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Abstract

The purpose of this research is to quantify where, how much and by what mechanisms
water leaves or comes on to the Namibian shelf and secondly to gain a better understanding
into the circulation associated with upwelling filaments in the northern Benguela region and
quantify their contribution to the exchange across the shelf edge. For the analyses results
from a MOM-4 regional ecosystem model are combined with remote sensing and cruise data.
Great temporal and spatial variability exists in the transport across and along the 300m
deep shelf next to the coast of Namibia and the results show that it is feasible to divide the
northern Benguela system into four regions with distinct cross-shore dynamics. The strong
annual offshore transport associated with the region surrounding the Lüderitz upwelling cell
seems to be seasonally shaped by a distinct interchange between the meridional currents.
During summer (DJF) a strong poleward flux, associated with the poleward undercurrent,
promotes offshore transport whereas during winter (JJA) a northward flux driven by the
coastal branch of the Benguela current exhibit the same effect. The region off Cape Frio
is highly complex and a unique interplay exists in transport across the shelf edge between
year round offshore transport in what appears to be narrow jets or filaments and strong
subsurface transport onto the shelf. The central regions are dominated by strong subsurface
compensatory transport onto the shelf between 19°S and 25°S. The results thus highlight the
unique interaction between the meridional currents in shaping the seasonal and geographic
variability in transport across the shelf edge. In addition to the complex large scale regional
circulation, this work further shows that mesoscale features like upwelling filaments are
extremely dynamic with the potential to dramatically shape local ecosystem dynamics on
the shelf as well as across the shelf edge and into the open ocean. Observations from an
upwelling filament sampled during 2010 show that multifaceted mesoscale flow fields are
associated with these features and complex exchanges of on- and offshore transport, linked
with subsurface dipole eddies, are observed in and around the structure. Furthermore, the
offshore transport associated with the filament, found to be in the order of magnitude of
3 Sv, was substantially larger than the integrated Ekman transport across the study area.
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Chapter 1

Introduction

1.1 Background to the study

Literature on past research is reviewed here in order to provide a background context and
motivation for the present study. Despite making mention of certain aspects of the greater
East South Atlantic area, the main focus will be on the northern Benguela upwelling region.
The Benguela system however consists of both the nearshore upwelling area as well as the
large scale Benguela Current. In this work, the northern Benguela upwelling regime is defined
as the cool coastal region lying between the Lüderitz upwelling cell and the Angola-Benguela
frontal zone (ABFZ), with the defined geographic area investigated being: 16 to 28°S, 10.5
to 15.5°E. Therefore, after an extensive literature review, the project aims and motivation
are summarized in section 1.2.

1.1.1 Shelf edge exchange processes

The shelf edge, where the shelf-sea meets the deep ocean, can often be observed from satellite
images due to the distinctive water masses which make up the two ocean bodies on either
side. Driven by an interest in global fluxes and budgets, and in particular their response
to climate change and human activities, there has been an ever increasing focus on the
exchanges happening at the ocean-shelf boundary following the initial shelf edge exchange
program (SEEP) in the 1980s [Huthnance, 1981, 1995; Walsh et al., 1988; Biscaye et al., 1994].
Physical processes have been recognized as an important control of large-scale movement and
irreversible small-scale mixing of water and its constituents at the shelf edge [Armi, 1978;
Huthnance, 1981, 1995; Knauer, 1987; Mackenzie, 1991]. Some of these physical processes
and related features present at the shelf edge include: coastal and shelf edge upwelling,
barotropic tides and currents, kelvin and edge waves, internal waves, inertial motions, mixing,
eddies, meanders, topographic Rossby waves, fronts, and filaments. Cross-shore transport
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1.1. Background to the study

mechanisms also include the Ekman transport as well as the effects of topography and
instabilities of the alongshore coastal jets [Marchesiello et al., 2003]. In addition, Rossby
wave dynamics have been related to offshore transport in eastern boundary currents as their
offshore progression affects the vertical structure of coastal currents resulting in instability
and their separation from the coast as filaments [McCreary and Kundu, 1985]. [Shannon and
Nelson, 1996] observed an almost persistent upward displacement of isopycnals at the shelf
break in the Benguela, which at times is independent of upwelling. They argue that this
bulge may be largely sustained through vertical advection due to bottom friction and flow
acceleration. The acceleration can be produced by either the semi-diurnal internal tide, or
strong currents generated at the shelf edge by transient long-shore wind [Shannon and Nelson,
1996]. [Johnson and Nurser, 1983] suggest a weak link between on- and off-shelf circulation,
which may be spatially complex. For example, they mention that while upwelling events
over the shelf may change on a scale of a few days and currents tend to change rapidly in
response to wind stress variation, offshore from the shelf break the circulation features tend
to change more slowly on a time scale of months (seasonal). In a model study by [Heaps,
1980], which treats each side of the shelf-break differently it was suggested that close to or
at the shelf edge the onshore and offshore circulation would need to be joined resulting in
a region of shearing motion. The dynamics of this region is very complicated [Johnson and
Nurser, 1983]. The study of [Johnson and Nurser, 1983] did however show that as the shelf
break becomes sharper, the magnitude of the secondary upwelling will increase within this
shear layer as a result of the way in which the velocity onshore of the shelf break is reduced
in magnitude. Figure 1.1 from [Johnson and Nurser, 1983] shows the geometry of the shelf.
Here αL and αR is offshore and onshore of the shelf break respectively, and the difference
between αR and αL defines the sharpness of the shelf break. The break would be absent if
the slopes are equal and then unsteady flow would be observed [Johnson and Manja, 1980].

[Huthnance, 1995] recommended that more work be done on defining and clarifying basic
processes which determine the quantities, transformation and fate of materials between the
shelf and the open ocean, and this remains the case for many ecosystems. [Huthnance, 1995]
further recommended that these exchange processes should be measured and models should
be developed in consideration with the challenges resulting from the combination of steep
bathymetry and stratification at the shelf edge.

In the northern Benguela, observations of cross-shelf transports have been very patchy and
often site specific and thus of low spatial resolution. Examples include [Giraudeau et al.,
1993] using coccolithophores and planktonic foraminifera fluxes as "tracers" and [Monteiro
et al., 2006, 2008; Mohrholz et al., 2008] observing low oxygen water (LOW) on the Namibian
shelf. However, numerous studies carried out in the South Atlantic and in particular next
to the coasts of Namibia, Angola and South Africa, have provided great insight into the
dynamics of the unique Benguela ecosystem and thus provide a basis for a study like this

3
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Chapter 1. Introduction

z = -E1/4d 

z = -E1/4 (d-αRa) 

x = 1 + E1/4 a 
x = 1 

Fig. 1.1: Geometry of the shelf and shelf break from [Johnson and Nurser, 1983]. E1/4a is the
dimensionless width of the shelf and E1/4d is the dimensionless depth of the shelf break, where E is
an Ekman number with a typical numerical value of 6.25·10−6.

which looks at the exchange of water across the shelf edge in the northern part of the
(eco)system.

1.1.2 The Benguela current system

Wind and upwelling cells

The basin-scale ocean-atmosphere interactions across the South Atlantic, largely determines
the oceanographic conditions of the Benguela region [Hardman-Mountford et al., 2003]. Next
to the coasts of South Africa and Namibia (16-34°S) coastal upwelling is caused by offshore
Ekman transport in the near surface layers which in turn is driven by the equatorward
component of the southeast trade winds. These prevailing upwelling favorable winds are
controlled by three pressure systems: 1) the South Atlantic anticyclone high pressure; 2)
the pressure field over the continent and 3) the eastward moving cyclones, generated by
perturbations in the subtropical jet stream, to the south [Nelson and Hutchings, 1983; Tyson,
1986; Shannon, 1995]. It has long been known that the oceanic response to a band of constant
meridional wind would be concentrated near the coast with a downwind, equatorward coastal

4
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jet flowing above a poleward undercurrent, and a signal increase toward the southern edge
of the wind band [Fennel, 1988]. [Fennel et al., 2012b] showed that if the wind maxima is
close to the coast than the ocean will respond similar as to a band of constant wind. If
however, the wind maxima is shifted seaward, the undercurrent will reach the surface and
the equatorward coastal jet will weaken. Figure 1.2 summarizes some of these drivers and
processes. The South Atlantic anticyclone shifts by approximately 6° of latitude in a yearly
cycle, with a southernmost position in February and a northernmost position in May-July
[Tyson and Preston-Whyte, 2000]. When this regional wind field is combined with local
wind forcing, topography, bathymetry as well as factors like dynamic instabilities in the
flow of currents and other remotely forced processes, the distinct cold upwelling cells found
along the west coast of southern Africa can be produced. At these cells cool, nutrient rich
water comes to the surface along the coastal edge of the continental shelf [Cole, 1997]. There
are however differences in the seasonal wind regimes between the northern and southern
Benguela regions [Hart and Currie, 1960; Shannon and Nelson, 1996], driven by variation in
the pressure systems mentioned above. Two centres where upwelling favourable winds tend to
persist have been identified, near Lüderitz (27°S) and near Cape Frio (18°S). These two zones
are located just south of coastal cyclonic wind-stress curl maxima [Bakun and Nelson, 1991]
as can be seen in Figure 1.3. Despite upwelling winds being nearly perennial here, a spring-
summer (Nov-Feb) maximum and winter minimum have been observed between 25 and 30°S,
and a winter maximum near Cape Frio [Boyd, 1987]. Off central Namibia the wind speeds are
lower and there is little seasonality (see Figure 1.3). The southern Benguela is effected more
by the northward shift of the South Atlantic high pressure cells and there is thus a greater
seasonality in upwelling here, with upwelling favorable winds reaching a maximum during
spring and summer (Sept-Mar) [Shannon, 1966; Andrews and Hutchings, 1980]. The Lüderitz
upwelling cell (∼27°S) mentioned above is not only the strongest and most persistent locally
wind-driven upwelling cell in the Benguela but most possibly all eastern boundary currents
[Hardman-Mountford et al., 2003]. Shelf waters here tend to be well mixed year round due
to the intense perennial windstress at the centre of the upwelling cell [Parrish et al., 1983;
Bakun, 1993]. See Figure 1.4 for a conceptual view of the circulation associated with both
active and quiescent upwelling phases. The Lüderitz upwelling cell also forms a physical
and biological boundary between the southern and northern parts of the Benguela system
[Shannon, 1985; Pitcher et al., 1992]. The Cape Frio or Cunene cell mentioned above is
the other strong upwelling cell in the northern Benguela [Copenhagen, 1953; Shannon et al.,
1981; Nelson and Hutchings, 1983]. Two weaker upwelling cells have also been observed at
20 and 23°S, the latter being near Walvis Bay. [Shannon and Nelson, 1996] estimated the
extent of offshore influence through the upwelling to be between 150-250 km. These values
exclude the influence of upwelling filaments.
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Fig. 1.2: A) Typical summer weather pattern across the Benguela, with the establishment of the
South Atlantic high, and a coastal low near Lüderitz (a), followed by southward migration of the
low as the high pressure ridges around the continent (b). The high pressure cell than splits as the
coastal low migrates to Cape Town (c), followed by the strengthening of the high pressure cell (d).
B) With a high pressure over the land, Berg wind conditions result. C) The annual migration of
the South Atlantic anticyclone. Figure from [Shannon and Nelson, 1996].

Borders and features

The Benguela is also unique among eastern boundary current systems (EBCS) due to it
being bordered by warm water regimes at either end, the Angola current system to the
north and the Agulhas current system to the south [Hart and Currie, 1960; Nelson and
Hutchings, 1983; Shannon, 1985, 1995]. At the northern boundary, between 14 and 16°S,
therefore lies the Angola-Benguela surface frontal zone (ABFZ). The ABFZ is most marked
in the upper 50m but can be identified by both its temperature and salinity signal [Shannon
et al., 1987], up to a depth of 200m or more [Shannon and Nelson, 1996]. The presence of
the different water masses in such close proximity within this zone [Mohrholz et al., 2001]
means that it is also a region of great variability in biological distribution and abundance
[John et al., 2004]. The ABF has a general west east orientation [Meeuwis and Lutjeharms,
1990] and migrates seasonally by more than 2° latitude with a northerly extent in winter
(August) and a southerly extent in late summer (March) [Boyd et al., 1987]. This shift
coincides with maximum poleward flow of the Angolan current [Shannon et al., 1987] and
a minimum in upwelling favorable winds at Cape Frio mentioned above [Boyd, 1987]. The
Angola-Benguela front (ABF) also varies in seaward extent, temperature and strength. A
tendency has been observed for the southward intrusion of warm water from the Angola cur-
rent into the northern Benguela region during autumn (Feb-Mar), resulting in a southward

6



Univ
ers

ity
 of

 C
ap

e T
ow

n

1.1. Background to the study

30

Fig. 1.3: Wind-stress curl (10−8dyn·cm−3) in the Benguela region (a-f) and surface winds
(dyn·cm−2) (g-h). Regions of anticyclonic wind-stress curl are shaded. Figure from [Shannon
and Nelson, 1996] modified from [Bakun and Nelson, 1991].
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migration of the ABF and warming along the northern Namibian coast [Hart and Currie,
1960; Stander, 1964; O’Toole, 1980; Badenhorst and Boyd, 1980; Hardman-Mountford et al.,
2003]. This deepens the thermocline [Salat et al., 1992], so even if upwelling is taking place
in the northern Benguela, it may not be cool water which comes to the surface. [Salat et al.,
1992] further found that despite the lack of a surface signal, water being upwelled from
50-100m depth next to Walvis Bay was actually Angolan current water. In addition to the
northern and southern warm system boundaries, a strong thermal front tends to define the
outer seaward boundary of the Benguela system [Currie, 1953; Jury et al., 1985; Jury, 1988;
Shannon, 1985; Shillington et al., 1992]. [Shannon, 1985] also suggests that the baroclinic
frontal zone off Namibia is relatively diffused compared to that of the southern Benguela. In
addition to the equatorward and poleward boundaries, zonally oriented fronts also tend to
develop equatorward of the major upwelling cells. One example is the front near 25°S just
north of the Lüderitz cell [Shannon and Nelson, 1996]. This zone has important biological
consequences for the system [Agenbag and Shannon, 1988].

Another common feature in the Benguela is the presence of quasi-permanent shallow (50m
deep) upwelling filaments which tends to transport freshly upwelled water offshore and into
the south Atlantic [Van Foreest et al., 1984; Lutjeharms and Stockton, 1987; Lutjeharms
et al., 1991; Shillington et al., 1992]. [Ikeda and Emery, 1984] propose that filament gener-
ation in the region is largely related with irregularities in the alongshore windstress, coastal
geometry and the bathymetry of the continental shelf. Dispersed between these filaments
are zones with minimum windstress and onshore Ekman transport and thus relatively undis-
turbed coastal dynamics, such as Palgrave Point (20.5°S) [Parrish et al., 1983]. Due to low
wind mixing intensity during winter (Jul-Sept), the water column tends to be largely sta-
bilized here [Bakun, 1993]. The exact quantitative cross-shelf contribution of these features
within the Benguela system however remains unresolved.

Finally, the oceanography of the southern Benguela is also influenced by Agulhas rings from
the south, which inject heat and salt into the region [Shannon and Nelson, 1996]. These
rings, however, play a minor role in the northern Benguela. Many of the features described
in this and the next subsection are summarized in Figures 1.5 and 1.6.

Currents, water masses and transport

The Benguela is thus an equatorward flowing, cool system, that is composed predominantly
of an Indian and a south Atlantic subtropical thermocline mix, with added contributions
of saline, low oxygen tropical Atlantic and cooler, fresher subantarctic water [Garzoli et al.,
1996]. See Figure 1.7 for water masses from the Benguela region. Between 24 and 30°S
the oceanic component of the current separates from the coast and flows northwest into the
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Fig. 1.4: A conceptual 3D model of cross-shelf circulation for periods of active (left) and quiescent
(right) upwelling in the northern Benguela region. Poleward current presented by encircled dots, and
equatorward current by encircled crosses. Figure from [Shannon and Nelson, 1996] after [Barange
and Pillar, 1992].
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Fig. 1.7: Principal water masses and potential temperature-salinity characteristics of the South
East Atlantic and the Benguela upwelling system. AABW is the Antarctic Bottom Water, AAIW
is the Antarctic Intermediate Water and NADW is the North Atlantic Deep Water. Figure from
[Shannon and Nelson, 1996].

South Equatorial Current, while several branches continue along the coast and eventually
meet up with the Angola current near 16°S (ABFZ) [Moroshkin et al., 1970; Wedepohl
et al., 2000] (see Fig. 1.6). Between these branches and across the continental slope lies
an offshore divergence zone [Hardman-Mountford et al., 2003]. Following the seasonal trade
wind migration, the Benguela current is strongest in the south during austral summer, while
in the north the strongest flow can be observed during winter. It is also suggested that the
current has a width of 200 km in the south which increases rapidly to 750 km in the north
[Wedepohl et al., 2000].

Another key feature of the Benguela is the subsurface poleward transport of low oxygen
water (LOW) along the entire coast of southern Africa, regularly spilling onto the shelf
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or off the shelf and continuously being modified by localized depletion of the shelf waters
[Nelson, 1989; Shannon, 1995; Monteiro and van der Plas, 2006; Mohrholz et al., 2008;
Monteiro et al., 2008]. Water from the tropical Atlantic is in fact advected poleward at least
as far south as 27°S [Gordon et al., 1995; Stander, 1964; De Dekker, 1969; Chapman and
Shannon, 1985; Boyd et al., 1987]. In fact [Shannon and Nelson, 1996] suggest that the net
flow through the water column tends to be poleward, despite the wind driven surface flow
being equatorwards or the water transported north via the shelf edge jet. The presence of
the undercurrent in upwelling regions had been suggested by [Hart and Currie, 1960] and
subsequently verified in the Benguela by measurements [Nelson, 1989]. A correlation between
the onset of the poleward flow and the onset of seasonal upwelling winds have been shown
by coastal moorings in the region [Shannon and Nelson, 1996]. Processes which may account
for the PUC (poleward undercurrent) in the Benguela are: tidal rectification, forcing by
boundary mean density fields and wind stress [Shannon and Nelson, 1996; Clarke, 1989] or
wind stress curl [Colberg and Reason, 2006]. T/S water mass analysis in the Benguela also
revealed that upwelled water seems to move alongshore in the PUC rather than across the
shelf [Shannon and Nelson, 1996]. There is however also a great variability in the bathymetry
of the continental margin off southern Africa as can be seen in Figure 1.8, with a narrow
shelf off southern Angola (20 km), off Lüderitz (75 km), and off Cape Peninsula (40 km).
The shelf is wider off the Orange River (180 km) and near the Agulhas Bank in the south
(230 km) [Shannon and Nelson, 1996], while double breaks are also present near Walvis Bay
for example [Siesser et al., 1974]. One can therefore also expect great variability in the
influence of the poleward undercurrent (PUC) as well as the surface Benguela current on the
shelf condition.

Two sources of biogeochemically different water types have therefore been identified as com-
ing onto the shelf of the Benguela upwelling system. One comes from the Cape Basin South
Atlantic Central Water (termed Eastern South Atlantic Central Water, ESACW) and the
other from the Angola Basin Central Water (termed South Atlantic Central Water, SACW)
[Mohrholz et al., 2001; Duncombe Rae, 2005; Mohrholz et al., 2008]. The former is relatively
fresh and well-oxygenated while the latter is more saline, nutrient rich and oxygen poor.
SACW is transported into the Benguela upwelling system by the PUC mentioned above,
which is an extension of the Angolan current below the thermocline [De Dekker, 1969; Shan-
non and Agenbag, 1987; Nelson, 1989; John et al., 2000]. ESACW is transported north by
the Benguela current. While these two distinct water masses form a geochemically distinct
boundary at the slope, they tend to mix on the shelf following upwelling and longshore
wind stress driven cross-shore circulation [Monteiro et al., 2006; Brüchert et al., 2003, 2006]
resulting in a smooth transition area between the ABFZ and the Lüderitz upwelling cell
[Mohrholz et al., 2008]. Deeper water masses reaching the shelf edge can include both the
Antarctic Intermediate Water (AAIW) as well as the North Atlantic Deep Water (NADW).
[Brüchert et al., 2003, 2006] therefore suggest that the mixing proportion of the water masses
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Fig. 1.8: Bathymetry of the South East Atlantic Ocean. The coastal shelf is indicated along the
coast of Namibia and South Africa. Profiles of the shelf at selected latitudes are shown. Figure
from [Shannon and Nelson, 1996].
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found on the shelf may depend on strength and persistence of the PUC, carrying the SACW
southwards, as well as the advection of ESACW onto the shelf below the thermocline. They
go on to conclude that central water composition thus depends on distance from the ABFZ,
distance from the shelf edge and wind field variations, because a weakening of the trade
winds will reduce oxygen rich ESACW from being advected onto the shelf. Similarly the
wind field across the ABFZ may very well control the extend of the PUC.

Oxygen and nutrient budgets on the shelf

It has long been known that oxygen-deficient water is a common feature in the bottom layers
of the shelf region of central Namibia. Also known is that this condition is prominently driven
by both the poleward advection of hypoxic water from the Angolan region [Nelson, 1989],
as well as in situ production through plankton blooms or bacterial activity [Chapman and
Shannon, 1985; Bailey, 1991]. A by-product of an intensification of this bacterial activity
across the carbon rich sediments found on the shelf is hydrogen sulphide. When the hydrogen
sulphide erupts from the sediments localized hypoxia and mass mortalities tend to occur.
Figure 1.9 and the text below describe the formation and transport of low oxygen water on
the Benguela shelf.

[Brüchert et al., 2006] mention that the contribution of advected oxygen to the oxygen budget
on the shelf is implied by the zonal oxygen gradient and the cross-shelf circulation. They
suggest for example that due to a higher fraction of SACW the near shore region is likely
to have a lower oxygen concentration than the area west of the shelf break, where ESACW
dominates. Additional measurements from them further suggested that the intermediate
layer may be ventilated by ESACW while nutrient rich, oxygen poor water is supplied to the
region at greater depth through the PUC. In the absence of strong meridional transport water
will tend to remain stationary on the shelf and will become oxygen and nutrient depleted.

[Monteiro et al., 2006] linked four dynamically acting factors as being behind the seasonal
and interannual variability of the hypoxia associated with the subsurface shelf waters in the
central Benguela: 1) differential shelf boundary conditions (i.t.o. T,S,O characteristics) of
the two central water types (Equatorial and South Atlantic) at Cape Frio and Lüderitz;
2) advection of the equatorial hypoxic boundary conditions by a poleward flow from Cape
Frio along the central Benguela shelf in late summer; 3) the ventilation phase with an
equatorward flow from Lüderitz in spring-early summer from the Cape Basin onto the shelf
and 4) the winter peaked biogeochemical sediment flux of reduced metabolites. Work from
both [Monteiro et al., 2006] as well as [Brüchert et al., 2006] further showed that the north-
south shelf flows are seasonally phased and that there are large fluctuations in the oxygen
concentrations of the bottom waters, particularly offshore of Walvis Bay. In their paper,
[Pollock and Shannon, 1987] suggested an expansion in LOW distribution along the Namibian
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[Shannon and Nelson, 1996] after [Chapman and Shannon, 1987].
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shelf since the late 1960s. A suggested reason for this trend was either an increase in
phytoplankton production or reduction in stocks, and thus grazing, of clupeoid fish.

Understanding the drivers behind the anoxic water on the shelf is important because the
distribution of many species is limited by the extend of the anoxic water on the shelf [Tomalin,
1993; Grobler and Noli-Peard, 1997]. In addition, nutrient availability and distribution plays
a crucial role in the dimensions and speed of primary production [Giraudeau et al., 1993].
Thus, variability in both the biochemical properties as well as the physical processes which
drives these properties needs to be considered due to the importance of these aspects for
the countries bordering the Benguela upwelling system, which are greatly dependent on the
prosperous industrial fisheries yielded from the region.

Mesoscale processes and dynamics

Similar to other eastern boundary upwelling systems, the shelf region of the Benguela is
characterized by intense mesoscale activity [Shannon and Nelson, 1996; Field and Shillington,
2006; Shillington et al., 2006]. Mesoscale processes are those which have a spatial extend
of hundred of meters to a few hundred kilometers and a time scale of between hours to
several months. Major forcing factors for these mesoscale processes include the wind induced
coastal upwelling and its interaction with the topography and open ocean circulation features
[van der Lingen et al., 2006]. Mesoscale processes include the plumes, fronts, eddies and
filaments already mentioned. These mesoscale structures strongly modulate surface flow
as well as vertical motion on the continental shelf [Barange and Pillar, 1992]. Figure 1.10
provides a view on the difference in mesoscale structure which exist between the northern
and southern Benguela as observed by both [Veitch, 2009] and [Capet et al., 2008]. Here low
EKEs are observed at the coast and over the shelf and extremely high EKEs offshore in the
southern Benguela, due to the presence of Agulhas rings and eddies [Veitch, 2009]. In the
northern Benguela this increase in EKE offshore is less intense. Close to the ABF the EKE
increase offshore is again more intense. Note that a log-scale is necessary to capture both the
high offshore EKEs as well as the very low nearshore EKEs. Of great interest in the current
study is the mesoscale dynamics of upwelling filaments within the northern Benguela.

1.1.3 Upwelling filaments (in the northern Benguela)

Upwelling filaments, previously also referred to as tongues, plumes or squirts, are narrow
jets which tend to originate on the shelf, specifically in eastern boundary current systems
(EBCS), and then advect upwelled water offshore [Brink, 1983; Flament et al., 1985; Brink
and Cowles, 1991]. In addition, the ageostrophic divergence, resulting from the current flow
within the filament, likely also produces in-situ upwelling [Haynes et al., 1993]. There are a
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Fig. 1.10: Satellite and model-derived surface geostrophic EKE in the Benguela system. The 500m
isobath is shown. Figure from [Veitch, 2009].

number of theoretical possibilities for the formation of filaments, which are probably not mu-
tually exclusive. Three common theories also presented by [Brink and Cowles, 1991] are: 1)
dynamic instability, where inherent baroclinic instabilities in the upwelling associated flows
of the equatorward surface and the poleward undercurrent can lead to filament formation,
2) topographic forcing, where irregularities of the coastline or shelf induced wind stress vari-
ations could lead to filament formation, or 3) geostrophic disturbance, where the interaction
of eddies with the coastal upwelling zone may lead to filament formation. Results from a
high resolution model (3.5 km) from [Marchesiello et al., 2003] revealed a large number of
small-scale eddies (<20 km) which they attributed to short-wavelength ageostrophic frontal
instability (see Fig. 1.11). As frontal instabilities form along the coastal current they seem to
roll up into cyclonic vortices as can be seen in Figure 1.11. In their results [Marchesiello et al.,
2003] found further evidence for [Mied et al., 1991]’s suggestion that counterrotating dipole
eddies cause hammerheads or mushroom-shaped SST patterns. Large dipole eddies (200 km)
at the surface were found to consist of strong low pressure cyclonic and weak high pressure
anticyclonic vortices. At greater depths they found that the situation reversed and strong
anticyclonic and weak cyclonic vortices persisted [Marchesiello et al., 2003]. These dipoles
most likely result from instabilities in both the coastal and subsurface currents. [Chere-
skin et al., 2000] additionally observed that these flow structures systematically propogate
westward and thus that offshore transport and mixing of materials can take place.
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These filaments are therefore believed to make a significant contribution to the exchange
between the coastal waters and the open ocean [Pillar et al., 1998; Barton et al., 2001], as
they provide an effective mechanism to transport not only nutrients and plankton biomass
[Lutjeharms and Stockton, 1987; Lutjeharms et al., 1991; Kostianoy and Zatsepin, 1996],
but also suspended matter [Sivkov, 1994] offshore. Previous research has shown that fila-
ments from EBCS tend to have strong lateral gradients as well as a strong offshore flow
[Davis, 1985; Brink et al., 1991; Huyer et al., 1991], often interacting with and terminating
in eddy-like structures [Mooers and Robinson, 1984; Kosro and Huyer, 1986]. In addition,
filament waters are often nutrient rich and high in chlorophyll [Traganza et al., 1980, 1981;
Navarro-Perez and Barton, 1998; Shillington et al., 1992] thus making it an important ele-
ment to consider alongside coastal upwelling and upper ocean dynamics in understanding the
biological activity of a system [Thomas and Strub, 1989; Brink and Cowles, 1991]. [Sobarzo
and Figueroa, 2001] however warn that filaments do not necessarily always contribute to the
biological productivity of a system with the same intensity or geographic dimensions. Addi-
tionally, filaments, from the California system in particular, tend to have a distinctive core
(or double core) containing fresher and cooler water, with different water masses present
on either side [Flament et al., 1985; Huyer et al., 1991]. The exact distribution of water
masses in and around a filament will greatly depend on the strength of upwelling related to
the feature and thus the depth from which water has been pumped [Sobarzo and Figueroa,
2001]. In addition, they found that intrusions of water masses with different properties may
result in the filament splitting. [Davis, 1985] also describes strong offshore jets, reaching
depths of about 100m, relative to cold filament cores. The equatorward front of a thermal
filament also tends to be sharp while the poleward front tends to be more gradual [Flament
et al., 1985; Rienecker et al., 1985; Kosro and Huyer, 1986], although, sharp surface fronts
at the northern side of filament structures in the California Current system have also been
recorded [Kosro and Huyer, 1986]. Filament waters tend to lose their distinctive character-
istics through mixing with the surrounding water masses, and the feature appears to sink as
it moves offshore [Van Camp et al., 1991; Nelson et al., 1998]. Subduction in near-surface
isopycnal layers has additionally been noted as a cause for the rapid warming taking place
in surface layers as the filament moves offshore [Washburn et al., 1991; Brink et al., 1991].
[Brink et al., 1991] suggest that convergence and downwelling tend to occur at the equator-
ward boundary of a filament while [Swenson et al., 1992] found evidence of it occurring at
the poleward boundary. Several studies also found that turbulence enhances mixing at the
fronts while at the core mixing tends to be restricted to the upper layers [Barton et al., 2001;
Dewey et al., 1987].

In the 1980s satellite SST data was first used to observe the spatial and temporal scales
of upwelling filaments in the Benguela region [Van Foreest et al., 1984]. This was fol-
lowed by in situ measurements of the mesoscale activity within these filaments in the early
1990s [Shillington et al., 1990; Duncombe Rae et al., 1992; Shillington et al., 1992; Nelson
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Fig. 1.11: SST and current vectors associated with an upwelling filament from [Marchesiello et al.,
2003] showing dipole eddies surrounding the feature.
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sse
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35>
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Fig. 1.12: Upwelling filaments across the Benguela. Left figure: Regions where high concentrations
of upwelling filaments have been observed from numerous satellite studies can be seen in this figure
from [Van Foreest et al., 1984] as the shaded features labelled A-E. Bathymetry contours presented
in 1000m intervals. Right figure: The main contiguous upwelling area (dark shading) and the full
extent of upwelling filaments (lighter shading) from thermal infra-red METEOSAT imagery from
August 1984 as per [Lutjeharms and Stockton, 1987].
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1.2. Summary and research motivation

et al., 1998]. None of these latter investigations however stretched much further north than
Lüderitz, and the interaction of the filaments with warm cored Agulhas rings was often a
primary point of interest [Lutjeharms et al., 1991; Duncombe Rae et al., 1992; Shillington
et al., 1992]. [Van Foreest et al., 1984] did however observe a distinct difference in surface
appearance of the features between the northern and southern Benguela from satellite data.
They suggested that the filaments found north of 30°S have a greater offshore extent (up to
500 km) and that their longshore spacing is the same order of magnitude as their offshore
extent, while those to the south of 30°S have a smaller offshore extent and tend to resemble
frontal eddies. This means that northern Benguela filaments extend from the continental
shelf, over the continental slope, to the abyssal plane, while southern Benguela filaments tend
to be centered over the shelf break [Van Foreest et al., 1984]. [Nelson et al., 1998] therefore
suggested that filament length in the Benguela corresponds roughly to shelf width. Based on
extensive satellite observations it has further been suggested that Benguela filaments tend to
propagate offshore approximately perpendicular to the upwelling front [Kostianoy and Zat-
sepin, 1996]. Early studies have also indicated that upwelling filaments correspond strongly
with the major upwelling cells off the west coast of Namibia with regular filaments observed
offshore from Oranjemund (∼29°S), Lüderitz (∼26°S), Walvis Bay (∼23°S), Rocky point
(∼20°S) and Cape Frio (∼17°S) [Van Foreest et al., 1984; Lutjeharms and Stockton, 1987].
In a latter study, [Kostianoy and Zatsepin, 1996] listed high concentrations of filaments in
three specific regions: 18-19°S, 22-23°30’S,26-27°30’S. Figure 1.12 shows two examples of
regions where filaments are continuously observed across the Benguela.

There has however, been a lack of information on the subsurface structure and dynamics
of northern Benguela upwelling filaments. Specifically, the contribution of these filaments
to offshore transport within the region has not been sufficiently quantified. In this study
both satellite SST and in situ measurements of hydrography, current velocity and turbulent
processes which were made across two north-south transects through an upwelling filament
located between 17.5 and 19.5°S. The aim was not only to provide insight into the mesoscale
dynamics of a northern Benguela filament, but also on its role in the exchange of matter
between the shelf and the open ocean in the region. These results are presented in chapter
5.

1.2 Summary and research motivation

This review of past research provides a platform from which to identify gaps and formulate
new research objectives which could contribute to our understanding of the structure and
dynamics of the northern Benguela in particular. There continues to be a need for a greater
understanding of shelf edge exchange processes, specifically in eastern boundary current
systems. In particular, the contribution of the shelf edge exchange and longshore processes
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Chapter 1. Introduction

to ecosystem dynamics in the northern Benguela upwelling system has not been sufficiently
investigated and quantified. This project aims to contribute not only to general knowledge
about shelf edge exchange processes, but focus specifically on quantifying the contribution of
processes within the northern Benguela upwelling (eco)system. As the literature summary
thus far has shown, a great concordance exists regarding the large scale circulation dynamics
of the northern Benguela, including the dominance of the poleward undercurrent and the
LOW it transports, the contribution of the equatorward coastal jet to the oxygen structure on
the shelf, the influence and influx of very distinct water masses from both the north and the
south. In particular this research follows on from the recent work of [Veitch, 2009]. Veitch’s
research highlighted the strong link between wind-stress curl via the sverdrup relation and
the poleward flow in the northern Benguela. It further showed that the deepening of the
PUC is also related to the nature of the wind stress curl. In addition her research showed
that there are regions in the central Benguela where local instabilities are generated and
large filaments result. However, quantifying transport across the shelf edge has not yet been
attempted for the system as a whole, and neither has it been attempted to quantify the
contribution of upwelling filaments to cross-shore transport within the northern Benguela.

This project thus attempts to quantify where, how much and by what mechanisms water (as
well as dissolved oxygen and nutrients) leaves or comes on to the Namibian shelf. This will
largely be done by making use of the results from a regional ecosystem model which has been
developed for more than a decade by the Theoretical Oceanography and Numeric Modelling
working group at the Institute of Baltic Sea Research in Warnemünde under the guidance of
Dr. Martin Schmidt. Due to the lack of literature dealing with the validation of this model,
a section of this thesis is also dedicated to comparing model results with measured data
across the northern Benguela. A further aim of the project is to gain a better understanding
of the physical dynamics of upwelling filaments within the Benguela system and to try and
quantify the contribution of upwelling filaments to the exchange across the shelf edge. This
is done by making use of both data from a regional ecosystem model as well as cruise data
and other direct measurements.

Therefore, section 2 will describe the model simulation and its configuration used for the
analysis in this project. Additionally, in this section the satellite and in situ data sources
will be outlined. In section 3 measured data from various sources will be compared with the
model output in order to establish the validity of using this output for the analysis in this
project. This will be followed by section 4, where model results will be used to analyze and
quantify the variability in transport fluxes along the shelf in the northern Benguela. Then,
in section 5, the results from a case study on an upwelling filament in the northern Benguela
during October 2010 are presented and with the help of model output its contribution to
cross-shore transport is examined. Finally, section 6 provides an overall summary of the
limitations, recommendations and conclusions of this study.
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Chapter 2

Research design and methodology

In this section a condensed description of the MOM-4 ecosystem model used for analysis
in this project is presented. In addition, the procedures of data collection and analysis are
described.

2.1 Introduction to the coupled ecosystem model adjusted

for the Benguela region

The model description presented here is a condensed presentation of the technical report
compiled by [Schmidt and Eggert, 2012]. The MOM-4 circulation model has been configure
to include both the equatorial currents as well as their poleward extension along the coast
of Africa. The model area extends to 10°W and thus considers the eastern part of the sub-
tropical gyre [Fennel et al., 2012a].

2.1.1 Description of the model setup

Model grid and topography

Fig 2.1 shows the rectangular model grid in geophysical coordinates. Minimum grid cell
size (both meridional and zonal) is about 8 km in the Namibian coastal region, whereas the
grid is stretched towards the model boundaries (18 km). This resolution means that the
Baroclinic Rossby radius is still resolved [Emery et al., 1984], except in shallow waters and
near the shelf where the Rossby radius is much smaller. Vertical grid resolution is 3m for
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Fig. 2.1: Left: The rectangular model grid in geophysical coordinates. Right: ETOPO-5 topogra-
phy data used in the coupled model. From [Schmidt and Eggert, 2012].

the top 200m, after which the grid spacing increases like a cosine shape and at 5000m depth
a cell thickness of 500m is found. The model grid has been generated with the off-line tools
of MOM-4 [Pacanowski and Griffies, 2000] and contains 273 x 382 x 89 grid point overall
[Fennel et al., 2012a].

ETOPO-5 (earth Topography 5-minute resolution) data, seen in figure 2.1, is used for model
topography [NOAA, 1988]. Rivers known to have a significant influence on the surface water
properties have been included in the model. The Congo river for example has an estimated
outflow of more than 50 000m3·s−1 and mass transports and river positions were obtained
from aquarius1.gsfc.nasa.gov, referenced to Goddard Space Flight Center, and presented as
a monthly climatology. The model is a level model and have so-called z*-coordinates which
are derived from fixed z-levels. These coordinates allow a high vertical resolution along the
shelf and was used instead of sigma coordinates which has been known to result in numerical
errors in proximity of steep topography.

Boundary data and atmospheric forcing

The model grid is ARAKAWA B-grid (see Figure 2.2) and data from the MIT general
circulation model from the ECCO consortium (Estimating the Circulation and Climate of the
Ocean) is used to provide boundary values for sea-level and tracer concentration. Atmosphere
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Fig. 2.2: Arakawa B-grid layout in model. Arakawa B-grid is a staggered grid arrangement which
seperates the evolution of two sets of quantities, in this case velocities at the grid corners and a
tracer at the grid center.

data from NCEP reanalysis and scatterometer data (QuikScat) from NOAA are used to
derive ocean-atmosphere fluxes used to force the model. The model needs the following
fluxes: zonal and meridional wind stress, insolation, latent and sensible heat flux, thermal
radiation budget and the fresh water flux. These fluxes are derived from the atmospheric
variables: zonal and meridional wind at 10m height, air pressure at sea level, air temperature
at 2m height, specific humidity at 2m height, cloud coverage and precipitation. Thus, no
atmosphere model is used, but the derived data are considered as realistic. The NCEP data
have a spatial resolution of 1.875° and are available for every 6 hours, whereas QuikScat
data have a spatial resolution of 0.25° and are provided daily as a composite made from a
three day period. A combined data set from both NCEP and Quickscat data is therefore
used where the QuickScat wind speed data are modulated with the diurnal cycle extracted
from the NCEP data.

Ocean-atmosphere coupling

The ocean and atmosphere are coupled by a boundary layer model and the fluxes from ocean
and atmosphere state variables are derived using bulk formulas. The fluxes are calculated
explicitly. The atmospheric model is actually replaced by reading atmospheric data from
files. Due to the feedback of the ocean to the atmosphere being neglected, NCEP and
QuikScat data are considered a "realistic" representation of nature. This one-way coupling
will keep the sea surface ocean variables near reality unless the ocean model drifts into a
completely unrealistic state. The atmsophere-ocean boundary fluxes are calculated from
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Chapter 2. Research design and methodology

REMO based simulations which uses ERA-40 as the boundary values in conjunction with
an ocean climatology. The coupling is done using the MOM-4 code and momentum and
heat fluxes are calculated for a time segment in advance, using the atmosphere and ocean
surface state variables. The model is coupled at two open boundaries, at 10°W and 35°S
[Fennel et al., 2012a]. Time interpolated values of the atmospheric variables are used and
the calculated fluxes are kept constant over the next time segment and used to drive the
ocean model [Schmidt and Eggert, 2012].

Model initialization

Sea level, currents, temperature and salinity were initialized using a snapshot from ECCO
group MIT general circulation model. Nutrients and oxygen were initialized using World
Ocean Atlas 2001 [Conkright et al., 2002], while phytoplankton variables, zooplankton and
detritus were initialized purely by a minimum value and its development is left to the model.
Since the model is initialized using the ECCO output, which has a long spin-up time and
because our model is small enough to adjust within a shorter time period, the model is
assumed to be in statistical equilibrium. The model was run over 12 model years, with
the first year being excluded from the statistics. In this analysis only data from the period
2000-2008 were used since Quickscat was replaced by Ascat in 2009 and it was thought that
this may introduce inconsistencies.

2.1.2 The physical circulation model component

The MOM-4 circulation model is used for the calculations of currents and the advection
and diffusion of tracers, with detailed documentation of this circulation model found in
the manual by [Griffies, 2004]. The MOM-4 code solves the so-called primitive equations
in Boussinesque approximation. Advection-diffusion equations for salinity and temperature
supplement the momentum equations and density is calculated from temperature, salinity
and pressure according to the revised seawater equation [Jackett et al., 2006]. Vertical
velocity (w) is diagnosed from the divergence of the horizontal velocity field. Turbulence,
though not represented explicitly, is incorporated into the equations as Reynolds stress, i.e.
vertical and horizontal turbulent viscosity and mixing.

Turbulent closure

A nonlocal K-profile mode is invoked for turbulent vertical processes [Large et al., 1994] and
provides not only vertical mixing and viscosity coefficients but also boundary layer depth
(h). Below the surface boundary layer, shear induced turbulence and breaking of internal
waves cause mixing and viscosity. Because the model implementation is "eddy resolving",
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2.2. Calculating volume transport fluxes

the turbulent terms are important not so much for parameterization of unresolved transport
processes but for numerical stability of the advection scheme.

2.1.3 The 3D biogeochemical ecosystem model

A so-called Nutrient-Phytoplankton-Zooplankton-Detritus (NPZD) ecosystem model has
been configured and embedded into the MOM-4 circulation model. The food chain lev-
els include nutrients, three trophic levels of phytoplankton and zooplankton as well as dead
particulate organic matter. After the zooplankton trophic level the food chain is truncated
and higher trophic levels like fish is only implicitly presented as a mortality rate. Variables
explicitly represented in the model are: nutrients like nitrate, ammonium, phosphate but
also dinitrogen, elements of the sulfer cycle and oxygen. In contrast prokaryotes are not an
explicit model variable but are assumed to be omnipresent, meaning the relevant metabolic
processes mediated by them are implemented.

Chemical and biological variables are treated as Eulerian variables and as possible tracers
within the circulation model. By passive tracers we mean they undergo the same physical
advection and mixing as temperature and salinity. However, within the ecosystem model
each of these chemical and biological variables contain dynamic equations describing all
ecological activities and metabolic reactions. The model follows the cycling of nitrogen
through the ecosystem and the conceptual diagram (Fig 2.3) from [Schmidt and Eggert,
2012] summarizes this.

2.2 Calculating volume transport fluxes

In chapter 4 an attempt will be made to quantify the contributions from the main driving
forces to the transport fluxes along the Namibian shelf. This is important in order to gain
a deeper understanding into the role that these processes and possible changes to them may
have for oxygen and nutrient availability on the shelf. Here the Namibian shelf was defined
as the region up to 300m depth. This definition for the 300m deep shelf was used in order
to allow a unique view into the prosesses driving the dynamics close to the Namibian shore.
Additionally, consideration was given to the findings of [Andrews and Hutchings, 1980] and
[Shannon and Nelson, 1996] that the upwelling water reaching the surface over the shelf is
primarily drawn from the central water masses (<180-200m). Basic flux equations were used
to compute flux profiles from the horizontal current velocity grid of the ecosystem model.

The general expression for the transport or flux (F) of a property equals the integral of
the property (P) times velocity (v) over the area (dA). The area is a cross section, i.e. the
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Fig. 2.3: The conceptual cycling of nitrogen through the ecosystem. From [Schmidt and Eggert,
2012].

width of the current times its depth.

F =

∫
P · v dA (2.1)

Procedure

In the calculation of transport flux budgets a vertical plane is drawn across a current or
region with x(y) and z being the zonal (meridional) and vertical dimensions respectively.
Current velocity was computed from model data for the different sections of the plain and
integrated for total transport through the cross-section. For this study the Benguela shelf
between 16-28°S was divided into 4 regions of equal latitudinal dimensions. In Fig. 2.5 the
four regions can be seen: A) 16°-19°, referred to in the text as the Cape Frio region, B)
19°-22°, C) 22°-25°, occasionally referred to as the region off Walvis Bay and D) 25°-28°S,
referred to as the Lüderitz region. This selection of regions offer an opportunity to inves-
tigate the circulation dynamics surrounding the two major upwelling cells (Cape Frio and
Lüderitz) and comparing these with the two central regions.

For each of the four regions a box was computed with three open planes and one closed
plane, being the Namibian coast. The western plane of each box runs along the 300m deep
shelf edge. Calculations of the meridional volume transport fluxes for the budgets through
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2.3. Sampling an upwelling filament during October 2010
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Fig. 2.4: The u,v components required for the cross-shore transport flux budgets. Due to grid
alignment in the model the exchange "across" the inclined boundary includes both the zonal (u)
and meridional (v) components.

the latitudinal cross-sections were standard (as described above). Due to the alignment of
the model grids, the cross-shore fluxes along the 300m shelf edge were more complicated.
Figure 2.4 shows this graphically by indicating that both the zonal (u) and meridional (v)
components have to be considered in order for the budget to balance.

2.3 Sampling an upwelling filament during October 2010

The methodology described here relates to the results of Chapter 5 and deals with the sam-
pling of an upwelling filament in the northern Benguela during October 2010.

The filament survey was conducted aboard the R.R.S. Discovery from 1 to 5 October 2010
during leg 2 of the Geochemistry and Ecology of the Namibian Upwelling System (GENUS)
cruise (10 Sept-10 Oct 2010) [Buchholz, 2010]. Figure 2.6 presents the SST image for the
2nd of October off the Namibian coast at Cape Frio. Visible is the surface signal of the
upwelling filament as well as the two transects sampled across the feature. Due to extensive
cloud cover during the sampling period no clear SST satellite images could be acquired.
Optimum interpolated SST data from the Tropical Rainfall Measuring Mission Microwave
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Fig. 2.5: Defining four geographic regions along the Namibian shelf: A) 16°-19°S, referred to in
the text as the Cape Frio region, B) 19°-22°S, C) 22°-25°S, occasionally referred to as the region off
Walvis Bay and D) 25°-28°S, referred to as the Lüderitz region. The western plane of each box runs
along the 300m deep shelf edge.
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2.3. Sampling an upwelling filament during October 2010

Imager (TMI) and Advanced Microwave Scanning Radiometer for Earth Observing System
(AMSR-E), with a 0.25° longitude by 0.25° latitude grid resolution and an accuracy ranging
between 0.2-1.0°C depending on the geographic region, were used instead to track the devel-
opment of the filament. Two transects were chosen relative to the surface feature observed
on the SST images with the aim being to sample one transect closer inshore and the other
further offshore, closer to the western tip of the filament. The two cross-filament transects
which were sampled can be recognized at approximately 11°E and 9.6°E. An AVHRR SST
image (not shown) taken 10 days prior to sampling (21 September) showed the development
of the filament (16°C surface temperature) at approximately 18.25°S, 11°E meandering west-
ward to approximately 10.5°E. In the 7 day period following this (22-28 September) strong
(9-17m·s−1) southerly winds dominated along the Namibian coast (Figure 2.7), as recorded
in the onboard ships meteorological data. The favorable upwelling winds were a response to
a high pressure cell centered at approximately 7°W, 30°S across the South Atlantic Ocean. In
contrast, the hourly averaged surface winds during the sampling period were relatively weak,
mostly lower than 7m·s−1 except for a few hours on the 4th of October. Wind direction dur-
ing this period showed a distinctive diurnal pattern, oscillating between north-easterly and
southerly winds. Weak north-westerly winds bridged the upwelling favorable period and the
more diurnal quiet phase, in response to the weakening of the South Atlantic high pressure
cell. Each transect was sampled twice. First a towed undulating CTD (ScanFish) was used
to gain information on the general structure of the filament. This data set was limited to
the top 100 meters and the resolution of the scanfish track through the water column can
be seen in Figure 2.8. Each transect was subsequently sampled using a vertical CTD and
a microstructure profiler (MSS). The eastern transect was sampled first with the ScanFish
over a 14 hour period on the 1st of October (5h00 to 19h00 UTC). Five CTD and MSS
stations were then sampled across the filament over a two day period (1-3 October 2010).
Again, ScanFish measurements were taken across the western transect over an eight and a
half hour period (8h50 to 18h20 UTC) on the 4th of October. This was similarly followed
by a CTD and MSS transect of 5 stations over approximately 24 hours from 4 to 5 October.

The CTD measurements were made with a Seabird Electronic SBE 911Plus model with a
sampling rate of 24Hz. In contrast, the ScanFish is a towed undulating vehicle, which collects
profile data vertically through the water column over time. During the survey the ScanFish
was also equipped with a SeaBird CTD SBE911+ probe. Additionally oxygen, fluorescence
and backscattering sensors were mounted on the device. The SeaBird CTD SBE911+ has
an accuracy of 0.001K and 0.0003 S·m−1 [SeaBird Electronics, 2013] and calibrations of our
instruments following the RRS Discovery cruise showed that our residual errors after cali-
bration was 0.002K (temperature), 0.0061 S·m−1 (conductivity) and -0.046 dBar (pressure).

The microstructure-turbulence profiler MSS 90-S, which is an instrument used for simulta-
neous microstructure and precision measurements of physical parameters in marine waters,
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Fig. 2.6: Processed optimum interpolated Sea Surface Temperature (°C) image for 2 October
2010 from TMI and AMSR-E (NOAA) with a 0.25° longitude by 0.25° latitude grid resolution and
an accuracy ranging between 0.2-1.0°C. The upwelling filament is evident between 18 and 19.5°
South, extending from the coast of Namibia to 8.5° East. Transects (T1 and T2) surveyed with
an undulating CTD (Scanfish) as well as the station locations across the filament are shown. The
500m depth contour is also indicated.

Fig. 2.7: Hourly averaged winds (m·s−1), taken aboard RRS Discovery, across the northern
Benguela region between 22 September and 6 October 2010. Sampling intervals of transects 1
and 2 are marked.
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2.3. Sampling an upwelling filament during October 2010

 

Fig. 2.8: Scanfish track through the top 100m of the water column showing the undulation of the
CTD instrument and the high resolution of measurements.

was equipped with two velocity microstructure shear sensors (for turbulence measurements),
a microstructure temperature sensor, standard CTD sensors for precision measurements, an
oxygen sensor, a turbidity sensor, and a vibration control sensor. The sampling rate for all
sensors was 1024 samples per second. At each station a set of 4 subsequent profiles were
gathered. The profiler was balanced with negative buoyancy, which gave it a sinking velocity
of approximately 0.6 m·s−1. The dissipation rate of turbulent kinetic energy was calculated
by fitting the shear spectrum to the theoretical Nasmyth spectrum in a variable wave number
range from 2 to maximum 30 cycles per meter (cpm). The low wave number cut off at 2
cpm is to eliminate contributions from low frequent tumbling motions of the profiler.

Two VMADCPs (75 kHz and 150 kHz) from RDInstruments were mounted on the ships hull
facing downwards. The output data from the ADCP was merged online with corresponding
navigation data from the GPS output and additional heading information was provided by
a gyro-compass. Post-processing of the VMADCP data was carried out using the Matlab®
ADCP toolbox of IOW (Mohrholz, unpublished). The final profiles are 300 s averages of the
single ping profiles.

As a supplement to station CTD data a few expendable bathythermographs (XBTs) were
used to gather temperature data along transect 1. XBTs measure temperature using a ther-
mistor contained within an expendable weighted casing. The depth is determined by the
estimated rate with which a casing sinks and the time lapsed between the recorded values.
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Calculating Ekman Transport

Ekman transport (Q) can be calculated in terms of wind speed at the 10m level and the
associated windstress (τ) using the following equations:

τ = ρCD U10
2 (2.2)

and
Q =

τ

f
(2.3)

and
f = 2Ω sin(θ) (2.4)

Thus, mass transport = air density * drag coeff * |U| u in x direction or air density *drag
coeff * |U| v in y direction where U10 is the wind speed at 10 metres above the ocean surface.
Air density (ρ) with a value of 1.3 kg·m−3, CD is a dimensionless drag coefficient with value
1.25·10−3, calculated from the wind speed at 10m height after [Large and Pond, 1981]. f is
the Coriolis parameter at latitude Ω. Q is thus the wind-generated mass transport per unit
width integrated over the depth of the Ekman layer, with dimensions m3·s−1m−1. ASCAT
wind data was therefore used to calculate the Ekman transport across the region 5 to 15°E
and 17 to 23°S.

2.4 Data description

2.4.1 SST satellite data

SST satellite NOAA-OI-SST-V2 data (0.25° resolution) provided by the NOAA/OAR/ESRL
PSD, Boulder, Colorado, USA, from their Web site at http://www.esrl.noaa.gov/psd/ is used
for model validation. The Sea Surface Temperature data is a blended analysis of daily SSTs,
from a number of satellite platforms as well as in situ data from buoys and ships. The data
are composites of monthly, seasonal, daily or hourly gridded variables. For more details on
the analyses see [Reynolds et al., 2007].

2.4.2 World Ocean Atlas 2009 (WOA09)

Objectively analysed temperature and salinity from WOA09 [Conkright et al., 2002] are
used to compare thermohaline properties both along the surface as well as vertical sections.
Despite the low resolution (1° spatial resolution) of the WOA09 data, it provides a useful
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2.4. Data description

tool for model validation due to its consistent global thermohaline climatologies. WOA data
are typically interpolated into 33 standardised vertical intervals from 0-5500m depth and in
terms of spatial resolution it offers annual, seasonal and monthly time-scales.

2.4.3 CTD cruise data from BENEFIT programme

Hydrographic cruise data collected as part of the BENEFIT (Benguela Fisheries and Envi-
ronmental Instructions and Training) programme [Boyd et al., 2006] has been used in this
study.

2.4.4 Software tools

Primarily three software tools were used for the analysis and presentation of the results in
this project:

Ferret. Seattle, USA. NOAA Pacific Marine Environmental Laboratory.

Surfer version 7. Golden, Colorado: Golden Software, Inc., 2012

MATLAB version 7.11.0. Natick, Massachusetts: The MathWorks Inc., 2010

35



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 3

Validation of ecosystem model adjusted
for the Benguela: observing regional
features

In this section measured data from various sources, including remote sensing, field, and WOA
(World Ocean Atlas) data will be compared with the output from the MOM-4 ecosystem
model described in chapter 2 in order to establish the validity of using the output for the
analysis in this project.

3.1 Surface patterns: Temperature and salinity

Readily available Sea Surface Temperature (SST) remote sensing data allows a regional
comparison with model output. Figure 3.1(b) shows the 9 km resolution annual mean (mean
for years 2000-2008 in order to compare with model output which spans this period) optimally
interpolated (OI) SSTs, while Figure 3.1(a) shows the annual mean SST output from the
model simulation and Figure 3.1(c) shows the difference between the two (i.e. model-satellite
SST). For comparison purposes, the higher resolution satellite data were degraded slightly
to approximate the model output.

At a first glance, the model is sufficiently able to simulate the cool coastal region as well as
the warmer offshore region (Figure 3.1(a) and (b)). Additionally, the front separating these
two zones is also clearly depicted in the model results (Figure 3.1(a)). Isotherm orientation
between the two data sets was however slightly different. The strong Lüderitz upwelling
cell (26°S) is evident in both satellite and model representations, with a slightly stronger
(negative) annual signal from the model output. Similarly, the Angola-Benguela Frontal Zone
(ABFZ) is accurately resolved in the model, but again it seems to overestimate the annual



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.1. Surface patterns: Temperature and salinity
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Fig. 3.1: Annual mean SSTs from model (a) and satellite (b) in the northern Benguela. The
difference between the model and satellite SSTs is shown in (c). The broken white line indicates the
500m isobath. Positive (negative) values indicate an over-estimation (under-estimation) of SSTs by
the model.

mean temperature. Thus, despite the relatively good representation of the regional SST
pattern by the model, a strong positive SST bias exists throughout the northern Benguela
region as can be seen in Figure 3.1(c).

In Figure 3.2 the annual mean SST bias is compared for a region close to the coast (50 km
coastal strip) and a region further offshore (250-350 km). The coastal region showed a weak
positive bias between 18-25°S, and negative biases at the northern and southern borders. In
particular the model seems to underestimate upwelling at the Lüderitz cell by as much as
2°C. In the region 250-350 km offshore the model tends to overestimate SSTs by up to 2°C
throughout the region north of 27°S.

The SST model bias was subsequently computed for the summer (DJF) and winter (JJA)
seasons respectively. This revealed that while in summer (DJF) the model slightly overesti-
mates SSTs in the coastal region, particularly around Walvis Bay (20-26°S), this bias covers a
much smaller region than what is observed for winter (JJA). During winter the model seems
to substantially overestimate SSTs in the ABFZ (>3°C), while it also overestimates SSTs
across the entire region except near the Lüderitz upwelling cell, where it underestimates SSTs
slightly. A stronger SST bias is thus observed during winter. Due to the difficulties models
face in simulating conditions at the surface boundary layer SST comparisons may not be the
most stringent test of model performance, instead sub-surface conditions will subsequently
be compared.
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Chapter 3. Validation of ecosystem model adjusted for the Benguela
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Fig. 3.2: Annual mean SST model bias (i.e. model - satellite) averaged in a 50 km coastal strip
(solid line) and offshore, between 250-350 km (dashed line) in the northern Benguela. Positive
(negative) values indicate an over-estimation (under-estimation) of SSTs by the model.

Despite a much lower resolution (1° spatial resolution), the annual mean Sea Surface Salinities
(SSSs) from the objectively analyzed climatological fields of the World Ocean Atlas (WOA)
allows a comparison with model-derived SSSs (see Figure 3.4). The large-scale regional
patterns between the respective data sets are fairly similar. Similarly to the SSTs, lower
SSSs are observed in the coastal regions, and in particular the southern coastal regions
between Walvis Bay ( 23°S) and 28°S. Again the ABFZ is represented reasonably well in the
model data, whereas the WOA struggles in this regard due to its low spatial resolution.

3.2 Vertical structures: temperature, salinity, oxygen and

density

Narrow coastal longitudinal sections along 23°S, comparing the annual mean temperature
and salinity profiles between the WOA climatological mean and model-derived data, can
be seen in Figure 3.5. The highlighted 16°C isotherm has been taken to approximate the
thermocline as it is centered within a region of tightly spaced isotherms in the model-derived
profile (b). The model simulation fairly accurately represents the measured temperature data
in terms of pattern, showing clearly the coastal upwelling as depicted by the upward sloping
isotherms in the inshore region. At greater depths, there is evidence in both the temperature
and salinity profiles from the model output for the presence of a poleward undercurrent, with
downward sloping isotherms between 200 and 1000m depths (see Figure 3.5 (b) and (d)).
Due to the low coastal resolution of WOA data, this undercurrent signal is absent from
these profiles (see Figure 3.5(a) and (c)). Despite the model overestimating the surface
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3.2. Vertical structures: temperature, salinity, oxygen and density
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Fig. 3.3: Seasonal SST model bias (i.e. model - satellite) in the northern Benguela for (a) sum-
mer (DJF) and (b) winter (JJA). Positive (negative) values indicate an over-estimation (under-
estimation) of SSTs by the model.The broken white line indicates the 500m isobath.
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The broken white line indicates the 500m isobath.
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Chapter 3. Validation of ecosystem model adjusted for the Benguela

temperatures by 1-2°C, below 300m depth there is a better correspondence between the
data sets.

In the salinity structure both the high salinity core at the shelf edge as well as a salinity
minimum between 700 and 1000m depth, which has previously been mentioned for the
northern Benguela [Veitch, 2009], are present (see Figure 3.5 (c) and (d)). While the model
accurately depicts the magnitude of this salinity minimum (34.55 psu), it underestimates its
vertical extent if compared with what is observed in the WOA data.

The model also does a reasonable job in simulating the annual mean dissolved oxygen profile
along the 23°S longitudinal section seen in Figure 3.6, with a steady decrease in dissolved
oxygen with depth and with distance from the coast. This rapid decrease in oxygen below
the thermocline has been largely attributed to the aerobic mineralisation of sinking organic
material, e.g. [Brüchert et al., 2003].

Differences in temperature, salinity and density between model-derived and WOA values can
be seen in Figure 3.7. In order to allow a more objective comparison of the model biases,
the data were normalized with respect to the corresponding range of temperature, salinity
or density. It appears that regions where large positive temperature biases are observed
coincide with regions of large positive salinity biases. Despite the temperature and salinity
biases being fairly large (>10% and >15% of the ranges), the density bias is less than 5%
of the range of densities. This results in the density being closer to the measured data
(WOA data) than what was observed for either temperature or salinity. Figure 3.7 shows
that both temperature and salinity are over-estimated by the model in the top 200m of the
water column, shown by the large positive biases for both summer (DJF) and winter (JJA)
periods. Below 200m depth the model seems to under-estimate temperature and salinity,
for DJF up to 1000m depth and for JJA up to 700m depth.

Due to the low coastal resolution from the WOA data set, more than 400 data points from
in situ CTD data taken in 2004 as part of the BENEFIT [Boyd et al., 2006] project were
compared with model results in order to quantify model accuracy and deviation. Figure
3.8 presents vertical depth profiles for temperature and salinity up to 1000m depth in the
northern Benguela region. The expected variability exists in the upper 100 meters of both
temperature and salinity profiles, and it is in this region, comprising the thermocline, where
model and measured results seem to differ most. Below 200m depth, the mean temperature
profiles from the two sources overlap and variability is low. Contrastingly, even at greater
depths the model consistently overestimates the salinity by about 0.2 psu, despite the fairly
similar shape of the curves. When the relationship between the measured and model values
is examined statistically, temperature, salinity and oxygen all showed that there is in fact
a significant correlation (p < 0.001). These statistics are summarized in Figure 3.9 and
Table 3.1. Temperature and salinity both showed a strong positive correlation between the
two data sets (r being 0.98 and 0.97 respectively), while for oxygen the correlation was
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3.2. Vertical structures: temperature, salinity, oxygen and density
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Fig. 3.5: Annual mean temperature (top) and salinity (bottom) comparison between WOA (left)
and model-derived (right) data along 23°S.
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Fig. 3.6: Annual mean oxygen comparison between WOA (a) and model-derived (b) data along
23°S .

slightly weaker (r = 0.86). The level of accuracy for measurements should however also be
considered in relation to the correlation statistics, as the error in oxygen measurements is
normally considerably higher than for temperature and salinity. The root mean square error
for each relationship was also calculated and is presented in Table 3.1. The typical error
for temperature and salinity would thus be 0.8°C and 0.1 psu respectively. The root mean
square error for oxygen was found to be relatively higher at 1.21ml/l.

Tab. 3.1: Correlation statistics for model vs measured data

Variable R R2 p-value RMSE
temperature 0.9763 0.9532 <0.001 0.8281

salinity 0.9686 0.9382 <0.001 0.1140
oxygen 0.8627 0.7443 <0.001 1.2164

3.3 General regional features

Oxygen profiles (Figure 3.10) through the mixed layer and below suggest that the model is
able to accurately represent the oxygen gradient expected, with inshore areas being oxygen
poor and then an increase of oxygen is observed towards the shelf edge [Brüchert et al., 2006].
There is also a meridional oxygen gradient, which has previously been linked to a southward
weakening of the PUC [Mohrholz et al., 2008]. Additionally, the decrease in oxygen through
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Fig. 3.7: Normalized temperature, salinity and density bias for summer (DJF) (above) and win-
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overestimates (underestimates) WOA data.
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Chapter 3. Validation of ecosystem model adjusted for the Benguela

-1000 

-800 

-600 

-400 

-200 

0 

3 10 17 24 

D
e

p
th

 (
m

) 

Temperature (°C) (a) 

-1000 

-800 

-600 

-400 

-200 

0 

34 34.5 35 35.5 36 

D
e

p
th

 (
m

) 

Salinity (psu) (b) 

Measured 

Model 

ave Measured 

ave Model 

Fig. 3.8: Vertical depth profiles comparing temperature (a) and salinity (b) from in-situ CTD
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Fig. 3.9: Analyzing the relationship between in situ CTD measurements along the coast in the
northern Benguela and the corresponding model-derived temperature (a) and salinity (b) values.
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model: a) averaged through the mixed layer (0-40m) and b) averaged through 40-300m. Values
represent 8 year (2000-2008) climatology. The broken white lines indicate the 300m and 500m
isobaths respectively.

the water column is evident. Higher oxygen values were observed for winter (not shown),
most likely signaling higher oxygen uptake during this period from the atmosphere for the
surface layers, while in the deeper layers the expected ventilation of the shelf by oxygen
rich ESACW could explain the higher oxygen content [Monteiro and van der Plas, 2006;
Mohrholz et al., 2008].

Validation for current data between the model and measured data (Figure 3.11) proved
difficult due to the differences in spatial and temporal resolution of the data sets. For a
qualitative comparison model data is compiled and compared with published data from
[Mohrholz et al., 2008]. Initial observations suggest a possible overestimation of northward
flow across the time series by the model, and an underestimation of the poleward trans-
port. The model is able to appropriately represent the seasonal variation across this time
series. Observing an average (over 8 model years) annual representation of meridional flow
shows that the model (Figure 3.12), depicts two key features, the coastal jet as well as the
countercurrent [Fennel, 1988; Fennel et al., 2012b] or poleward current laying further west
along the shelf edge. Similarly the zonal currents showed the expected annually averaged
onshore compensatory flow one would expect in a wind driven upwelling system such as the
Benguela. Further transport validation and more detailed results are presented in section 4.
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Chapter 3. Validation of ecosystem model adjusted for the Benguela

detected at a period of 4–9 days and 14–17 days. These
findings conform to the results of Lass and Mohrholz
(2005).

The data were low pass filtered with a Butterworth filter
of 30 d�1 cut-off frequency to remove the short-term
processes from the current time series. Additionally, the
current vectors were projected to its cross-shelf (1101) and
longshore (201) components. The time series showed a clear
seasonal signal in both the cross-shelf and longshore
components (Fig. 10). The cross-shelf circulation is
characterised by the wind driven Ekman regime. The
offshore transport in the upper 20–30m surface layer was
compensated for by a subsurface onshore directed flow.
Although the upper 16m of the Ekman surface layer were
not sufficiently covered, the current measurements indi-
cated the presence of a year round Ekman offshore
transport in the surface layer that peaked between April
and August with a mean offshore flow of 3 cm s�1 at 16m
depth. In the longshore direction a poleward current is
most pronounced from mid-January to mid-March and
covers nearly the entire water column below the surface
mixed layer with a mean southward current speed of about
10 cm s�1. A second period with a moderate poleward flow
was observed in October/November 2004. From April to
September the longshore current is mostly northwards or
consists of an alternating regime of weak poleward and
equatorward flow.

The time series was divided into three half-year periods
in order to elucidate the seasonal characteristics of the
current field: winter 2004 (April–September), summer
(October 2004–March 2005) and winter 2005 (April–Sep-
tember). Mean current profiles were calculated for each of

these periods and projected to the cross-shelf and long-
shore direction of 1101 and 201, respectively (Fig. 11). The
depth of the wind-driven Ekman layer was 30–35m in
winter and only 20m in summer. The enhanced Ekman
offshore transport during winter is closely linked with the
stronger trade winds at this time of the year. Most of the
variability observed in the cross-shelf component was
associated with the depth of the onshore compensation
flow. In winter, it covered the entire water column below
the surface mixed layer—the maximum onshore flow
(1–1.5 cm s�1) was found between 50 and 70m. Bottom
velocities were approximately 0.5 cm s�1. In summer, the
maximum onshore flow was shallower at 30–35m and
also weaker (1 cm s�1). Below 80–90m depth it vanished
completely.
The mean longshore current component was different in

all three seasons. During the 2004 winter period the surface
flow was northwards with maximum velocities of around
3.5 cm s�1, which decreased to 0.0 cm s�1 at 90m depth.
The situation during the 2005 winter was similar but with a
northward offset of 2 cm s�1 throughout the water column.
In summer, the mean longshore flow was generally
poleward. It increased from 1.5 cm s�1 at 20m depth to
3 cm s�1 at 50m depth and remained at this level down to
10m above the bottom. The maximum poleward flow
occurred at 100m (3.5 cm s�1).
Progressive vector diagrams of the current time series

provide the meridional and zonal displacements (Fig. 12).
The displacement in the surface layer (16m depth) was
mainly meridional and amounted to �100 km poleward in
summer and �600 km equatorward in winter, with a total
northward displacement of 500 km per annum. Ekman
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3.4. Section summary

3.4 Section summary

Overall the MOM-4 adjusted ecosystem model is able to simulate regional patterns and fea-
tures across the northern Benguela region sufficiently well, and therefore provides a unique
tool for evaluating both large scale circulation as well as coastal processes. This is invalu-
able in the context of the critical role the regional circulation plays in the modification of
both the shelf conditions as well as water mass properties. The ecological dynamics of the
Benguela are in fact known to be largely influenced by the water mass fluxes entering the
system through its borders. An accurate simulation of the main processes driving these
fluxes is therefore crucial. The MOM-4 model is able to simulate both the poleward flow of
the PUC [Nelson, 1989; Shannon, 1995; Monteiro and van der Plas, 2006; Mohrholz et al.,
2008; Monteiro et al., 2008], as well as the equatorward transport of the Benguela coastal
current [Shannon and Nelson, 1996; Moroshkin et al., 1970; Wedepohl et al., 2000]. Addi-
tionally, the seasonal variation associated with these is also resolved. Furthermore, the main
upwelling cells of the northern Benguela, i.e. Lüderitz, Walvis Bay, Namibia, and Cape Frio,
[Bakun and Nelson, 1991; Shannon and Nelson, 1996; Hardman-Mountford et al., 2003] are
also resolved.

Despite the present chapter having been dedicated to validation of the MOM-4 model, it was
merely done within the context of the rest of this document and the feasibility of making
use of this data set for the analysis of transport fluxes across the northern Benguela. There
is thus not a focus here on improving model performance within the time constraints of the
present study. Rather the discrepancies observed here should be adressed by the Theoretical
Oceanography and Numeric Modelling working group at the Institute of Baltic Sea Research
in Warnemünde. Another note of caution is that our analysis has focused primarily on com-
paring annual and seasonal means and work therefore remains to be done on the evaluation
of model performance with reference to dynamical behavior.

However, possible reasons for the overestimation of the temperature by the MOM-4 model
are presented based on the analysis done: 1) One consideration was that it could likely be
related to so called ocean biology-induced heating. In short this concerns the fact that total
phytoplankton biomass and its vertical distribution can influence the way in which incident
solar radiation is absorbed in the mixed layer [Zhang and Busalacchi, 2009]. For example
with stronger biological activity, the penetration of the incoming solar irradiance (ISI) is
reduced and more heat is trapped in the mixed layer. Alternatively, as biological activity
decreases ISI penetrates deeper, reducing mixed layer heating, and heating the subsurface
layers [Chavez et al., 1998, 1999; Strutton and Chavez, 2004]. The differential heating in
the vertical which results can lead to changes in the oceanic density field, stability, vertical
mixing and even mixed layer depth [Zhang and Busalacchi, 2009]. Despite it being a less
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Chapter 3. Validation of ecosystem model adjusted for the Benguela

likely cause of the warmer SST in our findings, without proper investigations this cannot be
excluded as a cause. 2) Another possibility is that the nonlocal K-profile Parameterization
(KPP) mixing scheme, used insufficiently represents the mixed layer and therefore the top
layers of the water column are warmer in the model. The KPP scheme unifies treating a
variety of unresolved processes involved in the vertical mixing [Large et al., 1994]. It has
been shown by [Large et al., 1997] that the KPP scheme is able to realistically represent
mixed layers and boundary layers both temporally and spatially. An attempt to substan-
tiate whether the KPP scheme is misrepresenting the mixed layer for the Benguela region
was unsuccessful as data from both WOA as well as measured CTD data showed no clear
discrepancy in the mixed layer depth presented in the model. The differences in both spatial
and temporal scales between the data sets do however make it difficult to simply dismiss this
as a possible cause of the overetimation of SST. Particularly, since it has previously been
shown that this effect could be observed in relation to the KPP scheme employed in MOM
models. For example, [Junker, 2011] compared observed vertical profiles of temperature and
salinity from the Baltic Sea in the winter 2006/2007 with the results of a numerical model
run (MOM3, kpp mixing scheme). In this study he found that the model underestimates
the mixed layer depth in all of the analysed profiles by up to 30m. 3) A third possible cause
could be the low resolution (1.875° spatial and 6 hourly) of the NCEP (temperature) data
used to force the model, particularly near the Namibian coast. Wrong heat fluxes computed
from this lower resolution data would result in a deviation of the surface layer temperatures
similar to what is observed here. Forcing the model with newly available higher resolution
NCEP data from the CISLs Research Data Archive [Saha et al., 2010] is therefore recom-
mended.

It is thus important that attention should be paid and more research be done on the above-
mentioned suggestions for the future simulations of the MOM-4 ecosystem model adjusted
for the Benguela. In the current study, the model deviations will be accepted as reasonable,
as is the model performance in accurately similating the regional features and their seasonal
variability, for the purposes of the presented analyses.
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Chapter 4

Longshore and cross-shore advection
associated with the northern Benguela
shelf

The main focus of this section is to analyze and quantify regional transport fluxes along the
300m deep shelf in the northern Benguela. The working hypothesis is that the ventilation of
the Namibian shelf is driven primarily by the longshore advection, and only modified by the
cross-shore advection. This hypothesis will be tested by making use of data from the regional
MOM-4 ecosystem model described in chapter 2.1. An important note to aid interpretation
and understanding of the results in this chapter is that due to the alignment of the coast,
there is a rotation of 30° from north to south and therefore what is depicted here as zonal
flow do not necessarily reflect the on/off-shore flow properly. These terms will however be
used interchangeably with u- and v- components.

4.1 Seasonal and geographic variability in longshore and

cross-shore current flow in the northern Benguela

4.1.1 Regional transport

For a regional perspective on transport across the Benguela upwelling system, through both
the mixed layer (defined here as approximately the upper 40m of the water column) as well
as the deeper compensatory layers (defined here as 40-300m) across the shelf, monthly ocean
climatology (2000-2008) flow vectors were compiled for four seasons DJF, MAM, JJA, and
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Chapter 4. Advection associated with the northern Benguela shelf

SON. The investigated area was limited to 16-28°S, 10.5-15.5°E. Through the mixed layer
(0-40m) a number of interesting features can be observed (see Figure 4.1). Firstly, at the
Lüderitz upwelling cell (∼27°S) a strong, persistent offshore flow dominates throughout all
four seasons. Persistent offshore flow is also observed elsewhere in the region, but is not of
the same magnitude as the flow west of Lüderitz. In addition, a strong southward flow is
observed in the northern part of the system year round. However, the southward extent of
this flow and the latitude where it turns westward and offshore varies seasonally. During
winter (JJA) the flow bends offshore north of 18°S, while in spring and early summer (SON)
it does so further south at 20°S. Furthermore, during both JJA and SON a strong equator-
ward jet can be observed close to the coast of Namibia. This coastal jet weakens during
summer (DJF) and autumn (MAM).

When the flow is averaged over the deeper compensatory layers (40-300m), as seen in Figure
4.2, a broad region of south-eastward transport is observed along the coast during spring
(SON) and summer (DJF). In contrast, during winter (JJA) this southward signal vanishes
and in close proximity to the coast a thin but relatively strong equatorward jet is observed.
The eastward flow related to the Lüderitz upwelling cell can be observed during summer
(DJF) even through the deeper layers (40-300m). This is consistent with the past results
which showed a spring/summer maximum in upwelling favourable winds between 25-30°S
[Boyd, 1987].

4.1.2 Meridional and zonal current flow through the mixed layer

and below

For a clearer perspective on the spatial and temporal variability in the longshore and cross-
shore flow through the region, the meridional and zonal flows were separated for the same
4 seasonal periods and plotted relative to the 300m depth contour line. Figure 4.4 shows
the meridional flow below the mixed layer (40-300m). The broad southward flowing un-
dercurrent is the dominant feature in the region, supporting [Shannon and Nelson, 1996]’s
suggestion that the net flow through the water column tends to be poleward. The undercur-
rent is much stronger (>0.1m·sec−1) during spring (SON) and summer (DJF). Additionally,
during summer it is located closer inshore and its core is observed primarily along the shelf.
During spring (SON) the undercurrent is at its strongest but shifted slightly to the west,
with its core now located directly along the 300m depth shelf-break. During winter (JJA)
the much weaker undercurrent migrates even further offshore, with the core lying completely
off the shelf. Additionally, during winter a relatively strong (0.06m·sec−1) equatorward flow
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4.1. Variability in longshore and cross-shore current flow in the northern Benguela

Fig. 4.1: Current vectors (m·sec−1) (2000-2008 climatology) averaged through the mixed layer (0-
40m) in the northern Benguela for four seasons: a) summer (DJF), b) autumn (MAM), c) winter
(JJA) and d) spring (SON), showing the seasonal and spatial variability in regional circulation.
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Chapter 4. Advection associated with the northern Benguela shelf

Fig. 4.2: Current vectors (m·sec−1) (2000-2008 climatology) averaged through 40-300m depths in
the northern Benguela for four seasons: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and
d) spring (SON), showing the seasonal and spatial variability in regional circulation.
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4.1. Variability in longshore and cross-shore current flow in the northern Benguela

is observed subsurface next to the coast of Namibia. A similar northward coastal flow is also
observed through the mixed layer (0-40m) year round (see Figure 4.3). During winter (JJA)
this coastal jet reaches its maximum strength and width, while the southward undercurrent
weakens substantially and is only observed north of 18°S. In contrast, the northward coastal
jet decreases in width during spring (SON), summer (DJF), and autumn (MAM), while the
poleward undercurrent increases in strength as it moves on to the shelf, both through the
mixed layer as well as the deeper layers.

The cross-shore flow variation is less distinct as can be seen in Figures 4.6 and 4.5. A
steady offshore flow is observed through the mixed layer and throughout the region, with
very strong (>0.14m·sec−1) offshore flow off Lüderitz (27°S) and off Cape Frio (∼17°S),
and to a lesser extend off Rocky Point (∼19°S) and Walvis Bay (23°S). This cross-shore
transport is particularly strong during winter (JJA) and extends from the coast far offshore.
These four zones of offshore flow correspond to the major upwelling cells off the west coast
of Namibia, where upwelling filaments are also regularly observed [Van Foreest et al., 1984;
Lutjeharms and Stockton, 1987; Kostianoy and Zatsepin, 1996]. At the prominent cells, like
Lüderitz and Cape Frio, there is strong evidence for year round circulation across the shelf
edge. Below the mixed layer (Figure 4.5) strong onshore flow across the shelf edge is ob-
served during spring (SON), summer (DJF) and autumn (MAM). Both spatial and temporal
variability is observed in this onshore transport, with the most persistent feature between
19-21°S and more seasonal features of onshore flow across the shelf edge during summer and
spring. These patches of subsurface onshore flow are observed just south and north of Walvis
Bay and also north of the Lüderitz upwelling cell. During winter (JJA) there is evidence for
only sparse subsurface onshore flow across the shelf edge, particularly outside of the 19-22°S
region.

Figure 4.7 presents the density integrated vertical velocity averaged through the water col-
umn from the surface to 300m depth and shows the expected strong positive vertical motion
close to the Namibian coast. Strong year round vertical motion is observed off Cape Frio
(∼17°S) and Lüderitz (∼27°S). Whereas in winter (JJA) large regions along the shelf showed
strong positive vertical motion, i.e. upwelling, during summer (DJF) upwelling is weaker
and confined to the known upwelling cells, specifically the zone 26-28°S, which has been de-
fined as a region where upwelling persists nearly year round [Hagen et al., 2001].The winter
season (July-September) has previously also been identified as the main season of cold water
coming to the surface through upwelling [Hagen et al., 2001].

53



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 4. Advection associated with the northern Benguela shelf
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Fig. 4.3: Meridional current (m·sec−1) (2000-2008 climatology) averaged through the mixed layer
(0-40m) for four seasons: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring
(SON). Positive (negative) is northwards (southwards). Strong poleward undercurrent (PUC) dom-
inates along the 300m shelf edge during spring (d), summer (a) and spring (b), whereas during
winter (c) the PUC disappears and strong northward flow is observed across the shelf. The 300 and
1000m isobaths are indicated.
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Fig. 4.4: Meridional current (m·sec−1) (2000-2008 climatology) averaged through 40-300m depth
for four seasons: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON).
Positive (negative) is northwards (southwards). The strong southward PUC is observed across the
shelf during spring (d), summer (a) and autumn (b), whereas it weakens during winter (c) and a
strong northward transport is observed along the coast of Namibia. The 300 and 1000m isobaths
are indicated.
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Fig. 4.5: Zonal current (m·sec−1) (2000-2008 climatology) averaged through 40-300m depth for
four seasons: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). Positive
(negative) is eastward (westward). Onshore compensatory flow is observed onto and across the
shelf, being particulary strong in spring (d), summer (a) and autumn (b). The 300 and 1000m
isobaths are indicated.
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Fig. 4.6: Zonal current (m·sec−1) (2000-2008 climatology) averaged through the mixed layer (0-
40m) for four seasons: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON).
Positive (negative) is eastward (westward). Strong offshore Ekman flow is observed across the region
year round. The 300 and 1000m isobaths are indicated.
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Fig. 4.7: Density integrated vertical velocity (kg·m−3·m·sec−1) averaged through 0-300m for four
seasons: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). Positive
(negative) shows upwelling (downwelling). Strong upwelling is observed across the region during
winter (c), whereas upwelling is confined to major upwelling cells during summer (a). The 300 and
1000m isobaths are indicated.
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4.1. Variability in longshore and cross-shore current flow in the northern Benguela

4.1.3 Seasonal and geographic variation in circulation through the

water column

For the rest of this section our main focus will be to examine the seasonal differences in
current flow between summer (DJF) and winter (JJA), although spring and autumn will not
be completely ignored during the discussion. The reasoning behind this decision is that upon
evaluation of the initial results the winter season (JJA) was most distinguishable from the
other three seasons and in order to investigate this in more depth the focus was narrowed to
include predominantly results from summer and winter.

Variation of flow with depth along the shelf as well as off shelf at five latitudinal cross-
sections (16°S, 19°S, 22°S, 25°S and 28°S) for summer (DJF) and winter (JJA) respectively
are presented in Figures 4.8 and 4.9. With a narrow shelf at 16°S, the PUC persists at the
shelf edge, but is stronger and wider in summer (DJF) as can be seen in Figure 4.8 (a).
At the southernmost cross-section (28°S) the PUC is only observed deeper than 100m in
summer (DJF) and is only weakly present in winter (JJA). Here strong northward flow is
observed along the coast in the upper 100 to 200meters. At the central latitudes (19°S,22°S
and 25°S) the PUC is weaker than at 16°S during DJF, yet still has a fairly wide span and
is also still relatively strong. There is thus clearly a deepening of the PUC with latitude
from north to south. In addition, this southward flow is located on the shelf and along
the shelf edge, with shallow northward surface flow along the coast and west of the PUC.
During winter the deepening of the PUC can be observed with increasing latitude as can the
strengthening and increase in vertical dimensions of the equatorward coastal flow. During
winter it is also evident that the PUC migrates to almost entirely off the shelf at the higher
latitudes. Another interesting feature during winter is that at 25°S the PUC seems to have
two core maxima, despite its offshore migration.

Observing zonal flow along the same five latitudinal cross-section (Figures 4.8 (b) and 4.9
(b)) a relatively thin (<50m) Ekman offshore flow is observed in all cross-sections during
summer (DJF), whereas at 19°S,22°S and 25°S a subsurface (50-300m) onshore flow across
the shelf is observed. During winter (JJA) the Ekman layer nearly doubles in vertical di-
mension and much weaker onshore flow is observed at all latitudes but 19°S (Fig 4.8 (b)).
During both JJA and DJF very strong offshore flow is observed through the water column
at both 16°S and 28°S, with limited subsurface onshore flow.

Figures 4.8 (c) and 4.9 (c) show the density intergrated vertical flows along the same five
cross-sections. There is evidence for upwelling along all the latitudinal sections during both
seasons. Due to the fact that only summer and winter are considered, it was difficult to
formulate conclusions regarding the observed changes in upwelling strength with latitude as
well as the seasonal variations. For example, confirming results from the upwelling indexes
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Chapter 4. Advection associated with the northern Benguela shelf

like that from [Weeks et al., 2006] which showed peak upwelling season for the northern
Benguela to be autumn, was not possible.

Based on the assumption of the conservation of potential vorticity in a region where the
Rossby number is generally low, and the subsequent negligence of the relative vorticity
term, [Veitch et al., 2010] was able to calculate the depth of the base of the poleward flow
in the Benguela system. The results from the five cross-sections presented above are simi-
lar to what [Veitch et al., 2010] found. For example, they observed an annual mean depth
of approximately 300m for the PUC at 16°S, and then calculated a subsequent southward
deepening to 373m at 20°S, 427m at 23°S and 512m at 28°S. In these results there is a
similar increase in the depth of the PUC, although the bottom depth is not indicated in
the graphs of the higher latitudes. Additionally, [Veitch et al., 2010] also observed a sec-
ondary maximum of the PUC starting at 20°S and being pronounced at 23°S. Despite the
plot not being showed, due to 23°S not being a main cross-section of interest in this study,
the double cored PUC was also particularly pronounced at 23°S in the MOM-4 data set.
Additionally there is evidence of the double core at 25°S during winter in Figure 4.9 (b).
[Veitch et al., 2010] attributed the inshore and offshore maximums to the meridional flows on
the shelf driven by the upwelling as well as the South Equatorial undercurrent respectively.
Again, the Benguela is not the only system where this double maximum poleward flow is
observed, as [Penven et al., 2005] found a similar feature in the Peru Coastal Current (PCC).

Another cross-section was taken along the 300m depth contour between 16°S and 28°S and
zonal flow was computed for a comparison of the cross-shore exchange between the summer
(DJF) and winter (JJA) seasons (see Figure 4.10 (a) and (b)). A dominant feature is the
difference in depth of the mixed layer between the two seasons. During winter (JJA), the
layer of strong offshore Ekman related flow is at maximum depth (40-50m), while in sum-
mer (DJF) it is only half as deep. In addition, during JJA the compensatory onshore flow is
almost entirely absent through most of the region (Figure 4.10 (b)). In contrast, during sum-
mer (DJF) (Figure 4.10 (a)) there is strong onshore flow below the mixed layer, specifically
in the region between 18-22°S. Strong zones of increased offshore flow along the surface and
across the shelf edge can be observed at Lüderitz (27-28°S) and Cape Frio (16-18°S) during
both seasons and again in winter these offshore pulses are also observed at 23°S and 19°S,
zones identified as the major upwelling cells [Lutjeharms and Stockton, 1987; Kostianoy and
Zatsepin, 1996]. Again the pattern of cross-shore flow was found to be very similar to that
of [Veitch et al., 2010] although they considered the annual mean as well as assumed the
shelf-edge to be at 500m depth. Their results however similarly showed offshore Ekman
flow confined to the upper 40 meters while zones of onshore pulses exist at greater depths.
The meridional current for summer (DJF) presented in Figure 4.10 (c) similarly portrays
the distinct shelf-edge poleward flow which [Veitch et al., 2010] observed in the annual mean
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4.1. Variability in longshore and cross-shore current flow in the northern Benguela

velocities for the northern Benguela. The deepening of the PUC southward is also clearly
visible. Contrastingly, in winter (JJA) the PUC mostly disappears across the shelf-edge
south of 20°S and there is a strengthening of the northward flow along the surface (Figure
4.10 (d)). With regards to density weighted vertical velocities shown in Figure 4.11, there is
evidence for upwelling during both seasons and particularly in zones offshore of the major
upwelling cells: Cape Frio (16-18°S), 22-25°S and a thin band off Lüderitz (27-28°S).
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Chapter 4. Advection associated with the northern Benguela shelf
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Fig. 4.8: (a) Meridional current, (b) zonal current and (c) density weighted vertical current
(kg·m−3·m·sec−1) during summer (DJF) along the cross sections at 16°S, 19°S, 22°S, 25°S and 28°S
respectively. Calculated from the 2000-2008 climatologies. In (a) positive (negative) is northward
(southward), (b) positive (negative) is east/onshore (west/offshore) and (c) positive (negative) is
upwelling (downwelling).
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4.1. Variability in longshore and cross-shore current flow in the northern Benguela
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Fig. 4.9: (a) Meridional current, (b) zonal current and (c) density weighted vertical current
(kg·m−3·m·sec−1) during winter (JJA) along cross sections at 16°S, 19°S, 22°S, 25°S and 28°S re-
spectively. Calculated from the 2000-2008 climatologies. In (a) positive (negative) is northward
(southward), (b) positive (negative) is east/onshore (west/offshore) and (c) positive (negative) is
upwelling (downwelling).
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Fig. 4.10: Zonal and meridional current (m·sec−1) through a transect along the 300m depth shelf-break for summer and winter. In (a) and (b)
positive (negative) is eastward (westward), and in (c) and (d) positive (negative) is northward (southward). In (a) and (b) surface Ekman flow as
well as the compensatory subsurface onshore flow is observed. Additionally, in summer (c) the PUC is observed along the shelf edge throughout the
region, whereas during winter (d) the PUC weakens and equatorward flow in the surface 100m dominates the southern part of the region.
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4.1. Variability in longshore and cross-shore current flow in the northern Benguela

Hovmöller diagrams of the depth integrated transport allow a final qualitative examination
of the seasonal and geographic variation in transport across the northern Benguela region,
before a quantitative analysis in the next section. Four latitudinal sections, scaled to shelf
width, can be seen in Figure 4.12 and the longitudinal section in Figure 4.13.

Figure 4.12 shows that at 16°S the PUC dominates transport along the very thin shelf,
with particularly strong southward (15-20m2·sec−1) transport during autumn (SON) and
summer (DJF). The narrow shelf however means only a moderate influence of transport
through the cross-section at this latitude. Further south at 19°S the shelf is wider and de-
spite a similar PUC signal along the western edge of the shelf, a medium strong (5m2·sec−1)
northward transport is observed along the coast. The width of northward transport stretches
west during winter and also increases in strength. South of Walvis Bay (25°S) the pattern
changes slightly. Here, the PUC signal strengthens, especially during early and late sum-
mer, and also migrates to being more centered on the shelf. In contrast to the two northern
transects, essentially no southward transport is observed at 25°S during winter. Again, this
is a direct effect of the offshore migration of the PUC during this time, also supported by
Figures 4.3 to 4.5. The strong northward transport during winter (JJA) is also observed
south of Lüderitz (∼28°S), when the PUC influence again shifts west to the edge of the
shelf. Here the PUC is weaker than what was observed at the northern transects. In con-
trast to the other transects stronger northward transport can be observed close inshore even
during the summer months. The northward transport in winter is also stronger and more
persistent. There thus appears to be a bimodal pattern for the transects 19°S, 25°S and 28°S.

Figure 4.13 provides a perspective on transport across the shelf-edge. As expected from past
research [Stander, 1964; Parrish et al., 1983; Lutjeharms and Meeuwis, 1987] offshore trans-
port is observed just north of the Lüderitz upwelling cell nearly year round, with strongest
values during the winter months. A similar pattern is observed for the region between 16°S
and 17°S where two strong offshore bands persist. This pattern is similar to results from
[Parrish et al., 1983], who showed maximum Ekman drift off both Lüderitz and Cunene.
The region between 22°S and 25°S shows a relatively clear seasonal variability with weak
offshore transport during winter, while during summer a medium strong onshore transport
(4m2·sec−1) is observed. Finally, in contrast to the surrounding regions the area between
19°S and 22°S shows predominantly strong (7m2·sec−1) onshore transport almost year round,
with a strengthening during SON and DJF and slight weakening during JJA.
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Chapter 4. Advection associated with the northern Benguela shelf
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Fig. 4.11: Density weighted vertical current (kg·m−3·m·sec−1) through a transect along the 300m
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welling).
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Fig. 4.12: Hovmöller diagrams of integrated transport (m2·sec−1) through transects at 16°S, 19°S,
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4.2. Quantifying transport flux budgets for the northern Benguela shelf
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Fig. 4.13: Hovmöller diagram of integrated zonal transport (m2·sec−1) through a transect along
the 300m deep shelf break, showing bands of year round offshore transport at 16-17°S, 25°S and
28°S, as well as a zone of strong onshore transport almost year round between 19-22°S. Positive
(negative) is east/onshore (west/offshore).

4.2 Quantifying transport flux budgets for the northern

Benguela shelf

4.2.1 Annual budgets

For a first quantitative impression of the contributions of major features across the northern
Benguela, the mean annual transport fluxes, based on the 8 year climatologies (2000-2008),
were calculated for 4 geographic sections of equal latitudinal proportions: 16-19°S, 19-22°S,
22-25°S and 25-28°S. See section 2.2 for the explanation of the rational behind region se-
lections and method details. Fluxes were calculated through the northern and southern
boundary of each section as well as along the 300m depth contour along the western edge
of the shelf. The eastern boundary was considered closed. The annual results are presented
in Fig 4.14.
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68

we 

~ II 
,\ 

13 ~ 15 16 
13 ~ 15 16 17 

,1·1 I" ~ we 

b\ "'_ 
\ 

1\ ~n 
13 14 " " " 13 14 15 16 

11 12 13 14 

13 14 15 16 17 
13 14 15 16 



Univ
ers

ity
 of

 C
ap

e T
ow

n

4.2. Quantifying transport flux budgets for the northern Benguela shelf

A number of general observations on the annual volume transport fluxes:

Due to the widening of the shelf from equator to pole, the southward flux associated with
the PUC increases from 16 to 25°S. From north to south the transports are: -1.88 Sv at 16°S;
-3.91 Sv at 19°S; -4.55 Sv at 22°S and -5.81 Sv at 25°S. In contrast, the northward transport
flux associated with the equatorward jet decreases from south to north and is thus strongest
at 28°S. From south to north the transports are: +1.27 Sv at 28°S; +0.59 Sv at 25°S; +0.31 Sv
at 22°S; +0.39 Sv at 19°S and +0.04 Sv at 16°S.

The contribution of the PUC to the offshelf transport is also substantial, see section 2.2
for details. Particularly the regions where the bathymetry changes most dramatically in
longitude from north to south show a strong meridional component to the transport fluxes
leaving the western edge of the box. For example the meridional component (v) accounts for
approximately 95% of the offshelf transport flux between 19-22°S and 22-25°S. In contrast
this reduces to less than 85% for the Cape Frio and Lüderitz regions, where the offshore
Ekman flux makes a much larger contribution to the offshore exchange. In contrast to the
offshore exchange, the onshore compensatory flux is dominated by the contribution of the
zonal (u) component (>95% for all regions).

The cross-shore transport fluxes support the qualitative results in Figure 4.10 by show-
ing the very strong onshore subsurface compensatory flux between 19-22°S. The zonal flux
(24.24 Sv) is nearly double that found in any other other of the four regions. It seems that
this strong onshore flux compensates for the equally strong PUC driven meridional transport
flux, which "leaves" the shelf due to its inclination. The region 22-25°S shows a similar, yet
weaker pattern with an annual onshore zonal flux of 15.74 Sv. The very narrow shelf of Cape
Frio (16-19°S) makes it difficult to compare transport fluxes here with the three southern
regions. The Lüderitz cell in contrast, is most distinct from the other regions in that this
is the only region where offshore transport exceeds the onshore compensation on an annual
basis. Additionally, at the 28°S border there is a relative balance between the northward
and southward flux balance, with a pronounced weakened PUC and a stronger equatorward
flux close to the coast. [Mohrholz et al., 2008] have suggested a maximum southward extent
for the PUC at 27°S. The flux results here sugget that this may be a reasonable estimate.
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Fig. 4.15: Mean summer volume transport flux budgets (Sv) for four box regions along the northern Benguela shelf: a) 16-19°S, b) 19-22°S, c)
22-25°S and d) 25-28°S. The western border actually runs along the 300m deep shelf edge. The inset maps show the actual shape of the western
border, as well as the width of the southern and northern borders of each box.
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Fig. 4.16: Mean winter volume transport flux budgets (Sv) for four box regions along the northern Benguela shelf: a) 16-19°S, b) 19-22°S, c) 22-25°S
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Chapter 4. Advection associated with the northern Benguela shelf

4.2.2 Summer (DJF) and winter (JJA) budgets

The summer profiles (Figure 4.15) broadly resemble the annual volume transport fluxes (Fig-
ure 4.14) in so far as the PUC driven poleward flow dominates the longshore transport fluxes
and the three northern sections (16-19°S, 19-22°S and 22-25°S) all show a mean onshore flux
across the shelf edge, whereas at the Lüderitz box (25-28°S) an offshore flux is observed.
However, the summer values were much larger than the annual values, with the poleward
fluxes from north to south being: -1.90 Sv at 16°S, -6.47 Sv at 19°S, -6.39 Sv at 22°S and -
10.01 Sv at 25°S. Even at 28°S the mean southward summer flux was higher than the annual
flux. At the Lüderitz cell (25-28°S) the offshore summer flux (-8.7 Sv) is nearly double the
annual flux, whereas the onshore fluxes at Cape Frio (16-19°S) and between 22°S and 25°S
is four times as large (+4.40 Sv and +4.32 Sv respectively).

In contrast to both the annual and summer flux budgets, the winter profiles show that
instead of the PUC driven poleward transport, the coastal jet (northward coastal branch of
the Benguela current) forces the transport fluxes during this season. This is clear from the
decreasing southward fluxes from north to south: -1.17 Sv at 16°S, -1.4 Sv at 19°S, -0.69 Sv at
22°S, -0.46 at 25°S and 0 at 28°S. In contrast, the equatorward driven fluxes increases from
north to south during winter: +0.05 Sv at 16°S, +1.11 Sv at 19°S, +1.87 Sv at 22°S, +1.86 Sv
at 25°S and +3.80 Sv at 28°S. This switch co-exists with an offshore transport flux across all
four regions, the northern three regions having shown onshore transport fluxes both for the
annual and summer budgets. At Lüderitz the offshore flux is much weaker in winter (-2.4 Sv)
than in summer (-8.7 Sv). With reference to both the cross-sections in Figure 4.10 as well
as Figure 4.13 the observed difference in flux budgets between summer (DJF) and winter
(JJA) is expected. Figure 4.13 in particular shows the switch in zonal transport between
summer and winter and this is presented quantitatively here.

4.3 Section summary

Figure 4.17 summarizes the findings of this section quantitatively. It has previously been
suggested by [Mohrholz et al., 2008] that a distinct seasonal cycle of both meridional and
cross-shelf circulation exists in the northern Benguela region. Similar to their findings the re-
sults presented in this section showed the dominant role played by the strong PUC (poleward
undercurrent) during summer (DJF) in the meridional volume transport fluxes. Addition-
ally, in winter the equatorward coastal current drives the meridional fluxes. In Figure 4.17
(b) the PUC dominated summer showed negative (poleward) budgets through all five cross-
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4.3. Section summary

sections (16°S, 19°S, 22°S, 25°S and 28°S), this pattern being similar to the annual budgets
(a) but much stronger. In contrast, the equatorward coastal current dominates in winter
(Figure 4.17 (c)) resulting in a switch from weak negative or poleward fluxes at 16°S and
19°S to positive or equatorward fluxes increasing in strength from 22°S to 28°S.

These results, however, showed that [Mohrholz et al., 2008]’s and [Brüchert et al., 2003]’s
simplified suggestion for the cross-shore transport is not entirely sufficient for the whole
northern Benguela region. For example, the pattern of increasing poleward fluxes from 16°S
to 25°S and a decrease at 28°S seem to add to the cross-shore fluxes observed during summer
(Figure 4.17 (b)), meaning an increased negative or offshore flux off the Lüderitz upwelling
cell (25-28°S) and an increased positive or onshore fluxes for the three northern regions (16-
19°S, 19-22°S and 22-25°S). In contrast, during winter (Figure 4.17 (b)) the unique meridional
pattern seems to add to an offshore flux along the shelf edge for all four sections. Results
presented here thus suggest a much more complex exchange across the shelf edge than the
suggested simplified view of upwelled water from intermediate depths balancing the wind
driven offshore Ekman transport of surface water [Brüchert et al., 2003]. In addition, this
cross-shore exchange seems to be greatly affected by the seasonal and spatial variability in
the meridional currents.

Furthermore, there is evidence in our results that the four regions examined exhibit unique
longshore and cross-shore dynamics: The Lüderitz cell (25-28°S) is unique with an offshore
flux across the shelf edge year round. This result does not deviate from past results and in
fact enhances the view of the Lüderitz zone being a barrier making it difficult for certain fish
species to pass through [Agenbag and Shannon, 1988; Hutchings et al., 2009]. Additionally,
this result may add support to [Monteiro, 1996]’s "gate hypothesis", which essentially suggest
that wind controlled upwelling and changes in topography maintained the inhibition of the
poleward flow. The budget results here show that the PUC influence diminishes rapidly in
strength south of 25°S. However, it is seen that a stronger influx from north, associated with
the PUC, adds to the offshore flux observed at the Lüderitz cell during summer (Figure 4.17
(b)). In contrast, during winter a strong flux from the south is seen to contribute strongly to
the offshore flux (Figure 4.17 (c)). These influences however only form part of the number of
forcings (including atmospheric forcings, open ocean circulation and turbulent interactions)
shaping the upwelling dynamics associated with the Lüderitz upwelling cell. This result
confirms again the unique interplay between the water mass being transported poleward by
the PUC [Mohrholz et al., 2001] and that transported northward via the Benguela coastal
current [Poole and Tomczak, 1999] in determining the shelf condition next to the coast of
Namibia.

Circulation dynamics of the Cape Frio region (16-19°S) appears more complicated. [Monteiro
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Fig. 4.17: (a) Annual, (b) summer (DJF) and (c) winter (JJA) volume transport flux budgets
(Sv) across the northern Benguela shelf. For details see Figures 4.14, 4.15 and 4.16.

and van der Plas, 2006] suggested a strong uplift onto the shelf at Cape Frio in their work on
LOW (low oxygen water) whereas it is also known that surface upwelling filaments persist off
Cape Frio. This can be seen in Figure 4.13 where both the offshore channels associated with
the Cape Frio upwelling cell (16-17°S) as well as the region south of this where year round
onshore transport dominates (18-19°S) can be seen. The dynamics of this region are there-
fore averaged out somewhat in the budget calculations. The difference between the summer
and winter budgets, however, shows something of the unique cross-shore dynamics present
along the shelf edge in this region. Unlike the Lüderitz region, the Cape Frio region would
not appear to be a persistent barrier, but rather a dynamic zone exhibiting high spatial and
temporal variability.

The two central regions both show offshore fluxes during summer and onshore fluxes during
winter. The summer fluxes indicate the extreme weakening of cross-shore ventilation in the
bottom layers previously suggested by [Mohrholz et al., 2008] from data collected offshore of
Walvis Bay. The offshore transport in these central regions, associated with surface Ekman
transport, is also less than for the Cape Frio and Lüderitz regions.
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The results presented here therefore support past work which suggest that SACW, that
is oxygen poor and nutrient rich, would flush the shelf during summer whereas during winter
ESACW, which is oxygen rich and has a lower nutrient concentration, would ventilate the
shelf [Poole and Tomczak, 1999; Mohrholz et al., 2001; Brüchert et al., 2003; Monteiro and
van der Plas, 2006]. What these results add is that the geographically variable cross-shore
circulation of each sub-region has the capability to uniquely modify local oxygen conditions
along the shelf. Figures 4.18 and 4.19 show this result graphically. Here oxygen transports
are presented for the northern Benguela region both through the mixed layer (0-40m) and
below (40-300m). It should however be cautioned that the oxygen transport values through
the upper 40 meters does not take into consideration the oxygen uptake through the air-sea
interface. The winter flushing of the shelf with oxygen rich water is clearly evident particu-
larly along the surface (Figure 4.18 (b)) but also in the deeper layers. Figures 4.19 (c) and
(d) also show the much weaker but none the less present transport of oxygen across the shelf
in the deeper (40-300m) layers.

These results therefore again highlight the great seasonal as well as spatial variability in
both meridional and cross-shore exchanges which exist within the northern Benguela sys-
tem. Furthermore, the results provide new evidence with regard to the ventilation of the
Namibian shelf and the processes driving this, i.e. the unique interplay between the long-
shore currents greatly shaping the seasonal and geographic variability in transport across
the shelf edge. These results, however, only provide a mean view of the system based on
climatologies from 2000-2008, and thus does not portray the great interannual variability
in the circulation of the northern Benguela shelf which has been recorded [Brüchert et al.,
2003, 2006; Monteiro and van der Plas, 2006; Hutchings et al., 2009].
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Fig. 4.18: Oxygen transport (m·mol·s−1·kg−1) along and across the Namibian shelf through the
mixed layer (0-40m) for summer (left) and winter (right). Values represent 8 year (2000-2008) clima-
tology. For meridional transport positive (negative) is northward (southward), for zonal transport
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Chapter 5

The circulation dynamics associated
with a northern Benguela upwelling
filament during October 2010

In this section the focus will be the examination of a particular upwelling filament sampled
in a region off Cape Frio, where filaments are a common feature [Van Foreest et al., 1984;
Lutjeharms and Stockton, 1987] in the northern Benguela, during October 2010. A unique
high-resolution hydrographic dataset of the top 100m of such a filament is presented in
combination with remote sensing satellite data as well as results from a regional ecosystem
model. The instruments and sampling design as well as the model description are presented
in Chapter 2. In light of the transport regimes described in Chapter 4, the importance of
understanding mesoscale features like upwelling filament and the contribution they may make
to the cross-shore exchange within a marine system is highlighted in the current chapter.

5.1 Surface structure of the upwelling filament

The surface signal of upwelled water being transported offshore as well as the local westward
protrusion of the upwelling front, which generally separates the cool freshly upwelled coastal
waters and the warmer oceanic waters, could clearly be observed in the interpolated SST
satellite data (Figure 5.1) of the 2nd of October 2010. This feature extended from the coast
of Namibia offshore to approximately 18.5°E and was centered between 18 and 19°S, with an
average width of 110 km. The present feature therefore conformed to the filament definition
set by [Kostianoy and Zatsepin, 1996] with L/d > 2 (L being length and d being width of
the filament), and the feature protruding more than 50 km from the main thermal upwelling
front. Strong temperature gradients clearly defined the filament width, with a particularly
strong equatorward gradient and a more subtle one at the poleward boundary. Further
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5.2. Vertical structure of the upwelling filament

SST images obtained prior and subsequent to the survey period (Figure 5.2) indicated that
filament development most likely commenced at the Cape Frio upwelling cell following initial
coastal upwelling on the 24th of September. With strong southerly winds still dominating the
period prior to the 28th of September some of the upwelled water seemed to have been pushed
northward in a tongue-like feature, while a narrow truncated patch of similar temperature
at 10°E suggested the filament was already extending offshore. Once the winds relaxed,
the upwelled water spread southward and further offshore to reach its maximum westerly
span (400 km offshore) by the 30th of September. Over the subsequent six day period
the surface signal of the feature decayed rapidly. The periods observed here for filament
growth and decay are similar to results from [Van Foreest et al., 1984] who suggested that
filaments in the Benguela north of 30°S tend to form and decay over approximately seven day
periods. In contrast to their results however, the satellite observations seem to suggest that
the filament did not remain stationary and unchanged for an extended period (5-35 days),
but that decay commenced only days after its maximum offshore extension was reached.
In their study [Kostianoy and Zatsepin, 1996] however, also mentioned that cold filaments
were only observed in the SW African upwelling region for 1-3 day periods based on about
100 IR images. Results discussed in section 5.5 from a MOM-4 model however revealed
the subsurface presence of the filament for approximately 20 days, which is in line with
[Van Foreest et al., 1984]’s findings and show potential discrepancies between what is visible
at the surface and what is actually occurring subsurface.

5.2 Vertical structure of the upwelling filament

Thermosalinograph temperature measurements along transect 1 revealed that the minimum
temperature value within the core at the surface was 1 °C colder than the surrounding wa-
ters, while the difference in salinity was only 0.2 (Figure 5.3). A sharp drop in specifically
temperature was observed at the equatorward boundary of this transect. Current data pre-
sented below will reveal that these sharp boundaries are caused by the complex cross-shore
circulation pattern in and around the upwelling filament. Both temperature and salinity
profiles from transect 1 do however, suggest two possible cores, one centered at 18.85°S and
another at 18.35°S. Along transect 2 the surface temperature and salinity profiles showed
no clear evidence of the filament core (Figure 5.4). The only pronounced feature along this
transect is a very dramatic increase in both temperature and salinity at the equatorward
boundary (18.10°S).

Concurrently measurements were taken through the water column up to 100m depth with
an undulating CTD. Transect 1, sampled on the 1st of October and located closest to the
Namibian coast, revealed a thin (<10m) warmed surface layer across. However, below this
depth (10-100m), a colder, fresher cored feature was clearly visible (Figure 5.5 (a) and (c))
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Chapter 5. Northern Benguela upwelling filament
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5.2. Vertical structure of the upwelling filament
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Chapter 5. Northern Benguela upwelling filament
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Fig. 5.5: Transects across the upwelling filament: (a) Vertical temperature (°C) profile through
transect 1 (11°E), (b) Vertical temperature (°C) profile through transect 2 (9.6°E), (c) Vertical
salinity profile through transect 1 (11°E), (d) Vertical salinity profile (°C) through transect 2 (9.6°E),
(e) Vertical density (kg·m−3) profile through transect 1 (11°E), (f) Vertical density (kg·m−3) profile
through transect 2 (9.6°E), (g) Vertical fluorescence chlorophyll (mg·m−3) profile through transect 1
(11°E), (h) Vertical fluorescence chlorophyll (mg·m−3) profile through transect 2 (9.6°E). Maximum
depth of available data is 100m.
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5.2. Vertical structure of the upwelling filament

centered at approximately 18.25°S and with a horizontal width of 38 km. On either side of
the core the near-surface isotherms and isohalines sloped up very steeply from 70m to about
10m below the surface. Temperature within this central core was approximately 1.6 °C and
salinity 0.26 lower than water at the same depth south of the filament (at 19°S). Directly
south of the central core there appeared to be a weaker core, centered at 18.65°S, containing
slightly warmer (0.4 °C warmer) and more saline (0.04) water than the main core but it
was, nevertheless, still colder and fresher than the water mass to the south. Similarly, steep
isotherms and isohalines marked the edges of this weaker core, which had a horizontal extend
of 35 km.

Two very distinctive cold (14.9°C) and fresh (35.3) fronts at 18.85 and 17.80°S, extending
from the surface to approximately 70m, could also be observed in both the temperature and
salinity profiles, while a warm (15.4°C) more saline (35.6) front was present at 18.5°S. Strong
horizontal gradients were associated with the density profile of transect 1 (Figure 5.5 (e)),
with the dense filament core or double core (26.4-26.5 kg·m−3) present in the centre of the
transect (18.1-18.9°S) and an additional upward sloping of the isopycnals north of 17.9°S.
Vessel-mounted ADCP data revealed the associated flow pattern (Figure 5.6 (a)) associated
with the filament, by showing strong offshore velocities (0.10-0.25m·sec−1) in the region 18.9-
18.6°S as well as north of 18.1°S and the compensatory onshore velocities (0.14-0.32m·sec−1)
further north between 18.5-18.1°S as well as south of 18.9°S. Despite the surface currents
being much stronger, the associated on and off-shore transport can be observed up to 400 or
500m depths. Fluorescence chlorophyll measurements along this transect showed two zones
where phytoplankton was present in high concentrations (>0.6) (Figure 5.5 (g)). These
zones corresponded to the relatively warmer and more saline regions around the central
core, where mixing between filament water and ambient oceanic water would occur. This
observation is consistent with previous findings which suggest high productivity or high
phytoplankton standing crop tends to have their local maxima at the border or just outside
of upwelling fronts [Dengler, 1985; Simpson et al., 1979]. The chlorophyll maximum was
confined to the top 10m, with very little chlorophyll observed at deeper levels. Additionally,
the filament cores contained water with a much lower dissolved oxygen (DO) content (<
2ml·L−1), with the water mass present at the less dense 18.65°S core being nearly depleted
of dissolved oxygen (not shown), and regions of high DO corresponding to regions of high
primary production.

In contrast, transect 2, located 140 km west of transect 1, showed that the top 30 meters of
the water column had already been stratified (Figure 5.5(b) and (d)) by the 4th of October.
This stratification can most likely be attributed to a combination of surface warming as well
as either advection of warmer surrounding water into the filament or filament subduction
beneath a surrounding water mass of lower density. The latter argument will be discussed
in more detail in section 5.5. However, a single distinctive cold, less saline core could still
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Chapter 5. Northern Benguela upwelling filament
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Fig. 5.6: Zonal current from ADCP (m·sec−1) along (a) transect 1 and (b) transect 2 and meridional
current (m·sec−1) from ADCP along (c) transect 1 and (d) transect 2. Positive is northward
(onshore), negative is southward (offshore). Note: maximum depth is 500m.

be observed between 30 and 70m depths, across the transect.

The isohalines sloped up very sharply from 70m depth to the surface, while the isotherms
only sloped up to 20m below the surface. Even though the feature was much weaker than
in transect 1, the core was still 0.8 °C colder and 0.12 fresher than the surrounding water
masses. Below the filament feature the steady thermocline could be observed up to 100m
depth. An interesting feature observed in both the temperature and salinity profiles was
however a very sharp equatorward front between 18°S and 18.1°S, where there was a nearly
2 °C and 0.24 change in temperature and salinity over a horizontal distance of less than
11 km. Despite being in a decaying state the filament core could still be observed as the zone,
between 30-70m depth, with weaker vertical density gradients along transect 2 (Figure 5.5
(f)). ADCP measurements (Figure 5.6(b)) along this transect showed that strong offshore
transport (0.4 m·sec−1) dominated the equatorward two thirds of the profile, whereas south
of 18.7°S onshore transport was observed to depths of 500m but with the strongest currents
in the surface 100 meters.

Horizontal profiles of latitude versus temperature or salinity from three different depths along
each transect allowed comparisons not only between the two transects at the same latitude
but also latitudinal variation down the water column along each transect. The warmer water
mass (16°C) to the south is clearly visible at all three depths across transect 1 (Figure 5.7).
This is followed by a sharp temperature drop of approximately 1 °C throughout the water
column. At 80m depth the initial temperature drop (north of 19°S) steadily proceeds down
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5.2. Vertical structure of the upwelling filament

to the lowest levels (14.2°C) attained at this depth. In contrast, at 20 and 40m depths there
is the initial (1 °C) temperature drop and then a second drop (0.5 °C) north of 18.5°S. The
80m profile suggest a wide cold core feature stretching from 18.8 to 18.2°S, while higher up
in the water column further evidence for the two cores described above could be seen. The
weaker southerly core can be seen at 18.6°S with minimum temperatures of just below 15 °C
and the more pronounced central core at 18.3°S with 14.4 °C temperatures at 40m depth.
Equatorward of the northern core temperature rises again but only attains intermediate
values (14.7-15.7 °C). North of 17.9°S temperatures at 40 and 80m depths drop to values
even lower than those observed at the central core, suggesting a possible third core or sharp
front at the equatorward end of the data. The limitations of the present data set makes it
difficult to substantiate the presence of the suggested second core. In contrast to transect 1,
temperatures in transect 2 were at least 0.5 °C and up to 1.5 °C warmer. A similar pattern
of temperature increase could however be observed at the poleward end, with the cold core
(at depths 40 and 60m) observed between 18.7 and 18.5°S. The rise in temperature at the
equatorward end of transect 2 was thus sharper than at the poleward end. The filament core
also showed a south-westerly displacement of about 33 km between the two transects. The
horizontal salinity profiles for transect 1 are similar to the temperature profiles described
above, the very sharp fronts, containing fresher water, at approximately 18.85 and 17.8°S
being the exceptions (Figure 5.8). Most of transect 2 had a very similar structure to that of
transect 1 in terms of temperature structure. Within the salinity structure there was a very
pronounce increase at the northern border. Similar also to the temperature profiles, salinity
values along transect 2 were higher at all depths than along transect 1. For large sections of
the core, the salinity values were similar to the more mixed section of the core in transect 1.

The general hydrographic properties of the filament thus conformed well to what had pre-
viously been recorded in the Benguela and other eastern boundary upwelling systems and
clearly at least two different water masses contributed to the dynamics of the feature. The
high resolution data set also allow a fresh insight into the mesoscale structure within such
a feature. In particular the fronts on either side of the core have up to present not been
recorded in such detail. Of real interest was the cold, fresh water at the poleward fronts of
what appears to be two cores along transect 1. The direct current measurements particularly
along transect 1 additionally revealed a very complex circulation pattern associated with the
filament where both on- and offshore exchange persist.
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Fig. 5.7: Horizontal latitude vs temperature profiles extracted from three different depths (20,40
and 60/80m) along each transect.
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5.3. Circulation and transport associated with the upwelling filament

5.3 Circulation and transport associated with the up-

welling filament

Offshore transport through each transect was calculated from the ADCP current measure-
ments by integrating over the cross-sectional area above 500m depth and across the width
of each transect. The results allow a preliminary estimate of transport within the feature.
Despite spatial variability in the transport along both transects, offshore transport across
transect 1 was found to be 2.98 Sv integrated over 500m depth and there was a 2.00 Sv on-
shore transport. In contrast across transect 2 the offshore transport was 3.28 Sv, and 1.81 Sv
onshore transport, meaning more water is transported offshore than is retransported back
onshore along both transects. Our values were in line with that from [Huyer et al., 1991],
who found offshore values between 1.4-4.2 Sv (onshore between 0.2-1.0 Sv) along a 244 km
alongshore transect next to the coast of California. In their study the transport, related to
geostrophic flow, was also calculated to 500m depth. Their results further suggested that
when the filament was at full strength and still developing, offshore transport was much
stronger than the onshore transport. The decaying state of our filament could thus account
for the relatively larger onshore transport recorded.

Results from a MOM-4 ecosystem model, representing the same filament described thus far,
revealed the large scale regional circulation associated with such a filament. Despite the slight
geographic displacement of the filament in the model, the spatial dimensions were found to
be similar (Figure 5.9). The current vectors averaged over 20-40m depth show the strong
offshore transport within the cold offshore extension of the upwelling filament. Despite the
absence of measured SSH data, both the temperature profile and current measurements from
the model support previous results by indicating a dipole like eddy field across the region
where the filament is observed [Marchesiello et al., 2003; Sanchez et al., 2008]. There is thus
evidence of both cyclonic recirculation onshore as well as anticyclonic offshore transport being
related to the feature. Similar to [Sanchez et al., 2008]’s measured and [Marchesiello et al.,
2003]’s model results there appears to be a convergence of oceanic water at the equatorward
filament edge, where a cyclonic cell is observed to be interacting with the cyclonic circulation
related to the core of the filament.

For a three day period from 2-4 October weak south-westerly winds, with a mean speed
of 4.45 m·sec−1, dominated across the study area, and the corresponding mean Ekman
transport for this period was 0.68 (maximum values 1.2m3·sec−1·m−1). This means that
the offshore transport within the filament (being within the range 10-30 m3·sec−1·m−1) was
more than ten times the Ekman transport providing further evidence for filaments being a
major mechanism for the exchange between the coastal and offshore regions. In filaments
studied off the coasts of California [Flament et al., 1985; Kosro and Huyer, 1986; Ramp
et al., 1991] and north-west Africa [Navarro-Perez and Barton, 1998] the offshore transports
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Chapter 5. Northern Benguela upwelling filament

Fig. 5.9: Temperature at 30m depth from MOM-4 model with current vectors (m/s) averaged
between 20-40m. The transect presented in Figure 5.12 (black line) and the station presented in
Figure 5.13 (white mark) are both shown. The dipole eddies have been marked for clarity.

recorded were also found to be substantially larger than the regional Ekman transport.

5.4 Frontal mixing in the upwelling filament

Measurements from the Microstructure probe (MSS) allowed some insight into the turbulent
processes within the filament feature (Figure 5.10). Despite being limited to 5 stations along
the 167 km distance of transect 1, low TKE dissipation rates defined the single subsurface
core feature observed in this data set at 18.6°S. Intensive mixing was, however, observed at
the poleward boundary (18.91°S) of the core from the surface to 70m depth. In contrast,
at the equatorward boundary, strong mixing seemed to be limited to the top 40m. These
observations are similar to previous results which showed enhanced mixing at the frontal
zones of a filament, while in the core it tends to be restricted to the upper layers of the water
column [Dewey et al., 1987; Barton et al., 2001].
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5.5. Filament development over time
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Fig. 5.10: TKE dissipation [log 10 (W·kg−1)] along transect 1 (color plot) with isotherms (°C)(black
contours). Exact MSS stations are marked by black dotted lines.

5.5 Filament development over time

The subsequent CTD- and xbt-station sampling along approximately the same line as tran-
sect 1 allowed a brief look into the scales of change within the filament. Despite the lower
spatial resolution of the combined CTD-xbt dataset, all the main filament features were
present in the temperature profile of transect 1 (Figure 5.11). At the northern end of the
data, no discernable difference can be observed between the two data sets, with this also
being the region where sampling was still conducted along the exact same longitudinal line.
Further south variations between the profiles can be observed, with only one core visible in
the lower resolution data. The temperature between the cores however, remained the same
(<14.5 °C) between the two profiles. In addition, there was a pronounced surface warming
by more than 2 degrees in the upper 20 meters of the CTD-xbt profile. As the velocity pro-
files above showed though, advection of water masses with different properties through the
filament seemed to be a crucial aspect of changes taking place within the filament over time,
although no clear conclusions can be made in this regard based on the available measured
data presented so far.

A Hovmöller diagram (Figure 5.12) using MOM-4 temperature as well as zonal current data
at 30m depth along a transect at 10°E showed both the evolution of the cold cored filament
as well as the associated zonal transport along a transect at 10°E over time. Furthermore,
the results of Figure 5.12 are similar to the SST results in section 5.1 in that both show
the commencement of filament presence on the 24th of September 2010. While offshore
transport dominated the filament core, onshore transport was associated with both the
northern and southern boundaries, with the transport observed at the poleward border being
stronger and more persistent. In addition, the periods prior and subsequent to the strong
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Chapter 5. Northern Benguela upwelling filament
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Fig. 5.11: Comparing temperature (°C) profile of the combined CTD-xbt(color plot) with the
scanfish profile (black contours) along transect 1. Station locations are indicated as black dotted
lines. Approximately 48 hours lapsed between sampling. Data limited to 100m depth.

temperature signal related to the filament, showed a diminishing onshore transport, with
offshore transport dominating these periods across the transect. From both these figures as
well as the calculated transport fluxes above it seems that rather than just increasing local
offshore transport, the transport associated with the upwelling filament contributes rather
significantly to cross-shore exchange by enhancing both on- and off-shore transport locally.
In addition the model data reveals an interesting dynamic regarding the development of the
filament through the water column and over time as can be seen in Figure 5.13. Here at a
point along the centre of the filament core (10°E, 19.5°S) temperature, salinity and density
data show that in addition to dissipation of the filament signal from the surface there is
also an upward sloping of isopycnals at the base of the feature. The irregularity of change
associated with the surface layers of the water column suggests that surface warming alone
is not sufficient to explain the sinking of the filament over time. Additionally advection from
surrounding water masses, supported by the current data in section 5.2, or the subduction
of the feature below a less dense water mass should be considered as this is supported by
the density profile in Figure 5.13(c).

5.6 Section summary

The filament described here was observed just offshore of Cape Frio, one of the three prefer-
ential upwelling zones where filaments tend to consistently advance far offshore [Van Foreest
et al., 1984; Lutjeharms and Stockton, 1987]. Both satellite and ship-based data suggested
that the present filament was most likely in a decaying state during sampling. Thus due
to the limited area sampled as well as the low temporal resolution, with respect to the
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Fig. 5.12: A Hovmöller diagram showing the temperature (°C) contours and corresponding zonal
velocity (m·sec−1) (color plot) from a MOM-4 model. The filament presence is seen here at 30m
depth between 19 and 20°S, 10°E from the 20th of September to the 14th of September 2010. Zonal
current also taken at 30m depth. For transect orientation relative to filament see Figure 5.9.

decaying time scale of the filament, of our data set, it is difficult to make any concluding
statements with regard to the large scale velocity structure of the sampled filament. This
study, therefore, does not contribute much to clarify the dominant processes which drive fil-
ament development in the northern Benguela. The study does, however, provide much more
detail into the mesoscale structure and velocity field in and at the boundaries of the core
of a northern Benguela filament. Of real interest was the substantial recirculation observed
within the filament, based both on the high resolution hydrographic data, the directly mea-
sured currents and the results from a MOM-4 ecosystems model. A strong onshore transport,
of warmer water was observed, at the poleward borders of the core to counteract the offshore
transport, of colder, fresher water, associated with the core of the feature. In addition, the
offshore transport associated with the feature as a whole, being of the order of magnitude of
3 Sv, was found to be substantially larger than the integrated Ekman transport across the
study area. Coastal waters were thus clearly being transported offshore by the upwelling
filament and the corresponding onshore recirculation allowed for strong frontal mixing with
the oceanic waters at the core edges.

The complex circulation dynamics, in combination with both the spatial extent of the fea-
ture and the chlorophyll-a distribution across the filament, therefore, again highlighted the
potential of these features to play an important role in the across-shelf biological exchange
within an ecosystem. More importantly though the evidence suggests that water, which had
been modified through its interaction with the surrounding water masses and to a lesser
degree the surface, was being transported back onshore within the eddy driven recirculation
particularly at the poleward boundary of the filament. This eddy flow field was not dissim-
ilar to that observed by [Marchesiello et al., 2003] and [Sanchez et al., 2008]. Additionally
it can be suggested that the filament feature was sinking through the water column, as it
was being subducted beneath a less dense water mass over time. This becomes important to
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Fig. 5.13: A Hovmöller diagram showing (a) temperature (°C), (b) salinity and (c) density over
time at 10°E, 19.5°S centered along filament core in MOM-4 model from 19 September to 19 October
2010 from the surface to 150m depth. See Figure 5.9 for location of point.
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5.6. Section summary

consider with reference to the biological productivity expected to be associated with such a
filament. More work however remains to be done in the northern Benguela on the mesoscale
processes which drive filament occurrence, development, magnitude, the temporal and spa-
tial scales observed and the energy available for mixing and overturn within these features.
Certainly, hydrodynamic or ecosystem models with a higher spatial resolution could provide
a unique tool to observe filaments and their dynamics within the Benguela ecosystems. The
results presented here however sufficiently show the complex contribution which mesoscale
features like upwelling filaments make to local cross-shore circulation and therefore highlight
the importance of evaluating local cross-shore exchange with reference to these mesoscale
structures and processes.
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Chapter 6

Conclusions, limitations and
recommendations

The purpose of this research, as stated in section 1.2, was both to quantify where, how much
and by what mechanisms water leave or come on to the Namibian shelf as well as to gain a
better understanding into the physical dynamics of upwelling filaments within the northern
Benguela system and to try and quantify their contribution to the exchange across the shelf
edge. The aim was to use data from a MOM-4 regional ecosystem model as well as remote
sensing and cruise data for the analyses. The ultimate goal was to provide quantitative infor-
mation on the contribution of the shelf edge exchange and longshore processes to ecosystem
dynamics in the northern Benguela upwelling system. Despite the preceding three chapters
being essentially ’stand alone’ with section specific results, there is a rational behind their
chronology and an association between their content, with Chapter 1 reviewing past research,
Chapter 2 outlining the methods and data sources, including a model description, Chapter
3 focusing on preliminary model validation in order to quantify transport fluxes across the
northern Benguela shelf in Chapter 4. Finally Chapter 5 is devoted to a case study of an up-
welling filament off Cape Frio during October 2010 and the circulation dynamics associated
with this feature. Here the results from the individual sections will be summarized, and the
main findings as well as the limitations of this research will be highlighted and suggestions
will be made for future work.
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6.1. Evaluating MOM-4 ecosystem model

6.1 Simulating the regional features of the northern Ben-

guela using a MOM-4 ecosystem model

Due to a lack of prior literature dealing with the validation of the MOM-4 regional ecosys-
tem model adjusted for the Benguela, from which data is used in this project, chapter 3 was
dedicated to the comparison of measured data from various sources with the output from the
MOM-4 ecosystem model described in chapter 2 in order to establish the validity of using
the output for the analysis in this project.

The MOM-4 ecosystem model is able to sufficiently simulate regional patterns and features
across the northern Benguela region, and therefore provides a unique tool for evaluating both
large scale circulation as well as coastal processes. This is invaluable in the context of the
critical role the regional circulation plays in the modification of both the shelf conditions as
well as water mass properties. The model is able to simulate not only the southward flow of
the poleward undercurrent [Nelson, 1989; Shannon, 1995; Monteiro and van der Plas, 2006;
Mohrholz et al., 2008; Monteiro et al., 2008], and the equatorward transport of the north-
ern Benguela coastal current [Shannon and Nelson, 1996; Moroshkin et al., 1970; Wedepohl
et al., 2000], but also the seasonal variation associated with these features. Furthermore,
the main upwelling cells across the northern Benguela, i.e. Lüderitz, Walvis Bay, Namibia,
and Cape Frio, are also sufficiently resolved [Hardman-Mountford et al., 2003; Bakun and
Nelson, 1991; Shannon and Nelson, 1996] by the model.

Future work remains in improving model performance and particular attention should be
paid to possible reasons for the overestimation of both temperature and corresponding salin-
ity in the surface 200m of the water column. It is recommended that ocean biology-induced
heating, the underestimation of the mixed layer depth related to the K-profile Parameteriza-
tion (KPP) mixing scheme [Large et al., 1994] used by the model as well as the low resolution
(1.875° spatial and 6 hourly) of the NCEP temperature data used in forcing the model should
be considered in a quest to identify the cause and allow model improvement. In the context
of this study, the model deviations were however accepted as reasonable for the purposes of
the analyses presented. It could further be of interest to compare results from this MOM-4
model with the ROMS model of [Veitch, 2009; Veitch et al., 2010] in future cooperative work
in order to evaluate the strengths and weakness of both approaches.
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6.2 Large scale circulation in the northern Benguela and

transport across the shelf edge

In an effort to evaluate whether the ventilation of the Namibian shelf is driven primarily by
the longshore advection, and only modified by the cross-shore advection, chapter 4 focused
on analyzing and quantifying regional transport fluxes and flux budgets along the 300m deep
shelf next to the coast of Namibia. This is important in order to gain a deeper understanding
into the role that these processes and possible changes to them may have for oxygen and
nutrient availability on the shelf.

The results in this section showed that the simplified cross-shore transport previously sug-
gested [Brüchert et al., 2003; Mohrholz et al., 2008] may not be sufficient for describing the
northern Benguela region as a whole. Instead it is shown that if the northern Benguela shelf
is divided into four regions, each of these regions exhibit unique meridional and cross-shore
dynamics. The four regions chosen were : A) 16°-19°S, including the Cape Frio upwelling
cell, B) 19°-22°S, C) 22°-25°S, offshore of Walvis Bay and D) 25°-28°S, which surrounds the
Lüderitz upwelling cell. This selection offer an opportunity to investigate the circulation dy-
namics surrounding the two major upwelling cells (Cape Frio and Lüderitz) and to compare
these with the two central regions, where upwelling also occurs but in the form of smaller
upwelling cells. The approach also allowed an opportunity to expand on the recent work of
[Veitch, 2009; Veitch et al., 2010] by conducting an intensive study into the hydrographic
dynamics of the northern Benguela.

Results for the region surrounding the Lüderitz upwelling cell again enhance the view that
this region acts as a barrier between the southern and northern Benguela and may inhibit
migration of certain species [Agenbag and Shannon, 1988; Hutchings et al., 2009] between
the southern and northern Benguela regions. Despite the Lüderitz region showing year round
offshore transport, it was found that in summer, as the poleward undercurrent reaches its
maximum southward extent somewhere between 25 and 28°S, as previously suggested by
[Mohrholz et al., 2008] , this influx from the north promotes the very strong offshore trans-
port across the shelf. In contrast, during winter a strong flux from the south is seen to
contribute strongly to the offshore flux. These influences however only form part of the
number of forcings (including atmospheric forcings, open ocean circulation and turbulent in-
teractions) shaping the upwelling dynamics associated with the Lüderitz upwelling cell. This
result, however, suggests that despite the year round offshore transport across the shelf edge
associated with this region, the properties of the water masses being transported offshore
and the associated biological processes between summer and winter may be quite distinctive.
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6.3. Northern Benguela upwelling filaments

The results further show that the dynamics of the region off Cape Frio (defined here as
16-19°S) are much more complicated than the other regions and exhibited high spatial and
temporal variability. Whereas there was clearly evidence for strong year round offshore trans-
port in what appear to be distinct narrow jets, there was also evidence for a strong transport
of water onto the shelf during summer, perhaps similar to what [Monteiro and van der Plas,
2006] suggested in their work on LOW. The great variability observed is however not entirely
surprising as it has already been shown that the Angola-Benguela front migrates seasonally
[Boyd et al., 1987] and the different water masses lying in close proximity and the related
circulation would also be expected to be highly variable.

Transport across the shelf edge in the two central regions (19-22°S, and 22-25°S) conformed
more to the simplified view of cross-shore circulation in the northern Benguela. Here, during
summer (DJF) an onshore flux related to strong subsurface compensatory flow was observed,
whereas an offshore flux, related to stronger Ekman transport, was observed for both regions
during winter, although weaker than at the Lüderitz cell. The qualitative results in particu-
lar showed that in the region 19-22°S the subsurface onshore transport across the shelf edge
was both stronger and more persistent and therefore that water masses from the deep ocean
west of the shelf edge may play a crucial role in the upwelling of this region.

Thus, the results not only support past work which suggest that oxygen poor and nutri-
ent rich SACW (South Atlantic Central Water) will flush the shelf during summer and that
during winter oxygen rich and lower nutrient ESACW (East South Atlantic Central Water)
will ventilate the shelf [Poole and Tomczak, 1999; Mohrholz et al., 2001; Brüchert et al., 2003;
Monteiro and van der Plas, 2006], but they also highlight the unique interplay between the
meridional currents in shaping the seasonal and geographic variability in transport across
the shelf edge.

These results, however, only provide a mean view of the system based on climatologies
from 2000-2008, and thus do not portray the great interannual variability in the circulation
of the northern Benguela shelf which has been recorded [Brüchert et al., 2003, 2006; Monteiro
and van der Plas, 2006; Hutchings et al., 2009].

6.3 Northern Benguela upwelling filaments

In section 5 the importance of understanding the contribution to the cross-shore exchange
from mesoscale features like upwelling filaments is highlighted. This is done through a spe-
cific case study of an upwelling filament sampled in the northern Benguela during October
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2010. The results provide great insight into the mesoscale structure and velocity field in
and at the boundaries of the core of a northern Benguela filament. Of real interest was the
substantial recirculation observed within the filament. While strong offshore transport, of
colder, fresher water, was found to be associated with the filament core, there was strong
onshore transport, of warmer water, observed at the poleward borders of the core. The
offshore transport associated with the feature as a whole, being of the order of magnitude
of 3 Sv, was found to be substantially larger than the integrated Ekman transport across
the region. Coastal waters were thus clearly being transported offshore by the upwelling
filament and the corresponding onshore recirculation allowed for strong frontal mixing with
the oceanic waters at the core edges.

The complex circulation dynamics, in combination with both the spatial extent of the fea-
ture and the chlorophyll-a distribution across the filament, therefore, again highlighted the
potential of these features to play an important role in the cross-shelf biological exchange
within an ecosystem. More importantly though the evidence suggests that water, which had
been modified through its interaction with the surrounding water masses and to a lesser
degree the surface, was being transported back onshore within the eddy driven recirculation
particularly at the poleward boundary of the filament. This eddy flow field was not dissim-
ilar to that observed by [Marchesiello et al., 2003] and [Sanchez et al., 2008].

This combined work therefore indicates that in addition to the already complex large scale
regional circulation across the northern Benguela, and the unique interplay between merid-
ional and cross-shore advection, mesoscale features like upwelling filaments are extremely
dynamic with the potential to dramatically shape local ecosystem dynamics on the shelf as
well as across the shelf edge and into the open ocean.

6.4 Future research

Several avenues related to the work presented remain open for further exploration in the
future.

As already mentioned, these results only provide a mean view of the system based on
climatologies from 2000-2008, and do not portray the great interannual variability in the
circulation of the northern Benguela shelf. Due to the importance of the Benguela ecosys-
tem for commerce of the surrounding regions, it may be useful to examine the interannual
variability in the flux budgets for the system. Furthermore, the results should be expanded
to include oxygen and nutrient flux budgets through the four northern Benguela regions as

98



Univ
ers

ity
 of

 C
ap

e T
ow

n

6.4. Future research

these are crucial components to the shelf condition of the northern Benguela. With the
available data from the MOM-4 model for this region and the period 2000-2012, the scope
of possibilities for future work are diverse.

More work also remains to be done in the northern Benguela on the mesoscale processes
which drive filament occurrence, development, magnitude, the temporal and spatial scales
observed and the energy available for mixing and overturn within these features. Certainly,
hydrodynamic or ecosystem models with a higher spatial resolution could provide a unique
tool to observe filaments and their dynamics within the Benguela ecosystem.
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