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Abstract 

Fisheries are of great economic importance on the South African West Coast (the Southern Benguela). 

The St Helena Bay region is a key nursery habitat for these fisheries because of its retention, 

upwelling and stratified water column characteristics. However, these characteristics also result in 

other outcomes such as hypoxia and harmful algal blooms (HAB's) which impact on the habitat 

suitability character of the system. A nearshore, episodic poleward current has been observed in this 

region, and it is believed that this current plays an important role in the incidence of HAB' s as well as 

hypoxia events. The drivers and dynamics of this nearshore, episodic poleward current have not been 

clearly understood, nor thoroughly investigated, due to the complexity of the scales and processes. 

However, the importance of this current in transporting harmful algae from the north into St Helena 

Bay and its role in habitat hypoxia has emphasized the need to understand its dynamics. 

This study investigates the drivers and dynamics of the nearshore, episodic poleward current (on a 

synoptic scale) in the St Helena Bay region. The investigation was undertaken by means of numerical 

modelling. The Delft3D-FLOW numerical model was used to set up two model domains : A 

simplified, "block" model (the Reference Model), which formed the focus of the thesis, and a more 

complex model of the St Helena Bay region . A series of numerical experiments were undertaken with 

these models. The Reference Model had a straight coastline and an artificial bottom topography, 

which was chosen to be simple, yet complex enough to include the main topographical features that 

were necessary for the study of the poleward current. Idealized winds were used in this model. The 

St Helena Bay model had an irregular coastline and an alongshore varying bottom topography. 

Observational data was used during the set up of this model. The Reference Model experiments 

investigated in some detail the influence of three processes on the formation of the nearshore poleward 

current namely, stratification, bottom topography and wind variability. 

In agreement with observations, the nearshore poleward current in the Reference Model experiments 

always appeared during wind relaxation following an upwelling event. In the absence of stratification, 

no nearshore poleward flow became visible; hence the process of stratification appeared to be an 

important factor during the formation of the nearshore poleward surface current. This poleward 

current appeared in the nearshore region where the geostrophic and baroclinic adjustment (due to the 

removal of the wind forcing) gave rise to a reversal in the surface slope as well as a (opposite) reversal 

in the isotherm slope. It appeared that a reversed (upward sloping) surface close to the coast, which 

led to a cross shore horizontal pressure gradient force acting in an offshore direction, was the driving 

force of the poleward current, and that it could therefore be viewed as being 'driven from the surface '. 
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Furthermore, the bottom topography had an important influence on the characteristics of the nearshore 

poleward current. A flatter inner shelf slope caused a narrower nearshore poleward current, and this 

current took longer to develop and longer to reach a steady state. The nearshore poleward current only 

disappeared once another equatorward wind event started. 

The development of the poleward current in the St Helena Bay region seemed to be mostly based on 

similar basic mechanisms as was identified during the Reference Model experiments. The dominant 

conclusions from the Reference Model were also apparent in the St Helena Bay model, although some 

discrepancies were evident. These discrepancies could probably be attributed to the higher level of 

complexity of the St Helena Bay model (the irregular coastline, the presence of a cape, and an 

alongshore variation in bottom topography). The complex topography did, however, not make a 

substantial difference in the dynamics. Even if spatially varying winds are used in future models, 

there might be differences in the detail, but nevertheless the formation of a nearshore poleward current 

should be evident. 
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I. INTROOUCTION 

1.1 The Benguela 

The Be.nguela System is one of four major eastern boundary upwelling systems, and is unique among 

these regions in that it is bounded on both the equatorward and poleward ends by warm water regimes. 

In the past, numerous reviews have been written to describe the macroscale features of the Benguela 

System. In reviews conducted by Shannon (1985), Shannon & Nelson (1996), as well as Shillington 

(J 998), a thorough description of the Benguela System is given, including its topographic features, 

overlying wind fields, oceanic boundaries and fronts, deep and she1f circu1ation and system variabi1ity. 

The meteorology of the Benguela upwelling system is relatively complex. The upwelling system is 

strongly influenced by both the semi permanent high pressure system over the subtropical South 

Atlantic (the so-called South Atlantic Anticyclone, or SAA), and the continental heat low that 

develops over southern Africa during the summer months (Risien et aI, 2004). 

Wind driven upwelling is a strong feature of the ocean circulation along the entire West Coast of 

southern Africa. The prevailing winds in the region blow from a south to southeasterly direction, 

resulting in an offshore Ekman transport, which drives the upwelling of cold, nutrient-rich water onto 

the continental shelf (Peterson & Stramma, 1991). This upwelling shows significant spatial and 

temporal variability, all along the southwest coast of Africa, from Cape Agulhas to Cape Frio 

(Lutjeharms & Meeuwis, 1987). 

Poleward of the Orange River (28.5° S), the dominant southeasterly wind regime is modulated by the 

passage of midlatitude cyclones south of the continent, and associated frontal systems. Other weather 

systems which occasionally modulate the upwelling favorable winds are: Cut off lows (spring and 

autumn), west coast troughs (summer), and coastal lows, as well as mesoscale systems that are trapped 

by the coastal mountains and the subsidence inversion and which propagate as a type of Kelvin wave 

around the southern African coast (Gill, 1977; Reason & Jury, 1990). Coastal lows tend to be forced 

by offshore flow trailing an eastward tracking anticyclone; this offshore flow, known locally as a berg 

wind, also has a significant impact on the upwelling region. In addition, local land-sea breezes (Hart 

& Currie, 1960) may be important in some locations, although usually the synoptic-scale wind masks 

their signature along the southern part of the west coast. The Benguela is particularly influenced by 

the diurnal pulsing of the local and regional winds while the entire region experiences seasonal 

variations of importance. 
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These questions were explored by means numerical modelling. 

1.2 The need for modelling 

The need to manage economically important in a variable environment 

BEP (Benguela ~",nv", South African marine rpC"'<l,rl' 

years to analyse et ai, 1998). 

rnnhn,",," current meter deployments, 

to an 

ADCP current me,asurenoenilS data analysis and theoretical "t1,rt",,, 

the patterns observed in the UV"H11';""U ~~",,",U~' have proven to be very complex, and 

physical observations available 

dynamics effectively. 

The use of numerical modelling tools 

a numerical model 

offer piecewise information, thus it to 
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mechanisms during the development 
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forcing can 
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in order to understand processes affecting 

in this region. Idealized were set up in to provide an 

the in St Helena Bay. Thereafter, a was implemented to the 

of the ocean around the numerical model 

Ocean Model System) was area from 400 S to 28°S and from 

with a spatial most of the characteristic, 

features of the but mesoscale patterns that 

over the shelf off the west coast not mainly due to the coarse 
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currents over the coast, the or 

equatorward upwelling favourable important observation was the presence 
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thereafter applying time winds & Allen, After thorough 

they concluded that poleward currents seem to be by a poleward pressure 

in shelf to set up 

drives current poleward. 

(1997) a modelling study to the effects sman-scale on coastal 

upwelling with application to Conception. An idealized wind forcing was applied to a three-

dimensional, limited-area circulation model, and the study CO]flSloel:eo an upwelling spinup and wind 
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According to current was driven by the ",1'-'11;':',,, 
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For purpose of study, the Delft3D-FLOW n11>""",.,11"" 

This part of the Delft3D 

current well 

current also brought warm water. 

pressure grclOl(~nts, which was suddenly 

model Hydraulics, 2003) was 

by Delft in the 

Netherlands, and has been successfully used numerous circulation studies. Examples of 

studies can be found in (2002), CSIR (2003a), CSIR and CSIR 

approach 

Delft3D-FLOW in 

"block" of 

up and 

is as follows. The focus of study was application 

a so-called ,pr,f'r"'",, Model: a simplified, symmetric 

and cross length 300 representing a long, 

d,.~~iO"I't coastline. model applied an artificial bottom topography was chosen to complex 

_u.,~ .. ,u to were necessary the study the nearshore 

poleward current The an mner area (approximately 30 km an 
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outer shelf area (approximately 170 km wide) and a deep ocean area. 

The purpose of the Reference Model was to establish the main forcing mechanisms that influence the 

formation and strength of a typical nearshore poleward current by undertaking simple numerical 

experiments. These experiments illustrated the effect of winds, bottom topography and stratification 

on the current profile along the coastline, and was thus aimed at investigating the key questions 

presented in this thesis. A numerical model of St Helena Bay and the surrounding areas was then set 

up (once again using Delft3D-FLOW) in order to study the detail of the actual poleward current. The 

modelling period was January to mid February 2002, to include the months that HAB's occur most 

often. The St Helena Bay numerical model domain covered an area stretching from just south of 

Saldanha Bay to north of Olifants River mouth (an alongshore distance of approximately 280 km). In 

the cross shore direction the domain had an approximate distance of ] 20 km. The St Helena Bay 

model is much more complex than the Reference Model, as it contains a large cape (Cape Columbine) 

as well as several small embayments. This adds a level of difficulty to the modelling and the 

interpretation of the model results. The purpose of the St Helena Bay model was therefore merely to 

test whether the newfound knowledge concerning the dynamics of the poleward current that was 

obtained from the Reference Model, could be observed in the St Helena Bay model. Although 

acknowledged that a more complex topography and the presence of a cape might lead to some 

additional dynamics concerning the current profiles, the detailed investigation of such an influence 

was beyond the scope of this thesis. 

It should be noted that the period of study falls within the protracted 1998-2001 La Nina episode. 

Typically, high-pressure anomalies develop over the midlatitude South Atlantic and South Indian 

Oceans during La Ninas with low-pressure anomalies over southern Africa (Reason et aI, 2000), and 

hence stronger south easterlies tend to occur over the Benguela region. The 1999-2000 austral 

summer conditions over the Benguela region were compared with other La Nina events in the 1949-

2000 period (Roy et aI, 2001) and it was concluded that this particular summer was broadly similar to 

other events. 

AU modelling only considered the hydrodynamic forcing mechanisms; no bio-geochemical processes 

were included. 

1.3 Layout of the thesis 

The layout of this thesis is as follows. Chapter 2 (Methodology) gives a description of the 

methodology that was followed during the modelling investigations, including a description of the 
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Delft3D-FLOW numerical model. The were included 

Helena (for winds and effects), as well as the r.n"pr,,,"''' data 

were available application in the St Helena model are also 

In 3 (Modelling Investigations), of the the Reference Model as well as a 

description of the numerical experiments were undertaken with model are As 

mentioned these three experiments were developed to test influence stratification, 

bottom t",n,At'r1"" on the formation a nearshore poleward current. a description 

the St Helena numerical model is given, as as a description 

studies that were undertaken with is the 

rp;;:nnlr1;;:p to in the model. The first study winds that 

were St Bay weather at (the is 

indicated in Figure 2-]), while the second also applied Helena Bay weather station winds, 

but this winds were smoothed (the diurnal component was The applied 

winds from same source, the measured wind speeds were reduced by 30 %. Details 

wind are also in this "'IUAp"..,I 

To ensure that values (winds, bottom topography) to the Model are and 

useful for its application, Chapter 4 (Results from the Model) starts by giving 

an analytical validation of input values. Model results (current speed and surface slope) are 

compared to analytical calculations to see if there is a 

the 

individually. In Chapter 5 I."'" ..... "u •• " 

three St Helena numerical 

the St 

studies are 

agreement between these 

numerical are presented 

from the 

means of 

descriptive figures, which include vertical and horizontal velocity and temperature fields, time 

plots currents at locations, as as absolute slopes. 

The discussion follows in "'-"""P,""I on learning from the Keter,em;e Model 

numerical experiments, specifically the two 

the results 

questions 

the St Helena 

nearshore 

the focus to a discussion as 

,rlpnt,f",prl np'"Ul~·pn the two models re~rar'C1mlg the "i"r.r'rn<.t't'1,n of the ltterences that could 

current. The importance of high resolution wind and condition 

data is sm~ss,eQ. the limitations the model that could be 

during carrying out thesis are discussed. 
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2. MOIJELLINGMETnOIJOLOGY 

This thesis mainly used numerical modelling as a tool to understand the oceanic response to a 

particular wind forcing as well as the response during the presence/absence of stratification. Also, the 

influence of the bottom topography on the formation of a poleward current is investigated. Two 

models were set up in order to study the nearshore poleward current, namely the Reference Model (a 

simplified process model) and the St Helena Bay Model (a more complex simulation model). This 

chapter describes the numerical modelling tool, Delft3D-FLOW, which was used during the above­

mentioned modelling investigations. 

Several physical processes were tested during the modelling experiments in order to determine the 

relative importance (if any) of each process during the formation of the nearshore poleward current. 

This chapter therefore also describes the physical processes that were included (not necessarily 

simultaneously) during the model investigations. 

A description of the data sources that were used during the setup of the St Helena Bay numerical 

model is also given in this chapter. The Reference Model only used artificial data, as it was a simple, 

idealized model used to illustrate and investigate certain characteristics of the current. The 

St Helena Bay model was a much more complex model in which measured data sets were used. 

Lastly, a list of conventions used during the modelling investigations, are given. 

2.1 Description of the numerical model Delft3D-FLOW 

The modelling of the hydrodynamics of the Reference Model as well as the St Helena Bay numerical 

model was undertaken using Delft3D-FLOW (WLIDelft Hydraulics, 2003). This hydrodynamic 

model is designed to simulate multi-dimensional hydrodynamic flows and transport phenomena, 

including sediments, in shallow seas, coastal areas, estuaries, rivers and lakes. Delft3D-FLOW solves 

the Navier-Stokes equations for an incompressible fluid, under the shallow water and the Boussinesq 

assumptions. The equations and their numerical implementation are described in detail in the 

Delft3D-FLOW user manual (WLIDelft Hydraulics, 2003) as well as in Lesser et al (2004). 

In the horizontal direction, Cartesian rectangular co-ordinates are used in the Reference Model, due to 

the simplicity of the grid and its straight coastline. For the St Helena Bay model, however, orthogonal 

curvilinear co-ordinates are used. The boundaries of a coastal sea are in general curved and are not 
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Curvilinear 

rpt'ln"rn'~nt in areas with large 

to be to 

In the a so-called 

consists in 

(cr) co-(}rcUnate is flow dOlllal,n of a 3D shallow 

water of a limited area composed of and closed 

boundaries, and in vertical of a number of layers. In a cr co-ordinate the number 

same at location in plane, layer are chosen 

of constant cr. For each layer a set of coupled conservation equations is solved. 

At open water levels are specified. No 

included in any the numerical 

flow, 

this 

or 

layers is 

planes 

'"~T'T''''''' velocity in adapting cr co··onlmate system is f""'rn .... ,"t~>fl from continuity eqlJaUon. 

The vertical velocity is defined at the cr-surfaces and it is the vertical velocity relative to 

moving cr-plane. It may be nrpmr'pr,,·i'1 as the velocity associated with up- or motions. 

Under shallow water assumption, momentum equation is to a 

to buoyancy and to ,,"{1i'1F'n ,,,, ... >It'' .... n'' in the 

bottom ~""._ ..... , are not taken account. The is adopted upon 

whether or not the situation can adequately with constant density or whether it requires a 

non-uniform density. In case of a non-uniform density, local density is related to the 

of temperature and salinity the equation of state. 

Details of are WLIDelft 

Lesser et (2004). 

Processes included the numerical models 

Processes available in the Delft3D-FLOW model 

The Delft3D-FLOW model can be to model tide 

Its standard • v ... , ..... ~., include density 

.. Tidal forcing; 

.. The the earth's rotation (Coriolis 

wind driven 

others): 

(2003) as well as in 

as well as and 

.. ~-"~".J driven flows Plt::S:SllUC gradients terms in the momentum equations); 
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• Space and time varying wind and atmospheric pressure; 

• Various options to model the heat exchange through the free water surface; 

• Wave induced stresses and mass fluxes; 

• Influence of waves on the bed shear stress. 

The magnitude of the wind shear stress is determined by the following widely used quadratic 

expression: 

where: 

Po = air density (kg/m3) 

UIO = wind speed (m/s) 10 m above the free surface 

Cd == wind drag coefficient, dependent on UlO (see Chapter 2.2.2). 

2.2.2 Processes included in the Reference Model 

Four main hydrodynamic forcing mechanisms were included in the Reference Model experiments, 

namely, 

• Winds; 

• Coriolis force; 

• Stratification and 

• Heat Flux (only included when stratification was included). 

The equatorward wind is important in setting up horizontal pressure gradients, leading to the 

development of alongshore equatorward currents. The Coriolis force was incorporated into the model 

by specifying a latitude, in this case -32.75°. From this latitude, the CorioUs parameter is calculated 

by the Delft3D-FLOW model (f = 2Q sin ¢, where Q is the angular velocity of the Earth about its 

axis and ¢ is the latitude). 

The wind drag coefficient, Cd' reflects increasing roughness of the water surface with increasing wind 

speed (see Smith and Banke, 1975). The following equation was used to calculate the wind drag 

coefficient Cd as a function of the wind speed: 
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with the following user-specified 

A . B 
Cd = 0.0011 and Cd = v.v'v"'.." 

o UI~ 100. 

Stratification is also one of 

were nn.(jp,'!"<>Lcp 

important processes included during 

under vertically mixed and stratified to determine 

temperature structure on the formation the nearshore poleward current. 

Heat were included as of the experiments when stratification was not 

fluxes into waters Strong dr·"ttt'lf'<1,t1 

inflow of cold bottom waters 

important in controlling the Tn.'rn-lnr 

on open These processes are 

dynamics and vertical mixing of the water column. 

Tidal forcing and wave driven currents were not modeHed in 

of waves is evident very inshore, while 

PTP,rPTlI'P Model experiments. The 

nearshore nn'PU1<lrn current appears in a 

wider band. Salinity was also not explicitly modelled (a constant salinity of ppt was 

Processes included in the Helena Bay numerical model 

The same that were 11l .... IU ... I;;;U in the "''''''''r,'''"r',," experiments were 

in the Helena Bay model Experiments were always 

conditions. 

Note: 

River flow 

Two major river run into ocean within surrounding Columbine I 

Helena namely the 

Compared to the large-scale 

Estuary 

processes that are 

the Olifants 

modelled 

nUl_rl'rT from these 

inside the model ... V1IU ... " 

is insignificant. the aSS;UllIDtllon was 

be 10"nnrp,f'I the purpose of this study. 

Anel 

(ShBlington, 1998). 

investigated, 

that the run-off 
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2.3 Observations for the 

The forcing mechanisms 

were 

nUf"'"'''' actual observational 

the St Helena Bay 

2.3.1 Bathymetry 

A detailed bathymetry of the 

(digitised) data sets: 

• S A Navy hydrographic chart 

• S A Navy hydrographic chart 

• S A Navy hydrographic 

• S A Navy hydlrofl;rap1hlc 

2.3.2 Temperature 

Poleward Current in the Southern 

Id""',,,, Bay numerical model 

that were included in the 

data was used. 

section discusses the sources of data 

model domain was compiled 

to Columbine (SAN 1] 

to Table Bay (SAN 1] 8); 

Bay - Eastern part (SAN 1008); 

Bay - Western part (SAN 1009). 

to set up 

A time series of temperature data was '"'VI'''' .... '''''' the CSIR at 2 m depth intervals by 

Figure 2-1 indicates the position of 

a 

thermistor chain in 25 m depth in St 

chain. The data was collected for 

model calibration purposes. 

Anti Viljoen 

2001 to June 2002, at hourly was 

page 29 



Univ
ers

ity
o

pe
 Tow

n

Investigation of the Nearshore, Episodic Poleward Current in the Southern Benguela 

390 400 410 420 
X-coordinate (km) 

430 440 450 

Depth 
(m) 

N 
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Figure 2-1 Positions of the thermistor chain in St Helena Bay, the St Helena Bay weather station at 

Cape St Martin and the Lamberts Bay - Nortier wind station. 

Figure 2-2 indicates temperature time series, measured by the therrrustor chain, for the period January 

to rrud February 2002, at depths of 0 m (surface), 10m, 16 m and 25 m (bottom) . This time series 

shows an upwelling event (around 24 - 26 of January) during which southwesterly winds persist and 

cold bottom water is entrained into the surface layers, leading to a weakening of stratification and a 

cooling of surface water. Following the period of upwelling, the wind reduces, leading to a relaxation 

event and a subsequent warrrung of the surface water. During this time, the water becomes strongly 

stratified again. In early February, a strong southwesterly wind blows, leading to another upwelling 

event and a significant weakening in stratification. 

Temperature data obtained from Hondeklip Bay (Figure I-I) was originally used at the model ' s 

northern and southern open boundaries (Monteiro, (997). This data set was chosen because it was the 

best continuous data set available at the time when the St Helena Bay model was set up. The 
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boundary conditions applied in any numerical model are normally a problem, usually due to the lack 

of good quality data. Chapter 3 discusses in more detail the way the open boundaries of this model 

were treated. 

F iIC" IOmpbmCSCflcs-O.prJ] 
20.0.---~-----------------------------------, 

19.0 

16.0 

17.0 

16.0 

c;; 15.0 

" ~ 
:!! 
~ 14.0 
:;; 
~ 
'" f- 13.0 

12.0 
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9.0 

Surlace 
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6 .0+--->-----+-----+----+-----+----+---+----+----+---+-----+-----+----+----1 
22 24 26 26 30 2 

I Feb I 

8 10 12 14 

Figure 2-2 Temperature time series in St HelelUl Bay at four different depths, for January to mid 
February 2002. 

2.3.3 Winds 

Cape Columbine is a headland consisting of low smooth hills rising to about 250 m. The leewards 

coast bends away into the wide St Helena Bay, an area that is usually protected from summer winds 

(Jury, 1984 and Jury, 1985). In comparing wind shear and differential upwelling in the lee of Cape 

Columbine using mesoscale aerial survey case studies, Jury (1984) found evidence of spatially varying 

winds in the St Helena Bay area. However, due to the uncertainties surrounding the exact nature of 

the wind curvature as well as that of the wind speed reduction in the wake of Cape Columbine, a 

spatially uniform wind was applied in each of the case studies . 
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For the purpose of the present study, it was decided to focus on two wind scenarios, one representative 

of the western part of St Helena Bay (the "high wind scenario"), and one representative of the eastern 

part of St Helena Bay (the "low wind scenario") . Wind measurements in the vicinity of St Helena Bay 

were available at two locations, namely the St Helena Bay weather station at Cape St Martin (north of 

Cape Columbine), and the Lamberts Bay - Nortier station at Lamberts Bay. Figure 2-1 indicates the 

positions of these stations. 

The St Helena Bay weather station is situated within an abalone farm (close to the coast) at 32.43S 

17.SSE and uses a MCS (Mike Cotton Systems) wind station, which is set up 20 m above MSL. The 

wind sensor measures the wind speed and direction on an hourly basis. Due to the exposed nature of 

the wind station, the winds measured at this location were considered representative of the western 

part of St Helena Bay. 

The Lamberts Bay - Nortier wind station is set up In an unobstructed area (32.03S 18.33E) 

approximately 6 km inland at a height of 10m. The height of the ground, however, is 92.8 m above 

MSL, implying that the wind sensor is actually situated 102.8 m above MSL. The wind sensor is a 

RM Young automatic wind sensor, and it samples the wind three times in 10 seconds . Thereafter the 

zonal and meridional components of the wind are used to calculate the hourly wind speeds and 

directions, by using a fairly complex algorithm, which was developed in-house at the SAWS. 

The location of the Lamberts Bay - Nortier station (relatively far inland) leads to several uncertainties 

concerning the influence that the sUlTounding telTain might have on the wind speed and direction. 

Also, the difference in air temperature between the coast and a site inland can also influence the wind 

measurements. Caution therefore had to be taken concerning the Lamberts Bay - Nortier station 

winds and it could not be considered as representative of the eastern part of St Helena Bay. However, 

to obtain a reasonable idea of the difference in wind speed and direction between the western and 

eastern parts of St Helena Bay, a comparison had to be made between the winds measured at the above 

two locations. 

Before a sensible comparison between the measurements at the two locations could be made, in fact, 

before any numerical case study could be undertaken, the wind data extracted from the St Helena Bay 

weather station firstly had to be adjusted . Delft3D requires wind speed and direction equivalent to 

10 m above the ground, and the measured winds at the St Helena Bay weather station therefore had to 

be reduced from a 20 m height to a 10 m height. (Note that the winds measured at the Lamberts Bay -

Nortier station were already measured at 10m above the ground and thus did not have to be reduced). 

The following equation was used (American Petroleum Institute, 1991): 

Anti Viljoen page 32 



Univ
ers

ity
o

pe
 Tow

n

In 

where 

The 

V(ZR) 

V ) 

wind 

the Nearshore, 

v 

:::: 

:::: 

:::: 

== 

isodic Poleward Current in the Southern uela 

)= 

wind 

wind 

) 

at reference level (10 m above 

at measured level 

above sea level at measured level 

above sea level at reference level (10 m) 

8% less than those measured at 

20 m at the St Helena 

at 10m above MSL were 

weather station. 

For the purpose of a comparison between the St Helena weather winds 

to 10m) and the Lamberts - Nortier station the measured wind and 

directions at both locations were smoothed to remove diurnal effects. This was done the 

winds into north-south and east-west and then a 25-hour mean twice 

on each thus the diurnal more sophisticated 

filters are this method was considered accurate for the purpose of 

The smoothed St Helena weather station are ied later in St Helena 

numerical case studies 111 3). 

2-3(a) shows the measured winds (adjusted to 10 m above as well as the smoothed 

at the St Helena weather station for the period to mid February 2002. this 

the wind direction was with average ranging between 2 mls and 

8 mis. A event was evident from 19 - 24 that reached 

12 mls. An even event occurred 1 - 7 with wind 

between 10 mls and 13 mis. 

The smoothed winds exclude the diurnal of the wind, and do therefore not the 

as seen in the The smoothed wind are lower (on 

average between I mls and 6 mls), with a wind 8 mis during the 

event. 
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Figure 2-3(a) Measured wind speed and direction (solid line) at the St Helena Bay weather station at 
Cape St Martin for January to mid February 2002, and the smoothed wind speed and direction (dotted 
line) for the same period. Note the long periods of upwelling favourable southwesterly winds, followed by 

periods of relaxation. 

Figure 2-3(b) shows a comparison between the smoothed wind speeds and directions at the 

St Helena Bay weather station and the Lamberts Bay - NOItier station for January to mid February 

2002. Immediately apparent is the low winds speeds at Lamberts Bay - Nortier in comparison with 

the wind speeds at the St Helena Bay weather station, especially during upwelling events, when the 

Lamberts Bay wind speeds are on average 30 % lower than the St Helena Bay weather station winds. 

During wind relaxation events, the Lamberts Bay winds are marginally stronger than the St Helena 

Bay weather station winds (this might be due to the inland Lambelts Bay - Nortier wind station being 

away from the coast). At both the locations, the wind direction remained largely southwesterly, with 

instances of northerly winds (normally associated with periods of relaxation). 

Furthermore, during 24 - 28 January as well as during 9 - II February, it can be seen that there is a 

discrepancy at the two stations concerning the way the wind changes to the north. In the case of the 

St Helena Bay weather station winds, the wind changes to the nOlth through westward motion. On the 
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other hand, the wind at the Lamberts - Nortier station changes to the north through 

motion. This is most a response to the coastal wind in the area. 

Note: 

In the above 0° TN and TN are the same Wind oscillations around this 

leads to the and jumps" in the of direction. 

between the smoothed wind 
station at St Martin (solid and at the Lamberts Nortier station to 
mid February 2002. Note the lower wind speeds at the Lamberts 

upwelling. The wind directions at the stations remained 

the winds measured at the two locations in order to obtain a wind time that 

could be 

St Helena 

ve of the eastern of St Helena 

weather station measured wind 

the decision was made to reduce the 

by 30 and to the measured wind 

directions at this location This reduced wind time senes was considered a sufficient 

the wind in the eastern of St Helena Bay. 
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2.3.4 Atmospheric data 

Four data sets were necessary in order to include heat fluxes in the St Helena Bay model, namely : air 

temperature, humidity, cloudiness and net solar radiation. 

Air temperature, humidity and cloudiness data were obtained from the South African Weather 

Services (SAWS) . Cape Columbine is a first order station and thus has non-automatic 

instrumentation. The instruments that can be found at the station are: Wet and Dry Bulb 

thermometers, Maximum and Minimum thermometers, a digital barometer and a pressure plate 

anemometer mounted at 5 m above the ground. The relative humidity is calculated from the pressure 

and the Wet and Dry Bulb temperatures. The cloud information for Cape Columbine is reported three 

times a day by a volunteer observer and it is not a measured climate variable. All weather observers 

receive training in cloud identification and are equipped with a comprehensive cloud atlas in order to 

try to minimise subjectivity in these records. 

The net solar radiation was measured at the St Helena Bay weather station at Cape St Martin (Figure 

2-1). A MCS 155-1 radiation sensor was used to measure the radiation, with a scan period of once per 

minute. The data that was applied in the St Helena Bay numerical model was hourly averages for 

radiation. 

2.4 List of conventions 

Throughout this thesis, the following conventions are used: 

• Time is in South African Standard Time (GMT + 2 hours); 

• Current direction is the direction to which the current is flowing; 

• Wind and wave directions are the directionfrom which the wind or wave is travelling; 

• All directions are relative to True North; 

• All depths and tidal levels are referenced to Mean Sea Level (MSL). 
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Figure 3-1 Reference Model hydrodynamic grid: Full domain (left) and a close up view of the coast 

(right) . The coastline is on the right hand side of the model grid, where the high resolution in the grid cells 

is apparent. 

In the vertical, ten layers were used with the thickness of the vertical layers (from surface to bottom) 

being 2 .5 %, 2.5 %, 5 %, 7 %, 10 %, 14 %, 14 %, 15 %, 15 % and 15 % of the local water depth. 

Throughout the water column, the layers were kept as smooth as possible, with some concentration in 

the top layers . The thinner top layers were chosen in order to resolve the surface reg ion accurately and 

the layer thicknesses gradually increased with depth. Table 3-1 illustrates the relative thickness of 

each of the ten layers. The percentage of the total water depth that each layer represents, as well as the 

cumulative percentage of the water column, is given. As an example, the 4th column in this table 

illustrates how deep it is from the water surface down to the bottom of each layer, for a total water 

depth of 100 m. 
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Table 3-J Reference Model: Relative layer thickness. 

%of 
Cumulative Distance from water surface to bottom of 

total 
% layer in 100m of water 

Lay_er depth 

1 2.5% 2.5% 2.5m 

2 2.5% 5% 5m 

3 5% 10% 10m 

4 7% 17% 17m 

5 10% 27% 27m 

6 14% 41% 41m 

7 14% 55 % SSm 

8 15% 70% 70m 

9 15% 85% 85m 

10 15% 100% 100m 

Bottom topography 

An artificial bottom topography was created for the purpose of the Reference Model investigations. 

This topography was chosen to be simple, yet complex enough to include the main topographical 

features that were necessary for the study of the nearshore poleward current. This topography was 

chosen to be a simple representation of the true bottom topography found in the area of interest on the 

West Coast. The topography consists of an inner shelf area (close to the coast), an outer shelf area, 

and a deep ocean area, with no variation in the alongshore direction. As will be described in 

Chapter 3.1.2, different slopes for the inner shelf area were applied during the Reference Model 

investigations in order to test the influence that the bottom topography has on the formation of a 

nearshore poleward current. The different slopes were obtained by specifying different minimum 

depths for the bottom topography (namely 20 m, 50 m and 100 m). The outer shelf and deeper ocean 

topography, however, remained the same for all the experiments. 

The large scale features of the bottom topography are as follows: The 100 m depth contour is 

approximately 30 km offshore (with the bottom depth linearly decreasing from the coast down to the 

100 m depth contour). The 200 m depth contour is approximately 200 km offshore (with the bottom 
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depth linearly decreasing form the 100 m to the 200 m depth contour). From the 200 m contour the 

bottom depth decrease linearly to a maximum depth of 320 m, approximately 300 km offshore. 

Figure 3-2(a) shows a vertical cross-section of the bottom topography over the full cross-sectional 

width of the model, for the three different bottom topography's that were applied during the Reference 

Model experiments (only the slope of the inner shelf region is different in each case). 

Fjle:re'erenC~r'5"(·)ba_r'h,_·,_png ____________ ::clnS:c:ho::.re:c:m,::::in""im::::u:::,:m..=de""p::.:lh-=2o:...:m::-____________ -----, 
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100000 150000 200000 250000 300000 
Distance from offshore boundary (m) 

Figure 3-2(a) Reference Model: Vertical cross-section of the bottom topography over the full cross­
sectional width. The difference between the three topographies is the slope of the inner shelf region. The 
coastline is on the right hand side. 

Figure 3-2(b) shows a close-up view of the bottom topography in the inner shelf region . This figure 

clearly shows the three different inner shelf slopes that were used during numerical experiments 

undertaken with the Reference Model. 
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Figure 3-2(b) Reference Model: Vertical cross-section of the bOllom topography showing a close-up 
view of the inner shelf region. Minimum depth 20 m (lOp). minimum depth 50 m (middle) and minimum 
depth 100 m (bollom). The coastline is on the right hand side in each case. 

Winds 

In the Reference Model experiments, synthetic, upwelling favourable winds were applied for a few 

days at a time, followed by calm periods, in order to simulate typical upwelling-relaxation events to 

investigate the formation of the poleward current. These winds were southerly and constant over 

whole model domain. 

In two of the three numerical experiments undertaken with the Reference Model, a single wind event 

was applied. During this event, the wind starts off at 0 mls and ramps up gradually over a period of 

one day, until it reaches its maximum of 10 mls (southerly). The wind stays at this maximum for five 

days, and then linearly reduces back to 0 mls over a period of 10 hours. For the rest of the modelling 

period, calm conditions prevail. This wind event can be seen in Figure 3-3 (the first peak, from day 

two to day eight). 
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One numerical experiment, however, applied a different wind time series, namely three wind events 

over a period of one month. This was done in order to simulate the more realistic conditions of several 

windy periods followed by calm periods. Figure 3-3 illustrates the change in wind speed over time for 

this synthetic wind time series (the direction remains southerly) . The first wind event is similar to the 

event discussed previously, but four days after the first event, the wind speed increases again over a 

period of one day, and it remains at its maximum of 10 m/s for three days. The wind speed then dies 

down again for three days, after which it increases to 10 mls again and blows for four days. Thereafter 

the wind dies down and remains at 0 mls for the rest of the time. 
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Figure 3-3 
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Time in Days 

Reference lvlode! Wind Time Series: Graph showing a time series of the wind speed that 
was applied during the numerical experiments. Two of the three numerical experiments applied only the 
first wind event, while the third experiment applied all three of the wind events. The direction of the wind 

was southerly. 

Heat fluxes 

The so-called Proctor Model formulation (WLIDelft Hydraulics, 2003) was used to model the heat 

fluxes in the Reference Model. A mean value for daytime and night time humidity, air temperature 

and cloudiness is specified, and these values are used by the model to simulate the heat fluxes at the 

water surface . These mean values were typical values obtained from the observations at the St Helena 

Bay weather station at Cape St Martin for the period January to mid February 2002, which was 

measured by the CSIR (described in Chapter 2.3.4). The heat flux models incorporated into Delft3D 

are discussed in more detail in Appendix B, which gives an extract from the Delft3D-FLOW manual. 

Table 3-2 shows the values for the heat flux parameters that were specified in the model. 

Table 3-2 Reference Model: Heat flux parameters. 

Day-time Night-time 
(12:00) (00:00) 

Relative Humidity (%) 80 95 

Air temperature (oC) 23 19 

Cloudiness (%) 10 10 
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Boundary Conditions - water levels 

The open boundaries in the sea are located along the three offshore edges of the model, which are the 

Southern, Northern and Western boundaries (Figure 3-1). In hydrodynamic models such as Delft3D­

FLOW, the open boundary conditions may be specified as water levels, currents, discharges or 

Riemann invariants, and may vary along the boundaries in both time and space. The specification of 

correct open boundary conditions was identified from the start as one of the most challenging issues 

for applying the Delft3D-FLOW model to Southern African conditions, which are characterised by 

open coastlines, weak tidal currents, strong wind-driven currents and a lack of field data. This is in 

contrast to Europe, where tidal currents are often dominant and the boundary conditions may be 

specified as tidal levels obtained from well-calibrated regional models. 

To enable the commonly encountered hydrodynamic conditions in Southern Africa to be simulated, a 

hydrodynamic boundary module, TILT, was developed (Luger & Stelling, 2000). The conditions 

include wind-driven current forcing, large-scale ocean circulation (e.g. the Agulhas Current) and a 

combination of wind and large-scale ocean circulation. 

This module assumes a relatively open coastline where the model domain has three open boundaries, 

i.e. two cross shore boundaries orientated approximately normal to the coastline and an alongshore 

boundary orientated approximately parallel to the coastline. Water levels have been selected as the 

boundary type for all three open boundaries. This is because water levels offer the most simple and 

flexible specification by allowing the hydrodynamic model to determine the details of the two- or 

three-dimensional flows through the boundaries. The tide can also be added by simple superposition. 

The theory behind the development of the module as wel.l as the assumptions that have been made 

during the solving of the momentum equations are described in Luger & Stelling (2000) and is 

presented in Appendix A. By applying the model, the change (or the 'tilt) in the water level at the 

boundaries of the model due to the presence of an alongshore wind is calculated (assuming an infinite 

coastline beyond the model boundaries). This allows the water levels at the boundary to be dynamic 

and time varying. 

Boundary conditions - temperature 

Apart form specifying water levels at the model boundaries, temperature must also be specified. (Note 

that a constant salinity of 35 ppt was specified in the model.) The approach was to specify an initial 

vertical temperature profile throughout the model domain as well as at the boundaries. Figure 3-4 

shows the temperature profile that was chosen as an initial condition. This profile is synthetic, but was 

chosen in such a way as to be representative of a typical temperature profile. 
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Temperature (deg C) 
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Figure 3-4 Reference Model Temperature Profile: Graph showing the vertical temperature profile 
that was initially applied throughout the Reference Model domain, as well as at the boundaries. 

During a numerical study, the model is allowed to run free, but the boundary conditions are non­

dynamic and will remain static ('clamped') throughout the study. The problem of having static 

temperature profiles at the boundaries is that after a short period of time there are growing 

discrepancies between the temperature at the boundaries and the temperature inside the model domain, 

because the inside of the model domain is allowed to change under the forcing conditions. As a 

consequence, artificial pressure gradients are set up across the boundaries, and an artificial current 

field is created. Such an artificial current may be so significant that it may influence the results inside 

the model domain. For this reason, the model domain is usually chosen to be large enough to keep the 

model boundaries as far away of the area of interest as possible. There are, however, limitations to the 

size of the model domain (for numerical stability reasons), and in some instances it is not possible to 

have the boundaries far enough away. 

For the purpose of this thesis, a Fortran programme was developed to enable the model to apply a so­

called 'zero gradient' across the model boundaries. The approach was as follows: Each Reference 

Model numerical experiment was run once, applying the static boundary conditions given in 
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Figure 3-4 at the model boundaries and applying TIT..., T at the boundaries to calculate the water levels. 

Inside the model domain, approximately 140 km from the model boundaries, so-called 'observation 

points' were placed, which tracked the change in temperature throughout the water column while the 

model was running. The locations were chosen to be far enough away from the boundaries as to not 

be influenced by poor boundary conditions. After a numerical experiment has run once, the developed 

Fortran programme was used to extract the dynamic temperature time series from the 'observation 

points' inside the model domain . This extracted temperature time series was then specified at the 

model boundaries, and the experiment was repeated. This process ensured that the temperature field at 

the boundaries agreed with the temperature field inside the model domain, close to the boundaries. 

This minimized the possible artificial behaviour that could be created at the model boundaries due to 

ill-specified boundary conditions. Tests indicated that this had to be an iterative process, and that each 

study had to be repeated three times before a steady state was reached . 

Other modelling parameters 

Other modelling parameters that have been used in the Reference Model are shown in Table 3-3. The 

time step and horizontal eddy viscosity are calibration parameters. The values for gravity, water 

density, salinity and air density are widely used. The bed friction formulation is detailed in Nicholson 

et al (1990). 

Table 3-3 Reference Model: Hydrodynamic model parameters. 

Parameter Value 
Timestep I minute 

Gravity 9.81 mls2 

Water density 1024 kglm3 

Air density 1.2 kglm3 

Salinity 35 ppt 

Bed friction formulation Chezy 

Roughness 55 

Horizontal eddy viscosity I m2/s 

3.1.2 Description of Reference Model numerical experiments 

The purpose of the Reference Model was to establish the main forcing mechanisms that influence the 

formation and strength of a typical nearshore poleward current by undertaking simple, idealized test 

experiments. These experiments illustrated the effect of bottom topography, winds and stratification 

on the current profile along the coastline. 
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From literature (Pitcher & Boyd, 1996; Pitcher et aI , 1998; Probyn et ai , 2000) it was found that 

whenever a poleward current formed, it always happened during the wind relaxation phase following a 

period of upwelling favourable winds. A period of wind-driven upwelling, followed by a period of 

wind relaxation, was thus included in each numerical experiment. A description of each numerical 

experiment follows. 

Numerical Experiment 1 

The aim of this experiment was to determine whether the presence of stratification is necessary for the 

formation of the poleward current. 

Two studies were undertaken . These studies were identical, except that the one included the process 

of stratification, and the other did not. Heat fluxes were included where stratification was included. 

The bottom topography that was used during these studies is the "minimum depth 20 m" topography 

(Figure 3-2(b) top plot). This was the topography that contained the steepest inner shelf. The "single 

wind event" scenario was applied (thus only the first wind event indicated in Figure 3-3), and the 

studies were run for a period of twenty-five days . The wind event occurred during the first eight days 

of each study. 

Numerical Experiment 2 

The aim of this experiment was to determine the importance of the inner shelf slope (thus the 

topography) is during the formation of the poleward current. 

Three studies were undertaken. All the studies included stratification and once again the "single wind 

event" scenario was applied . Heat fluxes were also included. The model period in each case was once 

again twenty-five days. The only difference between the three studies was the slope of the inner shelf. 

The slope was changed simply by changing the minimum depth at the coast (20 m - steep slope, 50 m 

- medium slope and 100 m - flat inner shelf). The three inner slopes that were applied can be seen in 

Figure 3-2(b). 

Numerical Experiment 3 

The aim of this experiment was to determjne the ocean response to multiple wind events. 

A study was undertaken by applying the full wind time series as shown in Figure 3-3. The study 

included stratification and heat fluxes. The "minimum depth 20 m" slope was applied during this 

study. The study period was thirty days. 
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Hydrodynamic model grid: Full domain (left) and close up view of the St Helena Bay area 

Bottom topography 

The x-y coordinate system used in the model is based on the Lo 19 coordinate system. Depth contours 

as well as spot depths were obtained by digitising the appropriate SA Navy Charts (Chapter 2.3.1). A 

linear transformation was applied to these digitised depths to provide model coordinates (XmodeJ, Ymodel) 

that are positive and increase from South to North and from West to East. The transformation used is : 

X model = 500000 - Ylol9 

Ymodel = 4000000 - Xlol9· 

These depths were mapped onto the computational grid by using triangular interpolation as well as 

grid cell averaging (these are functions that form part of the Delft3D software). Towards the north of 

the model, for the top 20 km, a 'flat' area (fixed topography) was created in order to simplify the 

topography close to the boundary. This was done to ensure a smooth flow pattern close to the 

boundary. This artificial topography did not have an influence on the flow patterns in the area of 

interest. The resulting bathymetry for the model is shown in Figure 3-6. 
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Figure 3-6 Hydrodynamic model bathymetry: Full domain (left) and close up view of the St Helena 

Bay area (right). 

Heatflu.xes 

Because of the fact that measured values for the radiation were available, a different heat flux model 

was used for the purpose of this study, namely Heatflux model 2 (WLIDelft Hydraulics, 2003). In this 

model, the combined net short wave solar and long wave atmospheric radiation is prescribed. The 

terms related to heat losses due to evaporation, back radiation and convection are computed by the 

model. Evaporation and convection depend on the air temperature, the water temperature near the free 

surface, relative humidity and wind speed. The heat flux models incorporated into Delft3D are 

discussed in more detail in Appendix B, which gives an extract from the Delft3d-manual. 

Boundary conditions - water levels 

The open boundaries in the sea are located along the three offshore edges of the model, which are the 

Southern, Western and Eastern boundaries (Figure 3-6(a». No tide was included in the model studies. 

The open boundary conditions were specified as water level boundaries (as with the Reference 

Model), and the TILT hydrodynamic boundary module (Luger & Stelling, 2000) was once again used 

(see previous discussion in Chapter 3.1.1). 
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Boundary conditions - temperature 

The approach for the St Helena Bay model was to specify an initial vertical temperature profile 

throughout the model domain as well as at the boundaries . (Note that a constant salinity of 35 ppt was 

specified in the model.) Figure 3-7 shows the temperature profile that was chosen as an initial 

condition . As mentioned in Chapter 2.3 .2, this profile was obtained from Hondeklip Bay data 

(Monteiro, 1997). 

Temperature (deg C) 

8 9 10 11 12 13 14 15 16 17 18 19 

o r-------------------~----------~------+-__. • • • 
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Figure 3-7 St Helena Bay Model Temperature Profile: Graph showing the vertical temperature 
profile that was initially applied throughout the St Helena Bay model domain, as well as at the boundaries. 

Once again, the static boundary conditions were a problem, and no adequate temperature data was 

available to enable the use of dynamic boundary conditions. The software that was developed during 

the Reference Model experiments (as discussed in Chapter 3.1.1) in order to apply a 'zero gradient' 

across the model boundaries, was therefore used in the St Helena Bay model as well. The same 

process was followed as for the Reference Model, but in the case of the St Helena Bay model the 

locations of the "observations points" were approximately 60 km from the model boundaries. All of 

the St Helena Bay numerical case studies were thus also run three times to enable the achievement of a 

steady state condition . This minimized the artificial behaviour that could possibly be created in the 

model due to ill-specified boundary conditions . 
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4. RESULTS FROM THE REFERENCE MOIJEL 

4.1 Reference Model Analytical Validation 

In order to test whether the Reference Model is structured In an appropriate way to enable valid 

investigations by means of several numerical experiments, it was necessary to test the model results 

against the theory. One study was undertaken by solving the barotropic equations of motion. 

Stratification was thus not included in the model study, and the bottom topography that was applied 

during these studies, is the "minimum depth 20 m" topography (Figure 3-2(b) top plot) . This was the 

topography that had the steepest inner shelf. The wind event occurred during the first five days of the 

study, after which the wind ceased . The comments that follow will focus on the steady state achieved 

after the wind has been blowing for some time. 

In this analytical validation the hydrodynamic equations (WLIDelft Hydraulics, 2003) can be 

considerably simplified in the following ways : 

• Cartesian rectangular co-ordinates can be used due to the simple grid and the straight coastline; 

• Stratification is not included, therefore a single constant density layer is assumed; 

• Internal turbulence is negligible in comparison with bottom friction. 

By applying the above simplifications, the momentum equations and the continuity equation that are 

solved in Delft3D-FLOW during this study are as follows: 

Conservation of momentum in x-direction: 

(1 ) 

Conservation of momentum in y-direction: 

(2) ov ov ov ol] g.vlU I F, 
-+u-+v-+g-+ju+ - 0 
ot ox oy oy c2 (d+l]J p(d+l]J 
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alongshore and uniform. In deeper waters, offshore of the 100 m depth contour, the currents seem to 

have a slight negative cross shore component, indicating that a steady state situation has not been 

completely reached, but this is considered an acceptable state for the purpose of this experiment. 
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Figure 4-1 Reference Model Validation: Suiface layer currents when steady state has been achieved 
(close-up view up to approximately 90 km offshore from the coast). The 20 m, 50 m and 100 m depth 
contours are indicated. The currents are uniform and alongshore. 

Time series of the alongshore current speeds at a location close to the coast, is given in the top plot in 

Figure 4-2. This location is assumed representative of any location in the model, as Figure 4-1 

indicated that the alongshore currents are very similar everywhere in the model. The chosen location 

is approximately 4 km offshore, in 35 m of water. The time series of the current speeds are plotted at 

three different water depths, namely at the surface (red), in the middle of the water column (blue), and 

near the bottom (green). The current speeds increase to a maximum while the wind is blowing, and 

then reduces again when the wind ceases. Steady state currents at all three depths are reached within 

one to two days after the wind started blowing. In the surface, middle and bottom layers the steady 

state current is 0.33 mis, 0.24 mls and 0.21 mls respectively. Clearly, there is a vertical shear, leading 

to currents having lower speeds deeper down in the water column. Although the system is mixed (no 
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stratification) there are still many layers, which lead to the shear. The mean of these current speeds is 

0.26 mis, which agrees well with the theoretical steady state current speed of 0.248 mls that was 

calculated above. 

Figure 4-1 (bottom plot) shows a time series of the difference in the water levels at two locations in 

the model. These locations are in a straight cross shore line, one location being approximately 4 km 

from the coast, and the other being approximately 24 km offshore (the two locations are thus 20 km 

apart). When a steady state is reached, the difference in water levels is -0.0398 m, therefore: 

dlll (model) = -1.99 x 1 0-6
. 

dX n 

This value agrees well with the theoretical steady state surface slope of - 2.04 x 10-6 that was 

calculated above. 
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Figure 4-2 Reference Model Validation: Time series of alongshore currents at a location 
approximately 4 km offshore in 35 m of water, at three different depths (top plot). Time series of difference 
in water level between a location 4 km offshore and another location 24 km offshore (bottom plot). 
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The above calcu lations show that the modelled steady state values for alongshore current speeds and 

surface slope agree satisfactorily well with the theoretical steady state values, and therefore confidence 

has been achieved that the right type of inputs are gi ven to the numerical model in order to study the 

nearshore poleward current. 

Note that the above calculations were for the Reference Model, excluding stratification. Keep in mind 

that the purpose of these calculations was simply to test the basic model setup, and not to prove that 

the numerical model is working correctly (the assumption is made that the model is working properly). 

Due to the complexity that is added to the relevant equations when stratification is included, it was 

decided to follow the simpler approach. For the purpose of this thesis, it was thus assumed adequate 

to test the input parameters against the simplest model. 

4.2 Reference Model Results 

Table 4-1 gives a summary of the numerical experiments that were undertaken with the Reference 

Model. In all, there were three numerical experiments, each containing two or three comparative 

studies. The table indicates the name of each study, the wind time series that was applied (the single 

wind event or the mUltiple wind events), whether stratification was included, what bottom topography 

was applied (steep, medium or flat slope), and whether heat fluxes were included. 

Table 4-1 Summary of Reference Model numerical experiments. 

Numerical Study 
Stratification 

Bottom 
Heal Flux 

Name Wind Time Series Included Included 
Experiment number 

(Yes/No) 
Topography (Yes/No) 

I 
I No Strat Single wind event No Steep slo~e No 
2 Strat Single wind event Yes Steep slope Yes 
I Steep SI Single wind event Yes Steep slope Yes 

2 
2 Med SI Single wind event Yes Medium slope Yes 

3 Flat SI Single wind event Yes 
Flat inner 

Yes 
shelf 

3 I Mult Wnd Multiple wind events Yes Steep slope Yes 

The results from each numerical experiment will be presented indi vidually in the following sections. 
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Figure 4-3 Reference Model - "No Strat" Study: Close up view of the coast up to 70 km offshore, 
showing the development of the suiface currents while a 10 m/s southerly wind was blowing. The current 
field is plotted after 12, 18, 24 and 30 hours of wind respectively. The 100 m depth contour is indicated in 
each case. 

Furthermore, for the "No Strat" case, the currents in the surface layer responded first to the wind, 

followed by the currents deeper in the water column. This indicated that, although the water column 

was mixed, there was still a shear between the different layers of the model, leading to a different 

response time in the different layers. The currents for the "Strat" case also responded in the surface 

layer first, after which the currents deeper down in the water column started to respond (as if the 

subsurface currents were 'dragged along' by the surface currents). Figure 4-4 shows a comparison 

between the currents for the "No Strat" study and the "Strat" study. Time series for the whole study 
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period are given at a location approximately 4 km offshore, in 3S m of water, at three different water 

depths for each study . The three water depths are the surface, the middle of the water column, and 

close to the bottom of the water column. In this plot, a positive current speed indicates equatorward 

flow, while a negative current speed indicates poleward flow. 

By focussing on the first five days of each study (while the wind is blowing), it is clear from this 

figure that the currents for the "No Strat" study (top plot) as well as for the "Strat" study (bottom plot) 

responded in the surface layers first. The currents for the "No Strat" study were more steady and 

uniform than for the "Strat" study. The currents for the "Strat" study (bottom plot) reached a peak 

around the time when the wind reached its maximum of 1 0 mis, reducing in speed and becoming more 

stable while the wind persisted . These currents showed more variability during the time that the wind 

persisted and the surface currents were stronger than for the "No Strat" study . The currents for the 

two studies showed the same relative behaviour throughout the water column. 

The behaviour of the currents for the rest of the study period (also included in Figure 4-4) will be 

discussed later. 
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Figure 4-4 Reference Model: Comparison between the currents for the "No Strat" study (top) and 
the "Strat" study (bottom). Time series are given at the same location (4 km offshore, in 35 m of water) 
and at three different water depths for each study. The three water depths are the surface, the middle of the 
water column, and close to the bottom of the water column. 

Anel Viljoen page 61 



Univ
ers

ity
o

pe
 Tow

n

Investigation of the Nearshore, Episodic Poleward Current in the Southern Benguela 

While the alongshore currents developed, upwelling of cold water into the surface layers took place at 

the coast for the "Strat" study. Whereas the isotherms were flat (horizontal) at the start of the study, 

this process of upwelling led to sloping isotherms, as will be illustrated later. 

Steady state 

Still focussing on the time when the wind persisted, for the "No Strat" study (Figure 4-4 top plot), the 

currents near the coast (throughout the water column) reached a steady state after approximately one 

and a half days. The surface currents reached the highest speeds (0.33 mls), while the mid-water 

column currents and near-bottom currents reached 0.24 mls and 0 .21 mls respectively. This steady 

state was maintained for the remainder of the time the wind continued . 

For the "Strat" study (Figure 4-4 bottom plot), the nearshore currents reached a relatively steady state 

after approximately two and a half days. The surface currents had the highest speeds (0.41 mls on 

average), while the mid-water column currents were 0.25 mls on average. The near-bottom currents 

were 0.19 mls on average. Although the currents seem to have reached a relatively steady state, there 

was still some variabi lity in the currents. This is probably due a minor influence from the coastal 

boundary, as this location is relatively close to the boundary. 

Figure 4-5 shows a comparison of surface currents between the "No Strat" study (left) and the "Strat" 

study (right) when a steady state has been achieved. The 100 m depth contour is indicated in each 

case, with the coastline being on the right hand side. The surface currents for the "No Strat" study are 

uniformly alongshore and equatorward. The currents for the "Strat" study are less uniform, showing 

stronger currents inshore of the inner shelf break and a surface jet around the 100 m depth contour. 
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Figure 4-6 Reference Model - "Strat " study: Surface currents (left), vertical transect of temperature 
(top right) and vertical cross-section of surface slope (bottom right) in a representative cross shore line 

dllring the wind event, when a steady state has been achieved. The 100 m depth contour is shown 

underneath the currents, indicating the position of the inner shelf break (top right) . 

Relaxation 

When the wind event came to an end, the alongshore currents for the "No Strat" study decayed 

immediately and approach 0 rnIs as time passed (Figure 4-4 top plot). No evidence of the formation of 

a poleward current can be seen, as the current speeds stayed positive, indicating equatorward flow . 

For the "Strat" study, however, interesting features were observed during a wind relaxation event. 

One of the outstanding features in Figure 4-4 (bottom plot), was the immediate reduction in current 

speeds when the wind relaxed , as well as the clear presence of inertial oscillations . Inertial oscillations 

normally become apparent when the sea surface is flattening out following a wind event. These 

oscillations were noted throughout the water column, and they were out of phase with each other at 

different water depths. As time passed, these oscillations dampened out considerably . 
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Figure 4-7 Reference Model: Comparison of suiface currents for the "No Strat" study (left) and the 
"Strat" study (right) when a steady state has been reached during wind relaxation. All the currents for the 
"No Strat" study has reduced to almost zero, but the currents for the "Strat" study show a narrow inshore 
poleward current, and a suiface equatorward jet around the 100 m depth contour. 

Another perspective on the behaviour of the "Strat" currents can be seen in Figure 4-8. This figure 

indicates the surface currents (left), a vertical cross-section of temperature (top right) and a vertical 

cross-section of surface slope (bottom right) for the "Strat" study in a representati ve cross shore line 

when a steady state has been achieved during wind relaxation. The 100 m depth contour is shown 

underneath the currents, once again indicating the position of the inner shelf break . 

From this figure it can be seen that the isotherms were relatively flat in the outer shelf region during 

the wind relaxation phase, and that this area thus assumed an oceanic character. It is also clear that the 

surface jet occurred in the region of the upwelling front, where the isotherms were sloping upwards 

towards the coast. This surface jet is associated with strong equatorward surface currents. In this 

case, the surface jet (width approximately 20 km) occurred on both sides of the inner shelf break. A 

nearshore poleward surface current of approximately 0 .05 mls was also visible . Note that the 

poleward surface current did not occur over the whole inner shelf region, but that it stayed confined to 

a region inshore of the surface jet (in this case approximately 10 km wide), where the isotherms have 

become flat and even reversed direction, becoming downward sloping towards the coast. 
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Figure 4-8 Reference Model - "Strat" study: Swface currents (left), vertical cross-section of 

temperature (top right) and vertical cross-section of sutface slope (bottom right) in a representative cross 

shore line when a steady state has been achieved during wind relaxation. The 100 m depth contour is 

shown underneath the currents, indicating the position of the inner shelf break (top right). 

This baroclinic adjustment during wind relaxation happens in conjunction with a barotropic 

adjustment. A comparison between Figures 4-6 and 4-8 shows that the surface slope has greatly 

flattened out during relaxation, although it has not returned to its original zero position yet. It should 

be stated that, during the wind event, both the "No Strat" study and the "Strat" study showed 

downward sloping surfaces over the whole cross-section. A close up view of the surface slope at the 

same cross-section, from the coast up to 35 km offshore, can be seen in Figure 4-9. This figure shows 

considerably more detail of the surface slopes when a steady state has been reached during the 

relaxation event (following the wind event) for the "No Strat" study (blue line) as well as the "Strat" 

study (red line). Immediately apparent is that, during wind relaxation, the surface slope for the "No 

Strat" study remained uniform and downward sloping. For the "Strat" study, however, this figure 

shows that the surface gradually changed (in an offshore to onshore direction) from downward sloping 

to upward sloping at a turning point approximately 12 - 15 km offshore. The nearshore surface thus 

has an upward slope in a band of approximately 10 km wide for the "Strat" study. This coincides with 

the width of the poleward surface current, as was illustrated in Figure 4-8. 
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Furthermore, the shelf break is situated approximately 30 km from the coast (approximately 270 km 

from the offshore boundary), so it can be seen that the surface jet around the shelf break is associated 

with the region where the surface slope is still downward towards the coast. 
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Figure 4-9 Reference Model: Comparison between surface slopes (from the coast to 35 km offshore) 
for the "No Strat" study (blue line) and the "Strar" study (red line) after eight days of wind relaxation. 

Note the upward sloping surface (approximately 10 km wide) close to the coast for the "Strat" study. 

Note that the major adjustments in the subsurface isotherms and surface slope took place before the 

current turned poleward, indicating that these two forces probably are the main drivers of this current. 

When a steady state was reached during the wind relaxation event, the subsurface isotherms and the 

slope in the surface was in balance with each other. The only change that occurred from then onwards 

was that the water level kept on rising marginally, as indicated by Figure 4-10. This figure shows the 

daily water level for the "Strat" study for four days during the wind relaxation period, when a steady 

state in the poleward surface current has been reached, demonstrating the rise in water level, and the 

unchanged surface slopes. Investigation showed that the structure of the subsurface isotherms also 

remained unchanged in this region for the rest of the modelling period. 

Anel Viljoen page 68 



Univ
ers

ity
o

pe
 Tow

n

Investigation of the Nearshore , Episodic Poleward Current in the Southern Benguela 

Fde.w06·wle'lel-nse.O·Fng 

~------------------------------------------------------------------~ 

-0.1 +----= ........ ~----------------------------------------------------------___1 

I-011 

OJ 
> 
ClJ 
-' 
<u -0 . 12+---"=~:::-'::::"'=--------------=="--=---------------------------------------::::I 
ro 
!: 10da s 

-0.13 +----------------------=::.......=---====--==-----------------------------------=:=1 

9 da s 
8da s 

-0.14-J-----------,,-----------r------.-------=;======~====---.----____l 
260000 265000 270000 275000 280000 285000 290000 295000 

Distance from offshore boundary (m) 

Figure 4-10 Reference Model: Comparison between slllface slopes (from the coast to 35 km offshore) 
for the "Strat " study after eight days (red line), nine days (blue line), ten days (green line) and eleven days 

(magenta line) of wind relaxation_ Note the rise in water level, although the sUlface slope stayed constant. 

Some more interesting observations were made when comparing the behaviour of the nearshore 

surface currents with offshore surface currents, as well as offshore bottom currents. For this purpose, 

time series of current speed were studied at three different locations (representing typical current 

behaviour). The first position was approximately 4 km offshore, in 35 m of water, at the SUlface. 

This was the region where a poleward surface current was noted during wind relaxation. The second 

position was approximately 30 km offshore in 100 m of water, also at the surface, in the region of the 

surface jet. The third position was directly below the second position, near the bottom. A comparison 

between the time series at the above three locations can be seen in Figure 4-11. 

It is clear that, when the wind ceased, the reduction in current speeds happened the fastest at the 

nearshore surface location (the shallower region) . As discussed before (and once again clear from this 

figure), this surface current eventually turned poleward. There was a decay in the amplitude of the 

inertial oscillations as time passed (the inertial period being 22 hours in this region), but an increase in 

the amplitude can be seen towards the end of the model study (the last three days). The reason for this 

increase in inertial amplitude is not clear. 

In the region of the surface jet, the currents started to reduce (gradually) once the wind relaxation 

event started, reaching a steady state after a few days (showing inertial oscillations), but never turning 

poleward. Also at this location, an increase in the inertial amplitude was noted towards the end of the 

simulation . 

Interesting is the behaviour of the bottom currents, below the surface jet. The time series indicates 
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that the region of the surface jet was eventually associated with a net poleward undercurrent (also 

showing strong inertial oscillations) . This undercurrent appeared a few days after the nearshore 

poleward current appeared . Once again, there seems to be an increase in the inertial amplitude 

towards the end of the simulation . 
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Figure 4-// Reference Model - "Strat " study: Time series of nearshore surface currents, offshore 
surface currents and offshore bottom currents for the study period. Note the net poleward undercurrent 
that develops over time at the boltom. 

In conclusion to this experiment, the presence of stratification is indeed necessary for the development 

of a poleward surface current. It appears that the baroclinic adjustment of the subsurface isotherms, as 

well as the concurrent barotropic adjustment in the surface slope that takes place during wind 

relaxation is important during the development of the nearshore poleward surface current. This 

perception is investigated in the next section . 

4.2.2 Results from Numerical Experiment 2 

The aim of this experiment was to determine what the importance of the slope of the inner shelf (thus 

the topography) is during the formation of the poleward current. 
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The surface currents for all three studies reacted simultaneously to the drop in water level when the 

wind event started, reaching a peak at the time when the wind reached its peak of 10 mls and then 

reducing in speed. It is clear, though, that the currents for the "Med SI" and the "Flat SI" studies show 

a significant amount of variability. This could most probably be ascribed to the fact that these two 

locations are very close to the coastal boundary (the area where the poleward current later developed) 

and some influence from the boundary might be present here during the period of wind forcing. 

The behaviour of the currents for the rest of the study period will be discussed later. 
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Figure 4-12 Reference Model: Comparison between the nearshore suiface currents for the "Steep 
Sl" (red line), "Med Sl" (blue line) and "Flat Sl" (green line) studies. Time series for the "Steep Sl" study 
are given at a location approximately 4 km offshore, in 35 m of water. Time series for the "Med Sl" and 

"Flat Sl" studies are given at a location approximately 2.5 km offshore, in 30 m of water. 

Steady state 

As discussed during Numerical Experiment I, for the "Steep SI" study the nearshore currents reached 

a relatively steady state (throughout the water column) after approximately two and a half days. The 

surface currents reached speeds of 0.41 mls on average. For the "Med SI" and the "Flat SI" studies, 

the surface currents showed still showed significant variability, probably due to boundary effects. 

Figures 4-13(a), (b) and (c) illustrate the situation during the wind event, when a steady state has been 

achieved, for the "Steep SI", the "Med SI" and the "Flat SI" studies respectively. For each study, the 

surface currents (left), a vertical transect of temperature (top right) and a vertical cross-section of 

surface slope (bottom right) in a representative cross shore line are shown. 
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Figure 4-J3(a) Reference Model - "Steep Sl" study: Suiface currents (left), vertical transect of 
temperature (top right) and vertical cross-section of suiface slope (bottom right) in a representative cross 
shore line during the wind event, when a steady state has been achieved. The 100 m depth contour is 

shown underneath the currents, indicating the position of the inner shelf break (top right). 
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Figure 4-J3(b) Reference Model - "Med Sl" study: Suiface currents (left), vertical cross-section of 
temperature (top right) and vertical cross-section of suiface slope (bottom right) in a representative cross 
shore line during the wind event, when a steady state has been achieved. The 100 m depth contour is 
shown underneath the currents, indicating the position of the inner shelfbreak (top right) . 
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Figure 4-13(c) Reference Model - "Flat Sl" study: Surface currents (left), vertical cross-section of 

temperature (top right) and vertical cross-section of surface slope (bottom right) in a representative cross 
shore line during the wind event, when a steady state has been achieved. The 100 m depth contour is 

shown underneath the currents, indicating the position of the inner shelf break (top right). 

A comparison between the above figures shows that, during steady state, there was a distinct 

difference between the three studies concerning the level of cold water intrusion close to the coast. 

The flatter the inner shelf slope, the more cold water moved in very close to the coast, reaching the 

surface and leading to a vertically mixed water column. Furthermore, the centre of the surface jet 

moved closer inshore the flatter the inner shelf slope was. This is an indication that the position of the 

temperature front was closer inshore the flatter the inner shelf slope was. For all three studies, these 

surface jets have reached speeds of approximately 0.6 mls. 

Relaxation 

During the subsequent wind relaxation event, Figure 4-12 shows that inertial oscillations were present 

in the nearshore currents during all three studies . These oscillations were more visible the steeper the 

slope was. 

Also, the surface currents for all three studies assumed a negative (poleward) direction during the 

study period. As discussed during Numerical Experiment I, the "Steep Sl" study showed the first sign 

of nearshore poleward surface flow after approximately two days. The surface currents for the "Med 

Sl" study and the "Flat Sl" study started to turn poleward after three and five days respectively. This 
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figure thus indicates that the flatter the inner shelf slope was, the longer it took for the poleward 

current to start to develop. The poleward current, though, took more or less the same time 

(approximately eight days) to reach a fairly steady state. It should also be noted that the steady state 

speed of the poleward current, when compared to the "Steep SI" study, was on average 0.05 mls faster 

for the "Med Sl" study and 0.06 mls faster for the "Flat SI" study . 

Figures 4-14(a), (b) and (c) illustrate the steady state situation during wind relaxation for the "Steep 

SI", the "Med SI" and the "Flat SI" studies respectively. Once again, for each study, the surface 

currents (left), a vertical transect of temperature (top right) and a vertical cross-section of surface slope 

(bottom right) in a representative cross shore line are shown. Once more, for all three studies, mainly 

three regions of current behaviour can be identified, namely an outer shelf region, a surface jet region, 

and an inner shelf region. 
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Figure 4-14(a) Reference Model - "Steep SI" study: Suiface currents (left), vertical cross-section of 

temperature (top right) and vertical cross-section of suiface slope (boltom right) in a representative cross 

shore line when a steady state has been achieved during wind relaxation. The 100 m depth contour is 

shown underneath the currents, indicating the position of the inner shelf break (top right). 
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Figure 4-14(b) Reference Model - "Med Sl" study: Swface currents (left), vertical cross-section of 
temperature (top right) and vertical cross-section of swface slope (boltom right) in a representative cross 

shore line when a steady state has been achieved dllring wind relaxation. The 100 m depth contour is 
shown underneath the currents, indicating the position of the inner shelf break (top right). 
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Figure 4-l4(c) Reference Model - "Flat Sl" study: Surface currents (left), vertical cross-section of 
temperatltre (top right) and vertical cross-section of surface slope (boltom right) in a representative cross 
shore line when a steady state has been achieved during wind rela.xation. The 100 m depth contour is 
shown underneath the currents, indicating the position of the inner shelf break (top right). 
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blowing. A close up view of the surface slope at the same cross-section as shown in the above figures, 

from the coast up to 35 km offshore, can be seen in Figure 4-15 . This figure shows considerably more 

detail of the surface slopes during relaxation (following the wind event) for the "Steep SI" study (red 

line), the "Med SI" study (blue line) as well as for the "Flat SI" study (green line). Immediately 

apparent is that, for all three studies, the surface slopes gradually changed (in an offshore to onshore 

direction) from downward sloping to upward sloping during wind relaxation. The nearshore surface 

has an upward slope in the nearshore area in a band of approximately 10 km, 5 km and 3 km wide for 

the "Steep SI", "Med SI" and "Flat SI" studies respectively. This coincides with the width of the 

poleward surface current in each case, as was illustrated in Figures 4-14(a), (b) and (c). The upward 

sloping part of the surface was the steepest in the "Flat SI" study, becoming gentler the steeper the 

inner shelf slope was . 

Furthermore, for each study it can be seen that the surface jet offshore of the poleward surface current 

is associated with the region where the surface slope remained downward. The turning point from a 

downward to an upward surface slope appeared closer to the coast the flatter the inner shelf slope was. 

This is in agreement with the previous observation that the surface jet moved closer towards the coast 

the flatter the slope was. 

Note that the area of very weak currents, normally seen in the region between the nearshore poleward 

surface current and the offshore surface jet is associated with a relatively flat surface slope . 
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Figure 4-15 Reference Model: Comparison between suiface slopes (from the coast to 35 km offshore) 
for the "Steep 51" study (red line), the "Med Sl " study (blue line) and the "Flat Sl" study (green line) 
during wind relaxation. Note the difference in width of the upward sloping part of the suiface slope close 

to the coast for the three studies. 
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4.2.3 Results from Numerical Experiment 3 

The aim of this experiment was to determine what happens to the poleward surface current when 

multiple wind events are simulated. 

For the purpose of this experiment, the same model setup was applied as during the "Strat" study in 

Numerical Experiment 1, but this time a time series consisting of multiple wind events (as shown in 

Figure 3-3) was applied. Table 4-1 gave a summary of the setup of this study. This study will from 

now on be referred to as the "Mult Wnd" (multiple wind events) study. The study period was thirty 

days. 

Figures 4-16(a), (b) and (c) illustrate the steady state situation during the first, second and third wind 

events respectively. For each case, the surface currents (left), a vertical transect of temperature (top 

right) and a vertical cross-section of surface slope (bottom right) in a representative cross shore line 

are shown. 
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Figure 4-/6(a) Reference Model - "Mult Wnd" study (during first wind event): Suiface currents (left), 

vertical cross-section of temperature (top right) and vertical cross-section of suiface slope (boltom right) 
in a representative cross shore line when a steady state has been achieved during the first wind event. The 
100 m depth contour is shown underneath the currents, indicating the position of the inner shelf break (top 

right). 
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Figure 4-16(b) Reference Model- "Mult Wnd" study (during second wind event): Surface currents (left), 

vertical cross-section of temperature (top right) and vertical cross-section of surface slope (bottom right) 
in a representative cross shore line when a steady state has been achieved during the second wind event. 
The 100 m depth contour is shown underneath the currents, indicating the position of the inner shelf break 

(top right). 
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Figure 4-16(c) Reference Model - "Mult Wnd " study (during third wind event): Surface currents (left), 
vertical cross-section of temperature (top right) and vertical cross-section of surface slope (bottom right) 
in a representative cross shore line when a steady state has been achieved during the third wind event. The 
100 m depth contour is shown underneath the currents, indicating the position of the inner shelf break (top 
right). 
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From the above figures, it was once again evident that an upwelling favourable wind caused a drop in 

water level at the coast, as well as the intrusion of cold bottom water into the nearshore environment 

and upwards towards the surface. Keeping in mind that this study started with the isotherms being 

horizontal (flat), the first wind event had a significant effect on the adjustment of the isotherms, with 

the effect being less dramatic during the subsequent wind events. It is clear that each successive wind 

event led to the cold bottom waters moving increasingly inshore and upwards, and as a result, the 

warm surface waters (as well as the subsurface temperature front) were pushed further and further 

offshore. Upwelling was therefore strengthened with each successive wind event. Also, during each 

wind event, the surface jet was correlated with the position of the temperature front, reaching speeds 

of between 0.5 and 0.6 mls. Inshore of the surface jet, the currents were lower (0.3 mls on average). 

A much shorter time is needed for upwelling to develop than is needed to re-stratify the water column 

following an upwelling event. Therefore, every time the wind relaxed during this study, the upwelled 

cold bottom waters remained fairly close inshore and did not relax all the way back to its original 

location in the deeper offshore waters (although it did relax slightly). This is evident from Figures 

4-17(a), (b) and (c), which illustrate the situation during the wind relaxation period following the first, 

second and third wind events respectively. Note that the interval between the three wind events was 

not long enough for the poleward current to reach a steady state. 
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Figure 4-17(a) Reference Model- "Mult Wnd" study (followingjirst wind event): Suiface currents (left), 

vertical cross-section of temperature (top right) and vertical cross-section of suiface slope (bottom right) 

in a representative cross shore during wind relaxation following the jirst wind event. The lOa m depth 

contour is shown underneath the currents, indicating the position of the inner shelf break (top right). 
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Figure 4-17(b) Reference Model - "Mult Wnd" study (following second wind event): Suiface currents 

(left), vertical cross-section of temperature (top right) and vertical cross-section of suiface slope (bottom 

right) in a representative cross shore during wind relaxation following the second wind event. The JOO m 

depth contour is shown underneath the currents, indicating the position of the inner shelf break (top right). 
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Figure 4-17(c} Reference Model - "Mult Wnd" study (following third wind event): Suiface currents 
(left) , vertical cross-section of temperature (top right) and vertical cross-section of suiface slope (boltom 

right) in a representative cross shore line during wind rela.xation following the third wind event. The 
100 m depth contour is shown underneath r.he currents, indicating r.he position of the inner shelf break (top 
right) . 

Following each of the three wind events, a nearshore poleward surface current started to develop after 

approximately three to four days. This current became increasingly wider following each of the three 

wind events, and also slightly, but not significantly, weaker (reduced from approximately 0.08 mls to 

0.07 mis, and thereafter to 0 .06 mls on average). The surface jet was still present in each case, but the 

speed of the jet currents have reduced to between 0.1 and 0.2 mls. 

It is important to note that, in Numerical Experiment 1 (the "Strat" study) in Chapter 4.2.1 and in 

Numerical Experiment 2 (the "Steep SI", "Med SI" and "Flat SI" studies) in Chapter 4 .2 .2, the 

poleward current reached a steady state during relaxation following a wind event, and that it did not 

disappear again during the period of modelling. In this Numerical Experiment ("Mult Wnd" study), 

the poleward current immediately turned equatorward as soon as a new wind event started. 

Figures 4-17(a), (b) and (c) also show that the surface slope has greatly flattened out during each wind 

relaxation event, although it has not returned to its original zero position. A close up view of the 

surface slope at the same cross-section as shown in the above figures, from the coast up to 35 km 

offshore, can be seen in Figure 4-18. This figure shows considerably more detail of the surface slopes 

during relaxation (following the wind event) for each of the three wind events. The red line indicates 
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the surface slope during relaxation following the first wind event, the blue line following the second 

event, and the green line following the third event. 

Immediately apparent is that, during wind relaxation, the surfaces gradually changed (in an offshore to 

onshore direction) from downward sloping to upward sloping. The nearshore sUlface has an upward 

slope in the nearshore area in a band of approximately 10 km, 13 km and 15 km wide during the 

relaxation event following the first, second and third wind events respectively . This coincides with the 

width of the poleward surface current in each case, as was illustrated in Figures 4-17(a), (b) and (c). 

The upward sloping part of the surface, close to the coast, had essentially the same gradient for each 

study (thus, the slope had more or less the same steepness in each case). The very weak currents often 

noted in the region between the inshore poleward surface current and the offshore surface jet is once 

again associated with a flat surface (this is especially noticeable during the relaxation event following 

the third wind event). Furthermore, for each wind relaxation event it can be seen that the surface jet 

offshore of the poleward surface current once again is associated with the region where the surface 

slope remained downward. 
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Figure 4-18 Reference Model "Mult Wnd" study: Comparison between surface slopes (from the coast 

to 35 km offshore) during relaxation following the first wind event (red line), the second wind event (blue 

line) and the third wind event (green line) . Note that the width of the upward sloping part of the surface 
close to the coast increased after each successive wind event. 

In conclusion, from this experiment it was evident that a wind time series simulating a ' real wind' led 

to the cold bottom waters moving increasingly inshore and upwards, and as a result, the warm surface 

waters (as well as the subsurface temperature front) were pushed further and further offshore. 

Upwelling was therefore strengthened with each successive wind event. Following each wind event, a 

narrow poleward surface current developed after about three to four days of relaxation, becoming 

progressively wider and slightly weaker following each successive wind event. 
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It should be noted that a so-called "spin up wind event" might be necessary when studies are 

undertaken with the more complex St Helena Bay model. An upwelling favourable wind that blows 

for a few days at the beginning of each study will ensure the initial intrusion of the cold bottom waters 

into the inshore region. This will set up a suitable initial condition to ensure that the temperature in 

the study represents the natural conditions as closely as possible. 

Once again, an instability in the surface jet is noted in Figure 4-17(c), in which the offshore surface jet 

seems to "swerve around" and not move straight equatorward. This is once again due to the ill posed 

southern boundary. As before, it is assumed that this instability did not influence the results in any 

significant way. 
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s. RESOLrs FROM rHE sr HELENA BAY NOMER/CAL 
MOLJEL 

Three case studies were undertaken applying the St Helena Bay numerical model, and Table 5-1 below 

gives a summary of these studies. 

Table 5-1 Summary of St Helena Bay numerical case slltdies. 

Case Winds 
I Measured St Helena Bay weather station winds 
2 St Helena Bay weather station winds, reduced by 30% 
3 Smoothed St Helena Bay weather station winds (diurnal component removed) 

In studying the results from all three case studies, three specific regions were chosen as focus areas, 

namely (refer to Figure 1-1): 

I. The area to the north of St Helena Bay, between Elands Bay and Lamberts Bay. 

2. The eastern part of St Helena Bay. 

3. The western part of St Helena Bay (including Cape Columbine). 

The first region was chosen because it is far enough away from Cape Columbine so that the formation 

of the poleward current can take place without any influence from the Cape. The second region was in 

St Helena Bay, where a poleward current forms during wind relaxation, but it might be influenced by 

Cape Columbine. The third region was chosen because it is around Cape Columbine, and this is the 

region where thermistor chain data is available (see Figure 2-1). 

In order to explore the formation of the poleward surface current effectively during the modelling 

period (January to mid February 2002 for each case), two prominent upwelling-relaxation events were 

chosen, namely: 

1. The upwelling event that occurred from 19 - 24 January 2002, with the subsequent relaxation 

from 25 - 30 January 2002. 

2. The upwelling event that occurred from I - 7 February 2002, with the subsequent relaxation 

from 8 - 1 I February 2002. 

The results from each separate case are presented in separate sections, as summarized in Table 5-2 

below. 
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Table 5-2 Summary of presentation of St Helena Bay numerical model results. 

Case Upwelling/Relaxation Event Focus Area 
January Lamberts Bay 
January Eastern part of St Helena Bay 

I February Lamberts Bay 
February Eastern part of St Helena Bay 

Full modelling period Western part of St Helena Bay (comparison 
with thermistor chain data) 

January Lamberts Bay 
January Eastern part of St Helena Bay 

2 
February Lamberts Bay 
February Eastern part of St Helena Bay 

Full modelling period 
Western part of St Helena Bay (comparison 

with thermistor chain data) 
January Lamberts Bay 
January Eastern part of St Helena Bay 

3 
February Lamberts Bay 
February Eastern part of St Helena Bay 

Full modelling period 
Western part of St Helena Bay (comparison 

with thermistor chain data) 

5.1 Results from Case 1 

As described in Chapter 3.2.1, this study applied the measured St Helena Bay weather station winds 

(adjusted to to m above MSL) for the period January to mid February 2002. 

One of the features that was most prominent during this case was the strong anti-cyclonic inertial 

oscillations that were present throughout the modelled period. The inertial oscillations had a period of 

approximately 22 hours. The currents in the deeper layers showed the same behaviour, although these 

currents were out of phase with the surface currents. This is in agreement with a study undertaken by 

Simpson et al (2002). According to this study, oscillations at, or close to, the inertial frequency 

become significantly enhanced in the vicinity of latitudes 300 N and S by a resonance in which the 

local inertial frequency coincides with that of diurnal forcing. Under these conditions, regu lar daily 

variations in wind stress tend to produce large anti-cyclonic motions that may extend throughout the 

water column. Figure 5-I(a) shows an example of the inertial oscillations in the surface layer of the 

St Helena Bay model. The surface currents are plotted every 6 hours. 

These oscillatory movements push warm water back against the coast when the currents tum onshore, 

and pulls warm surface water away from the coast when the currents turn offshore, all during one 

inertial cycle. Even during a strong upwelling event, these currents strengthen and weaken upwelling 
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in the surface water, as seen in Figure 5- I (b). This figure shows a cross shore transect of temperature 

in the eastern part of St Helena Bay during the same upwelling event as illustrated in Figure 5-1 (a). A 

sequence of four plots shows the strengthening and weakening of the upwelling during an inertial 

oscillation cycle, although there is a net increase in the strength of the upwelling. 
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Figure 5-J(a) St Helena Bay model (St Helena Bay weather station winds); Surface currents plotted 

every 6 hours on 22 and 23 January 2002, illustrating the strong anti-cyclonic inertial oscillations. 
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Figure 5-I(b) St Helena Bay model (St Helena Bay weather station winds): Cross shore transect of 
temperature in the eastern part of St Helena Bay plotted every 6 hours on the 22 and 23 January 2002, 
illustrating the strengthening and weakening of upwelling as a result of the inertial movements of the 

currents. 

In the horizontal, Figure 5-2 illustrates the surface currents and temperature during a typical upwelling 

event (left), in this case on 24 January 2002, 18:00, and a subsequent wind relaxation event (right), on 

30 January 2002, 02:00. During upwelling, cold water (less than 13°C) has reached the surface around 

Cape Columbine and on the West Coast, especially in the region between Lamberts Bay and Elands 

Bay. The currents are predominantly equatorward (004 rnIs on average), but bends eastwards towards 

the West coast around Cape Columbine. A strong jet flows past Cape Columbine. The currents are 

weak in St Helena Bay. 

During the subsequent wind relaxation event, the surface water has warmed and upwelling has 

completely subsided. The currents have significantly weakened (all currents are less than 0.2 rnIs). 
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Figure 5-2 St Helena Bay model (St Helena Bay weather station winds): Surface currents and 
temperature during a typical upwelling event (left), in this case on 24 January 2002, 18:00, and a 

subsequent wind relaxation event (right), on 30 January 2002, 02:00. Note the upwelling of cold water 

around Cape Columbine and on the West Coast, especially in the region between Lamberts Bay and Elands 

Bay. During the wind relaxation event, the surface water warms to greater than 18'C. 

Case 1: January Event - Lamberts Bay Region 

Figures 5-3(a) - (c) shows the surface currents (left), a vertical transect of temperature (top right) and 

a vertical cross-section of surface slope (bottom right) along a profile line, indicated on the left hand 

plot, for certain times during the upwelling-relaxation event from 19 - 30 January 2002. In these 

figures, the focus area is the region between Elands Bay and Lamberts Bay, to the north of 

St Helena Bay. 

Figure 5-3(a) illustrates a time of upwelling (23 January 2002, 20:00), with equatorward currents 

being forced by the upwelling favourable wind conditions. These currents are relatively weak (less 

than 0.2 m/s) at the coast and stronger (approximately 0.5 m/s) offshore. Cold water intrusion (water 

less than 15°C) into the surface waters at the coast can clearly be seen from the cross shore 

temperature transect. The water level has dropped by approximately 4 cm at the coast. Upwelling 

continued until the end of 25 January 2002. 
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Four hours later, however, on 27 January 12:00, a narrow, nearshore poleward current has formed. 

Figure 5-3(b) shows the poleward current (0 .5 km wide), from north of Lamberts Bay to south of 

Elands Bay, protruding into St Helena Bay, with speeds of approximately 0.2 mls. The surface waters 

have warmed to between 16°C and 19°C. 

This poleward current persisted for the rest of the wind relaxation period (four days in total), 

continuing to strengthen, until it reached its peak on 29 January 2002, 14:00 (Figure 5-3(c». At this 

stage, the poleward current was approximately I km wide and 0.3 mls strong (strongest next to the 

coast) . The surface waters have warmed to between 19°C and 20°C. 
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Figure 5-3(a) St Helena Bay model (St Helena Bay weather station winds) - Lamberts Bay region: 
Surface currents (left) , vertical cross-section of temperature (top right) and vertical cross-section of 
surface slope (bottom right) along a profile line on 23 January 2002,20:00 (a time o/upwelling). 
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Figure 5-3(b) St Helena Bay model (St Helena Bay weather station winds) - Lamberts Bay region: 
Suiface currents (left), vertical cross-section of temperature (top right) and vertical cross-section of 
suiface slope (bottom right) along a profile line on 27 January 2002, 12:00 (a time of wind relaxation). 
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Figure 5-3(c) St Helena Bay model (St Helena Bay weather station winds) - Lamberts Bay region: 
Suiface currents (left), vertical cross-section of temperature (top right) and vertical cross-section of 
suiface slope (bottom right) along a profile line on 29 January 2002, 14:00 (close to the end of the wind 
relaxation event). 
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Figures 5-3(a)-(c) showed that the sutface slope has greatly flattened out during each wind relaxation 

event, although it has not returned to its original zero position. A close up view of the sutface slope at 

the same cross-section as shown in the above figures, from the coast up to approximately 1.7 km 

offshore, can be seen in Figure 5-4. This figure shows considerably more detail of the surface slopes 

at the same instances in ti me as shown in the above sequence of figures. The exact times are indicated 

on the figure. 
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Figure 5-4 St Helena Bay model (St Helena Bay weather station winds) - Lamberts Bay region: 

Comparison between surface slopes (from the coast to 1.7 km offshore) for the January event. The time at 

which each surface slope is plotted. is indicated on the figure. 

It is clear that, during upwelling, the sutface was downward sloping close to the coast (red line). 

During wind relaxation, the surfaces became upward sloping close to the coast. On 29 January, the 

nearshore sutface had an upward slope in the nearshore area in a band of approximately 1.2 km wide. 

The very weak currents noted in the region between the inshore poleward sutface current and the 

offshore sutface jet is associated with a relatively flat sutface slope. 
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Case 1: January Event - Eastern part of St Helena Bay 

Figures 5-5(a) - (c) shows the surface currents (left), a vertical transect of temperature (top right) and 

a vertical cross-section of surface slope (bottom right) along a profile line, indicated on the left hand 

plot, for certain times during the upwelling-relaxation event from 24 - 30 January 2002. In this case, 

the focus area is on the eastern part of St Helena Bay. 

Figure 5-5(a) illustrates a time of upwelling (23 January 2002, 20:00), with equatorward currents 

being forced by the upwelling favourable wind conditions. These currents are relatively weak (less 

than 0.2 mls) at the coast and in the southern parts of St Helena Bay, and stronger (approximately 

0.5 mls) offshore. Cold water intrusion (water less than 15°C) into the surface waters at the coast can 

clearly be seen from the cross shore temperature transect. The water level has dropped by 

approximately 4 cm at the coast. Upwelling continued until the end of25 January 2002. 

On 27 January 2002, 16:00 (Figure 5-5(b )), during the subsequent relaxation event, the wind speed has 

dropped and the warm surface waters are in the process of returning to the coast. Close to the coast, 

the surface waters are now between 18°C and 20°e. A narrow poleward current has formed dose to 

the coast, in a band of approximately 0.5 km wide. The poleward current has a speed of 

approximately 0 .2 mls . The water level at the coast is 3 cm, and it seems to be almost horizontal. 

Cyclonic movement can be seen in the south of the Bay. 

This poleward current persisted for the rest of the wind relaxation period (four days in total), 

continuing to strengthen and widen, until it reached its peak on 29 January 2002, 16:00 (Figure 

5-5(c)). At this stage, the poleward current was approximately 1 km wide and 0.3 m/s strong 

(strongest next to the coast) . The surface waters have warmed to greater than 20°C and the water level 

is 2 cm below MSL. In the south of the Bay, the cyclonic motion is still evident. 

This appeared to be the steady state situation for the poleward current, and its strength and width 

remained unchanged for the rest of the upwelling event. The current only disappeared once the next 

upwelling event started . 
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Figure 5-5(a) St Helena Bay model (St Helena Bay weather station winds) - Eastern part of 

St Helena Bay: Swface currents (left), vertical cross-section of temperature (top right) and vertical cross­
section of surface slope (bottom right) along a profile line on 23 January 2002, 20:00 (a time of 
upwelling). 
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Figure 5-5(b) St Helena Bay model (St Helena Bay weather station winds) - Eastern part of 
St Helena Bay: Surface currents (left), vertical cross-section of temperature (top right) and vertical cross­

section of surface slope (boltom right) along a profile line on 27 January 2002, 16:00 (a time of wind 

relaxation). 
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Figure 5-5(c) St Helena Bay model (St Helena Bay weather station winds) - Eastern part of 

St Helena Bay: Surface Cllrrents (left), vertical cross-section of temperature (top right) and vertical cross­

section of surface slope (bottom right) along a profile line on 29 January 2002, 16:00 (a time of wind 

relaxation). 

Figures 5-5(a)-(c) showed that the surface slope has greatly flattened out during each wind relaxation 

event, although it has not returned to its original zero position . A close up view of the surface slope at 

the same cross-section as shown in the above figures, from the coast up to approximately 1.7 km 

offshore, can be seen in Figure 5-6. This figure shows considerably more detail of the surface slope 

slopes at the same instances in time as shown in the above sequence of figures. The exact times are 

indicated on the figure. 
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Figure 5-6 St Helena Bay model (St Helena Bay weather station winds) - Eastern part of 

St Helena Bay: Comparison between surface slopes (from the coast to 1.7 km offshore) for the January 
event. The time at which each surface slope is plotted, is indicated on the figure. 

Immediately apparent is that, during wind relaxation, the surfaces gradually changed from downward 

sloping to upward sloping. On 29 January, the nearshore surface had an upward slope in the nearshore 

area in a band of approximately 0.75 km wide. 

Case 1: February Event - Lamberts Ba Region 

Figures 5-7(a) - (c) shows the surface currents (left), a vertical transect of temperature (top right) and 

a vertical cross-section of surface slope (bottom right) along a profi Ie I ine, indicated on the left hand 

plot, for certain times during the upwelling-relaxation event from 1 - II February 2002. In these 

figures, the focus area is the region between Elands Bay and Lamberts Bay, to the north of 

St Helena Bay. 

Figure 5-7(a) illustrates a time of upwelling (6 February 2002, 18:00), with equatorward currents 

being forced by the upwelling favourable wind conditions. These currents are relati vely weak (less 

than 0.2 mls) at the coast and stronger (up to 0.6 mls) offshore. Cold water intrusion (water less than 

12°C) into the surface waters at the coast can clearly be seen from the cross shore temperature transect. 

The water level has dropped by approximately 9 cm at the coast. Upwelling continued until 

9 February 2002. 

Following this lengthy upwelling event (from I - 9 February), the wind speed dropped for two days. 

This relaxation period was relatively short (two days) . On 10 February 2002, 18:00 (Figure 5-7(b )), 

the currents have significantly reduced at the coast, and a narrow (0.5 km wide) poleward current can 

be seen close to the coast, in the region between Lamberts Bay and Elands Bay, protruding into 
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St Helena Bay. This current has a speed of approximately 0.1 mls. At this stage, the surface waters 

have warmed to between 16°C and 17°C, and the water level was 5 cm below MSL. 

Soon thereafter, another short (two day) upwelling event took place, during which the poleward 

current disappeared. This short upwelling event was followed by another short (two day) period of 

wind relaxation. Figure 5-7(c) illustrates the situation during the second short relaxation event 

(15 February 2002, 14:00). The wind speed has dropped and the surface waters have warmed to 

between 19°C and 20°e. The water level is 6 cm below MSL. In the nearshore area, in a band of 

approximately I km wide, a poleward surface current has formed (with current speed of between 

0.2 mls and 0 .3 mls). 

This poleward current disappeared again towards the end of IS February, when the next upweUing 

event started. 
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Figure 5-7(a) St Helena Bay model (St Helena Bay weather station winds) - Lamberts Bay region: 

Sutface currents (left), vertical cross-section of temperature (top right) and vertical cross-section of 
sutface slope (bottom right) along a profile line on 6 February 2002, J 8:00 (a time of upwelling). 

Anil Viljoen page 99 



Univ
ers

ity
of 

Cap
e Tow

n

Investigation of the Nearshore, Episodic Poleward Current In the Southern Benguela 

FLlo;l • .s9~CIir """", ... t.t.mb-IOO2.I~iJ3ce currems 

N 
--O.500rT'Is 

455 III""" r 
Cross-shore Temperature Transect 

, "I' <10.0 . 
///////1'" • 

<11.0 
<12.0 

450 I Iff 
\ I , 

r If 11f""'''- I , t ~ 

445 \ ! , I I I 1 II"""·" 
440 

, 
E 
1< 112500 114500 116500 118500 120500 122500 124500 
~435 Distance Irom offshore boundary (m) 

] 
CrOSS-Shore Waler level Transect 

~ 0,2 
>-

430 

0,1 

425 I 
~ 
j 0.0 
0; 

/ ~ 420 .-./'" . # ~ -0,1 . . 
415 . . 

-0,2 
112500 , 14500 116500 118500 120500 122500 124500 , I Distance Irom offshore boundary (m) 

420 425 430 435 440 
X-coordinale (km) 

Figure 5-7(b) St Helena Bay model (St Helena Bay weather station winds) - Lamberts Bay region: 

Surface currents (left), vertical cross-section of temperature (top right) and vertical cross-section of 

surface slope (bottom right) along a profile line on 1 0 February 2002, 18:00 (a time of wind relaxation), 

--O.500rT'/s 

Cross-shore Temperature Transect 
<10.0 
<11.0 
<12.0 
<13.0 
<14.0 
<15.0 

I <16.0 
~ <17.0 
li <18.0 
~ <19.0 

<20.0 
>20.0 

112500 114500 , 16500 118500 120500 122500 124500 
Distance Irom offshOie boundary (m) 

Cross-shore Waler level Transect 
0,2 

0, ' 

I 
~ 0.0 

! 
-0,1 

-0,2 
112500 114500 116500 118500 120500 122500 124500 

Distance from offshore boundary (m) 

Figure 5-7(c) St Helena Bay model (St Helena Bay weather station winds) - Lamberts Bay region: 

Surface currents (left), vertical cross-section of temperature (top right) and vertical cross-section of 
surface slope (bottom right) along a profile line on 15 February 2002, 14:00 (a time of wind relaxation). 
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Figures 5-7(a)-(c) showed that the sUlface slope has greatly flattened out during each wind relaxation 

event, although it has not returned to its originaJ zero position. A close up view of the sutface slope at 

the same cross-section as shown in the above figures, from the coast up to approximately 1.7 km 

offshore, can be seen in Figure 5-8. This figure shows considerably more detail of the sutface slopes 

at the same instances in time as shown in the above sequence of figures. The exact times are indicated 

on the figure. 
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Figure 5-8 St Helena Bay model (St Helena Bay weather station winds) - Lamberts Bay region: 
Comparison between sutface slopes (from the coast to 1.7 km offshore)for the February event. The time at 
which each slltface slope is plotted, is indicated on the figure. 

On 8 February, the nearshore sutface seems to be slightly upward sloping, although an upweling event 

was taking place. This could be due to a momentary relaxation in wind speed. During wind 

relaxation, on 10 February, the nearshore sutface slope seemed to be almost flat close to the coast 

(even slightly upward sloping). However, on 15 February, the sutface had a clear upward slope in the 

nearshore area in a band of approximately I km wide. 

Case 1: February Event - Eastern part of St Helena Bay 

Figures 5-9(a) - (b) shows the surface currents (left), a vertical transect of temperature (top right) and 

a vertical cross-section of sutface slope (bottom right) along a profile line, indicated on the left hand 

plot, for certain times during the upwelling-relaxation event from I - 11 February 2002. In this case, 

the focus area is on the eastern part of St Helena Bay. 

Figure 5-9(a) illustrates a time of upwelling (6 February 2002, 14:00), with equatorward currents 

being forced by the upwelling favourabJe wind conditions. These currents are weaker (less than 
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0.3 mls) at the coast and in the southern parts of St Helena Bay, and stronger (approximately 0.4 mls) 

offshore. Cold water intrusion (water less than 13°C) into the surface waters at the coast can clearly 

be seen from the cross shore temperature transect. The water level has dropped by approximately 

13 cm at the coast. Upwelling continued until9 February. 

On 10 February 2002, 16:00 (Figure 5-9(b)), during the subsequent wind relaxation event, the wind 

speed has dropped and the warm surface waters are in the process of returning to the coast. Close to 

the coast, the surface waters are now between J rc and 19°C. The current speeds have dropped to 

below 0.2 mis, although stronger currents seem to come from the direction of Cape Columbine. 

Cyclonic motion can be seen in St Helena Bay . The water level at the coast is 6 cm below MSL. At 

this time, a narrow, nearshore poleward current is visible, from south of Elands Bay into St Helena 

Bay, with speeds of approximately 0.1 mls. 

This poleward current disappeared as soon as the next (two day) upwelling event statted, and no 

poleward motion in this focus region was detected for the rest of the modelling period. 
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Figure 5-9( a) St Helena Bay model (St Helena Bay weather station winds) - Eastern part of St Helena Bay: 
Surface currents (left), vertical cross-section of temperature (top right) and vertical cross-section of 

surface slope (bottom right) along a profile line on 6 February 2002, 14:00 (a time of upwelling). 
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Figure 5-9(b) St Helena Bay model (St Helena Bay weather station winds) - Eastern part of 

St Helena Bay: Suiface currents (left), vertical cross-section of temperature (top right) and vertical cross­
section of suiface slope (bottom right) along a profile line on 10 February 2002, 16:00 (a time of wind 

relaxation). 

Figures 5-9(a)-(b) showed that the sUlface has greatly flattened out during each wind relaxation event, 

although it has not returned to its original zero position. A close up view of the surface slope at the 

same cross-section as shown in the above figures, from the coast up to approximately 1.7 km offshore, 

can be seen in Figure 5-10. This figure shows considerably more detail of the surface slopes at the 

same instances in time as shown in the above sequence of figures. The exact times are indicated on 

the figure. 
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Figure 5-10 St Helena Bay model (St Helena Bay weather station winds) - Eastern part of 

St Helena Bay: Comparison between suiface slopes (from the coast to 1.7 km offshore) for the February 
event. The time at which each suiface slope is plotted, is indicated on the figure. 
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From the above figure, on 6 February, the surface slope was slightly downward towards the coast. On 

J 0 February (during wind relaxation), the surface was slightly upward sloping towards the coast. 

Case 1: Western Part of St Helena Bay 

For the western part of St Helena Bay, in the vertical, a comparison of the modelled and measured 

temperatures at the thermistor chain's location for January 2002 (Figure 2.1) for Case 1 is shown in 

Figure 5-ll(a) . 

Overall, the model represents the 6 - 8 day event scale warming and cooling well, although the 

modelled temperatures seem to be colder than the measured temperatures in the top half of the water 

column for most of the simulation time . The modelled temperatures also show less diurnal variability 

than the measured temperatures. In general, the modelled temperatures in St Helena Bay are within 

2°C - 3°C of the measured values when the St Helena Bay weather station winds are applied. 
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Figure 5-1 I(a) St Helena Bay model (St Helena Bay weather station winds): 

measured (dotted) and modelled (solid) temperalures at different depths in 

SI Helena Bay for January to mid February 2002. 
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Another way of comparing the measured and the modelled temperatures is by calculating the 

temperature anomalies. These anomalies were calculated by applying the following formula: 

Anomaly = (Measurement - Model)/(Measurement) x 100. 

Figure 5-1 I (b) shows the anomalies for temperature for Case 1 for the period January to mid February 

2002. At the surface, the figure shows a mostly positive anomaly ranging between -20% and 20% for 

most of the simulation period. 

At 10 m and 16 m from the surface, the figure shows highly variable anomalies, mostly ranging 

between -20% and 20%. When focussing on the lower frequency values, thus the event scale rather 

than the diurnal/inertial scale, there is very good agreement between the measured and modelled 

temperatures. 

At the bottom, the figure shows relatively weak anomalies, ranging between - J 0% and 10% for most 

of March and April 2002. 
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Figure 5-JJ(b) St Helena Bay model (St Helena Bay weather station winds): Anomalies for temperature 
for the period January to mid February 2002, at different depths. Here a positive anomaly indicates that 
the measured temperature was higher than the modelled temperature. 
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Overall, Figure 5-11 (b) indicates that there is a relatively good concordance between measured and 

modelled temperatures in all the layers of the water column. 

5.2 Results from Case 2 

As described in Chapter 3.2.2, during this study, the measured St Helena Bay weather station winds 

(adjusted to 10 m above MSL) were applied, but this time the wind speeds were reduced by 30 %. 

This was done in order to apply a wind time series that were an approximate representation of the 

winds in the eastern part of St Helena Bay, as well as in the Lamberts Bay region. 

During Case I, strong anti-cyclonic inertial oscillations were present throughout the modelled period. 

Anti-cyclonic inertial oscillations were also present in Case 2, although the currents were generally 

weaker (due to the "low wind scenario" that was applied). 

In the horizontal , Figure 5-12 illustrates the surface currents and temperature during a typical 

upwelling event (left), in this case on 24 January 2002, 14:00, and a subsequent wind relaxation event 

(right), on 30 January 2002, 02:00. During upwelling, relatively cold water (less than 16°C) has 

reached the surface around Cape Columbine and on the West Coast, especially in the region south of 

EJands Bay. At this stage, the currents were predominantly northward (0.3 mls on average), but 

weaker in St Helena Bay. During the subsequent wind relaxation event, the surface water has warmed 

and the currents have significantly weakened (all currents are less than 0 .1 mls) . Upwelling has 

completely subsided. 

A companson between Figure 5-2 and 5-12 shows that, during the upwelling events, the surface 

currents and the level of upwelling are significantly stronger when the measured St Helena Bay 

weather station winds are applied, as opposed to the reduced St Helena Bay winds. During relaxation, 

the currents are also stronger when the measured St Helena Bay weather station winds are applied. 
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Figure 5-12 Sf Helena Bay model (Sf Helena Bay weather station winds, reduced by 30%): Surface 

currents and temperature during a typical upwelling event (left), in this case on 24 January 2002, 14:00, 

and a subsequent wind relaxation event (right), on 30 January 2002, 02:00. Note the upwelling of cold 
water around Cape Columbine and on the West Coast, especially in rhe region between Lamberts Bay and 

Elands Bay. 

Case 2: January Event - Lamberts Bay' Region 

Figures 5-13(a) - (b) shows the surface currents (left), a vertical transect of temperature (top right) and 

a vertical cross-section of surface slope (bottom right) along a profile line, indicated on the left hand 

plot, for certain times during the upwelling-relaxation event from 19 - 30 January 2002. In these 

figures, the focus area is the region between Elands Bay and Lamberts Bay, to the north of 

St Helena Bay. 

Figure 5-13(a) illustrates a time of upwelling (24 January 2002, 18:00), with equatorward currents 

being forced by the upwelling favourable wind conditions. These currents are relatively uniform and 

0.3 mls - 0.4 mls on average. Cold water intrusion (water less than 1 TC) into the surface waters at 

the coast can be seen from the cross shore temperature transect. The water level has dropped by 

approximately 3 cm at the coast. Upwelling continued until the end of 25 January 2002. 
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Two days later, on 27 January 2002, 14:00 (Figure 5-l3(b», during the subsequent wind relaxation 

event, the current speeds have dropped. The surface waters have warmed to greater than 20°C and the 

surface slope is relatively horizontal, and at 3 cm below MSL. A narrow poleward current of 

approximately 0.75 km wide and with a speed of 0.2 mls can be seen from north of Lamberts Bay to 

south of Elands Bay, protruding into St Helena Bay. This poleward current persisted until the next 

upwelling event started on 30 January. 
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Figure 5-13(a) St Helena Bay model (St Helena Bay weather station winds, reduced by 30%) - Lamberts 
Bay region: Surface currents (left), vertical cross-section of temperature (top right) and vertical cross­
section of surface slope (bottom right) along a profile line on 24 January 2002, 18:00 (a time of 

upwelling). 
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Figure 5-13(b) St Helena Bay model (St Helena Bay weather station winds, reduced by 30%) - Lamberts 

Bay region: Suiface currents (left), vertical cross-section of temperature (top right) and vertical cross­

section of suiface slope (bottom right) along a profile line on 27 January 2002, 14:00 (a time of wind 

relaxation). 

Figures 5-13(a)-(b) shows that the surface slope has greatly flattened out during each wind relaxation 

event, although it has not returned to its original zero position. A close up view of the surface slope at 

the same cross-section as shown in the above figures, from the coast up to approximately 1.7 km 

offshore, can be seen in Figure 5-14. This figure shows considerably more detai I of the surface slopes 

at the same instances in time as shown in the above sequence of figures. The exact times are indicated 

on the figure. 
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Figure 5-14 St Helena Bay model (St Helena Bay weather station winds, reduced by 30%) - Lamberts 

Bay region: Comparison between surface slopes (from the coast to 1.7 km offshore) for the January event. 
The time at which each surface slope is plotted, is indicated on the figure. 

The surface changed from downward sloping during upwelling (24 January) to slightly upward 

sloping close to the coast (27 January) during wind relaxation. This upward sloping part of the surface 

was visible over a cross-sectional width of approximately 0.75 km. 

Case 2: January Event - Eastern part of St Helena Bay 

Figures 5-15(a) - (c) shows the surface currents (left) , a vertical transect of temperature (top right) and 

a vertical cross-section of surface slope (bottom right) along a profile line, indicated on the left hand 

plot, for certain times during the upwelling-relaxation event from 24 - 30 January 2002. In this case, 

the focus area is on the eastern part of St Helena Bay. 

Figure 5-15(a) illustrates a time of upwelling (24 January 2002, 16:00), with equatorward currents 

being forced by the upwelling favourable wind conditions. On average, these currents are 0.3 mls -

0.4 mls strong and weaker at the coast. Cold water intrusion (water less than 16°C) into the surface 

waters at the coast can be seen from the cross shore temperature transect. The water level has dropped 

by approximately 3 cm at the coast. Upwelling continued until the end of 25 January 2002. 

On 28 January 2002, 12:00 (Figure 5-15(b)), during the subsequent wind relaxation event, the wind 

speed has dropped and the warm surface waters have returned to the coast. Close to the coast, the 

surface waters are now between 19°C and 20°C. The current speeds have dropped, and the surface 

slope at the coast is almost horizontal, and at 3 cm below MSL. From Elands Bay to south of the 

profile line, a narrow poleward current of width 1.5 km and average speed of 0 .2 mis, is visible . In the 

south of the Bay, cyclonic motion can be seen . 
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This poleward current continued to strengthen and widen, until it reached its peak on 29 January 2002, 

10:00 (Figure 5-15(c)). At this stage, the poleward current was approximately 2 km wide and 0.2 m/s 

- 0 .3 m/s in strength. The surface waters have warmed to greater than 20°C. In the south of the Bay, 

cyclonic motion can still be seen. 

This current disappeared soon hereafter, once the next upwelling event started. 
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Figure 5-15(a) St Helena Bay model (St Helena Bay weather station winds, reduced by 30%) - Eastern 

part of St Helena Bay: Suiface currents (left), vertical cross-section of temperature (top right) and vertical 

cross-section of suiface slope (bottom right) along a profile line on 24 January 2002, 16:00 (a time of 
upwelling). 
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Figure 5-15(b) St Helena Bay model (St Helena Bay weather station winds, reduced by 30%) - Eastern 

part of St Helena Bay: Surface currents (left), vertical cross-section of temperature (top right) and vertical 

cross-section of surface slope (boltom right) along a profile line on 28 January 2002, 12:00 (a time of wind 

relaxation). 
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Figure 5-15(c) St Helena Bay model (St Helena Bay weather station winds, reduced by 30%) - Eastern 

part of St Helena Bay: Surface currents (left), vertical cross-section of temperature (top right) and vertical 

cross-section of surface slope (boltom right) along a profile line on 29 January 2002, 10:00 (a time of wind 

relaxation). 
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Figures 5-l5(a)-(d) showed that the surface slope has greatly flattened out during each wind relaxation 

event, although it has not returned to its original zero position. A close up view of the surface slope at 

the same cross-section as shown in the above figures, from the coast up to approximately 1.7 km 

offshore, can be seen in Figure 5-16. This figure shows considerably more detail of the surface slopes 

at the same instances in time as shown in the above sequence of figures. The exact times are indicated 

on the figure. 
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Figure 5-16 Sf Helena Bay model (St Helena Bay weather station winds, reduced by 30%) - Eastern 

part of St Helena Bay: Comparison between surface slopes (from the coast to 1.7 km offshore) for the 

January event. The time at which each surface slope is plotted, is indicated on the figure . 

During wind relaxation, the surface became upward sloping at the coast (27 January). This upward 

sloping part of the surface slope gradually increased in gradient and width while the relaxation event 

persisted (29 January) . 

Case 2: February Event - Lamberts Bay Region 

Figures 5-17(a) - (b) shows the surface currents (left), a vertical transect of temperature (top right) and 

a vertical cross-section of surface slope (bottom right) along a profile line, indicated on the left hand 

plot, for certain times during the upwelling-relaxation event from I - II February 2002. In these 

figures, the focus area is the region between Elands Bay and Lamberts Bay, to the north of 

St Helena Bay. 

Figure 5-17(a) illustrates a time of upwelling (6 February 2002, 14:00), with equatorward currents 

being forced by the upwelling favourable wind conditions. These currents vary in strength (between 

0.2 mls and 0 .5 mls). Cold water intrusion (water less than 14°C) into the surface waters at the coast 

can be seen from the cross shore temperature transect. The water level has dropped by approximately 

6 cm at the coast. Upwelling continued until 9 February 2002. 
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Following this lengthy upwelling event (from I - 9 February), the wind speed dropped for two days. 

This wind relaxation period was relatively short (two days) and no poleward current was noted during 

this time. Another short (two day) upwelling evel1t followed. During the subsequent wind relaxation 

event, on 14 February 2002, 14:00 (Figure 5-17(b)), the currents have reduced, and a poleward current 

has formed from north of Lamberts Bay all the way down into St Helena Bay. This current is 3 - 4 km 

wide and 0.4 m/s in strength. The surface water at the coast is now between 19°C and 20°C, and the 

water level is 4 cm below MSL. 
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Figure 5-J7(a) St Helena Bay model (St Helena Bay weather station winds, reduced by 30%) - Lamberts 
Bay region: SUliace currents (Left), vertical cross-section of temperature (top right) and vertical cross­
section of suiface slope (boltom right) along a profile line on 6 February 2002, 14:00 (a time of 
upwelling). 
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Figure 5-J7(b) St Helena Bay model (St Helena Bay weather station winds, reduced by 30%) - Lamberts 

Bay region: Surface currents (left), vertical cross-section of temperature (top right) and vertical cross­

section of surface slope (bottom right) along a profile line on 14 February 2002, 14:00 (a time of wind 

relaxation). 

Figures 5-17(a)-(b) showed that the surface slope has greatly flattened out during each wind relaxation 

event, although it has not returned to its original zero position. A close up view of the surface slope at 

the same cross-section as shown in the above figures, from the coast up to approximately 1.7 km 

offshore, can be seen in Figure 5-\8. This figure shows considerably more detail of the surface slopes 

at the same instances in time as shown in the above sequence of figures. The exact times are indicated 

on the figure. 
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Figure 5-18 St Helena Bay model (St Helena Bay weather station winds, reduced by 30%) - Lamberts 
Bay region: Comparison between suiface slopes (from the coast to 1.7 km offshore) for the February 

event. The time al which each surface slope is plotted, is indicated on the figure. 
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During upwelling (6 February), the surface was downward sloping towards the coast. On 14 February, 

during wind relaxation, the surface slope has become very slightly upward sloping over the whole 

cross-sectional area, thus over a band of width at least 1.7 km. 

Case 2: February Event - Eastern I!..art 01St Helena Bay.l-~ _______ ~ __ --! 

Figures 5-19(a) - (b) shows the surface currents (left), a vertical transect of temperature (top right) and 

a vertical cross-section of surface slope (bottom right) along a profile line, indicated on the left hand 

plot, for certain times during the upwelling-relaxation event from I - 11 February 2002. In this case, 

the focus area is on the eastern part of St Helena Bay. 

Figure 5-19(a) illustrates a time of upwelling (6 February 2002, 16:00), with equatorward currents 

being forced by the upwelling favourable wind conditions. These currents are relatively uniform and 

its strength ranges from 0.3 mls to 0.4 mls. Cold water intrusion (water less than 13°C) into the 

surface waters at the coast can be seen from the cross shore temperature transect. The water level has 

dropped by approximately 5 cm at the coast. Upwelling continued until 9 February 2002. 

Following this lengthy upwelling event (from 1 - 9 February), the wind speed dropped for two days. 

This wind relaxation period was relatively short (two days) and no poleward current was noted during 

this time. Another short (two day) upwelling event followed. During the subsequent wind relaxation 

event, on 14 February 2002, 18:00 (Figure 5-19(b)), the wind speed has dropped and the warm surface 

waters have returned to the coast. Close to the coast, the surface waters are now greater than 20°C. 

The current speeds have dropped, and the water level is at 3 cm below MSL. Just south of Elands Bay 

a narrow poleward current can be seen, but the extent of this current is minimal (it barely reaches the 

profile line). This current is approximately 0.5 km wide and has a speed of 0 .3 mls. 
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In general, the modelled temperatures in St Helena Bay are too warm when the reduced St Helena Bay 

weather station winds were applied. Especially the surface temperatures do not agree well with the 

measurements . 
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Figure 5 .. 21(a) St Helena Bay model (St Helena Bay weather station winds. reduced by 30%): 

Comparison between measured (dotted) and modelled (solid) temperatures at different depths in the 

western part of St Helena Bay for January to mid February 2002. 

Figure 5-21 (b) shows the anomalies for temperature for Case 2 for the period January to mid February 

2002. These anomalies were calculated by applying the following formula: 

Anomaly = (Measurement - Model)/(Measurement) x 100. 
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Figure 5-2J(b) St Helena Bay model (St Helena Bay weather station winds, reduced by 30%): Anomalies 
jor temperaturejor the period January to mid February 2002, at different depths. Here a positive anomaly 

indicates that the measured temperature was higher than the modelled temperature. 

At the surface, the figure shows a mostly negative anomaly ranging between 0% and -40% for most of 

the simulation period. Towards mid February, the anomalies become increasingly negative, reaching 

values of approximately -60%. 

At 10 m and 16 m from the surface, the figure shows highly variable anomalies, ranging between 20% 

and -20% for most of the simulation period. 

At the bottom, the figure shows anomalies of between 0% and -20% for most of the simulation time. 

Overall, Figure 5-21(b) indicates that there is a relatively good correlation between measured and 

modelled temperatures in aU the layers of the water column, although it is not as good as what was 

seen during Case 1. 

5.3 Results from Case 3 

As described in Chapter 3.2.2, this study applied the smoothed St Helena Bay weather station winds 

(adjusted to 10 m above MSL) . 
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As mentioned in Chapter 5.1, one of the features that was most prominent when the measured 

St Helena Bay weather station winds were applied, was the strong anti-cyclonic inertial oscillations 

that were present throughout the modelled period. Smoothing the winds out (and thus removing the 

seabreeze component of the wind) has led to a considerable dampening in the strength of the inertial 

currents. In fact, the inertial oscillations have almost disappeared. 

In the horizontal , Figure 5-22 illustrates the sUlface currents and temperature during a typical 

upwelling event (left), in this case on 24 January 2002, 18:00, and a subsequent wind relaxation event 

(right), on 28 January 2002, 02:00. During upwelling, cold water (less than 13°C) has reached the 

surface around Cape Columbine, into St Helena Bay, as well as along the West Coast. The currents 

are weak (mostly less than 0.2 mls). During wind relaxation, the currents have weakened and any sign 

of upwelling has disappeared. 

390 400 410 420 430 440 450 390 400 410 420 4JO 440 450 

Figure 5-22 St Helena Bay model (smoothed St Helena Bay weather station winds): Surface currents 

and temperature during a typical upwelling event (left) , in this case on 24 January 2002, 18:00, and a 
subsequent wind relaxation event (right), on 28 January 2002, 02:00. Note the upwelling of cold water 

around Cape Columbine into St Helena Bay, and along the West Coast. 
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Case 3: January Event - Lamberts Bay Region 

Figures 5-23(a) - (b) shows the surface currents (left), a vertical transect of temperature (top right) and 

a vertical cross-section of surface slope (bottom right) along a profile line, indicated on the left hand 

plot, for certain times during the upwell ing-relaxation event from 19 - 30 January 2002. In these 

figures, the focus area is the region between Elands Bay and Lamberts Bay, to the north of 

St Helena Bay. 

Figure 5-23(a) illustrates a time of upwelling (23 January 2002, 08:00) nearshore currents are between 

0.2 mJs and 0.5 mJs. Cold water intrusion (water less than 16°C) into the surface waters at the coast 

can be seen from the cross shore temperature transect. The water level has dropped by approximately 

3 cm at the coast. Upwelling continued until the end of 25 January 2002. 

On 29 January 2002, 12:00 (Figure 5-23(b)), during the subsequent wind relaxation event, the wind 

speed has dropped and the surface waters have warmed up to over 20
D

C at the coast. The surface is in 

the process of flattening out again. A nearshore poleward current can be seen all along the coastline in 

the region of focus, all the way south into St Helena Bay. This current has a speed of approximately 

0.3 mJs and is approximately 0.75 km wide. The poleward current persisted disappeared when the 

next upwelling event started. 
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Figure 5-23(a) St Helena Bay model (smoothed St Helena Bay weather station winds) - Lamberts Bay 

region: Suiface currents (left), vertical cross-section of temperature (top right) and vertical cross-section 
of suiface slope (bottom right) along a profile line on 23 January 2002, 08:00 (a time of upwelling). 
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Figure 5-23(b) St Helena Bay model (smoothed St Helena Bay weather station winds) - Lamberts Bay 
region: Suiface currents (left), vertical cross-section of temperature (top right) and vertical cross-section 
of suiface slope (bottom right) along a profile line on 29 January 2002, 12:00 (a time of wind relaxation). 

Figures 5-23(a)-(b) showed that the surface slope has greatly flattened out during each wind relaxation 

event, although it has not returned to its original zero position. A close up view of the surface slope at 

the same cross-section as shown in the above figures, from the coast up to approximately 1.7 km 

offshore, can be seen in Figure 5-24. This figure shows considerably more detail of the surface slopes 

at the same instances in time as shown in the above sequence of figures. The exact times are indicated 

on the figure. 
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Figure 5-24 St Helena Bay model (smoothed St Helena Bay weather station winds) - Lamberts Bay 
region: Comparison between suiface slopes (from the coast to 1.7 km offshore) for the January event. The 
time at which each suiface slope is plotted, is indicated on the figure. 
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Immediately apparent is that, during wind relaxation, the surface gradually changed from downward 

sloping to upward sloping, On 29 January, when the nearshore poleward surface cun'ent was at its 

strongest, the surface near the coast was upward sloping in a band of approximately 0 .75 km wide. 

Case 3: January Event - Eastern art of St Helena Bay 

Figures 5-25(a) - (c) shows the surface currents (left), a vertical transect of temperature (top right) and 

a vertical cross-section of surface slope (bottom right) along a profile line, indicated on the left hand 

plot, for certain times during the upwelling-relaxation event from 24 - 30 January 2002. In this case, 

the focus area is on the eastern part of St Helena Bay. 

Figure 5-25(a) illustrates a time of upwelling (24 January 2002, 00:00). The currents are relatively 

weak (less than 0.2 mls on average) . Cold water intrusion (water less than 15°C) into the surface 

waters at the coast can be seen from the cross shore temperature transect. The water level has dropped 

by approximately 4 cm at the coast. Upwelling continued until the end of 25 January 2002. 

During the subsequent wind relaxation event, on 27 January 2002, 08:00 (Figure 5-25(b», the wind 

speed has dropped and the surface waters have warmed to between 19°C and 20°e. Overall, the 

current speeds have dropped. The water level at the coast is 3 cm. A narrow poleward current can be 

seen along the coast, from Elands Bay to just south of the profile line. This current is approximately 

I km wide and has an average speed of 0.3 mls . Also, relatively strong currents seem to come from the 

direction of Cape Columbine, moving eastward. 

Two days later, on 29 January 06:00, Figure 5-25(c) shows that this nearshore poleward current has 

widened to approximately 2 km and has a speed of 0.3 mls on average. The surface waters have 

warmed to greater than 20°C at the coast, and the surface slope has remained unchanged, at 3 cm 

below MSL. 

The current only disappeared once the next upwelling event started. 
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Figure 5-25(a) St Helena Bay model (smoothed Sf Helena Bay weather station winds) - Eastern part of 

St Helena Bay: Suiface currents (left), vertical cross-section of temperature (top right) and vertical cross­

section of suiface slope (bottom right) along a profile line on 24 January 2002, 00:00 (a time of 

upwelling). 
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Figure 5-25(b) St Helena Bay model (smoothed St Helena Bay weather station winds) - Eastern part of 
St Helena Bay: Suiface currents (left), vertical cross-section of temperature (top right) and vertical cross­

section of suiface slope (bottom right) along a profile line on 27 January 2002, 08:00 (during a wind 

relaxation event). 
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Figure 5-25(c) St Helena Bay model (smoothed St Helena Bay weather station winds) - Eastern part of 
St Helena Bay: Surface currents (left), vertical cross-section of temperature (top right) and vertical cross­
section of surface slope (bottom right) along a profile line on 29 January 2002, 06:00 (a time of wind 

relaxation). 

Figures S-2S(a)-(c) showed that the surface slope has greatly flattened out during each wind relaxation 

event, although it has not returned to its original zero position. A close up view of the surface slope at 

the same cross-section as shown in the above figures, from the coast up to approximately 1.7 km 

offshore, can be seen in Figure 5-26. This figure shows considerably more detail of the surface slopes 

at the same instances in time as shown in the above sequence of figures. The exact times are indicated 

on the figure. 
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Figure 5-26 St Helena Bay model (smoothed St Helena Bay weather station winds) - Eastern part of 
St Helena Bay: Comparison between surface slopes (from the coast to 1.7 km offshore) for the January 

event. The time at which each surface slope is plotted, is indicated on the figure. 

Anel Viljoen page 126 



Univ
ers

ity
of 

Cap
e Tow

n

I 
. . f the Nearshore Episodic Poleward Current in the Southern Benguela 

nveslLgalLon 0 ' 

During the upwelling event, on 24 January, the surface slope was relatively flat (but slightly 

downward sloping). During wind relaxation, the surface slopes gradually started to flatten out, and . 

then changed from downward sloping to upward sloping. On 29 January, the time when the poleward 

current was at its widest, the SUlface slope was upwards towards the coast over the whole width of this 

cross-section (thus in a band of at least 1.7 km wide). 

Case 3: February Event - Lamberts Bay' Region 

Figures 5-27(a) - (b) shows the surface currents (left), a vertical transect of temperature (top right) and 

a vertical cross-section of surface slope (bottom right) along a profile line, indicated on the left hand 

plot, for certain times during the upwelling-relaxation event from I - II February 2002. In these 

figures, the focus area is the region between Elands Bay and Lamberts Bay, to the north of 

St Helena Bay. 

Figure 5-27(a) illustrates a time of upwelling (6 February 2002, 16:00). These currents have average 

speeds of 0.3 mls - 0.4 mls. Cold water intrusion (water less than 15°C) into the surface waters at the 

coast can be seen from the cross shore temperature transect. The water level has dropped by 

approximately 8 cm at the coast. Upwelling continued until 9 February 2002. 

Following this lengthy upwelling event (from 1 - 9 February), the wind speed dropped for two days. 

On 10 February 2002, 22:00, a weak poleward current of 0 .5 km wide and 0.1 mls - 0.2 mls strong has 

formed from Lamberts Bay to south of the profile line (Figure 5-27(b)). The surface waters at the 

profile line have warmed to between 19°C and 20°C and the water level has flattened out to 5 cm 

below MSL. Soon thereafter, though, another short (two day) upwelling event took place, which made 

the (weak) poleward current disappear. This short upwelling event was followed by another short 

(two day) period of wind relaxation. No poleward current was noted again during the rest of the 

modelling period for this case. 
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Figure 5-27(a) St Helena Bay model (smoothed St Helena Bay weather station winds) - Lamberts Bay 
region: Suiface currents (left), vertical cross-section of temperature (top right) and vertical cross-section 

of suiface slope (bottom right) along a profile line on 6 February 2002, 16:00 (a time of upwelling). 
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Figure 5-27(b) St Helena Bay model (smoothed St Helena Bay weather station winds) - Lamberts Bay 
region: Suiface currents (left), vertical cross-section of temperature (top right) and vertical cross-section 

of suiface slope (bottom right) along a profile line on 10 February 2002, 22:00 (a time of wind relaxation). 
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Figures 5-27(a)-(b) showed that the surface slope has greatly flattened out during each wind relaxation 

event, although it has not returned to its original zero position. A close up view of the surface slope at 

the same cross-section as shown in the above figures, from the coast up to approximately 1.7 km 

offshore, can be seen in Figure 5-28. This figure shows considerably more detail of the surface slopes 

at the same instances in time as shown in the above sequence of figures. The exact times are indicated 

on the figure. 
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St Helena Bay model (smoothed St Helena Bay weather station winds) - Lamberts Bay 

region: Comparison between suiface slopes (from the coast to 1.7 km offshore) for the February event. 

The time at which each suiface slope is plotted, is indicated on the figure. 

The surface was fairly flat and even slightly upward sloping very close to the coast during the time of 

upwelling. During the wind relaxation period, the surface was slightly upward sloping towards the 

coast in a band of width approximately 0.5 km. 

Case 3: February Event - Eastern l!.art oj St Helena Bay 

Figures 5-29(a) - (b) shows the surface currents (left), a vertical transect of temperature (top right) and 

a vertical cross-section of surface slope (bottom right) along a profile line, indicated on the left hand 

plot, for certain times during the upwelling-relaxation event from I - II February 2002. In this case, 

the focus area is on the eastern part of St Helena Bay. 

Figure 5-29(a) illustrates a time of upwelling (6 February 2002, 12:00), with equatorward currents 

(generally between 0.2 mls and 0.4 mls) being forced by the upwelling favourable wind conditions. 

Cold water intrusion (water less than 13°C) into the surface waters at the coast can be seen from the 

cross shore temperature transect. The water level has dropped by approximately 9 em at the coast. 

Upwelling continued until 9 February. 
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On 10 February 2002, J 2:00 (Figure 5-29(b», during the subsequent wind relaxation event, the wind 

speed has dropped and the surface waters close to the coast have warmed to between 19°C and 20°C. 

Overall, the current speeds have dropped significantly. The water level at the coast is 5 cm below 

MSL. A small region of poleward flow is visible north of the profile line (it does not reach the profile 

line). In the south of the Bay, cyclonic motion can be seen . No development of a nearshore poleward 

flow was seen for the rest of the modelling period for this study. 
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Figure 5-29(a) St Helena Bay model (smoothed St Helena Bay weather station winds) - Eastern part of 
St Helena Bay: Surface currents (left), vertical cross-section of temperature (top right) and vertical cross­
section of surface slope (bottom right) along a profile line on 6 February 2002, 12:00 (a time of 
upwelling). 
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Figure 5-29(b} SI Helena Bay model (smoothed St Helena Bay weather station winds) - Eastern part of 

St Helena Bay: SUlface currents (left), vertical cross-section of temperature (top right) and vertical cross­

section of surface slope (bottom right) along a profile line on 10 February 2002, 12:00 (a time of wind 

relaxation). 

Figures 5-29(a)-(b) showed that the surface slope has greatly flattened out during each wind relaxation 

event, although it has not returned to its original zero position. A close up view of the surface slope at 

the same cross-section as shown in the above figures, from the coast up to approximately 1.7 km 

offshore, can be seen in Figure 5-30. This figure shows considerably more detail of the surface slopes 

at the same instances in time as shown in the above sequence of figures. The exact times are indicated 

on the figure. 

File :k62·wtevel· s mBa v -F eb-O.png 

I 
~ 

·0.02 

·0.04 

j ·0.06 
§ 
'" ~ 

·0.08 

-0.1 
116000 116250 

10 Feb 12:00 

6 Feb, 12:00 

116500 116750 117000 117250 117500 117750 
Dis1ance lrom offshore boundary (m) 

Figure 5-30 St Helena Bay model (smoothed St Helena Bay weather station winds) - Eastern part of 

St Helena Bay: Comparison between sUiface slopes (from the coast to 1.7 km offshore) for the February 

event. The time at which each surface slope is plotted, is indicated on the figure. 
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At both the above times, no poleward current was visible at the profile line, and the surface slope 

remained slightly downward sloping towards the coast. 

Case 3: Western Part of St Helena Bay 

For the western part of St Helena Bay, in the vertical, a comparison of the modelled and measured 

temperatures at the thermistor chain's location for January 2002 (Figure 2.1) for Case 3 is shown in 

Figure 5-31(a). 

From this figure, it can be seen that the modelled surface waters are between 4°C - 10°C warmer than 

the measured temperatures. At 10m and 16 m from the surface, the modelled temperatures seem to be 

colder than the measured temperatures for most of the simulation time. The modelled temperatures 

show almost no diurnal variability. 

In general, the modelled temperatures in St Helena Bay are too warm when the smoothed 

St Helena Bay weather station winds are applied. Especially the surface temperatures do not agree 

well with the measurements. 
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Figure 5-31(a) 5t Helena Bay model (smoothed 5t Helena Bay weather station winds): Comparison 
between measured (dotted) and modelled (solid) temperatures at different depths in the western part of 

5t Helena Bay for January to mid February 2002. 
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Figure 5-31 (b) shows the anomalies for temperature for Case 3 for the period January to mid February 

2002. These anomalies were calculated by applying the following formula: 

Anomaly = (Measurement - Model)/(Measurement) x 100. 

At the surface, the ftgure shows anomalies ranging between 20% and -40% for most of the simulation 

period. At 10m and 16 m from the surface, the figure shows highly variable anomalies, mostly 

ranging between 0% and 20% during the simulation period . At the bottom, the fIgure shows an 

anomaly that ranges between -10% and 10% for most of the simulation period . 

Overall, Figure 5-31(b) indicates that there is a relatively good correlation between measured and 

modelled temperatures in all the layers of the water column, although it is not as well correlated as 

was seen in Case 1. 
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Figure 5-31(b) St Helena Bay model (smoothed St Helena Bay weather station winds): Anomalies for 
temperature for the period January to mid February 2002, at different depths. Here a positive anomaly 
indicates that the measured temperature was higher than the modelled temperature. 
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6. LJ/SClISS/ON 

The objective of this thesis was to investigate the origin and dynamics of the nearshore, episodic 

poleward current as observed in the Southern Benguela. Thus far, the drivers and dynamics of this 

poleward current have not been clearly understood nor thoroughly investigated due to the complexity 

of the scales and processes . However, the importance of this current in transporting harmful algae 

from the north into St Helena Bay (Pitcher et aI, [998) and its role in habitat hypoxia (Monteiro et aI, 

2004) has emphasized the need to move from a conceptual model to a more quantitative numerical 

model that would reveal the underlying dynamics. 

This thesis focussed on two key questions: 

• What is the nature of the narrow coastal poleward flow? 

• What processes govern its characteristics? 

These questions were mainly explored using the Delft3D-FLOW numerical model forced by both 

idealised wind stress and a more realistic simulation. Before the numerical modelling experiments 

were undertaken, a suitable model (without stratification) was used to demonstrate by means of an 

analytical approach that the processes in the modeJ were behaving in an appropriate way. This served 

as a validation of the input to the Reference Mode l. 

!Reference Model 

• What is the nature of the narrow coastal poleward flow? 

During an upwelling favourable wind, the development of alongshore geostrophic currents are evident 

in the Reference Model (see the results from Numerical Experiment I, Chapter 4 .2.1). The basic 

mechanism behind the formation of these geostrophic currents is as follows (Open University, 1989): 

An upwelling favourable (equatorward) wind gives rise to the offshore movement of surface waters. 

The drop in sea level at the coast sets up a cross shore horizontal pressure gradient, with a horizontal 

pressure gradient force acting in the direction of the coast. This horizontal pressure gradient force is 

balanced by the offshore Corio I is force in a steady state . An equilibrium situation is attained in the 

water column, which causes the water to flow equatorward (along the coast). 

For a steady wind a steady state is reached when the balance of Coriolis and pressure gradient forces 

has been achieved . In such a state, the currents are uniformly equatorward and alongshore and do not 

change over time. During this steady state it is still possible an onshore flow of cold water in the sub-
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thermocline, while an offshore flow of warm water occurs at the surface. 

An important result from the Reference Model studies (see the results in Chapter 4) was that the 

formation of a poleward current was always associated with a wind relaxation event. This is in 

agreement with the observations and conceptual model of Pitcher & Boyd (1996), Pitcher et al (1998) 

and Probyn et al (2000). 

When the wind forcing stopped during a wind relaxation event, the remaining cross shore forces no 

longer balanced the alongshore flow. The flow again became non-steady. Close to the coast, a 

barotropic adjustment took place in the cross shore surface slope. During this adjustment process, the 

nearshore surface slope flattened out and reversed, becoming upward sloping towards the coast. Such 

an adjustment in the surface slope always coincided with a subtle opposite adjustment in the 

subsurface isotherms. This weak baroclinic adjustment was apparent with upward sloping isotherms 

that flattened out or even reversed direction and became slightly downward sloping towards the coast 

(Figure 4-8 in Chapter 4 .2. 1 shows an example hereof). 

A characteristic of a geostrophic adjustment is that it is often a local phenomenon instead of taking 

place over the whole domain. This is what was observed in the Reference Model experiments 

(Chapter 4). The above adjustment towards geostrophy was most apparent in the formation of a 

nearshore poleward current, driven by the horizontal pressure gradient force that was set up during this 

adjustment. A close up view of the surface slope from three studies undertaken in Numerical 

Experiment 2 was shown in Figure 4-15. Immediately apparent was that, for all three studies, the 

cross shore sea surface slope gradually changed from downward sloping to upward sloping towards 

the coast during wind relaxation . This spatial scale of change coincided with the width of the 

poleward current in each case. It thus appeared that the upward sloping suiface, which led to a cross 

shore horizontal pressure gradient force acting in an offshore direction, was the driving force of the 

poleward current, and that it could therefore be viewed as being 'driven from the sUlface'. 

It is clear that the presence of a poleward current is the result of a new balance of forces. The model 

results reflect the geostrophic adjustment process during relaxation of the wind forcing, and the 

consequent formation of the poleward current. This new balance of forces is evident in the steady 

state being reached by the poleward current (see the results from the Numerical Experiments in 

Chapter 4) as well as the steady state reached by the surface slope (see Figure 4-10 in Chapter 4.2.1). 
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• What processes govern the poleward flow 

One of the most 

undertaken, of which a 

formation the nearshore UUlvWU' 

bottom topography 

Stratification 

1. 

current were 

,..rrTllTIP what processes govern the 

Numerical Experiments were 

of three processes on the 

some namely, stratification, 

When no stratification was "''''''c""t in 1 in Chapter no 

poleward flow developed All the currents reduced to almost zero 

when the wind stopped, but it never When stratification was present, however 

(Numerical Experiment 1 in 1), the development of a nearshore poleward current was 

noted during the wind relaxation the obtained from Numerical 

Experiment 1 it was that presence of stratification is indeed essential in order for a poleward 

current to develop during wind that the vertical temperature field (and by 

implication the vertical density in the development of the poleward current. 

This is a very significant 

being barotropic ('driven 

barotropic 

formation 

the nature of 

that was achieved 

and became 

the poleward flow has previously been identified as 

indicates that there exists a relationship between the 

and they have a combined role in leading to the 

current. The reason stratification is important, probably 

previously, During the wind event, the balance 

was absent differed from the balance of forces that was 

to 

the absence of stratification, the surface slope simply adjusted 

was removed, thus achieving a new balance. When 

was preserlt. h,n\l/P""" CllT-t"r'p slope adjusted in conjunction with 

,",Vl,nun,,",.., a cross shore horizontal 

,.pr'f"',n n;,aw.,,;; to the formation of a poleward surface current, exact 

I"IPt'w~·pn the surface adjustment and the adjustment of the fpn,np,.", nature of the H .. ltA,,,,,,,,> 

field is unknown at ,.,rP"'P1U 

Bottom 

In order to 

the formation and a 

Ane{ Viljoen 

(thus the bottom topograph had any .ntlnpn on 

2 was poleward current, Numerical 
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in the Southern 

undertaken 

(Figures 

fixing 

,-,UUIJ<'-" 4.2.2). Three "111"1"",r,,,nt slopes were applied during 

and (b)). It should be that variation the inner 

at offshore of the inner shelf, and then pivoting 

that the inner shelf width constant. By doing the minimum (bottom) depth 

at coaSt minimum became 

and vice This is re<:Of;!:mi~a as a potential problem, u,-",aU,:>1;; 

model could ... ,,'"'''' change dynamics at the coast. Another 

coast and then to pivot the inner shelf around 

minimum at the but a variation in the of 

have had an influence on the dynamics. The 

are a matter a cP,,,,r»t,,, study will 

method. Such a study, however, beyond the of this 

~~nnn'>,.. the was, 

was to 

depth in a 

depth at 

would have led to a fixed 

shelf, which in turn could 

a variation the bottom 

I.;VllIULI\.,lt;U to test the influence 

During the wind event, a state was there was a distinct difference the 

the level of cold water intrusion to the coast. The position of 

temperature was closer the the inner shelf slope was. The the slope, the 

more cold water moved in very close to the coast, and leading to a 

mixed water column Figures 4-13(a), (b) and (c). When inner shelf is cold water 

must push up towards coast, against 

in towards the coast and 

""TT"r'p water divergence. lll;;\.,<1\>;>" the nearshore water (vertically) is 

the 

the 

towards the inner shelf 

surface, without 

is more 'space' for upwelled water to move in 

front too far 

IS water column is much shallower any 

temperature 

When studying the current more closely 

event it was each 

over the whole shelf but it always formed inshore 

also clear the poleward current was narrower flatter the 

note, is that although position of the nearshore 

H'<lHV",- of the its width did not extend over this 

the inner slope 

water will push 

the subsequent wind relaxation 

poleward current did not form 

temperature front. It was 

was. to 

current was always in the region 

only 

over a part of it, right against the coast. coincided the region where the 

have reversed direction have thus downward sloping wind 

was very at times). the width of the poleward current was not solely ll ...... !'Tnl 

by width of the region the water column has re-stratified, but the where the 
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towards 

coast). As tn",nhnn,',; this rp'.,,,,r,,,, slope "nl~l1rn"~'fln with an 

opposite adjustment In surface slope, and meret,ore it can also width of the 

rnr'"""r adjustment (due to poleward current is rrnln,,'f} by the region the geostrophic and 

the removal of the wind forcing) gives rise to a reversal in the surface slope as well as a (opposite) 

This reversal in ""tot",'P slope was HIUI'"''' ........ 4-15, which reversal in the 

indicated 

exactly with 

4-14(a), that the width of 

surface. 

" .... ,AI",·., current 

the reversed 111T"1J.>T''; 

Furthermore, 4-12 it was p\f1l1p"t the flatter the slope was, the longer it 

longer for the current to 

inshore water column is 

took for the poleward current to start to and it also took 

reach a steady state. A possible reason this observation could 

colder and has a level of mixing before) the the inner shelf slope 

means ."",th.'rn", will take to relax (or to become . __ ..... ~." in other words, it would 

take longer for 

. adjust, which 

water column to 

to the poleward 

Also, for 

current was 

it could be seen 

"VlvlaL\,U with the 

In tum, the will also to 

current taking longer to rt"""Q'r, ... 

4-15 that the ,,"rot<>r'p offshore of 

downward (and where the 

were upward "XV,",II''''' 

surface slope 

towards the coast. eOlllarOn7.laJ:a surface 

the 

became and the horizontal 

downward (towards the coast) to an (towards the 

as well as the ""rot"""" 

The turning 

,,, .. +<>r·,,, slope appeared 

a 

coast the inner shelf slope was. This was in the previous Ah"p,.\l" 

the moved closer towards coast the flatter was. The same was 

thus involved during the formation the equatorward surface but only in the opposite direction. 

The area very weak at times in the between the nearshore poleward 

",,,oF,,,·,,, current and the offshore 

Isoitht~mlS and a horizontal <:lIr'tl'lr'p 

present is no dri ving 

It noted that the 

only the flatter 

,,,,,'t,,,·,,, was slightly steeJ)t~r 

unl1Jnr'/1 sloping surface 

Anel Viljoen 

jet, can be ~""'~ .... "~"'u with relatively horizontal 

In this situation, no horizontal pressure 

could cause a current. 

state speed of the 

slope was. 

the inner shelf 

current was faster 

force is 

aH"V"!,;" at times 

sloping 

a .. n/HOIVlT of the 

to coast npi[pr,m.ll'1P." 

with the fact that 

was. It follows that 

strength of nnlPW,(1rn current. A 
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surface horizontal pressure gradient force (a barotropic 

which in tum leads to a ct,.r\no-,PT poleward current. 

Multiple Wind Events 

Once more applying Referen(;e Model, Numerical 3 4.2.3) was undertaken to 

determine what to the poleward current when wind events are simulated. 

expei;te,G, each upwelling favourable event a drop in water level at the as as 

the intrusion cold bottom water into the nearshore environment upwards towards the surface. 

Keeping in mind that 

a significant on 

sul)seQw~nt wind events. 

the isotherms horizontal 

the with the 1.'1l':1l1j;i~1;O 

first wind event 

during 

(compare 

6(a), (b) and (c)) as the warm water was IJU1>Il"U and further 

wind \'01 "'Aa.!LlVlll, the cold bottom waters remained fairly close did not 

all way back to location in the deeper waters. This is due to upwelling 

needing a much shorter time to 

upwelling event. Upwelling is actively 

than is ne(;xIe~a to re-stratify water column following an 

the wind stress, whereas the relaxation of 

place internal 

From above observations it was that a so-called "spin up might be necessary 

when studies are undertaken Helena Bay modeL An upwelling 1"£l\}'r\111'<l1"l1 

wind that blows for a few days at the each will ensure the initial intrusion the 

cold bottom waters into the inshore region. This will set up a suitable initial condition to ensure that 

the temperature in the 

indeed include a 

It is important to note 

the poleward current 

a new balance of 

upward 

represents the natural conditions as closely as possible. It was decided to 

10 St Bay model, as will discussed later. 

numerical one event was aU1JU,",U. 

a steady state during relaxation the 

been reached. The downward sloping subsurface 

indicating that 

and the 

poleward a constant state. multiple events were applied, 

current as soon as the next event started. It is an 

(like another 

has formed. The apt:lear'al 

wind 

Anil Viljoen 

event) is necessary to make the poleward current once it 

of another wind event upsets the balance of which was achieved 

",,'un.H' (as another is added). 
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more interesting observations were made when comparing the of the 

currents with surface currents, as well as offshore bottom For this t'\11 ..... """"" 

typical current of current were investigated at different locations 

for I'IJn ..... " .... f' time were In 4-11. 

this figure it was 

most rapidly at the 

from this 

that, when the stopped, the reduction in current speeds occurred 

currents started to 

a few 

surface jet, should 

location (the shallower region). As before (and once 

current eventually poleward. In the 

once wind relaxation event 

it never turned behaviour 

noted. The time 

of the surface 

reaching a steady state 

OOlllOlTI currents, 

of the ""r"!"<or'''' was 

eventually associated with a net poleward 11M.rla. .. ·f'."""'a..,,t This rla.,·" ....... "' .... t al:)J)e;arc;(J a few 

the nearshore poleward current appeared. 

Experiments. 

The setting up of more complex St 

data sets for the simulation . 

same behaviour was for the other 

Bay numerical required several nn" .. r11"., 

wind forcing is pivotal in the development upwelling 

events in the reglOn. ... "",+a..,,+ southwesterly winds are upwelling favourable, a 

reversal of 

wind data, 

Cape St 

of the wind 

time series 

February 2002 

It would 

and 

were 

as well as the 

were indicated 

at the St Helena 

simulation period). 

to apply 

lead to 

two locations, .. _ .... _ . .1 

- Nortier wind 

). Figure 

""",,,th,>r station 

must be in future. It is known (Jury, 1984) that 

indeed spatially In order to such winds in the 

data is important. Wind data obtained QuickScat is 

horizontal because of the (25km 

This data will not as spatially 

need for better wind and the would be to use 

MM5 (Mesoscale Model 5) at a 2-5 km). 

Anel Vi/joel! 

conditions. 

Bay 

a representation 

the 

months of January to mid 

in the model, 

in the St area are 

quality high wind 

to observe scale 

as well as the location of the data. 

in the model. is thus a 

an atmospheric such as 
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Due to the of spatially-varying wind data, three studies had to St 

Bay for the purpose this Table gave a of these :-'LUUIC;·1>. 

Other than wind accurate boundary conditions are important for the model A 

detailed account of the boundary conditions regards to water specifications was given in 

3.1.1 3.2.1 (the same method was followed for the Reference Model and the Helena 

Bay model). Concerning the temperature at the boundary, data measured at "LLVU""'_'''"U 

Bay (Monteiro, 1997) was applied at the Helena model boundaries, due to a lack 

data at this model was set up. Very few good quality boundary are 

sources, and model C;UllllC;1> measurements from areas at time scales, 

than not 

A limitation of the numerical is limited that the user has when specifying 

boundary conditions. The model allows for non-dynamic (or temperature 

at the boundary. This to the problem having growing discrepancies between 

boundaries and the temperature temperature specified at 

during a model run, Uv'-,UW)", 

conditions. This might set up 

model U"',l(lI11 

the 

reason, the model UV'''':Ull is usually 

away of the area of interest as possible. 

interest is advantageous with regards to 

nature the I-l pt"Pt'POt'P 

size of the (for 

"'~'~''''n is allowed to the 1"{"\t"('1 n IT 

currents close to boundaries. 

enough to keep model boundaries as far 

the model boundaries removed from the area 

southern boundary, which is usually ill-posed by 

There are, 

and at 

also limitations to the 

it is not entirely possible to 

remove the boundary enough away the area of mtiare:st. problems 

at the model boundaries were minimized this thesis the a 

programme that allowed a across the model boundaries (see Chapters 3.1.1 and ). 

This was the Model as wen as the St Helena model. 

development the of Helena 

Chapter 5 the horizontal current the upwelling-relaxation 

phases, as well as vertical cross-sections of temperature and the surface slopes. development 

of current was studied along West from north Lamberts Bay, into the eastern parts of 

St Helena 

In "O"'·"'''',na..nt with study (Pitcher & Boyd, ] 996; et 1998; Probyn et 2000) 

the current in the case the St Helena Bay model also developed during a phase 
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favourable wind event. It 

4 wide), to the coast. 

an along the West 

along the coast. current 

current was 

Bay, not 

wind 

started. 

...,LU"'ULL"U event continued, and disappeared as soon as next 

occurred in quite a narrow band 

a wind relaxation 

down 

strlenj;~thiene~CI and widened as 

favourable event 

The development of poleward current in the St seemed to be based on similar 

basic mechanisms as was identified during the "'p·tPy,"nr'p Model experiments, but it did not always 

agree completely with the Reference Model Model it was found that, 

during a wind 

the 

In 

part of 

adjustment in 

In the case of 

the surface was downward sloping 

to surface 

zone. The width of the poleward current 

4-14(a), (b) and 

isotherms were rl01lXln'lXl 

coast. During wind relaxation, 

be<~ornmJ!, upward sloping towards the coast 

width of the upward 

Below 

coast to COITIOi;nsate 

Bay model, however, was not the case. There were 

during an event, when the surface slope to the coast was relatively flat and even 

slightly upward sloping (instead of downward as was expected). In agreement with 

results from Model, the surface was usually sloping close to the coast the 

time current was visible, and poleward current did more or 

of the upward The slope of the 

was not always in region, as was eXIDe<;teil. 

At isotherms were coast while a current 

was visible. It appeared that there could be ...... ' ..... VWA. factor(s) that are important 

fonnation poleward current in the St Helena Bay A detailed study of 

fell beyond the scope of this 

The above discrepancies could probably be attributed to the higher level of complexity 

St Helena model (the irregular coastline, the of a cape, and an alongshore variation in 

bottom • " •• nUT'" .m 

The Drei;en,~e 

Anei 

These added complexities, as weB as the little flexibility provided by 

0l3,gnIJS[IC study, made it 

inertial circulations in 

water column, as well as 

to this poleward current 

the study of the 

Near-diurnal In 
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obtained from by Holden (1985) support 

inertial motions. As was illustrated in ""..,mr,~" 5-l(a) and (b), inertial movements caused the 

isotherms to move closer/further offshore at regular intervals, it also caused water to 

and drop slightly while inertial movements took place. 

In western part St Helena a thermistor chain was deployed in m of water 2-1 

its position), which provided a series of temperature at 2 m depth 

series was to compare model with observational data, and it thus as model 

validation In the (on a seasonal scale), it is important that the model rerlre!;ents the 

overall behaviour in the vertical temperature structure (i.e. and 

sufficiently well over the simulation and cooling the water as 

relaxation events must be evident, as as v,-"o",,,,,, and cold bottom water 

When the measured St Helena Bay weather winds were applied, it was noted that the model 

6-8 day event scale variations in temperature remarkably lea)). 

as strong wind events (and subsequent relaxation of the wind) 

were most "V''''-~'''V''-' discrepancy <,\PT'\1I",,>" 

is that were 111"."'1· .... "" the modelled temperatures were 

place 

modelled 

colder 

than the measured temperatures. This discrepancy between the measured modelled values can 

and direction is "'OJ'JU~'~ throughout the most probably to fact that constant 

purpose simulation; spatially-varying winds are not used. As a 

result, the model not account of wind shadow in St to 

the presence Cape Columbine. This OV(!reimni1atIBs the wind 

Bay area 

UUIJIlICAl in the St Bay 

area, leading to stronger entrainment cold water into the surface layer, and thus lowers temperatures 

in the model The model 

as it 

did not reproduce the diurnal variability in the temperature in the 

in the measurements. A reason for this could that the 

modelled tPl1n"''-'l'!>i''',.,,,c are average values per model and not values at a specific point in depth, 

anomalies in that the model data is already at 80% the 

system correctly. ,rp.""'TlV the wind data and boundary conditions should to a significant 

improvement in anomalies between measured and modelled data. 

A of % in the St LA .... 'v' .• u weather station wind led to warmer 

modelled temperatures throughout the water column 5-21(a)). than that, the 

showed a 

winds were applied, The 

observed structure when the St Helena Bay weather 

in 5-21(b) showed that the model data for this study was 
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60% of the ,",v,,,, .. rn correctly. The the 

measured IVU'-'U\,,-, temperatures fV'1'l1,., .. ""rl surface. 

When the 

winds 

variation in the by smoothing the wind this led to lower 

as well as a significant (all the peaks were 

Figure 5-3l(a) it was that the modelled rp"nn"'r~rl1rp 

in the inertial 

were higher than the 

In this study, the overall ",-,""""l",", tp1'1nn~'r~jrllr'~" in the ",1f'"l"<>,.'P 

wind 

warmer tennpe:rature 

leading to \A/P""'>1" 

in the model 1""un,,,. 

in the deeper 

of cold water 

was also significantly 

series appeared smoother) modelled temperatures 

where the measured St Helena Bay station winds were applied. 

and 

variability (the 

cOlnparea to the 

is probably due to the 

period variability. 

approximately 60% of 

anomalies in Figure ] (b) the model data 

was CUll ... "',,"'" correctly throughout water column for most of 

In summary, as expected, when U,-,""""l"',", St Bay """O<<1I'vl ",a,""'u" winds were applied 

model, the best npr-Ul~·pn measured and IU"',",,,,",,..,", ternpt~raltun;s was obtained 

(an ~O'T'Pp,,,,pl,,r of 80 %, see 1 (b»). This is due to close to 

thermistor chain, behaviour of the temperature in the (the western 

Bay) is most strongly influenced by those winds. 

the Bay numerical 

"'" .• "', ....... over the upwelling 

results reflected the 

and the seasonal 

characteristics of the 

of the event 

11U'''''''';'''' were: 

., development of the narrow inshore poleward flow 

upwelling cycle; 

., Upwelling at Cape Columbine; 

., The barotropic jet on the side of the plume; 

., variability of "''''U1T'''''' as a result of the 

",nl-""'nrn."",! and mixing and solar wind 

., 

relaxation 

of buoyancy 

In all three of the studies there was of cyclonic motion in the southern parts of St 

by 

during relaxation events. is a feature that has been in Helena Bay et 

2000). 
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From this study it was that of the circulation and stratification of 

St Helena are very complex and that a U'-".CUl\_U the formation of poleward 

current 

data was a"'''''''''''''''' 

will require more intensive lack 

St Helena model. The application 

varying wind 

.. ~;,~'~¥.~ wind over 

the whole to properly as a cape, because the wind 

shadow normally results from presence of a cape, did not It is very difficult to 

the exact influence that the a cape on the formation of a nearshore 

poleward surface current. in to a more thorough investigation in 

it would be valuable to obtain resolution boundary wind 

data. the wind data is very important when development the poleward 

current is studied. Good quality, high resolution data will be before a model can be set up 

applying spatially varying winds. It will be necessary to 

Columbine in to understand how important 

the behaviour and 

Cape is during formation the 

poleward surface current. 

The Tlt"l1n,rr" from study IUI\;i:UC:U that cross shore pressure gradients in an 

nrt·ct .. ,r.rp Ull'''' .... lIVH are the main a narrow poleward current in the vV'CllH'vl 

This hn.ti,n,"'" is in contrast to the modelling of & Allen and 2002b), who showed 

that poleward currents are alongshore pressure which is set up by the 

of the wind-forced flow with the variations in shelf topography. The modelling 

study conducted by (1997) concluded that a poleward current seems to be by an 

alongshore poleward pressure which resulted from unbalanced when wind 

is removed. All the agree, however, wind and the unbalanced 

(due to removal of the wind forcing) in the formation of a narrow poleward current. 

It is unfortunate that does not allow the user to do a proper diagnostic study of the 

results. of study it have ideal to momentum balances 

in order to a complete dynamical understanding of the formation the narrow poleward 

current. Without the capability to do such a diagnostic study, however, it is not to explain 

exactly the the current are. 

It is concluded that good progress was during thesis in understanding certain 

mechanism behind the of poleward surface current, as seen in the St JJo;;;·lo;;;lJ'<l 

in the Southern a understanding of the development 

current has not achieved It is a and "'HIJ:',aUVll" will be 

required to complete the understanding. These future investigations should nrr"lulp additional insights 

the of this distinctive current. 
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APPENDIX ........ .-........ , .... of Heat Flux Models 

9,8 H flux models 

The heat <4""U","'" emitted by the sun 

in the range of 0.15 to 4 
c .... <ltt"'.· .... n ... "'TII"' .... TUU ... and absorption by 

in the form of lec1trolmagm~tlc waves 

particles. On 
earth accumulates 

of 

temperature 
along with the heat nux 

that the absorbed heat emitted 

rU<lTtnt"'<:: are longer (between 4 ~lIn) 

tt11()Sptlere and on Earth. Schematically the 
radiation nf'rV'p,~c at the water surface, is 111 

Figure 

~ / I "Solar insolation (short wave) 

(long wave) 

Atmosphere 
Absorbed 

Figure 9-9 Overview ofthe heat exchange mechanisms at the surface 

Legend: (short wave radiation) 

reflected solar radiation in 

atmospheric radiation 

..,,,1'1,,, .... ,,,,., atmospheric au II CUI 'UJ 

(long wave 
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A: Description of Heat Flux Models 

heat loss due to evaporation (sensible) in [J/m
2
s] 

heat to convection (tatent)in [J/m
2
s] 

hi Delft3D-FLOW the <;;lA',I1<""",," at is modelled by into account 

In 

L 

wave) radiation, and heat 
IS a variability of 

across sea surface. Most 

,.,h<lll<l,P on meteorological parameters 

Some formulations were calibrated for seas 

five heat models been implemented: 

model 1 
incoming (short wave) solar radiation for a dear IS 

to 

The net 

back atmospheric (long wave) radiation heat 
radiation convection are computed by the model. 

2. Heat flux model 2 
{'".n''''h'''~'f1 net 

prescribed. terms related to heat 
by 

3. temperature . 
The heat flux at air - water inter£1ce is computed; only the 

is required. 

4. 

solar radiation is back radiation the 
due to evaporation and convection are computed by the model. 

as a nUlctlon of The flux is 

5. 
(in %). 

I"n'lrnl<'N.' ....... are computed by 

model. This model formulation typica.lly applies large water bodies. 

For physicaJ background of the heat exchange at the air-water interface and the 
we to et I for 1 2, to 

3, to (Murakami et aI., 1985) for model 4 and to (Gill, and (Lane, 1989) for model 5. 

the 
radiation, are 

Evaporation and convection depend 011 the air temperature, the water 
near the wind excess 

Appendix A· II 

I 



Univ
ers

ity
of 

Cap
e Tow

n

APPENDIX A: Description of 

model computes the heat 
of the sUiface layer rel.ftXCllles 

a way that the temperature 
temperature specified by you. The 

heat transfer coefficient mainly rI<>".",rH1", 011 water TPn,. ... "' .. "nl and wind speed. 

9.8.1 Heat balance 

The total heat flux through the free 

(9.1 

with: 

Q net incident 971 

net incident radiation (long Wave) 

The subscript 11 refers to a net l".'U'ltf'1hl 

discussed in deta.il. 
heat fluxes in Eq. (9. t 82) wiH 

The change in t"'.,n ... <>' .. "'tll .... is given by: 

a 
at 

where eat (in J/m2s) 'is flux through the air-water 

the """",.'!"',I' 

A (in m) is the 

p wis the specific "",,;.on'v 

the top layer. In Delft3D-FLOW, the 

lead to over-prediction of the water 
on the water temperature is not 

IS 

Remarks: 
• The ten:lpe:rature T is by ... " .. ,n.n expressed in °C. However, in some 

are related by: 

15, 
• In heat flux is to 

an unrealistically high surface ""''''.,.">P .. "TJ 

"'"P'''''''''''''II by the incoming 
"'1'Y .. "nt~,n 10 flux model 4. 

""'!:It'!lt'l4,ptpr..: for tbe heat flux models are model dCI>Cl1ldelrlt 

radiation has to be specified 

solar a clear (Q~J for heat flux model 1 ~ as 

IS 

at the bed 

absolute 

layer. This 

Currently, 

examplle, the 

Appendix A - III 
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APPENDIX A: Description of Heat Flux Models 

and net atmospheric radiation (sum QSll ) for flux model 2, as solar 

for flux ulodel 4, or is computed by he.:1t flux model (heat 

mo,aells 3 and 

9.8.2 radiation 

The short~wa ve 'l"artt",,!",,,,, emitted by 

condition can means 

• Direct measurements. 

=6 

with 6 = 
temperature [K]. 

• Empirical forinulae. 

sun that ..... "' .. t,,>1;: earth under a 

for radiation from a black-body: 

184) 

constant = K"] and the (absolute) 

heat flux modelsl, 2 and 4 solar to be by you. In the excess 

temperature model 3) the radiation does not play an explicit role; but is part of 

background temperature. In the heat model 5 the radiation is computed by the 

program and is dependent 011 geographical position at the and the local 
Not the IS at the water A part IS 

waves can penetrate over a 
while the waves are absorbed at the 

COllvt::l!l1eJlI to solar insolation into two 

portions: the longer Viave portion, fJ , which is absorbed at the surface and remainder 

part, (1- f3) , which is absorbed ill deeper water. absorption of heat in the water 

co'lumnis an ex):)Onent 

(z) (1- fJ) 

fJ 

r 
depthr 

1.7 

HSecchi 

z ,., ... u,",,, to the water 

Remark: 
• exponentialfunctlon, 

'''''''''1"11'1'' from water 

which is a of the 

is 0.06. 

(9.1 

so-called "\:(;(;01-

"~",,,,h'fl in the 

modds 4 5. ]n the other heat flux .",r";,,lc 

flux 

radiation is eXIJectea to he 
absorbed the layer. 
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I APPENDIX A: Description of Heat Flux Models 

In flux model 5 flux is COlnpute:d """"tJ"''''''''''' geographical position and the 

water surface Getlell(lS on the angle (declination) 

on 

local time. The incoming pnPTOV flux. at 
"1"1'1"""",,, the This declination on the 

Earth is not perpendiculat to , 

connecting "'lith time of 
and it to a seasonal u, .. ·."'t.nn At June 21, the declination is 

Of course, by the the radiation vanes 

the day. Near o'clock local time, sun elevation above horizon is 
maximal. an overview of the used to npt,M'"''''''P elevation angle r, see 

Figure 10. 

temporal latitude-dependent solar ris estimated 

with: 

23.51f 8 = " cos(ro t-
180 0 

(9.1 

where £00 is the frequency diurnal 

variation; t/J is the latitude. 

SUI"! 

, ~ : latitude 
'~ : declination 
6J: 

south 

9-10 Co-ordinate nosition Sun 

The incoming solar rlH.lr.nn through a sky at level is about 

incident at the top of 1982): 
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APP,ENDIX A: Description of Heat Flux Models 

_ {0.76 S sin (r), 
Qsc- 0.0, 

The constant SIS 

the Earth. 

(r) ~ 0, 

sin (r) < 0. 

IS average energy flux at the mean 

(9.1 

of 

Water surface is reflected or 

Mn~"'"r." albedo) is dependent on latitude and season. Cloud cover will reduce 
magnitude radiation flux reaches the sea surface. cloudiness is ""' ..... ,..,."'",,.r! 

cover fraction fraction the by 
cloud cover is an empirical formula. of radiation is ca1culated (Gill, 
1 as the net downward flux of short wave-radiation in conditions 

and k"1ctors correcting for reflection and cloud cover: 

-Qsr == (l-a)Qsc f(F;;), (9.189) 

with: 

net heat ra(ilatron (flux) from 

radiation (flux) for condition 

a albedo [~~I·l~~l'.~·~ 

input) 

) 

The cloud function (~) and albedo coefficient a used are In 

Table 9-1 Albedo coefficient and cloud function 

9.8.3 Atmospheric radiation (long wave radiation) 

itl,UI,cUn,IU is primarily to of by water 

vapour, carbon dioxide and ozone in the atmosphere. spectrum of 
atnllos;oil<ere is highly irregular. amount of atmospheric radiation that reaches the IS 

by the law that 
into account the of .. "TI" .... ~ ...... ., 

and absorption by clouds, relation the net atmospheric radiation Qlln reads et 

a1., 1 
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APPENDIX A: of Heat Flux Models 

(9.190) 

(in K) and the TPTIIP"',,"'" r= 0.03. The emissivity 

and air temperature. may depend both on 
'~ptuf""n 0.7 sky and low temperature 

This is expressed in 
TlII1PT"IU, g ) . 

In heat flux model 1 a simple linear atmospheric ,..';u·,.!lt ... , .... IS 

(Octavia et .1977): 

) 

temperature (in 0c). g ( .r::) in Eqs. (9.190) 191) is 

) 1.0+0.17 (9.192) 

linearisation of Eq. (9.190) is out "·"",11,,,11 

Remarks: 
.. In heat flux modell the atnl0SDll(~nC is computed. 

.. flux model 2 the atmospheric ra(]llailOn is part of the (measured) net 

flux specified by you. 

• 1n models 4 

• 
flux 

prescribed as a function 

"t·.,,,,,,,·,,,I>< .... ,.. radiation is part of the 

radiation, see Section 

is fixed for whole simulation period in 

is not used in heat 2 3 and <:.:111 be 

model 5. 

9.8.4 Back radiation (long wave radiation) 

Water radiates as a near so the heat radiated water can be described 
by the Stefc1n-Boltsmann's law radiation, corrected by an PITliI<:"·,,,dv factor e of water 

1976), (Octavia et 1 and the reflection air-water interface 

l' 0.03: 

=(1-1')80" (9.193) 

water K. 

For heat flux ""1".rI"il,, 2 193) been =1 
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APPENDIX A: Description of Heat Flux Models 

Remark: 
.. In flux 1 and 2 radiation from the water is compute.d 

explicitly_ In heat flux ..... rvl"I" radiation is of the total long-wave 

radiation the so-called see Section In heat model 3 

radiation is of coeftlcicnt 1976). 

Effective back radiation 

In flux 4 5 
the "'H"~nt-.,,~ back radiation: 

llet long wave <&\,"''''"'''''11 flux is computed. IS 

The atmospheric radiation der)enljs on the see 

cover depends on the surface 

temperature I: . 

In flux 4 the ~H,.~ ... ,~ radiation is computed using formula: 

..[e:)( 1.0 96) 

" with vapour given by Eq. 

l.n flux model 5 the ~+:j.;"~ .. ;.,~ back radiation is computed 

~ea (0.39 -0.05;;:)( LO-C. ) , (9.1 

vvith the vapour by 

9.B.6 flux 

process place at tl1e inter£'1ce 
l'n"."i11f1"'~'" both in the \vater near the 

In heat flux models 1, 2 and 4 the p.Vl'1rnnf'l'It"IVP heat IS gIven 

the in J/kg: 
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APPENDIX A: of Heat Flux Models 

evaporation rate 

1S computed 
n<>T"""'n as the volume of water 

following Dalton's la\1\' of mass transfer: 
per unit area unit 

with the actual vapour 

fonowing relations: 

e = s 

-e ) 
f1 ' 

saturated pressure , by 

(9.202) 

relative 1ill/III IS "n"'i"1"t'Pr1 as a function of in an heat flux models but 

excess temperature model (model 

Remarks: 
• The <>u<.n"" .. OT,nn rateEcornJ)lJlted from a flux 

the right of the equation (9.4). 

as a source term to 

is Maseva 

• from formulation ""',,",,-,.,",,u, 

be as a function of case this 

overrules computed evaporation both the heat tl ux model and the continuity 

equation~ see Appendix on. how to nr",,,£'rl aet)enael!1t evaporation. 

For ....... rvt"'I" I, 2 and 3 speed function f ) follow.ing 1976) is 

(9.203) 

where Sarea is exposed , defined and for the 

. simulation. The coefficients calibrated by V'lere on the wind at 3 meter 
above free the Eq. (9.203) are based on the 'wind speed 10 meter 
above the water 

In heat flux function et aI., 1 is used: 

(9.204) 
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APPENDIX A: Description of Heat Flux Models 

with C
f 

::::: 0..0.0.12 the so-called 

et a1, 1985). 

lS 

heat model 5 the """""" .• ,..,t'n" rate is computed 

rather than from the 

humidity 

The are by: 

=10. 

for .Ia[~anese waters. (Mura'kami 

the in humidity, 
latent heat flux for heat 5 

(9.2o.5) 

and saturated 

(9.208) 

(9.2o.9) 

humidity 'huIII is specified as a ftlnction time heat flux models the 

excess t",,,,,.,,,,, .. ,,+'w~ model (model 3), 

wind function 

5 was 

is foUowing Eq. (9.20.4), but the Dalton number In 

the North == 0. .. 0.0. 15 . 

9.B.7 heat flux 

at equals turbulent 
can mass by 

Bowen 

(9.210.) 

(9.21 I) 
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APPENDIX A: n ... ,et .... "i ... ti ...... of Heat Flux Models 

,,,ith r 
r 0.61 

r 

In 

Bowen '5 constant: 

for heat flux tYln,'1"I" 

for heat flux model 

vapour pressures are 

5 the convective heat. 

with the density of air, cp tIle specific 

(Gill, 1982): 

Stanton 

of heat 

Heatflux model J 

2 

(9.201) and (9.202). 

for the 

for NorthSea:cH =0.00145. 

flux model 1 the relations cornmItatlOn of 

are in Table 9-2. 

Table 9·2 TemlS of the heat balal1ce used in heat model l' 

Quantity Description 

short wave solar radiation 

net. solar radiation 

heat loss due to COllVelcncm 

Heatflux model 2 
Heat flux model 2 is on 

According to 

clear sky measured 

Eq. (9.189) 

Egs. (9.191) and (9.1 

Eg. (9.194) 

given by (Octavia et 

data for the combined net radiation terms (QIrI + Qan) must come 

source 

measurements. The remaining terms (back radiation, evaporation, l"f'I~\Vplrnrn' are computed 

similarly as for heat I, Table 9-3. 

Table 9·3 Tenus ofthe heat balance used in l1cat model 2 

Descril)tion According to 
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APPENDIX A: n .. c.l"l·intinn of Heat Flux Models 

Li<.,,"""'.H temptwaiure model- model 3 
The excess 3 is based on (Sweers, the IS 

a bulk ex(;halnge formu1a: 

=-A( ) , (9.214) 

with the water at the natural 

temperature; both 

The heat p.VC·,h<>1"1O"P coefficient A is a function of the surface f~"~,,~,p~",,pn 1's and the 

, speed . It 1s derived linearization of exchange fluxes back radiation, ''''l<.n" .. "tinn 

and convection. The following was derived 

A=4.48+0.049~+f(UlO)(L +0.018 +0.00158 ). (9.21 

For wind function (U10 ) (9.203) is applied. 

Mlirakllllli'mode/­ model 4-
The et at, 1985). 

Table 9-4: 

Table 9-4 Tel111S of the heat balance used in heat model 4 

Ocean model .5 
heat flux model 5 foHowrng (Gin, I and (Laue, I was for North 
and successfully for The foHowing relations are used the 

computation of heat 9-5: 

Table 9-5 Tenus ofthe heat balallce used ill heat model 5 
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APPENDIX A: Description of Heat Flux 

The time aelJet1laelllt input for of the flux is summarised in 

Table 9- 6 "un""",,"\), of time data of the heat flux models 

Quantity modell model 2 F,xC'el'O!I: Murakami Ocean 
temperature 

QS(; x 

QSlI x 

QSfj+ x 

x 

x x x X 

linml X X X x 

F x 
C 

~11 
X (optional) 
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APPENDIX B of TILT boundary module 

Description the Boundary Module 

Background 

In hydrodynamic models such as 

cn.~t'I1"lorl as levels, currents, 

boundaries in both time and space. 

identified from the as one of 

the open boundary conditions may be 

or Riemann invariants, and may vary along the 

cn,:>f'11rlf'!:I1"It'l,n of correct open boundary conditions was 

issues for applying DELFT3D-FLOW 

model to African conditions, are characterised by weak tidal 

currents, strong wind-driven currents, a and a of regional models 

in which to local models. This is in f'l"'\r\Tr~CT to Europe, where tidal dominant 

and conditions may be "' .... £'I""T'O ..... as tidal levels obtained from \l\Il'l'II_('·~lltU·""torl regional 

To ..... o"Olr'F'\ a hydrodynamic boundary 

conditions in Southern Africa to be 

enable the commonly-encountered hydrodynamic 

conditions include wind-driven current forcing, 

"'-""""""'" ocean circulation, e.g. the Agulhas and a combination wind and large-scale 

ocean circulation. The module should 

to DELFT 3D-FLOW . 

Approach 

The assumes a relatively 

two cross-shore 

boundary orientated 

boundary Le. water levels, 

selecltea for all three open 

specification by allowing the 

time-varying conditions the output should be 

where the model has three open 

orientated approximately normal to the coastline and a 

parallel to the the four possible 

or Riemann 

is because water 

model to l"'Io'to","" 

water levels have 

the most simple and 

of the two- or 

three-dimensional flows through the boundaries. The tide can added by simple 

3 different modes of 

option is used when 

The module 

oH" .... tc dominate the currents and no current measurements are 

the water levels generated 

account wind-driven currents, 

levels that to on the boundaries to 

the model domain to 

arising from these currents 

winds, taking into 

wind setup. The 

Ann.>nriiy B. 
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APPENDIX B Description of TILT boundary module 

the water column is taken into account and water in shallower areas 

than in areas. illustrated in the examples that follow, failure to apply the correct boundary 

conditions even for a relatively simple case such as this results in large recirculations on the 

boundaries will invalidate the model results could lead to model "blowing-up" 

an unstable feedback loop develops between the water level error at the boundary, current 

speed resultant Coriolis tilts. 

This option is similar to Option 1, but allows a time-varying background ambient current to 

n""t'I~la.rI in addition to the wind-driven currents. option is applied 

dominated by local winds, but a ocean circulation is also 

the currents are 

Note that the 

background current will not recovered exactly in model 

a strong wind in the opposite will reverse the 

it will be modified by the wind, 

current, particularly in shallow 

water. this option, the total water at which the background current applies must be 

specified. 

Option 3 - Current driven bv measured current plus wind 

This option is applicable when measured timeseries of both Il"ro,nt", and winds are available. The 

module will recover the measured current even if wind is blowing in the opposite direction. The 

total depth at which current was measured to specified, since the current 

will only at this At other depths, the balance between longshore 

wind stress and bottom friction will determine the current any time. 

Theory 

Assuming that the current is flowing the momentum is <:::,.,U1,/Orl 

in longshore direction obtain longshore currents. Thereafter, the momentum equation is 

"""I\fUn in the cross-shore direction obtain the wind setup and coriolis tilt. 

The following momentum equation is solved in longshore ( y ) 

1 

accelareatoin ::::: -slope + wind stress - bottom friction - Coriolis effect 

Appendix 8- II 
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APPENDIX B Description of TILT boundary module 

where: 

g :::: acceleration due gravity 

v :::: velocity in longshore direction (m.s") 

t :::: time 

z :::: water elevation above still water level (m) 
y ::: in longshore direction (m) 

p ::: density (kg.m·3) 

Cd ::: wind drag coefficient 

UJ' ::: wind speed in longshore direction (m.s·1) 

h :::: water depth (m) 

::: Chezy coefficient (m 1/2.S ·1). 

The Coriolis term is left out velocity in the cross-shore direction is assumed to be small. 

1 is first solved to obtain the longshore slope and subsequently obtain longshore 

velocities. The depends on which of 3 options are selected: 

For Option 1 (current driven by wind only), the longshore slope is zero since the longshore wind 

is balanced by bottom friction, i.e.: 

::::0. 

Option 2 (current driven by wind plus a background ambient current), the longshore slope is 

by bottom friction due to background current the the 

background current at the depth where current is specified, 

slope - acceleration - friction. 

For Option 3 (current driven by measured current plus wind) the longshore slope depends on the 

balance of acceleration (of the measured current), wind and friction at the depth where the current 

is measured, 

:::: - aC(~eIE~ratlon + wind - friction. 

These longshore slopes enable the water levels along the offshore boundary to be specified, 

assuming that the mid-point of the offshore boundary 

I. 

a zero elevation relative to still water 
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APPENDIX B Description of TILT boundary modul~ 
, , 

------~---------------

1 is now solved a second using slope calculated above in order to obtain the 

longshore current (v) each depth point along cross-shore boundaries using a simple explicit 

scheme. 

The next 

obtain the 

is to the following momentum equation in 

in the cross-shore direction: 

dz o ::::: - g + :.-=---=----'-'---'- - 0 tv 
dx 

(acceleration::: -slope + wind stress - bottom friction - Coriolis effect) 

where: 

g ::: acceleration due to gravity 

z ::: water still water level (m) 

x :::: in cross-shore direction (m) 
\ < 

P density (kg.m,3) }., 
::: 

::: wind drag coefficient 

::: wind speed in direction (m.s·1
) 

h ::: water depth (m) 

f :::: Coriolis parameter 

v ::: velocity in longshore direction (m.s·1
). 

cross-shore (x) direction 

.......... Equation 2 

Compared to Equation 1, acceleration and friction terms are zero because the currents in the 

cross-shore direction are assumed to small. The Coriolis term due to the longshore current is 

now significant. These cross-shore slopes permit the water levels at each depth pOint along the 

cross-shore boundaries to be calculated, starting at the offshore end the boundary and working 

towards the land. 

In order to include tidal effects in addition to wind and large-scale current effects, the tidal levels 

are Simply added to the water levels computed above. 

above theory has been implemented in FORTRAN77, which produces a boundary condition 

format file that can read directly by DELFT3D-FLOW. 
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