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Abstract 

A process-oriented approach has been applied to the circulation and thermal structure of False 

Bay with a newer generation ocean model, the Regional Oceanic Modelling System (ROMS). 

The Bay's circulation and thermal structure have been investigated through a hierarchy of 

experiments, which have been designed to increase in the complexity of the applied physical 

forcing. By taking this approach the study not only addresses key processes driving the 

Bay's circulation, but also the relative importance of each process. The study has included 

observations with five acoustic Doppler current profilers (ADeps) positioned at selected areas 

of the Bay, in hopes of gaining a better understanding of the key processes driving the currents. 

False Bay is the largest Bay in South Africa and is found in a unique location: on the 

Western Agulhas Bank positioned between two major oceanic current systems, the warm 

Agulhas current to the east and the cold Benguela upwelling system to the west. Despite 

previous studies, there is still uncertainty associated with the circulation and the processes 

that drive it. Recent water quality concerns, extreme events of rough seas and storm surges 

have led to a renewed interest in the Bay's physical processes. These concerns and the 

uncertainty of the exact nature of the circulation are the motivation for this process study. 

The first modelling experiment was designed with the objective of determining the im­

portance of the Bay's bathymetry on its circulation and thermal structure. Experiment two 

focused on the influence of offshore conditions and was investigated by varying the boundary 

conditions applied through "offline nesting". Experiment three investigated the influence of 

various sea surface temperatures (SST) restoring terms. The results of these experiments 

have shown that: (i) the bathymetry adds complexity to the flow structure in the Bay and re­

stricts a proportion of the remotely forced circulation from entering the Bay, thereby effecting 

the thermal structure, (ii) by adopting more spatially diverse boundary conditions and SST 

restoring terms, the results of the simulated thermal structure revealed a closer agreement to 

previous observations, (iii) during winter when the Bay was well mixed, the circulation was 

mainly cyclonic, while in stratified conditions in summer, the surface flow reacted strongly to 

the wind forcing, and can be anticyclonic, even though the deeper flow was cyclonic. 

The observational results have shown that the Bay's boundary flow was rectilinear, polar­

ised to the coastlines bathymetry and mainly driven by wind and tidal forcing. Inertial flow 

was singularly absent. The circulation at the Bay centre was complex and highly variable, with 

weak correlation to wind forcing indicating that other forcing mechanisms are responsible. 
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1 Introduction 

False Bay, the largest bay in South Africa, lies between two of the world's most in­

fluential current systems: the Agulhas and Benguela Current Systems. False Bay is 

situated at a biogeographic break (Pitcher et al., 2010), belonging to both the South­

ern Benguela upwelling system and the Western Agulhas Bank. The oceanography 

of Southern Africa, particularly this region, is some of the most complex and highly 

variable in the world (Roberts, 2005). Owing to the surrounding steep orography and 

its position, the meteorology of the False Bay region is also complex, having wind con­

ditions that are unique when compared to other regions of South Africa (Jury, 1991). 

It is under these special conditions that the circulation of False Bay is regarded as 

highly complex. 

False Bay is of great human relevance as it is one of the most productive bays of 

the Southern Benguela upwelling system (Pitcher et al., 2008), providing a sheltered 

home to various marine species. The Bay supports many livelihoods, being important 

to the local fishing industry and ecotourism as well as recreational activities. Several 

towns situated around False Bay, the South Mrican Navy dock yard in Simons Bay, the 

Coastal Park landfill site on the northern shore and run off from rivers, make the Bay 

particularly susceptible to negative environmental impacts such as water contamina­

tion. During the late summer months, the Bay has been prone to harmful algae bloom 

events, which also have a negative impact on marine life (Pitcher et al., 2008). The 

recent water quality concerns, erosion on the northern shore, extreme events of rough 

seas and storm surges have led to a renewed interest in understanding the Bay's phys­

ical processes. Despite previous studies, there remains major uncertainty associated 

with the detailed circulation and the processes that drive it. 

The different forcing mechanisms that need to be understood to accurately determ­

ine the circulation of the Bay are complicated; these take place on various spatial and 

temporal scales (van Ballegooyen, 1991). The observational data collected over the past 

decades has not provided enough information alone to accurately portray the circula­

tion and long-term residence or transport in the Bay. An appropriate numerical model 

that could incorporate all relevant dynamics at various spatial and temporal scales 

could be a tool for understanding the circulation (van Ballegooyen, 1991). Numerical 
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modelling is ideal for examining the various forcing mechanisms, as different processes 

can be isolated from each other and investigated separately in a step-by-step increase in 

complexity. The recent improvements to the numerical algorithms and the advances in 

computing power now allow high-resolution three dimensional hydrodynamic models to 

resolve mesoscale coastal circulation features robustly and proficiently (Penven et al., 

2001). However, these numerical models have their limitations and constraints. While 

large-scale basin modelling and mesoscale circulation models have developed consid­

erably, the modelling of the smaller scale features still remains much of a challenge 

(Rasmussen et al., 2009). To overcome these challenges, a process-oriented approach 

has been designed to investigate the physical forcing mechanisms responsible for the 

circulation and thermal structure of False Bay. This approach is used rather than one 

that attempts to simulate actual conditions. The Regional Oceanic Modelling System 

(ROMS) was chosen as a suitable tool for this thesis. 

The investigation has been carried out systematically through three experiments 

that increase in the complexity of the physical forcing applied. Experiment One ad­

dresses the importance of the Bay's bathymetric effect on the hydrodynamics, utilising 

climatological and uniform surface forcing and boundary conditions. Two configura­

tions were setup and the results were compared. The first configuration was run with a 

flat bottom at a depth of 50m and the second with realistic bathymetry obtained from 

measurements by the Council for Geosciences (CGS). Once the need to include the 

high-resolution bathymetry when modelling False Bay has been illustrated, the next 

experiments in the hierarchy adopt the realistic bathymetry as ''topographic'' forcing. 

Experiment Two proceeds to investigate the influence of remote forcing by vary­

ing the resolution of the open ocean boundary conditions through an "offline nesting 

approach". In this experiment uniform World Ocean Atlas (WOA 1°) boundary con­

ditions, consisting of monthly climatological hydrography and geostrophic velocities, 

are compared with high-resolution offline nested boundary conditions at a 9km spatial 

resolution provided from the Veitch et al. (2009) ROMS domain. 

Experiment Three uses the high-resolution boundary conditions. This experiment 

investigates the influence of different surface restoring terms on the simulated sea sur­

face temperatures (SST) by comparing the coarser Pathfinder (9km spatial resolution 

and monthly time resolution) SST data with MODIS SST data at 1km spatial resolu-

14 



tion from combined Terra and Aqua products. 

The numerical modelling approach was run in parallel with acoustic based current 

observations. The data were obtained with the use of five Acoustic Doppler Cur­

rent Profilers (ADCPs) positioned in selected regions of the Bay. The advantage of 

applying these two different approaches simultaneously was that commonalities and 

differences could be integrated together for a more complete understanding. In this 

study, results of the observations obtained, together with past observational studies 

have helped towards the setup and design of the modelling experiments. While, the 

results of the process-based modelling have provided additional insight into some of the 

observational results. The main objective ofthis thesis was to determine the important 

physical forcing controlling the circulation and thermal structure of False Bay, with a 

view to establishing the relevant contributions of each. The study aims to add to the 

knowledge of the circulation and to stimulate interest for more refined and detailed 

future numerical modelling studies in the Bay. The key research questions are: 

• What is the role of bottom topography on the Bay's circulation and thermal 

structure? 

• Is remote forcing an important physical forcing factor on the Bay, and if so, how 

does it influence the circulation and thermal structure? 

• Is wind forcing a dominant forcing factor in the Bay? 

• How important is tidal forcing? 

A comprehensive literature review is presented in the next chapter. Here, an in depth 

description of the plausible physical driving mechanisms influencing the Bay's dynamics 

is given. This is followed by a review of the historical observations and past numerical 

modelling work conducted on the circulation of the Bay. In Chapter 3, the method­

ology of the observations and numerical modelling approach are discussed separately 

and in detail. In Chapter 4, the results of the in situ observations and the numer­

ical modelling are presented separately. These are later integrated together into the 

Discussion and Conclusion chapter. Finally, Chapter 5 puts forward recommendations 

for future numerical modelling work and suggests a framework for the design of future 

experiments. 
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2 Literature Review 

2.1 Locality and geomorphology 

False Bay, ,ituated 3t the oouthet11m08t tip of South Africa., lying directly ""uth of 

Cape Town, has heen describcd by Sp><rgo (199 1) "" ft perfect cxillllple of the didiolUuy 

definition of a hay. Vcry few gooiogiCflI f""turL'" occllITing naturally CfIll be dCRCribcd 

"" pcrfoct in their dimension,. however, the dco.cription given by Spargo (1991) i" 

believable when looking at the Coogle imagery of Faloc Bay, Figure (1). In thiR image 

a well eJefined hor"eshoe "haped bay of equal proportions Can be found. Ironically, the 

nftme '!1ft]"" Bay', would mil.ke one believe otherwise. The name, however, has little 

to do with it" authentici ty AA a Bay, The name originatcR from the carly pionooring 

navigators who mistook the Bay for Table Bay when seeking to replenish "tock,_ 
False Bay is the largest bay in South A[rica haying ILLl areaof approxiruatciy 9OOkm2, 

outranking other eminent hays 8uch ftS Wll.Ivis Ba.y (991cm)) and Saldanha Bay (92Icm~) 

by virtually an order of magnitude (Criindlingh ct aI., 1989). 

Figure 1, Fruse Bay ftnd the Rurrrnmding geomorphology, il.dftptod from GO<lg]e EflJ'th. 
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The BflY is flanked 011 the western and eastern oo\Uldaries by two prominent moun­

tain ran~es. On the western boundary lies the Cflpe Penin"nlfl Mountain chain and on 

the eastern Ixmndary the Hottentots-HoIlilJld Mountairu;. The ~horelines of these two 

lat.eral boundarie~ are domiIlll.ted by rough terrain with steep rocky outcrops. In oon­

tnlSt, the northern boundary of the Bay is characterised by a low-lying sa..udy region, 

known m; the Cape Flat". The northern shoreline comprises almost entirely of sandy 

beaches extending [rom one corner to another (Muizeilloerg to Gordon's Bay. Figure 

(I)). The southern boundilJ"y i" open. eXfIO'ing the Bay to the oc""flnic forcing tflking 

place in the adjucent OCean (Wainman et w .. 1987). The existence of this remark­

able topography surrounding False Bay is important in that it can result in <XJmplex 

wind field" """urring over the UflY (.Jury, 1991) leading to an even more mllitifaceted 

hydnxlynamic regime (1hljaard et aI., 2(00). 

Figure 2; The bathymetry of Fal"", Bay_ Bathymetri~ dat.1l w,,-, provided from the 
Council of Geo""ience (CGS). 
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The bathymetry of False Bay, Figure (2), is relatively shallow having a mean depth 

of -50m. The bathymetry declines gently from the sandy northern border southwards, 

reaching a maximum depth of -90m at the mouth of the Bay between Cape Point and 

Cape Hangklip. At the Bay's lateral boundaries, particularly near the entrance of the 

bay, the shorelines slope steeply onto the ocean floor. The major bathymetric features 

found within the Bay include: the extensions of both Cape Point and Cape Hangklip; 

Rocky Bank (-22m), a sea mount found at the mouth of the Bay; Seal Island and York 

Shoal (-2m) located near the northern margin and Whittle Rock found (-2m) in the 

western half of the bay. These features are important in that they have an important 

influence on both wave climate and circulation within the Bay (Taljaard et al., 2000). 

2.2 Oceanographic setting 

Oceanographically, False Bay is in an unique location: positioned between two ma­

jor current systems, the warm western boundary Agulhas Current and cold eastern 

boundary Benguela Current. The Bay is situated on the Western Agulhas Bank and 

falls into the southern domain of the Benguela upwelling system (Nelson and Hutch­

ings, 1983). In this sense, False Bay is in the middle of a biogeographic break, with 

a cold-temperate upwelling region west of the Cape Peninsula and a warm-temperate 

region to the east (Pitcher et al., 2010). In the larger context, the marine environ­

ment of Southern Africa is known as some of the most complex and highly variable in 

the world, this is partly due to the latitudinal position and related weather (Roberts, 

2005). The oceanographic features surrounding False Bay and in the larger setting 

of Southern Africa are depicted in Figure (3). In his study, Roberts (2005) describes 

the complex oceanography of Southern Africa which is summarised here with particu­

lar focus on the region around False Bay. The Agulhas, a western boundary current, 

strongly influences the oceanography on eastern coast of Southern Africa including 

part of the Agulhas Bank (Roberts, 2005). The fast flowing Agulhas current under­

goes several fates once it reaches the tip of the Agulhas Bank, the current retroflects 

back towards the Southern Indian Ocean, anti-cyclonic warm core eddies may spiral 

off transporting warm water into the Southern Atlantic, and part of the flow continues 

along the shelf edge of the Western Agulhas Bank. The latter brings Agulhas waters 
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in close proximity to the region surrounding FaL"" Bay, however, whether or not it 

influen()2S the oceanography inside False Bay 15 yet to be inv€Stigated. The Benguejll., 

one of the four major eastern boundary currents in the world, is largely responsible 

for che oceanography on the western rO!lSc of Southern Africa The outer =tal shulf 

is inflU€nced by the slower and less defined Benguela Current. While the iuneI shelf 

is influenced by the Benguela. Jet, a narrow fromal. jet flowing northwfI.I"d between the 

C"pe Peninsula and Cape Columbine (Roberts, 2(05). Other fe"tures of the inner shelf 

include a poleward ooctom Lllrrent, upwelling cells, and shej f "l1Y"". The inner "helf 

dynamia> are importam as chey ate more likely to influe!Jce the oce<lJ..l(lgraphy of FalHe 

Bay . 

• 

". 
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FIgure 3: Schenrncic of large-scale oceanographic [eatur€S influencing False Bay adapted 
from Roberts (2005). 

The Bay it5elf encompasses an array of oceanographic phenomenon 8um as rolour 

fronts (Waldron, H. N and C.K W"inman and litE W"ldron and C.Whittle "nd G.B 

Brmlllrit, 2(08), wiud induced upwelling (Jury, 1985) and red cides (Horstman ec aI. , 

1991). This fur ther makes False Bay of interest to oooanographel'5 y,ith recent studies 

being focu3ed on internal waves, colour fronts and 6cc11lat ion in FalIJe B8J·. 



2.3 Key physical processes driving False Bay circulation 

In order to develop a consistent and comprehensive description of the circulation within 

the Bay, it is necessary to understand the physical forcing. According to Taljaard et al. 

(2000) the circulation in the Bay is believed to be as a result of forcing from wind, wave 

and tidally driven flows as well as remote forcing from currents on the adjacent shelf, 

bathymetric steering and seasonal fluctuations in thermal structure. The following is a 

review on the processes that drive the circulation and thermal characteristics of False 

Bay. 

2.3.1 Atmospheric forcing 

False Bay is a shallow bay having a mean depth of only -50m. The orientation and the 

location of mountains surrounding the Bay expose it to strong bi-directional, seasonal 

winds blowing from the southeast and northwest during summer and winter respect­

ively. Furthermore, the horseshoe shaped enclosure of the Bay lends itself to enhanced 

alterations in sea level, a consequence of these strong winds (Wainman et al., 1987). It 

is under these circumstances that atmospheric forcing has been singled out to be the 

primary driving force of circulation within the Bay (Atkins, 1970b; Van Foreest and 

Jury, 1985; Wainman et al., 1987; Griindlingh et al., 1989; Jury, 1991; Taljaard et al., 

2000). The atmospheric forcing of this region is governed by the character and time 

scales of synoptic systems that typify the area (Jury, 1991). Four dominant synoptic 

patterns and their associated wind regimes have been identified by Jury (1991) and are 

given in Figure (4). The research by Jury (1991) is summarised below. 

The southwesterly (SW) wind regime (Figure 4a) blowing uniformly over the Bay, 

typically occurs after the passing of a cold front and is associated with the leading edge 

ofthe South Atlantic High (SAH). Figure (4b, c) represent the deep and shallow south­

easterly (SE) wind regimes respectively. These winds generally occur after the SW wind 

regime and are distinctive of summer month conditions. The deep SE typically takes 

place first when the SAH ridges eastwards and is extended over most of the west coast 

of Africa. During this time, strong wind fields with little directional shear characterise 

the atmospheric forcing. Due to vertical compression over the Cape Hangklip mountain 

ridge, the wind accelerates over the mountains into False Bay. The shallow SE has a 
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subsidence inversion layer that is lowered during this period resulting in the SE being 

constrained to a height beneath the surrounding mountains, ::;1500m. The outcome is 

a more complex wind field as it is topographically steered into False Bay around the 

mountains, resulting in a wind shadow over the eastern side of the Bay (Wainman et al., 

1987). Lastly, Figure (4 d) shows the north westerly (NW) wind regime, typical ofthe 

winter month conditions. NW winds normally occur during the passing of coastal lows 

and can precede the onset of an approaching cold front, extra tropical cyclone. As a 

result of topographic steering, the wind field bends around Table Mountain resulting in 

a more northerly flow over the Bay. Near the mouth of the Bay, the winds are steered 

into a more westerly direction. 

Figure 4: The four main synoptic patterns representing each typical wind patterns 
over False Bay: a.) SW regime, b.) deep southeast, c.) shallow southeast, and d.) 
northwest. Heavy lines are aircraft-derived mesoscale wind streamline patterns and 
the dotted lines are air temperatures at 150m. Land elevations over 600m are dark 
shaded. The inset shows schematic of synoptic weather patterns with air pressure 
isobars. (Taljaard et al. (2000) adapted from Jury (1991)) 
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2.3.2 Thermal structure 

Numerous studies investigating the vertical thermal structure of False Bay have ob­

served seasonal fluctuations from a stratified water column during summer to a well 

mixed column during winter (Atkins, 1970a; Griindlingh, 1993; and Wainman et al., 

1987). The seasonal fluctuation of sea surface temperatures (SST's) occurring in the 

Bay is well illustrated in Figure (5). The SST measurements were made daily by 

sampling surf zone temperatures at Muizenberg and Gordon's Bay. A mooring was 

positioned between Muizenberg and Gordon's Bay on the 30m isobaths, which recor­

ded bottom temperatures at a depth of 28m. The period of deployment was from 

July 1989 to July 1991 capturing both the winter and summer seasons. During the 

winter months the SST's were low (_14°C) with virtually no difference in temperature 

between the surface and the bottom waters (maximum difference _2°C). The similar­

ity between bottom and surface temperatures provides evidence of a well mixed water 

column in winter (Griindlingh, 1993). In contrast, throughout the summer months the 

SST's were much warmer ( -17-19°C) in response to increased solar insolation. The 

vertical temperature difference was much larger between the surface and bottom waters 

(maximum difference -8-9°C). This large difference in surface and bottom temperatures 

clearly illustrates a stratified water column for this period (Griindlingh, 1993). 

30 
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Figure 5: Time series of daily surf zone temperatures (OC) at Gordon's Bay (dashes) 
and Muizenberg (line) including a near bottom (28m) temperature reading from a 
current meter positioned between the two moorings, adapted from Griindlingh (1993). 

Similar results have been found in other studies such as Atkins (1970a) and Wain-
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man et al. (1987). In Atkins (1970a) study, 28 hydrographic stations were distributed 

across the bay. Temperatures were measured almost entirely from bathythermographs 

and on occasion a thermistor reading which would record surface, 10, 20, 30 and 50m. 

A total of 26 cruises were undertaken over three years, the results were therefore relat­

ively synoptic. Data from other cruises were included if in close vicinity to the specified 

stations. The data was averaged into seasons: January, February, March (JFM); April, 

May June (AMJ); July, August, September (JAS); and October, November, Decem­

ber (OND). From these measurements, the seasonal mean vertical temperature profile 

from Cape Point to Cape Hangklip across the mouth of the Bay is provided, Figure 

(6). Agreeing with results from (Griindlingh, 1993), for the summer mean (JFM), the 

water column is stratified (10-18°C) and in contrast for the winter mean the water 

column is well mixed (13-14.9 C). 

" 18 17 16 19 18 17 
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Figure 6: Seasonally averaged vertical temperatures (OC) in False Bay for summer 
(JFM) and winter (JAS), between Cape Point and Cape Hangklip 

This characteristic of the seasonal cycle in the thermal vertical structure is import­

ant, as it has been noted to influence processes regarding the circulation in the Bay 

(Taljaard et al., 2000). During the summer months, the occurrence of highly stratified 

water may result in the decoupling of surface and deep flows in the Bay (Taljaard et al., 

2000), suggesting that the Bay may represent a two-layered system during this time 

(Griindlingh, 1993). This decoupling effect is believed to have influences on the flow 

speeds of the bottom circulation, Griindlingh (1992) found that the bottom waters 

move slower during summer months. As a consequence of this two-layered system, the 

surface flow is more directly influenced by wind forcing, whereas the bottom flow is 

weaker, tending to flow in a different direction (Taljaard et al., 2000). 
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Figure 7: A composite SST distribution sequen"" for the period 19 J!IIluary to 5 Feb­
ruary 1981 (Jury, H185) 

l ike the vertical structure, the horiwntal thermal structure undergoes a seasonal 

change within the Bay. During summer month>, in response tothe dominant alongshore 

equator ward winds (SE), the surface ,'oaters are drinm away from the ooast result ing 

in the upwelling of colder bott"m waters in ceriain regions of the Bay (Jury, HI85). 

Figure (7) provides as an e"ample of an np,,~lling event: during the 19-20 of Jan the 

SSTs were fairly homogeneOl~~ in the Bay with a small upwelling cell off the Cape 

PenillBula (Jury, 1985). After a period of strong SE wind~, 1-2 of Feb, the SST!> across 

the Bay were mu"h more spatially diver"e with l1.Il upwelling cell btretching from Cape 

Hangklip into the middle of the Bay l1.Ild a separate upwelling cen off Gordon 's Bay. 

Upwelling cells have been typi"ally found to """ur in thPSe regions off Cape Hl1.Ilgklip 

and Gordon's Bay (Cram, 1970; Grindley and Taylor, 1970; Jury, 1985; Wninman et ai., 

1987; Taljaard et al., 2000). There were other areas in the Bay where the warm surface 

W<l.ter is puffied towards the shore by these strong 5E winds, for e]Camp]e 11ui7.enberg 

corner where WIlImer SSTh of up to 20 ' C occurred. By the 4--5 of Feb, the upwelling 

L",1l orr Cape Hangklip has reduced in size and extended in an east-west orientation 

across the month of the Bay. As demonstrated by this ""qnence of 55Th, the summer 

boriz"ntal st ructure if; \llriable Hnd Can be heterogeneOllfily distributed in the bay. 

The dibtribution of S5Ts during winter is far more unifonn by comparison. This was 

seen in work by AtkillB (1970a) who mapped surface isothenns from 28 hydrographic 

stations around FaLse Bay. During the winter """",m (JAS), the SS'Th ranged hetween 

14.2--14.8' 0 whe",,!.'! the blUIlIllrt month;; (.lPM) h<J.d a larger ,emperature range [rom 

17.8--20.6' 0. 
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2.3 .3 \OVavc [,urcing 

Waves and the focusing of swell into the Bay hal'e been lUlUHl to hm·-e inilueuce8 Oll the 

imJlOre circulation of ,he Bay (Waiumau et a!., 1987). The longshore current.s found 

around the coastal boundary of the Bay are largely wave driven (Taljaard et ill., 2(0)). 

Typical ~well direction is lJI';ually from the ~outh, oout.hwem or IJouth",J\St direction, W€ 

FiguI'l' (81 hy Terhornt (1988) cited in Thljruud et aI., 20Xl 

" 

Figure 8; Tj1lical wave rpJradiou p",lems for Fabe Bay fur bnth the ",mthwesterly 
(8W) and oout!l€',a~t erly (SE) ~well directions (Thljaard et aI., 2COJ from Terhorst, 
1988) 

Rdractiou of surface waves by buttom topography focllSal uu either the uorthwest. 

Or uortheas, sidss uf the Bay, Figure (8). The concentration of wave energy into 

these areas may cause a buildup ot' the surface water level which is rel"'1lSed hy the 

de,.,,]opme:nt of a !low along ,he coast directed away from the higher "urface levels. 

This results in the formation of longfiliore currents a~ a re~ult of angled incident waves 

(Thlill1l.rd et aI. , 20001. 

2.3.'1 Tidal forcing 

Tidal [urcing has been fOWld to have a contribution to the currents v.ithin False Bay, 

especially during calm and windl""",, conditiol}f;, dming which the circulation iH char­

acteri""" by n;cillatory in and out tidal flows (At.kiIlB, 1970b). The tidal ran"e is 

approximately 1.6m during spring and O.8m during ueap phase with a marimllIu tidlli 

prism of 1.4 x 109 m3 resulting in an average flow of 4 cms· l in the Bay (Griindliugh 



et al., 1989). Generally the tides are believed to be of most significance within the 

more topographical complex features and shallower regions within the Bay (Taljaard 

et al., 2000). 

2.3.5 Remote forcing 

Remote forcing, typically taking the form of sea level changes and currents occurring 

over the adjacent continental shelf, have been deemed by van Ballegooyen (1991) to be a 

relevant dynamic influencing the circulation of False Bay. It is expected that remotely 

forced influences will be the most pronounced near the mouth and deep regions of 

the Bay (Taljaard et al., 2000). Remotely forced processes such as shelf waves have 

been identified as potential dominant processes in the sub-tidal circulation of False 

Bay (Griindlingh and Largier, 1991). Shelf waves, or coastally trapped waves, are 

generated from the passing of weather systems, which induce changes in sea level and 

currents, a result of the variations in both the atmospheric pressure and wind stress 

(Gill and Schumann, 1974). Coast ally trapped waves typically have periods that range 

from a few days to weeks and have been studied to propagate in an anti-clockwise 

fashion around the sub-continent of South Africa with amplitudes on the order of 0.5m 

(Schumann and Brink, 1990). The complexity of flow in the Bay is suggested to be 

a result of the non-linear interaction between these shelf waves, wind-driven flow and 

tides (Griindlingh and Largier, 1991). It will be shown later, that both tidal and 

sub-tidal surface variations occur in water depths of 30m within the Bay. 

2.4 Past research on the circulation of False Bay 

The knowledge pertaining to the circulation of the Bay has typically been based on 

scarce data sets that are either spatially inadequate or lacking in the temporal res­

olution required to investigate the seasonal variability (van Ballegooyen, 1991). This 

has resulted in disparity amongst previous studies and findings. The following sec­

tion summarises the previous literature contributions concerned with the circulation of 

False Bay with regards to both observational and modelling studies conducted. 
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2.4.1 Numerical modelling 

To date there has only been one other numerical modelling study attempting to resolve 

False Bay's circulation. The study was carried out by Van Foreest and Jury (1985) 

and is summarised below. 

A vertically integrated hydrodynamic model was used to investigate the wind-driven 

circulation. The model, damped by quadratic bottom stress utilised the equations of 

motion to reproduce the flow in the Bay for a set of steady state, spatially varying 

wind field scenarios. The solutions to the equations were found using a method of 

finite difference and solved on a staggered grid (Arakawa C-grid). The main results for 

the study have been given in Figure (9). 

Shallow south east 

Figure 9: Simulated circulation patterns in False Bay for four main weather scenarios, 
adapted from Van Foreest and Jury (1985) 

The wind conditions studied were northerly, southwesterly, shallow southeasterly 

and deep southeasterly winds (as discussed in § 2.3.1). During northerly wind direc-

27 



tions the circulation of the Bay was generally found to be in an anti clockwise rotation 

except for the southward flowing jet along the eastern boundary. During the south­

westerly conditions the circulation was generally in a clockwise rotation, with the flow 

strongest entering the Bay at Cape Point and exiting the Bay flowing eastward at Cape 

Hangklip. The deep southeasterly wind conditions were characterised by an anticlock­

wise circulation in the southern half of the Bay at (A), a narrow eastward flow at the 

northern boundary and two clockwise eddy features at (B and C). Lastly, during the 

shallow southeasterly winds with a shadow in the north-east of the bay, the resulting 

circulation features were characterised by two opposing eddies in the north east of the 

Bay, flowing clockwise at (E) and anti-clockwise at (D). The southern half of the Bay 

was very similar to that of the deep southeaster, flowing anti-clockwise. Additionally, 

not depicted in Figure (9), the circulation under a constant southeasterly was found 

to result in an anti-clockwise flow in the Bay. 

The limitations of the study have been highlighted in Griindlingh et al. (1989), 

Griindlingh and Largier (1991), and Taljaard et al. (2000) and are discussed here. 

Firstly, by vertically integrating the flow field, the model essentially neglects both 

stratification and the baroclinicity of the water column (Griindlingh et al., 1989). As 

mentioned previously (§ 2.3.2), it is believed that during summer months, as a result of 

stratification, the Bay might have a two-layered flow structure (Taljaard et al., 2000). 

Secondly, by choosing isolated and fixed wind conditions any critical difference in the 

flow due to horizontal wind shear would be missed (Griindlingh et al., 1989). Steady 

state situations are rarely encountered in nature, wind variation time scales are from 

hours to days, consequently the model precludes the finer temporal resolutions needed 

for resolving transport and pollutant dispersion (Taljaard et al., 2000). Thirdly, the 

model domain is such that it excludes important remote forcing affects such as the 

influences ofthe circulation on the adjacent shelf (Taljaard et al., 2000). The exclusion 

of remote forcing may result in uncertainties in the model simulation output (Taljaard 

et al., 2000). Lastly, Taljaard et al. (2000) suggests that the principle limitation of 

the study was the exclusion of wave-driven currents and the surf zone exchange at the 

northern boundary of the Bay. While there were many limitations within the model, 

the results highlighted the importance of the wind direction and spatial detail of the 

circulation of the Bay (Van Foreest and Jury, 1985) 
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2.4.2 Historical observations 

Previous observational work relevant to the circulation of False Bay, as summarised and 

listed in Taljaard et al. (2000) includes: "dye bombs" (Atkins, 1970b), current meter 

moorings (Wainman et al., 1987; Nelson and Polito, 1987; Griindlingh et al., 1989), 

drogue-tracking (Van Niekerk, 1983; Botes, 1988; CSIR, 1990, 1991b), and derived 

circulation flow from water properties and sediment transport (Cram, 1970; Atkins, 

1970a; Griindlingh, 1992). The most complete and comprehensive observational studies 

are those of Atkins (1970b), Wainman et al. (1987) and Griindlingh et al. (1989). The 

following section is a review of this previous work with focus on the three main studies. 

In his study, Atkins (1970b) used "dye bombs"- dye dropped from aeroplanes to 

obtain a nearly synoptic scaled current measurement giving a short-term visual sign of 

surface flow under different conditions. The study was initiated in 1964 and consisted 

of 13 operations for 11 different stations within the Bay. The investigation showed 

conclusively that the circulation in the Bay has no constant pattern. Atkins (1970b) 

postulated that the circulation within the Bay consisted of four main patterns, Figure 

(10), and the patterns were conditioned by offshore currents and modified further by 

local winds and the shape of the shoreline. 

The first type of circulation was found to be clockwise under the influence of south­

easterly or easterly winds, occurring 50% (7/13 events) of the time. However, this 

circulation type also occurred during June after periods of northwesterly's. The circu­

lation included an eddy feature near Gordon's Bay. Atkins (1970b) suggests that this 

circulation is a result of a remotely wind generated current flowing westward south of 

the Bay which is deflected northward into False Bay either as a consequence of the 

angle of approach or by the dominant southeasterly winds at Cape Point. 

The second type of circulation was a general anti-clockwise flow after a strong 

northwesterly wind event, occurring less than 10% of the time (1/13 events). The last 

two types were tidally driven, which Atkins (1970b) found to be significant after calm, 

windless conditions. 
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In contrast to Atkins (1970b), Wainman et al. (1987) and Griindlingh et al. (1989) 

incorporated current moorings and had fine temporal resolutions but poor spatial res­

olutions. By using current moorings with continuous sampling these studies were able 

to obtain information on long periods (sub-tidal), whereas Atkins (1970b) could only 

resolve quasi-steady conditions (Griindlingh and Largier, 1991). 

Wainman et al. (1987) used current meter moorings to measure the subsurface 

currents at four stations within the Bay located near Seal Island, Cape Point, Gordon's 

Bay and Cape Hangklip. The study was conducted during 23 Feb - 18 May 1985. The 

main findings of his study as summarised in (Griindlingh and Largier, 1991): (1) The 

circulation in the bay consists of a complex flow system, with a significant southerly 

component to the flow at all moorings. To account for this, a dipole flow pattern was 

suggested with water entering in the middle of Bay and leaving on either side. (2) The 

average flow did not agree with the numerical modelling study by Van Foreest and Jury 

(1985) under similar wind conditions. (3) Evidence of two-layered flow occurring at a 

mooring situated near Seal Island. The upper layer was in a northeasterward direction 

and the lower layer southeastward. (4) Temperatures rise during a northwesterly and 

drop during a southeasterly, a result of advection and vertical mixing. (5) Increased 

activity observed at a 2-3 day period in the current speed and temperature data, 

suggesting that coastal-trapped wave energy may leak into False Bay. 

Griindlingh et al. (1989) measured the bottom currents for four moorings spread at 

equidistances at the entrance of the mouth of the Bay during the austral summer of 

1986/1987. The results showed on average a northward flow on the western boundary, 

and a southward flow on the eastern boundary of the mouth, for which a general cyc­

lonic bottom circulation could be inferred, agreeing with the results of Atkins (1970b). 

Griindlingh et al. (1989) found that there was a slight angle change between the meas­

urements at 40m and 50m depths, perhaps evidence of the baroclinicity of the water 

column. Spectral analysis of the current data, allowed Griindlingh et al. (1989) to 

identify the semi-diurnal tide and inertial flow signals in the circulation 

As Griindlingh and Largier (1991) concludes, as a result of the differing time and 

spatial scales in which the studies were undertaken, it is unsurprising that there has 

been lack of consistency between previous work. Atkins (1970b) measured the imme­

diate surface currents and Wainman et al. (1987) and Griindlingh et al. (1989) meas-
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ured the deeper currents while Van Foreest and Jury (1985) numerical model results 

were based on steady-state, fixed synoptic conditions and a barotropic water column 

(Griindlingh and Largier, 1991). 

A schematic of the circulation summarising all of the previous observations and 

inferred from the existing knowledge of the physical forcing has been suggested in 

Taljaard et al. (2000), Figure (11). During the SE wind, both bottom and surface flows 

in cyclonic motion, with the exception of the small anticyclonic gyre near Gordon's Bay. 

Along the eastern shore the outflow was suggested to be strong and narrow. During the 

NW'ly wind, a weaker anticyclonic flow is believed to develop with a cyclonic gyre near 

Gordon's Bay. The following schematic, which was derived from the past conflicting 

studies, must be interpreted with caution. 
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3 Methodology 

In order to attain the objectives of this thesis, two parallel strategies have been followed. 

The first has been to deploy and analyse ADCP current measurements in selected areas 

of the Bay. The second has been to setup ROMS to numerically model the circulation 

and thermal structure, and its seasonal evolution. For this study, the main purpose of 

these observations was to contribute towards a new understanding of the key driving 

processes. The numerical modelling experiments have been designed to systematically 

investigate physical processes rather than attempting to simulate reality. It is not 

possible to validate the model using these observations until the end stage when all 

processes have been understood. An ultimate aim would be to include observations by 

data assimilation into a suitable numerical scheme. 

3.1 Observations 

3.1.1 Water velocity measurements 

The circulation in the Bay has been measured using three upward-looking 600khz 

Acoustic Doppler Current Profilers (ADCP) fixed on the seafloor. Additional current 

data was collected by another two ADCPs from other projects where the time period 

of deployment coincided. The ADCP deployment was staggered over a period of two 

months from the 20 August to 18 October 2010, capturing the late winter character­

istics. The location of the ADCPs were restricted to the 30m depth contour for the SA 

diving safety regulations (Figure 12). The ADCP were positioned along a west-east 

transect from the western half of the Bay. They were positioned in close proximity 

to each other in order to increase the spatial resolution in this area of the Bay. One 

additional ADCP (A05) was located in Gordon's Bay, which conveniently provided the 

current flow on the eastern half of the Bay during part of the deployment period. A04 

positioned in the middle of the Bay is the furthest offshore. A02 and A03 were deployed 

in an area with rocky outcrops and complex bathymetry. A01 and A05 were within 

close range to the coastal boundaries of the Bay. All ADCPs are at a similar depth 

except for A05, which was positioned in a shallow region close inshore of Gordon's bay. 
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Figure 12: The bathymetry of False Bay with the location of ADCP, (AO!. A02, A03, 
A04 and A(5) and weill,her station at Roman Ril!:k (RR) 

The sampling time 'tep, bin size, depth, location. offslwre distance and deployment 

perioo of each ADCP is provided in Table (1) below. Lnforlunately, AOl was setup to 

have a time step of 100 ruin instea.ci of the intended IOmin_ 

,. 1I11tudo, '?I '-onlft\ldo"[ Deoth (rill lJIfIjoort dim"", "~q "m ... -.. _!!!!lI1I .... j 1"'1 ... .... - ·34.2U'67 ~ " '" '00 , 27 ... 30Sop - -M.>l3" ~m' " , .• " •. , 2' __ 1IOct 
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Table 1: The location and sampling infoITllatioll for all ADeps. 

The ADCPs were set in plastic tripod frames, see Figure 13. Iron weight, were uRed 

to 'CCUTC e""h leg of the ADCP frilIDC. The weights had been plat..,u at the end of the 

legs and were approximately 1m away from the instrument to avoid lilly disturbanL'" 

ill the magnetic bearing. 



Figul'<' 13, Arx;P~ and plastic frame 

Data analysis techniques using MATLAll ooftwflte have been applied to invest igate 

the various mechanisms inlluencing the circulation. The ADCP data analy~is has 

excluded Ihe 'sharlow zone', an area of bad data netlr the oceml ~urfacc, As described 

in Gocdon (1996), ADCP~ typicaJ]y trml1lmit wWld aloug narrow heams, swnted "t 

acute ang]"" (rom the verticfL.! in [Ollr ra.rlia.l directions. As a cons"'luence, ADCPs 

are HIl"ble to me8.~UI'<' currents close to a 'hard rcfied{)r' such a;; the ""a Hoor and 

sea surfaces. This i~ bccau,;.e of the rellectiolls of leill< energy. which flte tr"veUing in 

side-lobes of dillereJltmore acute u,ngles than the main be"m. The 'sharlow Wll<" is 

"pproxim"tely 6% of th~ smfaC<? data acoording to Gordon (1996), In thi~ study to be 

certain that the shadow zone W&'l excluded, 10% of the surface d"b w"" removed in 

all t he sbtisticaJ mialysis, In order to identify key periodicities within tlw data ""I, 

khletic energy spoctr" W('I"€ cre"ted on the ,mfilteroo current data for the U (ea;;t_wc,,;t) 

and V (llor1h-wuth) velocity components . The kinetic ell<'rlO' speclm weI'<' computed 

using frequellcy-averaging, where the ntuIlber of averaged frequencies illcceflS€<i from 2 

to 10 (Mercier, 1991 citoo ill Andre d aI., 20(9), The data mmlysis wtlS then split up 

into two frequency domains: high frequency (tid"l) ami low frequmcy (sub-tidal). To 

explore the high frequency tidal dMa, the ,tudy ma.rle 1_ of the T-Tirle toolbox, we 

Pawlowicz ct aI. (2002), which induded filtering illld harmonic analysis. Once " I] the 

dM." h"d wn """""-goo into a common I ime "t~p (IOOmin), a Lantv.rn; low-pass filter (as 

d~,,;criLed in Emery and Thomson (2001) wllS "pplied to the data. The filter removed 

any high frequencies occurring in < 25 h011rs IhllS eliminating the tidal signal from the 



data. The sub-tidal data analysis included statistic analysis such as lag correlation with 

wind velocities at various depths, variance ellipses and principal axis, as described in 

Emery and Thomson (2004). For the correlations, R refers to the correlation coefficient 

which is an 'indication' of the strength of the relationship between two variables. R2, 

which was used here, refers to coefficient of determination which is the 'measure' of the 

strength of the relationship. 

3.1.2 Wind velocity measurements 

Records of wind velocities and directions have been obtained over the period of de­

ployment and will be collated with the data from the ADCPs to make an assessment 

of the Bay's circulation under various wind forcing. As a result of the shallowness of 

the Bay, it is anticipated there will be a strong relationship between the wind forcing 

and the circulation in the Bay. The wind data was collected from the Roman Rock, 

see figure (12), automated weather station, which is maintained by the Institute for 

Maritime Technology (IMT). The wind has been measured every 5 minutes at a height 

of approximately 17m above sea level. The weather station was chosen because of the 

location; Roman Rock is the closest weather station to most of the ADCPs. 

3.1.3 Temperature and sea surface height (SSH) measurements 

Each ADCP contained a temperature sensor, which recorded bottom temperatures. 

The Moderate Resolution Imaging Spectroradiometer (MODIS) Terra and Aqua satel­

lite data sets were used to provide daily sea surface temperatures in False Bay produced 

by Dr. Francois Dufois, VCT. Both the Terra and Aqua satellites are polar orbiting. 

The Terra orbit is timed so that it passes the equator from north to south in the morn­

ing, while the Aqua satellite passes the equator in the afternoon from south to north. 

Combining the two products means that the satellite SST data is a culmination of 

both the morning and evening conditions. Monthly means have been generated from 

the satellite data and have been used initially for validation purposes and then as a 

restoring force for the model SSTh. Each ADCP had a pressure sensor which allowed for 

accurate measurements of depth from which the SSH was inferred. The South African 

Navy Hydrography Office (SANHO) provided tidal gauge data for Simons Town and 
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Port Nolloth. The SSH derived from the ADeps was compared to the tidal gauge 

data. 

3.2 Numerical modelling 

3.2.1 Model background 

The hydrodynamic model utilised in this study is known as the Regional Oceanic Mod­

elling System (ROMS) (Shchepetkin and McWilliams, 2005). The origins of ROMS 

have been summarised in both Ezer, T. and H. Arango and F.A. Shchepetkin (2002) 

and Marchesiello et al. (2003). The major advances in the development of oceanic 

models occurred during the late 19808 when the models increased significantly in their 

robustness and reliability. These efforts resulted in the development of the Princeton 

Ocean Model (POM; Blumberg and Mellor, 1987) which incorporated essential features 

such as: incompressible hydrostatic primitive equations; a free surface; and terrain fol­

lowing vertical coordinate system (cr). Issues with the cr-coordinates occurred when 

trying to extend the models over the continental slope to the open ocean this resulted 

in the development of new algorithms for the coordinate transformation during the 

1990s (Barnier et al., 1998). The improved coordinate system was incorporated into 

the S-coordinate Primitive Equation Model (SPEM: Haidvogel et al., 1991) and the 

S-coordinate Rutgers University Model (SeRUM: Song and Haidvogel, 1994). The Re­

gional Oceanic Modelling System (ROMS; Shchepetkin and McWilliams, 2005), a suc­

cessor of SeRUM, is a new generation ocean circulation modeL In which the SeRUM 

model was rewritten and improved upon in both the numerics and the efficiency, from 

a single to multiple computer architectures (Marchesiello et al., 2003). The version of 

ROMS utilised within this project was developed by the Institut de Recherche pour Ie 

Developpement (IRD). 

3.2.2 Equations and discretizations 

ROMS makes use of high-order numerical schemes to solve the incompressible hy­

drostatic primitive equations of fluid dynamics, discretized in the stretched terrain­

following vertical co-ordinates and horizontal curvilinear co-ordinates (Penven et aL, 

2001; Marchesiello et al., 2003; Shchepetkin and McWilliams, 2005; and Penven et aL, 

38 



2006). ROMS is a split-explicit and free surface model, which includes advanced capab­

ilities such as optimisation via shared memory parallel computer architectures (Penven 

and Tan, 2007; and Marchesiello et al., 2003). Other advanced features in ROMS 

have been summarised in both Penven et al. (2006) and Penven and Tan (2007) which 

include: a 2-way time averaging procedure for the barotropic mode, high ordered nu­

meric's allowing for the generation of steep gradients and an increase in the permissible 

time step, and a non-local K-profile planetary (KPP) boundary layer scheme that para­

metrises the unresolved sub grid-scale vertical mixing processes. 

au /J4I 8 au - +fI.Vu- lu = --+ -.4.,-+ Du 8t 8z 8% 8% 
(3.1) 

8t1 8t/J 8 8t1 - + fI.V1I + lu == --+ -.4.,- + D 
8t 0" 8% 8% " 

(3.2) 

(3.3) 

88 
8t +fI.VS = Ds (3.4) 

8t/J -pg ---8z Po 
(3.5) 

au 8u 8w -+-=--8z 0" Ih 
(3.6) 

p-P(T.S.P) (3.1) 

Figure 14: The primitive equations in Cartesian coordinates (Hedstrom, 1997) 

The primitive equations solved (Figure 14) are composed from important funda­

mentals such as: the conservation of momentum (3.1 and 3.2), the conservation of mass 

(equation of continuity, 3.6), heat and salt transport (3.3 and 3.4); and the equation of 

state (3.7) (Hedstrom, 1997). The equations have been established to describe the flow 

of a stratified fluid in a rotating environment. They are complex and are simplified by 

two important assumptions: the Boussinesq approximation (3.5) and the hydrostatic 

vertical momentum balance (Cushman-Roisin and Beckers, 2009). In the Boussinesq 

approximation density is assumed constant except for the buoyancy force in the vertical 

momentum equation. The hydrostatic approximation is made as a result ocean basin 
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dimensioru;, wide aIld shallow (II < <L) , the vertk"l pressure gra.iients "re "ssumed to 

h"I"nce th" hUCJyanq force. negleL1ing the vertical a.ccel"rat.ion" anrl associaterl Coriol;,; 

term", TIl<> prognootic variables solved in ROMS indude surface elevation fl, baroclinic 

horiwlltal velodties (u, v), barotropie horr~ontal velodties (n, v), vertieal veloeity It! 

anrl properti"" "uch as t.emperature T anrl R"linity S (:\larchesi"lIo et al , 2(00). 

3.2.:1 Configuration and deHign of experiments 

Th" RO:\ISTOOLS pa/:kag", rI"veloped by the Institut rle R.",herche pour Ie DAvelop. 

pement (IRD) is a colieLiion of global data sLis and I'IfATLAB progmIlls that have 

been integrated into a toolbox (Penven et aI., 2007). ROMSTOOLS provided a simple 

lIleNlS to generate t he hori"ont,,1 and vertical grid, surf~ce fordng, initial wnditions 

and open Ixmndary conrlitionR nooded by RO:\IS as input d"t" to prorlUL'" th" clima­

tological simulations of False Bay (Penvcll et uJ" 2(07). 

! Rat botIOm 150m) I 

!llnIfOfmwo.o,l· ! OWl.,.. MIlql/1.r 

I ! Expori.,onU, Surf,,,, fore"'1 SST ","ori"l 

I 

Figure 15: Framework for t he hier~uhy of "xperiments 

In thiR "turly, "",,vera.! experiment" have hccn designed to inv~"tigate the principal 

foreing meciJanisms jnfluencing the cil""ulation and therlIlal strueture of the Ba)', Fig­

ure (15), The experiments have lx.'<01l set up with the same horizontal aJld verlicuJ 

grid oonfigur"tions, whel'e they diff"r is iu th" complexity of phy"ic,,1 foreing applied. 

The domain chosen encompasses the entiret)' of Fabe Bay including part of the adja-



cent shelf required for the inclusion of remote forcing influences. The region covered 

was from 18°57'0"E to 18°59' 23.6394"E and from 33°47'59.99"S to 34°2'23.99"S. The 

horizontal grid resolution chosen was 1/81° (1.37km). In the vertical, the grid was 

composed of 20 sigma-coordinate vertical levels with surface and bottom stretching 

parameters of () 8 = 6, and ()b = O. The sponge defined along the boundaries of each 

of the configurations was 8km wide with a viscosity of 800m2s-l • The sponge repres­

ents an active region of enhanced viscosity / diffusion (Penven and Tan, 2007), which 

essentially relaxes the solution of the model towards the lateral boundary conditions. 

3.2.4 Experiment One: Influence of bathymetry 

Hypothesis: Bathymetric features at the entrance of the Bay reduce the 

inflow of remotely forced circulation and furthermore act as a barrier redu­

cing the amount of cold deep water that enters the Bay. 

False Bay has several large shallow bathymetric features, which will undeniably affect 

the Bay's hydrography. The most pronounced of these features is Rocky Bank, which 

is positioned at the entrance of the Bay. Rocky Bank is a seamount having a base with 

the dimensions of -7km x 8km, that rises rapidly from -100m to a depth of -22m. The 

feature occupies almost a quarter of the entrance of the Bay. Another noticeable feature 

at the Bay's mouth is the Cape Hangklip Ridge which extends outwards by -21km 

in a south-west orientation, declining in depth from -10m to -80m. To determine 

the influence of the bathymetry on the Bay's circulation and thermal structure, two 

configurations have been designed and the results compared. The first configuration 

was setup with a flat bottom of a constant depth of 50m. The second configuration 

employed high-resolution realistic bathymetry. Both configurations make use of the 

same uniform climatological boundary conditions and surface forcing, to study the 

circulation and thermal structure. 

Flat bottom and realistic bathymetry 

The flat bottom was generated by adapting the ROMS get_grid.F FORTRAN function 

by simply setting h, the depth of the bathymetry, to be 50m for the entire domain, 

see Figure (16). The uniform depth was chosen at 50m because on approximation the 
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mean depth of False Bay is -3OlJl. The high-n'Wlution coastal data, provided loy the 

Global, Self-oonsifoienl, Him'alThical, High-reeohltion , Shoreline (GSHHSJ data set was 

11-00 in proollcing the coru;tiine boundaries for both configurations. 

FigllTe 15: The flat bottom configuration with uniform depth of SOm, 

FigllTe 17: High-rL'"ohltion raw bathymetry provided by Council for Geoscience" (left) 
and the resnlting smoothed bathymetry (left) overlaid with 10m isobath,. 

12 



The realistic bathymetry measurements were provided by the Council for Geosciences 

(CGS). The bathymetry data was primarily derived from fair chart so the spatial dens­

ity of the data varied throughout the domain: high data density was located in the 

Bay and low density further offshore. The data was gridded into 100m cell sizes and 

nearest neighbour interpolation was employed to smooth the data. In an attempt to 

avoid horizontal pressure gradient errors, typical in terrain-following coordinate mod­

els, the bathymetry was smoothed further with an rtarget of 0.25. The rtarget is a 

variable that controls the maximum value of the slope of the sigma layers. The raw 

bathymetry (left) and the smoothed bathymetry (right) are displayed in Figure (17). 

It is evident that the smoothed data used in the simulation represents the main bathy­

metric features of the raw data. The effects of the smoothing can especially be seen by 

the change of the roughness in 10m isobaths contour lines. 

Initial and lateral boundary conditions 

The configurations were initiated from a state of no flow and with the January mean 

temperatures provided by World Ocean Atlas (WOA) 1° data set. Four open bound­

aries have been defined, for which the monthly climatological hydrography and goo­

strophic velocities from the WOA data set were employed. An example of the vertical 

temperatures for the January mean given at each boundary is shown by Figure (18). 

Once 1° WOA data set has been interpolated onto the high-resolution grid (1/81°) 

it essentially represents an idealised field. Normally one would utilise the 1/3 rule to 

scale down from boundary conditions (Penven and Tan, 2007). For example, if a 1° 

lateral boundary condition data set is used then the resolution of the nested grid should 

be 1/3°. However, a 1/3° grid resolution is not adequate enough to resolve False Bay's 

circulation. Instead the approach taken here was to choose the resolution required 

to resolve False Bay (1/81° ), thus resulting in the use of coarse lateral boundary 

conditions in each configuration. 
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Figure 18: Lateral boundary conditions for January derived [rom WOA, telnperatme 
("C) venita] Re<;tion._ 

Surface forcing 

The surface forcing \WIS rlerivoo from the dimatological Comprehensivc Occan/ Atmruphere 

Data Set. (COADS) with re""lution o[ 0.5" and 1", As with the ho\Wdary ~ondition", 

once thc ooar:;e rc""iut.ion 'urfuce forcing ha.q been interpolated onto the high-resolution 

grid, it repre;ent, an irl"-,,lisoo and uniform field, The SST valu€>; arc cilleLIialcd by the 

model as a m;ponsc to the sLIrfacc heat fillX and were ~orr""t.erl towards the Pathfinder 

9.28km dimatologi~al SSTh data sd. This corr~'Ction is ne~'Cssary in order to cOm­

penMte for the lack of ocean-atmo.phP;ri~ feedba,k, which may result in a drift in the 

modd SST ,'alue:;. A similar correction iR marie for t.he "nrface AAJiniti",,_ The winrl 

.tn..,"". fields haye h<-'Cll rotatcd [mdionaliy [or a mOre reali,tic wind forcing, acoording 

to the oho.erved (Wainman et. at 1987 and Jmy, 1991). The wind .tress field. were 

rolakd [roill a ""LItheriy to southeasl erly component and a weRterly to a northweWlrly 

oomponent riming .nmmer and winter months rcspcctively. The l'e><l1lting ,eawnaliy 

",'erab'ed and rot.ated wind 't.r",,"" field" are "hown in Figure 19. The scllrons have b<-><.>11 

",'eragcd by JFM (January, Febnmry and March), AMJ (April, May and Jnne), JAS 
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(July. A lIgust II.nd &:plember) and ON I) (Ocloh.!r . NQ\"emocr r.nd Oecc!uloer) followiu.g: 

1111 example of Ille ...... t;<)lIai "''''''dI,l.\S nwi> i ll AlkiM (191OaJ. The l'oefI. ......... 1 sign"l in 

the win d stress llllgnitud.:.s can be I;(,en b.y tile lIoctU" i inu Inlln sLron,,~'f wiud 5tre .. ~ 

,"1110",,, dlillog SW!lIUer 10 ... ~r duriUt, ",inler. The wind stress forcing. u"oed in ~h 

cunfigll..,. r ioll~ esBeul ial ly rep"""'''' ""Niy ~tal" 5i~ ulllioos 311 in Ibe V"u Fun .-esI. ami 

J ury (1 9t15j ~t u dy 

JFM AMJ 

JAS ONO 

nO I 002 003 0 1J.4 0 05 Oal O.:J7 

Figure 19: T he ""a800,d mcan .... ind stn."IO! (N. tw2) forcing d..!rived from COADS data 
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3.2.5 Experiment Two: One-way offline nesting of boundary conditions 

Hypothesis: Finer horizontal/vertical resolution boundary condition should 

show an improvement of the thermal structure relative to coarse boundary 

conditions. 

Typically in an ocean model, a set of conditions must be defined at each boundary of 

the models domain, which is not enclosed by land. Boundary conditions are essential 

for the simulation of the domains physical processes. The choice of the boundary 

conditions used is of critical importance as varying boundary conditions may lead to 

large differences in the simulation. Improper boundary conditions may result in the 

generation of unrealistic influences being introduced into the solution, which would 

have been avoided if a more appropriate set of conditions were used. 

The following experiment sets out to investigate the influence of the resolution of the 

boundary conditions on the simulation and in doing so hopes to adopt the more appro­

priate boundary condition for the next experiments in the hierarchy. The experiment is 

carried out through two separate configurations which have adopted the high-resolution 

bathymetry from the previous experiment. The first configuration utilises boundary 

conditions from WOA (1°) data set, as described above, when interpolated onto the 

model grid of 1/81° it essentially represents an uniform field. The second configura­

tion employs an offline nesting procedure to improve on the resolution of the boundary 

conditions used. Essentially, offline nesting is done by first computing a larger domain 

of the region and then extracting boundary conditions from it for the smaller domain. 

In this study, the larger domain, which was used to extract boundary condition from, 

was the child domain of the Veitch et al. (2009) study. 

In the Veitch et al. (2009) study a two-way nesting procedure was utilised to sim­

ulate the dynamics of the Benguela current system. The two-way nesting approach 

allows the lower resolution output from the 'parent' domain to be incorporated as 

boundary conditions for the higher resolution nested 'child' domain, which feeds back 

to the parent domain (Veitch et al., 2009). The Southern African Experiment (SAfE) 

configuration (Penven et al., 2006) was used in the study as the 'parent' domain. The 

SAfE configuration domain ranges from 2.5° W-54.75°E and from 47.75°S to 4.8°S, 

with a horizontal grid resolution ranging between 19km in the south and 27km in the 
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north (Pcnvcn ct ai., 2(00), Surface forcing is derived from COADS; and th" lateral 

ooundary oonditiOils and init.ial condition" ar" derived from the WOA data"d (Pcn­

""n et. ai., 20(6). The 'child' domain wM the grea.ter llenguela region, 3.9"E·19.8°E 

IlJld 3.'5.6°S_12.loS, with a grid resolution rilllging from 7km in the south and 9km in 

the north, The dimat.ological output. from Veit.ch ct aI. (2009) ~imulation is ru;od illl 

l>oundMy conditions for the "mall"r domain of this study, For an cxumplc of thc res.­

lilting JanmtfY mean boundary condition~ u8Cd , rdcr to FigW'e (20). The resolution o[ 

t.he offlinc boundary conditions used is Li27" whith is a signilitant intrea.'w from th" 

prc'Vious I" oollndary conditioI1~. 'Ih" 8l1ffa"" forcing applied in both configurution" i~ 

destribed in EXp"fim",t. One ubovc, 

[ 

1 

" . _. 

Figure 20: The latem! boundary condil'i01I8 ("C) for Ihf January mean derivfd from 
the ofJIine nesting approa~h_ 

3.2.6 Experiment Three, Surface forcing restoring terms 

IlUVOthesk Incorporat.ing a high"r f"solntion SST climatology IDr the 

rc"toring term (dQdSS'I) will result in .m impro"ement to the simulated 

SS'Is_ 



As discussed in § 3.2.4, to prevent model SST drift, a consequence transpiring from 

the absence of an ocean-atmosphere feedback term, the simulated SSTs are corrected 

towards an observed SST climatology. The surface heat flux is given by: 

8Q 
QT = Q + w;:;-(Tmodel - Tclim ) 

U.lclim 

where, Q is the total climatological surface heat flux, 8T,8Q is the kinematic surface 
cltm 

net heat flux sensitivity to the SST composed of contributions from infrared, sensible 

heat and latent flux (Barnier et al., 1998). Tmodel is the model derived SSTs and Tclim 

is the observed climatological SSTs (Barnier et al., 1998). 

In this experiment, a comparison was made between two different SSTs climatologies 

used for the restoring term. In the previous experiments, the model SSTs were restored 

to the Pathfinder SST data set of 9.28km resolution. The Pathfinder data set was 

derived from Advanced Very High Resolution Radiometer (AVHRR) data. To improve 

upon the simulated SSTs from the previous experiment, monthly means generated from 

the culmination of high resolution (1km) MODIS Aqua and Terra products, described 

in § 3.1.3, have been applied for the restoring term. 

An example of the seasonally averaged SSTs for the two different data sets used 

for restoring is given by Figure (21). Large differences can be seen between these two 

SST products. This is especially evident during summer, where the Pathfinder SST 

was essentially uniform and unable to capture upwelling off Cape Point and the cooler 

waters off Cape Hangklip. These features are evident in the spatially diverse MODIS 

product. 
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Figure 21: A romp .. ri"on hetWH'" the P"'thfinder (9.28km) Sb"T (OC) climatology and 
the MODIS (Ibn) mont,hly mean SSTs ("C). The data has beeD seMonally averaged 
for an example of Hummer (JFM - top) finO winter (JAS _ bot,lmn) diJlercuccs. 



4 Results 

4.1 Observations 

In this section ,he results of the wind anrl ADCP rlat.a ohservations are present"..]_ 

The result.. have boon split into high (tidal), low (sub-tidal) and cycnt scale (daily) 

timescalcs, in order to investig3.te ,he rel3.live contriblilioll.S of each of these scales. 

4.1.1 Spectral signature 

To det.ermine the main spedral components of the How, ,he ADCPs ,-elocity record 

was an3.1ysed in tcrlllS of the u-component (east-west) and v-comp.ment (nort.h -sout.h) 

directions , vertically integrated with d"pth, Fig,,"e (12)_ 

,,' 

r' 
, 

" 
,., , .. " .lill-U 

,,' ,,' " 
00' " 

, 
I 
• 

I 
i 
1 

FiguJ"C 12; Kinetic cnergy spectra. of depth integrated current data in the\' (left) and 
u (right ) ,-c\ocity vec tor components for all ADCPs. The 95% confldenee interval IS 

maJ"kcrl by thc bar above the graphs. The dll8hed line highlights the inerlhl period. 
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Insignificant differences were found between the surface and bottom depth's spectral 

analysis in the u and v directions, therefore depth-integrated currents were analysed 

in order to consolidate information. The semi-diurnal tide (-12hrs) appeared as a 

very significant signal in most of the spectra. The tidal signal was found to be more 

substantial in the v-component, with only a significant tidal peak in the u-component 

at AOI and A03. Interestingly, there appears to be little signal in the inertial period 

(-21hrs) which was found to be relevant in Griindlingh et al. (1989) who studied the 

bottom circulation at the Bay's entrance during the Austral summer of 1986/1987. The 

Schumann and Perrins (1982) study of the tidal and inertial circulations around South 

Africa, suggested that topographic features and density structures of the water column 

might cause changes in currents at different frequencies. The observations made in this 

study took place in late winter which has been noted to have a different vertical density 

structure than summer months. In the numerical modelling study by Chen and Xie 

(1997), the results suggested that near-inertial oscillations reach a maximum of kinetic 

energy near the shelf break, which decays towards the coast. This provides a basis for 

a potential explanation of the lack of inertial period in the observations of this study. 

The ADCPs were positioned in close proximity to the coast, Table 1, where the inertial 

energy might be damped out. Whereas, the Griindlingh et al. (1989) study, with a 

vertical structure characterised by summer, was at the entrance of the Bay where the 

influences of adjacent shelf are stronger. The results have highlighted the importance 

of investigating the current data on different frequencies. 

4.1.2 High (tidal) frequency 

Tidal flows in False Bay have previously been identified as having a significant con­

tribution to the circulation in the Bay (Atkins, 1970b; Griindlingh et al., 1989). To 

investigate the tidal velocities, the T-Tide MATLAB package was used for harmonic 

analysis. The time series of the north-south velocities of the tidal component is presen­

ted, Figure (23). Here, the narrow fluctuation bands of inflow (red) and outflow (blue) 

are indicative of the tidal flows with periods of -12 hours. The tidal signal at AOI 

has been smoothed, a result of the ADCP time step (lOOmin), and is therefore not 

representative of the accurate tidal fluctuation. The maximum tidal velocities are on 

the order of ±15cm.s-1 , which is a relatively significant proportion of current flow. The 
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maximum tidal vdociti"" fiuduate on the period of two weeks oorresponding to the 

fiuduation" of spring tick .. when the tidal range Wll" at a maxiIllum. 

! 
j 

Figure 23; Time series of high fre<jllency tidal vdocitie" (em."·I) etiraded uSlIlg 
'1"_ Tide" (Pawlowic~ et at, 2002). 

4.1.3 Low (sub-tidal) frequency 

To investigate the "ub-tidal prOCC5"eS, which IIlay influence the circulation, a U\ncz~ 

low pUbS filter (period > 2,shr") was applk-d to the data. The reeulw of the v-component 

of the 8l,b-tidal data i" di"play~-d below in the form of a time serk", Figure (24). Figtll"e 

(24), h",q included the 'shadow zone', an area of bad data near the OC<"<lJ' surface, 

descri~-d in §~.1.1. As the Bay's mouth i" oo11thwa:rd facing hy looking at the norlh­

""uth component of the current, one can ",,-;entiatly infer movement in and Ollt of the 

Bay. In Figure (21), northward flow is positive (red "hades) and southward flow is 

negative (blue shades). The blue graph is the filtered v-component of wind at Roman 

Rock. The wind wru; filtered with a LlIllczos low pass lilter as with the currents. During 

the deployment period, the wind Wil." predominantly from the S-E (1,s%) and from the 

K-W (35%), with th ~ J~>\.~t occurrtmc~ from th~ S-W and N-E (10%), as shown in 
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Figure (2,';), 

" El N2 " 

, 
" 

Figure 2,j, Timc series (days) of the Lanczos low pass filtered (p<'riod >25 hrs) north­
ward (v) current velocity (em.s·') for all ADCP~ and filtered v-component of wind 
(m .• ·') at, I(oman Rock (RR). Nl and N2, hi!\hli!\ht examples when thc current and 
wind were bot,h northwa.rd. SI and S2, highlight t,wo-Iayered flm, at the onset of 
"""thward wind. El and E2, highlight f'xceptions whf'n t,he wind and CUlTcnts were in 
oppositc directions, 

The strongest wind velocities (>15m.s-') were from the N v.' and S E sector". From 

Figure (24), the gcneral impression found was that there werc fluctuations of north­

wurd/ oouthward flow in K""l'onsc to northward / 80uthward fluctuations in wind, There 

wa." evidence of t,wo-layererJ flow, on most occasions occurring after the wind rever~ 

from northward to southward (i.c. SI/S2). One-layered flow typically occurred with 

northward wind (!\1/N2), along with the &t.ron,gest, flow velorities (~30~m.8·'). Excep­

tions were indicated by El/E2, where the CUlTcnts at A03 and A04 were in an opposite 

directions to the wind. 
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Figure 26: W ind ro",,'. (m.,") I1t RDITll1n R(){;k, W Aug - 18 Oct WID. 

To im'estigate the ,,,lationship o[ the wind on the residual curr" nts in False Uay, 

1'4'l correlation" have be"n comput.ed. Po,it iv" al1d l1"gMive lag correlat.iol1.' (R~) hav" 

been mJculated for each ADCP with differel1t depths, Figure (26). Here, a pooitive 

Jag correlation refers to a. cUrl"nt, which jagged bflhind til" wind and a llf'gath." jag 

correlation ref"rR to a ",ind, which lagged hehind the ~UIT"nt. In FiguI'fl (26.a), Ih" 

highest wrrclation o~L'Urred at the l1ea..r surface of AOl with an R' of 0.71 and a positive 

lag of 15 hr". This mean" that 71% of t.he variahility of Ihfl "urfa"" currel1t in thfl v 

compon"nt can he "xplained by the wind. At 11m from til" bottom, the oorrelation 

dropped to 0.38 and the lag has increased to 17 hm. At the very bottom there was no 

correlation with t.h" wil1d, suggeRting anothflr mechaniRm was ","ponsibl" [or driving 

the circulation. The lag [mUld was checked by oompMing the SSU of AOI with tidal 

data and was foul1d to be sYIlChronous. Furthermore, the lag I1t AOI was confirmed by 

Dr . FranooiR Dnfois from VCT, who fonnd t he Ram" rffinlt through lYIflt hoos of his own. 

Simila..r lags have been round in the near-shore currents o[ the Southern I\amaqua shelf 

(Fl1w~ett et aI. , 20(8). 111 the F'Uwcctt et al. (2!X18) study, a Uhr lag was found to have 

the ma.ximum con."lation hetween ajong"oore winrls and near "urface cUrrent" during 



wint,er, The """omi highmt correlation wao at the lwar"surface o[ A05 ",il,h an R2 of 

O.6~ (6~% explained by the wind) and no lag. At 5m from the bottom the ~"rnlation 

dccreasoo to 0.4 with a lag of 1 hr. There wus no signilkant relationship (R'<' 0.3) 

h€twem the wind and the current fOf AOZ. A03 and A04. The r<'811lt sllggesl_' I,hat 

houndariL'l< of the Uay are st.rongly inilllenCflrl by the wind in the v-~"mponent, and 

that olhel' pnxocsses were responsihle for the circu lation in the middle of the Bay. Foc 

the \I,oompon<'nt, Figure (16.b), tl.., correlation was weak. willl the higlK'l<t 1{2 of 0.'11 

(41%) at AOl and R.' ofrUl (~l%) at A03. 
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Figure ZO: P""itive and negative lag correiatious providoo hy the coeffi<>ielll, of d"teml­
ination (It"), h€tween low pa." fjll£red wind and current". foc a.) northward yelOCitiL'l< 
und b.) eastward componenl,S for all ADCP, aI, vari",," di<;tunccs from tl.., bottom. 

To im..o"tigate hw, variahk the mri'cnts wcre at each ADOI', ""riau"" elli[lfiffi were 

oomJXII.e<'l for e""h ADCP at niffermt depth", Variancc ellipsL'l< "re lise[ul in that 

tlw~ .. can also he uoc-'ti to identify possible topographic ste<lring. In Figure (27), tlw 



variance ellipse for each ADCP at different depth, a", shown. Th" curr"nt varianc" 

ellipo;es hll.Vfl bff'n oYflrlaid on top of th" Ray'" hathymetry. The direction of the major 

axi" of varian"" (prin~ipaJ component) is given for the surface and bottom depths, 

provided by the vector anowS. The major Mis of yarianrf' ffi.<;entially "'p",""nt" th" 

main orientation of flow during thfl p<'riod 

Figure 27; Rathymetry contours overlaid with variance ellipses for e"ell ADCP at 
different distanoo, from the bottom for the period of deployment. The arrowS represent 
the diredion of the major axis of ''llriance at the surfa<Y and bottOlll. 

The varilUlce ellipse, for AOI :l.nd A05 are elongated along the coastline a..nd ha,'" rel­

atively liU"ge eL"celltricitie, of ~0.66 and -0.61 respectively. The"" valu", of flccentriciti,," 

indicat" that \hfl cur""nt fluctuatioOf; Wf'ffl mainly rectilinear at the Bay's boundari"". 

In contrast, as the positiollb of the ADCP moved further offshor", the eccentricity of 

thfl ellip,*, hecome smaller (-0,1), the current fiuctuation, were multidirectional illId 

variahl" in th" middl" of the Ray. Th<'T"Cfore. the flow "t the Bay's boundn.ries was 

parallel to the isobaths. and th" flow in th" middl" of thfl bay MIS "ompl"x (IIId highly 

variable, The complexity of the UIlderlying bathymetry at A02, A03 and AM may con­

trihute to th is variahle flov.·. The r008TI diroc"'lion of all the ADCPs suggests a general 

northward n~lVelll'mt of watRr. Thfl ofif.ntation of ~)~al i,.-,haths and th" principal axis 

of surfa<-.., u.nd bottom cunents are provided by Table (2). In addition, the principal 

axis of wind at Hit willi cakulat<>d ~)[ "ach indiyidual cif.pioyn",nt I*riOO,. For AOl 

and A02. there was little difference in the surface and bottom orientation of flow. At 



AOI, the principal axis of flow (bottom and surface) was in a similar orientation to 

both the principal axis of wind and the local isobaths, which may explain the simil­

arities in bottom and surface flows. A03, A04 and A05 have different orientations of 

flow between the surface and bottom layers. The bottom layers appear to be more 

orientated towards the direction of the local isobaths, except at A04, this may suggest 

topographic steering of the flow at depth. 

SIte Orientation Prf~axJs Prfnclpal axis Prfnclpal axis 

local Isobath '"T bottom,'"T surface, '"T wfndRR 

AOl 335 303.56 304.07 290.78 

A02 56 46.79 47A5 291.78 

A03 20 35.28 8.55 293.70 

A04 23 306.28 332.76 293.67 

ADS 45 74.19 279.87 294.65 

Table 2: Orientation of local isobath, principal axis of depth-integrated flow, surface 
flow, bottom flow and wind at Roman Rock for all ADCPs at the individual deployment 
period. °T refers to degrees measured in clockwise rotation with 0° at North. 

In order to identify a schematic of the common circulation patterns within the Bay, 

the circulation was indexed and averaged according to the response from four main 

wind sectors (see Figure 25): south to west (S-W), west to north (W-N) , north to 

east (N-E) , and east to south (E-S), Figure (28). The surface, bottom and depth­

integrated flow were averaged for each ADCP. To determine whether the mean current 

was representative of the response to the various wind directions or not, methods used 

in Dufois et al. (2008) have been applied. In Dufois et al. (2008), the significance was 

computed as the ratio (R) between the magnitude of the mean current vector, IIUrnll, 
and the mean of the magnitude of the currents over the time, (II U (t) II) t, R is given by, 

IIUrnl1 
R = (1IU(t)ll)t 

where U(t) is the magnitude of the current at the particular ADCP station. The 

ratio R essentially represents the unidirectionality of the current vector over time. If 

R is close to I (100% significance), the current direction has little variability, and the 

direction of the mean current vector is an accurate representative of the response to 

the corresponding wind sector. If R is close to 0 (0%), the current was multidirectional 
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and therefore the mean vedur is no longer an ade<.]llate representative. 

a.l su .. roce "'xl dep\~1 imegrated 
0" •• 

Figure 28: SchelIUi.tic of the IIverage circulation fur a.) the surface and depth-integrated 
(bold out liu",) flows and for the h.) bottom flows in response to fom modes of wind 
direction from Roman Rock: E-N, N-W, W-S, lind S-E. The IIJ"row colour represents 
the certainty (R) of flow direction. 

In F igure 28, the colour of vector face represents its significance (i.e. red - very 

significant, dark hlue - uo "ignificance). The !rurface &nd depth-integrated flow (bold 

outline) is presented separately from the bottom flow, this ",as due to the dilTerent scales 

of the flow, the bottom flow being mnch weaker. In the cnse S-W, aU ADeps statiOllb, 
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apart for the A03 depth-integrated flow (50-75%), were multidirectional «50%) and 

therefore the average was not representative of the circulation over the mooring period. 

During S-W winds, the flow in the Bay was complex. At A03, the depth-integrated 

flow was northwards in response to wind. 

During W-N winds, mean surface currents for the period of deployment were sig­

nificant at all the moorings and therefore were a good representative of the flow. The 

general surface flow was in an eastward and northeastward direction at all ADCPs 

apart from A05, which was southward. The overall surface flow appears to resemble 

a cyclonic pattern. The mean depth-integrated flow was not representative. In the 

bottom layer, moorings AOl (NW flow) and A05 (SSW flow) were significant. These 

bottom flows were opposite to the surface flow suggesting a mean two-layered flow at 

the lateral boundaries of the Bay under these wind directions. This explains why the 

mean depth-integrated flow was insignificant. In the case of N-E winds, the directions 

of flow were similar to the N-W case. Similarly, AOI had a two-layered flow. The surface 

flow (>75%) was in a southeastward direction and bottom flow (50-75%) in a north­

westward direction. In contrast at A02, the representative mean flow was relatively 

uniform in direction with depth. Apart from A03 the surface flows were representative 

of the mean flow. The overall pattern suggests southward flow at the boundaries (AOl, 

A05) of the Bay, and northward at the centre (A02, A03, A04). During S-E winds, 

the mean surface flow was significant at all ADCPs and in a southward direction. In 

contrast to N-W and N-E, during S-E, AOI had one-layered flow in the northwestward 

direction. 

Filtered temperature and sea surface heights: 

The thermal structure has been identified as an important physical forcing mechan­

ism in False Bay (Griindlingh, 1993; Taljaard et al., 2000). The study was not able 

to investigate the seasonal fluctuations of temperature, but an investigation of bottom 

temperature fluctuations on an event scale is presented, Figure (29). The filtered winds 

and temperatures for each ADCP is given with particular events of interest marked 

by red and blue shading. The blue shading refers to a decrease of ADCP bottom 

temperatures at the onset of southward wind (i.e. NW). The red shades refer to an 

increase in bottom temperatures typically at the onset of a northward wind (i.e. SE). 
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The exception was [olUld al A05, located in Gordon's Bay, which was opposile in its 

respon""_ Here, dming a north ward wind there was a decrease in bottom I.~mp"ratmes 

and during a fUuthward wind illl incre=. Evidence of upwelling edls have h<-'<'n found 

to occur orr Gordon's nay after a period o[ strong SE winds (Cmili, 1970; Grindley 

and Taylor, 1970; Jury, 1985; Wainman el al, 1987; Taljaaro et aL. 2000). The bot­

lom winler temperatllfes were in a similar range (11 14'C ) lo the results fOlUld by 

Griindlingh (HI9:.1). 

--- "' - "' ----... 
Figure 1~: Filt~rM wind at Roman RDd, (al and ,\lX;1' bottnm temp"ratnfffi ' C (b)_ 
Th" pal" roo and blue bar" r"preA<'nt p"rioos of SF; (northward) and I\\V (oonthWllrd) 
winds respectively. 

Follo"'ing an ""ampl" pw\-id"d by van ea n"gooy"n (1991) whidl indicated evidenc:-e 

of polential "helf waves inlln"n"ing False Bay, an inwstigation was carried oul on daily 

mean a\-eragoo sea level fluctnations at "}lch ADCI' and tidal gauges fmm Simon'" 

Town and Port Nolloth, Figure (30). The results Sltggest iluclllations o[ daily mean 

",,:J.lL'vels with the perind of ""nT:J.1 day" to:J. week ",ith maximuIll ampbt.ude" of ~0.2m. 

Th" Simon'" Town tidal gauge data has b<'<>n prm-id"d for mmparati\-" pUfPOOBS and 

agrees with the ADCPs. The Port Nollolh tidal gauge has been provided to in\estigate 

whdher it was :J. remotdy forced perturbation or ruther due to locuJ wind und pn,""ur" 

changes. Port Nolloth is situal.M on the WBSt roast of South Africa, approximalely 

~701un [rom Cape 1'01"11. The Port Nolloth iluctltations agreed nicely with the Jludu­

ation" fonnd in the Bay. TIw ADCP" ha"" a lag of approximately one-I,,,'O day" with 
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the Port Nolloth SSH, sugg,-",tiug the perturbati()l! might havc been travelling down 

the ooasl. The nuctuations llave similar properties identified by &hulIlallll and Brink 

(1990). Scbnmann and Urink (1990) fonnd that theRe pert.urbations travel in an anti­

clockwi", fashion frow ,,,,,,I mast to east. ma,t of Scmthem Afriea. Th~ fillct ll"tion , 

might suggcst shelf waves, but further inyestigation of wincls and almC6phcric prcssurc 

would be needed 10 elucidate this. These fluctuations of SSH may oontribute to thc 

complexity of now in the Uay. 

Dolly "",on ... 10.01 Ru"",,,,lon.1ml 

, ~." >!i/O' 02>J. 0lIl00 ,_ "'''''' 
O.y. 

Town 

,. 

11)O[1!1 om" 1<'10 "" . 
Figure 30; Daily mean >ea level JhlCt,llations (m) for all ADCP. and tidul gaugcs 
positionoo at. Simon', Town ,md Port Nolloth. 

4.1.4 Event (n"ily) sc"le 

Th further =plorc thc relationship between ll,e teIllper"tllr~, wind and cm",n"'; " 

compari"oOn was wade for an iudividual ,-'vent during the deploymcnt period. The 

single cnnt that lJ<\S been pree.enled from the ""ther Rhort observation,,1 data set hill< 

heen ",l""t.erl wb .... e m<lcmrcnt currenl and satcllit.c data were availahle. The AAt.e1li t~ 

SST data is uffcctcd by clOlld" wlJicl! mane it difficnlt. t.o capt.ure thc r-.'\~' wind cvcut,,; 



typical of passing cold fronl~. The .\10DlS Tp.rra SSTs. bouom tf'mpp.ratUTffi and winds 

an' provid".-I by Figurf' (~I) for t.hp. OY- II 8f'pt.embL'T 1010 

-1 
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Figure 31, SST (0C) .\!ODIS Term mo.-ning data (top) , black shade. arc area>; with 
no data, wind (m."") at RR (bouom left.), ADCP bottom temp<'raturp., (' C, bottom 
right.) for 9- 1 I Sf'ptp.mber 2G1O. 

Thi" particular ,-'Vent was of interest a>; it included a wind reversal from r..-W to a SE. 

During the 9th of S'-1It, the winds were light NW. The SST" inside the Ba.i' were fairly 

uniform (14-1.~OC), with waTmer water, in the NE cOrller of the Bay ncar Gordon'" 

Bay. The l>ottom temperaturh< decreased at AOl, .'\03 and ;\04, and incr<'aSlld at 

A05 during the KW, agreeiug with the previous rh<ult~. During the 10th, the wind 

R'Ven<ed to a strong SE, which persisted tluoughout lhe day. In respon8e, the bottom 

t.f'mpf'ra.tll'P.'i incrp.asp.d at. AOL A03 and A01 and cif'cre,,-,p.d at A05. AOI, appearoo 

to have lagged behind A03 alld AIH, increa>;ing in lemperature only by midda,Y. H.i' 

thp. morning of 11th, thp. warmm SST had boon advect".-I into the NW corner of the 

Bay. presumably in respon8e to the strong SI'; [rom the previous day. Midday on 

" 
" 
" 
" 



the 11th, the wind reversed to light NW. The bottom temperatures decreased during 

the transition between 10th-11th when the winds reversed to light NW. These results 

have demonstrated the 88T and bottom temperature change under two different wind 

forcing. During NW wind, the 88Ts were uniform and cold, with warm patch in the 

NE corner. The onset of the strong 8E brought warmer 88Ts into the NW corner of 

the Bay. The bottom temperatures behaved in a similar fashion, warming/cooling on 

the western and cooling/warming eastern side during 8E/NW respectively. 

The observational results have shown that the tides contribute to a significant propor­

tion of flow. The residual flow at the boundaries of the Bay was polarised with the 

coastline and bathymetry. This flow was unidirectional and strongly correlated with 

wind. In the middle of the Bay the flow was complex, agreeing partly with the complex 

bathymetry beneath it, suggesting topographic steering. The variability of flow and 

weak correlation with wind suggests that other forcing mechanism were responsible for 

driving the circulation in the middle of the Bay. The fluctuations of wind at an event 

scale can result in a bottom temperature change of as much as 2-3°C. Fluctuations of 

daily mean 88H may allude to shelf waves but further investigation is required. 

4.2 Numerical modelling 

In this section the results of the simulations for each consecutive modelling experiment 

is presented. For every configuration, a three year run was carried out to allow for the 

appropriate spin up time needed by the model to reach statistical equilibrium. The 

diagnostics of each experiment is given below. The seasonal circulation and thermal 

structure of each configuration is presented in a comparative fashion. 

4.2.1 Experiment One: Influence of bathymetry 

Diagnostics: Time evolution of averaged tracers. 

The model's reliability can be determined by examining the degree to which it con­

serves the averaged value of its tracer fields (Penven et al., 2001). As Penven et al. 

(2001) suggest, this can be done for example by volume averaging the temperature 

field for the entire domain. In Figure (32), the diagnostics for the flat bottom (left) 
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and the high-resolution (right) runs are presented. It is clear from this figure that both 

configurations exhibited stable boundary conditions as the volume, kinetic energy, heat 

and salt properties were conserved and hence no leakages at the surface or boundaries 

occurred. The surface and volume averaged kinetic energy (KE) can be used to es­

timate the spin-up time (Veitch et al., 2009). The fiat bottom run reached statistical 

equilibrium almost immediately whereas the high-resolution bathymetry run took ap­

proximately one to two months of spin up time. The results of the surface averaged 

KE highlight the models response to varying surface forcing. In the summer months 

during upwelling and the strongest surface forcing, the surface averaged KE was the 

highest. A comparison between the volume averaged temperature, shows that both 

runs illustrated seasonal structure, with warmer temperatures occurring during sum­

mer months and cooler temperatures during the winter months. The fiat bottom run 

has warmer volume averaged temperatures than the high-resolution run. The reason 

for this was that the fiat bottom run was 50m deep through out the entire domain, 

whereas the high-resolution bathymetry has much deeper (>100m) water outside of 

the Bay. Therefore the volume averaged temperature for the high-resolution was lower 

because it included a larger volume of deep water into the average. This explanation 

was also the reason why the volume averaged salinity was higher in the fiat bottom 

run. Additionally, the difference in depth explains why there was a large disparity in 

the volume anomaly when comparing the runs. The high-resolution bathymetry run 

was an order of magnitude larger in volume than the fiat bottom run. The volume 

anomaly is the difference in the entire volume of the domain for each time step from 

the mean volume of the entire period. While the volume fiuctuations were relatively 

small, they can be explained as a response to the seasonal changing temperatures. 
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Figure 32, DiagnOGticB for the flat bottom (left) and high-resolution CGS bathymd;ry 
(right) oonfiguratiom. The dotted red line is the mean. 

The high-reoolution bathymetry run had mme variability associated in the volullle 

anomaly structure with similar variability found in the other averBtSed tracers for this 

run. Thil; ;lI.riability lllay be attributed to an increase in the complexity of the "imn­

lation by adopting the hil!,h-resolution realist ic bathymetry. The diagnoslics for both 

runs have shown that the model configurations were reliable and stable as all averaged 

tracers are oonserved. 

Comp=ison~ in seasonal mean circ"lation and thermal ~tn"'t"J'" 

To prove the hypothesis given by !';xperiment One, a comparioon wa" drawn between 

the flat bottom iUld the high-resolution CGS bathymetry simulations. The hypo~hesis 

suggested that the bathymetric features at the mouth of the Bay J"I!Iltrict the inflow of 



oJTshorc circulation and in doing so redueL'S a proportion of the rold botwm w"ter th"t 

emerR the Bay, thus having an inJlu"nce on both the Bay'" eirelliatio~ and thermal 

Rt.mel.llfe. To inv0ltig"te thiR, Figure (33) compUJ"ed vertical ",etion" of thc ""asonal 

mean \"-componf'nt (north-Wllth) of flow for Rmmner (JF!I-1) and winter (JAS) at the 

mouth of thc Bay. The northward flow is reprffiClltcd hy positi\'" vdocities, whkh 

a:r~ in ~harle" of red anrl the southward Jlow by negative vdocitie" in "had", of bluf'. 

Additionally, the Jlow has been overbiel with the LqothermR in order 10 explore the 

infll1ellI'R of thermal Rtmel.llrf' on the flow. 

JFM JFN 

FigllIC 33: The N-S seasonal mean cllrrf'nl. vf'loeiti~s (em. S I) oVf'rlaid with isotherllls 
('C) for summer (JFI\I) anel wint~r (.lAS). 

In thiR Ilgure, by eOl1lparing till> isotherm", a d~",. se:1sonal shift in the thermal 

structure wM e .. idem. Both the ftal. t.ottom anrl I.he CGS hathymctry runS dcmon-

strated "'ll.>Onal clmnge from stratilkation in """mf'r 10 a well mixed ",al<'r coillmn 

elminp; winter. Thi~ ",a,;onaJ fluctuation in stratifICation and mixing h"" loeen rlOCll­

ment erl in previOllR OMen'ltional "tudie" such a" Atkins (1970,,) and Grlindlingh (1993). 

This study ha~ provided the firRt Illlmerical moclcl to reprcsent these fluciu"tions of 

thcrlllal "truciurc in the Bay. The first important dift"erenee to notf' when COlllpar­

ing the isotherms waR t.hat thf' hottom telllperatures during the summer meW] for the 

CGS b"thymelry (16°C) rllll were wanner than the ftaj. hottom confip;mation (13°C). 
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Similarly during wiuter the eGS bathymetry run was on order of l oe wanner. In line 

with this disparity, it appears that the stratificatiou for the flat bottom (13_19°C) is 

more intense than the CGS bathymet.ry (16-2O"C) run. Th confirm this, the I3nmt­

Viiisiilii Frequency (I3VF) has been calculated for t.he same vertical """tion and plotted 

in Figure (34). 

f/igure 34: Vertical section of the Bruut-Viiisiilii Frequency for JFM seasouaJ mean 
across the mouth of the Bay. 

The BVF is a measure of water cotwun stratification (stability) and is based on 

principles of harmonic oscillators. The BVF frequency was higher for the flat bottom 

with maximum at 7 x 10-48-1 whereas the CGS bathymetry had a maximum of 2.5 x 

lIJ-4 .• - 1. The higher the frequency the more intense the "tratification, this is based 

on the oscillation of a particle if displaced upwards in a stratified water column. The 

larger the difference between the surface and bottom water densiUes, the higher the 

frequency of oocillation. While the BVF vertical sections do not bring about any new 

inlonnation they do serve to further elucidate the stronger stratification fouud in the 

flat bottom run. 
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Similar in nature to the seasonal fluctuations of temperatures, the vertical flow 

structure behaved differently between the seasons. During summer, with a stratified 

water column, the flow had a tw~layered structure with a stronger anticyclonic flow 

at the surface and a weaker clockwise flow in the bottom layers «5cm.s-1). The max­

imum mean summer velocities were on an order of lOcm.s- l . During winter when the 

water column was mixed, the flow was weaker and uniform with depth. An important 

difference can be seen when comparing the flow structure between the two configura­

tions. During summer, the tw~layered surface flow pattern was similar between the 

two runs with some discrepancies in the bottom layers, whereas in winter the differ­

ence in the flow structure was notably more significant throughout the entire column. 

During winter, the CGS bathymetry run has strong boundary flow associated with 

the location of shallow waters. The flat bottom run with constant depth has weaker 

current velocities with no boundary flow evident. 

To further investigate these findings, Figures (35 and 36) show the bathymetry 

overlaid with vertically integrated flow. In order to investigate the False Bay region 

closely, the figures were a smaller extraction from the larger domain. In summer time 

the tw~layered system was split up and the surface and bottom layers were vertically 

integrated separately, Figure (35). In this figure, the surface layers flow for the flat bot­

tom and CGS bathymetry was very similar. A potential explanation for this similarity 

was that during the summer stratification, the surface layers were decoupled from the 

bottom layers and were primarily driven by wind, both configurations employed the 

same wind forcing. Therefore the bathymetry appeared to have had little influence on 

the simulated surface flows during summer. The bottom layers flow was very different 

between runs. In the flat bottom configuration, the circulation was flowing directly 

into the Bay and in the CGS bathymetry run the bottom flow was much more complex 

and was steered away from the mouth of the Bay at Rocky Bank. 
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Figl1re 35: llathymelfy overlaid with vertically integrated surface layers now (cm.s-l) 
[or JFM. Flat bOllom run on the left and CGS bathymetry flUl on the right 

Figl1re 36: llathyme try overlaid with ,'enically integrated bottom b)'CTh flow (em.s ') 
for JAS. Flat bottom run on the Idt and CGS bathymetry run on the right 

Dllring t.he winter montoo, F'igllre (36), both flUlS illolstrated a cyclonic now with 

depth. However. the bhallow ,'.ater at the boundaries 01' t lwCGS bathymetry wnfigm­

at.ion rffilllted in .tronger oollnrlaTY fIow_ 'In il]llet.rate the topographic steering eITed 

of Rocky llank, a ,-ertical ,;eetiOil of WoE flow is gi,'en in Figure (37). 
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• 

Figllrc ~7, W-E hori7.0ntaJ flow (cm_S·
,
) transa:t w:ross RD(:ky Bank (left) and the 

jX>!<ilioll of tr" .. usee' on h"'hymetry (right). Wretwarci repH'8t1l!.ed by blue colours and 
eastward by roo. 

The r"'Hllts have shown that the bathymd,y h"" irnl'artant contriblltions to dcfi !ling 

the circulation and thermal scrueturc in the Day and thus high-rcwlulion hw,hymdry 

must be induded in dw further modellillg p-xperiment,s. While the ,esu!m Rhown Me 

promir,jng, the vertic .. 1 thf'J'mal strllcture wu,,; "till too high relati ve 10 previolls oh-­

"ervational data (Atkins, 1970a and Griindlingh, 1993), by utilising higher ru;o/uliOIl 

bollndary conditioIls it is hopoo to find iIlll'rc..unwls in the range of "imuialeci lClLl­

PI,ralures. 

4.2.2 K'tp,,,"ime,,t Two: On"_w,,y omin" """ting of boundary c_onditions 

Adopting the high-fffl(lJutioll bathymetry (eGS) from Ex!,<,rimf'Jlt 0""" this experi­

ment addressed the inflllCllce of offsh{){'c eonditions on False Day. The offshore influ­

enCe wlIS invt.."<tigatoo by employing two di/Terent bolJndary conditione (Bee), first by 

usilJg uniform Des from dw WDA and then by adopting epatially more diver,,,,, Be, 

gencrat~'( 1 through an offline n<'Sling approach. 

Diagnostics: Time evolution of averaged tracers. 

The diagnostics for ,he configurations arc given in FiglJre (:J8), All avcr~.g~(1 value' of 

the tracer fidds ",ere eollMT'.'OO confimling the rdiability of the models, The boundary 

condition" were et"ble "S the volume, kinetic enf'J'K-v, hp,il.t "nd ,,,It propP-ftiee were 

conscrvhl and nO leakages at the surface Or boundaliu; occurred. The first striking 

diff(l1"cn~e bdwcen diagnostic" of t.he two rLlnR wll8 the in~rc!'l.<;C in v~I i"bility for the 

70 



high"," rflfi()iution Be nm. This increa.", in variability waH due to the iner"a"" in th" 

rcsolution of boundary cemlition. which, :uld" morc complexi ty to the sy"tem. Thc 

increase in variability reilecl8 the first siep8 from an idealised approach low"rds " more 

'realistic' configurat.ion. 

a.),,._ _ __ " •• ~ ... b.l. ... __ .... , 

l/\~/~r"fl;a 3Gt~'~t>'"J'·!g 
' " ' '''''' ' '' .. , ... 

....... --.-...... "'"'~., 
~11'\,~0\v~~,~a . .. ,'-', ... 

Figure 38: Din.gnootic. for the WOA (JOJ conflguraiion (aJ and ihe omine nesting of 
boundar)' cOII<.iilions (1/27") eonflgllratioll (b). 11w dotted roo line is Ih~ mean. 

Thc llCxt intcrc"ting diffcrcnce wa" tbat tbe lowest volumc avcmged temperaturc" 

occurroo during summer months with the high-resolution ooundary conditions run. 

The volum" averaged t"mperaturffi droppoo from Odo):..,r rflilfICting th" 8tart of th" 

upwclling favourablc winds and increru;ed during April/Mayas !lIC winter well mixed 

water L",lunlU condition8 occur in Ih" Bay. 1'11" mid bottom wat"rs assoc;atoo with 

upwelling mIlsl ha,-e heen cold enough (.0 h'·ing down the volume avemged temperature 

d"'pit" th" inCT".a..o;" in SST during summer ti mc. To substant iate this; by l{)()king at, 

the volume averaged saa, a similar seru;()naj signal was seen. During the upwelling 



fa\X1urable winds in the summer lIIonths cold fresheI water was upwelled inw Ihe llay. 

This bottom wateI was fresh enough to bring down the IIXeIage despite the rise in 

salinity at the surface from evaporation in summer. Similarly the surface and volume 

1I,."raged KE sho",ed peaks during swnmer months in response w the stIongeI upwelling 

favourable winds. 

Comparisons in seasonal circulation and thermal structure 

1'0 investigate the effects of adopting the higheT re!lolution BC, the foUowing results 

colllpared vertical """tions and surface plots of tempexature and cireulation. In order 

to make assessments of whether the higher resolution llC has led to an improvement to 

the thermal structurt', lhe results have been COOlpared to previous observational data. 

Figure 39: A comparison between the model solutions for vertical temperaturm (0C) 
aCT06S the mouth of False Bay overlaid with isotherms. WOA llC configuration (left) 
and the omine nested llC (Veitch) configuration (right) 

The simulated seasonally IIveraged vertical temperatures CC) across the lIIouth of 

False Bay were compared for the two configurations in Figure (39), the results of the 

WOA 1° BC run (left) and offiine nested 1/27' BC run (right) . During the SllDl­

mer "'asons (JFM) both runll illustrated stratification however there was a significant 

dilferenL-e in the temperatures between the simulations. In relation to Lhe WOA oon· 

figurlltion, the offline BC has resulted in a significant decrease in both rurface and 



bottom te1TIp"ratures for JFM and JAS. During JFM, the temperature ilif[erence was 

as much 8S -3_4°C. The thermal structUI>' of the offline nested BG simulation agreed 

nicely with the results of (Atkins, 1970a), wbo found temperature ranges of 10-18°G 

for In.1 and 13-15·C for JAS, Figure (6). 

The surfa.oo structure of temperatures from the offlin~ nested BG configuration have 

also shown ,;orne improvement. relath", to ... te/lite observations, Figure (40). 

Figure 40: A comparison in simuJat<Jd monthly lll<'an SSTh (oG) of the WOA config­
uration (left) and the offline nesting configuration (middle) with the observed MODIS 
lkm resolution satellite data (right) 

Here, it can ])., ",-oro that the offline nested BC configuration (middle) produced 

spatially diwrse SSTh, wh~reas the WOA BG (I~ft) produC<.-d uniform SS"Ik. This 

higher spatial diversity agrees with th~ ... tellite ohllervatioIlS (right), which were in 

similar temperature ranges. How..ver there ",-ere some discrepancies, for example, the 

large upwelling cell occurring at Gordon's Bay, warmer SSTh plum~ in tm. cenl·re of the 

Bay during summer and the warmer offshore water during July, August and Sept~mber 

WM not present in sa.temt~ data. The large npwelling cell found at Gordon's Bay during 

summer months in the offline nesting Be, might be exa.gg~rated due to the lack of 

wind shadow which has been found to OCCUr ill this region of the Bay (Jury, 1991). 

Although, this feature was not present in the monthly mean satellite data, upw~Jling 
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cells off Goroon'" Ray h",v,,!wen oh;ervM in pfl .. st st",lies (Cram, 1~70; Grindley and 

Taylor, 1~70; Jury, 19&5; Wainman ct ill., 1987: Taljaard ct ill., 2(00). 

A comparison of the seasonally averaged venical v-oomponent of the simulated 

velocity sllOW S that there has boon au inten8ificat.ion of mment v"locities for the offline 

BC. The int"nsiflc",tion W",S most apparent in the ~mfllCe layers of the .JFM ,;casonal 

",\·erage. The 8mf""e flow was oonsioorably st ronger than the bottom flow during .JF1I1, 

this agre'-'-l with observations from Grunclliugh (1992) who fowld the WUOIll wawrs 

mOve slower during summer months. During .IAS the nort.hward flow has j n.t.ensilied on 

the western hound,.,-y while the S01Jt,bward flow on the "u;;t"rn houndary has rl"ereas"d 

in v"locity. Due to the Iw:k of current vc\oci,y observations, it was not po8Sible '0 a"8e8 

witcther or not wopting; the new BC h",ve led to "11 improvement to the seasO!,",lly 

aver"gecl circulation. 

Figure 11; Seawnally averaged vertical ,;cctions of the simulated v-component of velo­
city (CIllS') a.:ro;ss the mouth of ,he U"y overlaid with iootherm8 eC) for \','OA UC 
(left) and oilline nesting BC (right) oonJig;uraUons. 

4.2.3 EXperiment Three: Surface forcing restoring terms 

The I'll rpose oft his experiment. was to improv" 1JIX"l. simulat.ed SST structur" of Exp"r­

inlL'ut Two, Figure (10). In the re8ults for ,he previous experimL'llt, it wu.; nokd that 

rlurin.g summer the sim1Jlat.ed SSTs showed large 1Jpwelling 0011 off Gorooll's Ray, which 



Wall not pvicipnt in the R8.telli~e images. Aoother SUmmer dilTerence wa>; the simulatOO 

w",m w:J.ter in the middle of thp Ray, a rAim It of thp ant,;c,'donic flow. In order to :J.d­

dre«s the riitlCrep:J.J:lde8 in the SST ,tmdure, the :>.tODIS month!., ' mean IkIll ci3.t3. W3S 

utilised"" the SST ""'toring tenn. In previOlI, eJ(pe riments, the modc1mnfiguration" 

have incorporated the Pathfinder SST elimatology of 9.1~km &~ 3· restoring term. The 

problem with thi s appro""h was that the \IODIS SST R8.tellite d8.l« r:ould no longer 

loe utllld 8., v:J.lidation, r""'LIlting in a ~J>lS of data independence. 

Diagnostics, Time evolution of averaged tracers. 

The cii3gnost ics [or the MOmS conllgllmlion were compared with the Pathfinder 

restoring configuration from the previOlm expflritnent, Figure (41). 

- P. IM ...... , Pat~find.' moon - MODIS • . __ MODIS mo .. 

Figure ,12: A cmnparisoll of diagnostics for Pathfind er SST restoring k rm (hla<:kJ with 
the :>.tODIS SS"'T (blue). Time axis is years. Dotted lines :1[e Pathfinder (",d) alld 
MOms (green) mea"s. 



The temperature tracers were conserved, confirming the reliability of the model. 

The boundary conditions were stable as the volume, kinetic energy and heat properties 

were conserved and no leakages at the surface or boundaries occurred. The diagnostics 

for the two configurations do not vary significantly, with only subtle changes in the 

finer structure. The largest difference was seen in the surface temperatures between 

the January and May. During these months, the averaged surface temperature for the 

domain decreased as a result of the MODIS restoring term. During the winter months, 

there was very little change in the surface averaged temperatures. 

Comparisons in monthly surface thermal structure: 

To investigate the impact of adopting the higher resolution MODIS data set for the SST 

restoring term, a comparison has been made between the simulated monthly mean SSTs 

of the two configurations, which utilised different restoring terms (MODIS-pathfinder), 

Figure (43). It is evident that the MODIS restoring term has impacted the simulated 

SSTs. The most prominent differences occurred during the summer months, where 

the two restoring products utilised had the largest differences, Figure (21). During 

these summer months, as a result of the MODIS SST restoring, there was a decrease of 

temperature in the centre of the Bay. The decrease of temperature helped to reduce the 

warm pool of simulated SSTs found in the Experiment Two. A decrease of temperature 

off Cape Point region has resulted in an enhancement of the upwelling cell located there. 

During winter months, the SSTs generally decreased in the middle of the Bay. 
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Figure 43: The simulated SST (OG) diff.".enae betwoon the MOD[S and the Pathfinder 
restoring term configurations. 

While, the MODIS restoring term bAA resulted in II decr"""" in the wann pool 

of water in the centre of the Bay, it was not able to remove the large upwelling cel! 

off Gordon's Bay. Higher resolution wind structure, which includes features such as 

deep/_hallow SE and wind shadows, is the next step towards improving the SST struc-

ture. 
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5 Discussion and conclusion 

In this Chapter, results ofthe observations and idealised process modelling experiments 

have been synthesised and compared with previous studies. The main goal of this 

dissertation was to investigate the physical forcing influencing the circulation of False 

Bay. With this in mind, the discussion has been split into the main forcing mechanisms 

identified previously as being key in understanding the circulation (see § 2.3). In 

each section the modelling and observational results are discussed. The discussion has 

excluded the effects of wave forcing as this was not addressed in this study. The results 

of this study and previous studies have been briefly discussed in a global context. 

Thermal structure 

The thermal structure is believed to have important influences on the circulation of 

False Bay. In the review by Taljaard et al. (2000), it was anticipated that the strat­

ification of the water column might result in a decoupling of the surface and bottom 

flows. As a consequence of this two-layered system, Taljaard et al. (2000) postulated 

that the surface flow might be more directly influenced by wind forcing, whereas the 

bottom flow is weaker, tending to flow in a different direction. 

The seasonal evolution of the thermal structure was investigated through numerical 

modelling. The results showed significant seasonal differences; both vertically and hori­

zontally. In the vertical, the simulated seasonal structure fluctuated from being highly 

stratified (nOC on the bottom, 18°C at the surface) in summer to weakly stratified 

(12.5°C on the bottom, 15.5°C at the surface) during winter. The results agreed with 

previous studies, see Figure (6), which observed seasonal fluctuations from a strati­

fied water column during summer (10-18°C) to a well mixed column during winter 

(13-14.9°C) (Atkins, 1970a; Griindlingh, 1993; and Wainman et al., 1987). The model 

simulated bottom temperatures were 1-2.5°C colder during summer. This corresponds 

closely to the difference of I-3°C found by Atkins (1970a). As discussed in Taljaard 

et al. (2000), the results reflect the increased upwelling under typical summer SE winds, 

along with the inflow of bottom water from the adjacent shelf, which has been observed 

to be colder in summer (Swart and Largier, 1987). The same reasoning can be applied 

in understanding the simulated model results. 
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The seasonal changes in thermal structure were mirrored by the seasonal fluctu­

ations in the v-component of flow. During the summer months, the simulated flow was 

two-layered in response to the stratification. The surface layers were lighter and had 

larger mean velocities (>lOcm.s-1
) in an anti-clockwise direction. The bottom layers 

were denser and the flow was weaker «5cm.s-1
) in a clockwise direction. The result 

agrees with the study by Griindlingh (1992), who found the bottom waters to move 

slower during the summer months. During the winter months, the flow was uniform 

with depth, responding to a well mixed water column. The model results confirm the 

postulation given above by Taljaard et al. (2000). 

Like the vertical structure, the horizontal thermal structure undergoes a seasonal 

change within the Bay. The model results demonstrated seasonal differences in SST 

structure. During summer months the simulated SSTs were spatially more diverse (12-

21.5°C), whereas in winter months the SSTs distribution was more spatially uniform 

(13-16.5°C). This result agrees with both the MODIS satellite SSTs (JFM: 12.9-21.8°C, 

JAS: 13.7-15.9 °C) and the observations made by Atkins (1970a). There were some 

discrepancies in the distribution of the simulated SSTs in relation to the satellite obser­

vations. In the simulated SSTs, a large upwelling cell off Gordon's Bay was a persistent 

feature during the summer mean which was not evident in the satellite summer monthly 

mean composites. While there have been past observations noting the occurrence of a 

small upwelling cell at Gordon's Bay (Cram, 1970; Grindley and Taylor, 1970; Jury, 

1985; Wainman et al., 1987; Taljaard et al., 2000), this did not appear to be a realistic 

feature. 

An attempt was made to reduce the model simulated upwelling cell. This was done 

by restoring the model SSTs to the more finely detailed MODIS satellite monthly mean 

SSTs. The results had little impact on reducing the size of the upwelling cell. However, 

this approach decreased the warm temperatures in the centre of the Bay. These warmer 

temperatures were due to the anticyclonic circulation of the Bay. The large upwelling 

cell simulated by the model was likely a result of the uniform SE wind forcing which 

did not have the spatial variability typically observed in summer months. These winds 

excluded important features such as the deep and shallow SE winds. The occurrence of 

a wind shadow on the eastern side of the Bay has been found to occur during shallow 

SE (Wainman et al., 1987). In reality, this wind shadow may reduce the upwelling on 
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the eastern half of the Bay. As upwelling is strongly driven by wind shear (Jury, 1985), 

a high spatial resolution wind field that captures these features is needed to accurately 

simulate near coastal upwelling in the Bay. 

Temperature measurements made by the ADeps and daily satellite SST data al­

lowed for an investigation of the observed daily variations during the winter months. 

This provided some insight to the daily variations of bottom temperatures under vary­

ing wind speeds and directions. The model, which was forced by uniform climatological 

winds from only the NW direction during winter, was not able to reveal this fine scale 

detail. The results showed that typically with the onset of a northerly wind, the 

bottom temperatures decreased for all ADeps except at A05 (Gordon's Bay), which 

increased. In contrast during southerly winds, bottom temperatures increased at all 

ADeps apart for A05, which decreased. Therefore, the bottom temperatures on the 

western and eastern half of the Bay reacted differently to different wind conditions. 

One hypothetical scenario explaining the bottom temperature structure under a 

SE wind, could be that warm surface water within the Bay was advected towards the 

northwestern boundary and then downwelled, thus warming the bottom layers of the 

western half of the Bay. This movement of warmer surface waters in False Bay was 

observed in the sequence of satellite SST images. The results of the observed mean 

circulation under a SE wind showed northwestward surface currents at AOl, A02, A03 

and A04, which could bring warm waters to the NW corner of the Bay. The bottom 

circulation at A03 and A04 indicated a flow in the opposite direction towards the Bay 

mouth. The eastern half of the Bay is known to be prone to upwelling under a SE 

wind, which might explain why A05 decreased in temperature. 

The opposite could potentially be true under NW forcing; surface waters on the 

northwestern side of the Bay are blown offshore with cold bottom waters advected 

in from the mouth of the Bay to replace the surface water. This was seen in the 

mean circulation under NW, especially at AOl, where surface flow was southeastwards 

and bottom flow was northwestward. The eastern side of the Bay could trap warmer 

surface waters resulting in downwelling at regions like Gordon's Bay, hence the increase 

in bottom temperatures. 

The changes in the thermal structure have important implications on both the 

physical and biological functioning of the Bay. From modelling the physical forcing 
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and response, it has been shown that the circulation in the Bay can fluctuate between 

one-layered to two-layered flow in response to the transition from a well mixed to 

a stratified water column. The flow velocities were also affected: during stratified 

conditions bottom velocities were weaker than the surface flow, which was driven by 

the wind. 

There are important biological implications transpiring from structural changes in 

the water column. Biologically, False Bay is an important region as it is recognised 

as an area with elevated phytoplankton biomass (Pitcher et al., 2010). Harmful algae 

blooms have been known to occur in False Bay during late summer months (Grindley 

and Taylor, 1970; Horstman et al., 1991; Pitcher et al., 2008, 2010). It is believed 

that the Bay acts as a site of accumulation for the widespread blooms forming on the 

Western Agulhas Bank that enter the Bay during upwelling favourable winds (Pitcher 

et al., 2010). The combination of a cycle of upwelling of nutrient rich waters followed 

by strongly stratified conditions in the Bay further enhances algal bloom development 

(Taljaard et al., 2000; Pitcher et al., 2010). Vertical mixing and oxygenation of the 

bottom waters may be suppressed by strong stratification in the Bay leading to anoxic 

conditions (Taljaard et al., 2000). The occurrence of harmful algae blooms has been 

well documented in False Bay and has been found to cause a large number of marine 

mortalities. During 1962, an estimated 100 tons of fish and invertebrates washed up 

on the beaches from Strand to Gordon's Bay (Grindley and Taylor, 1970; Pitcher 

et al., 2008). During 1980, a bloom was responsible for extensive marine mortalities 

including 40 tons of abalone. More recently, in 2007, a bloom persisted for three and 

a half months, which resulted in three fish-kill events and two shellfish-kill events. 

Bathymetric forcing 

According to Gille et al. (2004), bathymetry is said to have two main influences on 

ocean circulation: firstly by steering the flow, and secondly by preventing the mixing 

of cold bottom waters. Furthermore, Gille et al. (2004) goes on to suggest that the 

extent to which the ocean flow is steered by the bathymetry is strongly controlled by 

the stratification of the water column. For example, in a weakly stratified ocean the 

flow is virtually uniform with depth, the bottom and surface currents are essentially 
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aligned in the same direction and as a result the effects of topographic steering is more 

important. This information was useful for explaining some of the results. Topographic 

steering was identified in both the numerical modelling and the observational results 

as an important influence of flow, particularly in the bottom layers. 

In the numerical modelling, the influence of bathymetry was addressed by compar­

ing the simulated thermal structure and flow for a model with a flat bottom (50m) and 

one with high-resolution bathymetry (CGS). The results showed that the CGS run sim­

ulated warmer bottom temperatures inside the Bay for both JFM (_3°C warmer) and 

JAS (_1°C warmer). Comparisons were made between the simulated v-component of 

flow across the mouth of the Bay for the flat bottom and the CGS model runs. During 

summer months (tw<rlayered), there was little difference between the flow structures 

of the two runs. However, in winter the difference in the structure of the v-component 

of flow was notably more substantial. 

This difference can be attributed to the thermal structure of the water column, 

which as described previously was well mixed during the winter season. During the 

winter months the flow was essentially uniform with depth, flowing barotropically, and 

the entire water column was influenced by the bathymetry underneath it. Therefore, 

the effects of bathymetric forcing were more influential on the circulation during winter. 

Whereas in the summer months, the stratification results in a tW<rlayered decoupled 

flow. The lighter surface waters move faster and are forced directly by the wind and 

the denser bottom layers move slower and are topographically steered. 

This finding was further elucidated by vertically integrating the bottom and surface 

flows separately for summer. The surface integrated flows were the same in both 

simulations. The reason for this is that the surface layers are influenced by the wind, 

which were being forced identically in both configurations. The bottom layers were 

very different. The flat bottom configuration simulated bottom circulation to flow 

directly into the bay whereas the CGS simulated bottom flow was more complex and 

was steered away from the mouth of the Bay at Rocky Bank. Rocky Bank and the 

other features at the mouth of the Bay, such as the extension of Cape Hangklip ridge, 

deviate this bottom flow reducing the inflow of colder, denser water. These features 

strongly affect the thermal structure of the Bay, resulting in higher simulated bottom 

temperatures than were found in the flat bottom run. 
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Evidence of topographic steering was also found in the observations. The principal 

axis of bottom flow closely agreed with the orientation of the local isobaths. The flow 

nearer the Bay's boundaries was polarised and flowed parallel to the isobaths. Towards 

the middle of the Bay, the flow was more complex which may reflect the complexity of 

the bathymetry beneath it. The boundary flow was found to occur in the simulated 

flow for winter. 

The results shown agree with the main points summarised from the Gille et al. 

(2004) study on seafloor topography and ocean circulation. The results have shown 

that the bathymetry, as a physical process, makes important contributions to defining 

the circulation and thermal structure in the Bay. 

Remote forcing 

At present, there is limited understanding of the interaction between the currents of 

the western Agulhas Bank and those within the Bay. However, it has been acknow­

ledged that the functioning and structure of the Bay are strongly influence by external 

mesoscale processes (Pitcher et al., 2010). False Bay is considered to be an 'open bay' 

(Pitcher et al., 2010), having a wide mouth of 30km, allowing access to the adjacent 

flow. While it was shown in Experiment One, that bathymetric features at the mouth of 

the Bay affect this inflow, there was still a significant proportion of water that entered 

the Bay. The study revealed the influence of this remotely forced flow on the Bay. 

Through varying the models boundary conditions in Experiment Two, the approach 

was able to test whether or not the properties inside the Bay change under different 

external conditions. The employment of two different Bes - the coarse resolution (1°) 

World Ocean Atlas (WOA) and the high-resolution (1/27°) Be obtained from the offline 

nesting of the Veitch et al. (2009) domain - led to significant differences in thermal 

structure in False Bay. By adopting the offline nested Be with a higher resolution, 

the simulated vertical thermal structure in the Bay revealed a closer agreement to 

previous observations (Atkins, 1970a; Griindlingh, 1993). This was especially evident 

in a decrease of bottom temperatures in the Bay during summer months. The WOA 

Be was too coarse to capture upwelling and the advection of cold bottom waters 

into the Bay resulting in warmer than observed bottom temperatures. These key 
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features were included in the offline nested BC, Figure (20). The higher resolution, 

offline nested BC increased the heterogeneity of the thermal structure inside the Bay, 

both horizontally and vertically. Thus, adding variability to the external conditions 

resulted in an increase in complexity inside the Bay. The results have shown that 

varying the conditions outside of the Bay significantly affect the conditions inside the 

Bay, especially the thermal structure thus demonstrating the strong link between the 

outside conditions and the Bay processes. Due to conflicting historical observations, it 

was not possible to validate whether the offline nesting resulted in an improvement to 

the flow structure in the Bay. 

In the present set of limited observations, it was difficult to investigate the influence 

of remote forcing. It is anticipated that remote forcing would be the most pronounced 

at deeper regions and the centre of the Bay (Taljaard et al., 2000). Unlike the flow 

at the boundaries, there was a weak correlation with wind in the centre of the Bay. 

This suggests that other forcing mechanisms were mainly dominant; it is likely that 

the circulation from the adjacent shelf was one of them. However, a more in-depth 

observational program is necessary to confirm such a hypothesis, with additional cur­

rent moorings across the mouth of the Bay and the adjacent deeper continental shelf 

region. 

Following an example given in the van Ballegooyen (1991) study, the daily mean 

sea level fluctuations at each ADCP and tidal gauges from Simon's Town and Port 

Nolloth were studied. The results showed sub-tidal fluctuations with the period of 

several days to a week and with amplitudes of up to 0.2m. The Port Nolloth tidal 

gauge was included to investigate whether these fluctuations were a remotely forced 

perturbation travelling southwards along the west coast of South Africa, or rather due 

to local wind and pressure changes. Port Nolloth is located approximately 570km up 

the west coast. The Port Nolloth fluctuations mirrored those inside the Bay with a 1-2 

day lag (rough speeds of 285-570km.day-l). The fluctuations agreed with the properties 

of shelf waves identified by Schumann and Brink (1990). Moreover, the range of speeds 

agrees with Schumann and Brink (1990) who reported speeds to be on the order of 360-

580km.day-l. While these fluctuations hinted at coastal-trapped shelf waves, to confirm 

this, a more in-depth investigation of winds and atmospheric pressure is needed. 

There are implications of remote forcing on both the physical and biological prop-
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erties of the Bay. The inflow of remote circulation introduces offshore water properties 

into False Bay. In the bottom layers, colder water that has been advected into the Bay 

from the western Agulhas Bank result in an increase in the Bay's stratification during 

summer. As mentioned previously stratification has important physical and biological 

ramifications. In the surface layers, wind driven circulation has been noted to trans­

port algae blooms, which have formed on the adjacent shelf into False Bay (Pitcher 

et al., 2010). Together with the thermal structure and topographic steering, the remote 

forcing may add complexity to the circulation and thermal structure in False Bay. 

Wind forcing 

As previously discussed, the circulation and thermal properties in the Bay are dom­

inated by the bi-directional seasonal wind regime consisting predominantly of SE and 

NW winds, occurring in summer and winter respectively. In the numerical modelling, 

the circulation and thermal structure was forced by uniform idealised climatological 

winds, lacking the spatial variability needed to accurately represent the wind fields 

over False Bay. In reality, the interaction of synoptic scale anticyclonic wind with the 

local mountain topography results in far more mesoscale variability in the structure of 

the wind fields over False Bay. It was not viable to compare the simulated seasonal 

mean flow with any of the observations as they lack the temporal and spatial resolution 

required to generate seasonal means for circulation over the entire Bay. Additionally, 

the numerical modelling was based on idealised winds, once the model is forced by 

the appropriate wind forcing, one which includes the fine scale structure, then it would 

make sense to attempt to compare and validate the simulated circulation. For now, the 

numerical modelling was compared with the Van Foreest and Jury (1985) who similarly 

used uniform winds to force the model. 

In response to the seasonal bi-directional wind forcing, the simulated seasonal cur­

rents were counter-rotational in direction. Under a uniform SE (-6.5m.s-1 ) wind forcing 

during summer, the simulated surface circulation was found to flow in an anticyclonic 

direction in the Bay. A similar result was found by the Van Foreest and Jury (1985), 

who found anticyclonic flow under a constant SE (9m.s-1
). Cyclonic circulation was ap­

parent in the bottom layers on the southern half of the Bay. Unfortunately, this bottom 
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flow could not be compared with the results of the Van Foreest and Jury (1985) study, 

which was conducted with a vertically integrated hydrodynamic model and therefore 

unable to provide detail of the vertical flow structure. In contrast, during winter when 

forced with the constant NW (-4m.s-1) wind the simulated circulation was cyclonic, 

entering the Bay at Cape Point and exiting the Bay at Cape Hangklip. This only 

partly agreed with Van Foreest and Jury (1985) who found the flow to exit the Bay at 

the boundaries and enter in the centre. 

It was possible to compare the results of the present measurements with previous 

observational findings. The circulation along the steep boundaries of the Bay was ex­

pected to be mainly wind driven (Taljaard et al., 2000). This postulation was confirmed 

in correlations between residual circulation and wind, which indicated a strong rela­

tionship at the boundaries of the Bay (A01-71 % and A05-63%) and a weak relationship 

at the ADCPs in the centre of the Bay. This was further shown by the close comparison 

between principal axis of surface flow at the Bay's boundaries and the wind. 

It was possible to postulate schematics of flow in response to the wind from four 

principal directions. The SE and NW schematics in part agreed with that given by the 

Taljaard et al. (2000), Figure (11). A comparison between the schematics produced 

in this study and that of Taljaard et al. (2000) is provided here, Figure(44). During 

SE wind, both schemes suggested northward surface flow on the western boundary 

of the Bay, as well as at Gordon's Bay. The bottom flows appeared to agree with 

each other as both schematics show tendency towards a cyclonic bottom circulation. 

Under NW wind forcing, the bottom flow on the western side was northwards for both 

studies. The southward surface and bottom flows at Gordon's Bay were a feature in 

both schematics. There was some disparity between the circulation in the centre of the 

Bay for the two schematics, which was complex in the observations of this study. The 

schematic of this study illustrated a tendency towards a more two-layered flow during 

a NW and a more one-layered flow under SE winds during winter. This was not clearly 

evident in the Taljaard et al. (2000) study. 
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Figure ,1-1: A companwn between the drculaUon modes Ullder SD and NVI' wind 
forcing. To!" l'dljaard cl al. (2000) summary ba.s€d on past studies. lklt.t<lm: mode 
kientilication from the five ADeps of this study. Ulue arrows represent. bot.t<lm now 
and yellow/ orange represent. the smfaal flow. 

The study has shown that under different. wind for~ing the circulation ",nd thermal 

stnleture differnrl oonsid"rably. This wa:; particularly noticeable at the Uay's bound­

aries. The numerical modelling has shown mean seasonal differe""f'S in the eirrlllation 

ill response tll th" se"'<;(Inai chang" in winds. Th" observations have shown that the 

eirmllation Iluctuatcs on synoptic lirneocales corresponding to the passing of low and 

high-prc>;>;ure systems. In order to MlCnrate!y simnlat" t.h" drclllation, wind fields with 

the spatial and temporal R"Wiulion and variabilay required to a""nrately port.ray the 

wind fields m'er False Ray would be n~'Ce""ary. 

False Bay in a global context 

\Vhiie the occanographk condiliol1~ surrotultiin.o; False Ray are llniqn" "" described m 

§ 2,2, there is m"rit in comparing it to other , tOOied upwdling bays which fUlldion in 

relatively similar environmeJlts. Such knowledge may help to pia"" Fills" Bay within a 

global context. As ment ioned previously. § 2.2. False Uay is located within an eastern 
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boundary current system. There are four eastern boundary current systems in the 

world: the Canary Current System, the California Current System, the Humboldt 

Current System and the Benguela Current System. The dynamics of these systems are 

controlled by common large-scale ocean and atmospheric forcing's. It is anticipated 

that bays existing within these systems would operate in a similar manner. 

A good example of an upwelling bay is Bodega Bay in California. Bodega Bay is 

a small embayment found in the Californian Current System. In an extensive study 

carried out byRoughan et al. (2005), the bay's circulation and thermal structure was 

investigated. Similarly to False Bay, Bodega Bay is influenced by seasonal bidirec­

tional winds and is disposed to upwelling events during the summer months when the 

equatorward winds prevail. Two important findings found during summer months are 

relevant to the findings of False Bay both in past studies and this study. These are 

namely, the stratification of the Bay and the presence of a two-layered flow structure 

in part of the Bay during upwelling favourable winds. It was found that under strong 

upwelling favourable conditions, the surface currents were wind driven equatorward 

throughout the entire bay including the offshore domain. Where as the eastern side of 

the bay had colder bottom waters flowing polewards counter directional to the wind. 

Furthermore, the study found that under downwelling and relaxation conditions the 

circulation was poleward throughout the water column flowing on the eastern bound­

ary of the bay. False Bay has been found to operate similarly. Atkins (1970a) found 

seasonal fluctuation of stratification. Griindlingh (1993)and Taljaard et al. (2000) 

postulated two-layered flow during summer months. These results have been further 

substantiated in this study. Other upwelling bays demonstrating similar nature include 

Monterey Bay in California and Coquimbo Bay in Chile. 

Research questions 

What is the role of bottom topography on the Bay's circulation and thermal 

structure? 

Bottom topography has been shown to play a key role in defining the Bay's circula­

tion and thermal structure. This was clear in both the numerical modelling and the 

observations. Large topographic features at the Bay's mouth were found to reduce the 
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amount of cold bottom flow entering the Bay by deflecting a portion of inflow. This 

had effects on both the circulation and the thermal structure. The bathymetry was 

shown to add complexity to the bottom flow in both the observation and the mod­

elling. This was especially apparent during winter months when the flow was more 

barotropic. Topographic steering was evident at the steep boundaries, where strong 

boundary flow was shown to flow parallel to the isobaths. In the centre of the bay the 

flow was complex. Evidence in the observations suggested topographic steering of the 

bottom flow around the irregular bathymetry found there might have contributed to 

the complex flow. 

Is remote forcing an important physical forcing factor to include in invest­

igations on the Bay, and if so, how does it influence the circulation and 

thermal structure? 

Remote forcing was found to influence both the circulation and thermal structure, and 

must certainly be taken into account as an important physical forcing mechanism. In 

the numerical modelling, by changing the external boundary conditions, significant 

changes were found inside of the Bay. During summer months, surface waters and 

colder bottom waters from the adjacent shelf are advected into the Bay by the SE 

wind. The advection of colder bottom waters would affect the thermal structure by 

increasing the stratification, which in turn affects the circulation. Stratification of 

the water column was found to result in two-layered flow, with colder bottom waters 

moving slower and in opposite directions to the warmer, faster surface waters driven 

by wind. It is expected that remote forcing will be pronounced in the middle and 

deeper regions of the Bay. In the observations, the weak correlation of wind in the 

centre of the Bay suggested that other mechanisms were responsible for the circulation 

there; remote forcing could be one of them. There was potential evidence of shelf waves 

affecting the circulation, however further more detailed investigation is needed. 

Is wind forcing a dominant forcing factor in the Bay? 

The wind was shown to be a key driving force determining the direction of the circu­

lation in the Bay. The effects of the wind forcing were found to be more prominent 
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at the Bay's boundaries, with-70% of variance in flow explained by the wind. The 

seasonal evolution of circulation was shown to vary considerably between winter and 

summer responding to the bi-directional seasonal winds. During summer months, the 

warm surface flow was lighter than the denser bottom waters, and the effects of wind 

forcing were enhanced in these top layers. The lack of spatial sampling of past circu­

lation studies have made it difficult to compare the simulated circulation of the entire 

Bay with historical observations. There was some agreement between the observations 

made in this study and the historical measurements. The wind forcing has also been 

demonstrated to affect the thermal structure in the Bay. The SST and bottom temper­

ature fluctuations were synchronised to the changes in wind direction. The numerical 

modelling simulated three upwelling cells during summer in response to the SE winds. 

These were seen at Cape Point, Cape Hangklip and Gordon's Bay. This agreed with 

satellite observations and previous studies. There were however disparities in the simu­

lated SSTs when compared to satellite SSTh. The next step in the numerical modelling 

hierarchy would be to incorporate high-resolution, spatially and temporally varying 

winds, which include the mesoscale variability observed in the wind field over False 

Bay. The incorporation of high-resolution winds has been described in further detail 

in the recommendations. 

How important is tidal forcing? 

Spectral analysis of the u and v-component of the unfiltered circulation illustrated the 

semi-diurnal tide (-12hrs) as a very significant signal in most of the spectra. The 

tidal signal was found to be more substantial in the v-component. The tidally forced 

circulation was as much as 15cm.s-1 , which is a significant portion of the flow (residual 

-30cm.s-1). The tidal circulation was in the form of oscillatory in and out flows. The 

numerical modelling excluded the effects of tides in this study, but it is recommended 

that they be incorporated into future numerical modelling studies of False Bay. 

The numerical modelling in this study was specifically kept as a processes-oriented ap­

proach. The first domain, run with uniform boundary conditions, idealised forcing and 

with a flat bottom provided the platform on which further numerical modelling could 

be advanced in a step-by-step fashion. This allowed for a more controlled approach as 
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opposed to adding all the relevant processes in one simulation resulting in a complex 

solution difficult to decipher. The main objective of this thesis was not to attempt to 

simulate actual conditions, but rather to further develop the current understanding of 

the physical processes driving the circulation. Each modelling experiment was based 

on distinct processes that could be investigated. The hypothesis set by each model­

ling experiment has been tested and proven. The study provides a stimulus for future 

numerical modelling studies in the Bay. Suggestions for future modelling work have 

been provided in Chapter 6. While, the observations provided some additional insight, 

they were difficult to interpret, and lacked the spatial and temporal resolution that 

numerical modelling is now capable of producing. 
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G R ecommendations for future work 

Th~ r"':omm~ndat ion' for future nUIllerieal modelling , tudie>; l"Onduded in Fa6e Uay 

arc prc:;ented in thi, "'-'-'i ion. ~'igltre (45) l:>elow, is an example of a framework which 

l'()llld l:>e u>e(l in plaJlning f'ltur" mod~lling of FAl"", RA.y cirClllA.t.ion. ""p"riment, 1, 

2 and 3 haw bff,n compi~tcd in thi , "',", len; di,"ertation, and Huggc.,;l iorl1l for the 

impr ovements of Ihe"" experimenl ' along wil h Ihe pl"'l.'Iible step' for experimenis 4, ,,) 

and 6 are di:;<;ll~ l:>elow. 

• i 
I ~"" ;",o ,, .. ; I 1" d., ," .. ,.<1 I Mod.I,,' wmd I TI ,'., 

Piguf" 45, Hi"mrrhy of e"p"rim~nt.s for fllt.llr~ nnm~rj "al n~)(lelling 

6. 1 Two-way n esting 

An ofllin ~ n%ting appro""h wa." dl':>8<' n in this stndy, howp"~r, A. t.wo-way nesting could 

l:>e used . Tile i wo- way nescing approach allow" i he lower resolutioll output. from t.ile 

' par~n!.' domain t.o h" inoorporat.~~l as honndA.ry mndi!.ion, for t.h ~ high"r r<'Solllt.ion 

nested 'rhile!' dOlllain, whidl ihen feee!" back to the pareni domain. The l:>enelits of 



taking two-way ne><ting approac.h io that it allows for boundar)' conditions thac Me 

more reliable chan obsef\'oo dl\la SIlts which have oft<-,n been collaborat.ed from scarce 

temporal ilJld "patiallncaSIll"-~n("lt.s (Veikh et aI., 2()()9). Additionully, the method is 

k"'ffi oomputationally expe:rn;ive than running the pill""1lC domain ac a higher rewlulion 

(VeiL.c!l eo aL 20(9). 

According to l'enw<Il and Tan (2007). in order to maintain the CFf. (COl,rant, 

Friedrichs - Lewy) criteria, a factor of ~ should be used to dov.-n.""ale from parent 

cO child in RO.\IS ,iIllulationo. i3a>;ed on thio rule one can ooopt a two-way na;t ing 

approach for future modelling of Fa.!"", i3a,Y. The SAfE conligmation (l'en\,en et aL. 

2006) could he m;ed as t.he parent domain (l!)·27km); emhedded within this Il,e child 

domain with a 7-9km rcooiution. This ~ould be ernbed<k""<l fmthcr by a semud child 

domain with a resolucion of 3km and emloedded within that child domain, a thir d child 

domain with the resolution of lkm as re'luired for Fall'W\ Bay. Figure (4(;). 

Figure 46; The h,ypothecical Nesting arrangement fur .\Iodelling FaL"" Bay using the 
SAlE oonJlguration a;; the paICnt domain (adapted frOTIl PL~1Ven et aI., 2O(){i) 
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6.2 Surface forcing 

As disl1 , ss~~1 in Van FOI"-,"st and .Jury (1985), ami fowal in tl,e oooerva.tional resllits 

of this study, the circula.tion in the Bay is sensitive to th~ s""tial variahility and 

detail of the wind fi~lds. The wind data JJ~,,-'<led to accurately model thc circulation 

would have to be ""pable of reprcsenling several dilTereut wind regime; under ,-arious 

sYllilplic forcing. Tl'e>ie wOllld include the nortl,we;teriy storms, doop ""nth~[lSt~rs, 

sh3110w "'::mtl,eastern aJJd w nthwf'8tf'Tly wind oonditions (Van FOr<'<'st and Jury, l!)&i; 

Taljaard ct aI., 20(0). The idealised surfaL"e forcing chosen for U,is sludy lacks the 

spatial and temporal variahility reqnired in accllrawly mod~!Jing lhf' ciT""la.t,ion of 

False Bay. 1\1Sc. researcl, cDnducted by ltoux (2009) undf'r Sl'p<'rvi"ion of fo'ranmis 

Engf'lbrecht from CSIR, pT0vides as an example of plausible high-rewlation wind fields 

which could be used in this study, ["igure (47)_ To obt31n l,igh-resolution da.ta (Ibn) 

owr lhf' sollthw""tern Cape, that stndy mad~ UfiI' of a vnriahl ~-r~""lution glohal model. 

the confomml-cubic atmospheric model (eCAM), applk'<l wilh a multiple nadging 

strategy. In order to obtained synoplic-scale circlllat,ion, the model was first applied al a 

r""",lmioJJ of GOkm flYf'T f'<)nlhern Africa_ From t. his. t.he high~r rf'""lntion 8km (nndged 

from nOkm) and lkm (nudgcrl from 8km) si",nlations were obtained mnSf'Clltivcly. An 

example of lhe lkm simulated results for February i> ptcsented in Figurc (17). 

Figllr~ 4 7, 8crf'~n-height wind sr-d (mK') O\'f'" t hf' oon t h-wf'8tf'nl Cap" for Fe bn'ary 
at 0500Z and 1500Z as simula""d by CCAM for 1976 at 3- rf'SOlution of nan (HflllX, 
1009). 



The simulations appear to demonstrate the wind shadows observed off the Gordon's 

Bay region and the complexity of the wind field. There are other options available for 

atmospheric modelling to obtain high-resolution winds, for example the WRF (Weather 

Research Forecasting) model. The main issue with using the high-resolution modelled 

wind data is the lack of spatially distributed observational data needed for validation. 

Following the idealised wind forcing experiment by Van Foreest and Jury (1985), 

who applied a wind shadow to investigate the circulation under a shallow SE, an 

idealised experiment of similar nature could be applied to this study. Their wind stress 

shadow was sinusoidally decreased to zero and was located in the lee of Kogelberg 

Mountain, refer to Van Foreest and Jury (1985). 

6.3 Wave and tidal Coupling 

The model configurations that were setup in this study have excluded both the effects 

of waves and tides on the circulation. As discussed previously, both wave and tidal 

influences are relatively important contributors to the circulation, the next step in the 

process would be the inclusion of such forcing. ROMS can be configured to include 

tidal forcing effects in the configuration. The different tidal constituents, typically 

derived from the TPX07, are propagated from the lateral boundaries (Penven and 

Tan, 2007). TPX07 is a global model (0.25 0 resolution) of the ocean tides, which 

assimilates satellite altimetry data (Penven et al., 2007). For this to work the model 

boundary conditions must be defined according to the Flather (1976) open boundary 

radiation scheme (Penven and Tan, 2007). For the inclusion of the wave forcing, ROMS 

could be coupled with a wave model such as SWAN (Simulating WAves Nearshore). 
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