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ABSTRACT 

The currents, winds and hydrology of a coastal site of approximately 
120 square miles off South West Africa were studied intensively for two 
weeks during June/July 1978. Cutrents 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. Diurnal 
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 of the 
upper layer and were accompanied ~y slower currehts. Selected data 
recorded during the diurnal wind regime yielded the relationship: 
Surface current speed = 0,017 x Windspeed. A meandering poleward under= 
current with ah average velocity of 0,07 kts was detected at 30m depth 
whilst onshore flow of similar 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 thermoclines dominated the hydrology of the area, but they were 
subject to large temporal and spatial variation in depth. At the central 
station, thermocline depth changes could be directly related to 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 layer. Lower values above the thermocline are 
ascribed to bioldgical uptake and lower values near the bottom to 
nitrate occurring as nitrite in the anoxic conditions. The nitrate sup~ly 
process was modelled. 

It is concluded that the features identified in the intensive research area 
would in general be applicable to the larger area from just north of 
Cape Cross (21°45'5) to just north of Walvis Bay (23°5). 
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PREFACE 

This study was designed to investigate the causal aspects of upwelling 

off South West Africa, including the measurement of currents. It was 

motivated by previous publications which had noted the lack of such 

research~ and as it developed, the study was successful in identifying 

upwelling mechanisms. However, these mechanisms are proposed only to 

be valid over the limited area between 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 the Royal Society of South Africa in September 

1978 and an abstract of this lecture was published by them in June 1979. 

Subsequently, the data on currents were corrected for "windage on the 

drogues" according to the methods discussed in Chapter 2 of this 

thesis, and these currents are examined and related to the wind record 

in Chapter 3. (An introduction 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 

numerical solutions are presented and discussed. Chapter 5 follows 

logically and describes, with a minimum of inference, both the 

hydrology of the area in a traditional sense and the short term 

ch~ng~s. Chapter 6 is a subjective appraisal of the present direction 

of research in the Benguela Upwelling System. 
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1. INTRODUCTION. 

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

The objective of this study was to investigate the causal 

relationships amongst winds, currents and hydrological changes off 

South West Africa. This objective dictated making observations 

on a time scale in keeping with the most rapid changes in the phenomena 

themselves which in a region with a known diurnal wind variation, 

is of the order of hours. Such a time scale, and the fact that only a single 

ship was available for this research, determined that the area of 

intensive study had to be small. In terms of the objective 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 ship, and 

hence a shallow site (45m depth) at a distance of 6 miles off shore 

between 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 it was thought that this would 

tend to make the results more general, and their interpretation 

simpler. 

Wind data were availa~le from Walvis Bay and winds would Maturally 

be measured on the research ship herself, but to get a better 

horizontal coverage of the windfield, an additional anemometer was 

installed at Henties Bay, about 20 miles south-east of MG1. 

-1-
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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 

around that station: a large scale grid, whicb would be occupied 

before the intensive work commenced, and a smaller grid which would 

be occupied as part of the intensive work. 

On 19 June 1978 the R.5. Sardinops anchored at MG1 and the Intensive 

Programme, as this research was known by then, began. The collection 

of data took just over two weeks, during which period both diurnal 

and southerly 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 

researched marine areas off South West Africa, largely because Walvis 

Bay was, until the mid-seventies, the centre of a thriving pelagic 

fishing industry. However, the oceanographic research conducted 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 

occupations. 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 

(1964) had seasonal cruises as its basis whilst the more "intensive" 

works by Stander (1963) and Du Plessis (1967) relied mainly on monthly 

data. It is therefore hardly surprising that little note was taken 

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

causal processes involved~ 
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However, a few attempts were made to understand hydrological 

(and biological) events on a shatter time scale. Pieterse and 

van der Post (196?) tried to relate oceanographic conditions 

to the outbreak 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 scale 

data available to him, demonstrated the variability of the temperature 

structure in the upper layers of the ocean in the Walvis Bay vicinity, 

and drew attention to the inadequacy of once-a-month sampling. But 

of more importanc~ as regards this study was that Stander Cop. cit.) 

discusse~ the need to study the causal sequence between winds, 

currents, temperature and spawning (of the pilchard). Unfortunately 

he subsequently a~andoned currents, after noting that "a cle~r 

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 in our knowledge of the mechanisms and real processes 

going on in the ocean~ particularly in coastal regions. The Intensive 

Programme (which formed the physical basis of this study) was 

designed to fill some of these gaps and inevitably at the same time 

it revealed many new facts about the study area. 
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1.3 The locale of the intensive research area. 

'. 

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

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

lie of the coast between LOderitz and Cape Frio; the coastline north 

of Cape Cross running NNW for several hundred miles to Cape Frio, 

whilst that to the south of Walvis B~y runs for a comparable distance 

directly southwards to Luderitz. However, the 100 m and 200 m depth 

contours between Walvis Bay and Cape Cross are not similarly set bac~ 

and hence this area has ~ wide shallow shelf. This shelf has in the 

past been held responsible for certain hydrological features, which 

are known to be characteristic of, at alternatively are most pronounced 

in ,this region. 

Low oxygen conditions regularly ptev2il in ~he lower layers of the 

coastal waters between Walvis Bay and Cape Cross ~nd beyond, and anoxic 

conditions can exist at the bottom. Hart and Currie (1960) and 

Stander (1964) discussed possible causes and the extent of these 

conditions. Extension of these conditions upwards to the surface 

layer has led to mortalities of pelagic fish and othsr organisms 

in the Walvis Bay region (Copenhagen, 1953; Pieterse and van der 

Post, 1967). Bailey (1979) attempted to quantify the processes 

responsible for the low oxygen of the bottom waters in the LOderitz 

region (and also summarised the literature dealing with general 

hydrological research off the South West African coast). 
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A more Idealised feature is the high percentage occurrence of thermoclines 

all year round in the region between22°30' and 21°30'5. Du Plessis (1967) 

attributed the prevalence (and intensity) of thermoclines in this 

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

also serve to limi~ the ~aximum slope of isopycnals during upwelling 

in contrast to areas further north and south. 

Recent results of I. ~ru~er (presented by Agenbag, 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 inshore in this area during winter to this phytoplankton distribution, 

the thermocline conditions found by Du Plessis (1967) and the low 

oxygen of the area. 

Badenhorst and Boyd (1980) reported that pelagic eggs or larvae could 

on occasion suffer very little dispersion in the area, conditions they 

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

The present study will emphasise the dominant role of thermoclines in 

determining the hydrology of the intensive research area and the larger 

area bet~een Walvis Bay and Cape Cross. It also makes a detailed 

examination of factors that influence thermocline depth and the transfer 

of properties across thermoclines (and hence the low oxygen phenomenon). 

The st~rting point has been stated in section 1.1: the winds and the 

currents they cause. 
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2. THE 'INTENSIVE PROGRAMME. 

2.1 Deployment o.f th.e R.S. Sardinops, equipment and methods. 

The research area and various station positions are shown in Figure 1. 

Most time was spent at station MG1 which served ~s the chief drogue 

tracking station as well as a wind measuring station. Winds were 

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

Cross" grid was occupied once on the 15th and 16th of June, and the 

small scale "mini grid" was occupied seven times as part of the 

Intensive Programme which stretched from the 19th June to the 

3rd July, 1978. 

This programme consisted of drogue tracking, hydro/biological stations 

and wind measurement. The mini grid was worked every second day 

during the two week period, this taking.about 10 hours. For the remain= 

ing 38 odd hours out of every 48, the research ship R.S. Sardinops 

anchored at station MG1 in 45 metres of water, the weather permitting. 

At this station drogues were released at various depths and tracked 

by radar for as long as possible before being retrieved. Full 

hydro/biological stations were worked every 12 hours and temperature 

profiles were obtained every 4 hours. Surface temperature was monitored 

continuously until the thermograph broke down towards the end of the 

programme. 
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During the 12 hourly stations at MG1, bottle samples were taken at 

~the sJrface" (actually at about 2m depth) and at additional depths 

of 5, 10, 20, 30 and 4d metres. These samples ~ere analysed for 

salinity, dissolved oxygen (by the Winkler m~th6d), nitrate, silicate, 

phosphate and diatdms. In addition a bathythermograph (BT) and 

N50V plankton net were sent down to 40 metres. 

At stations MG2 and MG5 the 4Dm depth sample was omitted and deeper 

samples were taken at 50m and 75m. Midway between all the outer 

intensive stations, a BT dip was done. The positions and depths of 

these stations and dip sites are shown in Figure 2. This figure also 

displays the results of a "hydrographic survey" of the research area 

done by the R.S. Sardinops. 

During the programme the exact position of station MG1 was marked 

by an anchored buoy 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. On the anchor rope of the buoy a modified 

commercial temperature recorder was attached at a depth of 10m in an 

attempt to monitor temperature changes that may have been caused by 

internal waves. 

Windspeed was measured on the R.S. Sardinops by an anemometer at a 

height of 15m above the sea, with direction estimatep by the ship's 

officers. At Henties Bay a Lambrecht mechanical anemometer recorded 

cumulative wind distance and direction on an hourly pasis. The 

instrument was mounted atop a pole at a height of 5 metres, and was 

-8-
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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 

quantitative results. To this end three design criteria were applied. 

The first was that the radar reflector should be clearly visible on the 

ship's radar during reasonable weather conditions when the drogue was 

about 2 miles away from th~ ship. The next was that the drogue must 

be of sufficient size to minimize the effect of windage on the 

reflector. (Kirwan et ial (1975) emphasized the magnitude of the errors 

due to the windage in drogue studies.) The third criterion.was .that 

the drogue should be able to be easily deployed, retrieved and stowed; 

using either a twelve foot inflatable boat or the one hundred and twenty 

foot R.S. Sardinops. 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 

comparison to those used by Bain (pers. com.), windage will have to 

be compensated for before the drogue velocities can be regarded as 

current velocities. In the next section suitable correction factors 

will be developed using both a theoretical and practical approach. 

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

drogue terminology, will be given. 
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FIG. 3 RADAR TRACKED DROGUE 
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Drogue tracking was done on 14 "occasions". An "occasion" began 

~heri one or more drogues w~re deployed and ended when either all 

drbgu~s were recovered, or some drogues were recovered and deployed 

again at the same depth. For example, if the 2 and Sm drogues were 

recovered because they had drifted too far from the R.S. Sardinops 

for successful tracking, and then were 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 Sm drogues. Thus a single 

trajectory may extend over two occasions. Complete tracking and 

wind data for 13 of the 14 occasions is given in Appendix A. No 

corrections have been made to this data. 

Drogues were deployed at depths of 2, S, 10, 20 and 30m. If 
I 

conditions for tracking were favourable (i.e. winds were 1S knots 

or less), drogues would be deployed at all or most of these depths. 

Under higher windspeed conditions, generally fewer drogues would 

be deployed. What often happened was that a "full house" deployment 

would be followed by early recovery of the 2 and Sm drogues, as these 

drogues would be rapidly transportad out of tracking range in high 

windspeed conditions. Hence longer and less biased sampling of the 

deeper 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 obtained from the ship's radar every half hour and true 

bearing and distance relative to the ship were noted. The ship's 

-12-
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position itself was noted relative td the MG1 marker buoy. All measure= 

ments were made to within a degree of arc and 0,01 of a nautical mile. 

However, due to factors such as the impossibility of noting the 

positions of 5 drogues simultaneously and a ce~tain amount of the 

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

was made, true time-space accuracy is estimated to have an uncertainty 

of : 0,05 n. miles about. 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 two occasions a "three pdint drop" was made. 3 pairs of drogues, 

each pair consisting of a Sm drogue and a 30m drogue, were released 

at intervals of 2 miles along the 22 S latitude, the centre drop 

being done at MG1. Every two hours or so, the R.S. Sardinops would 

"visit" each drogue and take a DECCA fix to obtain position. This 

method was employed for two reasons, firstly to obtain a broader spatial 

picture of currents in the surface and deeper layers, and secondly to 

use the time constructively when 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 

preliminary data processing undertaken, namely the development and 

application of a correction factor to compensate for windage on radar 

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

During the Programme it was realised that windage on the radar reflectors 

was sighiflcant, inspite of the fact that the size of the drogues had 

~~proxi~ately · doubled (in all 3 dimensions) when compared with those 

used by Bain (pers. com.), whilst the radar reflector had remained the 

same size. The Sffects of the wind could be clearly seen and felt 

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

realised that windage was not all obscuring; drogues at 20 and 3Dm 

had on several occasions advanced, radar reflector and pole tilting 

backwards, into the wind. Obviously some correction factor was 

needed before the effect of the wind on the currents-(and not just the 

drogues) could be discussed with confidence. 

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

compared to the results of a more experimental approach. 

Murray (1975) obtained an expression similar to that given below in 

equation 2-1 for the relative speed between the drogue and the water, 

i.e. the error due to windage, by assuming the drogue 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 sine of the observed maximum angle made by the line 

connecting the drogue to the surface float pole. This feature is not 

been 
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incorporated in equation 2-1 for the reason that in practice the 

vertical dom~onent bf the windage force would cause kiting and thu~ a 

net movement of the drogue in the direction of the wind which would 

not otherwise be allowed for. Also if this feature were incorporated, 

the angle should be a function of windspeed. Equation 2-1 expresses 

a straight balance between the forces on the tetrahedral reflector and 

drogue. 

~ 
Uo = [Cr p air '\ Lr 

· \Cd pwateJ Ld 

W (windspeed) (2-1) 

where: Uo = the relative speed between the drogue and the water 

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

. Ld = length diinension of the tetrahedral drogue (1,70m) 

w = wind speed 

.fl air 1,25 x. 10-3 gm/cm 3 
= 

p water = 1,00 gm/cm3 

Cd and Cr are drag coefficients for the water and the air on the 

tetrahedral drogue and reflector respectively. The ratio of Cr to Cd 

will be taken as 1,5 on account of the fact that whilst the drogue is 

biplanar, the tetrahedral reflector also has a third plane. This 

gives it a surface area of 1,5 x its shadow area which will feel the 

wind in real conditions: i.e. when the wind causes the pole supporting 

the reflector to aquire a slight tilt. 
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From (2-1) we obtain: 

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

Ta allow far the fact that wind was measured at fifteen metres above 

the sea whilst the radar reflectors were at most 2m above the sea, the 

factor of 0,0097 in equatiarl 2-2 will be reduced, according to B 

logarithmic wind profile with scales of: 

W (15)m = 10 m/s 

Zo (roughness length) 

K (Von Karmans constant) = 0,4 

This ~ives u• (friction velocity) = 0,416 m/s and thus 

W(z) 
= ~ 1n(~) 

K zo 

then gives (2-3) 

W(2) = 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: 

Ua = p x Windspeed (at 15m) (in any units for speeds) 

where J3 = 0, 0076 (2-5) 

This result agrees well with two estimates of windage obtained from 

a more practical approach 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 sp~ed 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.e. 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 

of measurement (see section 3.2), two estimates of the effect of 
\ 

windage on the dro~ues were obtai~ed. 

The drbgue tracks plotted in Figure 4 have not been corrected for 

windage. T.he wind (x) and current (y) velocity components for the two 

occasions are shown with their two appropriate regression lines in 

Figur~ 5(a). These components were obtained gr~phically from the 

originai enlarged version of Figure 4 and are tabulated below in 

Table 1. 

Table 1: Wind and current components used for windage calculations 

Time Occasion 4, 22/6/78 Occasion 6, 24/6/78 

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

08h30 - 09h30 -0,02 -14 

09h30 - 1dh30 0,06 -15 -0,03 -27 

10h30 - 11h30 0,06 -17 -LJ,03 -23 

11h30 - 12h30 0,09 -8 -0,03 -20 

12h30·- 13h30 0,09 -4 0,08 -12 

13h30 - 14h3u 0' 14 +4 0' 16 -7 

14h30 - 15h30 0,09 -7 

15h30 - 16h30 0' 16 0 

-18-
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Figure 5(b) displays the theoretical and experimental estimates of 

drogue velocity error due to windage. · The theoretical estimate only 

considers windage on the radar reflector, whilst the experimental 

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 bs 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 separatirin between the upper and lower 90% 

confidence interval limits for the practical estimates is not quite so 

heartening, nevertheless they are shown in Figure 5(b) and below in 

Table 2. 

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

90% confidence interval limits 

for windage error, ~ 

Occasion 4 

0,0103 

0,0012 

0,0058 

Occasion 6 

0,0110 

0,0058 

0,0084 

Theoretical 

0,0076 

On account of these broad confidence intervals it is of importance to 

assess the' potential error due to windage in hourly current velocity 

components, after correction factors have been applied. Let us 

consider the following hypothetical case: 
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(a) the "true" correction factorp is 0,0110 (the u~per limit 

of the highest value in Table 2) 

(b) a true current ~f 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 0,31kts. The theoretical method will correct this ta 0,23kts, a 

difference of less than 20% from the true value for the hourly 

velocity component. 

furthermore the mean wind velocity obtained from all the drogue 

tracking accasions over the two week programme was only 1,6kts in a 

northerly direction (see Figure 11). Thus if JJ were incorrect by a 

factor of 0,003, as in the case considered above, mean current. speeds 

would be out by a factor of 0,0048 of a knot, which is negligible in 

any terms. 

It is thus contended that: 

1) Any discrepancy between current velocity and corrected drogue 

velocity due to an error in the estimation of windage, will be 

less than 0,03kts during winds of 10-15 knots. This is of the 

same magnitude as the uncertainty in the hourly velocity compornents 

caused b~ the tradking limitations 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 of windage 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, 

although, even with spot-on corrections, this would only be true in 

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

3.1 · In@rtial Cur.rents. 

Before the influence of wind on currents is discussed, the nature 

and space dependence of the velocity of the currents prevailing 

in calm conditions will be examined. Windage corrections were 

minimal or zero for all drogues and thus the drogue paths can be 

considered true "water parcel" trajectories, with the exception 

of those interfered with by thermocline depth changes. 

A calm period for a full 24 hours on 1 and 2 July, 1978, provided an 

opportunity to observe classical inertial motion at depths of 2, 5, 

10 and 30m. The drogue tracks are shown in Figure 6 and have circles 

imposed on them for analysis. It is from these circles that the radii 

and periods are gleaned. The drogue at 20 metres did not inscribe an 

arc of a circle, but the thermocline can be seen to be located between 

15 and 20 metres and thus the 20m drogue track would not reflect the 

movement of any one water parcel. In fact two very incomplete 

circular tracks seem apparent. 

For the 2, 5, 10 and 30 metre drogues, the periods are in agreement 

with those expe,cted theoretically in this latitude 02 hours at 

22°5) and. the radii measured are also reasonably in agreement with 

radii expected from the formula: 
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The occurrence of inertial motion is in itself important in that 

it carries the implication that residual pressure gradient forces 
.... · -· -

were ne~li~ibia durihg this period. However, .a calm period from 

OOhOO to 08h00 on 27 June did not produce classical inertial motion 

in the surface layers (although the direction of ,velocity changes 

was anticlockwise) showing a relaxation time for pressure gradient 

forces is needed even following diurnal winds. 

; .. 
These features are consistent with ·the fact that this study was 

done in an area with a wide shallow shelf,· which would only allow 

limited pressure gradients to establish,whatever the wind history. 

In regions where the shelf is narrower and steeper the residual 

pressure ~radient forces could be more dominant due to the sloping 

of isopycnals being able to establish on a larger vertical scale. 

3.2 Horizontal space dependence of current velocity. 

On two occasions the spatial nature of currents was investigated and 

the data from one of these, that of 30 June 1978, is presented here 

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

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

initially by DECCA and afterwards by radar. 
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The track~ at 30m show a "counter" current flowing "southwards" along 

the coast, a feature that has been noted by Stander (1964) and others. 

The spatial velo~ity distribution of this current was very uniform 

on this occasion• ~!though the slower and slightly more southward 

directed track of the furthest inshore drogue may have been influenced 

by the bottom topography. To this author's knowledge this is only 

the second time that this subsurface counter current has been measured 

directly off SWA, although it has often been inferred. Kuderskiy 

(1964, not seen in the original) was reported by Moroshin, Bubnov and 

Bulatov (1970) to have made "instrumental" observations 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 

what appears to be anticlockwise eddy formation in the surface 

layer. In this type of flow, as opposed to uniform longshore flow, 

obviously spatial differences in current velocity must occur because 

of the boundary imposed by the coast. The two longer 5m trajectories 

also show apparent frictional retardation of potential inertial motion, 

although this would have been abetted slightly by the light anticlockwise 

winds. It is noted here that so dominant was the role of the coriolis 

force in the research area in affecting both wind and current that not 

once during the entire two week experiment was clockwise rotation 

observed in the surface layer. 
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The results of this 3-point drop have shown the spatial coherence 

of current direction over a limited area. This feature will be 

made use of later w~en components of current velocity will be 

treated as if they were measured at the ship's anchor site. 

3.3 Wind influence on currents1 and an example of diurnal variation 

Two different wind regimes occurred during the R.S. Sardinops two week 

stay at MG1. During the first week winds consisted predominantly 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 a fair swell which made both 

anchoring and radar tracking difficult or impossible, so drogue tracking 

was attempted by other means. figure 9 shows velocity vectors for 

about 6 hours resulting from the first three point drop experiment an 

the 28th of June. The vectors were calculated by·noting the difference 

between deployment and later positions of the drogues on the ship's 

DECCA system. Surprisingly law velocities were found at both 

5 and 30m. The only explanation for this is that much energy appears 

to have be~n expended in deepening the upper mixed layer during the 

southerly wind period (Figure BO. Certainly this layer was well 

mixed (see the BT trace in Figure 9) and very little energy went into 

currents. 
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On 22, 24 and 26 June, 1978, drogues were released in typical 

landbreeze/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 diurnal winds. Other 

occasions showed similar features but did not have the continuity 

of current measurement. 

At 08HOO on 26/6/78 a rather diffuse thermocline existed between 

about 8 and 20m (Figure 13). At 20h00 however, two sharp thermoclines 

at 5 and 10m were present above the previous thermocline (Figure 13). 

Thus reasonably independent movements 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 06h00 and 

increased in velocity to reach a maximum of between 15 and 20 knots 

from 08h00 to 12h00. The direction was mainly 060 to 070. Five 

drogues at depths of 2, 5, 10, 20 and 30m were deployed between 

07h00 and 08hOO. The surface (2 and 5 metre) drogues immediately 

set off in the direction of the wind (this was obviously mnre marked 

before the windage corrections were applied) and then moved in a 

mean direction of 210 to 220 degrees from 08h00 till 12h00, which 

is about 30° to the left of the wind. 

At 13h00 the wind dropped but it picked up again at 16h30 as a 

seabreeze from 260° before swinging around gradually to reach 

southerly at 21h00. The wind died at 24h00. 
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Two more surface drogue~ were deployed at 16h00 and the others 

retrieved. At 16h30, as the seabreeze started, they were heading 

in a southerly direction. By 20h00 their direction had swung to 

090 under the influence of the seabreeze and at 24h00 the surface 

drogues were heading 030, now however 30° to the right of the wind. 

The calm conditions from 24h00 to 08h00 the next morning saw the 

surface drogues swing slightly more to the left, but inertial 

circles were not described, 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 so~theast, "down" the coast. 

Diurnal winds have been shown to be able to control the surface 

currents. At 08h00 on 26/6/78 the surface curtent was westerly, at 

20h00 easterly. Thus a new time scale of 24 hours can be added to 

the inertial time scale of 32 hours. Ignoring pressure gradient 

forces, this means that during temporary calm conditions, inertial 

current rotation will lag behind diurnal rotation of _the imaginary 

wind (using a complex number analogy). When the wind picks up 

again this lag becomes noticeable. On the othBr hand, in a steady 

state, say after 3 hours of uniform wind, the surface 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 and wind 

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

An intial objective of the drogue tracking experiment was to ascertain 

quantitatively the response of surface currents to wind on a short 

time scale, by means of correlation. Several major problems were· 

encountered ahd these are as follows: 

Firstly the current record is far from continuous which precluded 

a spectral analysis of the vectors. 

Secondly the longer periods of tracking, in particular those of the 

2 and Sm drogues, were done in calm or low windspeed conditions. 

Thus viewed as a whole the data set of velocity vectors is biased. 

(In order to keep accuracy as high as possible only velocity 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 trajectories 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 previously. 

Had the winds been more steady in velocity a longer lag would 

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

far between and these will be discussed in section 3.8. 

Another decision was to use only current speed components for 

correlation with their appropriate wind components if the latter 

had a wind speed greater than 3 knots. The component axes into 

which vectors were broken were primarily north-south (V) and 

east-west (X). X currents were only correlated against X winds and 

V currents only ag~inst V winds. 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 approach only complicated the matter. 

All correlations were linear, in the line with Ekman's (1905) 

infinite ocean steady state equations which result in the following 

relationship (at 22°5): 

Surface current speed = 0,021 x Windspeed (any units) (3-2) 

(The eddy viscosity value used was 4,3 x Windspeed2 and the 

~ -3 2 windstress ~ was taken as 2,6 x 10 x density of air x Windspeed , 

Neumann and Pierson, 1966, pp 209, 210). 
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Although the conditions for using the above-mentioned Ekman equation 

were blatantly not met, his formula has acquired a generality of 

application thrciugh use, particularly as reg~rds surface current speeds. 

Table 4 below displays th~ results of correlations using half hourly 

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

eastwards and the V axis as positive northwards. 

Table 4: Current-wind correlations 

Current depth and direction 

Correlation coefficient (r) 

Slope 

Number of pain.ts 

2mV 

0,60 

0,015 

44 

5mV 

0,65 

D,015 

46 

2mX 

0,73 

0,012 

31 

5mX 

0,45 

0,007 

47 

Of interest in the correlations is the correlation coefficient, the 

slope and the intercept (not shown). · The square of the correlation 

coefficient is indicative of how much of the variance of the current 

components is attributable to the corresponding wind components' 

variance, and the slope allows an estimate to be made of wind-caused 

current components from wind velocity components. If there was a 

residual pressure gradient current this would be apparent in a 

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. 

-37-
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The values of the slope for the 2m X and Y 6urrenta are ciomparable to 

the "slope" of 0,0~1 given in equation 3-2. In addition a small 

allowance can be made for the fact that the Ekman equations predict a 

surface current at angle to the wind. In the corresponding time 

dependent solution of Ekman's equations this angle is about 18° after 

two : hours by which time the surface current speed is very close 

to its steady state speed. In a later section current speed will be 

related directly to windspeed without analysing components, and a 

"slops" of 0,017 will be obtained. 

The degree of current variance which can be attributed to wind ~long 

the same axes (r2), is on average just under half. Smoothing and 

averaging of current and wind vectors raised both the slopes and the 

2 r values, the latter to just over half on average. However the number 

of components available for correlation declined to an exitent that 

reduced the "statistical significance" of the results. 

Wind-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 that st~tistical significance can not actually be 

given when a biased sample is used. However, if one considers the 

sample to a random orie of "low to moderate wind speed events", 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 relationships 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.S Corr~lations a~6n~~t current components. 

A current component correlation matrix is presented in Table S. It 

also includes wind components, but only those appropriate to current 

tracking occasions. It is mentioned again here, that currents at 

the different tracking depths were not always tracked simultaneously. 

Hence the vector data set for the 2m versus Sm correlations would not 

necessarily come from the same occasions as that for the 20m and 30m 

correlations. Thus the number of vector components used for each 

correlation differs and the appropriate numbers are also given in 

Table S. All components considered in this matrix are unsmoothed 

hourly components. The average currents derived from these components 

are shown in Figure 11. 

For the purpose of this study only the highest correlations in Table S 

will be discussed, although many others are "significant". All those 

discussed have r values above 0,7S and are as it happens, correlations 

between components along the same axes. Wit~ut the conditions imposed 

in the previous section, especially the 2 hour lag between wind and 

surface (2 and Sm) currents, these currents correlated poorly with 

wind components. 
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FIG. 11 AVERAGE CURRENT : VELOCITIES 
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3.6 Curr~nt :vel:ocities and speeds. 

. I 

Examination 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 directly onshore, that at 30m had a strong "downshore" component 

(possibly due to topographic effects), as well as an onshore one, 

whilst the surface layer movement (as measured by the 2 and 5m drogues) 

was n6rthwards and mainly longshore. 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 continuity balance at the research site one must accept that 

more offshore directed currents must have existed in the surface. layer 

and that these were just not adequately sampled. The significantly 

longer total time spent tracking the currents at 20 and 30m puts 

more confidence in their velocity figures. 

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

at MG1 as it is still some 6 miles from the coast. However, 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 

3.4. 

Table 6 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 s 10 20 3.D 

Average velocity (kts) 0,080 0,063 d,028 0,073 0,06S 

Average speed (kts) 0,241 0,204 0' 171 o, 138 0,1S1 

Av. Velocity/speed ratio 0,33 0,31 0,16 O,S3 0,41 
I 

Hours of radar tracking 48 S6 S8 69 84 

Of special interest in Table 6 are the similarity of the velocity/ 

speed ratios for the surface (2 and Sm) currents, the higher ratios 

for the lower layer (20 and 30m) and the very low ratio for 1Dm. 

These ratios can be used to support the by now oft repeated 

assertions that the 2 and Sm depths were both practically always in 

the wind coritroTle!o surface layer, the 20 and 30m currents moved more 

consistently (as can be seen by their higher velocity/speed ratios) 

with an onshore component, whilst the current at 10m depth suffered 

problems akin to those of a child with separated parents. 

The agreement in direction between the average surface layer velocities 

and the average wind velocity (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 occasions 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 Current speed variations with depth. 

Current speed profiles from all radar tracking occasions are presented 

in Figure 12. It must be noted that these profiles in no way infer 

anything about relative speeds between different depths. The mean 

speed and 0ariability for the tracking depths are tabulated below in 

Table 7. To obtain these mean speeds hourly or half hourly vectors 

were not used, and occasions were not weighted according to the time 

the drogues were tracked. Each occasion was instead considered as 

sampling just one current speed per drogue. In Figure 12, the day of 

the month is indicated next to each profile (or point) with the 

occasion number in brackets. 

Table 7: Current speed and variability 

Tracking depth (in metres) 

Mean speed (in knots) 

Std. dev. of mean speed 

Number of occasions 

2 

0,23 

0,056 

7 

5 

0,20 

0,059 

9 

10 

O, 14 

0,063 

9 

20 

0,11 

0,036 

11 

30 

0, 12 

0,017 

11 

The mean speeds shown in Table 7 are similar to those of Table 6, 

but ~re somewhat lower at 10, 20 and 3Dm. The following points can 

be noted from Table 7 and seen in Figure 12. 
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firstly there is very little difference as regards the speed and 

speed variability (i.e. std. dev.) of the 2 and Sm currents. This 

yet again underscores the fact that the wind driven layer extends 

beyond 5 metres, and that either of those tracking depths may be 

used ta infer surface layer movement an different occasions. 

Secondly the 10 and 20m currents shaw a notable speed decrease while 

th~ 10m cur~ent retains ~ high variability, emphasising again its 

"attachment" ta bath upper and lower layers an different occasions. 

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

the 20 metre current (which can be noted from bath Table 6 and Table 7), 

but the latter Table shows it ta have an extremely low speed variability. 

The possibility of an "undei current" continuous in time and direction 

is ruled out however, by the moderate value of 0,41 far its velocity/speed 

ratio given in Table 6. This would suggest a meandering counter current 

in lower layers around MG1, which is not as affected by short time-scale 

continuity considerations as the directly 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 10m current have remained intact, but the 

30m current has shown evidence that the lower layer is not always 

one, as m~y have been e~pected. 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 onshore) 

direction. 
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This section completes the analysis of the whole current data set. 

In forthcoming sections particular occasions will once again be 

examined but on a mare quantitative basis than was done previously. 

3.8 Selected periods: "steady" winds and currents. 

On some occasions the wind was reasonably uniform for a period of 

several hours 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 knots and fairly uniform 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 hours. The data are tabulated in Table 8 

and displayed in Figure 13. 

From the average data shown in Table 8, a formulation of: 

= 0,017• lwindspeedl ------ (3-3) •co,221113,s) = 0,011 

can be obtained making no allowance for the angle between wind and 

current. Bearing in mind this allowance, this formulation is 

consistent with previous results obtained for the slope of wind-current 

component correlations (section 3.4 and the Ekman based relationship 

of V(o) = D,021 Windspeed. The present result will be used 

extensively when developing the mathematical models in Chapter 4. 
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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 Sm drogue tracks. This can be 

ascribed to the balance between: 

(a) the frictional and coriolis forces trying to move the Sm 

drogue to the left of that at 2m, and 

(b) the quicker response of the 2m drogue to the leftward rotating 

winds. 

Because these periods 1were chosen for their lack of wind variation, 

the first mentioned forces dominated except during occasion 9, when 

the wind had a history of such rotation· before the selected period. 

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

the wind for this very reason (a previous description of occasions 8 and 9 

in section 3.3 can be referred to for more details.) During the other 

three periods the surface current was deflected to the left of the 

wind. 

The 1Dm current was on all four occasions found to the right of the 

surface (2 and Sm) currents. This implies that friction and the 

coriolis force were losing out to the response 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 Current shear and density differences. 

Current shear, that is a relative velocity between currents at different 

depths, is typically found most markedly over depth ranges with high 

density gradients. In the research area, because of the very uniform 

salinity distribution (see Chapter 5), this means over thermoclines. 

For swifter flowing 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 a process known as entrainment, and this aspect is discussed at 

length in Chapter 5. In the present section, density differences a·nd 

relative velocities between "layers" that occurred during occasion 8 

will be examined in detail, in an attempt to provide quantitative 

arguments to back up the qualitative reasoning given thus far for 

velocity differences with depth. 

The current data is given in Table 9 and the density data in Table 10. 
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Table 9: Relative current velocities (08h00-15hJO on 26/6/78) 

Depth interval (m) 

Relative velocity (cm/s) 

(Relative velocity)2 

2-5 

3,6 

13 

5-10 

3,1 

9,6 

10-20 20-30 

4,8 4,0 

23 16 

Table 10: Density differences x 105 (gm/cJ) between depths on 

26/6/18 and 27/6/78 

Range: 0-5m 5-10m 10-20m 20-30m 0-30m 

Time 

08h00 2 12(s) 1 13(s) 28 

12h00 5(s) 4(s) 25(s) 5(s) 39 

16h00 13(s) 3(?) 19(s) 12(s) 47 

20h00 15 3 24 5 47 

24h00 12 2 17 15 46 

04h00 6 15 12 5 38 

08h00 17 3 9 5 34 

Note: (a) A standard salinity was used for all times and depths, 

as salinity was measured only at the 08h00 and 2Dh00 

stations. 

(b) (s) infers probable shear flow between layers. The 

period after 16h00 is not QOnsidered. 
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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. 

The local Richardson number R. = 
l. 

Hence k ) 0,, 2 5 .&(du.)2 
a~ ~ a~ 

for shear flow 

In the present context this relationship will be written as 

taking g = 103 cm/sec2 

(3-4) 

(3-5) 

(3-6) 

In order to approximate to a local Richardson number, (l. Z 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 2Dh00 

on 26/6/78 shows that this is anything but an arbitrary assumption. 

We now have the following condition for shear flow: 

(3-7) 

The density differences required for shear flow in the various depth 

ranges on 26/6/78 are tabulated below~ taking <Au)2 as the (relative 

velocity)2 given in Table 9. 
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Table 11: 

Depth range: 2-Sm S-10m 10-20m 20-30m 
. s . . !lp X lb required: 3,3 2,4 S,75 4,0 

Comparison of the data given in Table 11 above with that in Table 10 

indicat~s that only in the 2~Sm and 10-20m 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 she~r flow~) 

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

on 26/6/78) two distinct thermoclines are evident at about S and 10m 

depth~ The current vectors at 2, S and 10m reflect this by having 

a very wide angular dispersion. The current at 10m depth is moving 

at right angles to that at 2m. Shear flow is definitely well 

developed, and in this instance the assumption of taking A,7; = 100cm is well 

founded. However it appears that the initial density "discontinuity" 

which occurred above Sm according to Table 10, must have actually 

occurred below the Sm drogue. This is due to the fact that the surface 

bottle sample was actually done at about 2 m depth meaning the Sm 

sample was done at 7m depth. In keeping with hydrological sampling 

techniques no allowance was made for thisi 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 

one depth range in the water column, a small "discontinuity" 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 spatial distribution of 

winds in the Walvis Bay to Cape Cross area. 

A summary of the present chapter is provided on the next ·3 pages. 

It was designed both to separate the salient results of this chapter 

from the mass of methods, and to enable a reader to proceed to the 

modelling chapter without referring to individual sections of the 

present one. 
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3.10 A summary of the results of the, drogue tracking experiment. 

(The results of each section are stated under the appropriate 

section number.) 

1.) Inerti~l moiion was obse~ved at different depths during a calm 

period with ths implication that: 

(a) pressure gradient forces had a relatively short relaxation 

time 

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

lower layers must have occurred. 

2.) Spatial variation in current direction, but not speed, was 

observed to be small at Sm. Spatial variation in velocity was 

small at 30m. A "poleward" undercurrent. at 30m was measured. 

3.) Strong southerly winds that caused vertical mixing and 

lowered the surface temperature were not accompanied by 

current velocities of any magnitude. 

Diurnal winds rotated in an anticlockwise direction with the 

offshore landbreeze generally being the strongest. The 2 and 

Sm currents were basically in the direction of the wind, but 

the angle frbrn wind td current was observed to change 

from anticlockwise to clockwise as the wind rotated through 

the day. 
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4.) Linear correlations of 2 and Sm X (i.e. easterly) currents on 

X wind~ and 2 and Sm Y (i.e. northerly) currents on Y wind, 

using a current-wind time lag of 2 hours, would have been 

statistically significant if the wind/current data set were 

not biased. 

S.) Cor~elations ~mongst current components yielded very high 

coefficients between 2 and Sm currents in both the X and Y 

directions (r = 0,93 in both cases). The 10m current 

correlated well with surface (2 and Sm) currents in the X 

direction but not in the Y direction where it is correlated 

better with the 20m burr~nt. The 20 and 30m currents 

correlated highly in the X direction (that closest to onshore) 

but not in the Y direction, showing that a unified "lower layer" 

cannot be assumed. 

6.) Average currents (calculated from the whole radar tracking 

data set) showed mainly longshore transport 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 low and slightly offshore~ Sampling bias is 

thought to have led to an under-estimation of the offshore 

velocity of the surface layer. 
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7.) Current speed decreased with depth to 20 metres and then 

increased slightly at 3dm. The 30m current had an extremely 

regular speed, and this together with its average velocity led 

to the conclusion that a meand~ring counter curre~t flows 

"down" the coast in ~ south-easterly direction, the mean flow 

being largely unaffected by surface layer movements. 

8.) Data from 4 "steady state" occasions in which total current 

velocity was divided by total wind velocity gave a formulation 

of: 

"Surface" current speed = 0,017 x ruindspeed 

This result will be used extensively in the modelling chapter. 

9.) The relative velocities between layers, and the vertical density 

structure showed that on a typical occasion shear flow could 

occur at more than one depth in the water column. Thus winds 

would often only directly influence the surface layer (that 

above 5-10m) and the mixing of water properties vertically 

below these depths would be severely curtailed. 
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3.11 

A Note on ~he vatiationp in the wind as measured at the Research Ship, 

Henties Bay and Walvi~ ~ay during June 197~. 

The winds prevailing off South West Africa have been previously 

discussed along two lines. Firstly, Stander (1963) and Stander and 

de Decker (19~9) using data from Pelican Point lighthouse detailed 

the daily, seasonal and yearly variability of the local winds around 

Walvis Bay. Secondly, Hart and Currie (1960), Stander (1964), 

Schell (1968) and Bailey (1979) described the basic pressure systems 

and offshore wind regimes using ships' data. 

At the present moment wind data is being collected from two anemometers 

along the South Wesi African coast in addition to that at Pelican Point. 

They are situated at Ichaboe Island (26°S) and Henties Bay (22°S). 

The Henties Bay anemometer, initially installed 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 June 

1978 are shown in Figures 14, 15 and 16, and are described below. 

Some basic differences amongst the winds at the 3 sites are obvious, 

namely that the stronger winds at Walvis Bay were dominantly southerly, 

those at Henties Bay north-easterly, and the research ship experienced 

both of the above directions fairly equally (unfortunately the record 

is much shorter.) If a strong north-easterly was present at Henties Bay, 
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a weak wind of similar direction would probably be measured at Walvis 

Bay. On the oth~r hand, if a strong southerly was recorded at Walvis 

Bay, a weak southerly could be expected at Henties 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 onshore/offsho~e winds straddling them in time and often bordering 

on calms. At Henties Bay a similar pattern of southerly winds can 

prevail in the absence of the dominant north-easterly. Windspeeds 

are about half those at Walvis Bay though. 

On the 12 occasions when the north-easterly did "blow" at Henties Bay 

in Jurie 1978 Ci.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 excesses. 
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It can also be noted that the longer timescale event of "constan~" 

southerly winds from 27 to 29 June occurred with somewhat more 

unifbrmity in space than the shorter time scale events, i.e. the 

winds at the three measuring sites at least blew in the same direction, 

although with greatly differing speeds. 

In conclusion it can be said that the average longshore windstress, 

the basic driving force for upwelling, was greate~ at Walvis Bay 

than at the other two sites; the Henties Bay site in particular 

having more offshore windstress, which because of the pulsating nature 

of the winds, would only ganerate intermittent offshore surface 

current pulses, with no basic longshore current. This was the case 

as regards currents at the research site, although,because of the 

greater occurrente of southerly winds and a diminution of the 

velocity of the easterlies (and current 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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4. A MODEL SHOWING SURFACE CURRENT RESPONSE TD WIND 

4.1 Introduction 

A simple model of the surface layer incorporating some characteristics 

found experimentally is presented in this chapter. The basic objective 

is to investigate the 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 of 8 metres. The equations 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 

current response to wind. Pollard and Millard (op. cit.) used their 

"slab" as a means of integration and not because of any physical 

resemblance to reality. This is not the case here, as evidence of the 

regular existence of a surface layer, whose movement was basically 

uni-directional and not directly related to the movement of the layers 

below because of shear flow, has been given in the previous chapter. 

The following features are incorporated in the model: 

1.) Time dependent wind ~nd current, the drivi~g 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. 
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2.) The coriolis force. 

3.) Friction proportional to current velocity and acting in the 

opposite direction. Later, friction proportional to wind speed 

as well. 

4.) Independent movement of a surface layer of specified depth. 

The following features are among~t those omitted: 

1.) Explicit depth dependence of 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 be considered 

parallel to the y axis on the positive x side of the origin. 

In the experimental section no evidence of direct coastal 

influence on current response to wind was found, although the. 

off-shore/onshore 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 eguations 

dx 
dt 

.9.Y. 
dt 

= LI 

= v 

y :(north) 

x (east) 
> 

The equations are: 

au + fv 
dt 

dv 
dt 

f v 

= Rv + Q1 

= Rv + Q2 

imaginary coast 

(4-1) 

(4-2) 

Q1 and Q2 are wind formulations in the x and y directions respectively. 

R is a negative frictional coefficient having dimensions of(time)- 1• 

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

in the above equations. 

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

4.2 
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W = u + iv and Q = Q1 + iQ2 where Q has a simple analytical form. 

dW 
dt 

(R + if)W = Q 

dW + pW = Q where p = -(R + if) 
dt 

If I i: spdt then we have a general solution for W ln the form. 

W = e)(p (-1)( fG.exp(1)dt] +- Cexp(-1) 

4.3 A steady state solution 

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

(4-3) 

(4-4) 

(4-5) 

representing 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. 

lJ = v<P (R.t + Lft) t J \.s tc exp(-(Rt -1- ·,ft}) dt} +Cup (Rt,_ Lf t) 

=- \,, 5 tc: + C.. exp (Rt) exp ('ft) 
Rl-+5' (4-6) 

w :; u + iv + Q. has a s rm. 

+ i W = Q. ( ) 

+ p -(R + if) ( ) 

If I t we a n w the form .. 

)[ exp r) (4-5) 

4 .. 3 
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V = - Rstc. 
R' + f'-
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U= -fstc 
R2 -t f i 

(4-7) 

It is apparent fr6m (4-7) that the value of R, or the jR/fl ratio, 

determines both the angle between the wind and the current and the 

speed of the current. 

If there is extremely little friction( \R/f l tends to zero) there is 

a westerly current, 90° to the left of the forcing wind. On the other 

hand, as JR!f\ increases the northerly current increases relative 

to the westerly component. The maximum current velocity is achieved 

with R = 0 and it decraases as R increases. The current velocity 

( 2 1)-1 £J decreases propdrtionally to 1/tan e + as u goes from 90 ° 

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

Thus to obtain a 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 be 

considered, both for convenience as they correspond to R values of 

-f and -2f respectively, and because they are in line with Ekman's 

(1905) result and various practical results reviewed by Neuman and 

Pierson (1966). Pollard and Millard (1970) made no such assumptions 

about R but used various values in attempts to get their model to 

~e~roduce experimental results. 
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A value is also needed for tc before numerical results can be obtained. 

S.ince I WI = (u2 
+ v2

) 
112 it follows from (4-7) that 

I w f = stc (4-8) 

In the experimental part ~f this report dealing with the 4 "steady 

state" occasions the relationship 

\current velocityf = 0,017 ~ fwind Velocityf was obtained (equation 3-3) 

In the terminology of the present chapter this can be written 

,w, = 0,017 Is\ 

Thus tc will be put = 0,017 (4-9) 

These values of tc will be assumed to be valid for a slab of 8 metres 

depth i.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 slab model in the first place were met, 

and because of the very high correlations between 2 and Sm current 

velocities and their similar_speeds. 

-71-
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4.4 An analytical solution with diurnally varying wind input 

A specific application df the analytical model was to see if the 

surface trajectories recorded in occasions 8 and 9 during the se~ 

breeze/landb~e~z8 . regime could be approximated by a model incor= 

porating a theoretical representation of this wind. 

A lorigshore wind with both steady and fluctuating- cqmponents of 

magnitudes Sand y' respectively, is thus considered together with a 

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

Q = Q1 + iQ2 

G..1 - - :x: 'tc. s1·n cot = -X 5tn wt 
(4-10) 

Qz. = 5t.c. + 40'tc.(.OS6Jt := 5 -~ Y COS U)t 

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

the diurnal easterly component reaches a maximum at 06h00 

northerly 12h00 

westerly 

southerly 

18h00 

24h00 

w = 2 l( /24 and t will be in hours giving the trigonometric functions 

a twenty four hour periodicity. We have: 

W == e>< p C- I) [_ G. ~ p (I) dt 1 + C eJ< P (-1) 

where 1 ..,. [R,t + Lft] 

-72-

4 4 

A specific ion df the mo was to if the 

sur tra es recorded in occ ions 8 and 9 during se 

reeze re be approx d by a model 

po ing a theoret al representatiori of this wind. 

A re wind both steady and fluctu ing' cqmponents of ri 

i s 5 and yl respect , is cons together 

onsho ff-shore of magnitude x I. 

Q = + 

r= 

a 

1 = n 
(4-10) 

+ - cos 

It can be noted that the is nom 

easte y reaches a 

no 

weste y 

2 t be in hours giving 

a twenty four hour perio ic y. We have: 

P 1) ) 

where .... lJ 

y structured such that: 

at 

tri 

p ) 

1 

18hOO 

ic functions 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

-73-

We are seeking solutions for both W and rtwdt. Once set up the . Jo 

equation below was solved term by term, as the solution for each 

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

W = e)(j> (-I) U [-')(~in wt + ~ ( 5 t '(cl{; wt )hxp (1) d+J + C e>q> (-1) 

= exp(- I) ~ J X [ ~0-L.wt)-:- ~wt D exp(1 )dt] (5,":st ter~) 
l a" 

+ exp (-1) [JS exp (1 )cl t) ( 5e.umd te.r°') 

+ e)(p(-1) \ J ~ Y [ f.)(}!(iw~ + up(- iJ.ot)] e.xp(I)dt) 

-\- ( ~J'-P (-1) 

----------- (4-11) 

( fourth terrn) 

These terms were integrated and the real solutions were obtained for 
t t. 

U., V and S Lt db and {vdt . These solutions are presented 
0 0 

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

the transient, which will be discussed separately. 

u,(t) 

v (t) 

---------- (4-12) 

-73-

We are seeking solut ns for both W t. Once set up the 

e ion was solved term by term, as the solution for each 

term is an solution to a section of the 

t l. t p ) 

] 

exp [ 

) l 

) ( 

(4-11) 

These terms were inte and the re solutions were obtained for 

'V and and se so ions are presented 
o 0 

below. yare steady state solutions and exclude the fourth term, 

the transient, wh h will be discussed y. 

:::: + 

v ) .::::. + 2 

) = + 

.::::. 
t 

- -- (4-12) 
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It can be noted that the above solutions for u(t) and v(t),which exclude 

the transient, have a 24 hour periodicity, as cosine and sine of 

(2~/24) x (a multiple of 24) have identical values. Hence the 

net displacement changes over any 24 hour period is dependent only 

on the constant longshore wind s. 

It can also be noted that the x ', y' and s · winds give independent X, Y&S terms 

and thus one could keep on adding wind input functions, possibly with 

a periodicity oth~r than 24 hours, if this was thou~ht necessary for 

a better wind description. 

Before the above solutions are used for trials and simulation the 

transient term will be discussed. 

4.5 Transient effects in the analytical model 

(4-13) 

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

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

What Pollard and Millard ( 1970) refer to as an "e folding time 11 

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 

thee folding times used by Pollard and Millard (op. cit.) theirs 

ranging from 2 to 20 days with 4 and 8 days being preferred. 
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It can also be noted that the values of 5 and 10 hours are based on 

angles of deflection of the slab of 26 1/2° and 45° respectively 

cum sole of a steady wind. Pollard and Millard (1970) have thus made 

the implicit assumption, by means of favouring such long "e folding 

times", that their slab would move close to 90° away from a given 

steady wind direction. This is evidence for the earlier statement 

that they used this representation as a convenience only: a slab 

being an integration over a depth similar to the Ekman depth of 

frictional resistance. 

The formulas derived from u, v and x and y displacements were incorporated 

into a program, so that for each hour over a 48 hour period values of 

u, v, ~ x, y and total distance travelled i.e.~fcu2 
+ v

2
)
1 

were printed out, and the slab trajectory and wind were plotted on an 

HP plotter. This fatilitated comparison with the drogue trajectories. 

No transient effects were included because they would have only 

markedly influenced the first few values of the above variables. 

Also transient effects can be examined better in a numerical model 

which can incorporate both step function analytical winds, and real 

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

be used inter alia to investigate transient effects. 

The values for x', y' ands wind input to the analytical 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 

latitude, especially manifest in the terms (w-f) and (w+f), on slab 

trajectories with variable winds. 
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4.6 Discussion of the Cw .;. f) and (w + f) terms in the analytical 

solution 

Trials with various values of R in relation to f, using two values of 

f appropriate to 11°5 south and 22° south produced results that were 

initially disconcerting. At 11°5, mean current speeds due to rotational 

winds appeared to increase if friction assumed a greater value in 

relation to f. On the other hand at 22°5, greater friction caused a 

reduction in average current speeds (Table 11). (It must be noted that 

these changes in the f : R ratio were accompanied by a form 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 

equatiorefor u(t) and v(t) given in (4-12). 

The following procedures were adopted to clarify the situation: 

(4-14) 

(ignoring transient and longshore wind effects) and v(t) has a similar 

form, it can be seen that by having equal x and y diurnal wind the 

second part of the above equation would = 0, equal but opposite x 

and y winds would cause the first part = 0, and an x wind input only 

would allow contribution from both terms. 
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Thus only diurnal winds were considered, and the magnitudes of the 

x and y components were chosen such that the tharacteristics of the 

solutions containing only Cw - f) and (w + f) terms, and a 

combination, could be examined separately. 

b~) Because rlifferent f values would be considered, the implicit 

transfer coefficients in X and v·(X = tc x', Y = tc y') were made 

explicit and made to change with latitude according to the Ekman 

relationship:' 

Surface current speed ti( ( 5 ih ¢ )-Y).. (4-15) 

From the above and equation (4-9) 

tc = 0,017 (4-16) 

It must be noted that at 22°S. with a steady longshore wind S, (wl 

will always equal D,017 x)slusing thi above equatibn for tc, regardless 

of the value of R. This means that tc is automatically renormalised 

to compensate for increasing friction ACCORDING 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 rotational winds, the 

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

ratio at 22°5 

coriolis parameter (f) = 01196 

friction (as a multiple of -f) 

0,2 

0,4 

0,6 

0,8 

1'0 

1,2 

1,4 

1,6 

1, 8 

2,0 

2,2 

2,4 

2,6 

2,8 

3,0 

--1 
hours 

average 

x' = 20 knots y' = 0 

current speed (knots) 

0,448 

0,355 

0,294 

0,259 

0,238 

0,225 

0,218 

0,213 

0,210 

0,208 

0,208 

0,207 

0,207 

0,207 

0,208 

c.) It had also been observed from running the model with diurhal 

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 to be summed over a 24 hour period and averaged. 
2'f 

An integral could not have been used as J W(t) dt "" 0 using only a di= 
0 

urnal wind input. Integrals over other time periods would have led to 

0,2 
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0,6 

0,8 
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the problem of W(t) phase changes with f and R in rel~tion to the 

forcing wind. 

\wl 
(4-17) 

The mean speed \w\ 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' = 10 knots was used so that only the 

term incorporating Cw - f) would remain. At 10° south lwl 

increased with an increasing friction to coriolis ratio. 

However at 15° south (w\ displayed very little dependence on 

friction and at 20° south and at all greater latitudes lwl 

decreased with an increasing friction to coriolis ratio. This 

explains the different trends noted at 11°5 and 22°5 which 

promp~ed this investigation. Other facts also e~erged from -this trial with regard to the lwl maximum. With R = -f -the highest value for lwl occurred at 20°5 and with R = -2f 

at 15°5. 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 features are of importance because it is around these 

latitudes ( 15° - 30°) that classic:ial s.e.abreeze/landbreeze wind 

regimes often occur along west coast environments. 

2.) A (10,-10) wind input w~s used in this trial so that only the 

(w + f) terms would remain. Physically what such a wind input 

implies is that the rotating winds and the coriolis force are 

trying to drive the current in opposite rotational directions. 

The coriolis fore~ obviously cannot dominate and so the highest 

average velocity was achieved when friction was greatest in 

relation to f. Thus there was a steady increase in f wf with 

increasing) R\ at all latitudes. This trend was most marked -where f was least (10°5). )WI dependence on R and f was not --pronounced though. With R = -0,2f, I wt = 0,066 at 10°5 and -0,070 at 80°6, whilst with R = -3f, lwl = 0,161 at 10°5 and 

0,099 at 80°6. This is consistent with the fact that the 

(w + f) terms have no resonances at particular f values. This 

type of wind forcing is not very likely to occur as the typical 

rotational nature of diurnal winds is dictated by the coriolis 

force. 

3.) 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. 

2.) 

3 .. ) 

la 

o 

A. ( ) 

(w + f) 

Th tr 

only, so both 

suspected 

are of 

0) 

occur coast 

was 

aro se 

ze 

ts .. 

R f was not 

0, 

== 0,151 

t 

ar f 

occur as 

and 

the 

is dic the 

a d 

+ f) 

of the (w 

in 

terms 

terms was 

x d tion 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

-81-

------
J w f incr~as~d with theJR : ffratio at 10°5, at 15° south there 

was very little dependence and at greater latitudes W decreased 

with increasingfR : ~ except for when R ~ -3f at 20 and 22°5. 

-----Gener a 11 y very little variation in fwl occurred when -3f .(. R{.-2.f 

---regardless of latitude (Table 11). With R = -f, fw) reached 

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

15°5. WithlRJat its minimum value (-0,2f) the greatest mean 

current speed was observed at 30°5. 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. Only at 10° did the (w + f) terms give the same 

trends as the combined solution. Local effects at 2i0 5 can 

now be observed from a broader perspective. 

4.7 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 trial 1 the results of using a 10 knot southerly wind with three 

frictional formulations were checked. 
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1.) R was set = -f 

2.) R was set= -2f but tc was renormalised to getlwl= 0,017~( 

3.) R was set= -2f but without renormalisation. 

(Unless specified to the contrary tc will always be renormalised to 

give fwf = 0,017js\infuture trials.) 

In the first two instances speeds were obviously the same by virtue 

of renormalisation but 1.) had the slab moving at 45° to the wind 

whilst 2.) hao 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 both tests p~rt of the 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 of the steady longshore 

wind s for all future trials. It has been seen though, that the total 

distance and average speed of the slab is a function of the R : f ratio, 

latitude and diurnal wind strengths even after renormalisation of tc 

and this aspect is investigated below. 

Trial 2 

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

and -2f. The trajectories (Figure 17) appear elliptical, although 

they are not true ellipses. The flatter trajectory 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 thelR : flratio 
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reached very high values the current would ~erely move slowly backwards 

and forwards almost in the direction of the forcing wind~ This can be 

confirmed by noting that u(t)/ v (t) is large for largej Rl if there is 

only an x wind input. WithjR : f \very small on the other hand the 

trajectory would become more circular. 

In terms of mean speeds 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 

~ho~n in Table 11 for 22° south with R ranging from -0,2f to -3f~ 

The only other point from this trial which deserves mention is the 

aspect of lags betweenwindspeed maxima and current speed maxima. In 

the x direction, the direction 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 befo~e its imaginary 

wind maximum with R =-2f, and occurs simultaneously with it with 

R = -f. 

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.) 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 CR and f constant.) 

d.) An increased diurnal wind and thus current component in one 

direction leads to increased current components in both 

directions. 

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

with R = -f than for R = -2f at 22°5. 

f.) 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 4 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 Sm slab, but as the slab model in this study attempts 

reasonable physical realism, all further runs will use a slab 

of 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. 

c.) 

d.) 

e.) 

f.) 
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Simulation 1 

An attempt was made to produce a trajedtory which bore resemblance 

ta the 2 amd 5m drogue trajectbries recorded during occasions 8 and 9. 

During occasion.9 the wind died at 24h00 and so the model and experimental 

trajectories are expected to be dis~imilarafter that time. 

A diurnal off/onshore wind of 15 knbts was chosen as a compromise 

between the 20 knot offshore and 10 knot onshore recorded experimentally 

during occasions 8 and 9. A 5 knot constant longshore wind would supply 

northward displacement of the correct magnitude over 24 hours. This 

would have to be modified by a 10 knot diurnal 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: 

1.) Both trajectories are of a distorted circular nature. 

2.) Average speeds over the 24 hour period are comparable: 

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 velocities 

not having come round to the west by 08hOO. 
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Overall, as regards modelling classical situations the agreement 

between the mod~! and reality is heartening. 

Other wind inputs ~ithin the present solution were able to simulate 

certain section~ of the experimental trajectories better. In addition 

new analytic~! solutions could be derived, possibly incorporating 

functions of a different periodicity, but particularly with a constant 

wind component in directions other than longshore. For example a 

steady 5 knot eastetly wind with a 10 knot diurnal component would 

have the effect of making the diurnal off-shore stronger than the 

onshore. It is felt however, 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 real winds as inputs. Two very attractive features of this model 

are that it will be able to simulate transient effects and inertial 

effects. The one bad point is that the model must be run in order to 

examine results; there are no terms as in an analytical solution 

which can be examined in order to guage their effect. 

It is mentioned here that the greatly increased average current speeds 

due to the duirnal winds will greatly increase property exchange 

across the boundary between "the slab and that below" by entrainment, 

although there is no net daily displacement of the slab due to these 

winds. Thus this model does have implications associated with enhanced 

property transfers; these will be mentioned later. 
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4.8 A step-wise solution to the model and its stability 

Solutions for u(t), v(t), x(t), and y(t) were obtained by using the 

consistent and convergent formulae below, derived from equations 

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

u(t+ At)= {!(t) (I + R.~tJ - f V(t\At t- Q, L).t. 

(4-18) 

Q1, Q2 and at a later stage R, were input hourly. /1 t was allowed to 

be any fraction of an hour down to a minute. At each step of the 

sclution a discretisation error of 0 (6t) was incurred. 

To check 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 output, using different At values, was checked against _ 

the corresponding analytical solutions. 

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 subsequent times regardless of R or/it. 
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2.) if the initial u(t) and v(t) were set equal to zero then u(t) 

and v(t) always approached their steady stats 0al~ss. With 

10 tstsps per hour i.s.at = 6 minutes, u(t) and v(t) had a 

discrepancy of less than 10% from their ~tsady stats ~aluss 

after about 6-10 hours. However the case with R = -f then overshot 

its steady solution slightly before settling down. This was 

not apparent irl the R = -2f case. With only 2 tstsp~ per 

hour almost a day was necessary to achieve similar accuracy. 

Thus with 10 tstsps per hour the only significant departure 

from the analytical solution appears to be due to transient 

effects and not mathematical complications (c.f. the 5-10 hour 

"s folding timss"msntionsd in section 4.5). 

Trial 2 

A wind input of 5 knots steady longshors, 10 knots diurnal longshors 

and 15 knots diurnal off-shore/onshore was employed and a comparison 

was again mads between the analytical and stepwise solutions. After 

transient effects had died down the following results were computed over 

a 24 hour period. 
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Table 12: The accuracy of the stepwise solution to the surface 

layer model 

x displacement (n. miles) 

y displacement 

Total distance 

Analytical 

-0,92 

1,82 

5,79 

Stepwise 

-0,91 

1,83 

5,84 

Velocity 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 Euler scheme was used to obtain solutions to the pair 

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

where W = u + iv again, and Q is ignored. 

This equation is a combination of the two equations 

w(nt-l) ::: lJ (f\l i,f ~t + ~)ln) 

wt.ri+I\ = wtn) + R ~t w (n) 

l oSC:tl\a.tor~ Qcy-tatton) 

( f rte.hon ~ion ) 

(4-19) 

(4-20) 

(4-21) 

x d .. m ) -0, -0,91 

Y d acement 1 , 1, 

5,79 5, 

nen at time d not more 

0,01 of a t .. 

the ve be 

I a of y to 

for y .. 

A fa or Be was to ob so to pa 

of ( wh can as 

W u + iv Q 

:::. '[ . .... (4-19) 

a comb ion of two e 

-- + ) ( ) 

= Cf . ( 1) 
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The Euler schem~ is unconditionally unstable for the osciilatory 

equation but unconditionally stable for the friction equation. That 

the combined equation is conditionally stable is shown below: 

(4-22) 

Define an.amplification factor)_ such that 

(4-23) 

1f l A. I ~ 1 the numerical solution remains bounded as n increases, 

and as we know the exact solution is bounded the error of the 

numerical solution is bounded. Then the Euler scheme is stable for 

equation (4-19). 

A = ( I ~ R ~~ + ~f ·~ t ) 
(4-24) 

(4-25) 

For stability (4-26) 

As R is negative 

(4-27) 
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This condition is easily satisfied for A t small enough and hence 

equation {4..- 19) is candi tionall y stable o The condition is: 

If we takefRf = 0,1f (its minimum ~alue in this whole section) 

-1 and f = 0,2 hours 

then 6. t must be ll~ss than 0,02 ~0,5 
0,0004 + 0,04 

(4-29) 

Thus if A t is less than:1;2 an hour (At criterion) all so~utions 

discussed are.stable, seeing the' minimum value for/R/ used is/- o,.1f/ 
At was usually set equal to 1/10 hour, a value easily satisfying the 

stability criterion above. The rounding and discretisation errors 

for a particular step will diminish in influence in succeeding steps 

by a step factor of at least h. ti At criterion = 1/5, more generally 

1/50 when R = -f. 

4.9 Simulation of inertial effects (Simulation 1) 

An attempt was made to model inertial conditions in this simulation 

the results of which are shown in Figure 19. A 10 knot y wind component 

and a 5 knot x wind component were allowed to blow for 12 hours and 

were then "shut off". Frictional values used were -0,2 f and -f. 
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SIMULATION OF INERTIAL EFFECTS FIG. 19 
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With R = -f a steady current seemed to be reached after 12 hours. 

The current speed was reduced to Ye 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) aftet arlother 10 hours. 

When R was set = -0,2f current speeds were not markedly different 

under wind fotcing (because of renormalisation of tc) but after forcing 

stopped the current speed was only halved after a full day. The 

"inertial" part of the trajectory would appear circular if observed 

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

of the latter part of the trajectory using the method of inertial circles 

as was done in the experimental sections 3.1 gave a/:;. radius of 0,45 n. miles. 

The average speed around this A radius was apprOJ<i.mately 0,09 kts. 

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 ~esuits ar~ noteworthy in that they imply that for observed inertial 

motion to take place in practice R should not be much greater than 

l-D,2fl. This suggests that R could be made a function of windspeed, 

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

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

Two sets of "real" wind data, firstly that recorded during occasions 8 

and 9 and secondly a digitisation of "averag~ 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 sequence at Pelican Point 

(adapted from Stander ( 1964)) 

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

01h00 180 6 13h00 225 12 

02h00 180 6 14h00 225 12 

03h00 180 6 15h00 225 12 

04h00 180 6 16h00 202 14 

05h00 180 6 17h00 202 14 

06h00 90 4 18h00 202 14 

07h00 90 4 19h00 202 14 

08h00 90 4 20h00 180 8 

09h00 90 4 21h00 180 8 

10h00 90 10 22h00 160 6 

11h00 90 . 10 23h00 160 6 

12bOO 225 12 24h00 180 6 

(kts) 

4 .. 10 

sets of " II 

and 9 

( 

set are 

(ad 

Time d ( ) 

01 1 6 

1 6 

1 6 

1 6 
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10hOO 
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occas 

II at 

(1 ), were used.. R was 
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dir .. ) 

13hOO 
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1 12 
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1 14 

1 14 

1 8 

21hOO 180 B 
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1 6 

1 6 
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SIMULATED TRAJECTORIES USING REAL AND 
TYPICAL WINDS 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 

displacement. To do this two options came to mind: 

1.) R could be set proportional to wiridspeed (after renormalisation) 

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

reduce them in high wind~peed donditicins~ 

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 on Stander's (1964) winds, showed a definite 

daily northward displacement over 24 hours, although slight southward 

movement did occur around midday. The more "apparently realistic" 

trajectory that occurred with this wind input could be ascribed to the 

fact that no calms were included. This is where the fixed R assumption 

seems to break down. 

No current trajectories were available for comparison with the above 

simulation, but comparison of average northward speed of the slab (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 sections of this report have attained 

a measure of consistency defining typical coastal Benguela current 

velocities, partic~larly when the wind differences between Walvis Bay 

and the research ship (discussed at the end of chapter 3) are borne 

in mind. 

4.11 Simulated trajectories with variable friction and alongshore 

current 

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

and tc were formulated as below: 

R = io,os . f. / Windspeed/ if /windspeed />1 knot· 

R = -0,1f otherwise 

tc = 0,017. J2. f i.e. tc is constant now and has a value 

appropriate to the old R = -f formulation. 

(4-30) 

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. 

Positive x and y wind components of 3.5 knots were used in order to 

get a longshore current of the correct magnitude. These were added to 

the real wind components and R was kept the same as in simulation 4. 

-99-
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Figure 21 shows that at last the model has reproduced all the basic 

features of the dro~ue trajectory, but interestingly enough only 

slightly better than was done by the simple analytic model. 

It is unfortunate that1 besides occasions 8 and 9, the only other long 

records of currents were obtained during calm conditions and therefore 

could only be us~d to test the model in a limited s~nse as was done 

in simulation 1. Still it is felt that this investigation has achieved 

its primary objective, namely it has revealed both problems and 

procedures with regard to the prediction of surface layer movement on 

a timescale of hours from wind data. The contributions of inertial 

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 (O'Brien et. al., 

1977) which also employed diurnal wind input. The hydrological effects 

of an "independently moving surface layer" will be 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 Comparison with a more sophisticated model 

O'Brien et al (1977) presented a coupled ocean~atnospheric model with 

a primary intention of examining "the oceanic ~esponse to sea breeze 

forcing" and its "role in coastal upwelling". 

Some of their results are stated below and compared with those from 

both the experimental and modelling sections of this work. 

1.) "The sea breeze forces a clockwise, rotating, diurnal oscillation 

in the upper layer of the ocean near the coast which is 

superimposed on a slowly evolving mofiorl field ••• ". 

The slab model and the experimental section have displayed this rotating 

(anticlockwise in the southern hemisphere) diurnal oscillation quite 

clearly. Below the thermocline currents at 20 and 30m are more sluggish 

with a mean speed of just over half of that of the upper layer. The 

current at 20m is the most consistent, with the highest average 

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

to surface slab movement on the diurnal scale. 

2.) "Near the coast the velocity perturbation is about 10-15cm sec.- 1." 

This is equivalent to the 0,2 - 0,3 knots found both experimentally 

and in the slab model due to diurnal 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 

experimental section. 

-102-
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3.) The model 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 th~ 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 water (Figure 2) nearer the coast would 

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

4.) Th~ two layer model showed a diurnal sea su~face temperature 

fluctuation of the order of 1°C at a point in the upwelling 

frontal region. Figure 22 shows a similar fluctuation for the 

two periods mentioned above, the higher temperatures being 

measured at 2Dh00, the lower ones at 08h00. 

5.) "The sea breeze forcing causes a weak poleward surface counter 

current to form diurnally within 1Dkm of the shore •••• ". This 

phenomenon was fully witnessed during occasions 8 and 9, and 

over shorter periorls during other occasions, eg. 4 and 5, 7. 

(See appendix A). 
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Thus the experimental section has not only served as a basis fat the 
! 

slab model described here, but has in additi~n ~up~lied ~vidence 
i 

to help confirm trends of the couplad mod~! pre~ented by O'Brien, et. al. 

(1977). Also, within the obvious limitations of the slab model, there 

is no disagreement concerning typical surface current speeds and 

directions. Unfortunately the magnitude of the sea breeze used in the 

coupled model is not mentioned, neither is the value assumed for the 

coriolis parametor f. They did however state: "since the angular 

frequency of forcing is less than f, the (diurnal) oscillation does 

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

their model to latitudes polewards of 30 degrees. 

At 22°5 the diurnal frequency of forcing is greater than f, but the 

slab model cannot simulate. propagating waves due to the assumptions 

of uniform density within the slab and its fixed top and bottom. If 

one no longer assumed a slab with a fixed top, and ignored at this 

stage density differences with depth, the equations of motion would 

be: 

du + f v - Ru - <3 ~ + Q 1 at: a:x. 
(4-31) 

(4-32) 

where ~ is the displacement of the sea surface from a level 

surface. 
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It can be seen by adopting scales of 0.1 m/s for Au and Av, 6 hours 

for At and a diurnally forced sea surface slope of the order of 10-G 

that ttie previously· omitted terms 9~ and 8 ~approach same order 

of magnitude as the others. 

The magnitude of the slope was estimated by using the difference in 

dynamic h~igHt between occupations of station MG1 at 08h00 and 20h00 

dn the 26th of June and a space scale 4km. (This method runs against 

the assumptibn of uniform density, but is the only approach open to 

the author.) 

The dynamic height difference = 10 [o, 0597 - O, 058~ / 4000 

-6 = 2 x 10 dynamic metres 

This comparable to the magnitude of the Av term which equals 
flt 

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 propagation of ~nternal 

wavesunder the above assumptions, but in the next chapter which discusses the 

hydrology of the research area the propagation of internal waves in a 

stratified ocean will be considered. 
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4.13 Summary of Chapter 4 

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

number). 

1.) The upper laye~ of the sea to about Bm depth was modelled as 

a sl~b. This was done on basis of evidence given in chapter 3 

regarding the regular existence of a surface layer, whose 

movement was basically uni-directional, and which was detached 

from the lower layers by shear flow. The forces considered 

acting on this slab were: the coriolis force, friction and 

time dependent winds. Continuity considerations and topographic 

influences were excluded. 

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

Millard (1970): 

du + f v = Ru + Q1 dV fu ; Rv + Q2 

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

Q1 and Q2 are wind formulations. 

3.) A solution to the above equations considering a constant southerly 

wind was obtained. This was used in conjunction with the result 

obtained in section 3.8 <{"surface" current velocityl = 0,017 

}"steady" wind velocityf) to formulate the slab speed that would 

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

between current and wind of 45° and 26 1/2° were assummed. 
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4.) Analytical solutions for velocity and displacement of the slab 

due ta 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. 

5.) Transient effects were reduced to 1/e of their initial value 

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

-f, (tho~e appropriat~ to. the two "te~t" angles mentioned in 3.).) 

6.) The variable effect of the friction to carialis ratio at 

different latitudes for 3 diurnal wind types was discussed 

in detail. 

7.) Characteristic features of the model at 22°5 wsre further 

examined. Simple theoretical formulations of diurnal and 

longshore wind enabled trajectories recorded during occasions 

8 and 9 to be fairly realistically simulated. 

8.) A stepwise model was presented and tested practically and 

theoretically far stability. The conditional stability criterion 

was easily satisfied. Transient effects were examined. 

9.) An order of magnitude reduction of the frictional term enabled 

inertial effects ta be simulated. 
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10.) Two sets of real diurnal wind data were used, firstly to 

simulate the trajectory recorded during occasions 8 and 9 

and secondly to assess the effect that the "typical" wind as 

described by Stander (1964) would have on the slab. The first 

mentioned si~ulatioh w~s not very successful, due to the failure 

of the model to reproduce experimental results from calm and 

low windspeed conditions. In further simulations it was decided 

to consider friction a function of windspeed. 

11.) After friction had been made a function of windspeed and a 

residual current w~s included in the model, the drogue 

trajectories recorded during occasions 8 and 9 were successfully 

simulated. 

12.) Comparison of both the experimental and slab model results of 

this study with the near-coast results of the coupled 

ocean-atmosphere model presented by O'Brien et. al. (1977) 

showed similar features and scales. 

To sum up, the simple analytical model proved acceptable under conditions 

without calms. If a stepwise model is to be employed 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. 

5.1 Introduction. 

It is not the primary objective of thi~ chapter to describe the 

hydrology of the research area per se, but rather to investigate 

the hydrological changes and circulation patterns that were brought 

about by the action of the wind on different time scales. However, 

the intensive nature of this study also enabled a better picture 

to be obtained of the underlying hydrology of the area in winter 

than has been possible to date. 

Currents between the surface and 30m depth, the temperature 

fluctuations and the thermocline depth changes shown in Figure 23 

have already been discussed and related to the wind record. This 

information will now be related to the various hydrological 

distributions, mainly in the form of vertical sections, after 

certain preliminary investigations have been carried out. These 

investigations will serve as further introduction to understanding 

causal processes in time and space and include assessing the 

following: 
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a.) the role of entrainment in the hydrological changes at MG1 

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

c.) the s~atial and temporal distribution of thermoclines and 

temperatures over the research area 

d.) the effect of the thermocline on the oxygen and nitrate 

distributions at station MG1. 

Figure 24 shows the results of the brief larger scale survey done 

before the intensive work began. The low oxygen values at 2Dm 

between Walvis Bay and Cape Cross, and 1° to Z°C temperature drop 

in the top 20m are consistent with results from previous work 

mentioned in section 1.3. This figure will be referred to again 

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

discussion .of the int~nsive area hydrology. 

5.2 Turbulence, Mixed layer deepening and entrainment. 

A deliberately simple (but in this author's opinion correct) 

description of the basic hydrological changesthat occurred at station 

MG1 during the programme and the processes responsible is given 

below. Two time scales are discernible, firstly diurnal and 

secondly of the order of a few days. 

Figure 23 shows that apart from 2 occasions a thermocline existed 

between 5 and 30m depth. Duri11g the diurnal wind regime which 

prevailed until 27 Jun~, two periods around 21 and 26 June showed 
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FIG. 24 HYDROLOGICAL CONDITIONS-.:..· 15/16 JUNE 1978 
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diurnal oscillation of the thermocline with an ~mplitude of 

approximately 3m at around 8m depth. When these winds were replaced 

by a more consistent southerly regi~e from 27 to 29 June, the 

thermocline deepened rapidly to below 2Dm and surface layer 

temperatures dropped markedly. After 29 June, the temperature of 

the upper layers rose gradually during calm conditions, although 

the upper thermocline depth fluctuated markedly largely due to 

the thermocline's poor definition. 

The process that operated during both time scales of thermocline 

deepening is as follows: Wind energy is transferred downwards from 

the surface and is distributed throughout the layer above the thermo= 

cline. -, This turbulent energy then entrains the top part of the 

assumed non-turbulent water below the thermocline and mixes it through= 

out the upper layer. Theoretically only the upper layer would become 

diluted with the lower layer and the upper layer thus increases in 

depth ~nd has lower layer properties, such as nutrients, transferred 

into it. No transfer occurs in the opposite direction. 

Some 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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Surface heating can be responsible for "layer rising" and this 

involves the formation of a new thermocline above the previous one 

and turbulence is then confined within this layer. 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 top layer may be remov~d offshore and the lower layer 

will break the surface. However, associated with the offshore 

movement one will simultaneously have entrainment causing the 

upper layer to become deeper. 

Dominance of one or two of the above 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 oscillations 

centred around the 21st and 26th June, it can be noted (Figure 23) 

that the thermocline depth and surface temperatures were highest at 

2Dh00 ~n the evening and lowest at 08h00. This means that the upper 

mixed layer decreased in thickness during the day and increased ~t 

night. 

The rises in the day can be attributed to the east wind (landbrseze) 

causing offshbre 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 afternoon the rise in the upper layer during the 

morning would be augmented by solar heating and limited mixing 

due to the light winds. Table 10 in Chapter 3 shows clearly the 

increase in density difference between 0 and 5 ~etres in the day 

(of the 26th June). 

In.the evening, onshore winds increased in strength and tended to 

become southerly later. This would result in initial onshore 

movement of the surface layer but coriolis effects would change 

this to longshore and slightly offshore before morning. The layer 

deepening during the hight can thus primarily be ascribed to 

entrainment. 

The longer time scale of the consistent southerly wind conditions 

(they prevailed for 48 hours from the 27th of June) caused the 

surface layer to deepen about 20m at MG1. Surface current speeds 

were.surprisingly low during the three-point drop of occasion 13 

on the 28th June and it was mentioned in section 3.3 that it was 

thought that most of the wind energy was used to deepen the mixed 

layer. 

The gradual warming of the 'surface layer' which extended beyond 

10 metres after the 29th June has already been mentioned. The 

misty prevailing weather would have reduced the solar heating 

rate in comparison to that applicable to the clear skies of the 

diurnal wind period, and thus reduced the chances of a new 

thermocline being formed near the surface. 
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The above description has related local effects to local causes. 

The space scale of 'local' effects obviously depends on their 

time scale, longer time ~cale effects occurring with somewhat 

greater uniformity in space as is shown by the wind patterns for 

the three measuring sites in Figures 14, 15 and 16. Scales will 

be furthgr mentioned in the next section which deals with internal 

waves. 

5.3 Internal waves. 

The possibility of wind energy being transferred to internal wave 

motions and the propagation of these motions in the vicinity of 

the research site is examined below. 

To avoid co~plexity, the wave motions considered will be those 

appropriate to an ocean of limited depth and continuous 

stratification i.e. a constant buoyancy frequency N. ·In view of 

the density difference over the thermocline being small and 

typically less than half the density change between the top and 

bottom of the ocean, this representation should be as valid as any 

in this context. Le Blond and Mysak (1978) give the following 

formula for the range of frequencies which can propagate in such 

an ocean. 
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(5-1) 

where k is the wave number = 2lf 1?. 

" the mode number 

d the depth 

N the buoyancy frequency (in radians/sec:) 

These waves will be left bounded in the southern hemisphere and 

c:an only receive energy from frequencies between the buoyancy 

frequencies and f. Further frequency restrictions c:an be plac:ed 

upon them depending on the spatial sc:ale one defines. 

Let us c:onsiper an oc:ean shelf of 50m depth and the following 

hydrological values, in line with those recorded at MG1. 

Table. 13: Typical dehsi ty data for .. the area around MG1 

Temperature °C Salinity b' t 

Surface 14,5 32,20 26,25 

som 12,5 35,20 26,67 
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The buoyancy frequency N is given by 

and <J~ IOmf:/(5-2) 

:::: q,2. Y.. I0-3 Secc:,-i (as a radial frequency) 

This corresponds to 5 oscillations per hour. 

From (5-1) and using N as above, Table 14 gives the frequencies 

and periods appropriate to various wavelengths considering only 

the fundamental mode of propagation. 

Table 14: Internal wave time and space scales 

Wavelen9th (km), Angular -1 
freguenc~ (secs ) Period (hours) 

1 9,2 10-4 1,9 

2 4,6 10-4 3,8 

3 3' 1 10-4 5,6 

4 2,3 10-4 7,4 

5 1, 9 10-4 9 •. 1 

6 1, 6 10-4 11 

7 1, 4 10-4 12 

19 7,3 10-5 24 

50 5,7 10- 5 31 

100 5,5 10-5 32 

1000 5,4 10-5 32 

-1 

y Y N 

E) ( ) 

1 (as a y) 

co ds 5 osc .. 

(5-1) N as 14 g 

wave 

of P 

1 1,9 

2 4,6 1 3,8 

3 3,1 5,6 

4 2,3 1 7,4 

5 1,9 1 

6 1,6 11 

7 1,4 12 

7,3 

50 5,7 1 5 31 

1 5,5 

5,4 5 
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Obviously forcing is necessary to give energy to the waves and on 

the basis of the winrl data presented (Figures 14, 15 and 16) the 

range of wind forc~d periods would be restricted 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 

easterly followed by relative calm. In sustained calm conditions 

inertial motion may set up a propagating wave and in this case it 

would be necessary to restrict A to about 100km, the longshore 

distance about the research site over which the depth and width of 

the shelf and hydrological conditions could be expected to fulfill 

reasonably the criteria assumed. It is noted though, that the 

inertial curren~observed on 1/7/78 (Figure 6) did not seem to show 

significant energy gain or ldss. Unforced waves will not be 

specifically considered further. With regard to the propagation 

of internal waves, the complex topography around Cape Cross (relative 

to most of the coastal area) would serve to obstruct waves entering 

the research area from the north. Propagation southwards would be 

favoured by the uniform topography. A problem arises however, in 

that the typical forcing wind from the east to north-east probably has 

a longshore spatial scale much greater than the 7 - 19 km wavelength 

appropriate to its probable time scale of 12 - 24 hours. Thus these 

waves will be out of phase with their forcing as they propagate 

1;1ou"tfhwards. 
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It can be noted from Figures 14 and 15 that the strong sustained 

easterlies reco~de~ at Henties Bay did not occur at Walvis Bay 

during this research programme. Hence one may be able to define 

a place between these two localities at which a sudden reduction 

in wind forcing occurs, and waves may well be able to propagate 

urihindered from such a spot southwards. The velocity of the 19km 

wave with a 24 hour period is obviously 19km per day, and this 

defines the maximum space scale over which a significant reduction in 

the forcing must take place. Such a sharp wind gradient would not 

seem likely on account of the uniform nature of the topography of 

the area. However this author can remember seeing on an occasion 

during the programme an easterly wind generate a dust cloud 

stretching several miles out to sea about 10 miles to the south, 

whil~t no such cloud occurred inshore of the research ship. Thus 

if the easterly wind can have a marked northern boundary a similar 

feature may occur further south. Satellite photography could help 

in this regard. 

A fluctuating hourly temperature record giving evidence of a 

propagating internal wave (local conditions could not be held 

responsible for the fluctuations) was described by Stander (1963). 

Interestingly it was recorded at a station of 55m depth west of 

Walvis Bay. However the season was summer and temperature gradients 

in the upper 2Dm were pronounced and regrettably the period of the 

wave could not be established. 
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So whilst a few ideas have been advanced, this present investigation 

has given little additional information about the role of diurnally 

forced waves of South Wast Africa. What is suspected though, is 

that much wind energy is initially transferred to waves but that 

most of it is subsequently dissipated through interference between 

wind and wave forcing. Propagation at greater depths along the 

coast due to a single forcing event is another matter, but one 

which lies beyond the scdpe of this study with its emphasis on 

local events. 

On the other side o.f the spectrum, short oscillations with frequencies 

close to the buoyancy frequency were observed associated with slicks 

resulting from localised downwelling. These slicks generally 

occurred between midday and midnight and were most pronounced 

in the late ~ft~rndon/early evening if low wind speed conditions 

prevailed. A thermograph record of the temperature at about 2m depth 

taken whilst the ship was at anchor at MG1 is shown in Figure 25. 

The amplitude of the temperature variation is of the order of a 

degree cefsius indicating a physical wave amplitude of about 5 to 

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

the 26th June in Figure 23). 

These slicks are due to an accumulation of oily biological matter 

reducing the visible effect of windage on the surface in the 

downwelling zone, and they thus appear glassy in comparison to the 

typically slightly choppy appearance of the water on either side 

of them. They seem to align themselves parallel 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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of hundred metres, but betwe~n 'major' slicks, detectable on an 

ART record as spikes, a spacing of several kilometres has been 

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

The anergy source for these Langmuir circulations is still unproved 

(Pollard, 1977), but he favoured the theory of Garret (1976) who 

suggested interaction between surface wave and surface current . 

fields to be the source. This investigation supports thi~ theory in 

that thermograph fluctuations were encountered in calm as well as 

low wind speed condition~~ 

These slicks are deserving of further research in view bf their 

widespread and regular occurrence off the South West African coast. 

Their study would be aided by the fact that they modify the 

planktonic acoustic scattering layer and hence they can be recorded 

in 2 dimensions on scientific echo sounders. 

5.4 Thermoclines and temperatures over the research area 

The various changes in depth and definition of the thermocline at 

MG1 in response to winds and currents have been discussed already 

in many contexts. Throughout these changes though, some properties 

(particularly oxygen and temperature) seemed to maintain remarkably 

uniform distributions above and below the thermocline. It is thus 

logical to examine the spatial occurrence of thermoclines over the 

research area before ~xamining the distributions of other 

parameters. 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 c~rtain quantitative relationships that will be derived 

at MG1 are over the whole survey area. 

' The horizontal sections of thermocline depths and surface 

temperatures over the research area came from the 5 stations and 

4 BT stations done every second day. The grid and thermocline 

depths are shown in Figures 26 and 27, and surface temperatures 

in Figures 28 and 29. The usual times of staticin occupation are 

given below: 

MG1 OBhOO 

MG2 09h30 

MG3 11h20 

MG4 12h20 

MG5 14h00 

MG1 2Dh00 

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 MG3, MG5 and 20h00 MG1 stations were used. 

The only effect of this non-synopticity on the vertical distributions 

would be a fractionally higher surface temperature and thermocline 

depth being recorded at MG1 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 ca~e,but this convention is in keeping with previous work off 

South West Africa. 

The thermocline depths seem to vary almost as greatly between 

successive occupations of the same station as they do amongst 

different stations, possibly due to the internal waves discussed 

earlier. Two general features are discernable however. Firstly the 

thermocline depth ~as generally greater further offshore, and 

secondly the layer deepening caused by the two days of southerly 

winds, although most marked_ at MG1, resulted 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 

higher temperatures being reduced so that the distribution became 

more uniform in space. (Figure 29). 

The vertical sections in Figure 30 show the same trends as regards 

thermoclin~ depths. In addition it can be seen that the temperatur~ 

at the top of the thermocline increased in an offshore direction. 

Another interesting feature is shown in the section for 16/6/78, 

done before to intensive survey started. It is that a stratified 

layer can exist very close to the surface for a substantial distance 

offshore. Du Plessis (1967) mentioned this fact about the area 

although with particular reference to stratification in summer. 

Nevertheless one of his routine stations, that closest to the 

present research area, still showed 43% occurrence of 'strictly defined' 

not 

di 

more un in 

done 

o 

a .. 

seem 

mo 

d 

in 

-1 

can be seen from Fi 1, 

wo o 

to st as 

as 

due 

r .. V 

V re, and 

caused bV 

1, a r 

area .. 

( ) .. 

so arne 

) .. 

same trends as 

can be seen th 

to the sur 

) ment 

.. 

in an 0 

e 

re 

the area 

in summer .. 

tance 

of routine st , that to the 

area, occurrence of I V de 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

VERTICAL. DISTRIBUTION: T °C AT 22° s FIG. 30 -131-
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thermocli~es in winter, by far and away the highest winter occurrence 

in his research area (21 - 24°S). 

From the above it has been seen that the whole research area was 

subject to thermoclines during the June/JLlly 1978 programme, and 

that these conditions are fairly typical. It is in this light that 
; 

the vertical sections will be discussed and relationships between 

parameters at MG1 exfumined. 

5.5 Dissolved oxygen, nitrates and temperature at MG1 

Figure 31 shows dissolved oxygen and thermocline depth time series 

at MG1. From this figure can be seen that the surface layer was 

reasonably oxygenated whilst the bottom layer was practically anoxic. 

Specifically the surface and 5 metre depths had oxygen values mainly 

between 3 and 6 ml 0211,\ whilst at 30 and 40 metres oxygen was always 

· balow 0,5 ml 0211. At 20m oxygen was generally low but increases 

occurred at more frequent intervals. The oxygen at 10m depth had 

a range 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 cnncluded :the water samples taken at 10m were reasonably 

equally distributed above, below and in the thermocline. Thus these 

water samples can be us~d to correlate temperature, oxygen (and 

nitrates) with one another to study changes aver the thermocline 

at MG1. 

Figure 32 plots oxygen (and nitrate) against temperature at 10 

metres depth. From this figure it can be seen that when the 

temperature was greater th~n 13,1°C the oxygen was greater than 3, 

whilst at temperatures less than 13,3°C the oxygen was less than 

1,5. But the 13,3 and 131 ? range was very much allied with the 

thermocline (Figur~ 23) and thus the separation of oxygen values 

above and below these limits has served both to delineate accurately 

the temperature range of the thermacline at MG1, and shaw the 

effects of thermocline placement an oxygen values, namely keeping 

the lower layer deprived of oxygen. 

This simple division nf high oxygen above the thermocline, and 

very low oxygen below it will be seen ta have occurred at all the 

intensive stations, and will facilitate later discussion of 

parameters with mare complex distributions. 
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Vertical: Settions. 

5.6 Dissolved oxygen and temperature 

A comparison of the vertical dissolved oxygen and temperature 

sections shown in Figures 30 and 33 respectively, reveals the same 

division that was found at station MG1: namely high oxygen values 

above the thermocline and low values below it. However, although 

gradual temperature changes occurred both .above and below the 

thermocline, this was not the case as regards dissolved oxygen 

where usually all of the 1 ml 02/1 apart isolines were 'compressed' 

about the narrow vertical region of the thermocline, with only 

small variation above it and minimal variation below it. Thus the 

8 vertical sections for dissolved oxygen can help to substantiate 

the description that has been- given of thermoclines over the 

research area. 

One can see from Figures 30 and 33 that the temperature and oxygen 

sections reflect verv similarly the effects of wind energy input, 

particularly when a deviation from the uniformly-deepening-off-shore 

picture of the thermocline occurred. Examples for comparison are: 

uplift of lower layer water near the coast on 25/6/78, uplift centered 

at MG1 on 27/6/78, and the stratified sections of 16/6/78. 
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VERTICAL DISTRiBUTION: 02 AT 22° s FIG. 33 -137-
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From the oxygen sections in Figure 33 alone, 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 environments, this 'hostile areai provides a 

reservoir in which exploitation does not take place aMd from which 

a continuity of essential input, in this case nutrients, is supplied 

to the productive area~. In fact patterns in this anoxic region, 

which will be presented later in the vertical sections for nitrates 

and silicates, 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 distributions are discussed 

however, the 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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VERTICAL DISTRIBUTION: S 0/oo AT 22° s FIG. 34 -139-
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The phosphate distribution (Figure 35) also appears fairly simple 

and only two points will be mentioned. Firstly, phosphate values 

were generally high: concentrations were similar to or greater than 

those found.off Walvis Bay by Hart and Currie (1960) and higher 

than those found off Cape Cross by Calvert and Price (1971). Thus 

there is no indication of phosphate availability limiting the 

productivity 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 to Bailey (1979) these higher concentrations would 

probably be due to the bottom sediment having been disturbed · whsn 

the uplift of the water took place. (Appropriat~ reactions and 

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

Bailey (op. cit.)). 

5.8 Nitrates and silicates 

Bqth the~e nutrients occurred in concentrations ranging from very 

high to practically zero, and thus they could both serve to limit 

primary production in the intensive research area. Their distributions 

(shown in Figure 36 and 38) also show response to thermocline changes 

as well as reflecting their own supply and recycling processes. 

The nitrate sections can be described well within 1he hydrological 

framework deduced from previously discussed parameters, the silicate 

sections less easily. Thus a description of the nitrate distribution 
i 

shown in Figure 36 is given first. 
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As would be expected from the extremely anoxic conditions near 

the bottom, nitrate values there are low, as nitrogen would tend 

to 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 shows 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 of temperature and oxygen sections. An explanation 

of the underlying circulation patterns 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. 

Considering the tongue of water with concentrations greater than 

20 ug-at nitrate/1, which is drawn in thicker in Figure 36, one can 

see that this tongue remains below the thermocline. Thus its 

movement would be almost entirely in response to continuity considera= 

tions. Such considerations are now outlined for a diurnal wind 

regime. 
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The daily movement of, and turbulence in, the surface layer causes 

a fair amount of this nitrate rich water to be entrained upwards 

in~o ~hi~ l~yer whilst at the same ti~e the density interface is not 

destroyed and no well oxygenated water is transported.downwards. Thus 

there is a daily loss of water to the surface layer which is assumed 

to be compensated for by offshore movement of this layer. This would 

l~ad to the average onshore current measured at 'middle' depths. Scales 

·of this process during a diurnal wind regime are calculated from the 

schematic representation in Figure 37. Only one experimental result 

was used, namely that the thermocline depth oscillated with an 

amplitude of 3m over a 24 hour period of MG1. Very near the cdast the 

schematic model is not accurate but otherwise accuracy should be fair in 

relation to the speculative nature of the model. Northerly and southerly 

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

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

in keeping with the typical diurnal winds measured at MG1.) 

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

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 1Bh00) is reached 

(C). The previously entrained water is now, and was since 

06hDD, 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. This must be regained in onshore flow. 

Considering a middle layer depth of 50m a~ 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 result very comparable to the average 

0,07 knot onshore current velocity average at MG1, probably in the 

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

surface current velocity of the model does not agree with the 

(

average currents recorded experimentally. This is attributed 

largely 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 desc~iption of the nitrate distribution and its supply and 

removal processes agrees well with the picture thus far given of 

processes in the research 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 occurred near 

the bottom during the whole programme. 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 MG1 and trans= 

ported upwards (Figure 38), but interestihgly this dccurred twd ddys later 

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

off Cape Cro~s 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 of coastward flowing water interpreted from the nitrate 

distribution. However the silicate isolines can be seen to cut directly 

across the thermocline on about half the sections in Figure 38, in 

direct contrast to all other parameter distributions with sharp gradients, 

whose isolines run largely 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 at the coast to 

depleted values offshore. An' explanation is offered based on the 

following two facts: 

Firstly, in the surface layer, nitrate tended to be depleted near the 

coast and silicate offshor~, and secondly the concentration of nitrate 

is reduced in the presence of low oxygen. This means that at the 

coast phytoplankton growth would be nitrate limited 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 concentrations 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 lower layers was 

much greater although nitrate values were low and silicate becomes the 

limiting nutrient. The silicate concentration offshore ~ay also be less 

there due to the density of the particulate matter involved with 

silicate, causing rapid sinking.) 

Thus on the occasions when silicate supply at the coast was high and 

depletion existed offshore a gradient normal to the thermocline can be 
I 

observed. However the isolines which rise and cut the thermocline 

position and the surface in no way imply direct water transport paths, 

al though at a first glance a researcher well acquainted with more 

vigorous upwelling areas, would think this to be the case. It is 

felt that more than sufficient 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 the 

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 results of this study are applicable. This can be best 

assessed by relating the extent of the characteristic conditions 

determined by previous hydrological research and noted in section 1.3, 

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

1.) The area between Walvis Bay (23°8) and Cape Cross (21°45'8) 

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

2.) 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. 

3.) Low oxygen conditions in the lower layers are found extensively 

along the South West African coast. Figure 24 indicates that 

juBt prior to the intensive survey of June/July 1978, at 20m depth, 

the low oxygen phenomenon was most pronounced from Walvis Bay 

to Cape Cross and within 15 miles of the coast. 

4.) 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. 

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

operating at the research site can be considered representative of those 

occurring 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 topography and the wind patterns. 
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5.10 Summary of Chapter 5 

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

number.) 

1.) The approach and scope of this chapter are outlined. 

The approach is to r~late the hydrology to thermocline and 

current informatian,thus completing the triad: winds, currents 

and hydrology. 

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 the hydrological changes that 

occurred at MG1 during the programme is given. Two time scales, 

daily, and "of several days" are idehtified 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.) The possibilities and characteristics of internal waves propagating 

into or from the research area are investigated under the simplifying 

assumption of a limited depth, continuously stratified ocean. 

It is considered likely that forced ~aves will soon become out 

of phase with their forcing as they propagate southwards from 

the research area, and hence their energy will soon be disipated. 
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Slicks, which are evidence of Langmuir circulation were 

observed during the programme. As they occurred in calm as 

well as low windspeed conditions, it was concluded that 

they were caused by current field-wave field interactions 

as proposed by Garret (1976). 

4.) Thermoclihes existed over the whole research area during the 

programme but large temporal and spatial changes in thermocline 

depth occurred. It is largely in the light of these two facts 

that other hydrological data will be discussed. 

5.) Disolved oxygen was found to be depleted (less than 1 ml o2/l) 

below the thermocline at MG1. The transition to higher values in 

and above the thermocline was very abrupt. It is concluded 

that the thermocline prevented downward mixing of water 

properties. Nitrates were inversely related to oxygen in the 

region of the thermocline. 

6.) Vertical sections for dissolved oxygen and temperature show 

that the trends, noted in section 5.5 are valid between the 

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

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

area has oxygen values below 1 ml 0211. 
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7.) The s~liriit~ sections showed nothing. The phosphate sections 

showed phosphates were generally high and that during a period 

of more vigorous mixing phosphate seemed to be released from 

the shelf sediments. 

8.) Vertical section~ for nitrates and silicates showed both these 

nutrients occurring in concentrations ranging from very high 

to depletion. Silicates had their highest concentration near 

the bottom and inshore, concentrations decreasing towards the 

surface and offshore. 

Nitrates, on the other hand, showed their greatest concentrations 

off shore and at middle depths. The lower values near the 

bottom are attributed to nitrogen occurring mainly ·in forms other than 

nitrate due to the anoxic conditions. Low concentrations at the 

surface are thought due to biological uptake, and low values 

inshore due to poor supply. The supply and removal of nitrate 

in the research area 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 is proposed that no direct 

nutrient supply occurs to the upper layer; supply occurs by 

transfer across the thermocline and thus the supply 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 

north and south as the area subject to subject to persistent 

thermoclin~s increases in late spring, summer and autumn. 

10.) In summary it can be said that the research site can be 

considered an anomalous upwelling area, firstly because of the 

manner in which nutrient supply to the upper layer takes place, 

and secondly because t~e 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 repeat 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 Upwelli,ng System, which extends along 1lhe west coast of 
i 

southern Africa from Cape Point (34°30'S) to horth of the Cunene River 

(17°40 1S) has been subjected to an increa~e ih intensive physical 

research during the past few years. Because of its nature, this 

research has been limited to a few selected localities no more than 

200 miles in extent along the coast. The work of Bailey (1979), 

Jury (1980) and the present study will now be considered briefly as 

an introduction to a discussion of the direction of physical research 

in the Benguela Upwelling System in general. 

The upwelling off the Cape Peninsula region is known to be controlled 

by the characteristics of definable upwelling wind events 6f ~ few 

days' duration and it was these events and their effects on the upper 

layer of the sea that were measured (on appropriate scales) and 

described by Jury (1980). In addition Jury Cop. cit.) showed the 

influence of orography on these winds. 

Further north . in the Ulderi tz area (26 °S), upwelling is persistent 

for the larger part of the year because of 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 mentioned above which have been shown 

capable of supporting active upwelling under suitable wind conditions, 

the region between Walvis Bay and Cape Cross, with its wide shallow 

bottom topography, did not seem to be able to respond in a similar 

manner. In the present study, it was found that two days of sustained 

southerly winds served to deepen the upper mixed layer (at a distance 

of six miles off shore) rather than remove it. 

Therefore, two factors appear to determine the nature of the upwelling 

process at thes~ three sites in the Benguela Upwelling System: namely, 

winds and bottom topography. The bottom topography is known but only 

recently has it been incorporated in mathematical models of the 

Benguela Upwelling System with any degree of success (Brundrit and 

van Foreest, 1981). In coastal areas stratification can complicate 

the picture further. (This led to the model presented in this thesis 

being coMfin~d to the upper layer above the thermocline.) 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 associated with the incorporation of 

detailed bottom topography in mathematical models, and we lack data 

on the in situ winds over the greater area of the Upwelling System. 

This leads the author to conclude that we are still far from obtaining 

a physical understanding of the Benguela Upwelling System that could 

be employed in any predictive sense. However, progress in these areas . 
of modelling and wind data collection is both necessary and at present 

being made. 
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However, what future role is there for quantitative practical research? 
\ 

Additional localities could be intensively studied between the Cape, 

LOderitz and Walvis Bay sites; the nature of the hydrological 

transitions could be assessed from previous works if their inferred 

currents could be substantiated by direct curr~nt measurements. 

Nevertheless, only around the Cape Peninsula could the practical 
l 

resources b~ mustered for what could be called a continuous intensive 

effort. 

For the rest of the Upwelling System, it is felt that physital research 

should address itself largely to the nature of physical influences on 

the pelagic fish ~todks .of South Africa and South West Africa and 

the localities of major importance in this regard. The physical 

factors with prov~n influence on spawning, larval development~ survival 

and transport are temperature and, currents. The South West African 

Pelagic Egg and Larval Survey (S.W.A.P.E.L.S.) allows for extensive 

temperature me~surements along with ichthyoplankton 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, particularly in the localities not yet researched intensively; 

namely between Cape Columbine and Luderitz 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 previously 

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 

temperature conditions in the Benguela Upwelling System. The 

incorporation of the direct measurement of currents into research 

programmes would yield some problems, but so far this work has 

suffered as a result of its low priority. It is hoped that this study 

(based 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 

W'inde-p~ in t'nobs : dr.shmozs ifl naubcaJ miJqs-. 

OCCAS I Ot·~ ·1 DATE 2(H367B 

l·J It·~ D 2t"I Di:~'. I:; ~il"'I DF.:G 1 ~z1M !IRG, 2~3M DF.:G 3~3M DF.:G· 
TIME D IF.: !:;F' E:F.:G DIST BF.:G nun Bl;.:c;; DIST i::F.:G DI::n BF.:G DI::n 

:::~3(1 140 , ... , 
·=· ::::30 ·1~30 5 

·:H.rn 1(H3 5 
93(1 1(1(1 .-, 

.:::. 
1 ~3~3(1 CLM ~3 
10:;:(1 CLM ~3 
110~3 CLM ~3 
1 130 15~3 6 
120~3 15~3 1 1 
1230 15(1 1 1 
1:300 155 1 ·-· .:::. 3(1(1 ~~1 • (15 :3H3 (1. 1 (1 :;: 1 2 0. 15 1 t'°'4 

·=· ~3. 20 ::::50 0. 1 1 
1::::30 160 1 ·:· ·-· 296 ~~1 • 14 :304 ~~1. 17 ] 1 :::: (1. 19 1 ·-· ·=· 0.35 :~:4 13' 0.24 
140~Z1 1 :::~3 10 3~Z11 (1. 22 3(17 ~). .-.~ .::. ._1 :;: 1 :3 ~3. ::::~3 16 0. 47 :;:45 ~L 25 
14:3(1 1 B(1 1 [1 3~33 0. :35 ::::(14 (1. 34 320 (1. 40 11 ~3. 61 ::::4~z1 (1, :31 
150(1 1 ::a3 1(1 ::::~33 ~j n 47 3(16 (1. 44 ::::20 (1, 51 HJ ~]. 72 :;::;:6· I]• :39 
15:30 1:::0 7 3~J2: (1,, C'q ·-' •' :.::~~14 (1. C'·-· ._1,::. :~: 19 0. 62 5 ~3. :::: 1 :~:::::2 ~L 46 
16(1(1 i::::0 C' 

·-' ::.:0;~~ ~3" 7~3 3(1:;:: ~j. 6(~ ::.: 1 '3 [1. 71 'J .:... ~3. '31 :~:~~·::a (1. 51 
16:30 urn 7 3(l4 (1. ::: ~;~ 304 0. 7(1 :~: 1::: IJ. 85 :~:5•31 1 . ~) 1 ::::27 0. 6(1 

OCCAS I Ot·~ 2 DFtTE 20~Z167B 

l·J I MD 2~3M DF:G 
TIME DI F.: ::;;p BRG DIST 

1:300 1 :30 5 
1 ::: :;:(1 1:30 5 
1900 1 :3(1 5 
1 ·~30 175 5 
2~)0(1 17(1 5 
20:3~3 15(1 5 

.2 U3~3 1 :3(1- c:· 
·-' 

21:3~3 1:::a3 2 :;:2:::: ~~1 • iz1 :::: 
2200 CLM ~3 :~:2? IJ. lq 

•' 

22:=:iz1 CLM ~) :~:2? IJ • 2l. 
2300 CLM (1 :~::::: 1 o. 2:; 
2~::3(~ CLM ~) 3:~: 1 I) • 2'3 
24(H] CLM ~3 :~::;:;2 IJ. ::::2 

::::~z1 CLM ~~1 :;::;::i [1" ·:··::. ·-· ... 
100 CLM ~3 :3::::6 o. 41 
1 :3~3 GLM (1 :3:36 [1. 46 
20~] 17[1 .... 

.;.. :~:3::: o. 50 

PPE E T 

d ml 

OCCRS I Ot·~ ·1 TE 7::: 

~'J I t·i II Di:~~ G !:il"'1 II 1 ~Z1 t'1 r ..l, II II 
TH1E D I F: E: DI~:;T E: F: G DIST BI;':C DIST F: C; D1ST DI::n 

14E1 ,"', ':. 
~3 'HH~1 5 

H3[1 5 
leW .-, 

.:: 
CLt'l ~3 

t'l [1 
t'1 ~3 

150 6 
1 1 1 
1 1 1 
1 1'-' .::. :;: 1 ~:::1 ~:::1 • H1 312 0. 15 13

- 4 t:f ~3 • :~: 0. 1 1 
1 1':' '-' ~:::1 • 17 ] 1 ::: [1. 19 1 ,-, .:. [1.35 :~: 0.24 
1 10 ~3 • ~~1 • 25 :31 :3 ~3 • 16 ~~1 • 47 :::: [1. 
1 H1 i.L 0. 34 :;:20 [1, 1 1 ~3. E;l :3 t1. :31 
1 H1 :~:0:3 [1 11 47 ~3 . 44 :32[1 I~L 51 10 ~3 • ..., .... , 

g't::. :;:::::6" 1S1. :39 
15:30 1 7 0" ::::~~14 [1. e'-I 

d,::' :~: 19 ~3 " 5 ~3 . !:! 1 :~::;:2 ':L 46 
1 [1 1:::[1 C' __ I .... j .... ,'''1 

.. :,1:::1,::. ~~1 " 7~3 3[1:::: ~3 • 6[1 :::: 1 '3 ~~1 • 71 'J .:... 0. '~ 1 :~:~~j3 [1,51 
16 1:::: 0 7 4 O. ::: ~~~ ::::[14 (:1 • ] 1 ::: O. 1 . (11 ::::27 (1. 6[1 

oeeRS I Ot·i 2 Dt'1 

l,J I t·lD -j 
.:.. DF.:G 

T1 D I F.: DUn 

1 5 
1 5 
1 c-

""I 

1 c-,_I 

170 c-
._I 

1 5 
1':' c' 

'-' ._1 

1 :3~~1 2 ::::2::: ~~1 • 
CLt'1 ~3 32? 0, 1>:t .' 
CLt'1 [1 ::::2'? 0, 21. 
CLi'1 [1 :~::::: 1 O. 2:; 
CLi'1 [1 3::::1 O. 

24[H~1 C [1 ·:t 
'-' 13. 

C [1 ~) " 
10[1 C ~3 C~l , 41 
1 0 ~J • 46 

.-, 
,;;,. ~Z1 • 
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OCCASIOt·l ·:· DATE 21 i)67::: ·-· 

Witfo 2M I.tF.: G 1.(1M DF.:G 20M DRG 
TIME DIR SP BRG ·DIST BRG DIST BRG DIST 

1400 CLM 0 
143(1 CU1 0 
150fj CLM 0 
1530 CLM (1 

1600 18~3 5 
16:3(1 185 7 
170(1 1 ·:H3 q 

•' 

17:3(1 18~3 
,-, 
·=· t::a)(1 18(1 ·':• ·-· :~::32 0. 15 :::: 1 ::: (1. 14 

183~) 15fj 5 3:;i(1 0.26 314 ~). 26 :;::i 1 0. 10 
190fj CLM (1 ·:··-=· ·::-·-· ·;;) t...• 0. :3E: ::::2::: '3. 41 :=:~3::: ~~1 • 16 
193~) CLM 0 

.-, . .,-, 

.;1.:...f 0.52 :~:22 (1. 54 305 ~). 22 
2(10(1 CLM ~) :33(1 (1. 7[1 ::::26 ~). 74 307 ~). 29 
2~)3[1 CLM ~) :::::32 t1. :::5 :326 ~). 91 :::: 12 0 • • -. C' 

.;)._1 

210[1 CU1 0 :334 (1 a !::::~ :327 ~). '36 :~: 12 [1 • .-, -:ii 
.;.1 .. 

2130 CU1 ~) :~: 12 0. :~:9 
2200 160 4 

OCCAS I Ot·l 4 DATE 22t167::: 

~·~I t·lD 5M DF.:G 1 OM DF.:G 2~3M DRG :~:[1M DF.:G 
TIME DI F.: SP 8 F.'. c; DIST BF.'.G DIST BF~G DIST BF.:G DIST 

400 160 7 
4:3~3 145 1:1 ,_, 

50[1 13[1 10 
5:30 1 15 H3 
600 10~3 it1 
630 95 1 1 
700 SH) 12 
73~) 9~) 1 ·-· ·=· 
80~3 9i3 20 27::: n 21 ·J?•:4 [1. 2:3 2:3!:: ~). 14 2·35 ~). 12 -. ~· •-4 
83~~1 8(1 16 274 0. 5(1 277 ~]. 45 291 ~3. 

.-.c-.::.._. 2·34 ~). 20 
90fj 65 14 26::: 0. 74 27:::: i~1. 5::: 2:3'3 o. .-, .-.. 

.;.1.;) 294 0 •. 2:3 
930 50 13 266 0. ·=•t:' ·-··-· 27~) 0.72 287 [f. :~:·3 2'34 (1. 26 

1(100 50 ·=· 26::-:: 1 (11 .-, .-.-. i~1. ::: 2 2:3::: (1. 4~) 2'3'3 0.26 ,_, a .::.t··=· 
1(130 60 1::: 261 1 1 (1 265 ~)a .-.. -. 2'3(1 -0. 41 :;:(14 0.26 . •:•C• 
1 H10 6[1 1 ·=· 

.-,l::.".-1 1. 20 264 ~)a q .- c~·32 ~). 42 :;:[1::: ~3. 27 ,_, .:::. .... 11:1 •' I:• 
1 1 :3(1 60 14 2·,:::: ~·L 4 ":• ·-· ::::17 {1. 29 
120[1 6(1 ., 

2·~4 0. 44 ::::25 0. 30 
123(1 6(1 •::• ,_, :;::3:::: ~~1. :::: 2 
1 :;: (1 (1 3~3 4 341 0. ~:4 
1 :;: :;: ~) 34(1 1 .-, .:::. :~:46 [1 • ::::6 
1400 29~) 1 ·:· ·-· :~:51 [1. 4~:1 
143(1 26~) H1 35'3 0.47 
150(1 26(1 5 36~3 0.55 
153~) 245 5 36~) (1. 61 
1600 240 ,-, 

·=-

-1 

OCC IOt'l ':1 DR 21 '-' 

WI G 
TI I1IR DIST 

1 0 
1 t1 
1 0 
1 t1 
1 18[1 C' 

,_I 

1 1 7 
1 ':HZ1 q 

"' 
1 ,-, 

1:1 

18(1 '':1 
'-' :~::32 O. 15 :::: 1 ::! [1, 14 

1:330 15[, C' 
,.J :::::3[1 O. 26 314 ~~1. 26 :~: 1 1 ~) . 10 

1900 (1 ':"':1 '::-
.... I.,;;.;t.t.i [1. ~3 , 41 ~~1 • 16 

0 ::;:27 0. 52 [1. 54 [1. 
~3 t1- 0. 74 ~L 
~) (1. ~) • '~ 1 :~: 12 0. 
0 0. ~3 • ::::12 (1. 
~3 :~: 12 0. 
4 

I] SIOt·l 4 

~,~ I t·lD 5t'1 1 .-, 
.':1 

TI DIP ~:;p E: F.: C;; DIST G DHn 

1 7 
145 ,:1 

'-' 
1 10 
115 U3 
1 1'3 
95 11 
9E1 1 .... , 

0:::. 

9~3 1 ,-, -:' 
9~j 27::: [1. 21 O. ':1 

'-' 0. 14 ~3 • 12 
8~) 16 ~3 • 5[1 ~] . 1 ~] . 
65 14 E1. ~] . '3 0. 
50 1 .:' 

'-' (1. ':IC" '_i._I 27~) ~]. 72 287 (1. 
1 ::: 1. 01 ::: 0. O. 
1 60 1::: 1 1 (1 '-1 .-11:" o u :::E: 0. , ct' ... J 

IHW 6(1 1 ':' '-' 1. 2(1 4 ~] . ~3 II 27 
11 14 ~::1 • 4'-' .;, :::: 17 {1.2'3 
120(1 '3 0. 44 :~:25 0. :30 
123(1 I::' 

'-' ~~1 it :::: 2 
1 :::: 4 1 0. 
1 ::::::::0 1 ,-, 

0:::. (1. 
1 ,:, 

'-' (1.4~Z1 
Hi 0.47 

5 0. 
5 E1.61 ,-, .::. 
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OCCAS I Ot·~ r."· .:1 DATE 22(1678 

lHMD 5M DF.:G 10M DF.:G 20M DF~G :30M DF.:G 
TIME DIR ;;F' BRG DIST BRG DIST BRG DIST BRG DIST 

800 90 20 
830 80 16 
900 65 14 
930 5~3 1 '"' .,;;. 

1000 50 8 
1 t130 60. 1 ·-· 0 

110(1 60 1 ·-· 
·=· 13(1 6~3 14 

1200 6(1 ., 
12:3~3 6~3 .:;. 

·-· 1 ::::0~3 :;::0 4 
1 :;:::3~3 :34(1 12 
1400 2'30 1 "::• ·-· 1 '? :;:~ 0. ~:16 1 ~54 (1. 0!5 115 ~3. (15 :;:51 0. 4t1 
1430 260 U~I 1 t::' ,•• . .Jt• [I. 16 1 ·:·q .... •' (1. 1.4 :::(1 ~3. 09 :~:5•3 ~3. 4 7 
1500 260 5 1::.H (1. 21 .... , . .;, 

t··=· ~3. 15 36~3 0.55 
153(1 245 5 1 :::a:1 0. 2:::: 62 ~). 21 :36~:1 ~). 61 
1600 240 8 

OCCAS I Ot·4 6 DATE 24(167.B 

~JHrn 2~3M DRG :;:(1M DF.:G 
TIME DIR !:;F' BRG DIST BRG DI ::;T 

3~3(1 CLM ~z1 
4~h) 15~:1 10 
50~:1 9~3 10 
60[1 '35 2~;:1 
700 ·::i ~z1 2~;j 

800 90 20 
830 '3(1 .-.c:." .:::,._. 
•30~:1 70 27 
930 70 27 ::::02 0. 32 261 (1. 24 

1000 70 20 295 [1, 37 256 0.30 
1030 7~3 22 
110(1 7~3 .-.. ~ 

.::.~ 

1130 7~:1 20 
1200 7~3 20 
1230 45 1 ·-· 0 2'32 ~3. 41 2::::4 (1. :::: 1 
1 ::::00 :30 1 ·-· .;. 2 134 (1.:;:7 2:;:t1 (1. 27 
1 :33~3 4~) 10 2·3·31 ~j. ::::4 21 ·j (1. 24 
14~3~3 4[1 7 :~: ~~16 o .. :~: 0 209 ~:1. 2[1 
143[1 4~:1 5 •7,1•';:1'? (L ..... . - 189 ~:1 • 15 ... ,1.:.., 1 .::.t• 
15~2H) 50 7 :;::;:;;:'. '.3. 2~) 1 ""'·-· ( .;.. ~3. 1 ... , 

.:::. 
15:3~) 40 ·-::1 ::.:4::: t~ . • -. ,oM 1 :~:::: o. 11 ·-· .::.t• 
160~:1 4[1 H3 :~:5::: (1. 2'31 116 (1, 11 
16:30 19~;:1 10 ::: [1, ::::·::a 1:1•":1 

·-··:... ~:1 • 17 
170~) 180 10 10 ~). 44 68 (1. 1 '3 
1730 200 13 10 (1, 55 4·=· ·-· ~3. 27 
1800 200 10 11 (1, 61 4(1 (1. 30 
183(1 195 1 1 1 ·:· '- 0.6'4 :::: 1 ~3 . :~: ::: 
1900 19~3 12 1 ·-· .:::. (1. 66 2:~: 0.46 
1930 190 10 1 ::: 0.54 
2000 200 10 •3 0.62 
2030 190 13 4 ~3. 70 
2100 180 15 ~:59 0.77 
2130 180 10 

TI 

TI 

lH 
I1IR 

6~3 

rU 
DIR 

16 
14 
13 

8 
1'-' I;:' 

1'-' t:_ 
14 

ij 

:3 
4 

12 
1 
U3 

e" ... 1 
5 
8 

CLt1 ~!1 
1 10 

U) 
2(1 

18 
1'-' . ;. 
110 

7 
5 
7 

40 . -. . .:, 
40 10 

19~3 10 
1 10 

13 
10 
11 

2 
10 
10 
13 
15 
10 

B 

1 ...,.-, 
i' ~, 

1 

BRG 

:3:3;;~ 
:34::: 
:35::: 

::: 
H.1 
U) 
11 
i':' .:... 

1 

16 

I) I t:" .:1 DATE 7::: 

10t'1 G 
III DIST 

121 • ~~16 1 ~:1 ~j ~:1 • 1 (1. 
~L 16 l·':":::t '-' .,.' ~1. 14 ~3 • 0. 

1::::1 ~3. 21 ~3 • 15 0.55 
1 0. 0.21 0.61 

o I 6 

0. 1 0. 
0. ~3. 

0. :31 
O • O. 
(1. 0. 
(1. ~3 
O. ~3 • 15 
0. ~3 • 12 
~3 • 0 . 1 1 
(1. ~3 • 11 
~~1 • :::;2 ~~1 • 17 
~3. 44 (1. 1 " 
~] . ~3 • 
(1.61 ~j • 
0 • 31 ~3 • 
0. (1. 

18 0. 
'3 0. 
4 0. 
9 0.77 
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OCCASION 7 DATE :C:4(1678 

l•J I ND 2M DRG 5M D F.: G 1(1M DRG 20M DF.:G ::::~z1M DRG 
TIME D IF.: SP BF.: G DUH BRG DIST BF~G DIST BF.:G DIST BRG DIST 

12~3(1 5(1 2~:1 
123~:1 45 1 ::: 
1 :30~3 :30 1 ·:O .... 
1 ::::3(1 4~:1 1[1 
140~:1 4~3 7 
143(1 4(1 5 
150(1 5fj 7 
1530 40 .-. .;.; 

1600 4(1 10 
1630 190 10 182 ~3. 16 1 ?C• I ._, 0. 16 70 ~3. (11 C• ._. 0. ·:39 Ci·':• o;;.•.:... (1. 17 
1700 180 10 184 ~3. 2:;: 18(1 ~3. 29 H3 ~3. 44 68 0.19 
1730 200 13 177 0. :37 180 0.46 1 (1 0.55 48 (1. 27 
1800 200 10 177 (1. 40 178 ~:1. 48 11 0.61 40 0. 3~:1 
183~3 195 1 1 174 (1. 5(1 176 ~3. 4 7 1 ·:· '- 0.64 31 0. ::::8 
1900 1 '3(1 1 ·-· .:::. 171 (1. 60 1 "':'·-· ( '-- ~3. 46 1 ·-· .:::. ~3. 66 ·~·-· .::.·:.· ~3. 46 
1930 19(1 1 (1 7~3 ~3. H3 1 ·-· ·=· 

(1. 54 
2000 200 10 55 ~:1 • 11 9 (1, 62 
203~3 180 1 '"'' .;.1 

C'. •• 

·-''=' (1, 15 4 ~3. 7~:1 
210(1 18(1 15 56 ~3. 19 :~:5•3 ~:1. 77 
213(1 18~3 H3 C'.·-· • .;;a.::. (1. 20 

OCCAS I Ot~ ::: DATE 260678 

WIND 2M DF~G 5M DF~G 10M DRG 20M DRG 30M DRG 
TIME DIR SF' BRG DI:::T BRG DIST BRG DIST BRG DIST BRG DIST 

400 CLM (1 
5(10 CLM (1 
600 100 8 
700 90 10 
800 9~3 17 
:::3i3 7~3 1 ::: 261 0. 11. ·:··=·-=· 1:- •-··-· ~:1. ~:15 :34 ~3. ~3:::: 219 0. HI 2~:16 ~3. ~35 
900 70 20 26~3 0. ::::2 2E:t1 ~3. 2(1 :32:::: 0. 05 199 ~3. 07 220 ~:1 • 15 
93(1 7~3 1 ::: 256 ~:1 • 4·:· ·-· 274 .e. 21 2:31 0. ~1::: 2(16 ~3. 11 222 ~:1. 24 

1(H30 7(1 17 244 o. 52 26(1 (1. ::::9 26:~: ~3. 12 207 ~3. 1 .-, .:::. 215 0.27 
H33fj 60 1 ·-· 0 244 t~. 7~:1 25::: (1. 5(1 25'3 ~3. 1 ·-· .:::. 2(17 ~3. 14 211 0. :36 
110~3 6~3 15 245 o. :::4 25:::: 0.62 25:;: ~:1 • :3(1 2~37 0. 19 206 ~3. 41 
11 :3(1 60 13 2:3::: 1. (H3 24'3 ~3. 75 24::: (1. 40 2(17 0.24 204 0.49 
120(1 6(1 12 2:36 l. 15 246 0. :::2 24~i ~3. 47 206 0.27 20(1 ~:1. 55 
123~3 60 H3 ·:.·-::o·:· 

'-·-''- 1. ::::(1 241 (1. 94 240 (1. 51 202 0. :32 205 ~:1.61 
1:300 60 4 22·~ 1. 39 .-.. -. ..., .::. .;,. ( 1. 07 236 0. 6.-, 

•O:::. 199 €1. :35 190 (1. 67. 
1330 65 'j .... 227 1. 47 .. :. .-, .-, 

.:,..j.::, 1. 04 231 0.70 194 0.39 ·185 ~3. 76 
1400 .- C' 

b·-' 2 225 1. 59 230 1. 09 217 €1. 75 186 0.39 18~3 ~3. 81 
1430 CU1 0 .-, .. :o .-.::..:...t• 1. 16 21 ::: . 0. "?•::i 

I •' 180 0.40 177 ~~1. 87 
1500 ~:20 5 22:;: 1. 76 226 1. 25 219 (1. 0 .-._. t:• 174 0.41 175 0.92 
1530 280 8 21 '3 1 .. 82 222 1.32 216 0. 90 166 0.45 169 1. 01 

-1 

I] I 7 

lH DRC; II F.: C; HH'l IIRC; :::: ~Z1 t'l D 
TI II r F.: ~:;p E: F.: C; Dun DI DI DI~:n DI 

5(1 
45 1 c· .... 

1 'j ... ' 
4£1 H1 

7 
5 
7 
3 

113 
113 1 ~3. 16 1 13. 16 ~3. €H E: (1. 13.17 
113 1 ~3 • 1 13. H3 ~3. 44 13. 1'3 
13 1 e. :37 1 13. 1 (1 13. 48 (1. 
113 1 (1.413 1 ~~1 • 11 13.61 (1. 

1 1 1 [1. 1 ~3. 47 12 ~3 • 31 ~3 • 
1'-' .:::. 171 [1.613 1 ~~1. 46 1'-' .:::. ~3 • . -. .-, 

,::..;" ~3 • 
1 [1 7~3 [1, H~1 1':' '-' (1. 

113 ~~1 • 11 9 [1. 
1 '-. C' ,. [1. 15 4 ~3 • .;. ,_It, 

15 56 [1. 1 '3 :=: [1.77 
113 ~'-I 

,J':::' (1. 

(I I ::: TE 

lH G 1 
TI DIR IIIST 

[1 
[1 

11313 8 
113 
17 

7~3 1 E: [1. 11. ~~1.~]5 ~3 • ~~1 :::: 219 €L H3 [1. 
'313(1 ~] 0 ::=:2 2E:t1 13. :32:::: ~3. [15 199 flo 137 [1. 

713 1 ::: ~~1. 4:3 f~. 21 2::: 1 13. (1::: 0. 11 ~~1. 24 
7[1 17 0.52 ~:1.:39 26:3 ~j • 12 ~3 • 1 ,-, .:::. 215 0.27 
613 1'-' c' 4 t1.7~~1 [1. 0. 14 211 0. 

15 [1 " [1. 0. 19 206 ~~1.41 
13 1. [1. 75 0.24 ~3 • 
12 0. ~L 
H3 0.94 0. 

1 4 1. [1. (1. 
1 ':0 ... ' 227 1. 0.70 0 • 
1 2 1. (1. 0. ~~1.81 
1 13 1. 16 21 E:. 0.7'3 13. ~j • 
1 5 .:' 

'-' 1. 1. 219 VI -. 13.41 0. 
1 8 211~ 1. 1. 216 ~) . 0.45 1. 01 
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OCCAS I Ot·4 q .. DATE 26(167::: 

~·JI t·4D 2M ItRG 5M DF.:G 1 ~Z1M DRG 2(1M D~:G 3~:1M DRG 
.TIME DI F.: ~;F· BRG Ii I ST BF.:G DIST BF~G DIST BF.:G DIST BF~G DIST 

1600 CLM 0 214 ~3. 97 160 ~3. 45 165 1. ~34 
1630 26(1 10 176 ~3. 1-:i .. 165 ~3. 11 2U3 1. (14 15~3 0.51 160 1. 10 
1700 240 10 1 ...,.-, , . .:::. (1. 24 16::: ~3. 16 205 1. (16 14~:1 0.59 15:3 1 • 14 
173(1 250 10 16::: (1. 34 164 (1. 19 196 1. 01 1:34 0.62 151 1. 21 
1800 230 8 167 ~3. 41 165 (1. 27 192 1. 12 129 0.71 149 1. 25 
1830 240 12 157 0.54 16(1 0.36 18B 1 • 14 126 0.72 145 1 -?? 

• ;:.. I 

1900 240 1 (1 146 0.64 152 0.40 186 1. 17 122 0.79 142 1 --~·-· • . :Jc.. 
1930 200 10 142 0.72 149 0.49 18:3 1. 22 120 0.85 14(1 1. :32 
2000 220. 10 1:36 (1. 79 14:;: 0.51 1..,.., ,. ( 1. 24 117 0.87 137 1. 32 
2030 200 11 12·3 0.85 1··:.o ·-··-· 0.54 1 ..,.-, ... ;.. 1 4':•? 

• "- I 115 0. :::9 136 1. 35 
2100 180 6 11::: (1. '31 1 ":0? ._., ~z1. 59 17(1 1. :31 115 (1. 91 135 1. 39 
213(1 180 8 1 1 :3 (1 Ct •3::: 121 0.61 165 1 .-,.-, 112 ~z1.94. 1 -:;.·:· 1. ::::6 .. ;, . .::, ..... _, 
220~3 180 8 10'3 ~~1. 99 115 ~3. 67 164 1 a :;:7 11 :::: ~3. 90 134 1. ~:7 
2230 180 10 107 1. (12 H14 (1. 77 161 1. 4(1 112 ~~1. ::: 7 135 1. :~:6 
230~3 180 H1 1 ~3(1 1. (1( 91 ~3. :::5 15::: 1. 4~:1 112 0. :::0 1 ::::4 1. :34 
2~:3(1 17~3 H1 '36 1. 14 :::5 ~3. 96 156 1. 44 114 ~~1. 76 1:36 1. 34 
240~3 140 1 ·-· 91 1. 2(1 :::2 1. 05 156 1. 44 116 0.72 1 ·:1q 1. :31 .:::. o,.) •• 

3~3 CU1 ~3 :35 1 D 26 -:Oc::' 

f ·-· 
1. 1 .-, .:::. 154 1. 42 119 0.65 140 1 I~::::: 

100 CLM 0 :::~] 1 Q ::::6 71 1. 24 15:3 1. 45 12:~: ~3. 64 142 1. :34 
13~3 CLM 0 77 1 n 4'3 69 1.·42 152 1. 4'3 127 (1, 69 144 1. :39 
20(1 CLM (1 7:~: 1. 61 .-i= 

b ... 1 1. 49 149 1. 55 128 i3. 74 144 1.41 
230 CLM (1 7(1 1. 72 64 1. 61 149 1. 55 1:30 0.76 144 1.45 
300 CLM 0 66 1 • :::6 6(1 1. 74 146 1. 60 127 0.84 14:3 1. 52 
33(1 215 •".'l .:;,. ·-·".'l b..:· 2.00 59 1. :::5 145 1. 6(1 126 0.·s7 144 1.60 
400 CLM 0 6~3 

.-, 
:::. .. 1 ·:· .:... 55 1.96 14:;: 1. 62 ·125 0.90 14:3 1. 62 

430 CLM 0 56 2.29 5·:· .:... 2.09 144 1. 63 121 1. 00 142 1. 66 
500 CLM 0 5:;: 2.46 51 2.26 145 1. 74 11? 1. 03 141 1. 76 
530 180 8 51 2. 5•3 4•:. ·-· 2.40 14:;: 1, 75 115 1. 14 140 1. 84 
600 CU1 0 4·=· ,_, . 2" 71 47 2.49 142 1:8(1 11 :;: 1. 16 13'3 1. 89 
630 CU1 (1 47 ·:1 ·=··:· 45 2. 5'3 142 1. :34 11:3 1. 19 13? 1. 91 .:... .. ·-·.:... 
700 CLM 0 4·:· 2n91 4·:· 2.75 142 1 a :::7 112 1. 25 137 1. 96 ·-· ;:.. 

730 CLM 0 4[1 2. ·:H3 142 1 • '3(1 1 uz1 1. :;:0 137 1 • •3•3 
:::0~3 CLM ~z1 :3::: :::: . [19 ·-=··=· 2. 9(1 141 1. 9'3 107 1.29 1:36 2. ~~15 ·-··-· 8:30 20(1 2 , ... 11-1 

:::: h 17 ·":··=· 2. •39 143 2.01 11 (1 1. :34 14~Z1 2 . 10 . ;;1:1 ·-··-· 

-1 

I '~ 

~H G 1 G 
II DIR 1ST G DI T DHH 

0 214 0.97 1 1. 04 
10 1 0. 1 '3 165 0. 11 210 1. ~]4 1 1. U3 
10 172 ~L 1 0. 16 1. 1 1. 14 
10 1 0. 1 0. 19 1 10tH 151 1. 21 

8 1 0.41 1 0. 1 1 1. 
12 1 171 - . 1 0. 1 1 1 1. 
10 1 0. 1 0. 1 1 1 1 • 
10 1 0. 1 1 1 1 t. 
10 1 0. 1 1 1 • 117 1 1. 
11 1 0. 1 1 1. 115 1 10 

6 11 ::: 0. '~1 1 ~] . 1 1. :31 115 1 1 • 
8 11 :::: ~~1 • 121 0.61 1 1. 112 1 1. 
8 1 ~t1.9'3 115 ~]. 67 1 1 • 11:3 1 1. 

1e 1 1. 1 161 1. 112 ~~1.E:7 1 1. 
1e 1 1 • ~~17 '~ 1 15::: 1. 112 t1. :30 1 1. 
U~i L 14 156 1 • 114 ti.76 136 1. 
1'*' t:. L 1 1. 116 0.72 1. :31 

0 1. 1 1 • 119 0. t. 
t1 L 1 1. 1 0. t. 
€I 77 L 1 1 • 1 0. t. 
t1 1. 61 65 1. 49 1 1. 1 0. 1.41 
0 70 1. 1. 61 1 1. 1 e. 1. 45 
0 66 1. 1. 1 1 • 1 e. 1. 52 

215 3 2ft 1- 1 1. 1 e. 1.60 
€I 1. 1 1. 1 e. 1 • 
€I 2. 2. 1 1. 121 1. 1. 
€I 2. .-, 

t:. • 1 1 • 117 1. 1. 
8 51 2. . ., 

1 1~ 115 1. 14 1 • t:.. 
€I 1 1:' 11 :;: 1. 16 1 • 
€I ~, 

~ft 1 1. 113 1. 19 1. 91 
€I 2. 1 1 • 112 1. 1. 
0 .-. c... 1 1. 110 1. 1 • 
~] .-, 

") fl 
''':* 
'-. 141 1. 107 1. 2. ..... 

:::: fl 17 . -, 143 2.01 1 Hi 1. 2. 10 c.. t:.... 
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OCCAS IO~~ H3 DATE ::::~)(1678 

~UMD 5111 DF:G 5M Df;,:G ::::~3M DRG ::::(1M Dr::~G 

TIME DIR !:;F' BRI~ DIST BRG DI::;T BRG DIST BRG DlST 

·150~3 CLM 0 
1600 CLM 0 
i700 270 5 
1"800 250 5 
1830 180 3 70 1. 10 116 1. 10 
1900 180 5 291 1. 10 68 1 • 16 206 0.94 117 1. 15 
1930 CLM 0 
2000 CLM 0 2'35 1. 1 1 62 1. 36 210 0.92 116 1. 19 
2030 CLM 0 302 1. 05 59 1. 46 195 ~3. 92 117 1. 27 
2100 CLM 0 302 1. 06 58 1. 56 193 0 qq . -· .. 118 1. :37 
2130 CLM 0 :30:::: 1. ~36 54 1. 66 187 1 • (1(1 116 1. 42 
2200 CLM 0 307 1. (14 c:·-· 

..JC. 1. 75 18:3 1. 01 116 1. 46 
2230 CLM (1 :314 1. ~35 4o::i .. 1. :::4 17'3 1. 04 116 1. 54 
2:30(1 CU1 0 :::: 15 1. (15 47 1 • ::: '31 177 1. 05 116 1. 57 
233~:1 CLM (1 :::: 1 7 1. (16 46 1~94 174 1. ~37 117 1. 60 
2400 CLM ~3 ::::24 l. 1 ·-· c.. 42 2. ~32 169 1 • 1 ·::· .:.. 116 t. 61 

3~3 CLM (1 32(1 1 • (1'3 41 2. ~34 167 1 • 14 115 1. '64 
100 CLM 0 :~:21 1. 17 4~3 2. U3 165 1 • 17 115 1. 64 
13(1 CLM 0 32~3 1 • 16 ·:• '7 ·-•I 

.-, 

.::.. 1 1 162 1 .-..-. . .::. .::. 114 1. 66 
20~3 CLM 0 ::::24 1. 24 ::::6 2. 1 1 161 1. 24 116 1. 66 
230 280 8 :321. 1. 26 32 .-. .::. . 15 159 1 .... ..., • c. ( 115 1. 65 
300 280 8 ..... •';) .-. 

.j"".~ 1. 29 32 2~ 19 160 1. 33 117 1. 67 
330 280 8 :32(1 1. 31 30 2.20 159 1. 33 117 1. 70 
400 280 8 :32(1 1. 29 ::::0 2.20 158 1. 35 118 1. 74 
430 270 3 :318 1. 26 29 2.17 159 1. 44 120 1. 77 
500 270 5 315 1. 29 26 2. 19 156 1. 47 119 1. 85 
530 270 .... :314 1. 25 ..... . - 2 . 15 156 1. 54 12~3 1. 90 .;;.. .:::.t.::• 

600 270 5 314 1 ":I":• a .:;.. .:.. ·26 ·2. 09 154 1.·61 121 1. 94 
630 270 5 311 1 • 17 24 2. (16 152 1. 66 12~:1 2.06 
700 270 5 3U3 1 • 1 ·-· 24 2. ~30 151 1 74 12~:1 

.-, 1 1 c.. .:::. . 
730 27(1 :;: :3~)::: ., 1. U3 ·?C' ' 1. '3'3 151 1.!ll o- 1 •'j -:· ·? 16 .:...·-· •. _.1-;,1 .:...:.. .:.. . 
800 :31 ~3 5 :;:07 1 . ~:15 24 1.96 14'3 1 • :::5 121 2-. 25 
83~3 :3U3 5 :30'3 1. 05 27 1. '30 15~:1 1. '31 124 2. ::::4 

I] I U] TE 06 

~U C' DF::G ':1 G '":1 • ..1 '-' '-' T1 DIR DI G :3T B DI:3T Dl:;H 

0 
0 
5 
5 
3 1. la 116 1. la 
5 1 1. 10 1. 16 0. 117 1. 15 
a 
0 1. 11 1. 0. 116 1. 19 
a 1. 1. ~3 • 117 1. 
0 1. 06 1. 0. 1 1. 
a 1. 1. 116 1. 
a 1. 1. tl1 116 1. 46 
t1 :314 1. 1. 116 1. 
0 ::::15 1. 1. 1. 116 1. 
t1 :~:17 1.06 46 1 ~ '34 1. 117 1. 
0 'J L 1 . ..., . ..., 

1. 1 ~. 116 1.61 '-' .:::. .:::.. .:::. 
t1 .-, 

,:'* 1. .-, .:.. 1. 14 115 1. 
0 :~:21 1. 17 1. 17 115 1. 
a 1. 16 ':'7 ,_I I 1. 114 1. 66 
0 1. 1. 116 1. 
8 1. 1. 115 1. 
8 1. 1. 117 1. 
8 1. 31 2. 1. 117 1. 7a 
8 1. ~, 

.:::.. 118 1. 
3 :318 1. 1 1. 
5 315 1. 2.19 119 1. 
"", .,:. :314 1. 1 1. 
5 ::=: 14 1 -?":i 

c"-~ 

. ..., 
"IC • 1 1. 

5 ::=: 11 24 -:, 
.:.... 120 .-, 

~p 

5 :;: 1IZ1 .,:, 
.:.... 1 2. 11 

:3 1. 1 2. 16 
5 ::::07 24 1.'36 121 
5 .-, 

.:;; '-1-' 
;::'1' 1. 1 
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OCCAS I Ol"l 11 

WIND 2M DRG 5M DRG 10M DRG 20M DRG 30M DRG 
TIME ~IR SP BRG DIST BRG DIST BRG DIST BRG DIST BRG DIST 

1400 270 3 
1500 270 2 
1600 270 4 
1700 270 5 
1800 CLM 0 
1900 CLt1 0 
2000 CLM 0 
20:30 CU1 0 
2100 CLM 0 
2130 CU1 0 
220(1 CU1 ~:3 
22:3(1 CLM ~J 
2:300 CLM (1 
-2330 CLM ~:::i 
2400 CU1 0 

3Et CLM 0 
100 CU1 0 
130 CLM 0 
200 CLM 0 
230 CLM 0 
:300 CLM 0 
:330 CLM 0 
400 CLM 0 
430 CLM ~:::i 
500 CLM ~~1 
53~3 CU1 0 
60(1 CLM ~) 
63~3 CU1 (1 
70[1 CLM [1 
7:3~3 CU1 [1 
800 CLM 0 
83~3 CLM ~~1 
900 CLM ~3 

:3:3 ~~1 St 1 7 
:32 ~) n :::;:5 
34 [1, 51 
:::::::: ~J. 71 
:~: 4 ~J n ::: •:,4 

:;:2 111 (~C~ 
2::: 1 a 2(1 
24 1 a :32 
2~i 1.47 
22 1a65 
22 1 a :31 
1 7 1 " ·3::: 
14 2.05 
11 2.16 

::: 2. 20 
5 2.24 
1 2.46 

:~:56 
:;:5:3 
::::51 

:~:46 
344 

2.54 
2'.. 61 
2p67 
·::1 ?"'::' 
1:... u I I 

:211 :::4 
2'. n '34 
2n •35 
:~:. [12 
:;: . 11 

:34 ~). :;:4 
::::5 (1. 56 
:35 [1a 74 
:3~; [1. 9[1 
:3:~: 1 • ~35 
2'3 1 a 2.1 
26 1.34 
24 1. 50 
2:3 1. 66 
22 1. ::: 1 
1 ::: 1 A '39 
15 2. 10· 
12 2.20 
8 2.29 
4 2.34 
2 2. :;:4 
[1 2.42 

::::5:~: 

::::54 
:;:51 
35[1 
:34 13 
:3.4 7 
:~:4:::: 

2.49 
2. 5[1 

2.65 
2. 6'3 
2.76 
2. 7'3 
2a 132 

OCCASION 12 

::::·::i ~3.15 
48 ~J. 2[1 
44 [1. :35 
42 ~). 45 
4:::: [1. 56 
41 [1.6(1 
4t~ iJ. 6(1 
4~~1 (1. 60 
:3•3 i~1. 67 
::::7 0a f:l 
33 ~). 81 
29 0.85 
25 0.86 
22 0.91 
2[1 [i. 94 
15 ~). 95 
12 ~). 92 
14 ~3. 97 

8 1.(H) 
5 1. UJ 
~:: 1. 16 
2 1. 16 

::::5::: 
:356 
:354 

1. 15 
1. 21 
1. 22 

7'2 (1. 09 
7'7 [1. 14 
81 ~). 2~~1 
:::5 (1. 27 
::: :~: i) • :3 4 
:::2 ~3. :37 
::::~: [1. 41 
81 0. 44 
:::2 0. 50 
78 i3. 54 
.75 0.52 
75 0.54 
75 0.52 
72 0.56 
7'1 (1. 57 
72 t1. 59 
7'1 B.60 
7'(1 (1. 62. 
64 0.71 
6(1 0.75 
62 ~3. 77' 
59 ~~1. 82 
59 B.84 
59 0. '32 

DATE 207'78 

126 
12:::: 
122 
124 
125 
126 
124 
124 
126 
127 
126 
124 
124 

(1. 10 
~:1.17 
~:1. 25 
~~1. :::: ~3 

0. ::::4 
~:1. 4(1 
~). 44 
~:1. 5(1 
0.56 
~~1. 59 
0.59 
[1. 61 
0.64 
~). 65 
~). 65 

127 (1.62 
126 [1.61 
124 0.69 
121 (1. 7(1 
122 
119 
118 
115 

0.7'2 
0.7'7' 
t1. :::2 
(1. 9[1 

WIND 2M DRG 2M DRG 10M DRG 20M DRG 30M DRG 
TIME DIR SP BRG DIST BRG DIST BRG DIST ·sRG DIST BRG DIST 

1000 
1030 
1100 
113~3 
120~3 
123~) 
130~3 
1330 
140(1 
143~3 
1500 
1530 
1600 
1630 
1700 
1730 

CLM 
CLM 
CLM 
CLM 
CLM 
CLM 
CLM 
CLM 

0 257 (1. 09 
~). 14 0 

~3 
0 
0 
0 
0 
0 

246 
2:3::: ··ijll 21 
2:34 0. 25 
2:;:2 i.:.1. :.:: 1 
2:3~3 0.41 
2.1 ::: .-,.-, .... 
.::..::.ti 

18~:1 2 225 
18(1 2 226 

216 
224 
225 

~). 5[1 
i) n 52 
~). 57' 
[1. 59 
(1. 65 
~). 64 
~1'!,~7 

1E:0 5 . 
170 7 
18~3 7 
18(1 10 
180 12 
180 12 

255 
·24~: 
2::::7 
2:3:;: 

~). 10 
0. 16 
(1. 22 
0.26 

2:32 (1. :~:4 
23(1 {1. 42 

(1. 52 
~~1. 54 
~:1. 59 
~3. 61 

.-,.-.. -
r:::.r:::.t.:• 
-225 
226 
216 B.67 
224 0.66 
225 0.69 

:351 
::::4•3 
::::4::: 
:345 
:34:~: 

:~::37 
:::::~:6 

.-,.-,C' 

. .;:..;:.i._1 

332 
:331 
:32·3 
:332 
:33~: 
~:3:3 

1. 24 
1~2~3 
1. 20 
Lb3 
1. 2~3 
1. 21 
1. 21 
1. 24 
1. 25 
1. ::::0 
1. :35 
1. 37 
1. 42 
1. 49 
1. 54 
1. 61 

59 1. (16 
6~3 1. 10 
61 1. 16 
60 L21 
5'3 1. 26 
51 1. ::::i 
5:3 1. ::::6 
51 1. 42 
48 1.49 
46 1. 59 
43 1. 61 
37 1. 66 
36 1.75 
37 1.76 
34 1. 86 
33 1. 91 

11~3 0.97' 
10'3 1. ~32 
108 1.~37 
105 1. 10 
10:::: 1. 14 
100 1. 17 

95 1. 17 
9:3 1 • 1 7 
90 1. 2(1 
86 1. 19 
82 1. 20 
77 1. 2(1 . 
72 1. 21 
71 1. 22 
66 1. 20 
63 1. 20 

-1 

DC :31 1 1 DR 1 

WI 21'1 Df;:G 1 
TI DIR DI DI T 

3 
2 
4 
5 
121 
121 

121 
121 ~~1.17 121 16 
121 ~3 121. 121. 15 
121 12:1. ~3 • 72 (1. 
121 121. €1 • ~~1. 14 12~3 1121 
121 ~~1 • ~3 • e. 1 t3. 17 
0 1. ~j • 12:1. 1 121. 
121 ""11""'; 

~I:I 1. 41 121. 121. 1 €1. 
121 24 1- 1 ~3 • 
121 .-,C' 

'- ..... 1 1. 1 e. 
0 1. 81 1 ~3 • 
0 1 ~3 • 
121 17 1';:' 0;;.' 1 0. 
0 14 15 2.10 1-3. 1 fl. 
121 11 2e16 12 .-. e.. 0. 1 0. 
0 r. 

c· 2. 8 2. 0.91 0. 1 0.61 
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OCCAS I Ot·~ 1 "' ·-· DATE 2:3[1678 
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