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Figure 2.1: The ROMS spatial grid (left) (Penven et al., 2001) and the vertical grid (right) over the 

southern Benguela. 

The grid covering the Benguela was created with the following considerations: 

• That the domain covered must be large enough to incorporate the larger 

features responsible for the transport of eggs and larvae e.g. upwelling 

filaments, Agulhas retroflection. 

• The domain must also be small enough to keep computational costs to a 

reasonable amount yet keep resolution high. 

• The open bou'1daries should cross the current at 90 degrees and be placed 

where current velocities and variability are minimum. In addition , along­

boundary current should be avoided by keeping the topographic gradient 

perpendicular to the boundary as small as possible (Penduff, 1998 in 

Penven 2001). 

In order to satisfy the above criteria for the domain, the grid was constructed to 

follow "the arc of a circle", lying over the Southwest corner of Africa and 

maintaining identical resolution in the Sand 11 directions (horizontal curvilinear 

coordinates corresponding to a transformed x and y, respectively). This method 

aims to minimise the number of points falling over the irregular-coastlined land 

(masked points) that do not assist in the computation of the solution. 
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The topography was derived from the ETOP02 dataset and is set to configure to 

the model resolution. Due to the pressure gradient scheme much of the rapidly 

varying topography has been filtered out, especially where the topography is 

steep, thus features such as the Cape Canyon has been filtered out. In addition, 

the filtering has removed the narrow shelf adjacent to the Cape Peninsula. A 

specific open boundary scheme has to be added to the model at the east 

boundary as there is a strong influence of the Agulhas Current. 

The vertical coordinate system used by ROMS is based on the sigma coordinate 

system as opposed to the more traditional z coordinate system using geopotential 

levels. The sigma coordinate system follows the bottom contour of the topography 

and can incorporate a bottom boundary layer as well as a surface boundary layer; 

in addition, there is a consistent number of coordinate surfaces independent of the 

depth of the water column The coastal ocean, especially over the shelf, is 

shallower than the open ocean and therefore the effects of the surface, vertical 

dynamics and the bottom boundary layer/ bathymetry must be considered (Kantha 

& Clayson, 2000). There are 20 vertical layers in the model most of which occur at 

the surface in order to maintain a good resolution of the depths at which most 

biological components are found as well as where most physical variability occurs. 

The number of layers was found to be optimal as increasing the layers to increase 

resolution along the bottom did not result in a "significant improvement of the 

solution." (Penven, 2000, p. 76). 

The atmospheric forcing applied to the model is based on monthly climatologies 

derived from the Comprehensive Ocean-Atmosphere Data Set (COADS) (Da 

Silva, Young & Levitus, 1994 in Penven, 2000). An implicit active radiative 

boundary scheme which is forced by the seasonal climatology computed from the 

AGAPE basin-scale ocean model, is applied to the three lateral boundaries facing 

the open ocean. The effect of the Agulhas Current that affects the southeast 

corner of the domain has been considered and was compensating by the addition 

of a condition for the depth-integrated transport originally considered for tidal 

models. 
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2.3 Limitations of ROMS 

When the model is applied to a steeply changing topography such as the 

continental slope, a pressure gradient error can occur. The continental slope is 

therefore poorly represented in these models (Kantha & Clayson, 2000). 

In sigma coordinate models, the pressure gradient term is split into an "along­

coordinate surface" component and a "hydrostatic correction" involving the 

gradient of pressure along a constant cr-surface and the gradient of the bottom 

topography, respectively. A pressure gradient error can develop near steep 

topography, as the above terms become large with similar magnitudes but 

opposite signs, resulting in an erroneous total pressure gradient force throughout 

the water column (Haney, 1991 and Haidvogel and Beckmann, 1998). 

2.4 Model Applications 

Regional models applied to a coastal oceans assist in the understanding of the 

"formation, exchange, spreading and mixing of water masses in realistic 

geometries and under typical or extreme forcing situations", (Haidvogel & 

Beckmann, 1998, p. 464). Specifically applied to certain regions, models have 

been used to simulate, hindcast and forecast coastal flows. Recently coastal 

models are used as the basis for coupled studies of biogeochemical interactions 

and used for ecological modeling. 
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3. Methodology 

3.1 Data 

The data used in this study was obtained from output derived from numerical 

model simulations. Using the Regional Ocean Modeling System (ROMS), a 

medium-resolution, pie-shaped grid was applied to the southern Benguela (40 0 S 

to 28°S and 1 OOE to 24°E) with resolution linearly ranging from 9km at the coast to 

16km offshore (Penven, 2000). 

The model runs were forced by wind stress product from ERS 1 12 satellites 

consisting of a weekly 1 ° by 1 ° gridded time series from August 1991 to January 

2001. Blanke et al. (2002) found this satellite data of the wind to correspond well 

with in situ anemometer measurements at Cape Columbine (32°50' S) on the 

West Coast, with a correlation coefficient of 0.8. In addition, the satellite data was 

found to be one-third larger than the local measurement explained as the effect of 

orography experienced by the anemometer. Despite differences in measurements 

which were attributed to the inherent characteristics of both measurement 

techniques, the product was found to be applicable to the southern Benguela. 

The model was forced by truly observed weekly winds (Run C) to obtain realistic 

data. The output of the model runs for each grid point consist of 2-day values of 

which there are 15 per month for the period corresponding to August 1991 to 

January 2001. 

In Blanke et 8/. (2002), an area above the shelf break that corresponded well with 

wind forcing, was observed off the west coast. The transect under investigation 

was selected as it passes through this aforementioned area and samples the 

hydrography of this region together with the surrounding waters. In addition it 

passes through the regions under intense investigation by as it incorporates the 

Ibhubeysi Gas Field which is considered an important future source of energy for 

South Africa. The transect incorporated the offshore extent of the poleward 
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undercurrent as well as included the shelf break and its adjacent area. The 

transect extended from the coast at 29.6909°S, 17.0673°E to 31.06500 S, 

14.5109°E, spanning about 290km and reaching a maximum depth of 2125m 

(Figure 3.2). As part of this vertical virtual study, four "moorings" were chosen, at 

the coast, mid shelf, at the shelf-break and over the continental slope to 

investigate the temporal characteristics of the transect (Figure 2.2). The details of 

these "moorings" are described in Table 2.1. 

".,. 

! 

I 

Figure 3.1: Horizontal grid showing transect in blue Figure 3.2: Vertical grid of the transect, with the four 
and the position of the four moorings (red triangles) . moorings shown in blue. 

Table 3.1 : Description of the moorings 

Mooring Latitude (OS) Longitude (OE) Depth of Bathymetry (m) 

A 29.8221 16.8157 134.063 
B 30.1420 16.1990 200.311 
C 30.3830 15.7317 286.460 
D 30.6348 15.2408 922.956 

Jury and Courtney (1995), found that in the central Benguela, sea surface 

temperature (SST) variability is driven by local upwelling. Therefore SST is of 

particular interest to this investigation as it reveals the physical manifestation of 

the ocean's response to wind forcing. In addition, cross-shore (u) and alongshore 

(v) current speeds are considered as they yield an indication of the processes and 

structures that are found in the region from the shelf break toward the coast. As 

the location of the grid points of both u and v current speeds varied from that of 

temperature, the currents were linearly interpolated to hold for the same location 

as the temperature 
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3.2 Data Processing 

The independent software programme Interactive Data Language (IDL) was used 

to process and visualise the data. The monthly climatology was obtained by 

averaging the 2-day data for each grid point over the whole month and then 

averaging for the nine! ten years of data. By plotting the monthly climatology, a 

steady picture of the region is obtained by levelling out highly variable structures, 

both spatially and temporally. In addition, currents were subjected to spatial 

smoothing with a boxcar average. An oceanic response every two days from wind 

forcing may result in "noise", thus with smoothing out the plots constant spatial 

and temporal patterns become more apparent. For each vertical section the 

variability of the data for each grid point was indicated by the standard deviation. 

Due to the nature of the sigma coordinate levels the array was not regular and the 

each data point had to be plotted at its individual location. 

The contour intervals were user-defined and differed for each parameter, the 

colour scheme is consistent for each parameter but are not comparable as it uses 

the range of the parameter. In addition, in order to compare features within a 

parameter, the contour interval may differ for positive and negative flow. The 

colour is not necessary but is used rather to aid the visualisation of the specific 

variables. For the currents, the Ocm.s-1 isotachs have been highlighted in bold as 

to show the transition between opposing flows. In addition, positive flow for this 

model is south and west, current direction is stated for each graph. 

For the Hovmoller plot, temperature and currents were interpolated at 1 m intervals 

for the required depth of 50m, using the new levels the average was obtained for 

the upper 50m of the ocean. 
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4. Results 

Vertical Temperature Distribution 

Figures 4.1 (a-I) display the vertical climatology of monthly temperature for the 

transect from the coast at 1 rE to 14.5°E, with the isotherms spaced at 1°C 

intervals. It was observed that surface waters over the slope were warmer over 

the summer months (December to February) and reached an average 20°C as in 

January and February (4.1 a & b). In contrast, the winter months (June to August), 

temperatures are cooler at 16°C as in July and August (4.1 g & h). The seasons in 

between displayed a transition state between the two. Common to all months was 

the shoaling of isotherms over the shelf. As observed in the summer months, the 

coolest waters to reach the shelf were 11°C, upwelling from a depth of 

approximately 300m. In winter, the 11 °C waters seldom reach the shelf, although 

the water may already be found on the shelf. 

All isotherms in the upper 300m were positively sloped toward the shelf and 

surface. This could both be indicative of local coastal upwelling occurring 

throughout the year or associated with the broad equatorward flow of the 

Benguela Current under geostrophic conditions. The steep inclination of isotherms 

at the coast coupled with the compression of isotherms during summer displayed 

that upwelling varied in intensity and was seasonal for this region. These features 

confirm expectations of the classical view of upwelling: warmer temperatures 

offshore due to solar heating but increased wind stress introducing cold upwelled 

waters inshore over the shelf and the opposite case in winter with less heating 

and decreased upwelling. 

The water situated along the continental slope below 500m was consistently 

stratified with the BOC isotherm located at this depth and below 4 to 1°C water in 

layers of 100m thickness. The bottom layer was comprised of a 100m thick layer 

of 2°C underlying a 400m thick layer of 3°C water. The minimum above slope 

temperature of the climatology was 16°C and found at the surface during winter. 
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Contrary to upwelling, this water did not appear to originate at depth and was 

observed to extend eastward up to 15.9 °E offshore in mid-winter, July (Figure 

4.1 g). In summer, with surface warming, the 16°C water lay at a depth of around 

100m over the slope, with upwelling at the coast the 16°C isotherm penetrates the 

surface around 17 °E mid-summer, reaching far closer to the coast than during 

winter. 

At the shelf break at depths between 300 and 400m, the isotherms intersecting 

the region were displaced vertically downward. This is indicative of the poleward 

undercurrent. The downward gradient of the surrounding isotherms varied 

throughout the year being minimal in summer. As previously discussed, there 

were remnants of 11°C water on the shelf even though the isotherm did not reach 

the shelf during winter, during which diminished upwelling still occurred. The shelf­

presence of this water combined with the downward displacement of the 

associated isotherm suggested that the poleward undercurrent plays a role in tt"lis 

process, possibly interrupting the flow of water upwelling onto the shelf as 

discussed by Merino (1997) in respect to the Yucatan shelf. 

Figures 4.2 (a-I) display the standard deviation of temperature of the transect 

mapped in the vertical, with the standard deviation isolines spaced at 0.2°C 

intervals. The standard deviation gives an indication of the variability of the 

section, with higher standard deviations implying a larger range of temperatures 

and thus larger variability. Predictably, spring / summer (November to March), 

displayed maximum variability (standard deviation up to 1.6°C) in two regions, 

offshore over the continental slope centred at a depth of 100m around 14.5 °E 

and at the coast above a 50m depth. During autumn and winter, maximum 

variability occurred in two concentric areas: close to the coast in the upper 100m 

(17.2 °E) and over the shelf break centred at a depth of 100m, both of which 

reached a maximum variability of 1.6°C. 

Below 1 OOOm there very little variability was observed in the temperature sections, 

the water at depth remained highly stratified and consistent throughout the year. 

In addition, the shelf bottom was observed to be a region of low variability. 
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Close to the coast throughout the year, the temperature variability in the upper 

300m appeared to follow the pattern of upwelling found in the temperature 

sections, suggesting upwelling consistently occurred at the coast displaying 

temperature fluctuations in intra-monthly time scales. 

This pattern of sloping isolines toward the coast was not repeated over the shelf 

break. Instead, a distinct doming pattern was observed in this region, particularly 

in February and March. This suggests that a certain stable feature occurred over 

the shelf break, since further onshore variability resumed its increasing pattern, 

the dome could possibly indicate the spatial extent of this feature. Variability in 

these regions was maximum for summer and the surrounding months as 

discussed previously. In winter, the offshore variability did not appear to be 

significant but the coastal variability showed a pattern similar to upwelling, with 

isotherms tilting upwards. This possibly suggests that the isotherms and spatial 

distribution of upwelled waters close to the coast are quite variable. 

In summary of the above, features introducing variability to the section were: two 

globular regions of maximum variability, one in the surface waters over the shelf 

at the coast, one over the continental slope and a feature causing doming over 

the shelf break. 

The temperature sections alone, were not sufficient to describe the relationship 

between these features, but the large variability at the surface near the coast 

appeared to be consistent for all months of the year for this transect, with 

maximum occurring during summer when wind stress is generally maximum. 
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·c 

Figure 4.1 (a - f) : Vertical section of temperature (0C) monthly climatology (January - June). 
Inset: Zoom of upper 300m of section. 
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·c 

Figure 4.1 (g - I): Vertical section of temperature (0C) monthly climatology (July - December). 
Inset: Zoom of upper 300m of section. 
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Figure 4.2(a - f) : Vertical section of smoothed temperature standard deviation (0C) monthly climatology 
(January - June). 

Inset: Zoom of upper 300m of section. 
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Figure 4.2(g - I): Vertical section of smoothed temperature standard deviation (0C) monthly climatology 
(July - December). 

Inset: Zoom of upper 300m of section. 
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Cross-shore Currenti!D 

General observation of the climatology of cross-shore current (Figure 4.3 a-I) 

revealed that flow was mostly offshore, although a mid-depth layer of onshore 

water penetrated the shelf and reached the coast, having a maximum spatial 

distribution over the shelf in February through May. 

As observed in the enlarged views of the cross-shore current, Figure 4.3 (a-I 

inset), the water in the upper 300m flowed mostly offshore. From December 

through May, there was an observable onshore flow of water onto the shelf at the 

bottom with a maximum spatial distribution in February. This onshore flow was 

easily identified by locating the Ocm.s-1 isotach, which separated the opposing 

flows. Onshore flow of water was observed to occur in a significant motion of 

water from between depths of 200 to 1000m and irregularly from even deeper 

down the water column. This onshore flow entered the shelf at mid-depth around 

500m, and the thickness of this layer varied by month. The flow of water along the 

bottom appeared to be consistent with upwelling, where water at the surface 

moves primarily offshore to be replenished by water moving along the bottom 

from depth. In all months, the onshore isotachs did not penetrate the surface, but 

shoaled considerably toward the coast. 

At the surface, there were two regions which display a core of intense offshore 

flow, probably in response to the wind: one over the slope which migrated with 

varying month and one at the coast. In winter when the wind stress has 

decreased, there appeared to be only one flow. The surface Ekman transport 

observed as the offshore flow probably responds to water from depth upwelling 

causing the doming of isotachs which causes a rift in the offshore flow resulting in 

two apparent cores. 

At the surface, offshore flow of water was at a maximum over the continental 

slope in summer and moved eastward where it layover the shelf break and shelf 

in winter. This reflects the difference of the seasonal winds. Weakened winds in 

winter imply weakened offshore Ekman transport of waters observed as weaker 

surface flow. 
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In January (Figure 4.3a) a core of offshore flow over the shelf break reaching 

speeds in excess of 18cm.s-1 was observed, probably in response to the 

increased wind stress in summer. With depth, this speed was observed to 

abruptly drop to Ocm.s-1 near 300m, where water flowing in the opposite direction 

was encountered. In an opposing flow to the surface water, water from depth 

moved up and along the shelf from 1000m toward the shelf at speeds less than 

1 cm.s-1
. This water was observed to only move to mid-shelf. 

In February the core of the offshore flow was observed to move westward 

combined with a drop in speed to 14cm.s-1 at the surface. The depth of the 

offshore-flowing layer decreased to 200m over the slope and to about 50m at the 

coast. Increased upwelling was readily observed due to the thickness of the 

upwelling layer together with the increase in speed (up to 2cm.s-1
). In addition, the 

flow reached the coast. 

March reflected similar conditions to February with the exception of the upwelling 

layer not originating from the large depths as before. In April through November 

offshore flow decreased in intensity (6-1 Ocm.s-1
) and the cores of maximum speed 

moved further inshore together with an increased offshore layer depth. In June 

and July the breakdown of upwelling was observed although some water 

remained on the shelf. From August to November there was onshore-moving 

water at depth as well as at the coast but the former water did not reach the shelf. 

In November, intensity of the offshore flow increased until December when 

upwelling resumed. 

General observation of Figures 4.4 (a-I), the standard deviation of cross-shore 

current of the transect in the vertical, with the isolines spaced at 1 cm.s-1 intervals, 

showed that the cross-shore current was highly variable. Maximum variability 

occurred at the surface as expected since this is the region directly affected by the 

highly variable wind stress. Water at depths below 1000m displayed minimal 

variability as these regions were beyond the influence of surface processes. 
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The variability displayed a similar pattern to that of the cross-shore current, with 

"cores" of high variability at the surface coinciding in areas with maximum cross­

shore current. As the transect progressed onshore, there was a positive 

displacement of the variability isolines. In certain months the doming of these 

isolines over the shelf break became apparent, this indicated an area where there 

was a consistent response to external forcing, hence the decrease in variability in 

this region. 
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Figure 4.3 (a - f): Vertical section of the monthly climatology of cross-shore current (cm.s·1
) for the transect 

(January - June). 
Solid line = offshore flow, dashed line = onshore flow. Bold line = 0 cm.s·1 isotach. 
Inset: Zoom of upper 300m of section. 
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Figure 4.3 (g - I) : Vertical section of the monthly climatology of cross-shore current (cm.s-1
) for the transect 

(July - December) . 
Solid line = offshore flow, dashed line = onshore flow. Bold line = 0 cm.s-1 isotach. 
Inset: Zoom of upper 300m of section. 
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Figure 4.4 (a - f): Vertical section of the standard deviation of cross-shore current (cm.s-1
) for the transect 

(January - June). 
Inset: Zoom of upper 300m of section. 
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