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ABSTRACT 

The thesis aims to seek to document the long-term change and decadal variability in the 

Benguela Upwelling System and study the possible mechanisms behind these changes. The 

Benguela Upwelling System is one of the four most productive fisheries areas in the world, and 

it is therefore important to understand the mechanisms leading to changes at different time and 

space scales before developing scenarios or forecasts for the future of the region. The first part 

of the thesis (chapter 3) uses four satellite-derived Sea Surface Temperature (SST) datasets 

combined with various climate reanalysis data to investigate the long-term SST trends in the 

Benguela Upwelling System over the period 1982-2017. The use of different datasets shows 

different trends depending on the dataset, which is a concern. However, after a thorough 

examination, there is some consensus. Results show that the Angola-Benguela Upwelling System 

has significantly changed during the last three decades. The changes vary in space and depend 

on season. Cooling trends are observed in the southern part of the Benguela Upwelling System 

in the austral summer and autumn. The cooling trend is consistent with a positive trend in 

upwelling-favourable equatorward winds due to the intensification and poleward expansion of 

the South Atlantic Subtropical high-pressure atmospheric system. A warming trend is observed 

in Southern Angola and Northern Benguela in late spring and summer. Results also show that the 

warming or cooling trends in the Benguela Upwelling System are not as linear as the trend in 

global air temperature. Indeed, when studying trends for the 1982-2017 period, trends tend to 

slow down and can reverse sign in some regions and recent time, suggesting decadal variability. 

Most discrepancy between SST datasets occurs from 1982 to 1985, the start of the satellite era. 

The second part of the thesis (chapter 4) focuses on understanding the mechanisms leading to 

the warming trends along the Angolan and Northern Benguela coast. To do so, the Ocean General 

Circulation Model NEMO (OGCM NEMO) is used. The model produces an unrealistic cooling trend 

in the Northern Benguela due to a positive trend in upwelling-favourable wind model forcing. 

The modelled warming trend in Southern Angola is properly simulated which allows me to use 

the model to study the mechanisms leading to the warming trend in Angola. Analysis of the model 

net heat budget components and their contribution to the overall SST trend suggests that the 
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warming trend observed along the Angolan and Namibian coasts through the austral summer is 

primarily associated with the intensification of the poleward flow along the coast, bringing more 

warm water from the tropics to the region and also due to weakening of the vertical flow of cold 

water to the surface. Locally, the net surface heat flux has decreased and tends to create a 

negative SST trend but does not offset the warming trend created by the intensification of the 

flow. The poleward intensification of the Angola Current is attributed to the intensification of the 

cyclonic circulation around the Angola Dome. Lastly, in chapter 5, the decadal variability in the 

Benguela upwelling system, identified in Chapter 3, is investigated using a long-term ocean model 

simulation of 110 years (1900 - 2010) of the global ocean-ice components of the Norwegian Earth 

System Model (NorESM). The results reveal the presence of three dominant scales of variability: 

the interannual (2-8 years), quasi-decadal (9-14 years) and interdecadal (19-26 years) variability 

in the Southern Benguela upwelling system. The Southern Benguela SST correlations with the 

global SST reveal that at quasi-decadal scale the Southern Benguela SST is linked to the south 

Atlantic SST and the north-east Pacific SST fluctuations, while at the interdecadal scale the 

Southern Benguela SST modulation is linked to the equatorial and northern Pacific SST, Indian 

SST and Atlantic SST fluctuations except the equatorial Atlantic SST. 
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CHAPTER 1 

1 INTRODUCTION 

 Upwelling is a process that involves wind-driven motion of dense, cooler, and nutrient-

rich water from below the ocean to the surface. The increased availability of nutrients in the 

sunlight layer of the upwelling regions results in high levels of phytoplankton, zooplankton, and 

fish production. Additionally, upwelling regions play an important role in the modulation of 

climate. The cold water at the surface cools down the air temperature and decreases the water 

vapour saturation point leading to fog and stratocumulus clouds that have an important role in 

the net heat budget at the surface of the ocean. There are at least five different types of 

upwelling: open ocean upwelling, coastal upwelling, upwelling associated with eddies, upwelling 

associated with topography, and broad-diffusive upwelling in the ocean interior. Open ocean 

upwelling refers to the upwelling that takes place along the equator and is associated with wind 

divergence. Coastal upwelling refers to the upwelling that takes place along the coasts of the 

continents. Upwelling associated with eddies refers to the submesoscale upwelling that takes 

place in eddies. The topographically associated upwelling is upwelling that occurs when 

topography causes a deflection of deep currents. The broad-diffusive upwelling is the upwelling 

that takes place in the ocean interior. 

Along continents, there are four major coastal upwellings regions located along the 

subtropical eastern boundaries of the world’s major ocean basins (Pacific and Atlantic Oceans). 

They are called the Eastern Boundary Upwelling Systems (EBUS). These four major upwellings 

regions represented in Figure 1.1, are the California Upwelling System off California and Oregon, 

the Humboldt Upwelling System off Peru and Chile, the Canary Upwelling System off Northwest 

Africa, and the Benguela Upwelling System off Angola, Namibia and South Africa (Chavez and 

Messié, 2009). In these systems, coastal upwelling is forced by a combination of alongshore wind, 

triggered by the cross-shore gradient of sea level pressure, the friction generated by the coast 

affecting wind speed, and the Coriolis effect. Alongshore wind stress and the Coriolis effect 
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induce offshore surface water transport. This creates a transport divergence leading to upwelling 

at the coast (Figure 1.2). In addition, a divergent oceanic circulation created by the cyclonic wind 

stress curl can contribute to the coastal upwelling. These coastal upwellings leave a strong 

imprint on the sea surface temperature (SST) and Chlorophyll-a concentration (Chavez and 

Messié, 2009). Coastal upwellings support vast and diversified marine resources and therefore 

represent an important source of food security and economics for the populations of the 

neighbouring coastal countries. These four major coastal upwellings combined, represent less 

than 1% of the ocean surface but are among the most productive marine ecosystems in the 

world, providing around 20% of global fish catches (Fréon et al., 2009; Sydeman et al., 2014). 

Concern for the future of coastal upwelling regions under global warming scenarios motivated 

me to study the long-term change and variability in the Benguela Upwelling System. 

 

Figure 1.1: Basin-scale maps of mean sea surface temperature (SST), wind and Chlorophyll-a 

concentration, showing the location of the four major EBUS (white boxes). SST (colour shading in 

(a)) is daily Optimum Interpolation SST (Reynolds et al., 2007) averaged from October 1981 to 
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February 2007; surface wind (arrows in (a)) are estimated from QuikSCAT (Liu et al., 1998) and 

averaged from July 1999 to April 2008; Chlorophyll data are from SeaWiFS monthly climatology 

averaged over the year. Figure from (Chavez and Messié, 2009).  

 

Figure 1.2: Schematic picture of upwelling in the southern hemisphere. The big dotted arrow 

represents the alongshore wind the thin arrows represent the associated Ekman transport and 

the grey arrows represent the upwelling. Source https://ediss.sub.uni-

hamburg.de/volltexte/2016/7688/pdf/Dissertation.pdf. 

1.1 LITERATURE REVIEW 

1.1.1 Study area 

 Like the regions of North-West Africa, Peru, and California, the western coast of Southern 

Africa is dominated by a coastal upwelling system. The Southern African upwelling is often 

referred to as the Benguela Upwelling System or Benguela Current System (BCS). It extends from 

the tip of Africa from 35oS to about 14oS off Angola (Field and Shillington, 2006), and is one of 

the most productive coastal regions in the world (Carr, 2001; Carr and Kearns, 2003; Chavez and 

Messié, 2009). In contrast to the other EBUS, the Benguela Upwelling System is embedded 

between two warm water regions (Boyd and Agenbag, 1985; Hutchings et al., 2009): the warm 

Indian water of the Agulhas Current in the south and the warm tropical water coming from the 

equatorial Atlantic in the north (Figure 1.3b). The Benguela Upwelling System is mainly driven by 
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the wind. Furthermore, the intensity, the extension, and the variability of the Benguela Upwelling 

System are determined by the atmospheric features (atmospheric circulation, orography effect, 

and its variability), the oceanic features (bathymetry, oceanic circulation, and its variability), and 

the coastline orientation. 

 

Figure 1.3: a) Main features of the Benguela upwelling, showing prevailing currents and 

interaction with the warmer water off Angola and the Agulhas current. Red arrows represent the 

warm currents and blue arrows the cold current. Figure from (Shannon, 2006). b) SST annual 

mean of OISST (¼°× ¼°) from 1982-2017 and annual mean wind speed and direction at 10m of 

ERA5 from 1982-2017 

1.1.2  Mean atmospheric circulation 

 The upwelling in the Benguela Upwelling System results from the interaction of basin-

scale atmospheric systems such as low and high-pressure systems (Figure 1.4) and their 

associated cyclonic and anticyclonic surface speed circulation respectively, combined with 

regional and local effects caused by an atmospheric pressure differential across the land and the 

a) b) 
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open ocean leading to a sea breeze effect and friction at the coast. The most important 

atmospheric circulation, in the Benguela Upwelling System, is the South Atlantic Subtropical High 

(SASH). This quasi-permanent high anticyclone is centered around 29°S, 8°W. It moves south in 

austral summer and north in winter (Shannon, 1985; Preston-Whyte and Tyson, 1988; Sun et al., 

2017). The annual meridional migration of the SASH is estimated to be about 5-6o. This migration 

impacts the meridional wind speed along the coast and the associated upwelling rate. 

 

Figure 1.4: A typical scenario of atmospheric circulation in south Atlantic in austral a) summer 

and b) winter. H- means high-pressure system; L- means low-pressure system. Source South 

Africa Weather Service.  

 The continental low pressure, active in austral summer (Figure 1.4), will enhance the 

gradient of pressure between land and the SASH and increase the meridional wind speed (Bakun, 

1990) at the coast of Angola, Namibia, and South Africa. Low-pressure systems such as coastal 

lows or cold fronts generate cyclonic motion which creates Northwesterly winds (Preston-Whyte 

and Tyson, 1988), suppresses upwelling, and can lead to downwelling at the coast. The role of 

low-pressure systems is especially important at the seasonal scale in the Southern Benguela in 

austral winter and less important in the Central Benguela and Northern Benguela. 

Orography and orientation of the coast have an impact on coastal surface wind and 

associated wind stress curl and Ekman pumping and can create intense upwelling cells or 

retention areas. Seven upwelling cells have been identified in the Benguela Upwelling System 

(Nelson and Hutchings, 1983; Lutjeharms and Meeuwis, 1987; Shannon and Nelson, 1996; Veitch 



27 
 

et al., 2009). These upwelling cells are Cunene (17-18oS) cell, Northern Namibia cell also called 

Palgrave Point (21oS) cell, Walvis Bay (23-24oS) cell, Lüderitz (25.5-27oS) cell, Namaqua (30oS) cell, 

Cape Columbine (32-33oS) cell, and Cape Peninsula (34-34.5oS) cell (Figure 1.5). The Lüderitz cell 

is the most vigorous and prominent upwelling cell (Shannon, 1985; Hagen et al., 2001; Hutchings 

et al., 2009; Veitch et al., 2010) where strong winds throughout the year, high turbulence, and 

strong offshore transport constitute a barrier to epipelagic fish species (Hutchings et al., 2009).  

 

Figure 1.5: Geographic location and annual frequency of occurrence of seven identified upwelling 

cells in the Benguela System (modified from Volbers et al. (2003)). 

North of the Lüderitz cell (Northern Benguela), the upwelling is quasi-permanent with less 

upwelling in austral summer, while in the south (South Benguela), the upwelling is seasonal with 

a peak in austral summer where the SASH is farthest poleward (Sun et al., 2017). In austral winter, 

when the SASH is the furthest north, the Southern Benguela experiences mostly north-westerly 

wind, which suppresses upwelling and relatively weak south-westerly wind (Hutchings et al., 

2009).  
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1.1.3 Oceanic circulation: Surface and Subsurface currents 

Several studies have shown that in addition to the Benguela Current itself, the Benguela 

Upwelling System is also influenced by the intrusion of tropical water from Angola in the north 

and of warm water of Agulhas Current in the south. 

The oceanic circulation in the Benguela Upwelling System is mostly dominated by the 

Benguela Current (BC), which is the eastern branch of the South Atlantic subtropical gyre flowing 

northward from 35oS (Figure 1.3 a). This current which extends from the South African and 

Namibian coast to about ~300 km off the coast (Nelson and Hutchings, 1983), is generated by the 

large-scale wind pattern related to the SASH and is found in the upper 1000m (Garzoli and 

Gordon, 1996). The Benguela Upwelling System is influenced by the South Atlantic Current 

(Veitch et al., 2010) that brings South Atlantic Central Water (SACW) and Eastern Atlantic Central 

Water (ESACW) toward the BUS. The ESACW is a mixture of Agulhas leakage water and SACW 

(Mohrholz et al., 2008). Mohrholz et al. (2008) found that the southern Benguela region is 

dominated by ESACW while the northern Benguela region is dominated by the SACW. Tim et al. 

(2018) reported that the central water masses that are upwelled in the Benguela Upwelling 

System are 70.4% and 48.2% fed by the Indian ocean water via Agulhas leakage respectively in 

South Benguela and North Benguela region. Furthermore, Rouault et al. (2009) and Tim et al. 

(2019) among others suggested an increase of the Agulhas leakage due to an increase of the 

Westerlies wind over the Southern Hemisphere. The intensification of the Agulhas leakage will 

have an impact on Benguela upwelling water masses characteristics.  

The North of the Benguela Upwelling System is influenced by a seasonal poleward flow 

originating from the extension of the Angola Current, a narrow current along the Angolan coast 

(Figure 1.3 a). It forms with the northward Benguela Current a convergence zone called the 

Angola Benguela Frontal Zone (ABFZ) (Shannon et al., 1987; Stramma and England, 1999; 

Mohrholz et al., 2001), which is a thermal front with typical temperature gradients of 4oC per 1o 

of latitude. The Angola Current is the eastern limb of Angola Gyre, a cyclonic motion (Mercier et 

al., 2003) which is fed by the equatorial current composed by the Equatorial Under Current (EUC), 

the South Equatorial Under Current (SEUC), and the South Equatorial Counter Current (SECC) 
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(Peterson and Stramma, 1991; Wacongne and Piton, 1992). The Angola Current is observed 

between 0 to 300 m depth with mean southward flow observed around 50 m and velocities 

between 0.4 to 0.5 m/s. The Angola Current transports warm, saline, low oxygen, and rich-

nutrient water southward into the Benguela region (Monteiro et al., 2008; Rouault, 2012). The 

mean southward transport of the Angola Current is estimated to be about 0.45 Sv at 17oS by 

Rouault (2012) and about 0.32 Sv at 11oS by Kopte et al. (2017). The Angola Current flow has 

strong seasonal and Inter-annual variability with periodically alternating poleward and 

equatorward flow (Kopte et al., 2017). The maximum poleward transport is observed in February-

March and September-October, corresponding to the period of intrusion of warm tropical water 

into the Benguela (Rouault, 2012). This impacts the seasonal variability of the ocean surface 

temperature of the Northern Benguela which has strong seasonality compared to the Central 

Benguela and Southern Benguela (Demarcq et al., 2003). At the interannual scale, the prolonged 

strong intrusions of tropical warm water are called Benguela Niños.  

1.1.4 Variability in the Benguela upwelling: interannual variability, trends and 

decadal variability 

1.1.4.1 Interannual variability of the Benguela Upwelling System 

The Benguela Upwelling System also exhibits strong interannual and decadal variability 

(Hutchings et al., 2009). Like wind and ocean currents, the ocean temperature in the Benguela 

Upwelling System is influenced at interannual scale by ocean waves as well as the remote effect 

of climate modes such as El Niño Southern Oscillation (ENSO) (Rouault et al., 2010; Dufois and 

Rouault, 2012; Blamey et al., 2015). The Northern Benguela is under the influence of the 

Benguela Niño, and Benguela Niña phenomena linked to the propagation of coastal trapped 

waves triggered remotely in the Equatorial region (Shannon et al., 1986; Rouault et al., 2007; 

Lübbecke et al., 2010; Bachèlery et al., 2016; Rouault et al., 2018; Bachèlery et al., 2020; Illig et 

al., 2020). Coastal trapped waves induce poleward advection of warm tropical water to the 

Northern Benguela. These waves are responsible for about 80% of the Sea Surface Height (SSH) 

anomalies (Bachèlery et al., 2016) off Angola and Northern Namibia. Coastal trapped waves 

deepen or shallow the thermocline and favour the Benguela Niño warm events and Benguela 
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Niña cold events, respectively. The interannual variability of Benguela Niños/Niñas has been 

intensively studied in the region (Florenchie et al., 2003; Florenchie et al., 2004; Rouault et al., 

2007; Lübbecke et al., 2010; Bachèlery et al., 2016; Rouault et al., 2018; Imbol Koungue et al., 

2019; Bachèlery et al., 2020) and has been found as the main mode of interannual variability of 

SST (e.g., Florenchie et al., 2003; Rouault et al., 2018) in the Northern Benguela and Southern 

Angola. The Benguela Niños/Niñas have no impact on the Central and South Benguela. However, 

some studies that have been done in these regions reveal that the Benguela is impacted by large-

scale climate modes such as ENSO (Agenbag, 1996; Rouault et al., 2010; Dufois and Rouault, 

2012; Blamey et al., 2015). Rouault et al. (2010) found that the correlation between SST in 

Southern Benguela and the Southern Annular Mode (SAM) is not coherent. The ENSO impact the 

Southern Benguela upwelling by modulating the latitudinal variation of SASH (Dufois and Rouault, 

2012; Sun et al., 2017).  

1.1.4.2 Trends and Decadal Variability 

 Reduced equatorward coastal wind decreases the upwelling rate and limits nutrient 

enrichment of the euphotic zone with negative impacts on primary production, while stronger 

upwelling conditions may increase the nutrient supply and at the same time increase the offshore 

transport (Bakun et al., 2010; Bakun et al., 2015; García-Reyes et al., 2015). Accordingly, 

understanding long-term trends in the Benguela Upwelling System, which is part of my thesis 

objective, is of great importance for the ecological functioning, resources productivity, and 

environmental health of the Benguela Upwelling System. Under global climate warming, Bakun 

(1990) proposed that an increase in coastal upwelling-favourable winds would lead to the 

intensification of the continental-oceanic pressure gradient and increase upwelling rate. Several 

studies have identified trends in upwelling in the Benguela region (Table 1.1). Some support 

Bakun hypothesis and some contradict it. Most of these studies are focused on wind analysis. 

Narayan et al. (2010) found a positive trend in meridional wind stress at Luderitz over 1960-2000 

using International Comprehensive Ocean-Atmosphere Data Set (ICOADS) wind data. Sydeman 

et al. (2014) found positive trends in the South of Benguela Upwelling System, over the last 60 

years, in several wind data sets. Lamont et al. (2018), using synoptic-scale upwelling indices based 
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on Ekman transport derived from National Centers for Environmental Prediction version 2 

(NCEP2) reanalysis dataset over the period 1979 to 2015, found a weakening of the upwelling in 

the Northern Benguela and a strengthening in the Southern Benguela. In contrast, Narayan et al. 

(2010) study found no trend over the period 1960-2000 when using ERA 40 surface wind speed 

reanalysis dataset. Few studies focus on ocean SST, a good indicator of the upwelling strength. 

There is also substantial but conflicting evidence of negative trends in SST (García-Reyes et al., 

2015). A negative trend in SST was found by Narayan et al. (2010) and Santos et al. (2012) over 

the period 1960-2009 using HadISST. However, a positive trend in SST was observed with the 

same datasets over the period 1870-2006. Rouault et al. (2010) updated by Blamey et al. (2015) 

found that the upwelling in the Northern Benguela shows a positive trend in SST and the 

upwelling in South Benguela shows a negative trend while the Central Benguela has not 

significantly changed. Vizy and Cook (2016) found a positive trend along the Namibian coast in 

several reanalysis datasets. Recently, using a coupled ocean-atmospheric model, Vizy et al. 

(2018) found a negative trend in mixed layer temperature in the Northern Benguela upwelling. 

However, caution is required when extracting trends from a climate model (Vizy et al., 2018), 

particularly in regions like tropical Atlantic, where these models are known to produce a mean 

warm bias (Richter et al., 2012; Toniazzo and Woolnough, 2014; Exarchou et al., 2018; Koseki et 

al., 2018).  Abrahams et al. (2021) using a series novel of metrics related to SST from OISST (¼°× 

¼°) and upwelling index based on ERA5 wind speed and direction found that in Southern 

Benguela, an increase of the upwelling favorable winds is associated with a decrease of the SST 

while in the Northern Benguela an increase of upwelling favorable wind shows an increase of 

SST. 
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Table 1.1: Upwelling trends in the Benguela upwelling system 

Domaine Author(s) Data used Variable Period of 

study 

Trend 

results 

 

 

 

 

Northern 

Benguela 

Lamont et al., (2018) NCEP2 UI based on Ek 

transport 

1979-2015 negative 

Rouault et al. 2010 OISST (1° x 1°) SST 1982-2009 positive 

Blamey et al.,2015 OISST (1° x 1°) SST 1982-2012 positive 

Vizy and Cook (2016) OISST, Era-Int, 

NCEP2 MERRA 

SST 1982-2013 positive 

Vizy et al. (2018) CRCM model Mixed layer 

Temperature 

1980-2014 negative 

 Abrahams et al., 

2021 

OISST (¼° x ¼°) 

and ERA5 

Metric based 

on SST and UI 

estimated 

from wind 

speed and 

direction 

1982-2018 Positive in 

UI and SST 

 

 

Central 

Benguela 

Nararyan et al., 

(2010) 

ICOADS Wind stress 1906-2000 positive 

Nararyan et al., 

(2010) 

ERA-40 Wind speed 1906-2000 No trend 

Nararyan et al., 

(2010) 

HadISST SST 1970-2006 negative 

Santos et al., (2012) HadiSST SST 1960-2009 negative 

Rouault et al. 2010 OISST (1° x 1°) SST 1982-2009 No trend 

 Sideman et al., 

(2014) 

Several 

datasets 

Wind Up to last 

60 years 

positive 
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Southern 

Benguela 

Lamont et al., (2018) NCEP2 UI based on Ek 

transport 

1979-2015 positive 

Rouault et al. 2010 OISST (1° x 1°) SST 1982-2009 Negative 

Blamey et al., 205 OISST (1° x 1°) SST 1982-2012 negative 

 Santos et al., (2012) HadiSST SST 1960-2009 negative 

Abrahams et al., 

2021 

OISST (¼° x ¼°) 

and ERA5 

Metric based 

on SST and UI 

estimated 

from wind 

speed and 

direction 

1982-2018 Positive in 

UI and 

Negative in 

SST 

 

The failure of consensus among studies could be due to varying spatio-temporal resolutions 

of the datasets (García-Reyes et al., 2015) and the method used to construct the datasets (Blamey 

et al., 2015). For example, SST data with coarse resolution cannot distinguish nearshore upwelling 

related temperatures from offshore temperatures. Due to the spatial and temporal availability 

of data, most of the climate datasets are reconstructed using different types of in-situ and 

satellite data. That could create an artificial trend in datasets. In the Benguela coastal area, Smit 

et al. (2013) reported large biases of up to 6°C in places between satellite-derived and in-situ 

climatological temperatures. Moreover, Blamey et al. (2015) indicate serious problems in the 

validity of the SST datasets for trend studies in the Benguela Upwelling System. Decadal 

variability could be also another factor explaining the temporal change in the trend. In the 

Benguela Upwelling System, to our knowledge, there are few or no works on the decadal 

variability of SST. Only Hutchings et al. (2009) mentioned decadal variability in SST anomalies 

from a combination of ICOADS and Satellite data in Northern Benguela. However, several studies 

have identified decadal variability in the southern African climate system, especially in South 

African rainfall (Dyer and Tyson, 1977; Jury, 2015; Dieppois et al., 2016). In their study, Dieppois 

et al. (2016), have demonstrated the existence of two significant signals of decadal variability, 

including an interdecadal and a quasi-decadal period (15-28 years, and 8-13 years respectively) 
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in southern Africa rainfall linked to Pacific Ocean climate modes such as the Pacific Decadal 

Oscillation (PDO), the Interdecadal Pacific Oscillation (IPO) and ENSO in both the austral summer 

rainfall region and the austral winter rainfall region which is where the South Benguela is 

situated. Furthermore, there are potential links between the region’s rainfall and west and south 

coast of Southern Africa (Wolski et al., 2021). 

1.2 THESIS OBJECTIVES 

The Benguela Upwelling System is of great importance because it is one of the most 

productive areas in the world. It is a source of economic for the adjacent countries and plays an 

important role in the climate of Southern Africa. In the context of global warming, the Benguela 

upwelling will be impacted, but how? Will it be warm or cool? Understanding the past variability 

of the Benguela Upwelling System and the mechanisms leading to these changes is the first step 

before establishing a future scenario for the region. It is also important to find out if the Benguela 

Upwelling System has already changed in response to global warming and also to understand the 

natural variability at the interannual scale and decadal scale. For that matter, international 

collaborative programs (CLIVAR group on EBUS, EU 2020 project TRIATLAS, Belmont Forum 

EXEBUS) were developed to understand the drivers of the Benguela Upwelling System, its past 

variability, the impact of these changes on the marine ecosystems and human society, and to 

predict its future evolution.  

My PhD aims at understanding the long-term change and decadal variability in the 

Benguela Upwelling System. Specifically, my thesis will try to answer the following questions: 

➢ How has the Benguela Upwelling System changed over the last 100 years? 

➢ What is the validity of the data used to study these changes? 

➢ How do the changes vary depending on seasons? 

➢ Is there any decadal variability in the Benguela Upwelling System? 

➢ Are the Benguela Upwelling System changes linked to the major global decadal climate 

modes?  
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1.3 THESIS OUTLINE 

In the first part of the thesis, I will use satellite-based SST dataset and reanalysis climate 

datasets to investigate the change in the Benguela Upwelling System over the last 30 years - the 

satellite era. I will then investigate the decadal variability and change over the last 50 years with 

a numerical model, ocean component of the Nucleus for European Modelling of the Ocean 

(NEMO), forced by reanalysis wind speed. Last, I will examine the change over the last 100 years 

with a numerical model, ocean component of Norwegian Earth System Model (NorESM), mostly 

forced by 20 Century Reanalysis (20CR) data. For that purpose, my study will be organized as 

follow: 

Chapter 2 provides a description of the different datasets I used, such as satellite-based 

products, reanalysis datasets, and models. In the second part, I detail the methods used for this 

study. 

Chapter 3 documents the long-term changes in the Benguela Upwelling System during 

the satellite era (last 35 years) by comparing trends in different SST and wind datasets at the 

seasonal scale. I will also compare the results obtained using various datasets. 

Chapter 4 examines the long-term changes for the last 35 years using numerical model 

outputs in which a strong warming trend exists in the ABFZ. This chapter investigates the main 

processes driving the changes and their seasonal dependence. The Ocean General Circulation 

Model OGCM NEMO 3.6 simulation is used for that purpose.  

Chapter 5 focuses on the decadal variability of the Benguela Upwelling System over the 

last 100 years using the ocean component of the NorSEM forced by 20 Century reanalysed data. 

It also seeks to link the change in the Benguela Upwelling System to decadal changes in the 

Atlantic and Pacific climate modes, the main global drivers of decadal change of climate. 

Chapter 6 is a conclusion chapter with perspectives for future work.  
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CHAPTER 2 

2 DATA AND METHODS 

2.1 DATA 

This study uses a variety of climate variables, mainly sea surface temperature and 

atmospheric variables derived from various reanalyzed climate datasets. I also use ocean model 

outputs. The datasets are described below, and a summary of their characteristics is presented 

in Table 2.1 for observed oceanic data and Table 2.2 for atmospheric data. 

2.1.1 Gridded observational oceanic data. 

Table 2.1: SST products, their data sources, their resolution, and the methods used for their 

reconstruction. 

 In situ 

observation 

input 

Satellite 

input 

Spatial 

Resolution 

Temporal 

resolution 

Ship-Buoys 

Correction 

Method use 

for 

reconstruction 

OISST1 ICOADS, 

GTS, 

AVHRR 1° x 1° Monthly 0°C Optimal 

interpolation 

OISST0.25 ICOADS, 

GTS, 

AVHRR 

Pathfinder 

0.25° x 

0.25° 

daily 0.14°C 

subtracted 

from ship 

Optimal 

interpolation 

HadISST1 ICOADS, 

GTS, 

AVHRR, 

ATSR 

1° x 1° monthly 0°C 2-step 

reconstruction 

technique 

HadISST2 ICOADS, 

GTS 

AVHRR 

Pathfinder 

ATSR 

1° x 1° monthly  2-step 

reconstruction 

technique 
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ERSST5 ICOADS, 

Argo floats 

N/A 2° x 2° monthly 0.12°C 

subtracted 

from ship 

Reconstruction 

techniques 

(EOT) 

AVHRR 

Pathfinder 

N/A AVHRR 

Pathfinder 

4km x 4km daily N/A N/A 

 

Sea Surface Temperature (SST) is a good indicator of upwelling strength in Eastern 

Boundary Currents. The colder is the SST, the stronger is the upwelling in the eastern boundary 

current. However, this statement is not always true in some regions, like regions at higher 

latitudes where the SST can be colder despite the absence of upwelling. For that reason, most 

studies use SST based indices to estimate the strength of upwelling. Others use the SST gradient. 

For instance, Demarcq and Faure (2000); Narayan et al. (2010) estimated the upwelling index 

based on differences between offshore SST and nearshore location. SST is also a fundamental 

variable in climate studies. The daily (Reynolds et al., 2007) and the weekly (Reynolds et al., 2002) 

optimum Interpolation (OI) SST, the Hadley SST (HadISST) (Rayner et al., 2003), and Pathfinder 

SST, all derived from Advanced Very High-Resolution Radiometer (AVHRR) and the ERSST (Huang 

et al., 2017), are broadly used for climate monitoring, prediction, and verification. For this study, 

comparisons between products are conducted to assess and evaluate the long-term change and 

coastal variability in the Benguela Upwelling System (see Chapters 3 and 5). 

2.1.1.1 Weekly Optimum Interpolation Sea Surface Temperature (OISST) 

Weekly OISST (Reynolds et al., 2002) gridded at 1o × 1o (OISST1) spatial resolution is an 

earlier generation of OISST. The OISST1 is derived from the AVHRR instruments on board NOAA 

(National Oceanic and Atmospheric Administration) satellites, in-situ data from ship 

measurements, buoys, from the International Comprehensive Ocean-Atmosphere Data Set 

(ICOADS) and the National Centre for Environmental Prediction Global Telecommunication 

System (NCEP GTS) after 1998. Even if OISST1 does not resolve some coastal area features due 

to its coarse resolution and the interpolation scheme used, it has been used satisfactorily in 

regions where anomalous events cover a large region (Rouault et al., 2003). It has been 
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successfully used in many studies in the Angola Benguela current system of Southern Africa (Roy 

et al., 2001; Rouault et al., 2003; Rouault et al., 2010; Rouault, 2012). The monthly or weekly data 

can be downloaded from the NOAA website 

https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html. 

2.1.1.2 Daily OISST 

The daily OISST (Reynolds et al., 2007) gridded at 1/4o × 1/4o resolution (OISST0.25) is a 

new generation of OISST with daily rather than weekly resolution as in OISST1. As OISST1 the 

OISST0.25 records are based on in situ ship and buoy observations from ICOADS and NCEP GTS 

data after 2006 (Woodruff et al., 2011), and satellite data from the AVHRR (Pathfinder dataset 

from September 1981 to December 2005 and operational AVHRR from January 2006). The 

OISST0.25 makes use of Empirical Orthogonal Teleconnections (EOT) mode for the bias correction 

scheme rather than the Poisson method used in the OISST1. Moreover, the daily OISST makes 

use of input datasets reprocessed from the start of satellite AVHRR mission instead of operational 

data. This improves SST retrievals. The daily OISST is available from 1982 onward and can be 

downloaded at https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html. 

2.1.1.3 Hadley SST version 1 

The Hadley SST version 1 (HadISST1) is a reconstructed SST dataset from the UK 

Meteorological Office, Hadley center (Rayner et al., 2003). The HadISST1 data uses in situ SST 

data from ships and buoys and since 1981 it uses the bias-adjusted SSTs from the satellite AVHRR 

and along-track Scanning Radiometer (ATSR) SST from 1996 to 2010. It is an analyzed product 

that uses a 2-step reduced space optimal interpolation method based on covariance adjustment 

to smooth data and fill the data gaps. Note that the level of uncertainty in the HadISST1 is high 

due to the technique used (Rayner et al., 2003). The data is available from 1900 onwards, gridded 

at a 1°×1° spatial resolution with monthly resolution and can be downloaded at 

https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html. 

https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html
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2.1.1.4 Hadley SST version 2 (HadISST2) 

The HadISST2 (Kennedy et al., 2020; Rayner et al., 2020) is an improvement of HadISST1 

with new data sources, new adjustments, and improvement of the method of estimating ice 

concentrations where only information about the sea ice edge is known (Titchner and Rayner, 

2014). As HadISST1, HadISST2 uses in situ SST data from ships and buoys and satellite SST data 

such as AVHRR and ATSR. The HadISST2 product is an ensemble of 10 realizations that provides 

information about the likely spread arising from uncertainty in the measurement and 

reconstruction. The data was obtained directly from the producers and is available from 1850-

2010. 

2.1.1.5 Extended Reconstructed Sea Surface Temperature version 5 (ERSST5) 

The ERSST5 (Huang et al., 2017) is a global monthly reconstructed product. The ERSST5 

uses new datasets from ICOADS release 3.0 SST, Argo floats above 5 meters, Hadley centre Sea 

Ice and SST version 2 ice concentration. ERSST5 is an analyzed product reconstructed using 

localized Empirical Orthogonal Teleconnection (EOT) after a bias-corrected first-guess is applied 

to in situ SSTs. The ship SST biases are corrected relative to the buoy observations. The data is 

available from 1854 onward, gridded at a 2°×2° spatial resolution with monthly resolution and 

can be downloaded at https://www.ncdc.noaa.gov/data-access/marineocean-data/extended-

reconstructed-sea-surface-temperature-ersst-v5. 

2.1.1.6 AVHRR Pathfinder version 5.3 

The AVHRR Pathfinder Level Collated (L3C) SST dataset (hereafter Pathfinder) is made by 

reprocessing all AVHRR instrument SST onboard NOAA satellites. It is a collection of global, twice-

daily SST data at 4 km spatial resolution from 1981 to the present using the same algorithm 

(Kilpatrick et al., 2001). In this thesis, I use the latest version (version 5.3), which has improved 

the warm bias compared to previous versions. Note, that the Pathfinder dataset uses infrared 

radiation emitted from the ocean to infer SST and the biggest challenge in retrieving SST from an 

infrared instrument is the notorious cloud detection problem as clouds also emit infrared 

radiation and sometimes have a similar temperature as the ocean. The cloud-contaminated data 

https://www.ncdc.noaa.gov/data-access/marineocean-data/extended-reconstructed-sea-surface-temperature-ersst-v5
https://www.ncdc.noaa.gov/data-access/marineocean-data/extended-reconstructed-sea-surface-temperature-ersst-v5
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are often difficult to identify. Moreover, the regions of high SST gradient are often falsely flagged 

as clouds (Stowe et al. 1999). For that matter, the Pathfinder dataset is available at various quality 

levels (0-7) based on a hierarchical suite of tests, with 0 being the lowest quality and 7 being the 

highest (Kilpatrick et al., 2001). Quality level 4 is recommended as the lowest quality level for 

acceptable SST daily data. Therefore, monthly means were calculated using quality level 4 or 

higher. This reduces the data coverage but improves the quality of the data. Figure 2.1 

summarizes the number of valid daily observations used for the monthly mean calculation. On 

average, there are about 8 days of good data per month, representing about 25% of valid 

recorded data per month for each grid point in the Benguela Upwelling System. I select the 

Pathfinder because first, it uses AVHRR data products so it is useful to compare Pathfinder with 

OISST which also uses AVHRR and also because it has been used in the EBUS including the 

Benguela Upwelling System to evaluate high-resolution models (Penven et al., 2001; Penven et 

al., 2003; Blanke et al., 2005; Penven et al., 2005; Veitch et al., 2009; Albert et al., 2010; Giraud 

and Paul, 2010; Veitch et al., 2010; Colas et al., 2012; Echevin et al., 2012). The Pathfinder was 

also used by Blamey et al. (2015) to establish their SST trend in the Benguela Upwelling System. 

It can be downloaded from https://www.nodc.noaa.gov/satellitedata/pathfinder4km53/. 

https://www.nodc.noaa.gov/satellitedata/pathfinder4km53/
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Figure 2.1: Annual cycle of percentage of daily valid data recorded from AVHRR Pathfinder during 

the period 1982-2017. 
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2.1.2 Climate indices 

Climate indices are also used in this thesis to investigate the connection of the Benguela 

Upwelling System to climate modes. 

➢ The Pacific Decadal Oscillation (PDO) index: the PDO index is defined as the leading 

Principal Component (PC) of monthly SST anomalies in the North Pacific Ocean, poleward of 20°N. 

The monthly mean global average SST anomalies are removed to separate this pattern of 

variability from any "global warming" signal that may be present in the data. The index is derived 

using UKMO Historical SST data set for 1900-1981 and weekly OISST from 1982 to the present. 

This index can be downloaded from http://research.jisao.washington.edu/pdo/PDO.latest. For 

more detail see (Mantua et al., 1997; Zhang et al., 1997). 

➢ The Interdecadal Pacific Oscillation IPO is based on the Tripole Index (TPI): the TPI 

IPO index is defined as the difference between the SSTA averaged over the central equatorial 

Pacific (10°S–10°N, 170°E–90°W) and the average of the SSTA in the Northwest (25°N–45°N, 

140°E–145°W) and Southwest Pacific (50°S–15°S, 150°E–160°W). For more details, see Henley et 

al. (2015). There are two versions of TPI from different sources of datasets: the unfiltered and 

the filtered one. In this study, I used the filtered one from ERSST5. This index can be downloaded 

from https://psl.noaa.gov/data/timeseries/IPOTPI/tpi.timeseries.ersstv5.data.  

➢ The Atlantic Multi-decadal Oscillation (AMO) index: the AMO has been identified 

as a coherent mode of natural variability occurring in the North Atlantic Ocean with an estimated 

period of 60-80 years. The AMO index is estimated as the average anomalies SST in the North 

Atlantic basin, typically over 0-80N. The monthly mean global average SST anomalies are 

removed from spatially averaged timeseries to separate this pattern of variability from any global 

warming (Trenberth and Shea, 2006). The AMO index is derived using HadiSST1 and can be 

downloaded from https://climatedataguide.ucar.edu/climate-data/atlantic-multi-decadal-

oscillation-amo.  

   

http://research.jisao.washington.edu/pdo/PDO.latest
https://psl.noaa.gov/data/timeseries/IPOTPI/tpi.timeseries.ersstv5.data
https://climatedataguide.ucar.edu/climate-data/atlantic-multi-decadal-oscillation-amo
https://climatedataguide.ucar.edu/climate-data/atlantic-multi-decadal-oscillation-amo
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2.1.3 Atmospheric Reanalysis datasets. 

Table 2.2: Summary of the main characteristics of the five reanalysis datasets used in the present 

study. 

 Institution Assimilation 

scheme 

horizontal 

Resolution 

Temporal 

resolution 

Vertical 

levels 

Period of 

coverage 

NCEP-2 NOAA/NCEP 

DOE 

3D-Var 2.5° x 2.5° 6h 17 1979 to 

present 

ERA-Int ECMWF 4D-Var 0.75° x 

0.75° 

6h 60 1979 to 

2019 

ERA5 ECMWF 4D-Var 

ensemble 

0.25° x 

0.25° 

1h 139 1950 to 

present 

JRA-55 JMA 4D-Var 1.25° x 

1.25° 

6h 60 1958 to 

present 

MERRA-2 NASA GEOS-5 4D-Var 0.625° x 

0.625° 

1h 72 1980 to 

present 

 

Resulting from the assimilation of observations from different sources into global 

atmospheric models, the climate reanalysis datasets are very popular for a wide range of studies 

of the atmosphere owing to their homogenous and global nature compared to raw observations. 

They are useful to understand the interannual and long-term climate variability. They are 

particularly useful in the Benguela Upwelling System where there is a lack of long and 

homogenous timeseries of historical wind data from observational measurements. In this thesis, 

I analyse and compare five global atmospheric reanalysis datasets focusing on wind speed and 

direction and geopotential height at the 1000 hPa pressure level. This multi-reanalysis approach 

will help to quantify the uncertainty inherent in the estimation of the long-term change and to 

identify robust signals across datasets. 
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2.1.3.1 NCEP-DOE reanalysis II 

The National Centre for Environmental Prediction Department of Energy Reanalysis 2 

(NCEP-DOE) (Kanamitsu et al., 2002) is a reanalysis developed by the National Oceanic and 

Atmospheric Administration (NOAA). It covers the satellite period from 1979 to the present. It is 

an improved version of the NCEP reanalysis (NCEP 1) and fixed some identified problems with an 

updated parameterization of physical processes. The data assimilation is a three-dimensional 

variational technique (3D-Var). It has a 2.5° x 2.5° spatial resolution. The data is available 4-times 

daily, daily and monthly and can be downloaded from 

https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html.  

2.1.3.2 Era-Interim 

The Era-Interim (ERA-Int), is produced by the European Centre for Medium-Range 

Weather Forecasts (ECMWF), uses a 4D variational technique to assimilate observational data 

from many sources to produce a gridded observational data set (Dee et al., 2011). The spatial 

resolution of the data is approximatively 0.75° x 0.75° on 60 vertical levels from the surface up 

to 0.1 hpa. The data is available from 1979 to 2019 and can be downloaded from 

https://apps.ecmwf.int/datasets/.  

2.1.3.3 ERA5 

The ERA5 (Hersbach et al., 2020), is the fifth generation of ERA and the latest ECMWF 

atmospheric reanalysis. Replacing the ERA-Int, which stopped in August 2019, ERA5 provides 

much higher native spatial resolution (0.25° x 0.25°) on 137 vertical levels. ERA5 uses a 4D-Var 

ensemble scheme. ERA5 covers the period 1950 to the present. The data can be downloaded 

from https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5. 

2.1.3.4 Japanese 55-year reanalysis JRA-55  

The Japanese 55-year Reanalysis (JRA-55) is the second Japanese global atmospheric 

reanalysis produced by the Japan Meteorological Agency (JMA) (Kobayashi et al., 2015). It is the 

first comprehensive reanalysis applying a 4D-Var scheme. It covers the period since 1958. The 

https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html
https://apps.ecmwf.int/datasets/
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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main objectives for this new reanalysis were to fix problems found in the previous ones and to 

produce a suitable comprehensive atmospheric dataset for long term variability and climate 

change studies. The data can be downloaded from https://rda.ucar.edu/datasets/ds628.0/. 

2.1.3.5 MERRA-2 

MERRA-2 (Molod et al., 2015) is the most recent reanalysis produced by NASA’s Global 

Modelling and Assimilation Office (GMAO). It uses the Goddard Earth Observing System-5 (GEOS-

5) atmospheric general circulation model (AGCM) with a 4D-VAR data assimilation scheme. The 

data are hourly fields produced with a horizontal resolution of 0.625 × 0.5 and 72 hybrid-eta 

levels from the surface to 0.01hpa. The data can be downloaded from 

https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/. 

2.1.4 Ocean model outputs 

2.1.4.1 Tropical Atlantic Simulation (TATLT025) using NEMO 3.6 

2.1.4.1.1 The model Configuration  

The Oceanic model NEMO 3.6 (Nucleus for European Modelling of the Ocean program) is 

used to produce a multi-decadal (1958-2015) ocean simulation. This model, as detailed by Madec 

et al. (2017), is a three-dimensional, free surface, hydrostatic, primitive-equation global ocean 

general circulation model. The regional configuration, with 0.25o horizontal resolution, covers the 

whole tropical Atlantic. The vertical grid consists of 75 levels, with a vertical resolution of ~1m 

within the first 20m and 24 levels within the first 100m. At the lateral boundaries, the model is 

forced with the daily outputs of the Global MERCATOR reanalysis GLORYS2V3 and the surface 

forcing consists of the 3-h wind field, atmospheric temperature, humidity and daily fields of 

longwave, shortwave radiation, and precipitation from DFS5.2 (DRAKKAR Forcing Set version 5.2; 

Dussin et al. (2016) at the surface. The atmospheric fluxes of momentum, heat and freshwater 

are provided by the bulk formulae (Large and Yeager, 2009). This configuration and model output 

have already been used by Imbol Koungue et al. (2019) for Benguela Niño and Benguela Niña 

studies since 1958. Note that there is no restoring of SST. For further details regarding 

https://rda.ucar.edu/datasets/ds628.0/
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/
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parameterization and validation, including observation data of SST, SSH, vertical profiles of 

temperature and currents, one can refer to Hernandez et al. (2017) and Imbol Koungue et al. 

(2019). The major advantage of that simulation is that along with traditional parameters (such as 

sea level, temperature, salinity, and currents), the components of the mixed-layer heat budget 

were saved which allows disentangling and studying in details the processes contributing to the 

SST trend in the Benguela Upwelling System. 

2.1.4.1.2 The model mixed-layer heat balance 

The mixed-layer heat content equation can be written as follow: 

 < 𝜕𝑡𝑇 > =  −< 𝑢𝜕𝑥𝑇 + 𝑣𝜕𝑦𝑇 >⏟            
𝐻𝑜𝑟 𝐴𝐷𝑉

+ < 𝐷𝑡(𝑇) >⏟      
𝐿 𝐷𝑖𝑓𝑓

 −  < 𝑤𝜕𝑧𝑇 > ⏟      
𝑍 𝐴𝐷𝑉

+ 
1

ℎ

𝜕ℎ

𝜕𝑡
(< 𝑇 > −𝑇𝑧=−ℎ)⏟              

𝑉 𝐸𝑁𝑇

+
1

ℎ
(𝐾𝑧𝜕𝑧𝑇)𝑧=−ℎ⏟        

𝑍 𝐷𝑖𝑓𝑓

+ 
𝑄𝑛𝑠 + 𝑄𝑠(1 − 𝐹𝑧=−ℎ)

𝜌𝑜𝐶𝑝ℎ⏟              
𝑆𝑓𝑜𝑟𝑐

 

Eq. 2.1 

 With < ∙ > =  
1

ℎ
 ∫ ∙ 𝜕𝑧
0

−ℎ
 representing depth-averaged integration over the variable mixed 

layer depth. T is the model potential temperature, ( 𝑢, 𝑣, 𝑤) the velocity components, 𝐷𝑡(𝑇) is 

the lateral diffusion operator, Kz is the vertical diffusion coefficient for tracers, 𝐶𝑝 is the specific 

heat of sea water, 𝜌𝑜 is the surface density, and h is the mixed-layer depth.  

 𝑄𝑛𝑠 and 𝑄𝑠 are respectively the non-penetrative (turbulent latent and sensible heat 

fluxes and total infrared longwave heat flux) and penetrative components of the air-sea heat flux 

(shortwave radiation). 𝐹𝑧=−ℎ is the fraction of the shortwave radiation that reaches the mixed-

layer depth (MLD). The MLD is defined as the depth where the density increase compared to 

density at 10 m equals 0. 03 kg.m−3. 
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The terms “Hor ADV” represents the horizontal advection. “L Diff” is the lateral diffusion 

“V ENT” and “Z ADV” are respectively the vertical entrainment and advection and finally “Sforc” 

is the net heat fluxes storage in the mixed layer.  

2.1.4.2 Global ocean simulation using the ocean-ice components of the NorESM  

 To analyze the decadal variability, it is important to have a long simulation of at least a 

century. I am using the output of the 110 years (1900-2010) of the global ocean-ice components 

of the Norwegian Earth System Model (NorESM) (Bentsen et al., 2013). This model originates 

from the Miami Isopycnic Coordinate Model MICOM (Bleck and Smith, 1990; Bleck et al., 1992), 

The Ocean-ice components of the NorSEM is a tripolar grid with about 1° horizontal resolution 

except towards the equator where the meridional resolution is about 0.25°. The ocean model 

has 52 layers: 51 isopycnals referenced to pressure at 2000 dbar and one surface mixed layer 

divided into two non-isopycnic layers. The model is forced by the 3h data air temperature, 

humidity, winds and diagnosed air density of adjusted 20 centuries reanalysis (20CRadj) (He et 

al., 2016). The turbulent momentum, heat and moisture fluxes are computed by bulk formulae 

(Large and Yeager, 2009). The model is initialized by the January mean climatology of potential 

temperature taken from the World Ocean Atlas WOA98 (Antonov et al., 1998; Boyer, 1998). The 

climatology river runoff (Dai and Trenberth, 2002) is used for the period 1871-1948 and 2008-

2009 while the monthly varying river and coastal runoff dataset from the period 1948-2008 (Dai 

et al., 2009) are used as the continental freshwater input. Further information about the model 

setup, parametrization and validation for global SST refer to He et al. (2016). 

2.2 METHODS 

To study the long-term trends in the Benguela Upwelling System in SST and wind speed in 

chapter 3, over the period 1982-2017, I use the satellite-derived OISST1, OISST0.25, HadISST1 

and Pathfinder and the reanalysis NCEP2, MERRA-2, ERA-Interim, ERA5 and JRA-55. Note that the 

geopotential height from the 5 reanalysis datasets previously cited is also used in this chapter. 

To further investigate trends and variability within the coastal zone, four domains are selected 
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along the west coast of Africa within the Angola-Benguela Upwelling System. As the main 

upwelling occurs in a narrow band of 25 to 150km off the coast (Chavez and Messie 2009; Fennel 

et al., 2012), each domain is within 1° wide off the coast. However, each domain has been 

extended up to 3° wide for winds because coastal winds belong to large scale features such as 

the SASH and low-pressure system, and as I will show later, the reanalysed wind data, which are 

modelled, do have problems close to the coast. The latitudinal extend of each domain is chosen 

to be the same size. The domains are the Angola Benguela Front (ABF) (15-19°S), which is the 

transition region between warm tropical water and cold Benguela upwelling water; Northern 

Benguela (NB) (20-24°S), which is the perennial upwelling region but under the influence of 

Benguela Niños and Niña, Central Benguela (CB) (25-29°S) which is the most perennial upwelling 

region and Southern Benguela (SB) (30-34°S) which has a seasonal upwelling. The SB and NB 

domains are similar to the ones used in Rouault et al. (2010) and Rouault (2012), respectively. 

The ABF domain is similar to the one used in most Benguela Niños and Niñas studies.  

 

Figure 2.2: Zonal SST gradient (°C/1000km) of long-term mean of OISST from 1982-2017. The red 

lines delimit the four domains used for analysis: ABF, NB, CB, and SB. 
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 In chapter 4, to investigate the mechanism of long-term changes of the last 35 years in 

the Angola-Namibia region, I used OISST1, OISST0.25, HadISST1 and the numerical simulation 

NEMO 3.6. to understand the mechanisms behind the changes. I use the same simulation NEMO 

3.6 in chapter 4, to investigate the decadal variability of the Benguela Upwelling System over the 

last 50 years in chapter 5. Finally, I use HadISST1, HadISST2, ERSST5, and NorESM to investigate 

the decadal variability in the Benguela Upwelling System over the last 110 years. Note that to 

investigate the decadal variability in the whole upwelling, the previous domains have been 

extended to 4°-width coastal band. The coastal upwelling can extend far offshore up to 300 km 

(Desbiolles et al., 2014) due to wind stress curl extending far to the west and also eddies and 

filaments advected to the west. Furthermore, the zonal SST gradient (Figure 2.2) delineates the 

Benguela upwelling zone of influence up to 4° off the coast. All the data and periods used for 

each chapter of results (3 to 5) are summarized in Table 2.3 

Table 2.3: Summary of data/model outputs and the period of study used for each chapter of 

results.  

Chapter Data used Period of study 

Chapter 3 Oceanic observation: OISST1, OISST0.25, HadISST1 and 

Pathfinder 

Atmospheric Reanalysis: NCEP2, MERRA-2, ERA-Interim, 

ERA5 and JRA-55 (1982-2013) 

1982-2017 

Chapter 4 Oceanic observation: OISST, OISST0.25, HadISST1 

Model outputs: NEMO 

1982-2015 

Chapter 5 Oceanic observation: OISST1 (1982-2009), HadISST1, 

HadISST2, ERSST5  

Model outputs: NorESM 

Climate Index: PDO (based on PC UKMO historical SST), IPO 

(ERSST5 based on tripole Index), AMO (based on HadiSST1) 

1910-2009 
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2.2.1 Linear least square regression fit (linear trend) 

2.2.1.1 Linear trend 

To calculate the long-term change in the Benguela Upwelling System, I calculate the linear 

trend of SST and wind speed at each grid point of my larger domain of study and in the four 

averaged regional domains ABF, NB, CB and SB, from a linear least square regression. This linear 

least square regression can be expressed as: 

 
𝑌 =  𝐵0  +  𝐵1𝑡 Eq. 2.2 

where the dependent variable (𝑌) is the timeseries of the parameter analysed (wind speed or 

SST) and the independent one is time (𝑡). The coefficient 𝐵0 is the intercept and the regression 

coefficient 𝐵1 (the slope) is the linear rate of the parameter. Positive values of 𝐵1 denote an 

increasing trend which means the parameter analysed increases over time, whereas negative 

values indicate a decreasing trend. Here I estimate the decadal linear trend, which is the rate of 

change over a period of ten years (per decade).  

2.2.1.2 Statistical significance test for the trend (Student’s t-test) 

To test the statistical significance of trends, the Student’s t-test is applied. The Student’s 

t-test is any statistical hypothesis test in which the test statistic follows the Student’s t-

distribution with N-2 degree of freedom, when the sample size N is large (N > 20). The t-statistics, 

tested against the t-distribution values, can be expressed as: 

 
𝑇 =  

𝐵1
𝑆𝑒(𝐵1)

 
Eq. 2.3 

Where 𝑆𝑒(𝐵1) is the standard error of 𝐵1. 

2.2.2 Monthly anomalies and normalization 

To investigate the trend and the decadal variability in SST and surface wind speed, 

monthly anomalies are estimated. First, the data are averaged to produce monthly means. The 

monthly anomalies are then computed by removing the monthly climatology of each month of 

the timeseries. The monthly anomalies are normalized by dividing each monthly anomaly by the 
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standard deviation of that month (eg. Rouault, 2012) to help to compare different variables in 

terms of abnormal events. 

2.2.3 Filtering procedure 

To investigate a possible decadal variability in the Benguela Upwelling System over the 

last 100 years (chapter 5), the monthly anomalies or the normalized anomalies data are 

detrended. These detrended anomalies are filtered using a Hanning filter with 11 years windows 

to remove frequencies less than 11 years. The band-pass Butterworth filter is also used in chapter 

5 to reconstruct the timeseries in different decadal dominant time scales of variability 

2.2.4 dSST derived from net surface heat fluxes 

To investigate the mechanism accountable for the long-term changes in the Angola-

Namibia region in chapter 4, trends are also estimated for different parameters (such as currents, 

mixed layer depth, Qnet etc.) involved in the heat budget and on the monthly rates of change of 

SST (𝑑𝑆𝑆𝑇). The 𝑑𝑆𝑆𝑇 is the monthly contribution of heat fluxes estimated from Qnet. The 𝑑𝑆𝑆𝑇 

here is assimilated to the ‘’Sforc’’ in the NEMO model equation. Assuming that vertical heat flux 

through the thermocline is weak and as the thermocline is shallow in our region of study, the 

influence of surface heat on seasonal variation can be modelled through the following 

expression: 

 
𝑑𝑆𝑆𝑇 = 𝑑𝑡 ∗

𝑄𝑛𝑒𝑡
𝜌𝑜 ∗  𝐶𝑝 ∗ ℎ𝑚𝑙𝑑

 
Eq. 2.4 

where 𝑑𝑆𝑆𝑇 is the SST change over a time interval 𝑑𝑡 (here 𝑑𝑡 is equal to 1 month); Qnet is the 

net surface heat flux, ℎ𝑚𝑙𝑑  is the mixed layer depth, 𝜌𝑜 (𝜌𝑜 = 1027 kg.m-3) is the seawater density, 

𝐶𝑝 (𝐶𝑝 = 4200 J/(kg.oC)) is the seawater heat capacity. The model was applied by Yu et al. (2006) 

to quantify the role of local heating in the SST fluctuation in the tropical Atlantic. 

2.2.5 Wavelet analysis 

Wavelet analysis is a powerful tool for detecting time-frequency variations within time-

series data (Torrence and Compo, 1998). In chapters 3 and 5, I use wavelet analysis with a 
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continuous wavelet transform, based on the Morlet wavelet with angular frequency 6, in order 

to investigate potential changes in the spectral content of monthly SST data.  

2.2.5.1 Wavelet power spectrum 

By representing the time-series in a time scale domain, we can determine which scales of 

variability periods are the dominant variability modes affecting the SST data. Such decomposition 

of the monthly SST or wind signals is conducted to produce the local wavelet spectra (or global 

wavelet spectra in scale dimension only), which produces a good trade-off between time and 

frequency resolution (Farge, 1992; Torrence and Compo, 1998). Following Torrence and Compo 

(1998) the significance levels are determined using Monte Carlo simulation of a first-order 

autoregressive (AR[1]) process. To minimize edge effects and to avoid wraparound issues, the 

time series are padded with zeroes. The cone of influence, which delineates the area under which 

power can be underestimated as a result of edge effects and zero padding, is therefore 

represented on all spectra as a black or white bold line (Torrence and Compo, 1998). A detailed 

description of wavelet analysis can be found in Torrence and Compo (1998).  

2.2.5.2 Wavelet coherence 

The Wavelet coherence, another useful quantity from Fourier analysis, is defined as the 

square of the cross-spectrum normalized by the individual power spectra (Torrence and Compo, 

1998; Grinsted et al., 2004). The Wavelet coherence is a measure of the correlation between two 

timeseries in a time-frequency plane as in the classical wavelet power spectrum (see 2.2.5.1). As 

in wavelet power spectrum, the statistically significant coherence at the 95 % level confidence 

limit is determined based on 1000 Monte Carlo simulations of the red noise background spectrum 

sharing the same autoregressive coefficients as the original data. The relative phase relationship 

between the two timeseries is represented by arrows and can be interpreted as a lead or lag 

relationship. If the arrows are pointing rightwards or leftwards, they represent phase coherence 

or anti-phase coherence, respectively. When arrow phase is pointing down or upwards, it means 

that the time series are in quadrature: one timeseries is leading the other by 90 degrees or lagging 
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by 270 degrees. A detailed description of wavelet analysis can be found in Torrence and Webster 

(1999) and Grinsted et al. (2004). 

2.2.6 Composite and bootstrap 

The composite analysis is a process of averaging a particular field over some identified 

occurrences of particular events or periods. It is a useful technique for exploring the large-scale 

impacts of climate mode teleconnections. In this study, composite analysis is used to investigate 

the role of global SST on the Benguela Upwelling System at each dominant decadal time scale of 

variability (cf. chapter 5). The extreme warm or cold events defined when the reconstructed SST 

anomalies exceed ±1 standard deviation are selected at each dominant decadal-scale and the 

composite analysis is performed only on extreme warm or cold reconstructed SST events. 

Although, the reconstructed SSTs are based on harmonics which by definition are symmetric. It 

seems that the global symmetry is due to the impact of ENSO like conditions or different phases 

of the South Atlantic dipole mode that are by essence symmetric. 

To test the statistical significance of the composite maps in chapter 5, the bootstrap 

method is used. The bootstrap technique is a non-parametric test that uses only the data 

distribution itself (Efron and Tibshirani, 1991) to determine various confidence levels. It is based 

on a resampling method. The basic idea is to generate randomly artificial data having the same 

size as the target. The target in this study is the SST anomalies greater than +1 Standard Deviation 

(SD) or smaller than -1 SD. I used 10000 iterations corresponding to 10000 randomly artificial 

averages generated from the initial dataset. In this study, I apply the Bootstrap method to each 

spatial point separately. In this case, the original data is resampled 10000 times to form 10000 

artificial averages and sorted in ascending order. Each grid point of the composite is statistically 

significant at 95 % if its value can be classified as an “outlier”, meaning that this value is in the 

upper 2.5% or lower 2.5% of the artificial group distribution.  
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CHAPTER 3 

3 INTER-COMPARISON OF OBSERVATIONAL SST DATA AND 

REANALYSIS WIND DATA IN THE BENGUELA UPWELLING 

SYSTEM: TREND ANALYSIS 

 

3.1 INTRODUCTION 

Sea Surface Temperature (SST) is a good indicator of upwelling strength in Eastern Boundary 

Currents such as in the Benguela Current system. South-easterly winds lead to upwelling of cold 

deep water along the western coast of Southern Africa. Upwelling in the Benguela system is due 

to the coastal branch of the anticyclonic wind of the South Atlantic Anticyclone (Veitch et al., 

2010). This wind, also modulated by the orography, the orientation of the coast and the thermal 

contrast with the continent, is mostly alongshore and equatorward along the south-west coast 

of Africa (Nelson and Hutchings, 1983). Satellite remote sensing provides an estimation of SST 

since the 1980s and therefore allows us to quantify interannual variability and trend. An 

apparent paradox associated with global warming is that it might lead to intensified upwelling-

favourable winds worldwide (Bakun, 1990; Bakun et al., 2015; Rykaczewski et al., 2015; Wang et 

al., 2015) leading to cooling of SST in upwelling systems such as the Benguela Upwelling System. 

Rouault et al. (2010) and Blamey et al. (2015) found that the trends in SST for the period 1982-

2009 in the Benguela Upwelling System using the 1°×1° Optimum Interpolation SST (OISST1) vary 

in space and have a distinct seasonality. They revealed that the Angolan and North Namibian 

coastline displayed a warming trend in all months of the year from 0.2 to 0.5°C per decade (10 

years) depending on the season. They found that the central part of the Benguela Upwelling 

System had not significantly changed while the Southern Benguela had cooled by up to 0.5°C but 

only from January to August. Vizy and Cook (2016) explain the warming off Angola and Northern 
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Benguela by a decrease in wind speed due to a poleward shift of the South Atlantic Subtropical 

High (SASH) which would decrease the upwelling rate and the turbulent sensible and latent heat 

flux. Such shift was mentioned by Jarre et al. (2015). Detecting trends in coastal upwelling 

remains a challenge due to cloud cover, sunlight, proximity of the coast, concentration of 

aerosols, and the unavailability of long enough, homogenous, and well-calibrated time series of 

observed in situ data. By using OISST1 and Pathfinder, Blamey et al. (2015) found a contradictory 

trend in Southern Africa, indicating a serious problem in the validity of SST trends around 

Southern Africa. These problems might arise due to the techniques of SST retrieval, the spatial 

resolution of data, and/or potentially strong SST biases observed by some satellites in the 

Benguela Upwelling System. Contradictory results were also found in wind speed trend in the 

Benguela Upwelling System. Narayan et al. (2010) found no trend for the wind speed in the 

Benguela Upwelling System, over the period 1960-2000 when using ERA 40 reanalysis surface 

wind speed. Recently, Lamont et al. (2018), using synoptic-scale upwelling indices based on 

Ekman transport derived from National Centers for Environmental Prediction version 2 (NCEP2) 

reanalysis dataset over the period 1979 to 2015, found a weakening of the upwelling in the 

Northern Benguela and a strengthening in the Southern Benguela. This contradictory results also 

may arise from the fact that the analysis were not done in the same period and trends are 

obscured by the interannual to multi-decadal variability that result from regional and local ocean 

and atmospheric processes (García-Reyes et al., 2015). Most studies in the Benguela Upwelling 

System used either one SST dataset and or one reanalysis products sometimes with coarse 

resolution which can have limitation detecting the real trend in the upwelling. In addition, most 

studies assumed a linear or steady trend. No study has not been done on decadal variability in 

the BUS to my knowledge. In this study, I use a comprehensive comparison approach based on 

several SST datasets and reanalysed wind dataset to calculate analyse trend in SST and wind 

speed in the Benguela upwelling system and test the possible existence of decadal variability. 

This method is useful to address the uncertainty and limitation in the estimation of long-term 

trends. 

To do so, I first compare SST data and reanalysed wind data in the Benguela Upwelling 

System by analysing their long-term mean and annual cycles. Then, I investigate trends in the 
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Benguela Upwelling System using these various SST and wind datasets. Geopotential height, an 

indicator of high- and low-pressure systems, is also analysed in this chapter to look for shifts or 

intensification of the SASH. Finally, the dominant time-scale of SST variability at interannual and 

decadal scales in the Benguela Upwelling System is explored using wavelet analysis and filtering 

of SST data to distinguish any linear trend from decadal variability. Four domains are selected 

along the west coast of Africa within the Benguela Upwelling System. Each domain is 4° long in 

latitude and 1° wide off the coast for SST but 3° wide for winds as mentioned in the method (cf 

section 2.2). As I will show, the reanalysed wind data, which is modelled, does have problems 

close to the coast. The domains are the Angola Benguela Front (ABF) (15-19°S), Northern 

Benguela (NB) (20-24°S), Centre Benguela (CB) (25-29°S) and Southern Benguela (SB) (30-34°S). 

3.2 LONG-TERM MEAN AND SEASONALITY IN THE BENGUELA UPWELLING SYSTEM 

3.2.1 Long-term means of SST 

Figure 3.1 presents the annual climatology of SST (upper panel) and standard deviation 

of the monthly anomalies of SST (lower panel) using OISST1, HadISST1, OISST0.25, and 

Pathfinder. Figure 3.1 is used to compare the annual mean and variability pattern of SST among 

datasets, over the period 1982-2017 in the Benguela Upwelling System. All the climatologies 

display the same large-scale feature with cool SST observed along the Namibian and South 

African west coasts albeit with different minima (Figure 3.1, upper panels), as well as open ocean 

south of 35°S. The warm waters transported by the Agulhas Current south of Africa are 

represented differently among datasets. Warm SST, exceeding 26°C, is observed in the Angolan 

sector north of the ABF in all datasets. OISST1 and HadISST1 have respectively a minimum SST of 

17°C and 18°C in the Benguela Upwelling System close to the coast. The OISST0.25 is slightly 

cooler in the Benguela Upwelling System with a minimum SST of 16°C close to the coast. The 

Pathfinder has the coolest SST in the Benguela Upwelling System with a minimum temperature 

around 15°C close to the coast and has a good representation of the Agulhas Current. Overall, 

Hadley SST annual mean magnitudes, in the Benguela Upwelling System, are 1-3°C higher than 

the other products especially in the Centre and Southern Benguela, while Pathfinder exhibits the 

lowest annual mean SST in the Benguela Upwelling System. Having higher resolution, these 
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results are expected. However, HadISST1, having the same resolution as OISST1 is conspicuously 

different. 

 

 

Figure 3.1: Top panel: Annual mean of SST for the period 1982 to 2017 computed with OISST1, 

OISST0.25, HadISST (1°×1°), and Pathfinder (4km × 4km) from left to right respectively. Bottom 

panel is the corresponding standard deviation. 

The annual standard deviation of the monthly anomalies of the SST datasets (Figure 3.1, 

lower panels), reveals a spatial difference of SST variability along the east coast of the South 

Atlantic. The SST in the Benguela Upwelling System and the SASH show less variability compared 

to the SST in the two coastal boundaries of the Benguela upwelling, ABF and Agulhas region. In 

the Benguela Upwelling System, the standard deviation is less than 0.7°C with the SST datasets 

except for Pathfinder where the standard deviation is about 0.9°C close to the coast. The SST in 
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the two coastal boundaries of the Benguela Upwelling System shows stronger variability. In the 

ABF, the standard deviation varies between 1.1°C and 1.3°C with OISST1 and OISST0.25, between 

0.7°C and 0.9°C for HadISST1 and more than 1.5°C for Pathfinder. In the Agulhas Current region 

especially in the Agulhas retroflexion area, the standard deviation of SST is ~0.9°C for OISST1 and 

larger than 1.3°C for OISST0.25 and Pathfinder. In summary, Hadley SST has the lowest 

interannual variability along the east coast of the South Atlantic, while Pathfinder has the highest 

variability. Again except for HadISST1, these differences could be due to the difference between 

datasets and/or the methods used to reconstruct the dataset. 

3.2.2 Annual cycle of SST 

The monthly climatological SST, over the period 1982-2017, in the eastern part of the 

South Atlantic, is illustrated in Figure 3.2 and Figure 3.3. A comparison of the annual cycle of SST 

for all datasets is shown in Figure 3.3 for the four locations: ABF, NB, CB and SB. The shaded area 

in Figure 3.3 represents one standard deviation. These figures show high variability of SST 

throughout the year depending on location. The highest variability is observed in the ABF (15-

19°S) with a maximum value of SST of about 23-26°C observed in February-April and with a 

minimum value of SST of about 13-16°C observed in July-September. Relatively warm water is 

observed offshore while a narrow band of cool water is observed along the coast from 20°S to 

35°S with minimum values of 13-14 °C observed at Lüderitz (~27°S) all the year where the 

strongest and most persistent upwelling of the Benguela Upwelling System occurs (Shannon and 

Nelson, 1996). The contrast of SST between the coast and offshore is very high in austral summer, 

earlier autumn, and can reach 5°C difference in March-April (Figure 3.2) indicative of upwelling. 

In the Benguela Upwelling System, the SST magnitude ranges from about 13 to 19 °C with the 

maximum in late austral summer (February-March). Minimum values of 13-15°C, are observed in 

austral winter-earlier spring season (June-September) along the coast and extended offshore. 

This, at first glance, does not match the general knowledge that upwelling in the region should 

be more intense in austral summer and the water at the coast should be cooler in austral summer 

when the upwelling favourable south-easterly wind is stronger. SSTs should also be warmer in 

austral winter in the Southern Benguela where north-westerly wind dominates which is not the 

case in Figure 3.2 and Figure 3.3. However, the very cold coastal water may not be captured by 
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the low resolution of the datasets when compared with climatology obtained with the 500 m by 

500 m climatology done by Dufois and Rouault (2012), but I note that the gradient of SST which 

is also used to characterized upwelling intensity by many authors is higher in austral summer 

than in austral winter indicating that even if the datasets do not capture the very cold water at 

the coast, they do pick up the rest of the upwelling. The SST offshore of the upwelling follows the 

expected influence of the annual change of solar radiation (Demarcq et al., 2003). Moreover, 

Pathfinder and AVHRR data have a warm bias near the coast (Dufois and Rouault, 2012). Looking 

at Figure 3.3, all SST products display the same annual cycle across all the regions. A comparison 

among datasets (Figure 3.3) reveals that, in the ABF and the Benguela Upwelling System, 

HadISST1 has the warmest SST all year long while OISST0.25 and Pathfinder have the coolest SST. 

In the ABF (Figure 3.3 left top panel), the maximum SST ranges between 20 and 24°C depending 

on datasets and is observed in March. The minimum SST ranges between 15 and 19°C within 

datasets and it is observed in August. In the NB (Figure 3.3, right top panel), maximum SST ranges 

between 17 and 20°C in February. Minimum SST ranges from 13 to 16°C with OISST1, OISST0.25 

and Pathfinder while it is ~17°C in HadISST1 dataset. CB and SB have the same range of variability 

with a maximum from 16 to 20°C in February as in NB. However, CB exhibits the coldest values 

in austral winter with SST ranging between 13 and 15°C using OISST0.25 and Pathfinder (Figure 

3.3 left bottom panel). As mentioned above, the HadISST1 exhibits the highest SST value in the 

annual cycle and is quite different from the other datasets in the Benguela Upwelling System 

especially in the CB and SB. Its standard deviation does not overlap with others. The SST 

difference of HadISST1 compared to OISST0.25 or Pathfinder is up to 4°C in CB and SB.  
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Figure 3.2: monthly SST (°C) climatology from 1982 to 2017 computed with OISST0.25 in the 

Benguela region. The zoom with the red boxes denotes the four domains used for analysis: ABF, 

NB, CB and SB.  
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Figure 3.3: Annual cycles of SST (°C) in the Benguela Upwelling System off ABF, NB, CB and SB 

domains (see map in Figure 3.2) for OISST1 (red), OISST0.25 (green), HadISST1 (blue) and 

Pathfinder (black). Shaded areas represent the standard deviation. 

3.2.3 Annual cycle of wind 

3.2.3.1 Long-term means of wind 

Figure 3.4 shows the annual mean of near-surface wind speed at the height of the 1000 

hPa isobar of ERA5 for the period 1982-2017 (Figure 3.4 a) and the zonal average, from the coast 

to 3o off of the meridional wind of near-surface meridional wind of the five different reanalysis 

datasets used here: ERA5, Era-Interim, MERRA-2, JRA-55 and NCEP2 (Figure 3.4 b). Strong winds, 

up to 10 m.s-1, are observed along the Namibian and South African west coasts, while weak winds 

are observed along the Angolan coast, in the centre of the SASH between 27oS-35oS and 0oE-6oE, 

and along the southern coast of South Africa (Figure 3.4 a). The wind speed is about 3-4 m.s-1 

along the Angolan coast. It is less than 3 m.s-1 in the centre of the SASH and along the south coast 

of South Africa. Along the west coast, the mean wind is mostly equatorward. It is southerly along 
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South Africa, southeasterly along Namibia and southwesterly along Angola. The maximum winds, 

about 9 m.s-1, are observed in the CB and ABF regions. 

 

       

Figure 3.4: a) annual mean of wind speed of ERA5 (m.s-1) at 1000hpa for the period 1982-2017, 

superimposed with the annual mean direction (black arrows). b) zonal average in the 3o-width 

coastal band of the annual mean of the meridional wind along the Angolan, Namibian, and South 

African west coast for the ERA5 (blue line), Era-Interim (red line), MERRA-2 (yellow line), JRA-55 

(purple line), and NCEP2 (green line). The time period for the mean is 1982-2017 for all datasets, 

except for JRA-55 dataset which is 1982-2013. 

A comparison of meridional wind along the coast among the datasets (Figure 3.4 b) shows 

that in the Benguela Upwelling System the patterns of coastal wind in all the datasets are in good 

agreement with ERA5, except for NCEP2 and JRA-55 in the Northern Benguela and Angola region. 

As mentioned in the previous section, weak equatorward meridional winds ranging from 2 to 4 

m.s-1 are observed north of the ABF and in South Benguela. Between these two boundaries, a 

relatively stronger coastal meridional wind is observed, greater than 4 m.s-1, with two maxima. 

One maximum is observed in the ABF and the second one is observed in the CB with values 

ranging between 8 and 9 m.s-1. For NCEP2, the maximum wind observed in the ABF zone is slightly 

a) b) 
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south of ABF. Moreover, in the Benguela Upwelling System, the NCEP2 has the weakest wind 

with a difference of 2 to 4 m.s-1 compared to other datasets. This may be due to the coarse 

resolution of NCEP2 (2.5°×2.5°). 

3.2.3.2 Annual cycle of meridional wind 

Figure 3.5 displays the annual cycle of the near-surface coastal meridional wind for the 

five different reanalysis datasets at the four locations (ABF, NB, CB and SB), as in Figure 3.3 except 

that the coastal boxes are extended to 3° off the coast. All the products present the same pattern 

of the annual cycle except NCEP2 in ABF and NB. In ABF, all datasets show a relatively strong 

equatorward meridional wind ranging from 5 to 10 m.s-1 throughout the year. Minimum values 

of meridional wind are observed in January-February. Two maxima are observed: one in April-

May and the second in October in most datasets. However, the April-May maximum is not 

observed in NCEP2. As in the ABF, relatively strong meridional winds are also observed in NB 

throughout the year with a slight relaxation in June-July, confirming the persistence of upwelling 

throughout the year (Veitch et al., 2010). The meridional wind in NB has values that range from 

4 to 10 m.s-1. JRA-55 shows the highest values throughout the year in the ABF and NB. The 

meridional winds in CB and SB show a similar seasonal pattern of variability. Intense equatorward 

meridional winds are observed from October to March while relatively weak winds are observed 

from April to September. The maximum values are obtained in January and range from 9 to 11 

m.s-1 on average in CB and 6 to 9 m.s-1 on average in SB. In CB, the minimum values are observed 

in June-July; the minimum values are about 6 to 8 m.s-1 except for NCEP2 (~2 to 4 m.s-1). 

Compared to NB, the meridional wind in CB is higher throughout the year indicating perennial 

and persistent upwelling throughout the year. In SB, the equatorward winds are very weak, less 

than 4 m.s-1 in SB from April to September and reverse direction (< 0 m.s-1) from May to July in 

NCEP2. The minimum values are observed in June-July when the centre of the SASH is either close 

to the Equator or on the western side of the South Atlantic basin (Sun et al., 2017). I also notice 

that NCEP2 shows the weakest wind in the annual cycle in CB and SB. Again, this relatively low 

wind speed could be due to the results of averaging strong northwesterly wind experienced 

during low-pressure systems and cold fronts and southerly wind experienced after cold fronts 
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and during high-pressure system conditions, bringing low wind or strong southeasterly winds at 

times, all of those leading to low averages. 

 

 

Figure 3.5: Annual cycles of meridional wind speed (m.s-1) in the Benguela Upwelling System off 

ABF (15-19°S), NB (20-24°S), CB (25-29°S), and SB (30-34°S) for NCEP2 (red), JRA-55 (green), 

MERRA-2 (blue), Era-Interim (black), and ERA5 (magenta). Shaded areas represent the standard 

deviation. Each box is the average of meridional winds in the 4°-long domains in latitude and the 

3°-width coastal fringe. Note that positive values mean equatorward. 
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3.3 TRENDS IN SST  

3.3.1  Overall trends 

      

            

 

Figure 3.6: Linear trend in annual mean SST for the period 1982-2017 for a) OISST1, b) OISST0.25, 

c) HadISST1, and d) Pathfinder. The black points denote statistically significant values at 95% level 

using student’s test based on linear regression.   

The SST trends and their statistical significance for the period 1982-2017 are shown in 

Figure 3.6. Statistical significance at 95% level of confidence is calculated using student’s test 

based on linear regression. Overall, statistically significant warming trends, ranging from 0.2 to 
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0.6°C per decade are observed along Angola and Northern Namibia from 6°S to 22°S in all 

datasets. Except for HadISST1, the datasets also agree that there is a significant warming trend 

observed in the open ocean and Agulhas Current south of 33°S. Disagreement in SST trends 

occurs among the datasets especially along the coast in the Benguela Upwelling System. A 

statistically significant cooling trend, ranging from 0.2 to 0.4°C, is observed in the Central and 

Southern Benguela using HadISST1 dataset while a warming trend is observed with the 

Pathfinder dataset almost everywhere in the Benguela Upwelling System (Figure 3.6 c and d). A 

cooling trend of lesser magnitude and spatial extent than HadISST1 is observed in the south of 

the Benguela using OISST1 and OISST0.25 (Figure 3.6 a and b). However, the cooling trend is not 

statistically significant in OISST0.25. The difference in trend at the regional scale for products 

(OISST1, OISST0.25, HadISST1, Pathfinder) that are based on the same AVHRR spaceborne 

instrument is a cause for concern. 

3.3.2 Seasonal trends 

To investigate how the SST trends vary depending on the season in the Benguela 

Upwelling System, Hovmöller diagrams of the monthly linear trend of SST in °C per decade, for 

each dataset, averaged within the 1°-width coastal fringe along the Angolan, Namibian, and 

South African west coasts, are shown in Figure 3.7. This 1° band off the coast is chosen to quantify 

trends within the upwelling for all datasets. Figure 3.7 shows the seasonal dependence of the 

trends in SST in the Benguela Upwelling System. The warming trend observed in Angola and 

northern Namibia is present all year round, but the trend is not statistically significant from 

February to September. The warming trends are up to 0.7-0.9°C per decade in the austral 

summer (November to January). The cooling trend observed south of 30°S in most of the datasets 

is observed all year round in OISST1 and HadISST1, while they are observed from December to 

May in OISST0.25 and are statistically significant at that monthly scale. A statistically significant 

cooling trend of lesser magnitude is also observed south of 33°S for the Pathfinder dataset from 

December to May. The cooling trends observed in OISST1 and HadISST1 are statistically 

significant from December to September. They are more pronounced, up to -0.6°C per decade, 

in April to July with OISST1 while they are more pronounced in January-February and April-May 

for HadISST1. 
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Figure 3.7: Hovmöller diagram of monthly linear trend of SST averaged from coast to 1 degree 

off the coast along the Angolan, Namibian and west of South African coasts for OISST1 (left top 

panel), OISST0.25 (right top panel), HadISST1 (left bottom panel) and Pathfinder (right bottom 

panel). The period considered is 1982-2017 for all data. Cross lines denote statistically significant 

values at 95% level using student’s test based on linear regression. 

3.4 COMPARISON OF MONTHLY TIMESERIES OF SST ANOMALIES IN THE FOUR DOMAINS TO 

UNDERSTAND THE DIFFERENCE IN SST TREND 

To understand the differences in trends observed among the datasets in the Benguela 

Upwelling System, timeseries of monthly SST anomalies for the four SST datasets in ABF, NB, CB, 

and SB boxes are shown in Figure 3.8 and correlations between SST anomalies among datasets 

in the same domains as in Figure 3.8 are shown in Table 3.1. Note that all the correlations are 



68 
 

statistically significant at the 95% level. There is a good agreement among datasets in the ABF. 

The correlations between SST anomalies among datasets in the ABF are greater than 0.8 except 

for the correlation between HadISST1 and Pathfinder which is 0.76 (Table 3.1). There is also 

agreement among datasets in NB. However, the correlations between SST anomalies among 

datasets are slightly lower than the ones in the ABF. The lowest correlations are observed 

between HadISST1 and the other three datasets. The Pearson correlations are respectively 0.64, 

0.60 and 0.5 between HadISST1 and OISST1, HadISST1 and OISST0.25 and between HadISST1 and 

Pathfinder. The correlation is greater than 0.8 between OISST1 and OISST0.25, and also between 

OISST0.25 and Pathfinder. Discrepancies among datasets are observed in CB and SB. In CB, 

HadISST1 starts with a warm bias of up to 2.5°C compared to OISST0.25 or Pathfinder (Figure 

3.8). The correlations between HadISST1 and the other three datasets are even lower than 0.5. 

HadISST1 correlation is 0.47 with OISST1, 0.37 with OISST0.25 and 0.19 with Pathfinder (Table 

3.1). However, there is quite a good agreement between OISST1, OISST0.25, and Pathfinder. In 

SB, the agreement among datasets is quite good compared to CB except that HadISST1 and 

OISST1 start with warm bias compared to OISST0.25 or Pathfinder. Besides the correlation 

between HadISST1 and Pathfinder which is about 0.42, all the correlations are larger than 0.5. 

Again, the different methods of producing datasets could be the cause of the discrepancies in 

trends among datasets. For example, HadISST1 and OISST1 used in-situ and operational AVHRR 

data while OISST0.25 used in-situ data, Pathfinder AVHRR data from 1985-2005 and operational 

AVHRR data from 2006 onwards (see section 2.1.1). Moreover, the lowest correlation between 

HadiSST1 and other datasets is due to the fact that HadiSST1 is less influenced by the AVHRR, 

whereas AVHRR is the major component of other SST products.  
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Figure 3.8: Moving average over 3-month windows of SST anomalies from 1982 to 2017 in four 

different boxes (from top to bottom ABF, NB, CB, and SB, see map in Figure 3.2) for the four 

datasets: OISST1 (blue), HadISST1 (red), OISST0.25 (yellow), and Pathfinder (Magenta)



70 
 

Table 3.1: Pearson Correlation between anomalies of SST among datasets (HadISST1, OISST1, 

OISST0.25, and Pathfinder) in ABF, NB, CB and SB boxes (see map in Figure 3.2). 

ABF 

 HadISST1 OISST1  OISST0.25 Pathfinder 

HadISST1 1 0.82 0.82 0.76 

OISST1  1 0.91 0.88 

OISST0.25   1 0.9 

NB 

HadISST1 1 0.64 0.60 0.50 

OISST1  1 0.83 0.77 

OISST0.25   1 0.86 

CB 

HadISST1 1 0.47 0.37 0.19 

OISST1  1 0.86 0.61 

OISST0.25   1 0.78 

SB 

HadISST1 1 0.72 0.55 0.42 

OISST1  1 0.74 0.57 

OISST0.25   1 0.85 

 

Similar trends analysis over the period 1986-2017 (Figure 3.9) shows quite a good 

agreement between OISST1, HadISST1 and OISST0.25. Pathfinder trend results are still far from 
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other datasets but show a similar pattern. This could be due to the fact that Pathfinder data have 

a lot of missing values (see Figure 2.1) and also, Pathfinder is not corrected with in situ data and 

could be more related to skin temperature which may be more affected by global air temperature 

and present a warmer trend than the other datasets. 

 

 

Figure 3.9: Same as figure 3.7 but for the reduced period 1986-2017 

In conclusion, there are some discrepancies between datasets. HadISST1 is less correlated 

with the other three SST datasets. There is even a difference between the two OISST products. 

Most of the discrepancy is also found at the beginning of the time series, especially from 1982 to 

1985. The CB is the domain with the most discrepancy followed by SB. These discrepancies may 

be at the origin of the difference in trends between datasets. However, trend analysis over the 

period 1986-2017 shows quite a good agreement between OISST1, HadISST1, and OISST0.25 and 

demonstrates that the 1982 to 1985 dataset needs to be removed for trend analysis. A general 

warming trend is found in Southern Angola and Northern Benguela and a cooling trend is found 
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in Central and Southern Benguela. Even the Pathfinder which at first seems a bit different has a 

similar seasonal pattern with a warm bias compared to OISST. 

3.5 TRENDS IN WIND 

3.5.1 Overall trends in wind speed 

a                    

Figure 3.10: Linear trends in mean wind speed (m/s per decade) for a) NCEP2, b) JRA-55, c) Era-

Interim, d) ERA5, and e) MERRA-2 with the associated climatological direction superimposed 

(green and black arrow). Green arrows denote where the trend values are statistically significant 

at 95% level using Student’s test based on linear regression. The period considered is 1982-2017 

for all datasets, except for JRA-55 which is 1982-2013. 

a) NCEP2 b) JRA-55 c) ERA-I 

d) ERA5 e) MERRA-2 
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Here I analyze and compare the linear annual and seasonal wind speed trends of the five 

reanalysis atmospheric datasets. Figure 3.10 shows the wind speed and direction trends and the 

annual mean direction over the period 1982-2017 for the same datasets. Noted that JRA-55 has 

a shorter period of 1982-2013. Statistical significance at 95% level of confidence is calculated 

using Student’s test based on linear regression and is shown by the green arrows. Globally, there 

is good agreement in trends among datasets, although the JRA-55 trends tend to be the largest, 

while MERRA-2 trends tend to be the smallest. Positive trends up to 0.7 m.s-1 per decade are 

observed in the Benguela upwelling and the open ocean while negative trends up to -0.5 m.s-1 

are observed along the Angolan coast and in the open ocean south of 35°S. The negative trends 

along the Angolan coast are more pronounced and are statistically significant using JRA-55 and 

NCEP2. The positive trends observed along and near the coast of Namibia and the South African 

west coast, are not statistically significant. This could be due to a problem in the reanalysis 

datasets, calculated using model outputs near the coast. In addition, the observed low values in 

JRA-55 wind trends around 30°S near the coast seems spurious as JRA-55 winds indicate a 

significant positive trend almost everywhere in the Benguela Upwelling System. Indeed, most of 

the statically significant values are not found near the coast but offshore and near the Angolan 

coastal zone. However, there is an overall impression of intensification of southerly and 

southeasterly wind speed in the eastern part of SASH and a decrease of wind speed off Angola 

to the north of the Benguela Upwelling System. 

3.5.2 Seasonal trends in wind speed 

As it was done for the SST trend analysis (see section 3.1.2), to understand how the wind 

trends vary seasonally and to relate the wind trends to the SST trends (Figure 3.7), Hovmöller 

diagrams of monthly linear trends of meridional winds for each dataset, averaged within a 3°-

width coastal fringe along the west coast of Angola, Namibia and the South African are shown in 

Figure 3.11. This figure shows the seasonal dependence of wind trends in the Benguela Upwelling 

System. Although there is a good agreement in the annual trends of wind speed among datasets 

(Figure 3.10), discrepancies are observed in the seasonal trends (Figure 3.11). This may be due 

to modelling problems of reanalysis in resolving the dynamics close to the coast and also to 

different spatial resolutions and different techniques of modelling. For instance, NCEP2 and JRA-
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55 have coarser resolution (2.5o and 1.25o respectively) while ERA5 has a finer resolution (0.25 

o). The negative trends along the Angolan coast (Figure 3.10) occur almost all year round and are 

up to -0.7 m.s-1 per decade in all datasets (Figure 3.11) with different degrees of intensity and 

timing, except for ERA5 which shows no trend in the coastal meridional wind. These negative 

trends are statistically significant throughout the year with JRA-55 and in the austral winter 

period from July to September with NCEP2, but they are not statistically significant with ERA-

Interim. In MERRA-2, these negative trends are observed in the austral winter and autumn 

periods from June to October and are statistically significant only in June. This may explain some 

of the warming SST trends there. However, the timing of the lowest trends of wind speed (austral 

winter) (Figure 3.11) does not correspond with the timing of the highest SST trend (austral 

summer) (Figure 3.7 and 3.9). South of ABF, roughly, there seems to be an intensification of 

upwelling favourable winds at different months and different locations, depending on the 

dataset considered. For instance, in the Northern Benguela and central Benguela, JRA-55 and Era-

Interim show an intensification of upwelling favourable winds up to 0.5 m.s-1 from February to 

September, while ERA5 shows an intensification from May to September. Unlike JRA-55 and Era-

Interim, NCEP2 shows no trend from September to February and intensification for the rest of 

the year. However, there seems to be a general tendency for increased wind in the Southern 

Benguela in all datasets from December to April which corresponds to the SST cooling trends 

(Figure 3.7 and 3.9). Moreover, from August to November, no positive or negative trends are 

observed in Southern Benguela in most of the datasets, except for NCEP2. In JRA-55, negative 

trends are more pronounced in the second part of the year compared to the positive trend in the 

first part of the year (Figure 3.11) and could be at the origin of negative trends at the annual scale 

observed around 30°S (Figure 3.10). 
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Figure 3.11: Hovmöller diagram of monthly linear trends of meridional winds averaged from the 

coast to 3 degrees offshore along the Angolan, Namibian, and South African west coast. The 

hatched parts denote statistically significant values at 95% level using Student’s test based on 

linear regression. The period considered is 1982-2017 for all data except JRA-55, which is 1982-

2013. 

Due to opposite signs of wind speed trends observed seasonally, I now investigate the 

seasonal wind speed trend at the regional scale by considering two seasons, austral summer 

(DJFMA) and austral winter (JJASO) (Figure 3.12). As mentioned above, annual and monthly 
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negative trends of wind speed up to -0.6 m.s-1 per decade are observed along the Angolan coast 

and in the ABF region, in both seasons and all datasets. Negative trends seem to be stronger 

north of the ABF along the Angolan coast. This could have warmed up the entire Angolan coast 

and, since the water flow is mostly poleward within the Angola Current, warm water could be 

advected slowly poleward to the ABF region and further south, especially in austral summer 

(Rouault, 2012). These negative wind speed trends are more pronounced and statistically 

significant in the austral winter (JJASO) period. In the Benguela Upwelling System, I observe that 

in austral summer (DJFMA), statistically significant positive trends up to 0.7 m.s-1 are observed in 

the Southern Benguela in all datasets, in agreement with the SST cooling. Discrepancies are 

observed in the Northern Benguela. While some datasets such as ERA5 and MERRA-2, show 

negative trends, others show positive trends. However, the positive or negative trends observed 

in Northern Benguela are not statistically significant. A closer look at the trends in the Benguela 

Upwelling System shows that the trends in austral summer seem to suggest a poleward shift and 

or intensification of the SASH. In austral winter, positive trends are observed in the entire 

Benguela Upwelling System. However, the positive trends are statistically significant only in the 

Northern Benguela in all datasets except MERRA-2. Consequently, no trends at the annual scale 

are observed in the Northern and Central Benguela with MERRA-2 (Figure 3.10), which could be 

due to the negative trend in austral summer and the positive trend in austral winter. 

Although there are discrepancies among SST and wind datasets, the comparison of wind 

trends and SST trends above shows that there are agreements between SST and wind trends 

mainly at the seasonal scale along the Angolan, Namibian, and South African west coasts. For 

instance, positive trends in SST observed in Southern Angola and the ABF or part of NB regions 

are matched with negative trends in the equatorward wind in most datasets. Also, the cooling 

trends observed in the south of the Benguela Upwelling System are more pronounced from 

December to June in most SST datasets, in good agreement with the increasing trend of 

equatorward winds in all wind datasets during the same period. 
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Figure 3.12: Same as Figure 3.9 but for austral summer period DJFMA (Top panels) and austral 

winter period JJASO (bottom panels). 

3.6 REGRESSION AND CORRELATION BETWEEN WIND AND SST 

Because of some discrepancies between wind trends and SST trends at the seasonal scale 

and the problem of reanalyzed wind validity, especially near the coast, and to further investigate 

the relation between wind and SST in the Benguela upwelling system and offshore, I perform a 

regression and correlation analysis of wind onto coastal SST indices. Figure 3.13 shows the 

regression of the monthly anomaly of wind speed onto the OISST0.25 SST anomalies averaged 

within ABF, NB, CB and SB boxes. The analysis is performed for December-January-February (DJF), 

March-April-May (MAM), June-July-August (JJA) and September-October-November (SON). The 

contour lines represent the statistically significant correlation values between wind speed and 

SST. The arrows represent the 95% statistically significant regression wind vectors. Note that the 

data are not detrended. However, detrended data (not shown) do not show any difference 
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compared to non-detrended data. The results estimated for the other datasets also lead to 

similar conclusions to the one described below.  

 

Figure 3.13: Regression (m.s-1 per °C) of monthly anomaly of ERA5 wind speed onto OISST0.25 

monthly anomaly averaged in ABF (first-panel line), NB (second-panel line), CB (third-panel line), 

and SB (fourth-panel line) domains (see map in Figure 3.2). This analysis is performed at 4 

different seasons (left to right respectively): in December-January-February (DJF), March-April-

May (MAM), June-July-August (JJA) and September-October-November (SON). The contour lines 

denote 95% statistically significant correlations for wind speed and arrows represent the 95% 

95% statistically significant regression wind vectors. 
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Wind speed regressed onto ABF or NB SST anomaly (Figure 3.13 first and second-panel 

lines) shows that the change in ABF or NB SST is related to changes in the easterly wind along the 

equator and anomalous winds in the South Atlantic, south of 27°S in both the SASH and the mid-

latitude westerly wind to the south suggesting a shift of the SASH in austral summer and autumn. 

In ABF and NB regions, the impact of SASH surface wind on SST is more important in austral 

summer while in austral autumn (March-April-May), the influence of the easterly wind along the 

equator is more important. The influence of the easterly equatorial wind on the region has been 

linked to Benguela Niños with weaker easterly winds leading to warming at the ABF and NB 

regions. Conversely, Benguela Niñas are linked to stronger easterly wind and cooler than normal 

water. The regression values in austral autumn indicate that 1°C positive anomaly in ABF or NB 

SST corresponds to a maximum easterly wind negative anomaly of 0.6-0.8 m.s-1 at the Equator 

and vice versa. The correlation between easterly wind at the equator and AB SST or NB SST is 

negative and greater than -0.4. The impact of the SASH wind is more pronounced in NB compared 

to the ABF area, which is logical. Indeed, the NB region is in a strong wind-driven upwelling system 

while the ABF zone is a transition zone between a tropical region and an upwelling region. The 

ABF has weaker winds than NB and is also under the influence of a poleward warm current 

leading to warmer SST. The regression of wind speed onto NB SST in the South Atlantic suggests 

a shift as some regions have higher wind speeds in the Southern Benguela and then weaker wind 

speeds south of the southern tip of Africa. These results suggest that in austral summer a 

poleward shift of the SASH decreases the southerly and southeasterly winds in ABF and NB which 

in turn increases the SST in these regions. This shifting behaviour of the SASH is found in other 

EBUS (Rykaczewski et al., 2015).  The regression of wind speed onto CB SST and SB SST anomaly 

(Figure 3.13 third and fourth-panel line) shows that the change in CB SST and SB SST is related 

to local wind and also SASH wind; this is observed in all seasons except in MAM where the 

regression onto the CB SST is not statistically significant. However, in SB, the regression 

coefficients are higher and statistically significant in MAM compared to other seasons. As in NB, 

wind speed onto SB SST shows higher westerly wind south of the continent and less southeasterly 

wind to the Southern Benguela. These results confirm that a poleward shift of the SASH increases 

the southerly and south-easterly winds in the Southern Benguela, which cool the SST in the 
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coastal region. Contrary to the Southern Benguela, the poleward shift of SASH decreases the wind 

speed in the Northern Benguela which warms up the SST. In austral winter JJA, the 1°C positive 

anomaly in CB SST corresponds to a maximum of northwesterly wind anomaly of ~1.4-1.8 m.s-1 

in the CB region. The negative correlation between CB SST and CB wind speed is about - 0.6- 0.7. 

3.7  INTENSIFICATION AND POLEWARD DISPLACEMENT OF SASH 

Several factors can lead to the intensification of the continental-oceanic pressure 

gradient, for instance, the continental warming (Bakun, 1990) or the poleward displacement of 

the SASH (Rykaczewski et al., 2015) which could lead to the positive wind speed trend observed 

in the Benguela Upwelling System and negative wind speed trends to the north of ABF. Extension 

and intensification of the SASH could also be at play rather than a shift because the wind increase 

extends to the whole Benguela current while, given the length of the Benguela Upwelling System, 

a shift would lead to a decrease in one part and an increase in the other part. Regression analysis 

of wind anomalies onto SST anomalies in different domains (see Section 3.5) suggests that a 

poleward shift of SASH would influence wind in the Benguela Upwelling System in opposite wind 

directions, which in turn would oppositely impact local SST. To study long-term changes in SASH, 

surface geopotential height is analyzed in this section. I first consider two seasons: austral 

summer (DJFMA) and austral winter (JJASO), and then for each season, I calculate and compare 

the long-term mean of the surface geopotential height over two 18-year long periods: (1982-

1999) and (2000-2017), using Era-Interim, ERA5, MERRA-2, and NCEP2 (Figure 3.14 and 3.15). I 

did not use the JRA-55 data because its time period only extends to 2013. The statistically 

significant difference at 95% is calculated using the Welch’s t-test, shown by the magenta contour 

lines, in Figure 3.14.  
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Figure 3.14: Austral summer (DJFMA) long-term mean of 1000 geopotential height (m) over the 

period 1982-1999 (left panel), the period 2000-2017 (middle panel), and the difference of the 

long-term mean between the period 2000-2017 and 1982-1999 for top to bottom: ERA5, Era-

Interim, MERRA-2, and NCEP2 reanalyses respectively. The white and black cross lines represent 

the position of the maximum in mean geopotential height for the period 1982-1999 and 2000-

2017 respectively. The magenta contour lines denote where the long-term means of geopotential 

height of the two periods are significantly different at the 95%-level according to Welch’s t-test. 

In austral summer (DJFMA), the two long-term means show that the SASH is confined 

within the South Atlantic basin between 15°S and 40°S latitude and 36°W and 18°E longitude. 

The centre of the SASH is about 30.5°S ± 0.5° and 4.5°W ± 0.5° for the first period 1982-2017 and 

shifts poleward by about 1° in the second period 2000-2017 for all datasets except NCEP2 which 
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has too coarse a resolution (2.5°×2.5°) to pick up a 1° displacement. Moreover, the core of the 

SASH in the period 2000-2017 is expanded to the south in all datasets. The difference of the long-

term mean between 2000-2017 and 1982-2017 (Figure 3.14, right panel) reveals that the long-

term mean geopotential height has increased in the second half period 2000-2017 by up to 10 m 

over the ocean south of 18°S in all the datasets, while a decrease of long-term mean geopotential 

height in the second half period up to -4 m is observed in the equatorial part of the ocean (9°S to 

9°N) and along the Angolan and Namibian coasts in most datasets. This suggests an 

intensification of the SASH in the south more than a shift, which is consistent with the increase 

in upwelling-favourable wind in the south. The increase of geopotential height in the south would 

have led to an increase of the pressure gradient from southwest to northeast, leading to the 

observed south to south-east increase in wind. The increase of geopotential height over the open 

ocean is more pronounced south of 30°S; it is statistically significant and may be a sign of 

intensification and poleward extension of the SASH. MERRA-2 shows less augmentation of the 

geopotential height over this period compared to other datasets which are consistent with 

MERRA-2, having a smaller increase in wind speed. Disagreements among the datasets are 

observed over land. A statistically significant increase of geopotential height up to 10 m, over the 

period 2000-2017 compared to the period 1982-1999, is also observed on the continent in the 

central part of Africa in all datasets while a statistically significant decrease of geopotential height 

up to -4 m over the same period 2000-2017 is observed in the equatorial part of the continent in 

most datasets, except Era Interim. There is no increase or a slight non-significant decrease of 

geopotential height in the south of the continent, which again is consistent with the increase in 

wind speed south of the Benguela Upwelling System and decrease of SST. As the land 

temperature increases due to global warming, one would expect the surface pressure to 

decrease. It seems therefore that the increase in wind speed is due to change in the SASH rather 

than change over the land in austral summer. 
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Figure 3.15: same as Figure 3.14 but for austral winter period (JJASO). 

In the austral winter period (JJASO, see Figure 3.15), the SASH is more intense and extends 

toward the adjacent continent compared to the summer period (DJFMA, see Figure 3.14). The 

SASH in JJASO is connected with the Mascarene high over the Indian Ocean through Southern 

Africa when land surface temperatures over the latter are cooler than over the adjacent South 

Atlantic (Sun et al., 2016). The SASH is also closer to the equator in JJASO compare to DJFMA. The 

centre is located at 28°S ± 0.5° latitude and 4.5°W ± 0.75° of longitude in the first half period 

1982-1999 and shifts by about 0.5° poleward in ERA5 and Era-interim. No poleward change is 

observed with MERRA-2 and NCEP2. However, all datasets show a westward displacement of 

~0.5° to 2.5o depending on the datasets. Similar to the austral summer, the difference of the long-

term means between 2000-2017 and 1982-2017 in JJASO shows that the long-term mean 
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geopotential height has increased up to 10 m in the second period 2000-2017 over the ocean 

south of 9°S in all datasets (Figure 3.15, right panel). This increase of the long-term mean 

geopotential height in the second period is more pronounced south of 27°S suggesting an 

extension southward of the SASH. A decrease of JJASO long-term geopotential height, up to -4 

m, in the second period 2000-2017, is also observed along the equator and on the continent in 

most datasets except Era Interim which manifests a statistically significant increase of the austral 

winter long-term geopotential height over the continent during the period 2000-2017. 

Next, I analyze the linear trend of the latitudinal position and magnitude of the center of 

the SASH (Figure 3.16 and 3.17). The SASH center is determined each month by the position of 

the maximum of the geopotential height in the South Atlantic region within the 45°S-0°S - 40°W-

15°E region. Figure 3.16 shows the timeseries of the latitudinal position (left panel) and 

magnitude (right panel) of the SASH centre for ERA5, Era-Interim, MERRA-2, and NCEP2 

reanalyses. The black solid lines denote the linear trends. The trend analysis results are 

summarized in Table 3.2.  All datasets agree on intensification and a poleward displacement of 

the SASH with positive trends in magnitude and negative trends in latitudinal position of the SASH 

centre. The positive trends in the magnitude of the SASH centre are statistically significant at the 

95% level in all datasets. The trend is 0.165m per decade, 0.216m per decade, 0.166m per decade 

and 0.299m per decade for ERA5, Era-Interim, MERRA-2 and NCEP2, respectively. The positive 

trends in the magnitude of the SASH centre are observed all year round in all datasets (Figure 

3.17). The positive trends in the magnitude of the SASH centre are statistically significant at the 

95% level in January, July, and September in most datasets (Figure 3.17). The negative trends 

observed in the latitudinal position are also statistically significant at the 95% level in most of the 

datasets except Era-Interim where it is statistically significant at a 90% level (Figure 3.16). The 

trend value is -0.029o per decade, -0.014o per decade, -0.015o per decade and -0.02o per decade 

for ERA5, Era-Interim, MERRA-2 and NCEP2, respectively. The negative trends in the latitudinal 

position of the SASH centre are observed in most months of the year in most datasets (Figure 

3.17). 
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Table 3.2: Linear trend analysis results of latitudinal position and magnitude of the SASH centre 

for each different dataset: Era5, Era-Interim, MERRA-2 and NCEP2. T-stat indicate the student 

test statistic.  Significant trends are shaded in grey. 

 Decadal 

trend 

Decadal 

trend unit 

Standard 

Error 

t-stat P-value R2 

Latitudinal position of SASH centre 

Era5 -0.029  

 

°/decade 

0.001 -2.893 0.004 0.020 

Era-Int -0.014 0.0008 -1.719 0.086 0.006 

MERRA-

2 

-0.016 0.0009 -1.837 0.066 0.007 

NCEP2 -0.020 0.001 -2.066 0.039 0.010 

SASH centre Magnitude 

Era5 0.165  

 

m/decade 

0.004 4.143 <0.001 0.040 

Era-Int 0.216 0.005 4.346 <0.001 0.042 

MERRA-

2 

0.166 0.005 3.274 0.001 0.024 

NCEP2 0.299 0.004 6.051 <0.001 0.079 

 

 



86 
 

 

Figure 3.16: Anomalies of the meridional position (SASHy) (left panel) and magnitude (right 

panel) of the SASH center for the period 1982-2017 for, top to bottom: ERA5, Era-Interim, 

MERRA-2, and NCEP2, respectively. Solid black lines indicate linear trends. 
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Figure 3.17: Linear trends (° per decade) in the meridional position of the SASH (left panel) and 

its magnitude (right panel) for each month of the year (blue bars) over the period 1982-2017 for 

(top to bottom): ERA5, Era-Interim, MERRA-2 and NCEP2, respectively. The red stars indicate 

statistically significant trends at the 95 % level using student’s test based on linear regression. 

3.8 DECADAL VARIABILITY OF SST IN THE BENGUELA UPWELLING SYSTEM. 

This section aims to investigate whether the SST trend is linear or whether it is part of 

decadal variability although the period of study of 37 years is rather short for this. However, it 

would be interesting to know if the trends reported by Rouault et al. (2010) and Blamey et al. 

(2015) continue. To do so, the non-detrended monthly SST anomalies in ABF, NB, CB and SB boxes 

(from Figure 3.8) are low-pass filtered using a 5-year running average. Filtered time series are 

shown in Figure 3.18. All datasets appear to present decadal variation in all the domains. 
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However, the variation is different from one domain to another and from one dataset to another, 

especially in the Benguela Upwelling System. In the ABF all datasets depict the same variations. 

Negative SST anomalies are observed from 1984 to 1993 and positive SST anomalies up to 0.5°C 

are found from 1994 to 2001 and from 2005 to 2015. From 2001 to 2005 the SST anomalies are 

almost nil or negative. Although decadal variation is observed, the warming trend dominates in 

the ABF. In NB discrepancies among datasets start to be observed. While negative SST anomalies, 

from 1984 to 1992, are observed with OISST1, OISST0.25, and Pathfinder, positive SST anomalies 

are observed for HadISST1. In general, no clear decadal variations are observed in all datasets in 

NB. However, OISST1 presents a reversed SST trend. A positive trend is found over the period 

1984-1998, while a negative trend is observed over the period 2000-2015 which may be due to 

decadal variability. In CB the SST anomalies are negative from 1984 to 1990 and 2006 to 2015 

and positive from 1992 to 2004 with OISST1 and OISST0.25. Pathfinder has the same pattern of 

variation until 2005 when it starts to diverge. It shows a positive SST anomaly from 2006 to 2015 

while other datasets show negative SST anomalies. This divergence of Pathfinder over the period 

2006 to 2015 is also observed in SB and may explain the pronounced warming trend observed in 

the entire Benguela Upwelling System with Pathfinder (see Section 3.3). Indeed, Pathfinder has 

the coolest bias early in the period of study from 1982 to 1992 and the warmest bias later from 

2006 to 2017. In the SB region, all datasets present positive SST anomalies of up to 0.4 °C from 

1985 to 1995 and from 1999 to 2004, while negative SST anomalies up to -0.4 °C are observed 

from 2006 to 2016, except with Pathfinder. From 1996 to 1999 the SST anomalies are around 

zero in most datasets. 

 In conclusion, the moving averages with a 5-year window in different domains of the 

Benguela Upwelling System indicate that SST anomalies in the Benguela Upwelling System exhibit 

decadal variation, although there are discrepancies among datasets over the study period. 

However, it is difficult to pronounce on the time scale of the variability, so signal decomposition 

analysis is needed. For that, I perform wavelet analyses.  
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Figure 3.18: 5-year running average of SST anomalies from 1982 to 2017 in the four different 

boxes (from top to bottom: ABF, NB, CB, and SB) and for the four SST datasets: OISST1 (blue), 

HadISST1 (red), OISST0.25 (yellow), and Pathfinder (Magenta). 

Figure 3.19, 3.20, 3.21, 3.22 represents a comparison of wavelet analyses of the 

detrended anomalies of SST using OISST0.25, OISST1, HadISST1, and Pathfinder in ABF, NB, CB, 

and SB domains, respectively. The left panel is the local wavelet spectrum which represents the 

changes of wavelet power in terms of scale with respect to time and the right panel is the global 

wavelet spectrum which is the time average of all the local wavelet spectra for each time scale. 

The red, green, blue, and black lines are the global wavelet spectra of OISST1, OISST0.25, 

HadISST1, and Pathfinder, respectively. The time scales SST variability appear to differ in different 

boxes according to the global wavelet spectra (right panel of Figure 3.19, 3.20, 3.21, 3.22). Three 

dominant peaks of variability are observed depending on the domain and the dataset at 

interannual time scales ranging between 2-8 years and at decadal time scales within 11-14 years 

and 23-28 years. Although the increasing variance is statistically significant in some domains, it is 

difficult to conclude on the 24-28 years scale, as the length of the timeseries is only 36 years 
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which does not cover enough frequencies of the 24-28 years scale. Longer timeseries of at least 

70 years are required for the analysis of this time scale. The interannual scale of 2-8 years is 

present in all datasets and different domains (Figure 3.19, 3.20, 3.21, and 3.22). However, the 

scale of 4-8 years has more energy and is statistically significant in most domains; it can be linked 

to ENSO, Benguela Niños or Atlantic Niños. Moreover, the timing period of increasing variance is 

different among the domains and the datasets. For instance, in ABF and NB regions (Figure 3.19 

and 3.20), OISST0.25 and Pathfinder display significantly increased variance from 1990 to 2000 

while HadISST1 shows greater variance since the 1980s. In CB, significantly increased variance is 

observed from 1982 to 1991 with OISST0.25 (Figure 3.21b) while it is observed from 1994 to 2010 

with Pathfinder (Figure 3.21d). In the SB domain (Figure 3.22), all datasets except HadISST1, 

display significantly increased variance from 1992 to 1997. Decadal variability at the 11-14 years 

scale is present in most domains depending on the datasets, according to the global wavelet 

spectrum (right panel of Figure 3.19, 3.21, 3.22). It is observed in the ABF coastal zone with all 

datasets, in the CB domain with HadISST1 and Pathfinder, and in the SB region for OISST0.25, 

HadISST1 and Pathfinder. However, the increasing variance of this 11-14 years scale is only 

statistically significant in CB and SB boxes for HadISST1 (Figure 3.21c, 3.22c). Moreover, this time 

scale of 11-14 years, which is not significant in most domains, maybe due to the short period of 

study, is a known scale of variability in the South Atlantic High-pressure system and basin-wide 

SST (Venegas et al., 1997). Decadal variability at the 23-28 years scale also seems to occur in most 

domains with some datasets, for instance in ABF and NB with OISST1 (Figure 3.19a, 3.20a), in CB 

with OISST1, OISST0.25 and HadISST1 (Figure 3.21a, b, c), and SB with OISST0.25, as 

demonstrated by the global wavelet spectra (right panel of Figure3.19 to 3.22). This scale of 

variability was reported by Dieppois et al. (2016) for both austral winter and austral summer 

rainfall variability in Southern Africa and was linked to Pacific Ocean variability. This will be 

studied in more detail with a longer dataset in chapter 5. 
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Figure 3.19: Wavelet analysis of detrended anomalies of SST averaged in the Angola Bengula 

Front box. Left panels show wavelet power spectrum for a) OISST1, b) OISST0.25, c) HadISST1, 

and d) Pathfinder. The bold contour lines show the 95% confidence limits based on Monte Carlo 

simulations of a red noise background spectrum. The black thin line (the so-called cone influence) 

delineates the area under which power can be underestimated as a consequence of edge effects. 

Right panel shows the global wavelet power spectra for OISST1 (red), OISST0.25 (green), 

HadISST1 (blue), and Pathfinder (black). The dotted lines indicate the red noise spectra with 

regards to the first-order autoregression. 
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Figure 3.20: Same as figure 3.19 but in the Northern Benguela box. 

 

Figure 3.21: Same as figure 3.19 but in the Central Benguela box. 
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Figure 3.22: Same as figure 3.19 but in the Southern Benguela box. 

3.9 DISCUSSION AND SUMMARY 

In this chapter, the long-term change in the Benguela Upwelling System, over the period 

1982-2017, has been investigated using a comparison method based on four different satellite-

based oceanic SST datasets (OISST1, OISST0.25, HadISST1, and Pathfinder, see section 2.1.1) and 

five atmospheric reanalyzes of wind and geopotential height datasets (NCEP2, JRA-55, Era-

Interim, MERRA-2, and ERA5, see section 2.1.2). I first looked at how these SST and wind data 

represent the Benguela upwelling mean characteristics. All SST data represent the Benguela 

Upwelling System and the Agulhas Current differently. However, the high resolution of OISST0.25 

and Pathfinder provides a better representation of the Benguela Upwelling System mean 

conditions as they reveal the major upwelling cells in the Benguela Upwelling System as well as 

the Agulhas Current (Figure 3.1) very well. In the annual cycle, all datasets have the same 

variability with relative lower SST in austral winter than summer in the entire Benguela Upwelling 

System. However, higher resolution SST datasets have lower values of SST while coarse resolution 
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datasets (HadISST1 and OISST1) have higher values of SST and the difference is large in the 

Benguela Upwelling System. For instance, in south Benguela, water is colder at the coast in 

austral summer when upwelling is more active than in winter even though the shortwave 

radiation is higher in summer than winter. However, this is not observed in any SST dataset, not 

even in Pathfinder which has a 4x4 km resolution. This could be because the coldest water is too 

close to the coast for Pathfinder to pick up that effect. Also, upwelling is not observed every day. 

For example, in summer, when the upwelling favorable wind collapses the water can get warmer 

than in winter because of higher solar in summer compared to winter. For similar reasons, when 

there is a strong upwelling event in winter, water will be as cold as for summer. All this makes 

the representation of a realistic seasonal cycle of SST using satellite remote sensing derived 

dataset in the Benguela Upwelling System a challenge, especially near the coast. This 

misrepresentation of the seasonal cycle is a cause of concern. While  Dufois and Rouault (2012) 

and Pfaff et al. (2019) have shown a more realistic representation of the local coastal 

SST seasonal cycle in the vicinity of False Bay (Western Cape, South Africa) and the Cape 

peninsula upwelling using 500m x 500 m resolution MODIS SST, they also detect differences of 

up to 3°C between MODIS and Pathfinder in the bay outlining further problem for the Pathfinder 

dataset used in my thesis. For instance, Pathfinder and OISST0.25 have a cold bias at the 

beginning of the study period from 1982 to 1985 especially, and Pathfinder ends the study period 

from 2006 to 2017 with the warmest bias (Figure 3.8 and 3.18). This would affect the consistency 

of trends and decadal variability in OISST0.25 and Pathfinder. However, trend analyses over the 

period 1986-2017 yield good agreement of warming or cooling trends among datasets, except 

for Pathfinder. In addition, the magnitude, the spatial extension and the seasonal timing of the 

cooling or warming trend are slightly different from one dataset to another (Figure 3.9). There 

may be many reasons that could explain the differences in SST and SST trends among datasets. 

The main upwelling occurs in a narrow band of 25 to 150 km off the coast (Shannon and Nelson, 

1996; Chavez and Messié, 2009; Fennel et al., 2012), so the SST data with coarse resolution might 

not distinguish nearshore upwelling temperatures from offshore temperatures. Furthermore, as 

the satellite does not provide complete daily gridded coverage across the Benguela coastal area, 

HadISST1, OISST1, and OISST0.25 use various strategies of interpolation and in-situ data to fill the 
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gaps of missing values. For example, the interpolation scheme of the OISST1 and HadISST1 

datasets use data interpolation and correlation with a radius of 300km to replace missing values. 

Moreover, HadISST1 and OISST1 use in-situ and operational AVHRR data while OISST0.25 use in-

situ data, Pathfinder AVHRR data from 1985-2005, and operational AVHRR data from 2006 

onward. The OISSTs and HadISST1 have also not been reanalyzed to make them homogenous or 

to correct them retrospectively. OISSTs are operational products. Another reason that could 

explain the differences among datasets is the temporal resolution of data used in the 

reconstruction of the dataset. For example, OISST0.25 is reconstructed based on daily data 

(Reynolds et al., 2007) while OISST1 and HadiSST1 are reconstructed based on weekly and 

monthly data respectively (Reynolds et al., 2002; Rayner et al., 2003). Thus, the monthly mean of 

high temporal resolution OISST0.25 is more likely to capture the daily variations of SST, 

characteristic of upwelling events, including duration and intensity, compared to lower temporal 

resolution OISST1 and HadiSST1. Different bias correction and interpolation methods using 

satellite and in-situ data in the reconstruction of the datasets could be another factor of 

uncertainties among data. Also, methods to interpolate missing data are different and could lead 

to difference. Lastly, Pathfinder is not corrected with in situ data and may be more related to skin 

temperature which could be affected by global air temperature and present a warmer trend than 

the other datasets. Concerning wind datasets, all wind data represent the winds in the Benguela 

upwelling quite well except NCEP2 and JRA-55 in northern Benguela. NCEP2 underestimates 

winds in the entire Benguela upwelling system while JRA-55 overestimate the wind in northern 

Benguela (Figure 3.4). These discrepancies may be due to the coarse resolution of NCEP2, but 

JRA-55 has a higher resolution than NCEP1 and 2 and ERA40. Imbol Nkwinkwa Njouodo et al. 

(2021) has shown some differences also between ERA-interim and the other more recent higher 

resolution reanalysis in the Benguela and South of Africa. A good example of the difficulties of 

model wind at the coast concerns the Benguela low-level coastal jet (BLLCJ). Several studies have 

shown that the BLLCJ is poorly represented in reanalysis or WRF model and is sensitive to spatial 

resolution (Desbiolles et al., 2014; Small et al., 2015; Patricola and Chang, 2017) resulting in 

misrepresentation of winds speed and direction along the Benguela coast. This 

misrepresentation of coastal wind speed and direction in the Benguela upwelling system could 
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be one of the reasons for the difference in trend among datasets observed along the Benguela 

coast. The differences in coastal trends can also arise from the ingestion of in-situ data in 

reanalysis as the reanalysis models use different input datasets for the reconstruction of 

reanalysis datasets. The difference in coastal trends can also arise from the orography. Orography 

at the coast is a challenge for model and reanalysis or ocean modeler.  The comparative approach 

to analyzed trend in this chapter is very useful to address if indeed the Benguela Upwelling 

System wind speed has effectively changed during these 36 years and also to address the 

uncertainties inherent in the estimation of the long-term trend. I demonstrate in this chapter 

that the change varies in space and depends on the season. Cooling trends are observed in the 

southern part of the Benguela Upwelling System and are present throughout the austral summer 

(Figure 3.9). These cooling trends are consistent with an intensification of equatorward winds 

due to the intensification and the poleward expansion of the SASH (Figure 3.14). Similar trends 

have also been reported in previous studies (Narayan et al., 2010; Rouault et al., 2010; Blamey 

et al., 2012; Tim et al., 2015; Vizy and Cook, 2016; Abrahams et al., 2021). Warming trends are 

observed in the northern part of the Benguela and ABF. Vizy and Cook (2016) explain the warming 

in the Northern Benguela and ABF by a decrease in wind speed due to a poleward shift of the 

SASH. In my study, the SST warming in the Northern Benguela and ABF is observed only in austral 

spring and summer (September to February) (Figure 3.7 and 3.9), but I observed no trend in 

winds during this period in most of the wind datasets (Figure 3.11), although a poleward shift of 

the SASH was observed in my study (Figure 3.14 and 3.16). However, a decrease in wind speed 

north of the ABF may have led to a warming of Angolan water advected to the south and leading 

to warming at the ABF and Northern Benguela. Furthermore, the regression analysis of SST and 

wind (Figure 3.13) suggest that in austral summer a poleward shift of the SASH would decrease 

southeasterly winds in the Northern Benguela which in turn would increase SST in the area, but 

no trend is found in the coastal winds in austral summer in the Northern Benguela. 

  Lastly, I found that the warming or cooling trends in the Benguela Upwelling System are 

not linear. The trend decreases and can reverse signs in some domains, illustrating the 

occurrence of decadal variability (Figure 3.18). For instance, in CB, the warming trend is observed 

over the period 1982-2000 while a cooling trend is observed after the 2000s in most SST datasets. 
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The time scales of variability in the Benguela Upwelling System during the period of study are 

investigated using wavelet analysis and demonstrate that, in addition to a 2 to 8 years periodicity 

signal that appears in all datasets and all domains in the Benguela Upwelling System,  signals of 

11-14 years and 23-28 years also appear in most of the datasets (Figure 3.19, 3.20, 3.21 and 

3.22). However, the time period of the observed datasets is too short to conclude firmly about 

decadal variability. Thus, a longer period, at least 100 years, will be needed to firmly study the 

decadal variability studies in chapter 5. The 2 to 8 years signal is the general time scale of ENSO 

events which has been shown to impact the BUS at the interannual scale (Rouault et al., 2010; 

Dufois and Rouault, 2012; Blamey et al., 2015) so it could be due to ENSO, but interannual 

variability is not the focus of the thesis.  In the next chapter, I will investigate the origin of the 

warming trend in the ABF and Northern Benguela. The warming trend in the Agulhas Current has 

been studied by Rouault et al. (2009) but there is no study of warming in the coastal ABF region 

and the Northern Benguela except the study of Vizy et al. (2018). I will then study the decadal 

variability in this system to see whether 10-14 year and 23-28 year periodicities are found in 

longer datasets.  
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CHAPTER 4 

4 ORIGIN OF THE RECENT WARMING ALONG THE ANGOLA - 

NAMIBIA COAST 

4.1 INTRODUCTION 

The Angola Benguela Front (ABF), is a very dynamic area, characterised by a high-

temperature gradient of up to 4°C per degree latitude (Colberg and Reason, 2006; Veitch et al., 

2006). It fluctuates in position and intensity seasonally (Veitch et al., 2006) which strongly affects 

the local marine ecosystem (Verheye and Ekau, 2005; Chavez and Messié, 2009; Huenerlage and 

Buchholz, 2013). 

 

Figure 4.1: Schematic of the major oceanographic features in the South East Tropical Atlantic in 

late austral summer with mean 1988–2006 March TRMM TMI SST and 1999–2006 QuikSCAT wind 

speed and direction. Major features are Equatorial Under Current (EUC), South Equatorial 

Counter Current (SECC), South Equatorial Under Current (SEUC), Gabon Current (GC), Congo River 
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(CR), Angola Current (AC), Angola Benguela front (ABF) and Benguela Current (BC). SST is plotted 

every degree from 18 to 30 °C. Maximum wind speed is 8 m/s in the south and minimum wind 

speed is 3 m/s just north of the ABF. Figure from Rouault et al. (2007). 

A lot of research, in the past decades, has focused on the SST variability at the interannual 

timescales in the ABF including the Angolan and Northern Namibian coasts. It showed that 

Benguela Niños and Niñas are the main mode of interannual variability in SST (Florenchie et al., 

2003; Rouault et al., 2018) in the austral summer and autumn, which has a strong impact on 

atmospheric circulation and rainfall (Rouault and Richard, 2003; Imbol Koungue et al., 2017; 

Rouault et al., 2018). Rouault (2012) found that there is a bi-annual advection of warm water into 

the North Benguela upwelling system across the ABF which has an important role to play in the 

advection of warm water in the Northern Benguela and is a key mechanism behind Benguela 

Niños and Niñas, together with coastal trapped wave propagations and the associated 

modification of the coastal current and thermocline depth (Rouault et al., 2007; Bachèlery et al., 

2016; Imbol Koungue et al., 2017; Rouault et al., 2018; Imbol Koungue et al., 2019; Bachèlery et 

al., 2020). Koseki et al. (2019) investigated the dynamical and thermodynamical processes 

responsible for the seasonal cycle of the ABF and found that the ABF shows a semi-annual cycle 

with two maxima associated with two different processes. The first maximum, observed in April-

May, is due to the enhancement of tilting associated with the meridional gradient of vertical 

velocity, and the second in November-December is driven by the intensification of the southward 

Angola Current associated with the development of the Angola Dome. Indeed, the Angola Dome 

is a relatively cold region centered around 8°S and 6°E and surrounded by relatively warm water. 

The Angola Dome was identified for the first time by Mazieika, in 1967 in subsurface around 20 

to 100 m in austral summer and does not exist in austral winter. However, the seasonality, the 

position of Angola Dome and the mechanism driving the Dome are still in debate. Although some 

argue it is observed in austral summer (Mazeika, 1967), some argue it is well developed between 

March to August due to surface net heat budget consideration (Doi et al., 2007). On the decadal 

scale, in spite of the strong warming revealed and discussed in Chapter 3, there is little work 

focused on the ABF area. This may be because of a lack of long-term observational data and the 
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challenge of models to simulate the ABF properly in that region. Coupled and non-coupled 

models in the tropical Atlantic are known to suffer from a warm coastal bias extending to Angola 

and Namibia with the ABF having the warmest bias (Li and Xie, 2012; Richter et al., 2012; Toniazzo 

and Woolnough, 2014; Richter, 2015; Koseki et al., 2018). In Chapter 3 of this thesis, I have shown 

that the SST along the Angolan and north Namibian coasts exhibits statistically significant 

warming trends from October to January while no trend, or no statistically significant warming 

trends, are observed for the rest of the year. Vizy and Cook (2016) have attributed the warming 

along the Angola-Namibia coast to the net downward atmospheric heat flux. Another study of 

Vizy et al. (2018) has investigated the decadal change of the ABF based on annually averaged 

data using a regional climate model coupled with an intermediate-level mixed-layer ocean 

model. They found a warming trend in the SST along the Angolan coast and a cooling trend along 

the Namibian coast, which intensifies the gradient of temperature at the ABF of ~0.05 to 0.13 

°C/100-km per decade, and a southward shift of 0.05o to 0.55o latitude per decade in the annual 

mean ABF position for these last three decades. Furthermore, Vizy et al. (2018) suggested that 

the warming trend north of the ABF is associated with a weakening of the vertical entrainment 

leading to less cooling of surface water. The cooling trend south of the ABF would be associated 

with the intensification of horizontal advection of cooler water from the Benguela Current. 

However, they did not investigate changes at the seasonal or monthly scale. In addition, 

investigating trend at a seasonal scale allow more detailed information on the quantification and 

also the origin of the change as different mechanisms occur at different seasons. This chapter 

aims to use all parameters involved in the surface and subsurface ocean heat budget to identify 

the mechanisms responsible for the long-term trend in the Angola-Namibia region identified in 

Chapter 3 at the seasonal scale. Trends along the Angolan and Namibian coast are different from 

one season to another. A warming trend is observed from September to February and a cooling 

trend is observed for the rest of the year. Assessing the mechanism responsible for the SST trend 

in the Angola-Namibia region can help to understand the origin of changes in the ecosystems in 

the region or establish a scenario for the region for the future.  

A tropical Atlantic configuration of the OGCM NEMO model ((Madec et al., 2017), 

hereafter NEMO) is used for this study. This model has been extensively used in the region to 
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study the coastal interannual variability since 1958 (Imbol Koungue et al., 2019). Imbol Koungue 

et al. (2019) showed that this model configuration reproduces Benguela Niños and Benguela 

Niñas remarkably well since 1958. This chapter is structured as follows: Firstly, I validate NEMO 

SST trends by comparing the simulated trends with observed trends estimated from ensemble 

means of OISST1, OISST0.25 and HadISST1 (referred hereafter to observations). Because of the 

problems in the observed SST during the 1982-1985 period revealed in Chapter 3 and because 

the model configuration stops in 2015, I focus on the 1986-2015 period. The model is then used 

to evaluate the mean contribution of temperature rates of changes associated with different 

components of the heat budget. This evaluation helps to identify the potential important heat 

budget term involved in the long-term changes of mixed layer temperature or SST. Trend analysis 

is then done on the most important variables (currents, heat transport, net heat flux at the surface, 

vertical velocity, mixed layer depth) involved in the heat budget that is driving the SST long-term 

changes in the Angola and Northern Namibia region. Note that the mean mixed layer depth of the 

region is about 30 m. The detailed and seasonal trend analysis will provide insight into potential 

mechanisms causing the trends in SST. Finally, I will highlight the role of the Angola Dome in the 

austral summer warming of the Angola - Namibia region. 

4.2 COMPARISON OF SST TREND IN NEMO WITH OBSERVATIONS IN THE ABF 

Figures 4.2 and 4.3 show the observed and modeled SST trends at annual and seasonal 

scales. Statistical significance at the 95% level of confidence (contour line) is calculated using the 

Student’s test based on linear regression. At the annual scale, NEMO warming trends range from 

0.1 to 0.4oC per decade in the Angolan sector north of 17oS in agreement with the observations. 

South of 16oS along the Namibian coast there is a cooling trend ranging from 0.05 to 0.2oC per 

decade in the NEMO model, while a warming trend is observed in the observations of up to 0.2oC 

per decade along the Namibian coast, which is a cause of concern. At the seasonal scale, the 

warming trend observed along the Angolan coast (6oS to 17oS) is found throughout the entire 

year except in austral winter in the model and austral winter and autumn in the observations. 

The warming trend ranges from 0.1 to 0.9oC per decade depending on the month. The warming 

trends are more pronounced and are statistically significant in the austral summer (November to 
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January) while they are weaker and not statistically significant for the rest of the year in both the 

model and the observations.  

 

Figure 4.2: Linear decadal trends in annual mean SST (oC per decade) for the period 1986-2015 

for ensemble mean OISST 0.25, OISST1, and HadISST1 (left panel) and NEMO (right panel). The 

dashed contour line denotes statistically significant values at the 95% confidence level using 

Student’s test based on linear regression. 

 

Figure 4.3: Hovmoller diagram of the monthly decadal linear trend of SST (oC per decade) for the 

observation (left panel) and NEMO (right panel) Trends are estimated over the 1986-2015 period 

for the SST averaged from the coast to 1 degree offshore along Angola and Namibia coasts. 
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Dashed contour lines denote statistically significant values at the 95% confidence level using the 

Student’s test based on linear regression. 

South of 18oS, a cooling trend is found throughout the year using NEMO, except from 

December to January when a positive but very weak trend is depicted. There is also a cooling 

trend south of 18oS in the observations from April to October, while there is a warming trend for 

the rest of the year. The cooling trend is pronounced up to -0.4oC per decade in the model and is 

statistically significant in late austral winter and spring. The cooling trend is also statistically 

significant south of 22oS from July to September in the observations. Overall, the warming trend 

in the observations persists over the summer with higher amplitude along the Angolan and 

Namibian coasts making the overall annual decadal SST trend positive in most parts of the 

Angolan and Namibian coasts.  

In conclusion, the NEMO model represents the annual warming trend in the Angolan 

sector well but does not represent the warming trend in the ABF and Northern Namibia. At the 

seasonal scale, the model shows a good representation of the austral summer warming trend 

and the winter cooling trend in the ABF and Northern Namibia except that the model 

overestimates the cooling trend. This is probably due to unrealistic higher than normal trends in 

wind forcing, which can increase upwelling and the equatorward horizontal motion of cold water 

to the north a bit too much. 
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4.3 UPPER-OCEAN HEAT BUDGET ANALYSIS IN THE MIXED LAYER 

 

Figure 4.4: Climatology of NEMO temperature rates of change (1986-2015) associated with the 

a) net surface heating term, b) horizontal advection of heat, c) vertical advection of heat, and d) 

vertical diffusion of heat (10-1 oC.day-1). Note that the lateral diffusion parameter is not shown as 

it does not have any impact on the climatology or the trends. 

To investigate the processes involved in regulating the SST at the climatological scale in 

the ABF zone, I evaluate the mean contribution of temperature rates of changes associated with 

different components (Figure 4.4) of the upper-ocean heat budget in the mixed layer based on 

the decomposition detailed in Chapter 2 (see Eq. 2.1). This will help to understand the 

mechanisms responsible for the trend later on. These components of the upper-ocean heat 

budget are the net surface heating term (Sforc in eq 2.1), the horizontal advection of heat, the 

vertical advection of heat, the vertical diffusion of the heat, the vertical entrainment, and lateral 

diffusion, respectively. Note that the lateral diffusion and vertical entrainment of the heat term 

are not shown here as their contributions do not account much for the upper-ocean heat budget 

climatology. From the climatological point of view, the net surface heating term (Figure 4.4a) 

warms the ocean, especially along the coasts of Angola and Namibia where upwelling occurs 

most likely due to strong short-wave radiation and low turbulent heat fluxes characteristic of the 

EBUS. The warming is stronger at the coast compared to the open ocean. Horizontal advection 
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of heat, except in the open ocean off the Angolan coast and some parts along the coast, cools 

the ocean (Figure 4.4b). This cooling is associated with horizontal advection of heat and is very 

strong along the Namibian coast, compensating the net surface heating term. The other two 

terms (vertical advection and vertical diffusion of the heat) also cool the ocean surface layer 

(Figure 4.4c, d). However, these two terms (vertical advection and vertical diffusion of the heat) 

contribution do not contribute much for the upper-ocean heat budget climatology except the 

vertical advection along the coast. A decomposition of the horizontal advection into zonal and 

meridional advection (Figure 4.5) reveals that the cooling associated with horizontal advection 

along the Angolan and the Northern Namibian coast is mainly due to the zonal advection (Figure 

4.5 a). Indeed, the zonal advection of heat, except in the open ocean off the Angolan and some 

parts along the Angola coast between 11°S and 13°S, cools the ocean. The cooling associated with 

the zonal advection is very strong up to -0.2°C.day-1 along the coast because of the strong 

negative zonal SST gradient observed (not shown) highlighting the strong upwelling in the region. 

On other hand, the meridional advection of heat warms the ocean almost everywhere in Angola 

region except the coastal area between 11°S and 14°S. The maximum values of meridional 

advection of heat in Angola region are observed along the coast, especially at the mouth of the 

Congo River, coastal region between 9°S and 11°S and ABF coastal area. These regions coincide 

with a region of high meridional SST gradient (not shown). The meridional advection of heat also 

warms the ocean along the coast of Northern Namibia (north of 23°S) and cools the open ocean 

off the Namibia coast. 

In conclusion, the net surface heating, horizontal advection, and vertical advection appear 

to be the most important terms for the long-term changes of the mixed layer temperature or 

SST. The net surface heating term increases the SST of the coastal ocean while the horizontal 

advection and vertical advection decrease the SST of the coastal ocean of Angola and Northern 

Namibia. In the following sections, different parameters involved in the different terms of the 

heat budget will be analysed to understand the annual cycle trend in the Angola and Northern 

Namibia region. 
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Figure 4.5: Same as Figure 4.4 but with a) zonal advection and b) meridional advection (10-1 

oC.day-1)  

4.4 UPPER-OCEAN HEAT CONTRIBUTION IN SEASONAL SST TREND 

Before quantifying the contribution of net surface heat flux (Qnet) and the mixed layer 

depths changes to SST trends at the seasonal scale, I first present in Figure 4.6 the maps of the 

seasonal SST trends shown in Figure 4.3. Warming trends up to 0.8°C per decade occur along the 

Angola-Namibia coast as well as in the open ocean in early austral summer from November to 

December. These warming trends are not statistically significant south of 21oS. Warming trends 

also occur in late austral summer, from February to April, in the Angolan sector and offshore of 

Namibia while negative trends occur along the Namibian coast. The cooling or warming trends 

along the Angolan and Namibian coasts in late austral summer are not statistically significant. In 

austral winter, from May to August, cooling trends up to -0.4 °C per decade, are observed in most 

parts of the ocean along the Angolan and Namibian coasts as well as in the open ocean. However, 

weak warming trends of about 0.2°C occur along the Angolan coast in May and August. In early 
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austral spring, cooling occurs in the open ocean and along the Namibia coast while warming 

trends up to 0.5°C per decade are found in the open ocean and along the Angolan coast. The 

cooling trends in the Namibian sector are only statistically significant along the coast. 

 

Figure 4.6: Monthly decadal trends of SST (oC per decade) from NEMO over the period 1986-

2015. Dashed contour lines denote statistically significant values at the 95% confidence level 

using Student’s test based on linear regression.   

Secondly, I quantify the contribution of the Qnet to the SST trend. To do so, I estimate the 

month to month SST change (dSST) derived from Qnet (see section 2.2.4 in Chapter 2 for details) 

and then I analyse the trends of dSST (Figure 4.7). Note that the spatial patterns of the seasonal 
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Qnet trends match very well with the spatial patterns of the seasonal dSST trends. This suggests 

that the trends in dSST are due to change in Qnet and MLD does not play a role in dSST trend. 

The mixed layer depth trends are then investigated at the end of this section.  

 

Figure 4.7: Monthly decadal trends of NEMO dSST (oC per decade) estimated from Qnet (see 

section 2.2.4). Dashed contour lines denote statistically significant values at the 95% confidence 

level using Student’s test based on linear regression.   

The trend analysis of dSST, reveals that in the Angolan sector (north of 15oS), dSST shows 

a positive trend, up to 0.8oC per decade in late austral summer to early Autumn (February to 

April) and late austral winter to early spring (July to October) meaning that positive trends in Qnet 
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contribute to the positive trends in SST. The biggest contributions to positive trends in Qnet occur 

from July to August, when the SST shows cooling in July or weaker warming trends in August 

(Figure 4.6). Positive trends in dSST are also observed in the Angolan open ocean in early austral 

summer (November, December, January). However, along the Angolan coast north of 15oS, 

negative trends in dSST, up to -0.5oC per decade, occur in the same period. This suggests that in 

austral summer, Qnet has decreased over the 1986-2015 period which would cool down the SST. 

However, as the SST shows a pronounced warming trend in the region (Figure 4.6), the cooling 

due to Qnet is compensated by something else. In other words, the negative trend of Qnet in the 

Angolan sector suggests that changes in Qnet are not responsible for the warming trend along the 

Angolan coast in austral summer. In the ABF, close to the coast, the trends in dSST are positive 

all year round except in November and December when negative trends are observed. The 

biggest values of the dSST trend are observed from February to April when they exceed 0.9oC, 

suggesting that the trend in Qnet would have contributed to the warming trend of the ABF coastal 

zone all year round, except in early summer when negative trends in Qnet are found. In February-

March, despite the important contribution of the trend in Qnet to the positive trend in dSST, the 

SST in the ABF coastal zone (Figure 4.6) shows a negative trend. Furthermore, in austral winter 

dSST shows positive trends in the ABF coastal zone while SST shows negative trends. Again, this 

suggests that Qnet is not the main factor for the SST change in the ABF coastal zone over the 1986-

2015 period. In the Namibian sector (south of 19oS), the dSST trend is positive throughout the 

entire year. However, the positive trend is weak in austral winter, less than 0.3oC per decade, and 

not statistically significant. 

As the net surface heating term is also a function of the mixed layer depth, I also analyse 

its contribution to the SST trend. Figure 4.8 shows the seasonal mixed layer depth trends of the 

model. Figure 4.8 indicates negative mixed layer depth trends at rates of -1 to -5 m per decade 

through most months of the year in the Angola region. Relatively small positive mixed layer depth 

trends of up to 1.5 m per decade are found in early summer (October to December) off northern 

Angolan coast to about 9°S in late summer (January-February) in the open ocean of Angola 

region. However, these positive trends are not statistically significant. The maximum values of 

negative mixed layer depth trend in the Angola region are observed in the winter period. In 
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northern Namibia, along the coast, the mixed layer depth is shoaling at the rate of up to -2 m per 

decade in summer (November to April) while relatively small positive deepening mixed layer 

depth trends up to 2 m per decade is found in winter. However, these positive or negative trends 

are not statistically significant at 95 % level. Overall, in Northern Namibia, negative mixed layer 

depth trends are found from October to May and positive trends with the same magnitude are 

found in the rest of the year making the annual trend almost null (not shown) while in the 

Angolan region negative trend is observed almost year-round making the annual trend negative 

with the rate up to -2 m per decade. The shoaling of the mixed layer depth contributes to the 

warming associated with the net surface heating term while a deepening of the mixed layer depth 

contributes to the cooling associated with the net surface heating term. However, a comparison 

of the annual cycle of the mixed layer trend (Figure 4.8) and dSST trend (Figure 4.7) does not 

show a similar pattern in most parts of the study region. For instance, dSST shows a negative 

trend in the open ocean from May to June while the mixed layer depth contributes to the positive 

trend of dSST. Other examples are observed in October in the Namibia region and November-

December along the Southern Angolan coast. These contradictory results confirm as I mentioned 

earlier that the MLD does not play a role in dSST. The trends in dSST are due to change in Qnet as 

the spatial pattern of seasonal Qnet trend (not shown) matches very well with the spatial patterns 

of the seasonal dSST trends. 
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Figure 4.8: Monthly decadal trends of NEMO mixed layer depth (m per decade). Dashed contour 

lines denote statistically significant values at the 95% confidence level using Student’s test based 

on linear regression. 

 In summary, trends in dSST are due to changes in Qnet. The long-term mean mixed-layer 

heat budget analysis appears to demonstrate that the net surface heating term is the main driver 

of the warming trend observed in the Angolan and ABF areas. The seasonal trend analysis of dSST 

in Figure 4.6 demonstrates that trends in Qnet cannot sufficiently explain the SST change in the 

Angolan and Namibian coastal zones, especially in early austral summer. Indeed, the SST trends 

have the highest values in austral summer although the Qnet trends tend to cool the SST. 
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4.5 ROLE OF HORIZONTAL CURRENTS IN SEASONAL SST TREND 

4.5.1 Climatology of horizontal current 

Figure 4.9 shows the seasonal climatology of horizontal currents (arrows) and the 

meridional currents (shading colour) of the model. The current is averaged from the surface to 

250 m depth as in Rouault (2012). In the Namibian sector, south of 17oS, the current is 

predominantly westward throughout the year, but it is weak during early winter (May to July). In 

the coastal area of the Angolan sector, the current is more variable and follows the coastline all 

year round. Two seasons of poleward flow, late austral summer (February-April) and austral 

spring (September- November), up to -10 cm.s-1, are distinguished north of 15oS. However, in 

March-April and November, an equatorward flow is observed close to the coast. For the rest of 

the year, the current flows equatorward and is up to 18 cm.s-1. The equatorward flow is strongest 

in June, contributing to the development of the upwelling in this region, while the poleward flow 

is strongest in October. In the Angolan open ocean between 5oS and 10oS, the current flows 

mostly westward all year round. In the ABF, the current is poleward all year round with a 

weakening flow in austral winter (May to July). The strongest poleward flow about -12 cm.s-1 

occurs from September to November. 
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Figure 4.9: Seasonal climatology of NEMO horizontal current (cm.s-1, arrows) and meridional 

current (cm.s-1, shading) averaged vertically from the surface to 250 m depth. Positive values 

indicate equatorward flow. 
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4.5.2 seasonal trend of horizontal current 

 

Figure 4.10: Seasonal trends of NEMO horizontal current (cm.s-1 per decade, arrows) and 

meridional current (cm.s-1 per decade, shading) averaged vertically from the surface to 250 m. 

Positive values indicate equatorward trends. 

Figure 4.10 displays the seasonal horizontal current trends of the model. Alternation of 

poleward and equatorward trends is observed depending on the season along the Angolan coast. 

During the late austral spring and early summer, the currents along the coast of Angola display a 

strong poleward trend. This poleward trend extends to the ABF and intensifies the poleward 

current that flows along the coast in October-November. It also reduces the equatorward flow 

closer to the coast in November and December. Contrary to what is observed in early austral 
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summer, in late austral summer (January and February), the current shows equatorward trends 

along the Angolan coast. This equatorward trend intensifies the equatorward flow observed in 

January and decreases the poleward flow in February along the Angolan coast. In early austral 

winter (May to June) the current along the Angolan coast exhibits a poleward trend before 

showing an equatorward trend in late winter (July to September). The poleward trend observed 

in May-June decreases the equatorward flow observed in this period while the equatorward 

trend in July-August increases the equatorward flow in the period. In the Namibian sector, no 

significant trends occur. However, negative trends close to the coast take place in austral spring 

from October to December. 

 

Figure 4.11: Lag correlation between normalized anomalies of the meridional current averaged 

vertically from the surface to 250 m and normalized SST anomalies in (left) South Angola (10oS-

15oS), (middle) ABF (15oS-19oS), and (right) North Benguela (20oS-24oS). Noted the meridional 

currents and SST are averaged from the coast to 1o offshore. Shaded areas represent statistically 

significant correlations at the 95% confidence level (Student t-test). 

A close look at the seasonal horizontal currents focusing on the meridional component as 

the dominant component of the horizontal current along the coast helps to confirm that the 

warming trends of SST that occur in summer (November to January) are explained by the 

intensification of poleward flow which brings warm water southward. The reduction of 

equatorward flow in the Namibian sector and close to the Angolan coast, in November-

December, brings relatively cooler water equatorward into the Angola-Namibia coastal domain. 
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There is a 1-month lag between the poleward trend observed in the currents and the warming 

trend in the SST. This 1-month lag between the poleward trend in the current and the warming 

trend in SST could be a direct consequence of the lag correlation between current and SST at the 

interannual scale.  To confirm that, monthly lag correlations between SST anomaly and 

meridional current anomaly are plotted in three different domains: Southern Angola, ABF and 

Northern Benguela (Figure 4.11). Note that the correlations are plotted without removing the 

long-term trend. However, the same results are obtained when the long-term trend is removed 

(not shown). In South Angola, the lag correlation is statistically significant at the 5% confidence 

level in austral spring and summer. Negative statistically significant correlations up to -0.7 are 

observed when the meridional current anomalies lead the SST anomalies by 1-month. In 

December, the correlation peaks to – 0.8 at lag 0. In the ABF, except in December and May, 

negative statistically significant lag correlations of up to -0.7 are found when the meridional 

current anomalies lead SST anomalies with 1-month lag. In Northern Namibia, the lag correlation 

is statistically significant from November to April. However, from January to March there are 

significant lag correlations with up to 5-month lags when the meridional current anomalies lead 

the SST anomalies. 

4.6 ROLE OF VERTICAL CURRENTS 

4.6.1 Climatology of vertical current 

  To investigate the impact of vertical current on the SST trend, I analyse the currents in 

the upper mixed layer. As I am interested in what occurs along the coast, I study the vertical 

profile (0 to 100 m) of the vertical current along the Angola Namibia coast. Figure 4.12 represents 

the seasonal climatology of the vertical profile of the vertical current along the Angola-Namibia 

coast. The current is averaged from the coast to 1o offshore and positive values indicate upward 

currents. In Figure 4.12, a clear upward current is observed throughout the year off Namibia and 

in the ABF. The model thus realistically simulates the quasi-permanent upwelling along the 

Namibian coast (Mackas et al., 2006; Chavez and Messié, 2009; Tim et al., 2015). The upward 

current indicative of the coastal upwelling is weak in late austral summer (January to March) 

along the Namibian coast when the subtropical atmospheric high-pressure system has moved to 
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its southernmost position, and the upward current is very strong in late austral winter and spring 

(August to October) when upwelling is strongest. Along the Angolan coast, the vertical upward 

current is more seasonal. It is strong in late austral autumn-early winter (April to July) and early 

summer (November-December) while for the rest of the year downward currents are observed. 

The upward current in the Angolan sector is weak compared to what occurs in the Namibian 

sector. The upward and downward current seasons along the Angola coast coincide with the 

seasons of the passage of upwelling and downwelling coastal trapped waves, respectively 

(Tchipalanga et al., 2018).  
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Figure 4.12: Seasonal climatology of NEMO vertical profile of vertical current (10-5 m.s-1) along 

the Angola-Namibia coast. The green box highlights the ABF. Positive values indicate upward 

vertical current. 

4.6.2 Seasonal trends of vertical currents 

Figure 4.13 represents the annual cycle of decadal trends in vertical current velocities. 

Along the Namibian coast, the upward vertical current during austral summer months (November 

to January) has become weaker over the 1986-2015 period at a rate of -1.5×10-6 m.s-1 per decade, 

whilst during the same period the upward current from May to September and February to 

March has been intensifying at a rate of 2 ×10-6 m.s-1 per decade. Along the Angolan coast and 

ABF, two seasons of negative trends and two seasons of positive trends are found. Negative 

trends are observed from late austral spring to early summer (October-December) and autumn 

(March-May). Except for October, this negative trend tends to decrease the upward current 

observed in that period, which in turn is expected to decrease the temperature in the mixed 

layer. However, the contribution of the vertical advection of heat to the seasonal SST trend (not 

shown) indicates that despite a negative trend, the upward current does not have a significant 

impact on the SST trend. A positive trend in the upward current occurs in austral winter (June-

September) and late summer (January-February). However, in February a negative trend is also 

observed north of 10oS. The positive trend in winter illustrates the intensification of the upward 

current. 
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Figure 4.13: Seasonal trend of NEMO vertical profile of vertical current (10-5.m.s-1 per decade) 

along the Angola-Namibia coast. The green box indicates the latitudinal extent of the ABF and 

the black dashed contour lines denote statistically significant values at the 95% confidence level 

using Student’s test based on linear regression. 
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4.7 ROLE OF THE ANGOLAN DOME IN SUMMER WARMING OF THE ANGOLA-NAMIBIA COAST 

 

Figure 4.14: Monthly climatology of NEMO subsurface temperature averaged between 30 m and 

60 m depth over the 1986-2015 period in the Angola-Namibia region. Contour lines highlight the 

isotherms with intervals of 1°C starting from 16°C.  

An analysis of the vertical profile of modelled SST along the Angola-Namibia coast (not 

shown) indicates that the warming trend in SST in summer along the Angolan and Namibian 

coasts is also observed in the subsurface temperatures, especially along the Angolan coast. while 

the warming trend in the Angolan sector during the rest of the year is only observed in the mixed 

layer. To understand the mechanisms accountable for the subsurface warming in austral 
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summer, I analyze the model subsurface temperatures. Figure 4.14 shows the monthly 

climatology of NEMO sub-surface temperature averaged between 30 and 60 m depth over the 

1986-2015 period, in the Angola-Namibia ocean. Relatively cold water of ~12-14oC is observed 

along the Namibian coast through the year while warmer water up to 21oC is observed along the 

Angolan coast with a maximum value observed in March-April. In the open ocean, relatively 

warm water is observed. However, between 2oS and 12oS, the presence of a strong dome-like 

cold region centred around 6oS and 2oE is observed from September to December that becomes 

less pronounced from January before disappearing in early austral winter (May to July). This is 

one component of the Angola Dome as described in Doi et al. (2007). Indeed, Doi et al. (2007) 

suggested that the Angola Dome is composed of two domes; one found around 6oS and 2oE and 

the second one found around 16.5oS and 10.5oE. This Angola Dome is associated with the cyclonic 

curve of the South Equatorial Under Current which feeds the Angola Current (Peterson and 

Stramma, 1991; Wacongne and Piton, 1992). Moreover, the presence of the Angola Dome from 

September to April coincides with the poleward Angola Current (Figure 4.9). The cooler is the 

subsurface temperature in the Angola Dome region (Figure 4.14), the stronger is the poleward 

Angola Current (Figure 4.9). The Angola Dome by definition is a region with relatively cold water. 

The Dome is intensified when the region is coming cooler which happen with an intensifying 

cyclonic current which re-enforces the Angola current. The trend analysis of subsurface 

temperature in the domain (Figure 4.15) demonstrates a statistically significant cooling trend in 

the region of the Angola Dome that could lead to a strengthening of the Angola Dome current 

from September to December. The intensification of the South Equatorial Under Current 

strengthens the clockwise circulation around the dome which in turn intensifies the Angola 

Current. North of the Dome there is a positive trend in subsurface water propagating into the 

Angolan and Namibian coasts from October to January. 
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Figure 4.15: Seasonal trends of NEMO subsurface temperature (°C per decade) averaged 

between 30 m and 60 m depth over the 1986-2015 period in the Angolan-Namibian region. 

4.8 DISCUSSION AND CONCLUSION 

In this study, the long-term changes in the ABF are explored and the main processes 

driving these changes and their seasonal dependence are investigated. To do so, the OGCM 

NEMO3.6 model is used in its Tropical Atlantic configuration. In the first step, the model SST trend 

is compared with the observational data over the 1986-2015 period on both annual and seasonal 

scales. On the annual scale, the model represents the warming trend in the Angolan sector well. 

In Northern Benguela, the model shows a cooling trend while the observations show a warming 
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trend. However, the cooling and warming patterns in NEMO outputs are consistent with the 

trend in GODAS, ORA-S4, and CRCM reported in Figure 2 in the study of Vizy et al. (2018). At the 

seasonal scale, the NEMO SST trend is consistent with the observed SST trend, despite the cooling 

trend in the model being stronger than the cooling trend in the observations. This is most likely 

due to an unrealistically higher than the normal trend in wind forcing that can increase the 

upwelling and the equatorward horizontal motion of cold water to the north a bit too strongly. 

 In the second step, the long-term mean of different terms contributing to the 

temperature rates changes (see Eq 2.1) is evaluated. This analysis contributes to determine the 

potential important heat budget terms involved in the long-term changes of mixed layer 

temperature or SST. These important heat budget terms are the net surface heating term, the 

horizontal advection of heat and the vertical advection of heat. From the climatological point of 

view, the net surface heating term warms the coastal ocean of Angola and Northern Namibia 

while the horizontal advection and vertical advection cool the coastal ocean of Angola and 

Northern Namibia. The lateral diffusion, vertical diffusion and vertical entrainment contribution 

are extremely weak and do not account much for the upper-ocean heat budget climatology. 

Trends analysis of different parameters involved in the most important heat budget term 

contributing to the long-term SST change is investigated to understand the mechanism behind 

the warming or cooling trends in Angolan and Northern Namibia coast at seasonal scale. The 

results suggest that the change along the Angolan and Namibian coasts is explained by more than 

one mechanism acting at different time scales. For instance, in austral autumn the warming trend 

observed along the Angolan coast is associated with a positive trend in Qnet (Figure 4.7) and the 

weakening of vertical flow (Figure 4.13) associated with the upwelling of cooler water to the 

surface. However, the weakening of vertical flow is not statistically significant. In early austral 

summer (November-January), the warming trend observed along the Angolan and Namibian 

coasts is primarily associated with the intensification of the poleward flow (Figure 4.11) which 

brings more warm water from the tropics into the area of interest. It is also attributed to the 

weakening of the vertical flow (Figure 4.13), while locally, Qnet trend tends to cool the ocean. This 

result contradicts the result of Vizy and Cook (2016) who suggested that the austral SST warming 

trend along the Angolan and Namibian coast is associated with an increase in the net downward 
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atmospheric heat flux. Notably, the strong poleward flow in austral summer along the Angolan 

and Namibian coast is consistent with the result of Koseki et al. (2019) who attributed the 

poleward flow to the process of frontogenesis of the ABF. Furthermore, the poleward 

intensification of the Angola current is attributed to the presence and intensification of the 

Angola Dome. Moreover, the poleward intensification of the Angola Current suggests an 

intensification and poleward shift of the front as observed by Vizy et al. (2018). I also notice that 

the warming trend observed along the Angolan and Namibian coast reaches 100m depth in early 

austral summer, while it is noticeable only in the upper mixed layer for the rest of the year. At 

the annual scale, the subsurface water shows a cooling trend, as the cooling trend is observed 

for most of the year along the Angolan and Namibian coasts. This result also contradicts the 

conclusions of Vizy et al. (2018), who suggested that the warming of the subsurface ocean under 

the upper mixed layer was due partly to an increase of the Agulhas leakage (Beal et al., 2011; 

Lübbecke et al., 2015).  The cooling trend that occurred south of the ABF, especially in austral 

winter and early spring, is primarily associated with the horizontal currents that advect cooler 

water from the east and south and intensify the upwelling of cold water from the subsurface to 

the surface. These changes are consistent with the changes in the wind field (not shown), which 

enhances the offshore ocean currents off the Namibian coast.  

In the next chapter, I will study the decadal variability in the Benguela Upwelling system 

to see whether the 10-14 year and 23–28-year periodicity found in chapter 3 and also mentioned 

in the literature for South Atlantic variability for the 10-14 year are found using longer duration 

datasets. I also explore potential links between decadal variability and well-known climate modes 

or global oceanic region. 
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CHAPTER 5 

5 DECADAL VARIABILITY IN THE BENGUELA UPWELLING 

SYSTEM 

5.1 INTRODUCTION 

Many studies of the Benguela Upwelling System have focused on SST variability at the 

interannual time scale and less on the Sea Surface Temperature (SST) trend. At the interannual 

time scale, the Benguela upwelling system is influenced in its northern part by Benguela Niño and 

Benguela Niña events (Shannon et al., 1986; Bachèlery et al., 2016; Rouault et al., 2018; Bachèlery 

et al., 2020; Illig et al., 2020). Benguela Niño is the main mode of interannual variability of SST in 

the Northern Benguela (Florenchie et al., 2003; Rouault et al., 2018) and is mostly due to change 

in the wind speed along the equator in the western tropical Atlantic, leading to the propagation 

of Kelvin waves along the equator and subsequent coastal trapped waves along the coast 

(Bachèlery et al., 2020). The Southern Benguela (SB) is influenced by the El Niño Southern 

Oscillation (ENSO) (Agenbag, 1996; Rouault et al., 2010; Dufois and Rouault, 2012; Blamey et al., 

2015). ENSO impacts the Southern Benguela by modulating upwelling-favorable coastal winds 

through the latitudinal variation of South Atlantic Subtropical High (SASH) (Dufois and Rouault, 

2012). Moreover, there is a dominant mode of coupled variability in the South Atlantic Ocean, 

the South Atlantic subtropical dipole (SASD) that connects sea level pressure (SLP) and sea 

surface temperature (SST) (Venegas et al., 1997; Sterl and Hazeleger, 2003; Haarsma et al., 2005; 

Morioka et al., 2011) which are both influenced by ENSO (Rodrigues et al., 2015).  

  At the long-term scale, most studies focused on trend analysis and found a poleward shift 

in the SASH which intensifies the upwelling in the Southern Benguela (García-Reyes et al., 2015; 

Rykaczewski et al., 2015; Lamont et al., 2018) leading to the cooling reported by (Hutchings et 

al., 2009; Rouault et al., 2010). In Chapter 3 of this thesis, I show that the trend reported by 

others may be the effect of decadal variability (Figure 3.18 and 3.19).  
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To our knowledge, there are few works on the decadal variability of SST in the Benguela 

Upwelling System. Hutchings et al. (2009) are the first to mention decadal variability but it was 

not demonstrated or calculated. They assumed decadal variability using SST anomalies from a 

combination of ICOADS and satellite data in the Northern Benguela over the period 1950-2007. 

García-Reyes et al. (2018), by comparing modes of upwelling-favorable wind mode in the 

Benguela and California upwelling Systems, found that the summer upwelling mode in both 

Benguela and California Upwelling Systems has a similar quasi-decadal period of variability 

around 8-9 years. Furthermore, several studies have identified decadal variability in the whole 

Southern Atlantic. For instance, Venegas et al. (1997) in their study, found interdecadal 

fluctuations of an approximatively 14-16 years period in the South Atlantic Basin. Moreover, 

decadal variability has been identified in southern African rainfall (Dyer and Tyson, 1977; Jury, 

2015; Dieppois et al., 2016). Examining southern African rainfall, Dieppois et al. (2016) have 

demonstrated the existence of two signals of decadal variability: quasi-decadal (8-13 years) and 

interdecadal (15-28 years) linked to the Pacific climate modes of variability such as ENSO, the 

Pacific Decadal Oscillation (PDO), and the Interdecadal Pacific Oscillation (IPO). The signals were 

detected in the Western Cape winter rainfall, the South Benguela upwelling region and summer 

rainfall for the rest of Southern Africa. Similar decadal periodicity of variability is found in Chapter 

3 of this thesis (Figure 3.19 and 3.22). However, the study period, 35 years, is very short to 

analyse decadal variability. Satellite remote sensing of SST only started in 1982 and before the 

satellite era, the observations are sparse in the region, especially off Angola and Namibia. To have 

longer and homogeneous time-series better suited to the study of decadal and multidecadal 

variability of the Benguela Upwelling System, I will be using the outputs of a 110 year (1900-2010) 

model simulation of the global ocean ice components of the Norwegian Earth System Model 

(NorESM) (Bentsen et al., 2013), forced by the 20th Century re-analysis. The chapter is structured 

as follows: Firstly, I will evaluate the skills of the NorESM model by comparing the model SST with 

the observation-derived SST. Secondly, the model will be used to analyse the dominant time 

scales of SST fluctuations using a time-space approach based on wavelet analysis. Finally, 

composite analysis is performed on global SST to examine teleconnections and underlying 
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mechanisms between climate modes and SST in the Benguela Upwelling System through each 

time scale of SST.  

5.2 VALIDATION OF THE MODEL NORESM 

5.2.1 Comparison of long-term mean SST in NorESM with Observations 

 

Figure 5.1: Long-term SST mean over 1982-2009 for a) OISST1, b) NorESM and c) the difference 

between NorESM and OISST1. Long-term mean over 1910-2009 for d) 10-ensemble mean 

HadISST2 e) NorESM and f) the difference between NorESM SST and 10-ensembles mean 

HadISST2. 
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In this section, I compare the SST climatology of NorESM during the satellite era with 

OISST1 over the period 1982-2009 (Figure 5.1 upper panels) and then the SST climatology of 

NorESM is compared to HadISST2 during the entire period (1910-2009) (Figure 5.1 lower panels). 

The NorESM model represents the large-scale features of the South-East Atlantic basin well, with 

relatively cool SST (SST <18°C) in the Benguela Upwelling system and the poleward sector. 

Relatively warm SST (SST> 23°C) are realistically represented off Angola and in the equatorial 

Atlantic basin. However, the NorESM model does not represent the upwelling close to the 

Namibian coast and in the ABF well. Warm bias of up to 3.5°C is observed in the model along the 

Namibian coast and ABF when compared with OISST1 and up to 4°C when compare with 

HadISST2. The warmest bias is observed in the ABF. In Southern Benguela, the difference 

between NorESM and OISST1 or HadISST2 remains lower than 1°C. A comparison between 

NorESM and NEMO over the period 1958 -2009 also shows a warm bias up to 3°C in NorESM (not 

shown). 

5.2.2 Comparison of SST timeseries in NorESM and 10-ensemble HadISST2 in 

different domains 

  

Figure 5.2: 11-Year running mean of SST anomalies from 1910 to 2009 in the four coastal domains 

(from top to bottom and from left to right) ABF, NB, CB, and SB. The red line is NorESM and the 

blue lines are the 10-ensemble members of HadISST2. 
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In this section, I compare the NorESM SST timeseries at lower frequencies. Figure 5.2 

shows the 11-year running mean of SST anomalies from 1910 to 2009 in the same four domains 

(ABF, NB, CB, and SB) as in Chapter 3 and Figure 3.8, but with 4° longitudinal averages for NorESM 

(red line) and HadISST2 (blue line). The NorESM SST and HadISST2 show a marked low-frequency 

modulation in all the coastal regions. However, the low-frequency variability has more energy in 

the NorESM compared to HadISST2. In addition, NorESM seems to display a more consistent low-

frequency SST timeseries across NB, CB, and SB, whereas the HadISST.2 data are able to capture 

more regional features. The ratio of the NorESM and HadiSST2 standard deviation (SD) is 

between 1.20 and 1.7 in all domains (Figure 5.2). In some domains, the period of lowest and 

highest values of SST are not always the same in the NorESM compared to HadISST2. In the ABF 

for instance (Figure 5.2 top left panel), the NorESM model displays positive SST anomalies of up 

to 0.4°C in 1931-1950, 1956-1964, and 1994-2004, while negative SST anomalies of up to -0.5°C 

occurred in 1964-1993. The HadISST2, contrariwise, displays positive SST anomalies in 1920-

1928, 1932-1940,1945-1952, 1961-1970, and 1993-2004 while negative SST anomalies occurred 

in 1953-1961 and 1975-1992. The correlation between NorESM SST and HadISST2 at lower 

frequencies, in the ABF domain, is 0.48. It is statistically significant at the 95% level (based on a 

Student t-test). I also note that the ABF SST in the NorESM model seems to undergo multi-decadal 

rather than decadal variability.  

In NB and CB, the model displays positive SST anomalies up to 0.4°C in 1957-1967 and 

1980-1990, while negative SST anomalies up to -0.35°C occurred in 1922-1933, 1943-1957, 1966-

1975, and 1989-1988. HadISST2, on the other hand, displays positive SST anomalies with less 

magnitude than the model (< 0.3°C) in 1935-1954 and 1960-1967 while negative SST anomalies 

up to -0.35°C are observed in 1925-1935, 1953-1962, and 1975-1983. I note that positive SST 

anomalies occur in 1985-1998 in CB using HadISST2, while a very weak SST anomaly is observed 

in NB. The correlations between the NorESM model SST and HadISST2 are 0.21 and 0.32, 

respectively in NB and CB. These correlations are not statistically significant at the 95% level. In 

SB (Figure 5.2 bottom right panel), the NorESM model SST low frequency variability matches the 

HadISST2 variability very well. There are positive SST anomalies in both the NorESM and 10-

ensemble HadISST2 of up to 0.45°C in 1915-1923, 1959-1965, and 1982-1993, while negative SST 
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anomalies up to 0.4°C occur in 1925-1935, 1966-1975, and 1992-2000. However, there are 

discrepancies between NorESM and HadISST2 during the period 1945-1953 when NorESM has 

negative SST anomalies and HadISST2 has positive SST anomalies. In SB, the correlation between 

NorESM SST and ensemble mean HadISST2 at lower frequencies is 0.61 and is statistically 

significant at the 95% level. In conclusion, the NorESM and HadISST2 present evidence of decadal 

variability across the whole region; however, the low-frequency variability in the NorESM model 

is not in good agreement with the low frequency of HadISST2 in most of the domains except in 

SB where the NorESM and 10-ensembles HadISST2 show the same pattern of low-frequency 

variability. This may be because the NorESM does not represent the quasi-permanent upwelling 

in NB and CB well, or because there were not enough observations to build the HadISST2 dataset, 

especially before the 1960s. Thus, I will focus my analysis on the Southern Benguela region in the 

following sections.  

5.3 DOMINANT DECADAL TIME SCALES OF VARIABILITY IN THE SOUTHERN BENGUELA (SB) 

DOMAIN 

5.3.1 Wavelet analysis 

In this section, time scale analysis of decadal variability is carried out using the wavelet 

transforms as described in Section 2.2.5 of this thesis. Note that here I use the annual mean SST 

instead of the monthly mean. Figure 5.3a and 5.3b display the local wavelet power spectrum of 

SST of HadiSST2 and NorESM respectively. Figure 5.3c displays the global wavelet spectrum of SB 

SST of NorESM and HadISST2 ensemble mean (red and blue line respectively). According to the 

global wavelet spectrum (Figure 5.3c), the NorESM and HadISST2 ensemble mean SST display 

three dominant time scales of variability significantly above the red noise background spectra: 

an interannual time scale of 2-8 years, a quasi-decadal time scale of 9-14 years, and an 

interdecadal time scale of 19-26 years. These time scales of variability have already been 

mentioned in Chapter 3. I note that the HadiSST2 ensemble mean shows a slight shift of one to 

two year in the period of quasi-decadal scale.  
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Figure 5.3: Time scale pattern of variability of the annual SB SST. (a, b) Continuous wavelet power 

spectrum of HadiSST2 and NorESM. The white bold line (cone of influence) delineates the area 

under which the coherence can be underestimated due to edge effects and zero padding. The 

black line contours designate the area of statistically significant coherence at 95 % level 

confidence limits based on 1000 Monte Carlo simulations of the red noise background spectrum. 

(c) Global wavelet spectrum of NorESM SB SST (red line) and the ensemble mean HadISST2 SB 

SST (blue line). The dashed red and blue lines indicate the spectrum of the red noise timeseries 

that possessed the same variance and autoregression coefficients as the annual SB SST of 

NorESM and ensemble mean HadISST2 respectively. 

For the quasi-decadal time scale of 9-14 years, the SB SST displays significantly increased 

variance since the 1950s, while the SB SST displays a significant increase in variance since the 

1940s at the interdecadal time scales of 19-26 years in both HadiSST2 ensemble mean (Figure 

5.3a) and NorESM (Figure 5.3b). The 9-14 year time scale is close to the 14-16 year scale, a known 

scale of variability in the South Atlantic High-pressure System and basin-wide SST (Venegas et al., 

1997). The time scale of 19-26 years has not been documented before in the Benguela upwelling, 
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but it has been detected in the southern African rainfall in the austral winter and summer rainfall 

of Western region and the rest of southern Africa, respectively (Dieppois et al., 2016) and shown 

to be linked to the variability in the Pacific Ocean. In the rest of the chapter, as I am interested in 

decadal variability, I will focus my analysis on the quasi-decadal time scale of 9-14 years and the 

inter-decadal time scale of 19-26 years.  

5.3.2 Reconstruction of timeseries of the dominant timescale with lower frequencies 

In this section, the decadal dominant scales of variability are reconstructed using the 

band-pass Butterworth filter. Note that the annual SB SST timeseries were detrended to reduce 

trend effects. Figure 5.4 displays the reconstructed time series of the two dominant decadal 

scales as SB SST anomalies for the NorESM model and the HadISST2. Despite the small shift 

between the NorESM model and the HadISST2, they show the same variability at the quasi-

decadal and Interdecadal scales. The quasi-decadal scale reconstructed SB SST timeseries (Figure 

5.4a) displays fluctuations of about 0.11°C with a maximum amplitude of about 0.47°C and 0.42°C 

in NorESM model and HadISST2 respectively; larger fluctuations are observed from 1940-1990. 

The decadal time scale reconstructed SB SST timeseries has the same order of magnitude as the 

quasi-decadal time scale reconstructed SST timeseries. However, the maximum amplitude of 

fluctuation of the reconstructed interdecadal SB SST timeseries is about 0.1°C less than the one 

depicted in the quasi-decadal scale reconstructed timeseries. The maximum fluctuations are 

observed before 1970 in the reconstructed interdecadal SST timeseries.  
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Figure 5.4: Reconstruction of decadal dominant time scale modulating SB SST of NorESM (blue 

line) and HadiSST2 (red line) using the band-pass Butterworth filter. a) The 9-14 years and b) the 

19-26 years reconstructed SB SST timeseries. The grey shaded band delineate the area above 

which the SB SST anomalies greater than ±1 Standard Deviation have been selected to perform 

composite analysis. 

5.4 CORRELATION BETWEEN SB SST AND LOCAL NET SURFACE HEAT FLUX AND MERIDIONAL WIND  

In this section, I investigate the correlation between SST and meridional wind component 

and between SST and net surface heat fluxes (Qnet) from the model in the Southern Benguela 

domain using wavelet coherence (chapter 2.2.5.2). 

5.4.1 Correlation between SB SST and local meridional wind 

Figure 5.5 represents the wavelet coherence between SB SST and SB meridional wind. 

The Figure shows that the variability of SB SST and SB meridional wind are correlated at 

interannual time scale (2-8 years), quasi-decadal and interdecadal scale. At the quasi-decadal 

timescale (9-14 years), SB SST and SB meridional wind show coherency values larger than 0.7; 

they are in opposite phase during the period 1970-1995. The anti-correlation between SST and 

wind speed is due to the fact that at that scale, higher than normal wind speed would decrease 
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the surface temperature by upwelling bringing colder subsurface water to the surface. This 

process is stronger at the coast where the wind stress curl is higher due to the effect of the 

coastline in reducing wind stress abruptly. The anti-correlation between SB SST and SB meridional 

wind at the 9-14 year time scale is also observed during the period 1910-1920. However, this 

latter period is outside of the cone of influence (white bold line), where the ability to interpret 

the result is limited by the edge effects. In addition, the comparison between SB SST and SB 

meridional wind reconstructed timeseries at the quasi-decadal time scale (19-26 years) (Figure 

5.5b) shows a good opposite phase correlation between these two timeseries especially over the 

period 1910-1920 and 1960-1985. As the quasi-decadal scale of variability, the SB SST and SB 

meridional wind show a higher anti-phase coherency (greater than 0.7) since 1930s at the 

interdecadal scale of variability. This result is also confirmed in Figure 5.5c where the comparison 

between the reconstructed SB SST and SB meridional wind timeseries at the interdecadal time 

scale shows a negative correlation. Overall, the wavelet coherence illustrates the phase 

opposition between SB SST and SB wind at all the significant time scales, highlighting once again 

the wind impact on SST in the Benguela region. 

  

Figure 5.5: Wavelet-based SB SST- SB meridional wind component coherence analysis. a) squared 

cross wavelet coherence. The Y-axis represent the time scales and the colour scale represents 

the magnitude of the squared cross-wavelet coherence. The white bold line (cone of influence) 

delineates the area under which the coherence can be underestimated due to edge effects and 

zero padding. The black line contours designate the area of statistically significant coherence at 

95 % level confidences limits based on 1000 Monte Carlo simulations of the red noise background 
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spectrum sharing the same autoregressive coefficients as the original data. The arrows represent 

the relative phase between SB SST and SB meridional wind: a rightward-pointing arrow indicates 

in-phase coherence between the two signals, a leftward pointing arrow indicate anti-phase 

coherence. b) Comparison of the quasi-decadal time scale (9-14 years) reconstructed signal 

between the SB SST (red line) and SB meridional wind (blue line) signal. c) Comparison of the 

interdecadal time scale (19-26 years) reconstructed signal between the SB SST and SB meridional 

wind signal. 

5.4.2 Correlation between SB SST and SB Qnet 

Net surface heat flux (Qnet) influences the South Atlantic Ocean. The temperatures 

change in the subtropical Atlantic have been found to be driven by Qnet (Colberg and Reason, 

2006; Vizy and Cook, 2016). Figure 5.6 represents the wavelet coherence between SB SST and SB 

surface heat net fluxes (Qnet). As in the previous section, the Figure shows a good coherence 

between SB SST and SB Qnet at the SB SST dominant time scales: interannual time scale (2-8 

years), quasi-decadal (9-14 years), and interdecadal time scale (19-26 years). At the quasi-decadal 

time scale, Figure 5.6a shows an anti-phase coherence at the beginning of the period 1910-1925 

and in-phase coherence at the end of the period from 1965-2010. Between these two periods, a 

significant transient leading phase of 90 degrees (SB Qnet leading) is observed between SB SST 

and SB Qnet. The coherence is statistically significant and greater than 0.8 from 1910 to 1960. 

These results are confirmed in Figure 5.6b where the quasi-decadal reconstructed SB SST and SB 

Qnet show a negative correlation from 1910 to 2025, positive lag correlation of ~2-3 years from 

1930 to 1906 and positive correlation from 1970 to 2009. To be explicit, Qnet warms the ocean 

at those latitudes, especially in upwelling regions, where latent and sensible heat flux are quite 

low and solar radiation quite high. However, in upwelling regions, the wind is the main driver of 

SST variability. So strong wind decreases the SST while Qnet increases the SST. When upwelling 

favorable stop or decrease substantially the ocean warms up quickly, especially in summer. In 

Angola where there is no strong wind-driven upwelling. Qnet has a more important role in 

warming the ocean but advection and deepening of the thermocline and mixed layer during 

Benguela Nino or at certain times of the year have also a key role (Rouault et al., 2012). At the 
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interdecadal scale, higher anti-phase coherences greater than 0.8 are found throughout the 

study period (Figure 5.6a and c). 

 

Figure 5.6: Same as Figure 5.5 but SB Qnet (blue line) instead of SB meridional wind. 

5.5 SB SST MULTISCALE RELATIONSHIP WITH GLOBAL SSTS 

5.5.1 SB SST and global SST anomalies 

The fluctuations of the SST in the Benguela upwelling are influenced by the coupled 

modes of atmosphere-ocean interactions. Benguela SST is influenced by ENSO (Rouault et al., 

2010; Dufois and Rouault, 2012) and by Benguela Niño/Niña (Bachèlery et al., 2020; Illig et al., 

2020). In this section, I investigate the teleconnection of SB SST with the global SST for the low-

frequency modulation at time scales of 9-14 years and 19-26 years. The analysis is based on 

composite anomalies of warm and cold periods (see chapter 2.2.6).  



137 
 

 

 

Figure 5.7: Composite SST anomalies associated with periods of high amplitude for the quasi-

decadal (9-14 year) and interdecadal (19-26 year) cycles of SST variability in SB. (a) extreme warm 

period of 9-14 year cycle of SST variability (9-14 year reconstructed SB SST timeseries (Figure 5.4) 

≥ 1 Standard Deviation (SD)). (b) same as (a) but for the interdecadal SST variability (19-26 year 

reconstructed SB SST timeseries (Figure 5.4) ≥ 1 SD). Shaded areas represent the 95% statistically 

significant values estimated based on a bootstrap method using 10,000 samples. 
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Figure 5.7 shows the global SST composite anomalies based on warm periods of the 

reconstructed SB SST timeseries at quasi-decadal (Figure 5.7 a) and interdecadal (Figure 5.7 b) 

time scales. 

At the quasi-decadal scale, except the southwestern part of the domain where cold 

anomalies are detected, positive SB SST anomalies are related to warm anomalies in most parts 

of the South Atlantic including the Agulhas region. This pattern is consistent with the dominant 

mode in the South Atlantic which consists of a northeast-southwest-oriented dipole suggested 

by Sterl and Hazeleger (2003). Positive SB SST anomalies are also related to cold anomalies in the 

tropical North Atlantic (0-30°N) and SST in the California Upwelling System. The latter relationship 

between SB SST and the California upwelling system is consistent with the results of García-Reyes 

et al. (2018). The positive anomalies in the south tropical Atlantic and negative anomalies in the 

north tropical Atlantic are consistent with the Atlantic Meridional Mode (AMM)  (Xie and Carton, 

2004). There is no significant relation between SB SST and Equatorial Pacific or Indian Ocean SST 

at the quasi-decadal scale of variability. Contrary to the quasi-decadal scale of variability, at the 

interdecadal scale, positive SB SST anomalies are related to warm SST anomalies (> 0.2°C) in the 

Tropical Pacific flanked by a horseshoe pattern of opposite sign. The positive SB SST anomalies 

are also related to warm SST anomalies in the subtropical Atlantic and the Indian Ocean. I note 

the pattern of warm anomalies is significant over the whole Indian Ocean and no statistically 

significant relationship is observed between SB SST and equatorial Atlantic. However, the warm 

anomalies in the Indian Ocean and north subtropical Atlantic are smaller than the warm SST 

anomalies observed in Tropical Pacific. The SB warm period global signal is reminiscent of El Niño 

and the SB cold period of La Niña. The impact of ENSO at the interannual scale on the Benguela 

Upwelling System and southern African climate is well known and the mechanisms are well 

identified (Dufois and Rouault, 2012; Blamey et al., 2015; Dieppois et al., 2016). The mechanisms 

are a modification of the global Hadley and Walker circulation and the low-pressure system of 

the temperate region of the Southern Hemisphere. This study indicates that the mechanisms may 

also work at the decadal scale as proposed and demonstrated by Dieppois et al. (2016) for 

southern African rainfall.  
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5.5.2 Correlation between Southern Benguela SST with climate modes 

To further identify the connection between climate modes and the SB SST, the 

correlations of the SST with El Niño-Southern Oscillation (ENSO), Interdecadal Pacific Oscillation 

(IPO), Pacific Decadal Oscillation (PDO) and Atlantic Meridional Oscillation (AMO) are also 

calculated for the quasi-decadal and Interdecadal scale and recapitulated in Table 5.1. These 

modes are the main modes of decadal to multidecadal variability. The indices are calculated using 

model data. The indices from other sources of data are also used (see chapter 2.1.2). First, the 

climate mode index is subjected to wavelet analysis to see if the index presents at least one 

similar decadal dominant scale found in SST before being correlated with SST. Wavelet coherence 

is then used and the correlation between the reconstructed timeseries of the climate mode index 

and SB SST at each decadal dominant scale is calculated.  

 

Figure 5.8: Same as Figure 5.5 but with SB SST (red line) and ENSO-like index (blue line) estimated 

as the Principal Component (PC1) of the first EOF of the annual mean SST anomalies for global 

SST. The SST anomalies are estimated by subtracting the global annual mean SST anomalies from 

SST anomalies in each point for the global ocean (see Zhang et al., 1996). 

Figure 5.8 presents the wavelet coherence between SST anomalies and an ENSO-like 

index estimated from the principal component of the first Empirical Orthogonal Function EOF1 

of annual SST anomalies over the global ocean calculated as in Zhang et al. (1997). The figure 

shows higher coherence between the SB SST and the ENSO-like index at the interannual time 

scale (2-8 years), and the interdecadal time scale. No statistically significant coherency is 
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observed at the quasi-decadal time scale (R2< 0.3). The correlation between the quasi-decadal 

reconstructed SST and ENSO-like index timeseries is about R = -0.15 (Figure 5.8b and Table 5.1). 

Contrary to the quasi-decadal scale, at the interdecadal time scale, I observe higher statistically 

significant phase coherence larger than 0.8 since the 1920s. The maximum value of squared 

coherence is found after 1960. A comparison between the interdecadal reconstructed SB SST and 

IPO index timeseries (Figure 5.8c) shows a high statistically significant correlation of about R = 

0.98. 

 

Figure 5.9: Same as Figure 5.5 but with SB SST (red line) and PDO index (blue line) defined as the 

Principal Component (PC1) of the first EOF of the annual mean SST anomalies in the North Pacific 

Ocean, poleward of 20°N. The SST anomalies are estimated by subtracting the global annual 

mean SST anomalies from SST anomalies in each point of the North Pacific Ocean. 

The wavelet coherence between PDO index based on the leading Pattern (EOF) of SST 

anomalies in the North Pacific basin (typically poleward of 20°N) as described by Mantua et al. 

(1997) and SB SST (Figure 5.9) shows the same pattern of coherence as ENSO-like with SB SST. 

The PDO and SB SST show a higher statistically significant phase coherence since 1920s at 

interdecadal time scale. The maximum value squared coherence is observed around 1950s. The 

correlation between the reconstructed PDO index and SB SST at the interdecadal scale is about 

R = 0.92 (Figure 5.9c and table 5.1). No statistically significant coherency is observed at the quasi-
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decadal time scale (R2< 0.4) (Figure 5.9a).  The correlation between the reconstructed PDO index 

and SB SST is about R = -0.23 (Figure 5.9c) at the quasi-decadal time scale. 

The wavelet coherence between IPO index based on TPI computed on annual mean SST 

without any filtering (Henley et al., 2015) and SB SST is shown in Figure 5.10.  The Figure shows 

the same pattern of coherency as in Figures 5.8 and 5.9.  Higher coherence between the SB SST 

and the IPO index is observed at the interannual time scale (2-8 years) and the interdecadal time 

scale. No statistically significant coherency is observed at the quasi-decadal time scale. The 

correlation between the reconstructed IPO and SB SST is about R = -0.05 at quasi decadal scale 

(Figure 5.10b and table 5.1) while it is about R = 0.95 at interdecadal scale (Figure 5.10c and table 

5.1). 

 

Figure 5.10: Same as Figure 5.5 but with SB SST (red line) and IPO index (blue line) based on 

Tripole Index. 

In contrast, the wavelet coherence between AMO and SB SST (Figure 5.11) does not show 

any statistical coherence at the two dominant decadal scales of variability of SB SST. However 

higher anti-phase coherence is observed between 45- and 60-years cycles which is a dominant 

time scale of variability of the AMO (Kerr, 2000). The correlations between the reconstructed 

AMO and SB SST at quasi-decadal and interdecadal time scales are not statistically significant and 

are about R = -0.20 and R = -0.21, respectively (Table 5.1). 
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Figure 5.11: Same as Figure 5.5 but with SB SST (red line) and AMO index (blue line) estimated as 

the average anomalies SST in north Atlantic (0-80°N). 
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Table 5.1: Correlation coefficients at quasi-decadal and interdecadal scales of the SB SST from 

the NorESM model with ENSO-like, IPO, PDO and AMO from different sources of data. Significant 

correlations are highlighted by *. The table also shows if the climate mode has a significant peak 

of energy at the decadal/interdecadal period. 

  Decadal scale (9-14 years) Interdecadal scale (19-26) 

years 

Climate 

mode 

Source data of climate 

mode index 

 

signal 

Correlation 

with model 

SB SST 

 

signal 

Correlation 

with model 

SB SST 

ENSO-

like 

NorESM based on 

leading PC of monthly 

SST anomalies over the 

global ocean (ENSO-like) 

 

yes 

 

-0.15 

 

no 

 

0.98* 

 

IPO 

NorESM (based on 

tripole index) 

yes -0.05 no 0.95* 

ERSST5 unfiltered data 

(based on tripole index) 

 

yes 

 

-0.03 

 

yes 

 

0.99* 

 

 

 

PDO 

NorESM (based on 

leading PC of monthly 

SST) 

 

yes 

 

-0.23 

 

yes 

 

0.92* 

UKMO historical SST, and 

OISST (based on leading 

PC of monthly SST) 

 

yes 

 

-0.17 

 

yes 

 

0.91* 

 

 

AMO 

NorESM No -0.19 Yes but 

not 

significant 

-0.37 

HadISST1 Yes but 

not 

significant 

-0.20 Yes but 

not 

significant 

-0.21 
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5.6 DISCUSSION AND CONCLUSION 

In this chapter, the decadal fluctuations in the Benguela Upwelling System are 

investigated and their teleconnections with large scale climate modes through the decadal 

dominant time scales of variability are explored. NorESM represents the large-scale features of 

the South-East Atlantic basin well but does not represent the upwelling close to the Namibian 

coast and ABF well. Warm biases, up to 4°C, are observed along the Namibian coast and in the 

ABF. This area is known as an area with large SST biases in ocean models (Richter and Xie, 2008; 

Richter, 2015). The causes are diverse and have been attributed to the spurious weakening of the 

north-flowing Benguela Current as well as to the misrepresentation of wind data used to force 

the model (Small et al., 2015; Bonino et al., 2019). Excessive negative wind stress curl in the 

nearshore can modify the simulated south-flowing Angola Current which tends to be stronger 

than in the observations, bringing more warm tropical water to the ABF than normal (Small et 

al., 2015; Koseki et al., 2018). The SST biases in the NorESM model are also associated with 

remote forcing. For instance, misrepresentation of equatorial westerly wind in the model 

contributes strongly to incorrect thermocline depth representation and its influence on SST in 

Northern Benguela (Patricola et al., 2012; Goubanova et al., 2019). A comparison of the NorESM 

model and observations at low-frequency shows good agreement between NorESM and the 

HadISST2 SST fluctuations in the Southern Benguela. However, in the Northern Benguela, 

disagreement is observed between NorESM model and HadISST2. Weak agreement is also 

observed between HadISST2, HadISST1, and ERSST5 (not shown), indicating a critical problem 

even in observational data in the Northern Benguela domain. Lack of consensus between 

observations can be explained by poor spatial and temporal coverage of observational data in 

some regions prior to the satellite era (Deser et al., 2010), and to the different techniques used 

to fill the gaps of missing value. As there is no agreement between models and observations in 

the other regions, I focused my analyses on the Southern Benguela domain and found that there 

are three significant time scales of variability: interannual (2-8 years), quasi-decadal (9-14 years) 

and interdecadal (19-26 years). The teleconnections between SB SST and SST over the global 

ocean are different at both quasi-decadal and interdecadal time scales. At the interdecadal scale, 

the tropical and subtropical oceans, especially in the Pacific Ocean appear to be strongly linked 
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to SB SST fluctuations. The teleconnection of the tropical Pacific (ENSO-like) and PDO with SB SST 

are statistically significant. At the quasi-decadal time scale, there is no relationship between SB 

SST and the climate modes used in my study. However, the composite anomalies show a link 

between the SB SST and the whole South Atlantic Ocean. The pattern of SB SST composite 

anomalies in the South Atlantic is reminiscent of the South Atlantic Subtropical Dipole mode 

(SASD), the dominant mode of variability in the South Atlantic Basin (Venegas et al., 1997; Sterl 

and Hazeleger, 2003; Morioka et al., 2011). At the interannual time scale, ENSO variability affects 

SB SST by modulating the latitudinal variation of the South Atlantic Subtropical High (SASH) 

(Dufois and Rouault, 2012; Sun et al., 2017). This could be the same mechanism that occurs at 

the interdecadal scale. This study, for the first time, establishes a connection between PDO and 

ENSO-like oscillations of SB SST. The IPO and ENSO-like, whose physical independence remains 

controversial (Folland et al., 1999; Tourre et al., 2005), also drives the SB SST anomalies at the 

Interdecadal time scale. 
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6 CONCLUSIONS AND PERSPECTIVES 

The Benguela Upwelling System, one of the four major coastal upwelling regions in the 

world ocean, is of great importance. It is a source of economic for the adjacent countries and 

plays an important role in the climate of the neighboring countries in the southern Africa. The 

focus of this thesis is to understand the long-term change and decadal variability in the Benguela 

Upwelling System and how this decadal variability is linked to climate modes. A first assessment 

was to investigate the long-term change in the Benguela upwelling since the 80’s. To study long-

term trends and because of the possibility of decadal or multidecadal variability in the Benguela 

Upwelling System, I used all the longest datasets possible of the satellite era 1982 to find out if 

trends were the same using different products. Most high-resolution datasets except for 

Pathfinder do not exceed 20 years. Only HadiSST1, OISST1, OISST0.25 and Pathfinder data were 

available from 1982 for that study. I also used five reanalysed climate atmospheric datasets to 

make a comparative analysis of the trends and to check if it was corresponding to the SST trends. 

This study, to my knowledge, is the first study in the region using several SST datasets and most 

reanalysis wind datasets to analyse and compare trends. Most studies in the region use either a 

model or one SST dataset and one reanalysis product to study long-term trends. The trend 

analysis is conducted at the annual and monthly scales. The use of different datasets revealed 

serious discrepancies in trends in SST, which is a concern. Notably, most discrepancies between 

SST datasets occur from 1982 to 1985. However, after a thorough examination, I report some 

agreement between datasets. The trend analyses of SST and surface winds show that the Angola-

Benguela Upwelling has changed significantly over the period 1982-2017. The trends vary in 

space and most important depends on the season. Cooling trends up to -0.4°C per decade are 

observed in the southern part of the Benguela Upwelling System and are present throughout the 

austral summer and autumn while warming trends up to 0.8°C occur in austral summer in the 

northern part of the upwelling system. A comparison of wind trends with SST trends confirms the 

reason for the SST cooling trend in Southern Benguela with a colocalized intensification of 

equatorward (upwelling-favorable) coastal winds in the Southern Benguela due to the poleward 
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expansion and intensification of the South Atlantic Subtropical High atmospheric system. This 

result is consistent with the studies of Narayan et al. (2010), Rouault et al. (2010), Blamey et al. 

(2012), and Tim et al. (2015). However, the reanalysed data near the coast does not show much 

significant trend while offshore the wind seems to have increased for most products which could 

a reanalysis shortcoming. At first sight, in Northern Benguela, looking at the annual trend, the 

decrease in upwelling-favorable coastal winds seems to agree with the SST warming trend 

observed. However, the examination of the seasonal trends in the Northern Benguela and ABF 

reveals that the SST warming happens only in austral spring and summer while no trend in coastal 

winds is observed during these seasons. Moreover, the wind has increased offshore Northern 

Namibia.  Vizy and Cook (2016) in their study, explain the SST warming in the Northern Benguela 

and ABF by a decrease in the surface winds due to the poleward shift of the SASH. The 

disagreement between the Vizy and Cook (2016) conclusion and my findings may arise from the 

fact that they did not examine the seasonal trends. The Ocean General Circulation Model (OGCM-

NEMO) is thus used to further understand the main process of the warming in Southern Angola, 

ABF, and Northern Benguela in Chapter 4. Results of chapter 4 suggest advection of warm water 

for the warming in the Northern Benguela. 

To investigate the main processes leading to the warming trends in Southern Angola, ABF, 

and Northern Benguela, the OGCM-NEMO model SST trends are compared to the observed SST 

trends over the period 1986-2015 (Chapter 4). The model produces a strong cooling trend in the 

Northern Benguela compared with observations due to a positive trend in upwelling-favorable 

coastal winds used to force the ocean model. However, in Angola, the modelled warming trend 

is realistically simulated. Furthermore, the annual cycle of the SST trend is realistically simulated 

with the model despite a slight overestimation of the winter cooling trend in Northern Namibia. 

The realistic simulation of the annual cycle of SST trend allows me to use the model to study the 

mechanisms causing the summer warming and the winter cooling trend. The analysis of each of 

the model’s heat budget components and their contributions to the overall SST trend suggests 

that the austral summer warming trend observed along the Angolan and Namibian coasts is 

primarily associated with an intensification of the poleward flow, bringing more warm water from 

the tropics to the coastal region and with a weakening of the vertical flow of cold upwelled water 
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to the surface. Locally, the net surface heat flux tends to create a negative trend. This result 

remains in contrast with the result of (Vizy et al., 2018) who suggest that the SST warming trend 

along the Angola-Namibia coast is associated with an increase in the net downward atmospheric 

heat fluxes. This contradictory result may arise from the fact that I used in my study the ocean 

general circulation model while Vizy et al. (2018) study used a coupled regional climate model 

which have notorious problems in the region such as the so-called warm bias. Caution is required 

when extracting trends from a coupled climate model, particularly in regions like the tropical 

Atlantic, where these models are known to produce a mean warm bias (Richter et al., 2012; 

Toniazzo and Woolnough, 2014; Exarchou et al., 2018; Koseki et al., 2018). Furthermore, in my 

study, the warming trend observed along the Angolan and Namibian coasts reaches 100m depth 

in early summer. Another finding of this study is that the poleward intensification of the Angola 

Current, at the origin of the warming, is attributed to the intensification of the cyclonic circulation 

around the Angola thermal Dome. 

Finally, in Chapter 5 the decadal variability in the Benguela upwelling system, identified in 

Chapter 3, and the teleconnections with climate modes are investigated using a long-term ocean 

model simulation of 110 years (1900 - 2010) of the global ocean-ice components of the 

Norwegian Earth System Model (NorESM). The model gives a good representation of the low-

frequency variability of the Southern Benguela upwelling. Focusing on the Southern Benguela, 

where the observational and model variability agrees well, spectral analyses reveal the presence 

of three dominant scales of variability: the interannual (2-8 years), the quasi-decadal (9-14 years), 

and the Interdecadal (19-26 years) variability. A novel finding at the interdecadal time scale is 

that there is a teleconnection between the Southern Benguela SST and the global SST. In the 

Southern Benguela, low-frequency SST modulation is linked to the variability in the tropical 

Pacific (ENSO-like) and the Pacific Decadal Oscillation (PDO) in the Northern Pacific.  At the quasi-

decadal scale, there is no relationship between Southern Benguela SST and the tropical or North 

Pacific fluctuations. However, at this time scale, the composite anomalies show a link between 

the Southern Benguela SST and the whole South Atlantic Ocean SST. The pattern of the Southern 

Benguela SST composite anomalies in the South Atlantic resembles closely the South Atlantic 

Subtropical Dipole mode reported in the literature. 
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To understand the long-term change in the Benguela Upwelling System over the last 37 

years, I used a comparative method based on monthly means. As upwelling is not observed every 

day and upwelling events can be triggered in less than a day, using monthly mean data, further 

work will involve a study of long-term trends based on upwelling events at the daily scale, their 

intensification, duration, and frequency to better quantify the real change in the Benguela 

Upwelling System. For instance, is the cooling trends due to more upwelling events, more intense 

events, or stronger wind at the seasonal scale. In addition, this thesis throws some light on how 

the Benguela Upwelling System has changed over the past 10 decades.  In addition to the linear 

trend, this study shows that the Benguela Upwelling SST undergoes some decadal variability. The 

interdecadal time scale variability in Southern Benguela is influenced by the tropical and 

Northern Pacific variability, but how? Further studies will focus in more detail on the mechanisms 

of teleconnections between the tropical and northern Pacific and the Southern Benguela at the 

interdecadal scale, to understand which mechanism(s) links ENSO and PDO climate modes with 

the Southern Benguela Upwelling. The analysis could be extended to the Northern and Central 

Benguela by using better simulations. Furthermore, in my study, the Atlantic Multidecadal 

Oscillation (AMO) seems to have an impact on Southern Benguela SST. However, the period of 

study for the relationship between AMO and the Benguela decadal variability is limited to only 

100 years which is too short to highlight the impact of the AMO which has a scale variability of 

50 to 60 years. Longer model simulations, at least 200 years are therefore needed for further 

investigation of the AMO impact on the Benguela Upwelling System. It is also important to 

examine climate projection outputs to investigate the future decadal variability and if it is 

possible to distinguish the impact of climate change from the impact of natural decadal and 

multidecadal climate variability in the Benguela Upwelling System. The coupled model CMIP6 

used by IPCC will need to be checked to see if they do reproduce the decadal and multidecadal 

variability presented here. This will be useful to contextualise what part of the last four decades 

changes in Benguela Upwelling can be attributed to anthropogenic climate change or natural 

climate variability? At last, the comparative method systematically used in that thesis with all 

datasets possible should be used in the other EBUS and should be done also at the seasonal scale 

and the impact of the change in the marine ecosystem should be ascertained.  
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