


























































When the alongshore wind blows persistently for a sufficient amount of time, the net 

movement of the surface water is at right angles to the direction of the wind (Barber 

and Smith 1981; Mann and Lazier 1991 and Smith 1995). This is termed Ekman 

transport. V. W. Ekman, in 1905, laid the theoretical basis for this concept by finding 

a mechanism by which a balance between the forces of the wind drag, water 

movement and the CorioUs force could be attained (Pond and Pickard 1983; Mann 

and Lazier 1991). The relationship between these is summarized (illustrated) in 

Figure 5. Note that it also includes the existence of a thermal front between the 

cooler, upwelled water and the warmer, oceanic water. This thermal front is never 

fixed and may sometimes even be difficult to define as a result of the fact that 

upwelling activity can be influenced by a number of factors. 

SURFACE WINDS 

···_·_··SEABED··· 

Figure 5 Schematic Depiction of Eastern Boundary Coastal Upwelling III the 

Southern Hemisphere (From Cole, 1997). 
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The layer of water affected by the wind forcing is referred to as the Ekman layer. The 

net flow in the Ekman layer is at 90° to the left of the wind direction in the southern 

hemisphere. This net flow is termed the Ekman drift. Ekman transport refers to the 

mass/volume of water moving offshore per unit time and per unit length of coastline 

due to Ekman drift (Pond and Pickard 1983; Mann and Lazier 1991). Ekman 

transport (ME) is estimated form the upwelling inducing wind stress ('t) and the 

Coriolis parameter (f) and is given by ME -'t/ f (Pond and Pickard 1983). Ekman 

transport has been used on several occasions as an index of upwelling (e.g. Nykjrer 

and Van Camp 1994 and Johnson and Nelson 1999). Hill et al (1998) referred to this 

index of upwelling as "a long-term average at a given location of monthly mean 

Ekman transports derived from observed winds and expressed in units of m3s·1 per 

100m of coastline". The underlying assumptions are that upwelling is mainly a 

function of the alongshore wind stress and that the volume of upwelled water is 

proportional to that volume of water displaced offshore due to Ekman drift. 

Upwelling is not a constant process along a straight coast under the influence of 

constant equatorward, alongshore winds. It is a variable process (Mann and Lazier 

1991 and Abbott and Barksdale 1995) during which a number of factors can produce 

variations in the occurrence, intensity and spatial extent of upwelling. These factors 

can include changes in the strength of upwelling favorable winds, changes in bottom 

bathymetry, instabilities in local currents, changes in coastline orientation, and the 

topography of adjacent coastal regions (Mann and Lazier 1991; Shannon 1985; Cole 

1997). Variations on seasonal and shorter time scales are common (Shannon 1985). 

Shannon (1985) showed that storms and diurnal variations in the thermal conditions 
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over the ocean could also variations III upwelling activity off the coast of 

southwestern Africa. 

Upwelling systems are known to show variability on a wide range of spatial and 

temporal scales (Abbott and Barksdale 1995 and Shillington 1998). It is mainly 

characterized by intense mesoscale variability with obvious seasonality. In general, 

both small-scale events and large-scale forcing affects upwelling and upwelling 

variability (Abbott and Barksdale 1995). Seasonal variability is strongly related to the 

seasonal variations in the high-pressure systems that drive the upwelling favorable 

winds. The resulting latitudinal shifts in the upwelling favorable winds introduce the 

seasonal signatures of the upwelling centers along the coast. Longitudinal variations 

in the wind stress and wind-stress curl are also present as a result of the variation in 

the pressure system (Abbott and Barksdale 1995). The resultant increase in 

equatorward wind stress offshore leads to strong gradients in the Ekman transport and 

hence strong upwelling at the coast. 

Inter-annual variability changes the seasonal patterns from year to year and is 

common in the Benguela and other eastern boundary current regions (Shannon et at 

1986). The most significant of these are the EI Nino Southern Oscillation (ENSO) 

events, which affect both the strength and position of the upwelling favorable winds. 

Weakening of or the reversals in the direction of the equatorial trade winds introduce 

anomalously warm conditions over the ocean. In the Benguela, events related to or 

showing a resemblance to the ENSO events, are termed Benguela Nino's (Shannon et 

at 1986). The periodicity of such events ranges between 3 and 10 years and is 

associated with a deepening in the thermocline, warm water intrusions and a reduction 
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in upwelling activity. Boyd et al (1987) and Gammelsmd et al 1998, amongst others, 

have shown that the effects of such events on the biota of the effected region can be 

devastating. Thus, remotely forced variability such as warm water intrusions 

(Shannon 1985; Shannon et al 1986 and Gammelsmd et al 1998), coastal-trapped 

waves and changes on the depth of the mixed layer, are all factors affecting the 

upwelling variability of the Benguela and other eastern boundary current regions. 
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2.3 SATELLITE OCEANOGRAPHY 

2.3.1 BACKGROUND 

Lillesand and Kiefer (1994) defines remote sensmg as "the SCIence and art of 

obtaining information about an object, area, or phenomenon through the analysis of 

data acquired by a device that is not in contact with the object, area, or phenomenon 

under investigation". Maul (1985) defines remote sensing in oceanography as "the 

acquisition of information about the sea through the use of sensing devices remote 

from the feature of interest". 

Remote sensing from space first took off with the use of aerial photography. In fact, 

around 1882 some pioneers in this field first used cameras mounted to kites to take 

aerial photographs of the ground (Maul 1985). The use of aerial photography 

continued to develop and received a major boost during World War I. Remote 

sensing continued to be driven mainly by military needs. 

Satellite remote sensing really only took off with the launch of the Russian satellite, 

Sputnik in 1957. During the 1970's it started maturing as an operational system for 

repetitive collection of information about the earth, for purposes other than military. 

Since then, remote sensing has become a useful tool for collecting data used in a wide 

array of disciplines (Hardman-Mountford 2000). These ranging from meteorology, 

land cover mapping and assessment to epidemiology (Lillesand and Kiefer 1994 and 

Hardman-Mountford 2000). 
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The first quantitative application of remote sensing in oceanography was made during 

World War II when attempts were made to do aerial hydrographic surveys (Maul 

1985). Research applications already took off in 1952 when H. L. Cameron used 

aerial photographs of surface drifters to quantify surface circulation in harbors (Maul 

1985). Applications continued to develop and later included the fields of marine 

geology and sea surface climatology (in 1953) (Maul 1985). Breaker and Gilland in 

1981 (from Abbott and Barksdale 1995) illustrated one of the earliest discoveries 

made from infrared satellite observations when they documented on cold filaments 

along the west coast of North America. Today, satellite remote sensing is used as a 

tool in a wide range of marine applications and is now commonly used to study the 

dynamics of upwelling systems. 

Initially, applications of satellite remote sensing in oceanography mainly involved the 

measurement of SST from infrared radiometry (AVHRR, ATSR IRR). However, its 

applications continued and still continues to expand and today include ocean color 

and sea ice from visible radiometry (CZCS, SeaWiFS), dynamic heights from radar 

altimetry (GEOSAT, ERS-1I2 RA, TOPEXIPoseidon), brightness emissivity derived 

sea ice and global SST from passive microwave sensors (SMMR, SSM/I, ATSR 

MWS), sea surface roughness and winds from synthetic aperture radar (SAR, e.g. 

ERS-1I2 SAR, SeaSAT SAR) and sea state from scatterometers (ERS-ll2, NSCAT 

and QuickScat scatterometers) (Hardman-Mountford 2000). 

There have always been concerns amongst users and scientists with regards to the 

ability of satellite sensors to observe and resolve important scales of variability and, to 

characterize the patterns of events rather than just resolving specific events. Today, 
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these concerns are still valid and, although the situation has improved much, problems 

still exist when trying to use remotely sensed data to describe the characteristic 

patterns of variability in upwelling systems. Despite this, the successful applications 

of satellite data in coastal studies have grown significantly over the last couple of 

decades. In upwelling system, applications include, amongst others, the identification 

and description of both mesoscale features such as fronts, jets and filaments, and 

smaller-scale processes (e.g. frontal instabilities). Works by Breaker and Gilland in 

1981 (from Abbot and Barksdale 1995) and Van Camp et al (1991) are only a few 

examples of this. Numerous others can be cited. In the Benguela system, satellite 

remote sensing data have played an important role over the last two or so decades in 

identifying and describing events and features that are common in the region. 

Applications were mainly geared towards studies on filaments (e.g. Lutjeharms and 

Stockton 1987; Shillington et al1990 and Lutjeharms et aI1991); seasonal and inter­

annual SST variability (e.g. Lutjeharms and Meemvis 1987; Walker 1987 and Cole 

and McGlade 1998) and the investigation of anomalously warm conditions (e.g. 

Gammelsmd et a11998) amongst others. 

The following two sections contains brief descriptions of the sensors involved in the 

collection of the data described in this thesis, i.e. SST and wind fields. More 

comprehensive discussions are contained in the literature cited in the text. 

2.3.2 INFRARED RADIOMETRY 

NOAA's Advanced Very High Resolution Radiometer (AVHRR) is a broad-band, 

four or five channel scanner, sensing in the visible, near-infrared, and thermal infrared 
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portions of the electromagnetic spectrum (Kidwell 1991). This sensor is carried on 

NOAA's Polar Orbiting Environmental Satellites (POES), which started in 1978 with 

TIROS-N. The sensors on board have a measuring accuracy of 0.1K. The AVHRR 

data is acquired in three formats, namely high-resolution picture transmission 

(HRPT), local area coverage (LAC) and global area coverage (GAC). The average 

instantaneous field-of-view (IFOV) of 1.4 milliradians yields a LAC/HRPT ground 

resolution of approximately 1.1 krn at the satellite nadir from the nominal orbit 

altitude of 833 km (Kidwell 1991). The GAC data are derived from an on board 

sample averaging of the full resolution A VHRR data, yielding 1.1-krn by 4-km 

resolution at nadir. After TIROS-N NOAA-6 was launched in 1979 followed by 

consecutive launches (Hardman-Mountford 2000). In addition to the above, 

'Pathfinder' data is also available at a spatial resolution of9 krn. 

With the launch of the in 1981 of the European Space Agency's (ESA) Along Track 

Scanning Radiometer (ATSR) (ATSR 2000), a new source of radiometer data became 

operational. This was followed by the launch of ATSR-1 in 1991 on board the ERS-1 

satellite and ATSR-2 in 1995 on board the ERS-2 satellite. Some of the specifications 

of ATSR include a spatial resolution of 1 krn, an accuracy of +1- O.3K, a self­

calibrating system and a dual view design, which makes it possible to estimate and 

correct for atmospheric effects (ATSR 2000). 

The biggest limitation of SST measurements from infrared sensors is probably the fact 

that it only measures the temperature of the upper few millimeters of the ocean, 

giving rise to the so-called skin effect. With passive sensor there is the additional 
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problem of cloud contamination, effectively reducing the spatial coverage of these 

sensors. 

2.3.3 ERS SCATTEROMETERS 

The ERS-l/2 scatterometers measure radar backscatter from the ocean surface using 

three antennas that work in the C-band frequency (about 5.3 GHz). Wind vectors are 

estimated from the backscatter coefficients using semi-empirical models and 

inversionldealiasing algorithms (Bentamy et al 1996 and Bentamy et al 1997). 

Vectors are initially provided at 50 km resolution with a separation of 25 km across a 

500 km swath. Reconstruction of synoptic fields of surface winds on basin scales 

from discrete observations was achieved through statistical interpolation using the 

minimum variance method related to the Kriging technique (Bentamy et aI, 1997). 

This provided the input for the estimation of weekly and monthly averages of the 

wind parameters over the global oceans into 1 ° by 1 ° squares. 

Statistical comparisons with the National Data Buoy Center (NDBC), Tropical 

Atmosphere Ocean (TAO) and Japan Meteorological Agency (JMA) buoy wind 

measurements produced an rms error of approximately 1.20 mls for wind speed and 

24° for wind direction (Graber et aI, 1996). More details on formulae and procedures 

used in estimating and validating the scatterometer and gridded data are contained in 

the literature cited. 

Global accuracy of the gridded scatterometer wind fields is assessed through 

comparison with ECMWF analysis and Hallerman and Rosenstein (1983) and Florida 
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State University (FSU) wind stress climatologies. This yielded for example mean and 

standard deviation values of the difference between ERS and ECMWF wind field 

analyses of 0.53 mls and 1.15 mls for the wind speed, 0.22 mls and 1.34 mls for the 

zonal component, 0.05 mls and 1.26 mls for the meridional component. Large-scale 

differences were found in the Southern Hemisphere, introducing uncertainties 

regarding the accuracy of data used in analysis ofthe wind fields here. Unfortunately, 

this study does not include any statistical comparisons between the data in situ 

measurements in the study area, e.g. buoy measurements, and the scatterometer data 

used here. 

Although scatterometer data only became available a number of years after that of 

infrared sensors, a large number of application already exist for this data, both in 

terrestrial and marine sciences. 
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3 MATERIALS AND METHODS 

3.1 STUDY AREA 

ANGOLA 

BOTSWANA 

RSA 

31 

SST Blocks Selected. Approximate Area 

• Approximate Center of Selected Wind Blocks 

4~----~----r---~~--~----~----~-L 
7 10 13 16 19 22 25 

Figure 6 The Major Area of Interest for this Study. Primary and Secondary 

Upwelling Cells have been Drawn after Shannon and Nelson (1996). Selections for 

the SST and Wind Analyses have also been drawn (see sections to follow). 

The larger study area lies between 0.5 °E and the coast and between 0.5 aS and 40.5 

aS. Interpretation of results focused on a slightly smaller area of interest as mapped in 

Figure 6. It lies between 7 °E and the coast and 7 aS and 40 aS. This covers the 
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whole of the Benguela upwelling region plus areas to the west, south and north of the 

region, thus constituting a large part of the South-East Atlantic. This was included as 

the Benguela is influenced from all three sides (Shillington 1998) and to give a 

broader spatial perspective of the conditions under investigation here. Sufficient 

attention has been given in the analysis to cover the entire study area. However, 

analysis on a finer scale has been done for the area adjacent to the coast as this is the 

area of greatest interest from the point of view of coastal upwelling. 

3.2 DATA USED 

The study mainly focused on two aspects of the temporal variability of upwelling 

intensity and upwelling favorable conditions. These aspects are that of the variability 

at seasonal and inter-annual time scales. This is of course in addition to studying the 

spatial variability. 

3.2.1 SEA SURFACE TEMPERATURE DATA 

Sea surface temperature (SST) data derived form in situ and satellite measurements 

were used to study the variability of upwelling (surface thermal properties) along the 

coast. One-degree gridded SST fields (Reynolds and Smith 1994) were used for 

analysis. Monthly SST fields were extracted for the period January 1982 to 

December 2000 to compile a 19-year dataset for analysis. 

The analysis of the SST fields in the original dataset (data source) used in situ and 

satellite measured SST's as well as SST's simulated by the sea-ice cover (Reynolds 

1988). The data was first adjusted for biases using the methods explained by 
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Reynolds (1988) and Reynolds and Marsico (1993). All analysis excluded land pixels 

and interpolation was done over ocean areas only. Optimum interpolated (01) SST's 

are produced on a weekly basis (Sunday to Saturday) on a 10 x 10 grid. Monthly SST 

fields are derived by linear interpolation of the weekly fields to daily fields, which 

then are used to calculate the monthly averaged SST fields. More on the calculation 

of the optimum interpolation fields of SST can be found in Reynolds (1988), 

Reynolds and Marsico (1993) and Reynolds and Smith (1994). 

3.2.2 WIND FIELDS 

Scatterometer data from European Resources Satellites 1 and 2 (ERS 1 and 2) for the 

period January 1992 to December 2000 was analyzed to study the upwelling favorable 

conditions at the spatial and temporal scales mentioned earlier. Monthly averages of 

wind speed (W), wind stress (t) and the meridional (v) and zonal (u) components of 

the wind speed and wind stress were extracted for analysis. 

Monthly averages of the wind fields were extracted from the Mean Wind Field Atlas 

on CD-ROM released by the Institut Francais pour l'Exploitation de la Mer 

(IFREMER). The gridded wind field was produced from scatterometer-retrieved 

wind vectors over the globe. Wind vectors are estimated from the backscatter 

coefficients of the measured radar backscatter of the ocean surface (Bentamy et ai, 

1997). Vectors are initially provided at 50 kIn resolution with a separation of25 kIn 

across a 500 kIn swath. Reconstruction of synoptic fields of surface winds on basin 

scales from discrete observations was achieved through statistical interpolation using 

the minimum variance method related to the Kriging technique (Bentamy et ai, 1997). 
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This provided the input for the estimation of weekly and monthly averages of the 

wind parameters over the global oceans into 10 by 10 squares. 

3.3 DATA PROCESSING AND ANALYSIS 

Extraction of the wind data was performed with ExtrMWF.exe, an extraction program 

provided by IFREMER. Processing and analysis of the gridded SST and wind field 

data were done using the software packages Transform TM, NoeysysTM and Microsoft 

Excel TM. 

Before any analysis was done, a land mask was applied to all data files. This was to 

ensure that further analyses excluded the land area. The land mask file was prepared 

by using a true color image from the original SST dataset. This was converted to a 

binary file and used to create the land mask, which was applied to both the SST and 

wind data files. The data points for the SST files were not changed as the same land 

mask was applied to the original data sets. With regards to the wind fields, this 

masking method was thought to be appropriate, as spatial conformity amongst the 

data sets would be achieved. 

The wind field data used in this study contained a couple of problem areas, which had 

to be dealt with before any analysis could be done. 

Firstly, no data was available for the month of February 1992. This problem was 

addressed by using the long-term average for February as a substitute for February 

1992. It is believed that this did not change the end results significantly. Also, 
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having this long-tenn mean as an estimate IS m any case better than having no 

estimate at all. 

The second problem was that the components of the wind speed and wind stress 

provided are those directly in a north-south and an east-west direction. This of course 

is acceptable over the open ocean (Emery and Thomson 1998), but not at the coast 

where winds are topographically steered and altered. It is therefore desirable to 

resolve the vector components into alongshore components through the rotation (from 

Emery and Thomson 1998): 

u' = u cose + v sine 

v' -u sine+ v cose 

This would provide estimates for the winds roughly parallel to the mean coastline. 

The wind stress vectors were rotated in the same way. 

From Alan Boyd's (1987) estimation of the mean orientation of the coastline, which 

roughly runs from a SSE to a NNW direction, it was estimated that the components be 

rotated through an angle (e) of about 20° in a positive counterclockwise direction 

(Figure 7). Although this was not the optimum for a number of known upwelling 

centers, it was thought to be a reasonable estimate for studying the larger scale 

features. This was also done to facilitate the easier calculation of the wind 

components for all data points along the coast. 

As mentioned earlier, estimates for the wind components over the open ocean do not 

need to be rotated. These pixels however were included, for easier processing, and it 

is believed that the infonnation deduced from their analysis would be representative 

enough of the overall conditions on the larger spatial scale. All analysis, unless 

otherwise indicated, that followed were done using the rotated components. 
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u' 

________________ ~--~~----------------------~u 

Average orientation of coastline 

Figure 7 Diagram illustrating how the rotation was done for the components of wind 

speed and wind stress 

As it is mainly the alongshore components of the wind speed and wind stress that is of 

interest with regards to coastal upwelling, only these components together with the 

wind speed and wind stress magnitude were studied. 

Since the original wind vector components were rotated before analysis, new wind 

stress vectors had to be calculated. These were calculated using standard formulae. 

Formulae used were (from Pond and Pickard 1983): 

1'x = PaCDU(U2+v2)1/2 N/m2 

1'y PaCDV(V2+u
2
)1I2 N/m2 

'.Alhere Pa is the air density taken as 1.22 kg.m-3 and CD is the non-dimensional drag 

coefficient taken as a constant at 0.0013 (Kamstra 1985 and Johnson and Nelson 

1999). The meridional and zonal wind-stresses are denoted by 'tx and 1'y. 
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During the data extraction in the analysis software, the data ranges provided in the 

documentation for each parameter was used to exclude land pixels right from the 

beginning. For the wind speed the range was between 0 mls and 28 m/s. For the 

zonal and meridional wind speed components it ranged between -28 mls and 28 mls. 

That of the wind stress magnitude was between 0 * lO -1 Pa and 8 * lO -1 Pa and for 

the components of the wind stress it was between 8 * 10 -\ Pa and 8 * 10 -1 Pa. Due 

to the fact that coastal pixels are normally contaminated as a result of the influence of 

landmasses, values for the parameters had to be estimated for the areas along the 

coast. This was done by interpolating, using krigging, for each parameter within the 

ranges given above. This was done for the entire area, including those pixels that 

would fall within the land. The pixels over the land were then masked out using the 

masking file discussed earlier. This would at least provide estimates for the area 

along the coast where it is of importance for coastal upwelling. 

The following sections specifically deal with the processing and analysis done for 

studies at the required spatial scales. 

3.3.1 SST FIELDS 

Mean monthly SST climatologies for the study area were computed from the monthly 

averaged SST fields. The twelve mean monthly images of SST were used to interpret 

the mean seasonal patterns of the SST fields. Attention was given to the mean 

seasonal distribution of sea surface temperature, the changes of this distribution 

between seasons and the spatial changes within and between seasons. 
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The first three pixels adjacent to the coast (about 180 miles) were then extracted for 

each month during the study period, and a zonal area average SST calculated. This 

was used to derive mean monthly SST's at the coast, which was then plotted as a 

Hovmuller diagram and as a function of latitude and time. It was expected that results 

from this exercise would yield slightly more information on the seasonal changes of 

SST along the coast. 

The monthly and mean monthly SST's were used to calculate the SST anomalies at 

the coast. This was again plotted as latitude versus time. SST anomalies were defined 

as the deviations of the monthly SST from the mean monthly SST for a particular 

month. The main purpose for this was to aid in identification of anomalous 

periods/years during which the SST deviations from the mean was either abnormally 

high or low. 

For enhanced interpretation, the SST's for six 2° x 2° blocks at various locations along 

the coast and for each month in the data set, were extracted. Their positions follow 

below (See Figure 6). 

Block 1 14.5 - 16.5 oS and 9.5 11.5 (Southern Angola) 

Block 2 - 17.5 19.5 oS and 9.5 11.5 °E (Northern Namibia) 

Block 3 - 22.5 24.5 oS and 11.5 - 13.5 °E (Central Namibia) 

Block 4 25.5 - 27.5 oS and 12.5 14.5 °E (Southern Namibia) 

Block 5 - 30.5 - 32.5 oS and 15.5 17.5 °E (Northwest South Africa) 

Block 6 32.5 34.5 oS and 15.5 - 17.5 °E (Southern South Africa) 

These areas were selected in a way that it is representative of major coastal regions in 

the system. It was further attempted to select sites in such a way to fall within or 

close to known upwelling cells along the coast. 
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For each of these blocks, an area average SST per month was calculated and used to 

calculate the monthly SST climatologies and SST anomalies. This enhanced the 

identification of seasonal patterns at each location, and further improved the ability to 

compare the different areas along the coast with each other. 

The above results were jointly used to study the seasonal and inter-annual variability 

of the SST's along the coast and to identify anomalous events as they occurred during 

the study period. It also provided information on the spatial extent of the SST 

variability, particularly with regards to the frequency and intensity of identified 

anomalous events. These results provided a further opportunity to compare different 

regions in the system with each other with regards to the occurrence of anomalous 

events. 

3.3.2 WIND FIELDS 

Monthly averaged data for the absolute wind speed and stress, and the computed 

northerly components of the wind speed and wind stress were used to compute mean 

monthly images for each parameter. Twelve mean monthly images of each of the 

parameters were prepared in the same manner as discussed in the previous section. 

Visual interpretation of these yielded information on their spatial and temporal 

variability within and between the seasons. 

Similar to what was done with the SST fields, an extraction was performed on the first 

three pixels next to the coast, a zonal average calculated and plotted as a function of 
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latitude and time. Mean monthly images were computed from the extracted monthly 

data and plotted as a function of latitude over time. This was done to see if it could 

improve the ability to resolve seasonal and latitudinal changes more easily. 

For refined interpretation, six coastal pixels (10 x 10) of the upwelling favorable wind 

stress were extracted at similar locations as the SST blocks. The location of these 

pixels was chosen to approximately coincide with that of the selected sites in the SST 

analysis for the same reasons as mentioned in previous discussions. Their positions 

were determined at: 15 oS, 23 oS, 26 oS, 31 oS, and 33 oS (See Figure 6). For each 

location, the mean monthly values were computed and plotted together with the 

monthly estimates of the alongshore wind stress. 

Results from both analyses were used to study the seasonal and inter-annual 

variability of upwelling favorable conditions over the study area. Furthermore, its 

applicability in identifying anomalous events was investigated. Results were also used 

in combination to study the latitudinal variations in upwelling conditions along the 

coast. 
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3.3.3 UPWELLING INDICES 

3.3.3.1 SST Upwelling Index (SST UI) 

Upwelling along the coast causes cooler sub-surface water to rise to the surface. This 

usually have the result of cooler upwelled water close to the coast with the warmer, 

more oceanic waters at some distance offshore (Nykjrer and Van Camp 1994). This 

provided the basis for defining the SST Upwelling fudex (SST LIT) used here as the 

zonal temperature difference between a pixel at the coast and that at some distance 

offshore. The same approach has been followed by, amongst other, Nykjrer and Van 

Camp (1994). The distance of the offshore pixel was taken at about 700 miles from 

the coast to minimize the possibility of including upwelled waters entrained in an 

offshore moving upwelling filament. The formula used here was: 

SST UI = SSTcoast - SSToffshore 

A negative difference would suggest cooler waters at the coast. A higher negative 

value would then suggest more intense upwelling at the coast. Positive differences 

would suggest warmer waters at the coast and upwelling is then assumed to be 

quiescent or absent at the time. Small differences in SST would suggest uniform 

warming both inshore and offshore and would probably also suggest very limited or 

no upwelling at the time. 

SST Upwelling indices were calculated for each month. The monthly index was used 

to derive a mean monthly index and both were plotted as a function of latitude and 

time. It was further hoped that results would either confirm or add to the 

interpretations made from the SST fields as discussed in the previous sections. 
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3.3.3.2 Ekman Upwelling Index 

Since upwelling is attributed mainly to the force exerted by the alongshore component 

of the wind stress and the rotation of the earth (Nykjrer and VanCamp 1994), an 

upwelling index was calculated using this component of the wind stress. It is 

calculated as the Ekman transport perpendicular to the coast, similar to what Johnson 

and Nelson (1999) did for the Cape Columbine area using winds measured at the 

lighthouse there. The Ekman transport was calculated for each of the (l ° x 1°) 

selected sites mentioned earlier and are given by: 

This gives a value of kilograms of water per meter of coastline per second [kg/mlsJ. 

Each block is 1 degree long (about 60 miles or 111 km). Thus, dividing the Ekman 

Transport [Sx] by the density of seawater and multiplying it by 111 km (or 111 000 

m), gave the total volume of offshore transport along the coast per block [m3/s]. 

These were plotted on a monthly scale for the investigation of both inter-annual and 

latitudinal variability. Mean monthly plots for each block was computed to obtain the 

mean volume transport for each season. Comparisons were made in the same way as 

discussed in the previous sections. 
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4 RESULTS AND DISCUSSION 

4.1 SEASONAL VARIABILITY 

4.1.1 WIND CONDITIONS 

4.1.1.1 Southerly winds and wind stress 

The mean monthly meridional wind speed for the entire area is plotted in Figure 8 

whereas that at the coast is plotted in Figure 9. In Figures 9 and 10 the mean monthly 

meridional wind stress along the coast and for the entire study area are plotted 

respectively. Results shown in these figures compare well with that of other works on 

the prevailing wind condition over the system. 

Similar to what was found by, amongst others, Parish et al (1983) and Bakun and 

Nelson (1991), results here suggested that although upwelling favorable winds occur 

along most of the coast south of 16 oS throughout the year, seasonal and latitudinal 

variations in the wind field do occur. Between 16 oS and 29 oS, the highest wind 

speeds are found for most of the year, with mean speeds ranging between 4 m.s-l and 

7 m.s-l. North of 16 oS wind speeds a generally very low and less variable with little 

or no wind induced upwelling expected. 

A wedge-shape fcature of strong southerly winds is present throughout most of the 

year. This feature extends offshore and in a northwesterly direction and intensifies 

during autumn and winter. It is more contracted during spring and summer. Bakun 

and Nelson (1991), through the analysis of the wind stress curl over the region, also 

reported on the existence of this feature. Like in Parish et al (1983) and Kamstra 
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(1985) it was found here that the highest wind stress is nonnally found some 200 -

300 km offshore. This give rise to a cross-shore gradient in wind speeds for most of 

the area, with wind speeds increasing in an offshore gradient. This is particu1ary 

evident along the central Namibian coast near Walvis Bay. 
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Figure 8: Mean Monthly Meridional Wind Speed for Study Area 
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Figure 8 (contd.): Mean Monthly Meridional Wind Speed for Study Area 

Figures 8, 9 and 10 suggest that the area around Ltideritz (~ 25 oS - 27 OS) is 

experiencing the strongest upwelling favorable winds (2.5m.s-1 
- 7.5m.s- l

) throughout 

the year. With the highest equatorward wind stress found here for most of the year, it 

is suggested that this region is probably the most prominent cell of potential 
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upwelling along the coast. There is however a slight slackening in these equatorward 

winds between May and July. 
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Figure 9: Mean Monthly Meridional Wind Speed and Stress at the Coast 

In the north (~ 18 OS) near Cape Frio, a secondary cell of potential upwelling can be 

observed with maxima in the wind stress experienced in AprilfMay, July and 

OctoberlNovember. During these months strong winds (> 6 m.s- I
) prevails over this 

area. 
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Figure 10: Mean Monthly Meridional Wind Stress for Study Area 

Along the central Namibian coast, between Cape Frio and Uideritz, upwelling 

favorable winds also appear to be present throughout the year. Wind speeds are 

however generally and less variable, and range between approximately 4 m.s-l and 5 
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Figure 10 (contd.): Mean Monthly Meridional Wind Stress for Study Area 

In the south (30 oS - 34 OS), the strongest southerly winds appear to be blowing 

during spring and summer (2.5 m.s-l - 6 m.s- 1
). Near Cape Columbine and the Cape 

Peninsula in the south (~ 32 OS) upwelling favorable condition (southerly winds) are 

generally less intense than the potential upwelling cells further north in the system. 
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Between May and July upwelling favorable conditions are completely absent. These 

areas can be described as summer upwelling cells as upwelling would mainly occur 

during spring and summer. 

4.1.1.2 Ekman Upwelling Index (EUI) 

The seasonal distribution of upwelling conditions at the selected sites are depicted in 

Figure 11 and 12, which are the monthly means of the Ekman Upwelling Index or 

total volume transport and the mean monthly alongshore wind stress per 10 block . 

Seasonality along the coast is clearly varying. It would appear that a stronger 

seasonal signal is observed towards the latitudinal ends of the study area. In the north 

(15 oS and 18 OS) clear peaks are reached during April/May and OctoberlNovember 

with the volume of the offshore transport per block just less then 0.2 Sv. A summer 

minimum is evidebt between December and February « 0.15 Sv). Minima are also 

observed during the months between June and September. Along the central 

Namibian coast (23 OS) seasonal variations are generally smaller. Slight maxima do 

however occur during March, July and November with minima during the months 

from December to February. At Liideritz (26 OS) upwelling is at its weakest during 

June (winter). Offshore transport (upwelling) here remains significant though 

throughout the year, as in the case of the other sites further north. In summer, total 

volume transport at Liideritz can be over 0.2 Sv. At the two southern sites (31 oS and 

33 OS) upwelling completely ceases during the winter months. A very pronounced 

seasonal signal is observed with peak upwelling during late spring and summer. 

Mean transport in summer is suggested to be roughly around 0.1 Sv at its peak. 
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Figure 11: Mean Monthly Volume Transport at Selected Sites with Standard Deviations 
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The identification of the major upwelling cell at Lilderitz, a secondary cell at Cape 

Frio and the summer upwelling cells at the Cape Peninsula is well in accordance with 

findings by amongst others, Parrish et at (1983) and Boyd (1987). The seasonality of 

the South Atlantic High Pressure System and the resultant upwelling conditions have 

been discussed by numerous authors. These include works by Nelson and Hutchings 

(1983), Kamstra (1985), Shannon (1985), Boyd (1987), Preston-Whyte and Tyson 
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(1988), Hutchings and Taunton-Clark (1990), Shannon and Nelson (1996); 

Shillington (1998) and Johnson and Nelson (1999). Findings from this study agrees 

well with that discussed by these authors, thus confirming the relevance and 

applicability of the data used here. 
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4.1.2 SEA SURFACE TEMPERATURE 

The mean monthly SST imagery (Figure 13) suggests a relatively clear cycle of 

warming and cooling throughout the year. Significant warming appears to have an 

onset during October (mid-spring) after which the entire system appears to become 

progressively warmer. This ultimately peaks during February to April (late 

summer/autumn) when the highest SST's are observed. Cooling of the system starts 

to set in during May, with the lowest SST's observed during July and August (winter). 

In general, seasonal warming appears to be moving in from the north and northwest, 

pushing southward until it start retracting during May. On the other end, cool water 

seems to approach from the southwest during May/June. Its most northward 

influence appears to be reaching as far north as 18 oS. 

Latitudinal differences in SST appear to be more pronounced than those in an east­

west direction. It is evident that the highest SST's are found in the north of the study 

area, with the coolest SST's evident in the south and especially southwest of the sub­

continent. The region in between (roughly between 17 oS and 34 OS) shows more 

moderate temperatures. The variability here generally seems less than that at the 

latitudinal extremities of the study area. SST's does not generally change sharply in 

the longitudinal direction. This is especially the case when the area is taken as that 

extending directly from the coast offshore. 
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Figure 13: Mean Monthly SST for Study Area 

56 

Univ
ers

ity
 of

 C
ap

e T
ow

n



July August September 

0 0 0 

3 3 3 

6 6 6 

9 9 9 

12 12 12 
In 
0 15 15 15 

IlJ 18 18 18 
'0 
;j 22 
j..) 

22 22 
"M 25 25 25 j..) 
o:s 

....:I 28 28 28 

31 31 31 

34 34 34 

37 37 37 

40 40 40 

0 3 6 9 13 16192225 0 3 6 9 13 16 1922 25 0 3 6 9 13 16 1922 25 

October November December 

0 0 0 

3 3 3 

6 6 6 

9 9 9 

12 12 12 
In 
0 15 15 15 

IlJ 18 18 18 
'0 
;j 
j..) 

22 22 22 
"M 25 25 25 j..) 
o:s 

....:I 28 28 28 

31 31 31 

34 34 34 

37 37 37 

40 40 40 

0 3 6 9 13 16 1922 25 0 3 6 9 13 16 1922 25 0 3 6 9 13 16 1922 25 

Longitude ( °E) Longitude ( °E) Longitude (0 E) 

9 1 2 14 1 7 20 22 25 27 3 0 

Se a Surface Tempe ratu r e ( oe) 

Figure 13 (contd.): Mean Monthly SST for Study Area 
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The major interest of this thesis is of course those conditions prevailing at the coast 

and its associated variability. Figure 14 is a Hovmuller diagram of the mean monthly 

SST at the coast as extracted and computed from the original monthly SST data. 

From the study of this diagram one concludes that there appears to be five (5) distinct 

latitudinal zones with each having a different seasonal SST pattern. 
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Figure 14: Mean Monthly SST at Coast 

The fust zone that can be identified lies north of 13 OS. This zone shows the highest 

mean SST's at any time with mean SST's almost always higher than 23°C. It has a 

very clear seasonal cycle with cooler temperatures generally experienced between 
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mid-May and mid-October. Warming starts again during September/October and 

lasts until April/May. The highest SST's (>29 °C) are observed between February 

and April. Persistent warm conditions here is probably due to the combined effects of 

the area's close proximity to the equator, thus receiving large amounts of solar heating 

throughout the year, and the presence of the warm southward flowing Angola current, 

transporting and maintaining warm waters in this region. 

A second, zone can be identified roughly between 13 oS and 18 oS. This area remains 

relatively warm throughout the year. However, slight cooling takes place during 

winter. Isotherms are generally close to each other suggesting a sharp temperature 

gradient between 26°C at the northern boundary and 20°C at the southern boundary 

for most of the year except during winter. The close isotherms suggest the presence 

of a possible semi-permanent thermal frontal zone. According to Shannon et al 

(1986) these latitudes approximately coincide with that of the mean position of the 

Angola-Benguela Frontal Zone (ABFZ). Although the temperature gradients may not 

be as sharp as described in other literature, results suggest that this area be that of the 

ABFZ. This is despite the fact that the coarse spatial resolution of the data to some 

extent smoothes out the temperature gradients observed. 

A third zone was identified between 18 oS and 22 oS. Similar to findigs by Boyd 

(1987) and Cole (1997), this zone is characterized by moderate temperatures (15 °C -

21°C), which do not change too much between seasons. A cool winter period «15 

°C and 20°C) are followed by slightly higher SST's between December and May. 

Seasonal heating here as very characteristic of that at the mid-latitudes. The effects of 
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coastal upwelling on the SST patterning here are much more pronounced as in the 

zones further north (see previous section). 

The fourth, zone lies between 20 oS and 27 oS. SST's generally range between <15 

°C and 20°C. Although slight warming can be observed between December and 

March (18 - 20 °C), SST's are rather low and constant throughout the year. The 

effects of this seasonal warming seem to be rather limited in the area between 23 oS 

and 27 oS. The effects of winter cooling can be seen in the entire zone between May 

and September. Here, persistent upwelling plays an even greater role in the coastal 

SST's (Cole 1997). 

The fifth and southernmost zone lies south 27 oS. Seasonality is similar to seen in the 

third zone described above. The highest SST's are normally experienced between 

December and March/April with mean SST's around 19/20 DC. This is despite the 

fact that relatively strong summer upwelling occurs in this region. 

In general, from Figure 14, the lowest SST's (15°C or less) are observed between 

June and October, and then for the area between 22 oS and 31 oS. LUderitz and 

surroundings are seen to be the coolest for most of the year. 

Figure 15 is a diagram of the mean monthly SST at each of the selected areas 

discussed earlier. Results obtained from analyzing these plots yielded similar results 

to that of the Hovmuller diagram discussed in the previous paragraphs. There is 

however a few remarks that needs mention at this stage. It is clear that seasonal 

differences in SST in the north (Southern Angola and Northern Namibia 15 and 18 
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