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Abstract 

 

This study investigates the hydrographic and dynamic properties of the continental shelf region 

between Cape Juby (28.5 °N) and Agadir (30.4 °N) within the Moroccan Sub-region of the 

North West African Upwelling System. Data came from two cruises conducted in June 

(beginning of summer) and November (end of autumn) 2013. Coastal upwelling was obvious 

in both cruises in the in-situ temperature and salinity data as well as in remotely sensed sea 

surface temperature maps. ADCP data showed the presence of a strong jet like current 

associated with enhanced upwelling off Cape Juby. This strong quasi-permanent upwelling 

center was observed during both cruises. It results from the orientation of this portion of coast 

which is aligned with the dominant wind direction, as well as a wind intensification near the 

cape. The presence of a secondary upwelling front was also observed near the shelf break. It 

was accompanied by an intense baroclinic jet. The EK60 data showed evidence of internal 

waves as well as small and mesoscale turbulence that were probably strongly interacting with 

the mean upwelling circulation and made a straightforward interpretation of the data quite 

challenging. However, this study revealed the main physical processes of this poorly studied 

region, as well as their seasonal variability. 
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Chapter One: Literature Review 

1.1. Eastern Boundary Upwelling Systems 

Throughout the world’s oceans there are four regions considered to be eastern boundary 

upwelling systems (EBUS). These EBUS (Figure 1) are the Peru-Chilean (0 – 20 °S), 

Californian (45 – 30 °N), Northwest African (30 – 10 °N) and Benguela (15 – 35 °S) (Reid and 

Schwartloze, 1962; Mittelstaedt et al., 1975; Siesser, 1980; Alheit and Bernal, 1993; Chavez 

and Messié, 2009). Figure 1 shows the location of the four EBUS, dominant wind direction 

and mean sea surface temperature. EBUS were often associated with the easternmost, near-

coastal extent of the Pacific and Atlantic subtropical gyres (Chavez and Messié, 2009). 

 

 

Coastal upwelling occurs in response to the divergence of the horizontal transport near the 

coast, when the wind has a sufficient alongshore component: In the ocean, the wind stress effect 

is confined to a thin surface layer (0 to 15 m), called the Ekman layer. Within this Ekman layer, 

the horizontal momentum is dominated by a balance between the wind stress and the Coriolis 

force. It results in a horizontal velocity field with a spiral-like vertical distribution, known as 

Figure 1: Basin-scale map of SST (°C) and winds from QuickSCAT (Chavez and Messié, 
2009). 
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the Ekman spiral. The transport integrated over the Ekman layer thickness is shifted 90° to the 

right (left) in the northern (southern) hemisphere (Ekman, 1905).  

Along most subtropical eastern boundaries, the coastline is mostly parallel to the dominant 

winds, resulting in an offshore Ekman transport. This causes a divergence of the Ekman 

transport between the coast, where the cross-shore transport must vanish and offshore, where 

it can be fully developed. According to the continuity equation, an upward vertical velocity 

must then appear to balance this horizontal divergence and is called coastal upwelling 

(McEwen, 1912; Sverdrup 1938). 

 Coastal water is replaced by cold nutrient rich water that is advected into the euphotic zone. If 

the wind is sufficiently strong and blows for a sufficient period of time the thermocline will 

eventually break the surface. This cold water along the coast is separated by a sharp front from 

the warmer water offshore. This is often corroborated by images of Sea Surface Temperature 

(SST) where such a front is apparent (Figure 1). The cold water is nutrient rich and associated 

with phytoplankton blooms. Therefore Maps of Sea Surface Colour (SSC) that show 

chlorophyll-a concentration have similar frontal patterns to that of SST maps (Gordon and 

Clark, 1981; Abbott and Zion, 1985). 

The advection of cooler denser water near the coast results in a cross-shore horizontal free-

surface gradient as the sea surface height is lowered. As a result of this surface pressure gradient 

and the Coriolis force, an equatorward along shore coastal current appears near the upwelling 

front. The sub-surface horizontal density gradient results in a strong baroclinic vertical shear 

of the surface jet (Charney, 1947; Eady, 1949, James, 1987). 

Early satellite images showed the existence of intense mesoscale to sub-mesoscale activity 

along the upwelling front (Traganza et al., 1980). These structures are obvious as tongues of 

cold water, sometimes extending hundreds of kilometers offshore and are known as upwelling 
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filaments (Brink, 1983; Flament et al., 1985). Their dynamics were often associated with the 

interaction of the upwelling current and major topographic features such as capes or 

promontories (Batteen, 1997; Meunier et al., 2010) but can also result from the destabilization 

of the current (Ikeda et al., 1989; Haidvogel et al., 1991). In general, the interaction of any 

eddy with an upwelling front is able to generate those sub-mesoscale features. (Meunier et al., 

2012). Upwelling regions can therefore become areas of complex dynamics with the interaction 

of many structures of different scales. 

Associated with each EBUS is a poleward undercurrent that flows along the continental slope. 

The characteristics and dynamics of the poleward undercurrent vary between different EBUS. 

However in each EBUS the poleward undercurrent has an along shore orientation that is 

opposite to the flow of the surface currents. Typical velocity ranges from 0.1 to 0.3 m.s-1 in a 

flow between 100 to 300 m deep along the continental slope (Neshyba et al., 1989; Warren, 

1990). 

EBUS are among the richest eco-systems in the ocean because of the amount of productivity 

they sustain. EBUS "support a rate of fish harvest nearly 100 times the global mean and account 

for >20% of the world’s marine fish catch" (Rykaczewski and Checkley, 2008). The fisheries 

that EBUS support therefore have a major social and economic importance to adjacent nations.  

1.2. The Northwest African Upwelling System 

1.2.1. Main Characteristics 

The Northwest African Upwelling System (NWAUS) stretches from 12 – 43 °N it its broadest 

sense but is subject to seasonal shifts on both the northern and southern limits (Arístegui et al., 

2009). It is characterized by strong geographic diversity, unique upwelling responses and high 

seasonal variability (Arístegui et al., 2009).   
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The NWAUS is considered to be the coastal extent of the Canary current system (CanC). The 

CanC flows southward down the African coast with a poleward under-current and marks the 

eastern boundary of the North Atlantic Subtropical Gyre (Knoll et al., 2002; Batteen et al., 

2007). Mason et al. (2011) have noted the presence of a broad seasonal cycle but the path and 

variability of the CanC and interactions with the upwelling region remaining uncertain. 

Seasonal variability is strong; in winter the CanC moves offshore near Madeira where it 

Figure 2: The Northwest African Upwelling Ecosystem. (a) Schematic map showing capes 
and fresh water inputs (horizontal light blue arrows), major surface currents (light blue), 
slope currents (dark blue), dust inputs (shaded yellow), eddies (blue: cyclonic, red: 
anticyclonic) and water masses (NACW and SACW). (b) SST from 25 July 2007 with 
demarcations for the five sub-regions (SR1 – SR5) (Stark et al., 2007; Arístegui et al., 2009). 
PC: Portuguese Current, AC: Azores Current, CanC: Canary Current, NEC: North 
Equatorial Current, NECC: North Equatorial Countercurrent, MC: Mauritanian Current, 
NACW: North Atlantic Central Water, SACW: South Atlantic Central Water. 
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weakens and then later strengthens in the summer months to occupy a central flow between the 

African coast and Madeira (Stramma and Siedler, 1988).  

The capes along the African coastline and presence of the Canary Islands causes mesoscale 

turbulence which exhibits strong temperature and chlorophyll gradients (Knoll et al., 2002; 

Nieto et al., 2012). Following this the CanC then joins the North Equatorial Current (NEC) 

where it leaves the coast and heads southwest to the Atlantic (Barton, 1987). 

The NW African upwelling system presents all the features of typical EBUS: Cold water along 

the coast separated by a sharp temperature front, a surface intensified baroclinic equatorward 

jet and a poleward undercurrent.  The upwelling and associated surface jet are driven by the 

northeast trade winds occurring in these latitudes (Mittelstaedt, 1991). Trade winds are 

strongest in summer and strongly influenced by the seasonal shift of the Azores high-pressure 

cell (Mittelstaedt, 1991). The variability of the trade winds and impact of the Azores high-

pressure cell is varied between regions of the NWAUS. Due to the seasonal shifting of the trade 

winds upwelling is strongest in summer and autumn north of 25°N (Knoll et al., 2002).  

From 28 °N the poleward undercurrent has been observed to occur in all seasons with a mean 

speed of 12 cm.s-1 and maximum velocities in the upper 500m (Knoll et al., 2002). Largely 

confined to the continental slope, it is known to have a 30 to 60 km width and depth of several 

hundred meters (Barton, 1989; Knoll et al., 2002). 
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1.2.2. Mesoscale Features 

Strong mesoscale and submesoscale activity has been observed in the NWAUS with the 

presence of recurrent filaments near every major cape (Kostianoy and Zatsepin, 1996); Cape 

Ghir (Barton et al., 1998; Pelegrí et al., 2005), Cape Juby (Barton et al., 2004; Arístegui et al., 

2004) and Cape Blanc (Meunier et al., 2012). Numerous mechanisms have been proposed for 

generation of these filaments which include wind influence, eddy interaction, meandering of 

the equatorward jet, baroclinic instability and interaction of upwelling jet with the topography 

(Ikeda and Emery, 1984; Strub et al., 1991; Mooers and Robinson, 1984; Kelly, 1986). In any 

case, those filaments are related to eddy entrainment (Meunier et al., 2010, Meunier et al., 

Figure 3: Decadal trends between 1998 and 2007 from AVHRR and SeaWiFS data. (a) SST 
(°C). (b) Surface chlorophyll-a (Chl a, mg.m-3). Standard deviations are shown as inserts 
(Arístegui et al., 2009). 
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2012). They have a strong impact on the offshore export of nutrients and plankton from the 

coastal rich water and the oligotrophic ocean interior. 

Barton et al. (2004) also describe the CanC as "unique amongst the subtropical eastern 

boundary currents in that it flows through an archipelago of islands extending from near coast 

to open ocean". The island topography creates perturbations in the flow of the CanC that results 

in the formation of eddies that, as mentioned previously, exhibit strong temperature and 

chlorophyll gradients (Knoll et al., 2002; Barton et al., 2004; Nieto et al., 2012).  

In addition to this, eddies that interact with the coast and islands increase mesoscale turbulence 

in the region and draw cool, nutrient rich filaments away from the coast for up to several 

hundred kilometers (Arístegui et al., 1997; Barton et al., 2004).  

Flow perturbation appears to be strongest in summer but there is possibly bias in this 

observation as most data is collected in the summer months (Barton et al., 2004). Rodríguez et 

al. (1999) have found that eddies are frequent in winter months during weaker flow which 

potentially indicates that eddies may be a result of current flow disturbance. From observations 

in 1999, Barton et al. (2004) found a dozen eddies downstream of the Canary Islands, half of 

these were cyclonic (up to 50km diameter) and half anticyclonic that increased in size (up to 

100km diameter) as they moved further downstream. 

Constantly recurring filaments starting near Cape Juby (28.5 °N) appear to be related to the 

semi-permanent eddy in the Fuerteventura-Africa channel (Barton et al., 2004). Barton et al. 

(2004) state that "filaments would form whenever coastal upwelling is strong enough for the 

upwelling front and associated current jet to expand beyond the shelf to be entrained around 

the eddy". Filaments are usually located next to coastal irregularities (such as capes) and tend 

to appear in the same coastal locations like Cape Blanc,  Cape Juby and Cape Ghir which has 

been corroborated by satellite observations (Stevens and Johnson, 2003; Troupin et al., 2012).   
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1.2.3. Internal Waves 

Internal waves are found throughout the world’s oceans and have been extensively studied 

because of their ability to "influence oceanic current measurements, undersea navigation, 

antisubmarine warfare operations and even the feeding habits of marine animals" (Osborne and 

Burch, 1980). 

Jackson et al. (2012) provide a brief description; "internal waves propagate along a pycnocline 

in the ocean, the portion of the water associated with a sharp change in density, typically the 

result of differences in temperature or salinity". There are various ways in which internal waves 

can be generated. Typically they are produced through the interaction of the current and the 

topography. As the current encounters a topographic anomaly it is diverted upward generating 

a density anomaly that will then freely propagate as a gravity wave (Rattray, 1960). 

It has long been recognized that the heterogeneous nature of the northwestern African coastline 

possesses morphological structure that interacts with the CanC which is one of the drivers of 

the various processes in the region (Cruzado and Salat, 1981). The presence of internal waves 

has been documented although relatively few studies have been conducted on these 

phenomena. Internal waves have been recorded near the shelf break but seldom appear over 

the shelf (Salat and Font, 1977; Cruzado and Salat, 1981). 

Observations from Woods (1968) show that mixing of the thermocline can be influenced by 

breaking of internal waves as they move inshore over a continental shelf. There has been 

speculation on the dynamics of these breaking internal waves but due to lack of information on 

the time scale of these mixing events the dynamics of internal wave breaking and thermocline 

mixing are largely unresolved (Gregg et al., 1985).   A simple and commonly accepted 

hypothesis is that the random superposition of internal waves achieves sufficient amplitude and 
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disturbance at the thermocline to influence mixing (Stommel and Fedrov, 1967; Garrett and 

Munk, 1972; Desaubies and Smith, 1982).  

When internal waves, propagating shoreward from the deep ocean over a continental shelf their 

characteristics become dependent on the surrounding shelf region. Observations have found 

"the wavelengths are longer at the front than near the back of the wave packets and that the 

wavelengths are at least as long as or longer than the fluid depth above the shelf" (Djordjevic 

and Redekopp, 1978). 

Internal waves are challenging to record because they propagate in various directions, have 

different generation processes and may be in superposition (Jackson et al., 2012). To measure 

internal waves scientists usually require several stationary points of measurements in a given 

area and a composite understanding of the local hydrography and topography. Moving vessels 

are also able to measure internal waves but have greater difficulty in resolving these processes 

because of the inherent spatial variability of the vessel. 

1.2.4. Spatial and Seasonal Variability 

Due to the strong geographic diversity, unique upwelling responses and high seasonal 

variability the NWAUS has been split into five sub-regions (SR) (Figure 2b). Sub-region one 

to five are respectively; Galician (42-44°N), Portuguese (37-42°N), Gulf of Cadiz (33-37°N), 

Moroccan (33-37°N) and Mauritanian-Senegalese (12-21°N). 

Arístegui et al. (2009) provide a brief summary of the various sub-regions in terms of their 

ecosystem characteristics. The Galician and Portuguese sub-regions have summer upwelling 

of NACW with the presence of filaments. Additionally it has a narrow shelf with many capes 

and rivers inputting fresh water. The Gulf of Cadiz sub-region has intermittent peroids of no 

upwelling and is prone to coastal retention of water.  
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The Moroccan sub-region (MSR) is very geographically varied with a narrow shelf, capes and 

offshore islands. There is all year upwelling of either NACW or SACW that is seasonally 

varied. There is also dust that is inputted into the region that blows off the Sahara Desert. 

Finally the Mauritanian-Senegalese SR has input from freshwater rivers and dust from the 

Sahara desert. It has winter upwelling in an offshore poleward regime and upwells mainly 

SACW. 

The ecosystem characteristics of these regions illustrate the sheer diversity of the NWAUS. 

Figure 4 represents the differences between regions in terms of Ekman transport (-Qx). Most 

experience summer upwelling with the exception of the Mauritanian-Senegalese that 

experiences upwelling peaks in winter (Arístegui et al., 2009). The varied nature of the 

NWAUS often calls for research to be conducted on a zonal basis so that research can be 

manageable and within time and budget constraints. 

Figure 4: Long-term average seasonal cycle of the offshore Ekman transport calculated at 
the different sub-regions of the CanC upwelling (Arístegui et al., 2009). 
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1.2.5. Long Term Temporal Variability 

There has been speculation that in the face of climate change eastern boundaries of temperate 

and subtropical oceans may experience intensified upwelling via increased alongshore winds 

(Bakun, 1990; Barton et al., 2013). Previous studies have indicated reduced nocturnal cooling 

on land overnight would increase pressure gradients across land and sea resulting in increased 

equatorward wind and thus upwelling along Californian, Iberian, Moroccan and Peruvian 

coastlines (Bakun, 1990). More recent work has supported this theory through core analysis of 

Cape Ghir using an SST-alkenone proxy showed a 1.2°C reduction that correlated with 

increased CO2 levels since 1950 (McGregor et al., 2007). Additionally wind records from 

COADS (Comprehensive Ocean-Atmosphere Data Set) since 1950 have lent credence to this 

hypothesis (Barton et al., 2013). 

According to Barton et al. (2007) general cooling is not the long term trend. Firstly, there is no 

correlation with the northward movement of sub-tropical fish species as these fish would not 

prefer cooler waters. Secondly, these findings are inconsistent with warming of coastal regions 

and other studies finding reduced upwelling along the Moroccan coastline (Quéro et al., 1998; 

Belkin, 2009; Narayan et al., 2010; Pardo et al., 2011). Barton et al. (2007) conclude that 

coastal sea temperature is slowly increasing, wind estimates show differences in trends and 

variability and importantly that there is no substantial evidence for a general upwelling 

intensification. These data indicate that there is variability present that is both inter- and intra-

seasonal (Lathuilière et al., 2008).  

Figure 3 shows decadal trends in the NWAUS in SST and chlorophyll-a between 1998 and 

2007. Aristeguí et al. (2009) show a gradual warming of the surface water of 1 °C that is 

concentrated between 15 and 30 °N. There has been a decrease in chlorophyll-a production 

between 15 and 25 °N by 1 mg.m-3. There has been a sharp increase in chlorophyll-a by 1 
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mg.m-3 between 17 and 21 °N that is confined to the coast. This is potentially due added nitrates 

from dust that has been blown westwards from the Sahara desert and therefore not directly 

related to SST. 

1.2.6. The Moroccan Sub-region 

The MSR stretches from Cape Beddouza (33°N) down to Cape Blanc (21°N) and is 

characterized by a narrow shelf, capes and the presence of the offshore Canary Islands which 

cause extended filaments and island eddies (Arístegui et al., 2009). There is an all year 

upwelling with seasonal variation that is stronger in the summer months (Wooster et al., 1976; 

Arístegui et al., 2009). An interesting feature is dust input from the Sahara desert that increases 

primary production via dissolving nitrates. The main pelagic resources are Horse mackerel and 

Sardine with the main demersal resources being Blue Whiting, Sparids and Cephalapods 

(Arístegui et al., 2009). 

The heterogeneity of the MSR causes varied responses from the coastal processes in the region. 

Firstly, in addition to the island induced eddies, filament formation is prominent along Capes 

Ghir (~30 °N) and Juby (28.5 °N) (Arístegui et al., 2009). As shown in Figure 2 there is a 

Figure 5: Schematic cross-section of upwelling in the Moroccan sub-region (Arístegui et al., 
2009). 
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poleward undercurrent that persist year-round that is usually 100 km wide and about 300 m 

deep (Arístegui et al., 2009). At times this may interact with the surface current as the CanC 

has been known to reverse in late fall and winter, specifically between Cape Juby and the 

Canary Islands (Navarro-Pérez and Barton, 2001; Hernández-Guerra et al., 2002). The cause 

of the CanC reversal is potentially due to a weakening of trade winds during this time (Navarro-

Pérez and Barton, 2001; Hernández-Guerra et al., 2002). Due to the wide shelf there is evidence 

that near-shore counter currents are present but there have been few studies on the phenomenon 

(Mittelstaedt, 1991). 

The peak of the Ekman transport for the Moroccan Sub-region (MSR) is in June/July. Figure 

4 also shows that the MSR has the second highest level of transport of all sub-regions. 

Figure 5 shows a schematic cross-section of the upwelling in the MSR. The small circles show 

the equatorial wind stress that drive Ekman transport of water offshore represented by the grey 

arrows. The surface layer is replaced by onshore flow (black arrows) that upwells the 

pycnocline (green) that may separate from the coast due to the width of the shelf. Upwelling in 

this region is not confined to the coast with a large mixed region inshore of the outcropped 

isopycnals. The area in pink represents the surface intensified jet while the blue region denotes 

the poleward undercurrent that is trapped to the continental slope.  

1.3. Introduction 

The dynamics and processes of EBUS are not yet fully understood and there is still room for 

future research to deepen our understanding of these ecosystems. There is a growing need for 

research in these regions so that policy makers are able to make informed decisions about how 

to manage these dynamic resources in the face of increasing human population and climate 

change (Strub et al., 2013). The NWAUS is well studied and the coastal dynamics of this region 
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are largely understood at the main capes such as Cape Ghir, Cape Bojador and Cape Blanc. 

However the shelf region near Cape Juby (28.5 °N) (Figure 2) remains largely unstudied. 

Cape Juby is a unique point along the NWAUS because of the presence of the Canary Islands 

directly offshore that greatly influence mesoscale variability (Barton et al., 1998). Cape Juby 

therefore delimits a narrow canal between the African coast and the Canary Islands. It is known 

to be a place of filament development and an upwelling cell with enhanced upwelling near the 

Cape (Barton et al., 1998; Hernández-León et al., 2002; Arístegui et al., 2004).  

The Epure Project has run from January 2012 to December 2015. Its purpose is to further 

understand upwelling, seasonality and the presence of metal trace elements and their impacts 

on the fishing industry (Epure, 2015). The data considered in this report comes from two cruises 

performed in July and November 2013 aboard the IRD research vessel Antea. The cruises were 

conducted in the vicinity of the Moroccan coastline between Cape Juby (28.5 °N) and Agadir 

(30.4 °N) to further elucidate the processes that occur in this region. 

This report aims to a better description and understanding of the latter processes by the 

processing analysis of the EPURE data. The main question we intend to answer are: 

 What are the hydrographic conditions of the Cape Juby continental shelf area? 

o What are the dominant processes in this region? 

o What is their seasonal variability? 

The report is organized as follows. Chapter 1 provides a brief literature review and introduction 

to the project. The literature review discusses the main characteristics of EBUS with a focus 

on the NWAUS, particularly the Moroccan sub-region. Chapter 2 describes the data and 

methods used while chapter 3 presents the results and interpretations of the study.  Finally, a 

brief summary of the main results and concluding remarks are proposed in chapter 4.  
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Chapter Two: Data and Methods 

2.1. Methods 

The EPURE Project consisted of four cruises between June and December of 2013. Data 

relevant to this study were collected during cruise 1 and cruise 3 (also referred to as E1 and 

E3). E1 lasted from 27 June until 7 July and E3 lasted from 7 to 17 November.  The data were 

collected on the continental shelf between Cape Juby (28.5° N) and Agadir (30.4 °N). The two 

cruises mainly followed a similar course track with differences occurring in the length of the 

transects due to ship time limitation. E3 aimed to increase the sampled area and increase the 

data set with information that might give insights to seasonality. E3 also increased the number 

of sections while resampling several sections from E1. 

Cross-shore sections were measured from the coast to the shelf break between depths of 20 and 

100m. Currents, bathymetry and fish and plankton distribution were measured throughout the 

EPURE campaign with acoustic instruments (EK60 and ADCP). Physical parameters 

(temperature, salinity and density) were measured at different stations along the various 

sections. 
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Figure 7: Epure 3 cruise track showing cross-shore sections with red 
triangles representing CTD stations. 

Figure 6: Epure 1 cruise track showing cross-shore sections with red 
triangles representing CTD stations. 
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Figures 6 and 7 show the original cruise tracks of the E1 and E3. Other stations are marked for 

measurements that are outside the scope of this study and have therefore been excluded from 

this description. CTD stations are shown as red triangles.  

 

E1 (Figure 6) consisted of 8 sections that began near Agadir and moved in a south easterly 

direction toward Cape Juby. E3 (Figure 7) consisted of 11 section of which only 9 yielded 

usable data. The cruise (E3) started at Cape Juby and moved in a north westerly direction. To 

account the opposing cruise trajectories sections have been assimilated into 13 locations (blue) 

from A to K. ‘Locations’ allow for easier comparison of sections that occupy the same space. 

Figure 8: Epure 1 sections (red) Epure 3 sections (black) over 13 locations (A - K). 
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There are only 6 locations (B, C, D, G, E & I) that have been sampled by each cruise. These 

locations are ideal for comparison across time intervals. 

2.1.1. Data Acquisition 

A variety of instruments were used throughout all the EPURE legs. For the purpose of this 

report only the relevant instruments are listed and briefly described.  

2.1.1.1. CTD 

A Seabird CTD 911 with sensors for temperature, conductivity, pressure, turbidity, oxygen, 

and fluorescence was attached to a rosette and was used for the vertical profiles (Figures 6 and 

7). The rosette also allowed collection of water samples at various depths (Figure 9). Complete 

with attachments, it is a large device and so a Seabird CTD SBE19 with sensors for 

temperature, conductivity, pressure, turbidity, oxygen, fluorescence and was used in 

conjunction with a  CTD 911 for E3. The smaller Seabird CTD SBE19 was able to perform 

vertical profiles directly from the deck without using a rosette. This dramatically increased the 

number of possible stations for E3.  

During E1, certain locations were sampled twice within eight hours of each other to examine 

temporal changes over short periods and day/night changes. The direction of the sections were 

either coast-ward or ocean-ward and usually alternated throughout each leg. 
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The average descent speed of the CTD was 1 m/s. During E3 a specific location (28°53,29'N ; 

12°15,52'W) was repeatedly resampled 32 times (over 3 hours) to test for the presence of 

solitons. This is marked on Figure 8 as the green dot on Location G. Each descent took on 

average a total of seven minutes.  

For analysis, sections from Locations I, G and E were chosen for comparisons with sections 

from the same locations from E3. Locations I, G and E are favourable for E1 because of their 

length (Figure 8) as well as the number of vertical profiles per section (Table 1). 

 

 

Figure 9: Implementation of the Seabird CTD 911 on the rosette with sensors for temperature, 
conductivity, pressure, turbidity, oxygen and fluorescence. 
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Table 1: Epure 1 brief summary of sections 

Section  Location Start End # Profiles Direction 
Time GPS Time GPS 

1 I 02h31 
(29-06) 

28.414 °N 
11.480 °W 
 
 

19h45 
(29-06) 

28.883 °N 
12.092 °W 

5 Offshore 

2 H 12h11 
(30-06) 

28.311 °N 
11.656 °W 
 

23h23 
(30-06) 

28.853 °N 
12.157 °W 
 

4 Offshore 

3 G 17h55 
(01-07) 

28.250 °N 
11.836 °W 
 

06h00 
(02-07) 

28.914 °N 
12.282 °W 
 

4 Offshore 

4 F 08h13 
(02-07) 

28.174 ° N 
11.996 °W 
 

22h45 
(02-07) 

28.815 °N 
12.382 °W 
 

4 Inshore 

5 E 12h12 
(03-07) 

28.101 °N 
12.171 °W 
 

22h51 
(03-07) 

28.693 °N 
12.439 °W 
 

5 Offshore 

6 D 10h43 
(04-07) 

28.048 °N 
12.527 °W 
 

18h45 
(04-07) 

28.513 °N 
12.679 °W 
 

4 Offshore 

7 C 23h15 
(04-07) 

28.006 °N 
12.926 °W 

 

04h34 
(05-07) 

28.242 °N 
13.160 °W 
 

3 Offshore 

8 B 08h00 
(05-07) 

28.094 °N 
12.748 °W 
 

12h42 
(05-07) 

28.361 °N 
12.897 °W 
 

2 Inshore 

 

For E3 the sections chosen from Locations I, G and E have 8, 6 and 7 vertical profiles 

respectively (Table 2), making them good candidates for analysis. The sections at these 

locations are also the three longest of the E3 cruise. 
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Table 2: Epure 3 brief summary of sections 

Section  Location Start End # 
Profiles 

Direction 
Time GPS Time GPS 

1 A 07h45 
(10-11) 

27.872 °N 
13.137 °W 
 

10h18 
(10-11) 

27.956 °N 
13.252 °W 
 

3 Offshore 

2 B 18h58 
(10-11) 

28.051 °N 
12.970 °W 
 

20h00 
(10-11) 

28.101 °N 
13.019 °W 
 

2 Inshore 

3 C 23h33 
(10-11) 

28.025 °N 
12.714 °W 
 

04h23 
(11-11) 

28.296 °N 
12.870 °W 
 

4 Offshore 

4 D 10h35 
(11-11) 

28.116 °N 
12.546 °W 
 

16h37 
(11-11) 

28.460 °N 
12.660 °W 
 

5 Inshore 

5 E 23h04 
(11-11) 

28.155 ° N 
12.195 °W 
 

09h01 
(12-11) 

28.639 °N 
12.412 °W 
 

7 Offshore 

Hov. G 17h35 
(12-11) 

28.888 °N 
12.259 °W 

22h00 
(12-11) 

28.888 °N 
12.259 °W 

32 Stationary 

6 G 00h05 
(13-11) 

28.342 °N 
11.893 °W 
 

11h22 
(13-11) 

28.887 °N 
12.260 °W 
 

6 Offshore 

7 I 20h17 
(13-11) 

28.449 °N 
11.531 °W 
 

06h38 
(14-11) 

28.838 °N 
12.038 °W 
 

8 Offshore 

8 J 16h45 
(14-11) 

28.609 °N 
11.378 °W 
 

23h21 
(14-11) 

28.918 °N 
11.679 °W 
 

6 Inshore 

9 K 05h05 
(15-11) 

28.792 °N 
11.183 °W 

18h43 
(15-11) 

29.158 °N 
11.386 °W 

4 Offshore 

 

2.1.1.2. ADCP 

An Acoustic Doppler Current Profiler (ADCP) was used to determine the velocity at different 

depths of the water column. An ADCP can be placed on a fixed point such as the sea floor or 

a river bed. In this case it was placed on the bottom of the vessel to measure the velocity field 

during the cruise. Using the Doppler effect it transmits ‘pings’ at a fixed frequency and records 

the backscatter as the sound waves bounce off particles that are suspended in the water column. 

When the sound waves return, particles travelling towards the ADCP will have a different 
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frequency depending on the velocity of the reflector and thus of the surrounding current. 

(Ocean Instruments, 2015). 

The 150 kHz ADCP calculated velocity over 16 m cells. For the depth range we explored, an 

additional 600 kHz RDI workhorse ADCP was used. This ADCP calculated the velocity over 

1 m cell, which is more relevant for the purpose of our cruise. Unfortunately, its scope is only 

about 50 m. During E1 there were electrical difficulties with the ADCP. These problems were 

soon resolved but as a consequence there is no data for the first two sections of Epure 1 

(locations I and H). 

The ADCP data was cleaned and processed by the Laboratoire Domaine Océanique at the 

Insititut Universitaire Européen de la Mer (France Floc’h, pers. comm. August 2014). 

The third ADCP (75 kHz) was used to gauge the current velocities at depth intervals of 4 to 9 

m, 9 to 14 m, 14 to 19 m and 24 to 29 m. For each of these cross-shore sections the along shore 

component was also calculated and represented with the vertical maps for locations I, G and 

H. The along shore current was calculated using the same equations for along and cross-shore 

wind (section 2.1.3). 

2.1.1.3. EK60 

A SIMRAD EK60 echo sounder is normally used for fish stock assessment. It is an acoustic 

instrument that transmits ‘pings’ at various frequencies and records the backscattered data. It 

uses four quadrats that are excited in parallel (split-beam nature) which allows for tracking of 

particles that are in suspension. For this application the EK60 locates the position of plankton 

and necton and therefore estimates the position of the thermocline through a biological proxy.  

The EK60 transmitted at 38, 70, 120 and 200 kHz giving a slightly different image of the water 

for each frequency. The transducer was placed 3 m below the surface of the water on the ship’s 

hull. For location of the thermocline the most accurate frequency was 120 kHz which would 
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pulse every 256 microseconds with a 64 microsecond sample rate. Data was then processed 

with Echopen 1.6 using algorithms for 120 kHz. Echopen 1.6 was compiled in MATLAB ® 

and is provided by SIMRAD.  

2.1.2. Hydrographic Data Processing 

Information was extracted from the CTD and checked against manually recorded time stamps 

for CTD stations. Several errors were found relating to GPS locations of CTD profiles. These 

were corrected except for one location on Epure 3 Section 2 (location B) and this was removed 

from the study. This explains why the Epure 3 Section 2 is very short at location B. 

Vertical and horizontal maps were interpolated from the original vertical profiles (CTD 

stations). Several interpolation schemes were tested until a linear interpolation scheme was 

chosen. The Barnes Algorithm (Barnes, 1973) was also tested but not used due to initial erratic 

results and time constraints. Individual temperature, salinity and density profiles were 

examined in vertical and isopycnic contours, in order to validate the interpolation and to help 

further interpretation.  In E1, several of the CTD stations were sampled twice with a 12 hour 

gap to examine day-night temperature oscillations.  

Horizontal maps were created at each depth (every 1m) for density, salinity and temperature 

on both cruises. The final depths used were 6, 21, 41 and 61m. The longitudinal gridstep was 

used for interpolation was 5.5 km and the vertical girdstep was 1 m.  

Temperature-Salinity Plot 

A standard TS plot was created for the identification of water masses. A standard routine from 

the Woods Hole Science Centre (1998) was downloaded and applied for this calculation. 
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Position of the Front and Depth of Mixed Layer 

The position of the front was defined as the location of strongest temperature gradient along 

the cross-shore direction. The interpolated data from the horizontal maps was used for this 

application. The gradient was computed using a centred 6-grid point finite difference scheme. 

The mixed layer depth was computed using the same method among a vertical profile. 

Climatological Data 

Horizontal sections of temperature and salinity from the World Ocean Atlas (WOA13) 

compiled by the National Oceanic and Atmospheric Administration (World Ocean Atlas, 

2013) were also used. WOA13 "is a set of objectively analysed (0.25° grid) climatological 

fields of in-situ temperature, salinity, dissolved oxygen, Apparent Oxygen Utilization (AOU), 

percent oxygen saturation, phosphate, silicate, and nitrate at standard depth levels for annual, 

seasonal, and monthly compositing periods for the World Ocean. It also includes associated 

statistical fields of observed oceanographic profile data interpolated to standard depth levels 

on 5°, 1°, and 0.25° grids" (Levitus et al., 2005; Levitus et al., 2009; World Ocean Atlas, 

2013). 

2.1.3. Wind Data 

Data were obtained from MyOcean online-catalogue where the specific product consisted of a 

0.125° resolution ASCAT level 3 ocean wind surface product compiled from QuickScat sensor 

on Aqua. According to MyOcean (2015); "the L3 global wind product of MyOcean is 

composed of daily gridded observations of the scatterometer on a regular lat-lon grid, using 

Gouraud shading interpolation technique. Data from ascending and descending passes are 

gridded into separate files". These data were extracted for the period of the cruises as well as 

one week before. 
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Along and Cross-shore Wind 

Figure 8 shows a blue line indicating an alongshore tangent. The QuickScat data were recorded 

as north-east positive, in this study the data was transformed to be alongshore and south-west 

positive. Firstly the north and east wind components were projected on the along and cross-

shore direction. 

If we considered the ends of the tangent to be X1, X2 and Y1, Y2 we first need to find the 

angle of the tangent to the coast, θ. 

𝜃 = 𝑡𝑎𝑛−1
(𝑌2 − 𝑌1)

(𝑋2 − 𝑋1)
 

Following this we then project the northward and eastward components onto this angle to find 

the alongshore (Ua) wind. 

𝑈𝑎 = 𝑈. 𝑐𝑜𝑠𝜃 + 𝑉. 𝑠𝑖𝑛𝜃 

 Cross-shore (Uc) wind was also calculated 

𝑈𝐶 = −𝑈. 𝑠𝑖𝑛𝜃 + 𝑉. 𝑐𝑜𝑠𝜃 

Internal Waves 

A total of 32 vertical profiles were recorded (28.888 °N 12.259 °W) during E3 (Figure 8) over 

3 hours. Each profile descent took 7 minutes. These vertical profiles were assimilated into a 

Hövmoller plot. This was a fixed location which indicated the presence of internal waves or 

solitons. 

EK60 data was examined in MATLAB where perturbations of the thermocline were considered 

to show the presence of internal waves. In this study the two snapshots were chosen for each 

cruise and the amplitude of the internal waves were recorded. 
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Chapter Three: Results and Interpretation 

3.1. Results 

3.1.1. Epure 1 

3.1.1.1. Context 

Figure 10: SST on 28 June at 11h30. 

Figure 11: Position of the front in relation to along and cross-shore wind before and 
throughout the Epure 1 cruise. 
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Figure 10 shows SST acquired from MODIS on 28 June at 11h30. The area shown in the map 

is the MSR of the NWAUS. These data show the conditions 3 hours before the first CTD cast 

from E1. Two distinct zones of upwelling are discernible in our survey area. Along the coast 

south-west of Cape Juby (27.95°N 13°W to 27°N 13.5°W) there is cool water close to the coast 

(approximately 17 °C). This cool water extends offshore to the edge of the shelf break at the 

200 m isobath. Between 28°N 12.6°W and 28.25°N 11.7°W there is a small strip of upwelling 

with coastal water around 18 °C. This upwelling is much less intense and remains close to the 

coast within the 50 m contour. It is possible that the gaps of information on the graph are a 

result of fog and that some low intensity coastal upwelling is present between 28.25°N 11.7°W 

and 28.9°N 11°W.  

From 28.8 °N 12.5°N to 29.5 °N 11.5°W there appears to be a secondary upwelling close to 

the 200 m isobath. It is weaker than the other upwelling regions and the front is disturbed by 

Figure 12: Surface wind speed on 29 June 2013 at 00h00. 
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the presence of mesoscale activity. Moving directly inshore from 28.8 °N 12.5°N there is a 

patch of warm water at 28.35 °N 12.25 °W (21 °C) and then cooler water closer to the coast.  

Figure 11 shows the intensity of along and cross-shore wind stress for the duration of the E1 

(28 June – 4 July) and six days prior to the start of the field work (22 – 27 June). The cross-

shore wind in this figure is calculated from a line drawn parallel to the shore that is shown in 

Figure 8. The wind is positive (south westward) throughout the sampling period which means 

it is therefore upwelling favourable. Prior to the 24th there was little or no along shore wind. 

From the 24th the along shore wind builds from 0.2 m.s-1 to a peak of 6.8 m.s-1 on the 28th but 

then suddenly decreases during the next 24 hours. Just after midnight on the 29th the wind has 

fallen to 1.8 m.s-1 and then rises somewhat erratically to 7.5 m.s-1 at noon on the 2nd. Between 

the 29th and the 2nd there is a peak during the afternoon of the 30th (6.25 m.s-1) and two drops 

in wind speed at midnight of the 30th (2.6 m.s-1) and early afternoon on the 1st (4.85 m.s-1). From 

noon of the 2nd the wind uniformly decreases over the next two and half days until it reaches 

2.5 m.s-1 at midnight of the 5th. 

A snapshot of the surface wind velocity 12 hours prior to the start of field work is shown in 

Figure 12. At 30 °N 10 °W there is a patch of wind stress curl that is a quasi-permanent or 

recurrent feature in this particular area. Directly north-east of Cape Juby (28 °N 13 °W) the 

wind is blowing towards the coast, meaning that it is more cross-shore than along shore and 

therefore less upwelling favourable. This corresponds to Figure 10 at 29-06. 
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3.1.1.2. Hydrography 
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Figure 13 (a,b,c,d) shows horizontal maps of temperature at respectively 6, 21, 41 and 61 m. 

At 6 m, a sharp front separates coastal cold water (about 17.5°C) to warmer offshore water 

(over 19°C). The front enters the surveyed area from the north (28.1°N 13°W) with a significant 

cross-shore component and then meanders near 28.3°N 11.8°W and aligns with the coastline 

between 28.3°N 11.75°W and 28.4°N 11.6°W.  The temperature front is still obvious at 21 m 

and has an along shore orientation within the whole surveyed area. It is defined by a strong 

gradient between the 16 to 18 °C isotherms.  A circular patch of warmer water within the 

enclosed 18.8 °C isotherm is evident near 28.5°N 12.45°W, just offshore of the upwelling front. 

At greater depths (41 and 61 m), the front is still discernible but broadens and is centred near 

the shelf break. It still has an alongshore orientation. The water temperature ranges from 16°C 

near the coast to 18°C offshore. 

Horizontal maps of salinity at 6, 21, 41 and 61 m are shown in Figure 14 (a,b,c,d). At 6 m there 

is no clear front and the main feature is a zone of high salinity (36.5 psu) at the northern extent 

of the surveyed area (28.8°N 12.25°W). At 21 m there is high spatial variability with a patch 

of slightly less saline water enclosed within the 36.275 psu isohaline near 28.35°N 12.2°W.  

At 41 m, smooth front between the 36.275 and 36.35 psu isohalines is observed and has a clear 

alongshore orientation. The front enters the surveyed zone at 28.1°N 12.95°W, briefly 

meanders offshore near 28.65°N 12.15°W and then re-aligns with the coast between 28.5°N 

12°W and 28.55°N 11.75°W. At 61 m the front is still present with a similar pattern to 41 m 

with a corresponding patch of slightly less saline water (36.275 psu) at 28.65°N 12.15°W. 

Figure 15 (a,b,c,d) shows horizontal maps of density at respectively 6, 21, 41 and 61 m. The 

pattern of density shows an important similarity with temperature. Denser water corresponds 

with cooler temperatures and the fronts can be found in the same positions (Figure 13).  
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At 6 m, a sharp front separates dense coastal water (26.4 kg.m-3) to less dense offshore water 

(less than 25.9 kg.m-3). The front enters the surveyed area (28.1°N 13°W) with a significant 

cross-shore component and then meanders towards the coast near 28.3°N 11.9°W and aligns 

with the coastline between 28.3°N 11.75°W and 28.4°N 11.6°W. At 21 m the front becomes 

more obvious, retaining an along shore orientation throughout with a slight offshore meander 

(at the point 28.45°N 11.75°W) and then returning to its along shore position along the 26.6 

kg.m-3 isopycnal.  

At 41 m the front is still present with an along shore orientation. There is a slightly less dense 

patch of water found at 28.32°N 12.95°W within the 26.4 kg.m-3 isopycnal. At 61 m the front 

is present with the same orientation as before. 
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The vertical structure of the temperature, salinity and density fields along three Locations (I, G 

and E) are shown in Figures 16, 17 and 18. 

The temperature at section I (Figure 16a), upwelling is evident within the whole map with all 

isotherms rising towards the coast between 11.92°W and 11.52°W. The thermocline outcrops 

near the coast (11.51°W) and is centred around the 17.5°C isotherm which is 45 m deep near 

12.1°W. Between 12.1°W and 11.92°W the isotherms are more evenly spaced where their slope 

increases with depth. 

There are clear signs of upwelling in the salinity field (Figure 16b). Between 11.92°W and 

11.52°W there is a salinity inversion with a tongue of saltier water (36.3 psu) protruding inshore 

that is surrounded above and below by fresher water (36.25 psu). Between 12.1°W and 

11.92°W the front is obvious between the 36.55 and 36.3 psu isohalines, which extend into an 

inshore salty tongue. 

The density structure (Figure 16c) is similar to that of temperature and the pycnocline is at the 

same position as the thermocline along the 26.3 kg.m-3 isopycnal. The 26 kg.m-3 isopycnal 

outcrops at 12°W and 11.75°W. 

Upwelling is evident throughout the temperature at location G (Figure 17a). Between 12.15°W 

and 11.84°W the thermocline is particularly sharp and centred around the 17.5 °C isotherm 

which is about 35m deep at 12.15°W and outcrops near the coast. Isotherms are gently sloping 

from 12.15°W to 11.95°W but the slope increases towards the coast eastward of 11.95°W. 

Between 12.27°W and 12.15°W the isotherms are more evenly spaced with flatter isotherms 

near the surface (19.5 °C at 20 m) and steeper isotherms at greater depths. 

Salinity (Figure 17b) has no clear upwelling signal near the coast. Between 12.15°W and 

11.84°W we observe saltier water (36.3 psu) deeper than 20m and fresher water (36.25 psu) 
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between the surface and 20 m. Between 12.27°W and 12.15°W there is a strong horizontal 

gradient between the 36.6 and 36.3 psu isohalines, approximatively over the shelf break. 

The density field (Figure 17c) shows similar patterns as the temperature field: the pyncocline 

is located at the same depth as the thermocline. Between 12.27°W and 11.95°W the isopycnals 

have a slight positive slope with this slope increasing eastwards of 11.95°W towards the coast. 

For temperature at location E (Figure 18a), the thermocline (centred around the 17.5 °C 

isotherm) remains horizontal between 12.45°W and 12.25°W at approximately 25 m depth. 

Eastward of 12.25°W the isotherms' slope increases until the thermocline outcrops near 

12.2°W. East of 12.25°W there is also a strong horizontal gradient between the surface and 20 

m depth with a weak localized upwelling. The 19 °C isotherm outcrops at 12.3°W and 

12.24°W. 

The salinity distribution along this location is shown on figure 18b. The salinity gradient near 

the coast is weak but discernible. Between 12.45°W and 12.25°W the most striking features 

are the tongues of salinity inversion. The first one is a patch of saltier water at 40 m depth 

(12.3°W) within the 13.34 psu isohaline. This patch corresponds to the circular patch on Figure 

14c at 28.5°N 12.4°W. The strongest centre of inversion is at 50m between 12.45°W and 

13.35°W that is delineated by the 36.34 psu isohaline with the centre of the patch reaching a 

salinity of 36.38 psu. This inversion also corresponds to Figure 17c. 

Density (Figure 18c) and temperature (Figure 18a) show similar patterns. The pycnocline 

(centred around the 26.3 kg.m-3 isopycnal) and the thermocline lies approximatively at the same 

depth. We observe the same flatness of isopycnals between 12.45°W and 12.25°W. East of 

12.25°W there is a vertical horizontal gradient as well as the outcropping of the 26 kg.m-3 

isopycnal between 12.3°W and 12.24°W. 
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3.1.1.3. Velocity Field 
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The vertical structure of the along shore current at location G is shown in Figure 17d. Between 

12.125°W and 12°W there is a strong vertical shear between 10 and 20 m with a maximum 

surface velocity of 0.5 m.s-1 that decreases with depth to 0 m.s-1 below 20m. West of 12.125°W 

(near the salinity front described in the previous map), the flow is less intense and appears to 

be more barotropic.  

Along location E (Figure 18d), the along shore current is strongly vertically sheared. Between 

12.375°W and 12.2°W there is a very strong along shore current between the surface and 20 m 

depth reaching velocities of 0.5 m.s-1 at the centre of the jet.  

Figure 19 shows the velocity field at 4 depth levels (a: 4 to 9 m, b: 9 to 14 m, c: 14 to 19 m, 

d: 24 to 29 m) recorded over the six days of Epure 1.  One striking feature of the velocity 

field is the presence of several zones of strong convergence and divergence. 

A strong jet-like current is present near Cape Juby (28.25°N 13.15°W). It is surface intensified 

with velocities reaching 0.5 m.s-1 near the surface, and decreasing to 0.35 m.s-1 between 24 and 

29m. At the northern extent of the surveyed area (28.85°N 12.35°W) there is a slightly surface 

intensified current that reaches velocities of over 0.4 m.s-1 near the surface, and decreasing to 

approximately 0.35 m.s-1 between 24 and 29 m. This current then exits the surveyed area in a 

westerly direction. It is possible that this current then meanders in a south westerly direction 

around the edge of the surveyed zone and connects to the Cape Juby current at 28.25°N 

13.15°W. 

There is another current with a strong surface velocity that is observed at 28.35°N 12.18°W 

and 28.35°N 12.28°W. This current is strongly vertically sheared with surface velocities 

reaching 0.5 m.s-1 and then rapidly decreasing to less than 0.2 m.s-1 between 14 to 19 m. It is 

possible that this current continues its westerly trajectory and then meanders in a north westerly 

direction at 28.45°N 12.7°W. Following this it may connect with the proposed trajectory of the 
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current described at the northern extent (28.8°N 12.35°W) and also connect to the Cape Juby 

current at 13.15°W 28.25°N. 

 

3.1.1.4. Internal Waves

 

Figure 20: EK60 snapshot from E1 at Location I. 

Figure 21: EK60 snapshot of E1 at Location G. 
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The acoustic data from the EK60 shows perturbations of the pycnocline (thick central line) 

for locations I and G in Figures 20 and 21 respectively. Over approximately 37 minutes, 700 

pings were transmitted and received with each ping taking 3 to 4 seconds. 

Figure 20 was recorded between 14:24:09 and 15:00:43 on the 29th of June 2013 over 36 

minutes and 34 seconds (34 min 36 s). After 20 min 08 s, there is a vertical excursion of the 

pycnocline from 15 to 40 m deep. This is possibly a soliton or several internal waves in 

superposition. There are also six smaller deviations of the pycnocline between 20 and 30 m. 

In Figure 21 the measurement started at 00:00:22 on 2nd July 2013 end at 00:37:46 on the 

same day with a duration of 37 min 24 s. There is a large displacement of the pycnocline after 

05 min 07s where the pycnocline dips from 15 to 30 m. Between 07 min 43s and 12 min 58s 

there appear to be two smaller waves between 15 and 25 m. 
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3.2.2. Epure 3 

3.2.2.1. Context 

 

 

 

Figure 23: Position of the front in relation to along and cross-shore wind before and 
throughout E3. 

Figure 22: SST on 9 November 2013 at 14h10. 
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Figure 22 shows the sea surface temperature on 9 November 2013 at 14h10, roughly 24 hours 

before the E3 cruise. Three zones of enhanced upwelling are obvious on the map : a large patch 

centred near 30.5 °N 10°W , the region just south of Cape Juby from 27.95°N 13°W to 27°N 

13.5°W and the coastal region near 29.5°N 11.7°W  with coastal temperatures ranging between 

17 and 18 °C inshore of the 200 m isobath. Mesoscale activity, obvious as complex eddy and 

filament-like SST patterns are obvious near 28.4°N 12.3°W. A filament extends from 27.45°N 

14.5°W to 27.8°N 15.1°W with a surface temperature of approximately 21 °C.  There are warm 

and cool patches of water just offshore of the upwelling regions that are likely to be eddies. 

The intensity of along and cross-shore wind stress for the duration of E3 (10 – 15 November) 

and eight days prior to the survey (3 – 9 November) is shown on Figure 23. The long period of 

sustained positive along shore wind indicates favourable conditions for strong upwelling to 

develop although the wind eventually became erratic and varied between individual locations. 

Figure 24: Surface wind speed on 9 November 2013 at 12h00. 
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Early on the 3rd the along shore wind is 7.4 m.s.1 and falls over the next few days until it then 

increases from the 6th to reach 7.4 m.s-1 again on the 7th, 3 days before sampling begins. Over 

the next 48 hours the along shore wind further increases to 7.6 m.s-1 on the 9th, 24 hours before 

recording begins. At noon on the 10th the wind is 2.65 m.s-1 and then falls to 0 m.s-1 just before 

midnight of the 11th. For the rest of the recording period the along shore wind becomes very 

erratic. For the next 26 hours it increases to 5 m.s-1 just after midnight of the 12th and then drops 

to 2.4 m.s-1 just before midnight of the 13th. The 13th then sees a rise to 5 m.s-1 at noon. In the 

early hours of the 14th the along shore wind is approximately 6.2 m.s-1 and then rapidly falls to 

0 m.s-1 in very late evening of the same day. From the late hours of the 14th the along shore 

wind rises to 2.5 m.s-1 at the beginning of the 15th. 

Figure 24 shows a wind velocity map of the 9th November 2013 at 12h00 which is around 2 

hours before Figure 22 was taken. There is strong wind offshore while the wind is weaker near 

the coast. Near Cape Juby (28 °N 13 °W) the wind appears to be slightly more along shore 

consistent with the stronger upwelling as inferred from SST in Figure 22 at 27.95°N 13°W to 

27°N 13.5°W. 
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3.2.2.2. Hydrography 
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Figure 25 (a,b,c,d) shows horizontal maps of temperature at respectively 6, 21, 41 and 61 m. 

At 6 m, despite a high spatial variability, there is evidence of localized upwelling at the southern 

extent of the surveyed area just offshore of Cape Juby (27.8°N 13.15°W) where there is a small 

patch of cold water delimited by the 17.125 °C isotherm between 28°N 13.25°N and 28°N 

12.5°W. North of the Cape Juby upwelling cell there is an area of warm water (near 28.35°N 

12.95°W) enclosed within the 20 °C isotherm. There is also a second zone of less intense 

upwelling at the eastern extent of the surveyed area within the 19 °C isotherm (28.9°N 11.35°N 

to 28.35°N 11.65°W). The centre of this zone has a temperature of 18.125 °C (28.65°N 

11.4°W). 

At 21 m there appears to be a well-defined upwelling front with a significant along shore 

orientation that is centred around the 18 °C isotherm. The front enters the surveyed area at 

28.65°N 13. 4°W and meanders towards an along shore orientation to 28.9°N 11.35°W.  Near 

27.8°N 13.15°W, a patch of cooler water is obvious inshore of the 17 °C isotherm.  Between 

28.35°N 11.75°W and 28.65°N 11.25°W there is an elongated patch of cooler upwelled water 

within the 16.75 °C isotherm. Around 28.35°N 12.95°N, a patch of warm water is enclosed 

within the 20 °C isotherm. 

At 41 m the front becomes less obvious with more mesoscale and sub-mesoscale structures. 

However, there is a large cool patch of water enclosed within the 16.5 °C isotherm near 28.5°N 

11.7°W. At the northern extent of the surveyed area (28.9°N 12.25°W) there is a zone of 

warmer water offshore of the 18 °C isotherm. At 61 m the along shore front broadens but is 

still discernible and centred around the 17 °C isotherm between 27.8°N 13.35°W and 29.1°N 

11.55°W. 

Figure 26 (a,b,c,d) shows horizontal maps of salinity at respectively 6, 21, 41 and 61 m. The 

distribution at 6 m shows high spatial variability. There is a narrow strip of saline water (36.5 
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psu) at the northern extent of the surveyed area (28.95°N 12.25°W to 29.1°N 11.45°W). A 

patch of less saline water is delineated by the 36.375 psu isohaline at 28.65°N 11.4°W. There 

is also a small patch of slightly more saline water is observed near the coast (28.28°N 12.25°).  

At 21 m there are three patches of less saline water of approximately 36.35 psu (28.35°N 

12.35°W, 28.3°N 11.95°W and 28.5°N 11.1°W). The most saline of these patches (observed at 

28.28°N 12.25 at 6 m) is smaller but visible within the 36.4 psu isohaline. At the northern 

extent of the surveyed area there is a strip of more saline water (28.9°N 12.35°W to 29.1°N 

11.75°W) with salinity greater than 35.5 psu. 

At 41 m there appears to be a salinity front with an along shore orientation that separates saline 

water offshore (over 36.5 psu) along the north eastern boundary of the surveyed region with 

less saline water inshore. The front is centred along the 36.425 psu isohaline which starts near 

27.8°N 13.35°W and runs to 29.1°N 11.5°W. There is a large patch of less saline water centred 

at 28.5°N 11.6°W that is delineated by the 36.35 psu isohaline.  

At 61 m the front becomes more obvious. The front retains its along shore orientation and is 

now centred around the 36.4 psu isohaline, just over the shelf break. 

Horizontal maps of density at respectively 6, 21, 41 and 61 m are shown on Figure 27 (a,b,c,d). 

Temperature and density have a similar distribution at all given depths with a sharp front 

offshore of Cape Juby (27.8°N 13.15°W) at 6 m. At 21, 41 and 61 m the along shore front holds 

the same positions for density and temperature. Salinity and density patterns show similarity at 

41 and 61 m with a front located on the off shore extent of the surveyed region. This pattern is 

very similar to E1. 

At 6 m there is a mass of dense water found south of the 26.2 kg.m-3 isopycnal between 28°N 

13.25°N and 28°N 12.35°W. At the centre of this delineation water density is 26.45 kg.m-3 just 

offshore of Cape Juby at 27.8°N 13.15°W. North of Cape Juby there is a patch of less dense 
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water (28.35°N 12.95°W) enclosed within the 25.9 kg.m-3 isopycnal. A small region of more 

dense water at the eastern extent of the surveyed area (28.9°N 11.4°N to 28.35°N 11.65°W) is 

delineated by the bold 26.2 kg.m-3 isopycnal.  

At 21 m there is strong front with a significant along shore component that is centred between 

the 26.2 and 26.6 kg.m-3 isopycnals. The front enters the surveyed area at 28.65°N 13.4°W and 

meanders with an along shore orientation to 28.9°N 11.3°W. At 28.35°N 12.95°N there is a 

patch of less dense water within the 26 kg.m-3 isopycnal. 

At 41 m the front becomes less obvious but is still present with an along shore orientation. At 

41 m there are three patches (two small and one large) of lighter water (28.35°N 12.95°W, 

28.3°N 12.55°W and 28.85°N 12.25°W) that are all below 26.4 kg.m-3. There is a patch of very 

dense water at 28.6°N 11.55°W shown within the 26.75 kg.m-3 isopycnal. 

At 61 m the orientation of the front is weak but discernible and retains an along shore 

orientation.  
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A more detailed view of the vertical distribution of temperature, salinity and density can be 

found in the vertical maps in Figures 28, 29 and 30.  

Temperature in location I (Figure 28a) shows a net upward slope of the isotherms between 

12.05°W and 11.55°W. The thermocline appears to be centred around the 18 °C isotherm. At 

11.95°W the thermocline rises from about 45 m with sloping isotherms towards the coast up 

to a depth of 30 m at 11.9°W. Between 11.9°W and 11.75°W the isotherms are almost flat 

until 11.725°W. The isopycnals then take a negative slope and the thermocline drops to 40 m 

at 11.7°W.  Eastward of 11.7°W the thermocline gradually rises to a depth of 20 m near the 

shore. The 19 °C isotherm also outcrops at 11.66°W. 

The salinity map (Figure 28b) shows some anomalous points within the first few metres. 

These anomalies were likely caused by an increase in bubbles and were then removed from 

three of the CTD stations. Starting offshore (12.05°W) towards the coast (11.55°W) there is 

an overall decrease in salinity that follows no clear frontal pattern. The 36.38 psu isohaline 

outcrops at 11.68°W.The salinity map shows some high spatial variability and perhaps the 

most striking feature is the salinity inversion at 20 to 40 m between 11.775°W and 11.55°W. 

This tongue of fresher water is delineated by the 36.32 psu isohaline with the lowest salinity 

(36.28 psu) at 11.69°W at a depth of 35 m.  

Density (Figure 28c) yielded some anomalous data at the same locations as salinity and this 

data was removed from three CTD stations. Density follows a very similar pattern to 

temperature with the same wavy orientation of the isopycnals. The pycnocline is centred 

along the 26.4 kg.m-3 isopycnal. The 26.1 kg.m-3 isopycnal outcrops at 11.64°W and 12°W. 

The temperature map in location G (Figure 29a) is characterized by wavy isotherms that have 

a net positive in slope towards the coast (11.9°W). The 19.5 °C isotherm outcrops at 12.21 °C. 

The thermocline is centred around the 18 °C isotherm. The isotherms have a positive slope 
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between 12.25°W and 12.15°W. From 12.15°W to 12.05°W the isotherms flatten and become 

slightly negatively sloped. From 12.05°W to 11.9°W the isotherms become positively sloped 

again with the 19 °C isotherm nearly outcropping near 11.96°W.  

Some data for the salinity map (Figure 29b) were anomalous and removed from one CTD 

station. The salinity distribution shows strong spatial variability with a weak horizontal 

gradient between 12.25°W and 12.1°W between the 36.52 and 36.4 psu isohalines. Between 

12.1°W and 11.9°W there is a vertical salinity gradient between the 36.36 and 36.4 psu 

isohalines with the 36.4 psu isohaline outcropping at 12°W. Between 11.95°W and 11.9°W at 

12 m deep there is a patch of low salinity within the 36.34 psu isohaline. 

The salinity data error resulted in some anomalous density data which were removed from one 

CTD station. Density (Figure 29c) mainly behaves like temperature (Figure 29a). The 

pycnocline is centred around the 26.3 kg.m-3 isopycnal. The 26 kg.m-3 isopycnal outcrops at 

12.08°W. The isopycnals have a positive slope between 12.25°W and 12.15°W. From 12.15°W 

to 12.05°W the isopycnals flatten and become slightly negatively sloped. From 12.05°W to 

11.9°W the isopycnals slope upward towards the coast and then flatten eastwards of 11.95°W 

towards the coast. 

At location E, the temperature map (Figure 30a) is very uniform with the thermocline centred 

around the 18 °C isotherm. The 18 °C isotherm is at 43 m deep at 12.41 °W and is slightly 

upwardly sloped moving east to the coast where it lies at 21 m deep at 12.23 °W. Most 

isotherms follow this sloping pattern with the exception of the 19.5 °C isotherm that outcrops 

at 12.33°W. 

The salinity map (Figure 30b) is highly spatially variable with a patch of less saline water 

between 12.32°W and 12.27°W between 18 and 40 m deep within the 36.38 psu isohaline. This 

patch corresponds to Figure 26b at 13.25°N 12.29°W. At the western extent (12.41°W) there 
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is a small patch of saltier water within the 36.44 psu isohaline at 25 to 50 m deep. At the eastern 

extent (12.24°W) there is another patch of less saline water within the 36.36 psu isohaline at 

20 to 30 m deep.  

Density (Figure 30c) corresponds to temperature in its uniformity and slope of isopycnals. The 

pycnocline is centred around the 26.3 kg.m-3 isopycnals. The density isopycnals are flat 

between 12.41°W and 12.3°W. Between 12.3°W and 12.23°W they have a slight positive slope 

towards the coast. The 26 kg.m-3 isopycnal outcrops at 12.31°W and 12.26°W. 
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3.2.2.3. Velocity Field 
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The detailed vertical structure of the current at locations I, G and E is shown on figures 28d, 

29d and 30d respectively. 

At location I, between 12.04°W and 11.98°W the alongshore current (Figure 28d) is almost 

barotropic with positive along shore velocities reaching over 0.4 m.s-1 between 30 and 40 m. 

The most interesting point of this map lies between 11.8°W and 11.6°W where the current is 

vertically sheared with a positive along shore flow between 0 and 20 m, peaking at over 0.4 

m.s-1 near 11.65°W. Along the same transect (11.8°W and 11.6°W) between 25 and 40 m the 

current flows opposite to the surface in a negative (north east) direction with central 

velocities reaching 0.3 m.s-1. 

The along shore current at location G (Figure 29d) is very strong and jet-like between 12.24°W 

and 12.15°W where it flows in a positive along shore direction at velocities of up to 0.45 m.s-

1 between 0 and 40 m. Closer to the coast the current is vertically sheared between 11.95°W 

and 11.9°W where it flows at a speed of approximately 0.3 m.s-1 in a north easterly (negative) 

direction. In the centre of the map, between 12.08°W and 12.035°W, the current flows in a 

southward along shore direction with speeds around 0.1m.s-1 between depths of 0 and 30 m. 

Location E shows along shore current (Figure 30d) that is vertically sheared from 12.32°W and 

12.24°W between 0 and 30 m. At 12.3°W the current moves southward with along shore 

velocities of 0.4 m.s-1. Between 12.41°W and 12.34°W the current is mostly barotropic with 

an average velocity of 0.1 m.s-1. From 12.32°W to 12.25°W there appears to be a very slight 

counter current (northward) that is at 40 m deep at 12.32°W and shallower towards 12.25°W 

at 30 m. Overall the counter current is weak with speeds around 0.1 m.s-1 and a small point of 

intensification of 0.25 m.s-1 at 12.25°W at 20 m depth.  
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Figure 31 shows the velocity field at 4 depth ranges (a: 4 to 9 m, b: 9 to 14 m, c: 14 to 19 m, 

d: 24 to 29 m) from E3. Overall the currents have complex patterns, showing indications of 

mesoscale activity. 

West of Cape Juby, there is a jet-like current that is surface intensified with velocities of 0.45 

m.s-1 at 4 to 9 m and decreasing to 0.25 m.s-1 by 24 to 29 m.s-1. This is the general pattern of 

sampled currents west of 13 °W. This pattern is most intense at 27.9°N 13.25°W. 

At 28.9°N 12.25°W, an anticyclonic eddy is visible from 4 to 9 m and down to 24 to 29 m. 

Directly west, (28.9°N 12.1°W to 29°N 11.75°W) a strong current runs in a northerly 

direction with a velocity of approximately 0.25 m.s-1 at all depth ranges. 

Near 28.4°N 11.9°W the current flows north east with a velocity of almost 0.3 m.s-1. At 

28.58°N 11.7°W the velocity moves in a south westerly direction with a velocity of 0.3 m.s-1. 

this structure is less obvious from 9 to 14 m is where the current at 28.4°N 11.9°W has 

reduced to less than 0.2 m.s-1 and the current at 28.58°N 11.7°W is still strong (0.25 m.s-1). 

At 14 to 19 m there is little activity for both of these currents. At 24 to 29 m the current at 

28.58°N 11.7°W has reversed direction and now flows in a north easterly direction at 0.15 

m.s-1. 
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3.2.2.4. Internal Waves 
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Figure 32 is a hovmöller plot of repeated sampling at a fixed location which uses temperature 

as a proxy to detect perturbations of the thermocline that indicate the presence of internal waves 

or solitons. 

The hovmöller plot shows a gradual sharpening of the thermocline from the first to the last of 

the 32 profiles. This is evident as the small yellow band (18.8 °C) decreases in size. At 200 

minutes there is a shaper temperature gradient than at 20 minutes. The later profiles show a 

warmer surface temperature (20.5 °C) and cooler temperature at 90 m (16 °C). The first profile 

shows cooler temperatures at the surface (19.5 °C) and warmer temperatures at 90 m (17.5 °C) 

The most striking feature occurs between 7 and 14 minutes (2nd profile). Here the thermocline 

suddenly rises from 50 to 23 m and then drops back to 45 m in the 3rd profile. This is possibly 

a sampling error but more likely to be a passing soliton or internal wave. The amplitude of the 

wave is roughly 25 m. 
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Figure 34: EK60 snapshot of Epure 3 Location I. 

Figure 33: EK60 snapshot of Epure 3 Location E. 
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The acoustic data from the EK60 shows perturbations of the pycnocline (thick central line) 

for locations E and I in Figures 33 and 34 respectively.  

Figure 33 at location E was recorded between 08:13 and 08:49 on 12 November 2013 for a 

duration of roughly 37 minutes. Between 22 min 30 s and 25 min there is a small rise in the 

pycnocline depth to 15 m and then a drop to 35 m at 27 min. The pycnocline then rises to 20 

m at 29 min 30 s. There is also a drop in the pycnocline depth between 8 and 10 min where it 

falls from 18 to 28 m. These sharp fluctuations (especially after 27 min) indicate the presence 

of internal waves. 

Figure 34 was recorded at location I between 23:47:33 (12th November) and 00:32:52 (13th 

November) over 45 min 19 s. The presence of bubbles between 22 and 35 minutes indicate that 

the vessel stopped over this time, possibly for brief CTD deployment. The pycnocline appears 

to be flat with minimal fluctuations. We observe a dip in the pycnocline after 09 min 47 s to 

33 m and then an increase at 17 min 56 s to 25 m. Between 20 min 28 s and 36 min 14 s pings 

there is a rise in the pycnocline from 30 to 24 m. Between 39 min 49 s and 41 min 20 s there 

is a bubble shape in the pycnocline. In this figure the pycnocline is slightly harder to discern 

over the first 05 min 11 s (100 pings) indicating that there is potentially a low number of 

plankton to reflect the signal. Overall there is possibly evidence of internal waves. Evidence 

for internal waves is stronger in Figure 33. 
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3.2. Discussion 

The hydrographic and velocity data show evidence of upwelling during both the E1 and E3 

cruises. The situation was complicated by sub-meso to small scale patterns with intrusions of 

temperature and salinity inversions as well as convergence and divergence of the velocity field. 

Evidence of internal wave activity was also observed, which add a degree of complexity to the 

situation. However, the main patterns associated with the upwelling circulation were well 

identified and can be discussed and the physical processes responsible for the observed 

structure analysed. 

3.2.1. Epure 1 

There was evidence of coastal upwelling in SST, temperature and density, and little in salinity. 

This is supported in the vertical maps with rising isotherms and isopycnals towards the coast 

with no clear pattern observed with the isohalines. The horizontal maps showed evidence of 

upwelling that correspond to the SST. This pattern would be expected with the preceding days 

of strong, upwelling-favourable wind. 

One of the striking features observed during Epure 1 was the absence of a strong upwelling 

front in the top 6 m while it remained defined at greater depths. This might be related to a 

combination of the wind variability and strong surface heat fluxes. 

The most likely scenario is that the strong winds prior to field work drove strong coastal 

upwelling in the region. This winds then decreased prior to recording which would therefore 

decrease the following coastal upwelling. At the same time incoming solar radiation 

(insolation) warmed the surface of the water which would make the front difficult to discern at 

6 m. We expect that between 6 and 21 m heat transfer declines and the temperature front 

corresponds to typical patterns of wind driven upwelling thereafter. 
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The presence of a surface jet that that entered the area with a south-westward direction, aligned 

with the coast and then meandered back offshore, was consistent with the density front patterns. 

Another striking phenomenon was the presence of a shelf break upwelling, which is sometimes 

also known as a ‘secondary upwelling’, and has been previously observed in the MSR (Rossi 

et al., 2010). The shelf break upwelling is first observed in the SST and in the northern extents 

of the horizontal salinity maps. It is accompanied by a strong jet just offshore of the shelf break 

that meanders in a south-westerly direction. 

The meandering coastal jet that seemed to exit the surveyed area might meander back toward 

the coast and merge into the strong current observed just off Cape Juby. The velocity data 

supports this hypothesis but it is not perfectly clear due to the influence of internal waves and 

sub-mesoscale variability which might account for the divergence of the current. 

3.2.2. Epure 3 

Epure 3 was surprising in that it mirrored Epure 1 in several ways yet still contained unique 

idiosyncrasies that could be attributable to seasonality or the apparent increase of sub-

mesoscale and internal wave activity. 

Evidence of coastal upwelling was present with the strongest upwelling occurring directly west 

of Cape Juby in a quasi-permanent upwelling cell. This pattern is reflected strongly in the 

temperature and density data, but little in the salinity data. In the vertical maps the isopycnals 

and isotherms rising towards the coast but did not outcrop. In the horizontal maps we observed 

a strong upwelling off Cape Juby at 6 m. The Cape Juby upwelling cell was much stronger 

because the coastline orientation changes south of Cape Juby to one more parallel to the 

predominant wind. Both the more upwelling favourable orientation of the coast at this location 

and the locally increased wind intensity might account for this enhanced upwelling cell. 
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The coastal upwelling front north of Cape Juby was also visible at 21 m but not at 6 m. Similar 

to Epure 1 this could be related to wind variability and surface heat fluxes. Along shore wind 

was strong for about three days until it suddenly decreased to almost 0 m.s-1 24 hours before 

field work began. The strong wind is expected to have driven strong coastal upwelling which 

would have slowed as the wind dropped. Furthermore we expect that as for E1, insolation 

caused strong heat fluxes, warming the surface water and preventing the outcropping of the 

isotherms and isopycnals closer to the coast. 

The presence of a shelf break upwelling, detectable in the SST and the northern extent of the 

horizontal salinity maps is also an important feature of E3. At the shelf break upwelling there 

was an associated jet of water moving in a northerly direction at the northern extent of the 

velocity field which was not reflected in the density field. There was also a strong surface jet 

at Cape Juby that was flowing in a south westerly direction with an along shore orientation. 

An increase in sub-meso to small scale patterns, in the form of eddies was obvious in the 

velocity field. Along with internal waves and the possibility of solitons in E3, they created 

further inconsistencies between the density and velocity fields but on the whole the 

hydrographic processes occurring during E3 are now clearer with further information on the 

presence of the Cape Juby upwelling cell.  

3.2.3. Comparison of Epure 1 and Epure 3: The Seasonal Cycle 

The most interesting similarity between the cruises is the presence of strong along shore winds 

that persist for several days and then suddenly decline 12 – 24 hours before recording. Surface 

heating from insolation (more in E3) has occurred in both cruises. The shelf break upwelling 

is only just observable in the northern extents of the salinity horizontal maps because the cruises 

use the continental margin as a turning point for each of the sections. If the cruise extended 

past the continental margin this could be further validated. 
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The existence of a shelf break upwelling is of particular interest because it can significantly 

enhance the production of a region and "directly influence waters exchange between the 

productive shelf and the open oligotrophic ocean" (Rossi et al., 2010). 

Figure 35 shows the position of the front for the cruises. Locations E to I are used for 

interpretation because they are juxtaposed and of similar orientation and length. The position 

of E1 is further from the coast than E3, this is because a larger amount of cooler water has 

upwelled and replaced the coastal water and therefore the front has moved further from the 

shore. Figure 35 also indicates that stronger upwelling was present for E1 however the impact 

of insolation may explain why the position of the front for E3 is closer to the shore. The wind 

prior to sampling was stronger in E3 than in E1 which would supposed upwelling to be stronger 

in E3. To further understand which upwelling event was stronger we recommend calculating 

the Ekman transport to elucidate this supposition. 

The density horizontal maps are useful in explaining the velocity fields but can only partially 

explain the current processes. For example in E3 we clearly observe what appears to be an eddy 
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Figure 35: Position of the front for Epure 1 (red) and Epure 3 (black) for locations A to K. 
Locations E to I are used for interpretation. 
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at 28.9 °N 12.25°W in the velocity field (Figure 31) but on the density maps (Figure 27) there 

is no apparent evidence for this feature. However for both E1 and E3 the density maps correlate 

to the velocity fields and explain the jet like current just offshore of Cape Juby as well as the 

jet-like current in the northern extent of the sampled that connects to the Cape Juby jet (E1). 

Both the SST maps show extensive evidence of sub-mesoscale to small-scale turbulence. There 

is also evidence of internal waves for both cruises (Figures 20, 21, 33 and 34). These waves 

are able to displace the pycnocline by up to 25 m within the space of 10 minutes. Furthermore 

the Hovmöller plot (Figure 32) shows a soliton passing a fixed point in less than 7 minutes with 

an amplitude of over 20 m.  

The characteristics of internal waves are not fully resolved in this report. It is clear that they 

are present in the region and are able to strongly displace the pycnocline within a matter of 

minutes. Internal waves are likely to account for many of the anomalies observed. These 

include the temperature and salinity intrusions as well as non-corresponding regions between 

density and velocity. 

Both cruises took several days to complete and therefore are aliased by spatial and temporal 

variability. The data at the western and eastern extents of the surveyed area was therefore small 

and sub-mesoscale activity could have a greater effect on the figures we generated.  

Tidal current may also account for the possible zones of convergence and divergence in the 

velocity fields. The most notable zone of current convergence is in E3 (Figure 31) between 4 

and 9 m at 28.5 °N 11.75 °W where adjacent transects show currents flowing directly against 

each other. The possibility of a tidal flow reversal between the two transect was taken in 

account. The strong baroclinity of the reversing current suggests that the barotropic tide cannot 
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be invoked to explain this phenomenon. Internal tide may however play an important role here. 

A more complete study of the internal wave field in the EPURE data could help to elucidate 

this matter.  

Figure 36 shows one of the CTD stations (Location E) on E1 that was sampled twice to further 

understand the impact of temporal variability, especially day-night fluctuations. At 17h28 and 

then at 03h05 the next day the thermocline has increased in depth from 8 to 12 m in only 9 and 

a half hours. While the thermocline has changed position by approximately 4 m, the surface 

Figure 36: Vertical density, temperature and salinity profiles for CTD stations ST4 (day – 
black) and ST4_2 (night – blue) on Epure 1 Section 5 at location E. 
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and thermocline temperatures vary by 0.4 °C. There is little change in salinity within the first 

25 m indicating that this cooling could be due to a decrease in solar radiation. 

Data from World Ocean Atlas were downloaded was used to explore historical climatology. 

We must bear in mind that the cruises represent only a ‘snapshot’ of each season (E1 – summer, 

E3 – winter) and are too short to account for an entire season. 

Figure 37 shows historical temperature patterns for the MSR. Upwelling is stronger in June, at 

the surface the 18.5 °C isotherm is visible between 29 and 31 °N. At 45 m in June the 17.5 °C 

isotherm is visible with an along shore orientations between 27 and 31 °N. In November 

upwelling is less intense where the 19.5 °C outcrops close to the coast between 29 and 31 °N 

(surface). At 45 the water is approximately 0.5 °C colder with upwelling centred north of 29 

°N. This agrees with the literature where trade winds are said to be strongest in summer (Knoll 
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et al., 2002). The increased upwelling in the summer months corresponds to work by Arístegui 

et al. (2009) that shows Ekman transport to be strongest in the summer months for the MSR 

(Figure 4). The WOA13 data corresponds with the horizontal maps in this report where the 

surface temperature of the water is warmest in November (E3).  

Figure 38 illustrates historical salinity patterns in June and November at 0 and 45 m. In June 

there is upwelling that shows similar patterns between 0 and 45 m where the 36.2 psu isohaline 

outcrops near the coast between 28 and 30 °N. In November the upwelling is less pronounced 

and the 38.3 psu isohaline outcrops close to the coast between 28.5 and 31 °N.  

Figure 37: Horizontal maps for temperature from WOA13. (a) June surface, (b) November 
surface, (c) June at 45 m, (d) November at 45 m. 
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Temperature horizontal maps do not reflect upwelling near the surface because of insolation. 

With increasing depth the temperature front becomes increasingly along shore orientated in 

June and November. Salinity is not affected by insolation and we observe the salinity signature 

is largely unchanged. 

Figure 39a shows WOA TS signatures for June in red and November in black. In June the data 

points are more widely distributed because less salty water is rapidly upwelled and then 

warmed via insolation. The stronger upwelling in June explains why there is a wide salinity 

Figure 38: Horizontal maps for salinity from WOA13. (a) June surface, (b) November 
surface, (c) June at 45 m, (d) November at 45 m. 



 

74 
 

distribution. In November the upwelling is weaker and so the water is slightly more saline. 

Insolation is stronger in November and we therefore observe higher temperatures in the plot.  

The TS plot for the Epure cruises (Figure 39b) correspond to the WOA data. The data points 

in November are more saline due to weaker upwelling but of greater temperature due to 

insolation. Additionally the stronger upwelling in E1 shows less saline water that has been 

upwelled and warmed and therefore red data points are found to the left of the distribution. 

There are also some data points from June at the extreme right of the TS plot which can be 

attributed to cloud cover or insufficient insolation for those days which is consequence of the 

brief sampling period. 

In both TS plots the upwelled water is NACW which is consistent with current literature and 

upwelling patterns for the MSR (Arísteguí et al., 2009). 

 

 

 

Figure 39: TS Plots. (a) WOA13 showing June in red and November in Black. (b) Epure 
cruises showing E1 in Red and E3 in Black. 
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Chapter Four: Conclusions and Future Outlook 

4. Conclusion 

The Epure mission showed coastal upwelling in both cruises with stronger upwelling in E1. 

The similar wind conditions prior to the cruises yielded similar coastal upwelling responses. 

The larger region sampled by E3 highlighted the enhanced upwelling off Cape Juby which is 

quasi-permanent due to the orientation of this portion of the coast which is aligned with the 

dominant wind direction. Furthermore, in both E1 and E3 insolation was hypothesized to 

explain why upwelling was not always clear closer to the surface. 

The presence of a shelf break upwelling is exciting and sheds new light on the upwelling 

processes occurring in the MSR. In E1 the surface jet from the shelf break upwelling is 

hypothesized to connect with the jet at Cape Juby caused by the coastal upwelling. In E3 the 

surface jet associated with the shelf break upwelling was present but only just fell within the 

sampled region and therefore valid interpretations were not possible. 

Hydrographic and velocity data can largely explain the processes occurring in the region but 

there are still small uncertainties in many of our interpretations. The presence of small and sub-

mesoscale activity, presence of internal waves and temporal variation of the cruises made 

interpretations challenging but we feel our conclusions are strong despite these issues.  

Considering that E1 and E3 offer only snapshots of summer and winter respectively we were 

still able to gain insights to seasonality. Climatological data showed stronger upwelling in 

summer (E1) and stronger insolation in winter (E3) which corresponded to our findings. Our 

TS plot also corresponds to climatological data where conditions in winter (E3) are slightly 

more saline due to weaker upwelling and warmer due to insolation. 
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To further understand the MSR future cruises should extend past the continental margin to 

capture data related to the shelf break upwelling. Additionally the characteristics of internal 

waves should be considered as they have the potential to increase mixing and spur productivity 

in the region. 
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