.

One can seé from Figufes 30 and 33 thét the temperature and oxygen
sectians’feflect very similarly the effects of wind energy input,
particularly when a deviation from the uniformly-despening-off-shore
picture of the thermﬁcline occurred. Examples for comparison are:
uplift of lower layer water near the cnast on 25/6/78, uplift centered

at MG1 on 27/6/78, and the stratified sections of 16/6/78.
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From the oxygen sections in Figure 33 aiong, it is immediately clear
that during this survey the bulk of the water column could be
considered uninhabitable for higher organisms. However, as is the
case in many natural ervironments, this 'hostile area’ provides a
reservoir in which expioitatinn‘dpes not take place and from which

a continuity of essential iant, in this case nutrients, iaAsupplied
to the pruductive.araaé. In fact patterns in this anoxic region,

, mhich,willrbe ﬁresénted later in the vertical‘secficns for nitrates
and siliéates,'will enable this study to document an aspect which
has not been fully observed thus far here, namely the continuity of

the fundamental circulation of the area.

Before the above mentioned two parameter distributinns are discussed
howevef,Athe salinity and phosphate distributions will be dealt with

briefly.

5.7 Salinity and phosphate

Figure 34 shows that the salinity distribution was featureless in
the extreme and no general trends are discernible other than that
salinities were fractionally higher over the whole area between the

23rd and 27th of June than during the rest of the survey.
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The phosphate distributidn (Figure 35) also appears fairly simple
and ahly two points will be mentioned. Firstly, phosphate values
Qare gé%erélly High: concentrations were similar to or greater than
those found. off Walvis Bay b§ Hart and Currie (19$G) and higher
than those found off Cépe Cross by Calvert and Price (1??15. Thus
thére is no indicafion of phusﬁhate‘availability limiting the
prpductivity of the area. Secondly, extremely high concentrations
{(greater than 5 ug at P/1) were found near the bottom from the

27th June onwards. These can be attributed to the uplift of water
at station MG1’on that date, a feature visible on vertical sections
for all discussed parameters with the exception of salinity.
According tobBailey (1979) these higher concentrations would
probably be dﬁe tdvfha bottom sédiment having been disﬁurbed : when
the uplift of the water took place. ({Appropriate reactions énd

chemical forms will not be discussed; the reader is referred to

Balley (op. cit.)).

5.8 Nitrates and silicates

Both these nutrients occurred in concentrations ranging from very

high to practically zerh, and thus they could both serve to limit
primary pfaﬁuctinn in the intensive research area. Their distributions
(shown in Figure 36 and 38) also show response fo thermocline changes
as well as reflecting their own supply and recyciing processes.

The nitrate sectimns can be described well within ‘the hydrological
framework deduced from previously discussed parameters, the silicate
sections less easily. Thus a description of the nitrate distribution

shown in Figure 36 is given first.
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As would be expected from the extremely anoxic conditions near
Vtha bottom, nitrate values there are low, as nitrogen would tend
ia oCCur as nitrite (Calvert and Price (1971)). Concentrations
increase towards middle depths and then abruptly decrease again
above the thermocline in the well oxygenated layer, presumably
due to biological uptake exceeding supply. (Figure 32 sho@é the
inverse relationship between nitrate and oxygen in the region

of the thermocline at MG1.) The upper boundary of the nitrate
rich water was clearly effected by thermocline movement and
displays the same spatial features already mentioned in the
description Df‘temperature ahd oxygen sections. anexplanatian
of the underlying circalation pattérns from the nitrate distribution

is attempted below.

Nitrate rich water moves slowly towards the coast and upwards from
depths of between about 20 and 70m (at 20nm offshore) rising to
10 - 35m depth at MG1. This is in line with the results of section 3

which showed an average onshore oc 0,07 knots at 20m at this station.

Ganside:ing the tongue of water with cuncentratiuns greater than

20 ug-at nitrate/1, which is drawn in thicker in Figure 36,»ane can
see that this tongue remains below the thermocline. Thus its
movement would be almost entirely in responsevto continuity cmnsiﬁerax
tions. Such considerations are nom‘mutlined for a diurnél wind

regime.
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The daily movement of, and tarhulence in, the surface layer Causes

a fair amount of this nitrate rich water to be entrainéd upmards

intg this léyer whilst at the same time the density interface is not
destrayed‘and no well oxygenated water is transported downwards. Thus
there is a daily loss of water to the surfacevlayér wﬁich‘is agsumed

to be compensated for by offshore movement of this layer. This would
lead to the;avérage onshore current measured at ‘middle® depths. 5Scales
of this proﬁess during a diurnal wind regime are calculated from the
échematic répresentation in Figure 37. 0Only ohe experimental result

was used, namely that the thermocline depth oscillated with an

amplitude OFA3m over a 24 hour periocd of MG1. Very near the cdast the
schematic model is not accurate but otherwise accﬁracy should be fair in
relation to the speculstive nature of the model. Northerly an& sﬁutherly

velocity components which are normal to the section were not considered.

With reference to Figure 37: (times were chosen arbitrarily, but are

in kaepihg with the typical diurnmal winds measured at MG1.)

a). At 18h00 a surface layer exists as shown in (R).

b). By 06h00 the surface layer has deepened and entrained 3m

of lower layer water. (8).

c. From 06h00 onwards the surface layer is forced offshore by
the easterly wind and the lower layer moves inshore until
a position such as existed 24 hours ago (at 18h00) is reached
(C). The previously entrained water is now, and was since
06000, fully part and parcel of the upper layer and the process

can start again.
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The ‘vertical'! area of water lost by entrainment from the lower layer
in 24 hours is 3 x 36000 m. lThis must be regained in onshore flow.
Considering a middle layer depth of 50m at 36km offshore, the

average onshore velocity of the wedge over 24 hours will be:

3 x 36000 1
: X = (0,025 m/s
50 86400 '

which is equal to 0,05 kts, a fesult«vary cumﬁarabla to the average
- 0,07 knot anshore current velocity average at MG1, prsbabiy in the

'‘core’ of the middle layer. Unfortunately the mandatory off-shore

‘surface current valmcity ﬁf the model does not égree with the
average currents recorded experimentally. This is attributed
ilargely to sampling bias, which has been discussed in sections 2.1,

3.4 and 3.,6. However the model trajectories in Chapter 4 did show

a definite offshore transport of the upper layer 'slab'.

The above description of the nitrate distribution and its supply and
removal processes agrees well with the picture thus far given of
processes in the ressarch area. It is within this framework that an

explanation of the silicate distribution will be attempted.

Like phosphate but unlike nitrate, silicate does not undergo reactions

to other forms in the presence of very low oxygen such as ocourred near
the bottom during the whole Drngramme.‘ Indeed uplift of water from

the bottom, as has been witnessed already in the phosphate and oxygen
sections for the 27th of June, shows silicate apparently being

released from the bottom sediments in the vicinity of MG1kand trans=
parted upwards (Figure 38), but interestingly this occurred twd'déys later

on the 29th of June. Values inshore near the bottam ranged
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from 30 to 50 ug-at s/1, concentrations comparable to those observed

off Cape Cross by Calvert and Price (1971).

The boundary formed by the 20 and 25 ug-at :/1 lower isolines in the
-vertical sections are compatible with the definition of the bottom of

the tongue:mf coastward flowing water inﬁsrpreted from the nitrate
Adiétfihutiun.. However the silicate isolines can be seen to cut directly
across the thermocline nﬁ about half the sections in Figure 38, in |
direct contrast to all other ﬁarémeter distributions with sharp gradients,

whose isolines run lafgely parallel to the thermocline.

There must be some differential factor operating for silicates with
regard to other nutrients to cause this gradient in the surface layer;
silicate dropping in concentration from the high values ét the coast to
depleted values‘n?fshnre. Rn;exﬁlaﬁatinn is aFFeréd based on the’

fulloming two facts:

Firstly, in the surface layer, nitrate tended to be depleted near the
coast and silicate afféhare,‘and'seémndly %he concentration of nitrate .
is reduced in the presence of low uxygen; This means that at the

coast phytoplankton grgwth wngld be nitrate liﬁited purely due to the
second fact whilst silicate supply "up the shelf" would still be good.
(In addition the possibility that the sand blown into the sea may enrich
silicate,cnncéntratinns near the coast, as discussed by Bailey (1979),

may have some applicability here, but this idea will not be taken

further).
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At a greater distance offshore the nitrate supply from louwer layeré was
much gfeater although nitrate values were low and silicate bécomes tﬁe
iimiting_nutriént. 'Thg siliéate cnncéntratiun offshore hay also be less
tharé due to the density'of the particulate matter involved with

silicate, causing rapid éinking.)

Thus on the occasions when silicate supply at the coast was high and
depletion existed.offshore a gradienf normal to the thermocline can be
obhserved. Homéver the isolines wHich rise and cut the thermocline
position and the surface in no way imply direct water transport paths,
although at a first giance a researcher uellaﬁquainted witﬁ'mora

: vigofoﬁs upwelling areas, would think this to be the case. It is
felt that more than sufficienf evidence has been given to show that this
is not the case, and that the "thermocline dominated" picture presented

of the hydrology is the correct one.

5.9 The extent of the validity of the given hydrological description

The term “"research area" has thus far in this thesis implied thé
intensive research area shown in Figure 1, but it is obviously of
importance to know over what larger geographic area off South West
Africa the resuité of this study are applicable. This can be best
assessed by relating the extent of the characteristic conditions
determined by previdus hydrologicél research and nqted in section 1.3,

to the present results.
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The following 4 points will be made in this regard:

1.2

20}‘

3.)

b.)

The area between Walvis Bay (23°S) and Cape Cross (21°45'S)

haé a wide-shelf bottom topography (Figure 1).

Du Plessis 1967 found the area from 22°30' to 21°30 more
susceptible to thermocline occurrence in all seasons than

areas further north or south.

Low oxygen conditions in the lower layers are found extensively
aiang'the South mgét African coast. Figure 24 indicates that

just prior to the intensive survey of June/July 1978, at Z20m depth,
the low axygén phennménon was most pronpunced from Walvis Bay

to Cape Cross and within 15 miles of the coast.

The wind records from Walvis Bay, Henties Bay and the research
ship show marked differences in wind velocity amongst these

3 sites. Hence consequent differences could be expected in surface

current velocities and the scales of the upwelling process.

fin the basis of the above 4 points it is concluded that the processes

pperating at the research site can be considered representative of those

geourring from just north of Walvis Bay to just north of Cape Cross.

However in late spring, summer and autumn, when thermoclines are more

prevalent, these processes could be expected to occur over a larger area,

determined in the main by the bottom tﬂpagraghy and the wind patierns.
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5.10 Summary of Chapter 5

(The results of each section are stated under the appropriate section

number, )

1.) The approach and scope of this chépter are outlined.
The approach is to relate the hydrology to thermocline and
current information,thus completing the triad: winds, currents

'and hydrclang

The scope of the chapter is by design broader than that of the
previous two. Topics such as internal wave and entrainment which
have been mentioned previously, are discussed as further

introduction to the "mainstream® hydrology.

2.) A simple interpretation of ithe hydralogical changes that
ocourred at MG1 during the programme is given. Two time scales,
daily, and "of several days" ars identified and treated
separately. Entrainment is proposed as the mechanism. responsible
’For the transfer of lower layer water properties into the
upper layer during both time scales.

3.0 The possibilities and characteristics of internal waves propagating
into or from the research area are in?estigated under the simplifying
assumption of a limited depth, continuously stratified ocean.

It is’cnnsidered likely that forced waves will spon become out
of phase with their forcing asﬁheyprapégate southwards from

the research area, and hence their energy will soon be disipated.
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5.)

6.)
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5licks, which are evidence of Langmuir circulation were
observed during the programme. As they occurred in calm as
well as low winéspeed conditions, it was concluded that
they were caussa bQ current field-wave field interactions

as prchased by Garfet (1976).

Thermoclihes existed over the whole research area during the
programme but lérgé temporal and spatial changes in thermocline
depth pcocurred. It is largely in the light of these two facts

that other hydrolodical data will be discussed.

Disolved oxygen was found tb be depleted (less than 1 ml szl)
below the thermocline at MG1. The transition to higher values in
and above the thermocline was very abrupt. It is concluded

that the thermocline prévénted downward mixing of water
properties. Nitrates were inversely relsted to oxygen in the

reggion of the thermocline.

Vertical sections for dissolved oxygen and temperature shouw
that the trends, noted in section 5.5 are vslid between the

coast and a distance of at least 20 miles offshore. This

meansg by far the larger proportion of the water column in this

area has oxygen values below 1 ml 82/1.
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7e) The saliﬁityisectiuns showed nothing. The phosphate sections
showed phasphates were generally high and that during a period
of more vigorous mixing phosphate seemed to be released from

the shelf sediments.

8.) Vertical sections for nitrates and silicates showed bath these
nutrients cccurring in concentrations ranging from very high
to depletion. Silicates héd their highest concentration near
the bottom an& inshore, concentrations decreasing towards the

surface and offshore.

Nitratés, on the Dthér hand, showed their gréatest concentrations
off shore and at middle depths. The lnwer'values near the

bottom aré attributed to nitrogen occurring mainly in forms other than
nitratg due to the anoxic conditions. Low concentrations at the
surface are thought due to biological uptske, and low values
inshore due to poor supply. The supply and removal of nitrate

in the ressarch arsa was modelled using results concerning
thermocline » fluctuation and entrainment, and the inferred
onshore water transport rate of the model at middle depths agrees
with that found experimentally. It isrprapusad that no direct
nutrient supply occurs to the upper layer: sdpply poours by
transfer across the thermocline and thus the éupply rate is

limited.
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9,) The area of applicability of the hydrological processes found at
the research site is concluded to be from just north;of Walvis
Bay to just north of Cape Cross, but with likely extensions
nnrﬁh and seut% as the area~subject to subject to persistent

thermoclines increases in late spring, summer and autumn.

10.) In summary it can bé said that the research site can be
considered an anomalous up@elling area, Firstly because of the
manner in which hutrient supply to the upper layer takes place,
and secondly because the bulk of the water column below the
thermocline consists of an anoxic nutrient reservoir, unsuitable

for many higher forms of marine life such as pelagic fish.

The following chapter will not fepeat the results and conclusions of
this study: these can be found at the end of Chapters 3,4 .and 5 and
in the abstract. Instead it will present some of the author's views

with regard to physical research in the Benguela Upwelling System.
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6. THE DIRECTION OF FUTURE PHYSICAL RESEARCH IN THE BENGUELA

UPWELLING SYSTEM: A SUBJECTIVE VIEW.

The Benguela Upwelling System, mhichvexfends aloﬁg ﬁhe west coast of
southern Africa Frum-Eapa Point (34°30'S) to hcréh of the Cunene River
(175&0'8) has been subjected to an increase in intensive physical
research during the past few years. Because of its nature, this
fesearch has been limited to a few selected localities no more than
200 miles in extent along the coast. The work of Balley (1979),

Jury (1980) and the present study will rnow be considered briefly as
an introduction to a discussion of the direction of physical research
in the Henguela Upwelling System in general;

The upwelling of% fhe Cape Peninsula region is known to be controlled
by the DharactériStics of definable upwelling wind events of a few
days' duration and 1t was these events and their effects on the upper
layer Uf the sea that were measured (on appropriate scales) and
described by Jury (1980). In addition Jury (gp. cit.) showed the

influence of orography on these winds.

Further ndrth in the Llderitz area (26°5), upuwelling is persistent
for the larger part of the year becauselnf the more regular nature of
the southerly winds. The time-scale of the dominant hydrological
changes is seasonal, and Bailey (1979) was therefore able to describe
the hydrological features of the area on the basis of seasonal

occupation of a closely spaced grid of stations.
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In contrast to the two areas méntianad ahaQe which have been shown
capable UFAsupparting active upwelling under suitable wind conditions,
the‘regiun bétween Walvis Bay and Cape Cross, with its wide shallow
bottom topography, did nét seem to be able to respond in a similar
manner. In the présent study, it was found that two déys of sustained
southerly winds served to deepen the upper mixed layer (at a distance
of six miles cff‘shure) rather than remove it.

Therefore, two factors~appear to determine the nature of the upwelling
process at these three sites in the Benguela Upu91ling System: namely,
winds and battﬁm topography. The bottom topography is known but only
recently has‘it been incorporated in mathematical models af the
Benguela Upwelling System withAany degree of success (Brundrit and

van Foreest, 1981). In coastal areas stratification can complicate
the picture furthef. (This led to the model presented in this thesis
being confined to the upper layer shove the‘thermacline.) This study
also showed that marked variations occurred in the winds as measured
at three sites, all within 60 n. miles of each other in an area where

the land topography is comparatively featureless.

Consequently, difficulties are assoclated with the inéorpurafion of
detailed gjttgmv topography in mathematical models, and we lack data
on the in situ winds over the greater area of the Upwelling Sys%em.
This leads the author to conclude that we are still far from phtalning
a physical understahding of the Benguela Upwelling System that could
be employed in any predictive sense. Howeu?r, progress in these areas
of modelling and wind data collection is both necessary and at pre;ent

being made.
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However, what future rﬁle.isAthere for quantitatiﬁe practical research?
Aaditionél lnca%ities could be intensively studiad between the Cape,
Lideritz and Walvis Bay sites; the nature of the hydrological
transitions could be assessed from previous works if their inferred
_curréhts could be substantiated by direct current measurements.
Nevertheless, énly around the Cape Peninsula could the practical
resnurces b% mustérad for what could be called a continuous intensive

effort.

For the rest of the Upuwelling Systeﬁ, it is felt that physiéal research
shoﬁld gddress itself largely to the naturé of phyéical influences on
the pelagic fish stodks of South Africa and Scouth UWest Africa and

the labalities of major importance in this regard. The physical
factors with prouén influence gn spawning, larval developﬁent, survival
and transport are temperature and currents. The South West African
Pelagic Egg and Lérvél Survey (S5.W.A.P.E.L.S.) allows for extensive
temperature measurements along with ichthyoplankiton sampling during

the pilchard and anchovy spawning seasons, and similar work has been
done around the Cape. These surveys have, in addition, revealed the
desirability of direct current measurements in ascertaining larval
~drift, pérticularlg in the localities not yet ressearched intensively;
namely between Cape Columbine and lLideritz and in the vicinity of

Cape Frio. As an example of the potential of such measurements, =a
single satellite~tracked drogue trajectory presented by Harris and
Shannon (1979) not only allowed them to substantiate previpusly
inferred currents in an off-shore region, but also permitted Badenhorst
and Boyd (1980) to show the feasibility of anchovy larval transport

between the Cape and South West Africa.
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Effective coverage is presently being obtained in respect of the
ﬁemperature conditioﬁs in the Henguela Upwelling System. The
incqrpération of the direct measurement of currents into research
programmes would yield some problems, but suvfar this work has
suffered aé a result of its low priority. It is hoped that this study

(hased on just over two weeks of directed ship's time) has shown what

can be achieved.
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APPENDIX A: DROGUE TRACKING DATA
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