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Assessing the impacts of assimilating satellite SST in addition to along-track SLA into a 

HYCOM of the Agulhas System 

Abstract 

The greater Agulhas Current System, is considered to be the largest western boundary current in the 

Southern Hemisphere, with only the Gulf Stream, and possibly the Kuroshio, considered to be larger 

globally (Bryden et al., 2005). The Current System is a crucial factor for determining the mean state 

and variability of the regional marine environment, resources and ecosystems in the region, regional 

weather, as well as the global climate on a broad range of temporal and spatial scales. Due to an 

absence of a coherent in situ and satellite-based observing system in the area, modelling and data 

assimilation techniques are utilised. These both further the quantitative understanding of the ocean 

dynamics as well as providing better forecasts of this complicated western boundary current system.  

In this study, we compare two assimilation experiments using the Ensemble Optimal Interpolation 

(EnOI) data assimilation scheme in a regional implementation of the Hybrid Coordinate Ocean Model 

(HYCOM). In the first experiment, we assimilate along-track satellite sea level anomaly (SLA) data only, 

and in the second experiment we assimilate both along-track sea level anomaly (SLA) as well as 

satellite sea surface temperature (SST) data. The objectives of the study are to investigate the impacts 

of assimilating SST along with SLA into the regional HYCOM model, with the hopes of improving the 

model performance. The long term aim of this experiment is to develop a regional ocean prediction 

system.  

The additional assimilation of SST along with SLA into the HYCOM model, has improved upon the 

representation of the SST field across the region by reducing the error. However, with regards to 

velocity, surface eddy kinetic energies (EKE), as well as subsurface velocities, the updated SST model 

shows less improvement. A velocity bias can be seen as the reason for underperformance in these 

aspects. The model still struggles to recreate subsurface water masses, underestimating salinity in the 

upper 500 m; assimilating T/S profiles in the future could improve on this. The assimilation of SST has 

improved upon the SST-SSH correlation in the model, as well as the spatial distribution and accuracy. 

The assimilation of SST along with SLA has had many positive impacts, with unfortunately, a few 

negatives. The shortcomings of the numerical model will have to be improved upon and additional 

assimilation variables should be tested in further studies, to provide a solid forecasting system. 
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1. Introduction 

Considered one of the world’s most dynamic ocean current regions, the Agulhas Current system, has 

a vital role in the resources and ecosystem of its marine environment, as well as on the local weather 

and global climate (Lutjeharms, 2006). The Agulhas Current proper is a western boundary current, one 

of the largest globally (Bryden et al., 2005), which flows poleward along the east coast of South Africa, 

and forms the closure of the South Indian subtropical gyre (Lutjeharms and Ansorge, 2001). The 

current closely follows the continental shelf until it reaches the southern tip of the African continental 

shelf, where it loops back onto itself and flows east, back into the Indian Ocean as the Agulhas Return 

Current (Lutjeharms and Ansorge, 2001). It is at this looping point, known as the Agulhas Retroflection, 

where there are high levels of mesoscale activity, with the formation and shedding of Agulhas Rings, 

anticyclonic eddies, and filaments into the South Atlantic (Lutjeharms and van Ballegooyen, 1988; 

(Lutjeharms and Gordon, 1987). The shedding of these rings and filaments play a crucial role in the 

mass exchange between the Indian and Atlantic Oceans (Biastoch et al., 2009). These rings and 

filaments contain warm and salty water from the Agulhas Region and transport it into the South 

Atlantic, a process known as Agulhas Leakage (de Ruijter, 1981). This leakage plays a big role in the 

Atlantic Meridional Overturning Circulation (AMOC), an oceanic conveyor belt which redistributes 

heat from the Southern Hemisphere to the Northern Hemisphere, this has global implications on the 

oceans and their influence on the climate (Peeters et al., 2004; Biastoch et al., 2008; Beal et al., 2011).  

A recent study by Rouault et al. (2009) indicated a warming trend within the Agulhas Retroflection 

region, on the decadal time scale, since the 1980s. Observations of satellite altimetry from 1993-2009 

have also noted changes in the area, with intensified variability in mesoscale activity within the greater 

Agulhas region, as well as in the retroflection region (Backeberg et al., 2012) having been identified. 

This increased mesoscale variability is made evident by the noticeable accelerated propagation of 

eddies in the Mozambique Channel, south of Madagascar, and within the retroflection region 

(Backeberg et al., 2012). It has also been hypothesised that Agulhas leakage has been increasing over 

that past few decades, supplying more salt rich water to the AMOC, and possibly having the ability to 

counteract the North Atlantic freshening, resulting from the melting ice-sheets and glaciers due to the 

anthropogenic warming of the global climate (Biastoch et al., 2008). A lack of data within the region 

hinders our ability to assess the true extent of the Agulhas Leakage, as well as its impacts on the global 

ocean circulation. 

With all these changes being observed in the Agulhas Region, noting its importance to the global ocean 

climate, it is vital that the area be well understood and monitored. Being able to advance the 

predictability of the highly dynamic and variable features in the system, would also have benefit on 
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the industrial, commercial, and leisure sectors in the region south of Africa (Backeberg et al., 2014). A 

forecasting system in the region would be able to provide authorities with advanced warnings with 

regards to destructive oceanic events, saving lives and limiting damage to infrastructure in the 

shipping industry. Fisheries could utilise the system to predict the likely positioning of large fish 

populations; off-shore oil companies would be able to know where and when to deploy moorings and 

setup oil rigs; a forecasting system in the region would be invaluable. A comprehensive prediction 

system would also enable the improved monitoring of accidental pollutants, such as oil spills; in the 

event of plane crashes or ships sinking, the system could be used to track the flow of debris. Such a 

system would also enable environmental agencies to predict and monitor the formation and spread 

of harmful algal blooms. 

However, the development of such a system is problematic due to the lack of a comprehensive in situ 

and satellite-based monitoring systems present in the Agulhas domain. Due to this lack of data, most 

studies in the area, and in particular those looking into Agulhas Leakage, have been largely reliant on 

numerical models of the system.  

These numeric ocean models are widely used as tools for the better understanding of particular 

oceanic regions. However, in regions like the Agulhas which are known for their non-linear, highly 

variable mesoscale nature, numerical models are unable to provide a realistic representation of the 

systems (Biastoch et al., 2008). Most model simulations of the region, with some exceptions (Penven 

et al., 2010), produce a bias in the positioning of the Agulhas Retroflection, placing it too far east or 

further upstream (Lutjeharms and Webb, 1995), and with Agulhas Rings, the main source of leakage, 

following a consistent trajectory flowing into the South Atlantic Ocean (Barnier et al., 2006). This is 

not the case in reality where ring trajectory can vary (Morrow et al., 2004; Duncombe Rae, 1991; 

Duncombe Rae et al., 1996). 

Using a global model developed by Thoppil et al., (2011), it was shown that merely improving the 

resolution of the model, from 1/12o to 1/25o, did not improve the positioning of the retroflection or 

ring-shedding bias. Numerical models have also been proved to be particularly sensitive to 

adjustments in the numerical scheme; slight changes in precision (Backeberg et al., 2009) can deliver 

a completely different representation of the region being modelled. It has also been shown that 

changes to the conservation properties (Barnier et al., 2006) of the momentum advection scheme or 

by smoothing the topography, with the addition of a horizontal viscosity parameter, (Penven et al., 

2006) would also produce a significantly altered representation of the Agulhas Current and the 

Retroflection. Differences between models, in a region with such a global ocean influence, is 

problematic as it can lead to wrong conclusions being drawn on mechanisms behind the warming 
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trend noted within the Retroflection (Rouault et al., 2009) and the leakage into the South Atlantic (van 

Sebille et al., 2009; Biastoch et al., 2009). Inaccuracies present in the initial state of the model further 

hinder the forecast ability of the model, up to the decadal time scale (Meehl et al., 2009). It is vital 

that the dynamics of the region are realistically represented and simulated in these ocean models, 

due to the potential global impact changes in the Agulhas region could be having on the global climate. 

This is where data assimilation becomes useful. Assimilation aims to provide physically consistent 3-

Dimensional estimates of the ocean state at a specific time. Reanalysis are 4-Dimensional 

reconstructions obtained by frequently assimilating available observations. Observations and 

numerical models both contain their own errors, observations are usually more accurate than models. 

If the true state of the ocean lies somewhere between the model and the observed data, one can 

attempt to approach the true ocean state, by combining both observed data and a numerical model, 

with their respective errors. By repeatedly assimilating in situ and observed data, models may then be 

adjusted/constrained to create a better representation of the ocean state thereby providing forecasts 

which would be more reliable and accurate. Through assimilation, we would be able to produce a 

regionally specific ocean based reanalysis product (Backeberg et al., 2014). This system would greatly 

assist in improving our knowledge of the dynamic and highly variable ocean circulations that exists in 

the Agulhas region. 

Despite the availability of numerous global operational assimilation systems, systems which 

incorporate both in situ and satellite remotely sensed observations with a numerical model (e.g. 

MyOcean, Bluelink and FOAM (Forecast Ocean Assimilation Model), none have been developed 

specifically for the southern African regional ocean (Backeberg et al., 2014). There have been no 

regionally focused data assimilation experiments in the region since Evensen and van Leeuwen’s work 

in 1996, until 2014, when Backeberg et al., (2014) developed a Hybrid Coordinate Ocean Model for 

the region which assimilated SLA using the EnOI.  

This study follows up on the work done by Backeberg et al., (2014), where a regional data assimilation 

system covering the Agulhas region was presented. In that study, satellite altimeter along-track sea 

level anomaly (SLA) data, was assimilated into a HYCOM model (Bleck, 2002) using the Ensemble 

Optimal Interpolation (EnOI) data assimilation scheme. The HYCOM model had been shown to be able 

to reproduce a reasonable representation of the Agulhas Current system and the oceanographic 

features contained within (Backeberg et al., 2008, 2009), while the EnOI (Evensen, 2003; Oke et al., 

2002) had been well utilised in regions with similar dynamics (Oke et al., 2005, 2007; Counillon and 

Bertino, 2009a, b; Xie et al., 2011; Srinivasan et al., 2011). 



9 
 

The study by Backeberg et al., (2014) highlighted the benefits of assimilating SLA into a free running 

numerical model. The assimilation outperformed the unassimilated numerical model in all but one of 

the areas tested, and it had some limitations. The assimilation system was unable to provide a better 

representation of surface velocities than those derived using satellite altimetry, AVISO (Archiving, 

Validation and Interpretation of Satellite Oceanographic Data); the assimilation process resulted in 

the degradation of the sea surface temperature (SST) field within the model, resulting in it being 

unable to accurately reproduce SST in the region; the numerical model was more accurate in this 

respect, containing less error. Errors within the numerical model fed into the assimilation as well; 

incorrect correlations of SSH and SST were reduced through assimilation but remained too high. Both 

the free numerical model and the assimilation were unable to accurately represent the Agulhas Return 

Current, either placing it too far to the south or not reproducing it at all. 

This is where this study takes off; it looks to improve upon the successes of the previous assimilation 

experiment, while addressing the limitations as well. The same assimilation system was used; 

however, this study focuses on the impacts of assimilating SST along with SLA data, over the previous 

assimilation and the free running model. It is hoped that by assimilating SST into the model many of 

the previous shortfalls will be improved upon. The incorrect SSH-SST correlation, the degraded SST 

field, and the poor representation of the Agulhas Return Current are some of the shortfalls looking to 

be improved upon. The primary objective here being to eventually produce accurate regional 

forecasts, as well as more accurate regional reanalysis products. 

1.1. The Greater Agulhas Current System 

The Agulhas Current forms the western boundary of the South Indian Ocean subtropical gyre 

(Lutjeharms and Ansorge, 2001). This western boundary current flows south westward along the 

eastern coast of South Africa. The current closely follows the South African continental shelf, until it 

reaches the southern tip of the African continental shelf, the tip of the Agulhas Bank (Grundlingh, 

1983). At this point the current turns around on itself, forming the Agulhas Retroflection. It is at this 

retroflection where the transfer of water between the South Atlantic and South Indian Ocean water 

occurs, through the shedding of Agulhas Rings (van Ballegooyen et al., 1994) and the leakage of 

Agulhas filaments (Lutjeharms and Cooper, 1996) into the South Atlantic. The water that is not 

transported into the South Atlantic then begins to flow back eastward, into the South Indian Ocean 

(Lutjeharms and Ansorge, 2001). This eastward flowing return current is known as the Agulhas Return 

Current (ARC) (Lutjeharms and Ansorge, 2001).  
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Figure 1 Schematic of the entire Agulhas System, illustrating all the major features (Ansorge and Lutjeharms, 

2007). 

1.1.1. Sources  

The Agulhas Current has three major sources; water from the Mozambique Current, the Eastern 

Madagascar Current and the South-west Indian Ocean Sub-gyre (Lutjeharms and Webb, 1995). It has 

been found that the Agulhas is fed by a string of southward drifting, anticyclonic eddies coming from 

the Mozambique Channel (de Ruijter et al., 2002). The transport of water from the southern limb of 

the East Madagascar Current (EMC) has also been found to be in the form of both cyclonic and 

anticyclonic eddies, forming at the retroflection of the EMC (Quartly et al., 2006). The largest 

contributor of water into the Agulhas Current is the re-circulation of water in the South-west Indian 

Ocean Sub-gyre. Water peeling off the ARC is the major source of this re-circulated water (Gordon, 

1985; Stramma and Lutjeharms, 1997). 

Indian Ocean Tropical Surface Waters supplies the Agulhas current with lower salinity water (34.8-

35.1) from the tropics (Gordon et al., 1987) while more saline (>35.4) South Indian Subtropical Surface 

Water is supplied by the South West Indian Ocean Gyre (Wyrtki, 1971). 

1.1.2. Northern Agulhas Current 

The Northern Agulhas Current, like the upstream sections of the Gulf Stream and Kuroshio, has an 

invariant path; the current closely follows the continental shelf. The stability of the current has been 

studied and the steepness of the continental slope has been cited as the reason for this (de Ruijter et 

al., 1999). The only place where this stability does not hold is at the Natal Bight; a wider part of the 

continental shelf in a coastal off-set north of Durban (Lutjeharms, 2007). The currents differing 
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behaviour is evident here; shear edge features, absent along the rest of the current, form here 

(Lutjeharms, 2007). The wider shelf at the Bight allows shear edge eddies to develop greater lateral 

expressions (Lutjeharms, 2007).  

1.1.2.1. Natal Pulses 

The stability of the Agulhas Current between Cape St. Lucia and the Agulhas Bank is interrupted at 

irregular intervals (De Ruijter et al., 1999), by the occurrence of solitary mesoscale meanders; dubbed 

“Natal Pulses” by Lutjeharms and Roberts (1988). These instabilities were first observed by Harris et 

al., (1978). 

 

Figure 2 NOAA infrared image. Grayscale from white (cold) to black (warm), with white clouds overhead. Two 

Natal pulses are visible as cyclonic meanders in the relatively dark (warm) Agulhas Current between Durban and 

Port Elizabeth (De Ruijter et al., 1999). 

Natal Pulses originate in the region north of Durban around a distinctive offset in the coastline, known 

as the Natal Bight, as the result of barotropic instability. These solitary cold water core meanders, with 

cyclonic circulation inshore of the Agulhas Current, move downstream at a rate of 10 to 20km/day 

(van der Vaart and de Ruijter, 2001; Lutjeharms, 2006; Grundlingh, 1979). Efforts to identify such 

meanders upstream of this offset have proved to be quite unsuccessful (De Ruijter et al., 1999).  
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Studies have found that an average of between 1 and 2 meanders progress into the Southern Agulhas 

region per year (Goschem and Schumann, 1990; Rouault and Penven, 2011). Observations from 

lagrangian floats have revealed that these meanders can extend to the full depth of the current 

(Lutjeharms et al., 2001), while other in situ studies have shown that these meanders can drive 

upwelling near the continental shelf (Bryden et al., 2005). Studies by Rouault and Penven (2011) 

showed that as these meanders move south, they grow and interact with topography to generate a 

secondary meander; either splitting, remerging or detaching from the primary meander. They also 

observed the generation of smaller eddies during the passage of one of these meanders; a possible 

indication of a decrease in energies towards the smaller scale, as well as a possible explanation for the 

decrease in the number of meanders observed as one moves further south.   

1.1.3. Southern Agulhas Current 

The continental shelf widens south of Port Elizabeth, to form the broad expanse of the Agulhas Bank. 

The current starts to develop meanders along the eastern edge of the shelf (Harris et al., 1978). These 

meanders have been seen to grow as they move down stream (Lutjeharms et al., 1989), and are 

accompanied by cyclonic eddies and warm plumes of water. At the northerly most point of the Agulhas 

Bank, close to Port Elizabeth, persistent upwelling was noticed (Lutjeharms, 2007). Once the current 

passes the southern tip of the Agulhas Bank, it proceeds into the South Atlantic as a free inertial jet 

(Lutjeharms et al., 1996). These filaments moving into the South Atlantic have been observed to carry 

anomalous amounts of warm and salty water into Atlantic, however their contributions to inter-ocean 

heat exchange is minimal, due to a loss of heat to the atmosphere (Walker and Mey, 1988), however 

their mass transport cannot be ignored (Lutjeharms, 2007). 

1.1.4. Agulhas Current Transport 

The Agulhas, like the North American Gulf Stream, is a fast-moving current with a large water 

transport. Geostrophic estimates of Sverdrup transport for the Agulhas, made for the 100 km inshore 

span adjacent to Durban, on the South African east coast, show a transport of 44 Sv (Toole and 

Raymer, 1985). Direct observations made by Grundlingh (1980) show a transport of 62 Sv for the upper 

1000m. When extrapolated down to the sea floor, this transport figure increases to 75 Sv (Grundlingh, 

1980). Beal et al., (2011) have measured the mean transport of the Agulhas at 32oS to be 70 Sv, also 

noting a high interannual variability of the current of around 9 Sv. The wind stress curl across the 

Indian Ocean at 30oS yields an additional transport of 30Sv based on Sverdrup dynamics (Hellerman 

and Rosenstein, 1983).  
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1.1.5. The Agulhas Retroflection 

The Agulhas Retroflection occurs south of the Agulhas Bank, 39oS, and between 16o and 20oE, with a 

loop diameter of 340km (Dencausse et al., 2010). This is the region where the westward-flowing 

Agulhas Current loops back onto itself and begins to flow eastward. This retroflection forms the 

western closure of the South Indian Ocean subtropical gyre. The reason that the Agulhas retroflects is 

not clear. There are a few mechanisms considered for the formation of the Retroflection inertia, the 

beta-effect and side-wall friction, all are thought to play a role, but in unknown proportions (de Ruijter, 

1982).    

The Retroflection plays an important role in water exchange between the Indian and Atlantic Oceans 

(Dencausse et al., 2010), through the shedding of large Agulhas Rings as well as through filament 

leakage of Agulhas water. Beal et al., (2011) have estimated the transport from this leakage to be 

between 2-15 Sv per year, estimating between 4-6 ring shedding events occurring within the same 

period. In recent studies, it has been suggested that due to anthropogenic climate change, transport 

through Agulhas leakage is increasing (Beal et al., 2011). 

Gordon et al., (1987), using shipboard investigations, highlighted the key role that the Retroflection 

plays in the ventilation of the Atlantic and Indian Ocean thermocline, through the water transfer south 

of Africa (Gordon, 1985). Lutjeharms and Ballegooyen (1988) found the Retroflection to have a pulse-

like behaviour. A study using satellite imagery showed the instability of the Agulhas Retroflection and 

how it could coalesce to form Agulhas Rings (Lutjeharms, 1981b) with an average diameter of 320km 

(Lutjeharms, 1981a).  

The westward extent of the retroflection was shown by Lutjeharms and Ballegooyen (1984) to have 

little to no correlation with the intensity of the Agulhas current, and no defined seasonality was 

observed. However, a more recent study by Matano et al., (1998), using satellite altimetry, showed 

the retroflection to occur further east during the summer, and protrude further west during the 

winter. The influences of local winds were thought to be responsible for an increase in inertial re-

circulation and force an early retroflection during the summer, as opposed to in winter (Matano et al., 

1998). Detecting seasonal variability in the retroflection region has proved to be problematic, possibly 

due to the presence of superimposed inter-annual components in the region (Lutjeharms and van 

Ballegooyen, 1988) 
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Figure 3 A conceptual image, based on 7 years of satellite imagery and XBT section, of the Agulhas Retroflection 

and environment. Broad open arrows show mean drift patterns, while solid arrows show the current direction in 

the southern reaches of the Agulhas Current. Lettered features are: A, the narrow, well-defined surface 

expression of the Agulhas Current adjacent the narrow continental shelf of south eastern Africa; B, meanders in 

the current path next to the Agulhas Bank; C, Agulhas rings delineated by warm Agulhas filaments; D, the Agulhas 

Retroflection loop; E, newly spawned Agulhas rings, of which surface features are identifiably rings; F, older 

Agulhas rings which can no longer be unambiguously identified as rings by their surface expressions alone; G, a 

warm eddy south of the subtropical convergence, having been shed in the vicinity of the subtropical convergence; 

H, older Agulhas rings no longer evident by surface expressions; I, the subtropical convergence; J, wedge of cold 

Sub-Antarctic water (Lutjeharms and van Ballegooyen, 1988). 

1.1.6. The Agulhas Return Current 

The Agulhas Return Current (ARC) emerges from the Agulhas Retroflection (Bang, 1970), flowing 

eastward. The structure of the ARC resembles that of the Agulhas Current, with a width of 60-80km 

and a transport of +-44 Sv, above 1000m (Boebel et al., 2002). Peak eastward surface velocities of the 

ARC reach up to 2 m.s-1 near the retroflection, and decrease to around 1 m.s-1 around 32oE (Boebel et 

al., 2002). 

The trajectory of the ARC has high levels of variability (Lutjeharms and Ansorge 2001). Drifting buoys 

(Grundlingh, 1978; Daniault and Menard, 1985; Hoffman, 1988) showed that the general motion of 

the ARC is zonal, with meridional excursions which are possibly influenced by changes in bottom 

topography (Darbyshire, 1972; Lutjeharms and van Ballegooyen, 1984). The general location of the 

ARC starts at 39o30’S and moves further south to 44o30’S as it flows eastward (Lutjeharms and 

Ansorge, 2001). The ARC undergoes an equatorward meander over the Agulhas Plateau as it 

progresses east, illustrating the influence of bottom topography on its flow trajectory stated by 

Darbyshire (1972), and Lutjeharms and van Ballegooyen (1984). This equatorward meander over the 

Agulhas Plateau is what causes the ARC to come into close proximity of the Agulhas Current; the 
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magnitude of the meander determines the distance between the two currents. A large meander could 

cause and Agulhas Narrowing event or, if large enough, an early retroflection. 

 

Figure 4 A conceptual portrayal of the Agulhas Return Current as a component of the greater Agulhas Current 

System (modified from Lutjeharms and van Ballegooyen, 1988; Stramma and Lutjeharms, 1997). 

Water characteristics in the ARC, show a distinct modification from the Agulhas Current waters and 

all signs of the Indian Tropical Surface Water are removed at the retroflection (Lutjeharms and 

Ansorge, 2001). The ARC terminates at the Crozet Basin, where all traces of the Return Current have 

been removed (Lutjeharms and Ansorge, 2001). 

1.1.7. Agulhas Rings  

The advection of Agulhas Rings is one of the major components in the Indo-Atlantic exchange of water 

south of Africa (Lutjeharms, 1996; de Ruijter et al., 1999). These rings form south of the Agulhas Bank, 

the region at which the Agulhas Current loops back onto itself, retroflects (Lutjeharms and van 

Ballegooyen, 1988). The current loop created at the retroflection, occasionally occludes to form a 

distinctive ring of Agulhas water, which then advects into the South Atlantic (Lutjeharms and Gordon, 

1987).  
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Figure 5 Conceptual image of the initiation (2), development (3), and separation of an Agulhas ring from the 

Agulhas Retroflection (Lutjeharms and van Ballegooyen, 1988).  

These rings start off having all the physical and chemical characteristics of Southern Agulhas Current 

(Lutjeharms, 2007). Agulhas Rings have an average surface diameter of 240 +- 40 km, and azimuthal 

speeds between 0.29 and 0.9 m/s at the surface (Duncombe Rae, 1991). Lutjeharms et al., (2000) 

found that Agulhas Rings can extend the full depth of the ocean water column; findings by van Aken 

et al., (2003) showed that rings reached 4500 m, supporting Lutjeharms findings. Rings come in various 

shapes and sizes, behave differently from each another, and are differently affected by ambient 

waters and circulation (Lutjeharms, 2007). They move away from their point of origin at a rate of 5 to 

8 km/day (Olson and Evans, 1986).  

Once shed, these rings move into in an area known as the Eastern Cape Basin (Goni et al., 1997; 

Duncombe Rae 1991; Duncombe Rae et al., 1996). A number of rings and eddies may coexist here and 

interact with each other (Boebel et al., 2003a). Rings can split, merge or break into multiple parts; 

many never leaving the Cape Basin but dissipating there completely. Those that leave the Cape Basin 

must cross the Walvis Ridge on their passage into the South Atlantic (Lutjeharms, 2007). Byrne et al., 

(1995) established that Agulhas Rings do not travel north of 20oS and rapidly lose kinetic energy after 

shedding; Schouten et al., (2002) determined that Rings lose up to 70% of their kinetic energy within 

their first 5 months.    

Agulhas Rings are considered to be the largest contributor to the Indo-Atlantic inter-basin exchange 

of heat and salt (Gordon, 1985). Now with the intensity of Agulhas Leakage on the rise (Biastoch et al., 

2009), speculation over its influence on the Atlantic Meridional Overturning Circulation (AMOC) has 

arisen. Beal et al., (2011) hypothesised that an increase in Agulhas Leakage could counteract the 

slowing AMOC, due to increased Arctic ice melt in a warming climate. 
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2. Data Assimilation System 

The term ‘data assimilation’ originated in meteorology describing the use of observations to improve 

the forecasting skill of operational meteorological models (Rizzoli, 1996). Lewis Fry Richardson was 

the first scientist to attempt a numerical weather prediction in 1922. His attempt was a failure due to 

inappropriate smoothing of observations in his initial conditions, viewed as a deficiency with data 

assimilation (Blayo et al., 2011).  Data assimilation and prediction systems have significantly improved 

since then, with new predication systems and assimilation techniques being developed.  The purpose 

of data assimilation is to create a best estimate of a system state by using multiple sources of 

information (Blayo et al., 2011). In the oceanographic context, assimilation has three main objectives, 

firstly to improve the ocean model parameterizations of sub-grid scale processes, boundary conditions 

and unobserved sub-surface components. Secondly to produce a 4-dimensional representation of the 

oceanic flow that is consistent with both observations and a dynamical ocean model. Thirdly, to 

provide accurate initial conditions for ocean circulation modelling (Rizzoli, 1996); accuracy of a 

forecasts from numerical prediction models are dependent on the accuracy to which the initial state 

is known and the accuracy of the model (Daley, 1991).   

Numerical models can be statistically accurate when compared with broad observational estimates, 

however when compared at specific times and locations, there are large discrepancies. Ocean models 

are an imperfect representation of the ocean system due to simplified mathematical parameterization 

of complex processes, as well as error from several factors. Even a perfect model can contain error, 

small errors in the initial state of the system will grow larger with time due to the non-linearities in 

underlying dynamics, a principle known as the Butterfly Effect (Lorenz, 1963). Therefore, 

synchronising the model state with the truth, existing and imperfect observations, is needed. 

Synchronisation must be repeated frequently to maintain a low error level in the system.  

Observations, from which we create initial conditions, also contain error. They are imperfect 

representations of the true ocean state due to measurement error and the usage of point 

measurements to describe broader ocean conditions (Edwards et al., 2015). Data assimilation 

attempts to bridge the gap between observations and numerical models and reduce the error of the 

resulting prediction system, by combining the two. 

Ocean forecasting systems and data reanalyses producers are dependent on access to regularly 

available, near real time observational data, a well-developed numerical model, and a data 

assimilation scheme that has been proven to be effective in a region with similar dynamics (Backeberg 

et al., 2014). The first data assimilation experiment that focused on the Agulhas System using HYCOM, 

assimilated along-track SLA data (Backeberg et al., 2014). The primary rationale for assimilating 
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satellite altimetry data was that the mesoscale variability, and signals were accurately captured and 

well resolved, and thus the assimilation of SLA was expected to be able to constrain the model 

dynamics in a realistic manner (Backeberg et al., 2014).  

The SLA assimilation proved to be an improvement over the free running, unassimilated model, in 

almost all respects. The weaknesses of the SLA assimilation over the free run are mainly due to SSH 

biases and incorrect correlations in the static ensemble (Backeberg et al., 2014), one of the areas 

where the assimilation of SST was expected to make an improvement. The static ensemble, or 

historical ensemble, based on a hind cast simulation from 1998-2007; it provides information about 

the mean circulation and variability of the region. The static ensemble aims to represent the forecast 

error of the model, and is used to calculate the background error covariance matrix. Biases in the static 

ensemble can create incorrect correlations in the assimilation, can cause errors in the EnOI when 

calculating the background covariance errors, creating incorrect positioning of currents, and thereby 

resulting in a poor representation of the flow in the assimilated models.   

A regional implementation of HYCOM was used in this study, as HYCOM had been shown previously 

to be able to recreate the dynamics in the region with an accuracy deemed acceptable (Backeberg et 

al., 2008, 2009; Backeberg and Reason, 2010). This model was used in the previous study by Backeberg 

et al., (2014). The Ensemble Optimal Interpolation (EnOI) data assimilation scheme was used as it is 3-

dimensional and multivariate, and updates the model at an efficient computational cost (Backeberg 

et al., 2014). This scheme has been previously utilised in regions with similar dynamics, like the 

Australian region (Oke et al., 2007), the Gulf of Mexico (Counillon and Bertino, 2009a; Srinivasan et 

al., 2011) and the South China Sea (Xie et al., 2011), which suggested it would be well-suited to the 

Agulhas region. 

2.1. HYCOM 

As a primitive equation model, HYCOM, uses a set of differential equations to approximate the ocean 

flow. HYCOM merges the best features of isopycnic-coordinate, and fixed-grid ocean circulation 

models within a single framework (Bleck, 2002). HYCOM identifies the optimal hybrid layer 

distribution for the model at each individual time step. It does this by interchanging between isopycnic 

(ρ) vertical coordinates when simulating the stratified open ocean, z-level coordinates while resolving 

upper-ocean mixed layer dynamic processes, and σ-coordinates in the shallow coastal regions 

(Backeberg et al., 2014). Priority is assigned to restoring the grid to isopycnic coordinates over the 

course of these vertical coordinate changes. Using this adaptive vertical grid enables the model to 

resolve regions of high vertical density gradients, such as the surface fronts and thermoclines 

(Backeberg et al., 2014). 
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A nested configuration containing two model domains is utilised; with a basin-scale HYCOM of the 

Indian and Southern Ocean (George et al., 2010) providing boundary conditions to a regional HYCOM 

of the Agulhas region (Backeberg et al., 2008, 2009), stretching from 10o – 50o S and from 0o – 60o E. 

Boundary conditions from the outer model are transferred to the inner model every 6 h. Boundary 

variables which change slowly over time, such as temperature, salinity, layer interface and baroclinic 

velocities, are relaxed towards the outer model over a 20 grid cell buffer zone (Backeberg et al., 2014). 

The relaxation time scale is 13 h at the outermost grid point, decreasing by a factor of 4 with distance 

from the boundary (Backeberg et al., 2014). The methodology from Browning and Kreiss (Browning 

and Kreiss, 1982, 1986) is used for faster changing variables, like barotropic velocities and pressure. 

Figure 6 Map of the model grid, illustrating the resolutions of the model in different regions. 

A conformal mapping tool (Bentsen et al., 1999) was used to create both the basin-scale and the 

nested model grid. The horizontal resolution of the basin-scale HYCOM varies from 45 km in the 

Southern Ocean, to 14 km in the northern Indian Ocean, and the resolution of the inner model is fixed 

at 1/10o (Backeberg et al, 2014). The Rossby radius of deformation across the entire domain is around 

30 km (Chelton et al., 1998); with the nested model known to be able to resolve eddies, shown in the 

previous study (Backeberg et al., 2014). Both inner and outer models contain 30 hybrid layers, with 3 

m set as the minimum layer thickness in the upper layers (Backeberg et al., 2014). The reference 
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densities to which these hybrid layers refer to range from 23.6 to 27.6 kg/m3. To capture the salinity 

maximum within the Mozambique Channel, between 150–300 m, the interval between layer densities 

was increased between 23.6 and 26.8 kg/m3 (Table 1). Similarly, to improve the resolution across the 

salinity minimum in the South Atlantic, between 600 and 1,200 m, the layer interval was reduced to 

between 27.1 and 27.7 kg/m3 (Backeberg et al., 2014). 

Table 1 Summary of selected model parameters and numerical choices (Backeberg et al., 2014). 

 

Bathymetry  GEBCO 1’ resolution interpolated to model grid. 

Target densities (+1,000 kg/m3) 

(layer 1 - layer 30) 

22.30, 22.60, 22.90, 23.20, 23.50, 23.80, 
24.10, 24.40, 24.70, 25.00, 25.30, 25.60, 
25.90, 26.20, 26.50, 26.80, 26.89, 26.99, 
27.08, 27.18, 27.27, 27.37, 27.46, 27.56, 
27.65, 27.75, 27.84, 27.94, 28.00, 28.05 

Deformation-dependent biharmonic viscosity 
factor 

0.20 

Diffusion velocity (m/s) for Laplacian 
momentum dissipation 

0.005 

Diffusion velocity (m/s) for biharmonic 
momentum dissipation 

0.06 

Diffusion velocity (m/s) for biharmonic thickness 
diffusion 

0.005 

Diffusion velocity (m/s) for Laplacian 

temperature / salinity diffusion 

0.005 

Momentum advection scheme second order 

Vertical mixing scheme  KPP 

 

Levitus climatology (Locarnini et al., 2006; Antonov et al., 2006) is used to initialise the outer model. 

The climatology is based on WOA05, which at the time of implementation of the model was the latest 

available version, but has since become outdated and will be updated in the next iteration. The outer 

model is spun up for 10 years, using climatological forcing from ERA-interim (Dee et al., 2011). A 

balanced field from the outer model is then used to initialise the inner model, interpolated to the high-

resolution grid (Backeberg et al., 2014). Both models were run using the inter-annual atmospheric 

forcing fields from ERA-interim reanalysis data, over the period 1980 - 2007, with the outer model 

providing boundary conditions to the inner model (Backeberg et al., 2014).  

Momentum fluxes are calculated following the approach by Kara et al., (2000), while the heat fluxes 

are calculated using the Drange and Simonsen method (1996). Monthly river outputs from the 

hydrological model: TOTAL Runoff Integrating Pathways (TRIP, (Oki and Sud, 1998)) are used. The data 

incorporates all river run-off input in the domain covering a period of 20 years, from ERA-interim. River 
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inflow is considered as a negative salinity flux, freshwater inputs, possessing an additional mass 

exchange component (Schiller and Kourafalou, 2010). The salinity flux is applied to a 6-m thick layer. 

To prevent large instabilities from being created near river deltas, the river flux is distributed over half 

an ellipsoid area, with the flux weight decreasing exponentially with distance from the source (60 × 

200 km). Salinity relaxation is a method used to deal with inaccuracies in precipitation, evaporation 

and runoff (Backeberg et al., 2014). Backeberg et al., (2014) employed this surface relaxation of salinity 

method on monthly climatologies from the Polar science centre Hydrographic Climatology (Steele et 

al., 2001), which combined data from the World Ocean Atlas with the Arctic Ocean Atlas, in order to 

constrain them. The same approach was utilised in this study. 

The HYCOM source code version 2.2 was used for both this and the previous study, as it included 

several improvements over the previous version 2.1 (Wallcraft et al., 2009). HYCOM 2.1 applied a 

simple vertical interpolation scheme to the mixed layer, which resulted in enhanced, and artificial, 

diapycnal mixing in the mixed layer, causing diffused surface velocity (Backeberg et al., 2014). Using 

version 2.1, Backeberg et al., (2009) showed that a fourth-order momentum advection scheme 

significantly improved the representation of the Agulhas Current core, although the observed current 

velocities were still stronger than those able to be simulated by the model (Backeberg et al., 2010). 

Unfortunately, the forth-order advection scheme in HYCOM version 2.2 is not yet fully functional, 

however Backeberg et al., (2014) found that the second-order advection scheme was able to provide 

a reasonably accurate reproduction of the mean circulation, with reasonable levels of mesoscale 

variability; particularly in the Agulhas retroflection region. 

Backeberg et al., (2014) showed that the free running model had a mean SSH bias associated with an 

incorrect positioning of the Agulhas Return Current region. They suggested that this was likely caused 

by biases present in the boundary forcing of the outer model, where the Antarctic Circumpolar Current 

and the inflow from the eastern boundary of the domain is too weak, partly explaining the bias noted 

in the regional model (Backeberg et al., 2014).  

2.1.1. Browning and Kriess approach to lateral boundary conditions  

Shallow water equations have two times scales and are a symmetric hyperbolic system. Slow time 

scale motions are known as Rossby waves, while fast time scale motions are known as inertial/gravity 

waves. Browning and Kriess (1982) proved the existence of smooth solutions, solutions with multiple 

space and time derivatives on the order of Rossby wave time scales, for the open boundary problem 

of shallow water equations by using the bounded derivative method. The method required several 

initial time derivatives of the order of the slow time scale, and also boundary data that was smoothed.  
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They showed that if the boundary data was smooth, and only had small errors, then the solution of 

the open boundary problem would also be smooth, and only contain small errors produced in the 

interior. Alternatively, when boundary conditions were smooth, but contained large errors, then the 

open boundary solution remained smooth. However, the boundary error would propagate into the 

interior at speeds associated with the fast time scale, resulting in the destruction of the solution within 

a short time. It is therefore necessary to keep the boundary error small, to accurately compute the 

solution (Browning and Kriess, 1982). They also showed that the restrictions can be relaxed, allowing 

for only the large-scale boundary data to be correct. This approach was adopted in the HYCOM model. 

2.1.2. Efficient and accurate bulk parameterizations of air-sea fluxes for use in general circulation 

models  

Bulk formulae were used to calculate the momentum and heat fluxes in the numerical model. These 

formulae are computationally efficient and inexpensive and were developed for Global Circulation 

Models (GCM). They can calculate the effects of dynamic stability, wind stress and the heat fluxes at 

the air-sea interface. 

These formulae contain a simple polynomial dependence on wind speed, and a linear dependence on 

the air-sea temperature difference, calculated from the statistical analysis of global monthly 

climatologies based off air-sea temperature and wind speed intervals (Kara et al., 2000). Kara et al., 

(2000) showed that by using surface observations from a mooring in the Central Arabian Sea and these 

formulae, it was possible to reproduce daily air-sea fluxes. These fluxes were proven to be definitively 

more accurate when compared to the fluxes calculated with a standard algorithm used by the Tropical 

Ocean Global Atmosphere Coupled Ocean–Atmosphere Response Experiment (TOGA COARE). 

These formulae were used in this study as well as the previous by Backeberg et al., (2014).  The 

formulae and parameterizations were shown to be less computationally expensive, while being more 

efficient, and substantially faster than the TOGA COARE bulk formula, since iterative calculations of 

wind stress and heat fluxes are not required (Kara et al. 2000), making them perfect for high resolution 

models such as the one utilised in this study.  

2.2. Ensemble Optimal Interpolation 

The Ensemble Optimal Interpolation scheme (EnOI) is a data assimilation scheme derived from the 

Ensemble Kaman Filter (EnKF). The EnOI (Evensen, 2003; Oke et al., 2002) scheme performs with 

greater computational efficiency than the EnKF method. It uses the static ensemble (А Є Ʀn×N, with N 

the ensemble size and n the model state dimension) to approximate the system background error 

covariances (C). The EnOI assumes that climatological variability is representative of the forecast error 

developed within an assimilation cycle (ϵ; Oke et al., 2002; Evensen, 2003).  
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𝝐𝝐𝑇  ̅̅ ̅̅ ̅  ≈ 𝐶 =  
𝛼

𝑁−1
 𝐴′(𝐴′)𝑇, 

where A’ = A – Ā is the ensemble anomaly, and α is constantly used to adjust the variance of the 

ensemble. The method enables dimensional and multivariate changes that are consistent with the 

linear component of model physics (Counillon and Bertino., 2009a). 

The static ensemble is derived from the Agulhas HYCOM and is sampled every five days over the period 

from 1998–2007. The model has been spun-up prior to the sampling period to avoid model drift, which 

can produce artificial erroneous correlations (Backeberg et al., 2014). The static ensemble is important 

to the EnOI because it represents the forecast error of the model, utilising the concept of ergodicity. 

Ergodicity or ergodic theory is a statistical mechanism whereby a sample size or sequence of a process 

is statistically representative of an entire process. The reasoning being that a collection of random 

samples from a process must represent the average statistical properties of the entire process, if the 

process changes erratically and at an inconsistent rate then it is not ergodic. 

In the Agulhas region, the major source of error that develops during a single assimilation cycle was 

expected to be caused by the incorrect placement of mesoscale features, such as eddies and meanders 

(Backeberg et al., 2014), with these features interacting with both the residual current and the 

underlying bathymetry.   

When assimilating SLA in Backeberg et al., (2014), it was expected that concurrent hydrographic 

changes would occur due to correlations between SSH and the water masses of the mesoscale 

features. An example of this was a scatterplot between SSH and SST, from the static ensemble in the 

Agulhas Current at 30oE and 32oS (see Fig.3 in Backeberg et al., 2014). It was shown that no correlation 

between SSH and SST was present when the correlation was calculated for the 10 year static ensemble 

(Backeberg et al., 2014).  

After calculating the correlation across the different seasons, it became noticeable that the correlation 

was seasonally enhanced, particularly over the winter period (Backeberg et al., 2014), June–July–

August (R = 0.4). The static ensemble had to be adjusted to limit the season variability impact on the 

correlation matrix of the EnOI. 

The static ensemble utilised by Backeberg et al., (2014), and again in this study, to calculate the 

forecast error covariance is composed of a 60-day running window of ensemble states, which are then 

centred around the associated seasonal period, with respect to the assimilation time (Xie et al., 2011). 

The resulting ensemble contains 120 members, a relatively big sample size, which would reduce the 

noise in the spatial correlation (Backeberg et al., 2014). 
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The ensemble size is not large enough to cover the model variability over the entire domain, therefore 

any associated sampling errors would lead to the introduction of erroneous long-range spatial 

correlations (Backeberg et al., 2014). It would be illogical for an observation assimilated within the 

Retroflection region to contribute towards the resolution of an eddy in the Mozambique Channel 

(Backeberg et al., 2014). So, to limit the assimilated point’s impact on other regions of the model, its 

influence is contained by confining it to a definitive local area, using Evensen’s (2003) local framework 

method. By analysing the spatial correlations of SSH at different locations within the Agulhas system, 

Backeberg et al., (2014) concluded that 400 km is an appropriate localisation radius. To avoid 

discontinuities during the update, the innovation vector (i.e. the distance between the forecast and 

the observations) is tapered with respect to the distance from the observation using a Gaspari and 

Cohn function (Gaspari and Cohn, 1999), resulting in an effective localization radius of ∼100 km 

(Backeberg et al., 2014). 

The entire model state of the forecast is updated through the multivariate properties of the EnOI, i.e. 

temperature, salinity, layer thickness, barotropic and baroclinic velocity, throughout the water column 

(Backeberg et al., 2014). This allows for the conservation of linear properties (Evensen, 2003) such as 

geostrophy, and ensures that the sum of the layer thickness matches the barotropic pressure 

(Backeberg et al., 2014). Srinivasan et al., (2011) showed that this approach performs well within the 

hybrid vertical framework of HYCOM. 

The assimilation process follows the same order as in Xie et al. (2011). SSH is diagnosed from the 

model state, and SLA is calculated by removing the model mean (Backeberg et al., 2014). Anomaly 

assimilation ensures that the innovations over many assimilation cycles converge to 0, however this 

does not account for possible biases in the numerical model variability error (Backeberg et al., 2014).  

Observations are generally sparse and sporadic across a temporal scale; it would therefore be 

impractical to stop the model at random intervals whenever an observation became available. To work 

around this, observations are collected and assimilated, as a batch, once a week. To constrain the 

model with such a limited number of observations, the multivariate covariance between one 

observation and the model grid needs to be calculated. At each point the model is projected into the 

observational space, a covariance matrix between the model and the observation is then constructed 

and weighted against the total error covariance, which is the sum of the model error covariance and 

the observation error covariance. This is then multiplied by the innovation factor, defined as the 

difference between the model and the observation. In determining the innovation factor, a first-guess 

approach is employed, where the model forecast (ѱ f), and the assimilated data (d) are then compared 
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for the same day (t0-і, where і corresponds to the day in the weekly forecast cycle). The new analysis 

state ( ѱ 
𝒕𝟎
𝒂

 ) is then estimated as follows: 

 ѱ 
𝑡0
𝑎

=   ѱ 
𝑡0
𝑓

+ ∑ 𝐴′
𝑡0

𝑖=0..6

𝐴′
𝑡0    
𝑇
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𝑇
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𝑁 − 1

𝛼
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−1

  

(𝐝𝑡0−𝑖 − 𝐻ѱ
𝑡0−𝑖
𝑓

) , 

Where H is the measurement operator relating the prognostic model state variables to the 

measurements, and R is the observation error covariance matrix.  For simplicity and computational 

efficiency, R is considered as a diagonal matrix, and its variance is determined as proposed by Oke et 

al., (2008): 

𝜀𝑜
2 = 𝜀𝑖𝑛𝑠𝑡𝑟

2 + 𝜀𝑟𝑒
2 . 

The observation error variance (𝜀𝑜
2) is the sum of instrument error (𝜀𝑖𝑛𝑠𝑡𝑟

2
) and the representivity 

error (𝜀𝑟𝑒
2 ). The latter is approximated by the sea surface height variance derived from satellite 

altimetry observations and has a similar impact to tuning the coefficient α, which was set to 1 to 

simplify the tuning process. By using satellite altimetry derived sea surface height variance, rather 

than dynamical model derived variance, the results of the assimilation experiment were improved 

(Backeberg et al., 2014). 
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3. Observations 

In this study sea surface temperatures (SST) from OSTIA, together with along-track sea level anomaly 

(SLA) data from satellite altimeters, were assimilated into the model. Surface drifter data from the 

Global Drifter Program (GDP), persistence forecasts using altimetry data from AVISO data, and Argo 

profiling floats were used to validate the assimilation system. 

3.1. Satellite Altimetry Data  

All satellite altimetry data used in the study was produced by Ssalto/Duacs and distributed by AVISO, 

supported by CNES. 

The delayed time unfiltered along-track SLA from satellite altimeters was assimilated into the model. 

This unfiltered data set was utilised because of the smoothing contained within the interpolation of 

the gridded product (Ducet et al., 2000), which can cause problems in a highly dynamic region such as 

the Agulhas. The unfiltered data can sufficiently sample the short spatial scales (Wunsch and Stammer, 

1998), while the effects of aliasing are reduced (Byrne and McClean, 2008). 

The unfiltered data has a 7-km resolution, with the temporal range of satellites in this study (2008-

2009) including altimetry data from Jason-1 (until October 2008), Jason-2 (from October 2008), Jason-

1 tandem mission orbit (from February 2009), ENVISAT and GFO (until September 2008; Backeberg et 

al., 2014). 

To create a comparison between the assimilation system and persistence forecasts of SLA and 

geostrophic currents for the period 2008 - 2009, the delayed time along-track data set was used to 

reconstruct the gridded map data in a three-day delayed mode (Backeberg et al., 2014). A persistence 

forecast assumes that the conditions at present will persist into tomorrow, this method works well for 

short term forecasts as well as long term climatologies. The resulting maps were then combined with 

Rio09 mean dynamic topography (MDT; Rio et al., 2011) to calculate the surface geostrophic currents 

and eddy kinetic energies (EKE). 

The main difference between the gridded data and delayed time maps from AVISO are in the temporal 

selection of measurements used to construct the map (Backeberg et al., 2014). The approach utilised 

to generate the data follows the method employed when processing data in the near real-time, with 

a three-day delay (Backeberg et al., 2014). However, this approach does not consider any problems 

regarding data availability, and data acquisition that could possibly occur during real-time processing. 

The delayed time along-track data is a higher quality data set than the near real-time data, mainly due 

to the level of orbit corrections and other data corrections employed during the processing stages. 
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The three day delayed maps are produced every 7 days and then persisted for a further seven day 

forecast cycle to allow for comparisons with the assimilation system (Backeberg et al., 2014). 

3.2. Sea Surface Temperature Data 

Once weekly satellite SSTs for that day, in addition to the along-track SLA data gathered over the week, 

are assimilated into the model. Despite SSTs being available daily, they are only assimilated once 

weekly to avoid stopping the model each day for assimilation. The SST data set used was obtained 

from the Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA; available at http://ghrsst-

pp.metoffice.com/pages/latest_analysis/ostia.html). OSTIA analysis uses satellite data from sensors 

that include the Advanced Very High Resolution Radiometer (AVHRR, (US National Oceanic and 

Atmospheric Administration)), Advanced Along-Track Scanning Radiometer (AATSR, (European Space 

Agency)), Spinning Enhanced Visible and Infrared Imager (SEVIRI, (European Organisation for the 

Exploitation of Meteorological Satellites)), Advanced Microwave Scanning Radiometer-EOS (AMSR-E, 

(NASA National Snow & Ice Data Centre)), and the Tropical Rainfall Measurement Mission (TMI, (US 

National Aeronautical and Space Agency)). The data set has a global coverage, with a grid resolution 

of 0.054 degrees, and a temporal resolution of one day. OSTIA is made available as the Group for High 

Resolution Sea Surface Temperature (GHRSST) product. The OSTIA analysis has a highly-smoothed SST 

field and was specifically produced to support SST data assimilation into Numerical Weather 

Prediction (NWP) models. One of the limitations of the smoothing process is that small, mesoscale 

features can be lost. In a highly dynamic region like the Agulhas mesoscale features play an important 

role, which might be removed by the smoothing thereby impacting the solution during assimilation. 

The OSTIA SST data was also used to validate the SSTs in system. 

3.3. Drifter data 

To determine the accuracy of the assimilation system against independent observations, surface 

velocity data from satellite-tracked surface drifting buoys or drifters are used. These drifters consist 

of a surface buoy and a 15 m deep subsurface drogue. The surface buoy measures temperature and 

records its position, which is then transmitted via a satellite. The data are managed and distributed by 

the Global Drifter Program (GDP, (NOAA AOML Physical Oceanography Division)), whose objective is 

to maintain a global 5x5o array of ~ 1250 drifters. Due to sparse spatial coverage of drifter data in the 

region, all data from drifters that entered the region 5o – 52o S and 2o – 69o E between 1986 and 2012, 

a total of 1246 drifters, were used in the study. Only 115 drifters entered the region between 2008 

and 2009. The raw drifter data is interpolated to 6 h positions, with surface u and v velocities and 

surface temperatures provided for each corresponding position (Backeberg et al., 2014). 
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3.4. Argo floats 

To evaluate the impact of assimilating SST on the water masses within the model, Argo profiling floats 

are used. These data sets were collected and made freely available by the International Argo Program 

and the national programs that contribute to it (http://www.argo.ucsd.edu, 

http://argo.jcommops.org). The Argo Program is part of the Global Ocean Observing System. These 

Argo floats capture temperature and salinity profiles in the upper 2000m of the water column every 

 −
+ 10 days, as well as their position when at the surface. Apart from temperature and salinity, the Argo 

floats also captured velocities at 1000 m, which form part of an Argo based deep displacement dataset 

known as ANDRO Atlas (Ollitrault and Rannou, 2013; available at http://www.coriolis.eu.org). During 

2008-2009, 91 Argo floats entered the region between 12o – 45o S and 15 o – 45oE, and 2807 profiles of 

temperature and salinity were obtained. To validate the assimilated and unassimilated runs with the 

Argo data, the model outputs are interpolated to positions of these Argo profiles (Backeberg et al., 

2014). In the study, only data where floats had a representative parking pressure (measured pressure 

averages, during a float’s subsurface drift) between 900 - 1100 m, 399002 individual measurements 

during 2008 - 2009 were used (Backeberg et al., 2014). 

 

 

 

 

 

 

 

 

 

 

 

 



29 
 

4. Results 

4.1. Surface and Subsurface Velocities 

4.1.1. Surface Velocities 

To allow for the comparison between AVISO, a free run (FREE), two assimilated runs (ASSIMSLA and 

ASSIMCOMBINED) and the in situ drifter data, the daily surface velocities from AVISO, FREE, ASSIMSLA and 

ASSIMCOMBINED were interpolated to the daily latitudinal and longitudinal positions of the surface 

drifters, using the nearest neighbour method of interpolation. The drifters measure subsurface 

velocities at 15 m; this could induce a bias when compared to the model and satellite data, which 

record velocities at the surface, and must therefore be accounted for. It was assumed that there would 

be little difference between the surface and the 15 m subsurface velocities, due to the geostrophically 

dominated dynamics of the region. The 6-hourly u and v component velocities and their magnitudes 

derived from the surface drifters were averaged for each day and then and assigned to the median 

position along the drifter track for that day. Median positions of the drifters were used to ensure that 

the daily position and corresponding velocity was along the drifter’s track. Using the daily mean 

position in some cases resulted in the longitude / latitude position to be offset from the drifter’s 

trajectory, resulting in the daily mean velocity calculated for that day to be in a location offset from 

the drifter’s trajectory. This may result in the daily average velocity not being representative of the 

dynamics along the drifter’s trajectory. 

After analysing the track of Drifter #71114 between 1 January 2008 and 1 July 2008, it was found that 

the velocity magnitudes of ASSIMCOMBINED were more in line with that of the drifter derived velocities 

during the periods where the drifter was located around the edges of mesoscale eddies. The 

improvement is reflected in the correlations (ASSIMCOMBINED = 0.45, ASSIMSLA = 0.39, FREE = 0.19, AVISO 

= 0.62), which give us an indication of the models ability to monitor the variability of the Agulhas 

System. However, the ASSIMCOMBINED had a noticeable velocity bias between February 2008 and May 

2008 and could also not perform as well as AVISO over the entire period. This bias can be explained 

by several factors, such as the comparison between subsurface and surface velocities. Fortunately, 

bias in a prediction system can be corrected in post-processing. Model and AVISO velocity magnitudes 

are generally over-estimated during this period; their mean velocities highlight this bias (MeanDrfiter = 

0.49 m/s, MeanAVISO = 0.66 m/s, MeanFREE = 0.67 m/s, MeanASSIM_SLA = 0.69 m/s, MeanASSIM_COMBINED = 0.86 

m/s). ASSIMCOMBINED mean velocity is significantly higher than all the other estimates. The pre-existing 

velocity bias present in FREE and ASSIMSLA has been increased in ASSIMCOMBINED. A possible reason for 

this can be seen in Fig.7, where daily averaged surface velocity field snapshots, across the 3 model 

runs, illustrate the impacts of the SLA and SST assimilations. The high velocities seen in ASSIMCOMBINED 
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could have resulted from the small turbulent features introduced to the system by the assimilation of 

SST. This could be the result of the OSTIA SST data resolving smaller mesoscale features, not captured 

by the SLA products or simulated by the 1/10th
 of a degree model.  

Another reason for the bias produced could be the result of comparing Lagrangian and Eulerian 

frameworks and how they measure different processes. Eulerian velocity is an averaged 

representation of velocities for a grid cell, while Lagrangian velocities, which are smaller, will measure 

more fine scale processes as the drifter will takes detours etc., resulting in a bias. Drifters also tend to 

gather in regions of weak dynamics which will create additional bias. This is a reason why getting a 

perfect correlation between drifter, model and AVISO velocities is very difficult, because they are in 

effect measuring different processes. Additionally, drifter measurements are impacted by 

ageostrophic components such as wind, this is not captured by AVISO and therefore leads to 

discrepancies. HYCOM does include an ageostrophic component, however the resolution is coarser 

than that of the drifters. These ageostrophic components are imperfect and contribute to the bias in 

the models. ASSIMCOMBINED shows more sub-mesoscale features, which is more realistic than FREE and 

ASSIMSLA, but it is penalized by the way the system is validated. 

To quantify any improvement in the accuracy of this updated assimilation, the root mean squared 

error (RMSE) for the models and AVISO was calculated (Table 2), using drifter derived velocities from 

all available drifters entering the domain during 2008 and 2009. The analysis showed an increase of 

the RMSE in ASSIMCOMBINED compared to ASSIMSLA. The assimilation of SST has led to the introduction 

of other small scale turbulent features, mentioned earlier, which have impacted the accuracy of 

ASSIMCOMBINED drifter tracking. From Fig.7, it is visible that FREE produces far too many eddies 

consistently propagating along the same trajectories. This was largely resolved by Backeberg et al., 

(2014) through SLA assimilation, which dampened the eddy energy offshore of the Agulhas Current. 

However, it appears that by assimilating SSTs, this improvement has been slightly degraded. The 5 km 

resolution SST data set introduced mesoscale features that the 10km resolution of the model is not 

necessarily able to resolve. Despite there no longer being this production line of eddies propagating 

along the offshore edge of the Agulhas Current, these smaller turbulent features could possibly 

account for the increase in the error of the velocity fields in ASSIMCOMBINED.  

What is also interesting is how the assimilation of SST in ASSIMCOMBINED, affects the positioning of 

mesoscale features in comparison to ASSIMSLA. Some features present in ASSIMCOMBINED can be found 

in both FREE and ASSIMSLA, while some features in ASSIMCOMBINED are not present in either ASSIMSLA or 

FREE (Fig.7). This highlights the influence of the assimilation on the numerical model, as well as 

highlighting the SST assimilations impact on the resultant velocity fields. The biases, inaccurate 
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dynamics and weighting factors of the model and assimilated data must be re-evaluated in future 

iterations of the model to improve upon the error, and representation of the surface velocity fields. 

Although a slight improvement of accuracy over the FREE model run is evident in ASSIMCOMBINED, the 

assimilation is unable to provide a better forecast of surface drifter velocities than ASSIMSLA and AVISO, 

whose RMSE are still more accurate, ± 0.2 m/s for AVISO and ± 0.1 m/s for ASSIMSLA. 

 

 

 

Figure 7 Daily averages of surface velocities from 11 January 2008, highlighting the differences between the 

models. 
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Table 2 Correlation (R) of the u and v component velocities and RMSE of velocity magnitudes calculated against 

surface drifter observations from 2008 - 2009.  

 FREE ASSIMSLA ASSIMCOMBINED AVISO Drifters 

Bias 0.03 0.04 0.09 -0.05 - 

Ru & v comp. 0.07 0.33 0.35 0.91 - 

RMSEvel. mag. 0.31 0.26 0.30 0.18 - 

RMSEbias free 0.094 0.070 0.092 0.032 - 

Meanvel. mag. 0.306 0.314 0.363 0.203 0.263 

 

The u and v component velocities can be used as a proxy to determine the accuracy of the model, 

when positioning and timing the placement of mesoscale features. Correlating vector quantities can 

be problematic, since vectors represent both magnitude and direction, and with direction also being 

a circular function (Backeberg et al., 2014). Therefore, a generalised vector correlation was used to 

calculate the u and v component correlations in both this and the previous study (Crosby et al., 1993).  

The resulting u and v component velocity correlations, calculated using all available drifter data from 

2008 - 2009, (Table 2) are better in ASSIMCOMBINED compared to ASSIMSLA and FREE. Although when 

compared to AVISO (Ru & v comp. = 0.91), ASSIMCOMBINED (Ru & v comp. = 0.35) is still significantly less correlated 

over same period. Again, we see the impact of resolving sub-mesoscale features through the 

assimilation of SST data into the model. The correlation of the velocity components has been improved 

in ASSIMCOMBINED over ASSIMSLA. Due to the models improved ability to resolve the smaller turbulent 

features, the placement and timing of these features has also been improved. Although the 

assimilation of SST has improved the correlation results of the model, it is still unable to match the 

results obtained from AVISO. In the previous study Backeberg et al., (2014) suggested that the strong 

correlation between AVISO and the drifter data, for u and v component velocities, was due to 

geostrophic balance dominating the circulation in the Agulhas Current system. This looks to still be 

the case as the resolution of these small-scale features, which do not necessarily follow the 

geostrophic balance, has only served to slightly improve the correlation of the model. The correlation 

of the AVISO fields is nearly three times that of ASSIMCOMBIONED, suggesting that the newly resolved 

filaments in ASSIMCOMBINED do not significantly contribute to improving the mesoscale forecasts in the 

Agulhas System. It could also be that the observations used to validate the model were not able to 

capture the appropriate dynamics, creating a challenge to find appropriate observations with which 

to validate the assimilation system. 
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When we look at the RMSE, the error in the ASSIMCOMBINED is found to be higher than that of the 

ASSIMSLA and AVISO, but still slightly better than FREE. This is again the case when considering the 

individual u and v components. The RMSE of the u component, is higher in ASSIMCOMBINED than ASSIMSLA 

and AVISO, but still slightly better than FREE; the same holds true for the RMSE of the v component.  

Examining the bias and bias free RMSE provides additional support for the previously discussed 

results. In the case of bias, FREE has the lowest bias of 0.029, ASSIMSLA follows with a 0.037 bias, AVISO 

has a negative of -0.053, lastly ASSIMCOMBINED has the largest bias of 0.087 (Table 2). These biases are 

reflected in the mean velocity measurements, with FREE falling closest to the drifter mean, AVISO 

underestimating the mean, and ASSIMCOMBINED significantly overestimating it (Table 2). The RMSEbias free 

corroborates the results found earlier, when RMSE was examined. AVISO has the least error overall, 

with bias removed, ASSIMSLA is the most accurate from the model runs, and ASSIMCOMBINED is still 

fractionally more accurate than FREE (Table 2). 

So, while the assimilation has improved the spatial representation of surface velocity fields, it has 

increased the bias in the model, and hindered its ability to capture the correct levels of velocity. This 

bias could be a result of the introduction of these small-scale filaments and processes which do not 

necessarily follow the geostrophic balance, as previously stated. The assimilation of features which 

the model cannot resolve on its own may introduce a level of variability into the system which is not 

necessarily physical, but associated with the difference in resolution between the model and the SST 

observation assimilated. 

Fig.8 illustrates the difference between the mean velocity fields of ASSIMSLA and ASSIMCOMBINED. Many 

of the major differences are centred on the Southern Ocean, but there are also signs that show that 

ASSIMCOMBINED has produced lower velocities along the Agulhas Current than ASSIMSLA, on the order of 

nearly 0.2 m/s. These changes along the Agulhas Current, the region between 26o – 36o S and 22o – 

34o E, were zoomed in on and analysed further.  
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Figure 8 Difference between the two-year mean velocity fields of ASSIMSLA and ASSIMCOMBINED. 

 

Figure 9 a) 2008 – 2009 mean velocity map from the FREE; b) mean velocity map from ASSIMSLA; c) mean velocity 

map from ASSIMCOMBINED; d) Difference map, of mean velocities, ASSIMSLA minus ASSIMCOMBINED. Red colours 

indicate where ASSIMSLA has higher velocities than ASSIMCOMBINED, while blue indicates the opposite. 

From Fig.9 (a-c) the mean impact of assimilating different observations over the Agulhas Current is 

evident. FREE maintains high velocities along the Agulhas Current, extending further south, compared 

to both assimilations. This only differs north of the Natal Bight, where the velocities are reduced, like 
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that seen in ASSIMCOMBINED. FREE and ASSIMSLA show velocities up to 1.4 m/s along the Agulhas Current, 

while ASSIMCOMBINED only contains velocities up to 1.2 m/s. FREE produces a narrower Agulhas Current 

as compared to ASSIMSLA and ASSIMCOMBINED, with ASSIMCOMBINED simulating the widest current. Fig.9d 

illustrates the difference the additional assimilation of SST has had compared to ASSIMSLA. The most 

notable difference is in the core of the Agulhas Current. Here the surface velocities in ASSIMSLA are up 

to 0.25 m/s higher than in ASSIMCOMBINED. There are also areas, adjacent to the current and inshore of 

the current south of Port Elizabeth, where ASSIMSLA is around 0.2 m/s lower than ASSIMCOMBINED.    

To better quantify these differences a quantile-quantile (QQ) analysis was performed for the zoomed 

in region (Fig.10). This compares in situ drifter derived velocities against the corresponding simulated 

velocities. Simulated velocities that lie closer to the drifter magnitudes are more accurate than those 

further away. From Fig.10 it is visible that the FREE and ASSIMSLA are more accurate at producing 

surface velocities when they are below 1 m/s, with FREE being the most accurate. While ASSIMCOMBINED 

is shown to be more accurate when velocities are above 1 m/s, ASSIMCOMBINED over-estimates velocities 

below 1 m/s, while ASSIMSLA over-estimates velocities over 1 m/s (Fig.10). AVISO on the other hand 

consistently underestimates the velocities, consistent with the bias presented earlier. It must be noted 

that the optimal interpolation method, used to construct these maps and plots, tends to overestimate 

low velocities and underestimate high velocities. 
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Figure 10 Quantile-quantile (QQ) plot of the in situ drifter derived velocities compared to the modelled 

corresponding velocities. Illustrates how the modelled velocities compare to the in situ measurements. 

A correlation between the simulated (FREE, ASSIMSLA and ASSIMCOMBINED) and drifter-derived u and v 

component velocities was used as a proxy for the placement and timing in the region 26o – 36o S 22o 

– 34o E. An improvement in the correlation of ASSIMCOMBINED (0.41) over ASSIMSLA (0.36) and FREE (0.06) 

is noted, further confirming that the combined SST-SLA assimilation has improved the models ability 

to correctly place mesoscale features in space and time in the Agulhas Current. Comparing the RMSE 

showed an improvement in ASSIMCOMBINED (0.46) over ASSIMSLA (0.53) and FREE (0.63). This illustrates 

a significant improvement in the accuracy of the combined assimilation and suggests that the 

additional assimilation of SST is beneficial along the Agulhas Current. However, over the larger domain 

as seen earlier, there has been a decrease in accuracy. 

ASSIMCOMBINED has not appeared to have any big improvements/changes around the retroflection 

region, with only small pockets of changes on the order of 0.1 m/s present. However there appears to 

be a stronger eastward flow from retroflection to Agulhas Return Current, suggesting a slight 

improvement of the Agulhas Return Current located between 36o – 39o S and 16o -28o E. Many of the 

differences seem to be the result of the small-scale filaments being resolved in ASSIMCOMBINED. 
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Reproducing the Agulhas Return Current was one of the shortfalls in the previous study, and from this 

figure assimilating SST has been unable to improve upon this significantly, despite some marginal 

improvements in the retroflection region. In fact, velocities along the return current are lower in 

ASSIMCOMBINED than ASSIMSLA, degrading the representation of the current.  

 

4.1.2. Subsurface velocities 

 

Figure 11 1,000 m velocities from (a) the ANDRO Atlas, (b) FREE, (c) ASSIMSLA, and (d) ASSIMCOMBINED. 

The spatial mean velocities from the ANDRO atlas (Ollitrault and Rannou, 2013) were gridded to a 0.1o 

grid, as were the 1,000 m velocities from the models (Fig.11). From the comparison (Fig.11), the most 

visible feature is that the assimilation of SST data seems to have improved the distribution pattern of 

the 1000 m velocities in the Southern Ocean, as well as the magnitude of velocity in the area.  The 

Agulhas Return Current in ASSIMCOMBINED remains too discontinuous, though the strength of the 

current has increased, it is still lower than that suggested by the ANDRO atlas. To quantify the results 

vector and linear correlations were done, along with RMSE and bias free RMSE (RMSEbias free) 

calculations. The 1,000 m velocities in ASSIMCOMBINED are an improvement over FREE, however, 

statistically, marginally worse than ASSIMSLA. The difference in RMSE and RMSEbias free between 

ASSIMCOMBINED and ASSIMSLA are not statistically significant, while they are both an improvement over 
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FREE. The changes from assimilating SST to the subsurface velocities are statistically negligible, 

however there is a noticeable improvement in the pattern of velocities in ASSIMCOMBINED. 

Table 3 Correlation (R) of the u and v component 1,000 m velocities, RMSE and bias free RMSE of the 1,000 m 

velocity magnitudes calculated against the ANDRO Atlas data set.  

 FREE ASSIMSLA ASSIMCOMBINED 

Rlinear 0.33 0.39 0.37 

Ru & v comp. 0.18 0.20 0.17 

RMSE 0.065 0.061 0.062 

RMSEbias free 0.0043 0.0038 0.0039 

4.2. Surface Eddy Kinetic Energies 

Eddy kinetic energy (EKE) is a crucial variable when it comes to the validation of an ocean modelling 

and data assimilation system (Backeberg et al., 2014). It is a proxy for mesoscale variability, can 

provide a spatial overview, highlighting regions of high and low mesoscale variability. 

In Section 4.1.1, the surface velocities used were derived from drifter positions for 2008 and 2009. 

They were used to quantify the changes in the positioning and timing of mesoscale features; only 115 

drifters entered the domain during that period. Unfortunately, the spatial coverage of the drifter data 

during this study period is too limited to provide a clear representation of the spatial distribution of 

surface eddy kinetic energy (EKE) in region. To calculate the mean surface EKE in the region (Fig.12), 

all data from every drifter entering the region since 1986, a total of 1,246 drifters, was used. The u 

and v velocity components are derived from the 6 h drifter positions and are then regridded daily to 

0.1o over the HYCOM grid. These gridded velocities are then used to calculate mean surface EKE: 

𝐸𝐾𝐸 =
𝑢′2 + 𝑣′2

2
 

Where 𝑢′ = 𝑢𝑑𝑎𝑖𝑙𝑦 − 𝑢 ̅and 𝑣′ = 𝑣𝑑𝑎𝑖𝑙𝑦 − �̅�, and �̅�, �̅� are the mean for all the daily gridded u and v 

velocity components from 1986 to 2012.  
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Figure 12 Mean surface eddy kinetic energy (cm2/s2) derived from surface velocities of (a) the drifter data, (b) 

AVISO, (c) ASSIMSLA, (d) FREE, and (e) ASSIMCOMBINED. 

In general, the spatial distribution of surface EKE in ASSIMCOMBINED is more comparable with the drifter 

derived EKE, as opposed to ASSIMSLA and FREE. This improvement can be quantified by looking at the 

vector correlation (Table 4), there is an improvement in ASSIMCOMBINED. The assimilated models 

perform significantly better than the free run. However, even though the pattern and distribution of 

surface EKE in AVISO appears to be more in accordance to the drifter representation, it fails to 

accurately capture the correct levels of energy, underestimating it by a factor of 2 per the previous 

study by Backeberg et al., (2014).  

After calculating the RMSE over the entire domain, it became evident that ASSIMSLA more accurately 

reproduces the surface EKE than ASSIMCOMBINED, FREE, and AVISO (Table 4). ASSIMCOMBINED produces 

excessive levels of EKE within the retroflection, caused predominantly by the increase in the mean 

bias shown in section 4.1.1. 

Table 4 RMSE (cm2/s2) and vector correlation of eddy kinetic energy in the Agulhas Current system. 

 FREE ASSIMSLA  ASSIMCOMBINED AVISO 

RMSE 845.62 621.78 742.34 694.79 

Ru & v comp 0.49 0.71 0.76 0.79 

 

The surface EKE results differ regionally. In the Mozambique Channel, surface EKE is over-estimated 

in ASSIMCOMBINED, with FREE representing the surface EKE here the best; ASSIMSLA and AVISO have 
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slightly lower surface EKE compared to the drifters in the area. In contrast, south of Madagascar, the 

excessively high levels of surface EKE present in FREE are reduced in both assimilations, however 

ASSIMCOMBINED has higher surface EKE levels than the drifter field, while ASSIMSLA provides the most 

realistic levels, with AVISO underestimating the surface EKE.  

Offshore of the Agulhas Current, the exaggerated levels of surface EKE, extending from 30oS to the 

retroflection, present in FREE are reduced again in both assimilations, with the ASSIMCOMBINED 

continuing to overestimate the surface EKE. Compared to the drifters and AVISO, both assimilations 

produce surface EKE fields that are too high. AVISO provides the most realistic representation of 

surface EKE in this area, while ASSIMSLA performs the best among the model runs. This pattern of high 

EKE offshore of the Agulhas Current core in FREE and ASSIMCOMBINED is caused by frequent eddies 

forming and propagating consistently along the same pathway from the Agulhas Current source 

regions to the retroflection, a reason stated in the previous study (Backeberg et al., 2014); this is a 

well noted common deficiency of model simulations of the Agulhas Current (Penven et al., 2010).  

The surface EKE spatial distribution around the Agulhas retroflection region in ASSIMCOMBINED produces 

a better comparison with the drifter observations and AVISO, in comparison to ASSIMSLA and FREE. 

However, the levels of surface EKE in ASSIMCOMBINED are excessively high, and cover a larger area in the 

retroflection relative to drifter observations. The spatial expansion of surface EKE into the South 

Atlantic Ocean is larger, stretches further west, and is more in line with the drifter observations in 

ASSIMCOMBINED than in ASSIMSLA. The preference for eddies to follow a confined and narrow trajectory 

present in FREE is improved through the assimilation, in both ASSIMSLA and ASSIMCOMBINED, with the 

latter providing a better representation of the trajectory pathways.  

In FREE, the surface EKE that is generally represented by the variability in the Agulhas Return Current 

is absent, highlighting the free running models inability to reproduce the return flow (Backeberg et al., 

2014). In ASSIMSLA the position of the Return Current is somewhat more realistic, however, signs of 

the current disappear very sharply when moving eastward and the levels of surface EKE in the region 

are still lower than those recorded by drifter observations and AVISO. These limitations, presented in 

the previous study, have been improved upon in ASSIMCOMBINED. The position of the Return Current 

remains realistic and the levels of surface EKE resemble the drifter observations more closely, 

although being in excess, and do a better job representing the geographic pattern of surface EKE in 

the area than that of AVISO.  

The AVISO surface EKE is lower than the surface EKE determined from drifter observations (Fig.12), 

particularly in regions of high mesoscale variability such as the retroflection. This was also shown in 

the previous study by Backeberg et al., (2014). High levels of surface EKE represented in the drifter 
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observations can be accounted for by the fact that the drifter observations record both the 

geostrophic and ageostrophic components of the current, as well as small scale features in the 

lagrangian flow, while altimetry measurements are only able to capture the eulerian geostrophic 

component (Backeberg et al., 2014). It is therefore encouraging that both ASSIMCOMBINED and ASSIMSLA, 

as well FREE could produce more realistic levels of surface EKE compared to AVISO. The assimilation 

of SST has certainly improved the spatial distribution of EKE, however, in most areas like the 

Retroflection region and offshore of Agulhas Current, surface EKE levels are too high compared to the 

drifter fields. This needs to be looked at in the future. 

 

Figure 13 RMSE surface EKE difference plot between ASSIMSLA and ASSIMCOMBINED, highlights areas where 

ASSIMCOMBINED has improved, red, or worsened, blue. 

Examining the RMSE (Fig.13), the results are once again varied. It appears that assimilating SSTs has 

had both a negative and positive impact on the accuracy of the model compared to drifter derived 

EKE, depending on the location. The total RMSE over the entire region has increased in ASSIMCOMBINED 

(Table 4), the RMSE is now higher than that of ASSIMSLA and AVISO. This is largely due to excessively 

high surface EKE levels in areas of large mesoscale variability, the Retroflection (Fig. 13), and the 

slightly elevated surface EKE levels in the Mozambique Channel, south of Madagascar, and along the 

Agulhas Current, where too frequent eddy production is the likely cause. ASSIMCOMBINED has however 

improved surface EKE RMSE significantly along the Return Current (Fig.13), as well as slightly 

improving the levels of surface EKE across some areas of the Southern Ocean. This highlights the varied 
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performance of ASSIMCOMBINED and suggests that the model needs further work an improvement. On 

the other hand, AVISO underestimates the surface EKE in the region, but has better timing and 

positioning of features, this highlights the benefit of combining both a high resolution dynamical 

model and altimetry observations, which was also stated by Backeberg et al., (2014). 

4.3. Sea Surface Temperatures 

OSTIA SST satellite data was used to validate the models skill at reproducing SSTs. These daily OSTIA 

SST data sets were regridded daily to the HYCOM 0.1o grid, the gridded SSTs were then averaged over 

the two-year study period, 2008 - 2009, to create a mean SST map. 

Figure 14 Mean sea surface temperatures (◦C) from (a) the OSTIA data, (b) FREE, (c) ASSIMSLA, and (d) 

ASSIMCOMBINED. 

In the ASSIMSLA and FREE there is an area of 28 - 29o C (Fig.14) water, towards the north of Madagascar, 

not present in OSTIA; assimilating SST has removed this feature in ASSIMCOMBINED. The spatial 

representation of the Retroflection in ASSIMCOMBINED is more in line with that of the OSTIA fields, an 

improvement over FREE and ASSIMSLA. The spatial representation of the Southern Ocean (Fig.14) has 

also improved over FREE and ASSIMSLA, the colder 5o C water is distributed further north in 

ASSIMCOMBINED; resembling that of the OSTIA observations. The flow of warmer 20o C waters into the 

South Atlantic from the Retroflection, is in closer agreement with that of the OSTIA representation. 

The band of West Coast upwelling, 12 - 13o C water, has become slightly broader, and spreads further 

north, more indicative of the observations. The spatial representation of colder 16o C waters, 

associated with the northward meander of the Agulhas Return Current as it flows around the Agulhas 
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Plateau near 40o S 25o E, appears to have improved in ASSIMCOMBINED, an improvement over ASSIMSLA. 

The area of 20o C water from the Retroflection to the Cape Basin in ASSIMSLA and FREE, resulting from 

the movement of eddies into the South Atlantic, has been removed in ASSIMCOMBINED, resembling the 

SST field of OSTIA. Overall, ASSIMCOMBINED appears to provide a more realistic representation of the 

region, based on OSTIA representation, when compared to the ASSIMSLA and FREE.  

From Fig.15, a difference plot of SST between OSTIA and ASSIMSLA, the biggest changes are evident in 

the Southern Ocean, along the west coast upwelling region, and at the south-eastern corner of the 

domain. ASSIMSLA is up to 3 o C warmer than OSTIA over most of the Southern Ocean, it is 1-2 o C 

warmer along the west coast upwelling zone, and it is 1-3 o C warmer than OSTIA in the south-eastern 

corner of the domain.  

When looking at Fig.16, difference plot of SST between OSTIA and ASSIMCOMBINED, the improvement of 

assimilating SST can be clearly seen. The differences between OSTIA and ASSIMCOMBINED are minimal; 

the only significant differences being centred on the Southern Ocean, with ASSIMCOMBINED being up to 

3 - 4 o C warmer in some small areas. The improvement is further illustrated when calculating the 

RMSE. The RMSE for all SST data was calculated over all forecast cycles for 2008 and 2009. In this case, 

the mean RMSE is significantly lower in ASSIMCOMBINED (0.46 o C) compared to ASSIMSLA (1.57 o C), and 

FREE (1.44 o C); highlighting the significant improvement in the accuracy of the combined assimilations 

SST field. This was one of the major limitations in the previous study, where the assimilation of SLA 

led to a degradation of the SST fields in the model, leading to larger error in the assimilation over the 

free running model. This is a positive improvement, as it appears that the assimilation of SST has 

successfully restored the SST field in the model, as well as improving the result; reducing the error 

quite noticeably. 
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Figure 15 Spatial Mean SST difference (◦C) plot, calculated between OSTIA and ASSIMSLA. Highlights where 

ASSIMSLA overestimates or underestimates SST. 

 

Figure 16 Spatial Mean SST difference (◦C) plot, calculated between OSTIA and ASSIMCOMBINED. Highlights where 

ASSIMCOMBINED overestimates or underestimates SST. 
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As mentioned previously, the numerical model had a large SSH bias in the Agulhas Current System 

(Backeberg et al., 2014). The incorrect mean in the area resulted in poorly resolved dynamics in the 

free-running HYCOM, which in turn resulted in an incorrect multivariate correlation during the 

ASSIMSLA assimilation. As can be seen in Fig.17 below, the FREE correlation map illustrates incorrect 

correlation in the FREE model, particularly in the Southern Ocean region. There is a large positive bias 

of the SST-SSH correlation in the Southern Ocean, and the general spatial representation of the 

correlations are inconsistent with the observed map. This bias in the Southern Ocean appears to have 

been removed in ASSIMSLA however there is now a weak correlation lower than observed (Fig.17). The 

spatial distribution of the correlations in ASSIMSLA are slightly more consistent with the observed, 

despite the levels being significantly lower. These lower correlation levels are thought to be due to 

the SST degradation, which was caused by the assimilation of SLA. Assimilating SST into the model 

corrected the SST degradation and in turn appears to have made a significant improvement on the 

correlations (Fig.17). The bias in the Southern Ocean present in FREE has been corrected and the low 

levels in ASSIMSLA have also been improved upon in ASSIMCOMBINED. The spatial distribution has also 

seen an improvement, and looking at Fig.18 it is noticeable that the large differences between the 

observations and ASSIMCOMBINED fall around the boundaries. The correlation differences over the 

Agulhas Current System are minimal, falling within 0.2 either side of zero (Fig.18). There are two 

noticeable spots within the Agulhas Current System when the difference is larger; inshore of the 

Agulhas Current, south of Port Elizabeth, and at the southern tip of the Agulhas Bank, in the 

retroflection. Here the correlation is exaggerated by up to 0.8, with the observations displaying an 

anti-correlation between SST and SSH in these areas, while ASSIMCOMBINED shows a weak correlation. 

To illustrate the improvement of the relationship between SST and SSH, time-series plots and 

correlations were calculated for the point located at 37.81o S 28.48o E (Fig.19). This point was chosen 

as an example to highlight the improved co-varying relationship between SST and SSH. From these 

time-series it is noticeable how good SST and SSH now vary with respect to one another as compared 

to FREE, ASSIMSLA and the observations (Fig.19). The correlations quantitatively show the 

improvement (Observation = 0.62, FREE = 0.54, ASSIMSLA = -0.19, ASSIMCOMBINED = 0.65). ASSIMCOMBINED 

slightly over-estimates the correlation compared to the observed, however it is a significant 

improvement over ASSIMSLA which suggested an anti-correlation in the area contrary to observations, 

and FREE which underestimated the correlation. The time-series and correlations show the improved 

performance of ASSIMCOMBINED in this example area, and the same can be seen in other areas where 

the additional SST assimilation has improved the SST-SSH correlations (Fig.17 and Fig.18). 
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Figure 17 Correlation maps of SST and SSH for the period 2008 – 2009. Illustrates the relationship between SST 

and SSH, as well as how well the models replicate that relationship.  

Figure 18 Map showing the differences between the correlations for SST-SSH in the observed data and 

ASSIMCOMBINED. Areas in red are where the model underestimates the correlation and blue areas are where the 

model over-estimates the correlation. 
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Figure 19 Time-series plots of SST and SSH for the location 37.81o S 28.48o E; for the observations (AVISO and 

OSTIA), FREE, ASSIMSLA and ASSIMCOMBINED.  
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The assimilation of SST has corrected the SST degradation induced through the SLA assimilation and 

improved the spatial representation and accuracy of the models SST fields. Assimilating SST has also 

improved the correlation between SSH and SST, the levels of correlation measured and the spatial 

distribution are now more in-line with the observations compared to the previous model runs. 

4.4. T/S profiles 

Using all available Argo profiles in the region for the period 2008 – 2009, mean temperature-salinity 

(T/S) profiles were then calculated for the entire Agulhas Current System (15o – 45o E, 12o – 45o S), the 

Agulhas Current core (23o – 33o E, 27o – 36o S), the Agulhas Retroflection (15 o – 22o E, 36o – 43o S) and 

the Agulhas Return Current (23o – 43o E, 36o – 43o S; (Fig.19). 

 

 

Figure 19 Mean temperature–salinity diagrams from all Argo profiles for 2008–2009. (a) Averaged for the 

greater Agulhas Current System (12 – 45 S 15 – 45 E), (b) the Agulhas Current core (27 - 36 S 23  – 33 E), (c) the 

Agulhas Retroflection (36 – 43 S 15 – 22 E), and (d) the Agulhas Return Current (35 – 43 S 23 – 43 E).  
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Across the entire Agulhas Current system, it is evident that assimilating SST data has a negative impact 

on water masses in the range of T > 15o C and S > 35.1 PSU, freshening these with respect to the 

observed Argo profiles. When looking at the different regions of the Agulhas Current system, the 

smallest water mass change associated with the assimilation occurs in the Agulhas Return Current, 

where surface temperatures are improved, however the profile is still more anomalous than ASSIMSLA 

with respect to from the Argo profile, and salinity is still underestimated, a trend noticeable in all the 

profiled regions. In all the profiled regions, ASSIMCOMBINED has a negative salinity bias, which indicates 

that the salinity in the upper 500 m is underestimated. Surface salinities in the Agulhas core (Fig.19b) 

and in the Retroflection (Fig.19c), are severely underestimated by ASSIMCOMBINED, performing worse 

than the FREE in these areas. Over the whole Agulhas System, ASSIMCOMBINED performs about the same 

as the FREE, and worse than ASSIMSLA in the upper ocean. Only at the surface has it improved surface 

temperatures over FREE.  

While the assimilation of SST has improved the surface temperatures, it has not been able to improve 

upon the negative salinity bias throughout the water column. This bias has been enhanced with the 

inclusion of SST in the assimilation, this could be due to the model adjusting this variable to satisfy the 

constraints of the assimilation. When one observation is assimilated, the model is constrained so that 

it satisfies the solution of the assimilated observation. When two or more observations are 

assimilated, the skill of the model should improve, but only if it were a perfect model; this is not the 

case. When a model is imperfect the true state may prove to be unsustainable by the model. The 

assimilation method thereby attempts to find a solution that satisfies all the observations assimilated, 

a best of both worlds, compromised solution. By doing this it is not unexpected to see a degradation 

of variables when multiple observations are assimilated. The degradation can become quite severe 

for variables which are unobserved/unconstrained, as the assimilation method will freely adjust these 

variables to satisfy the assimilated observations. Subsurface salinity, and less so subsurface 

temperatures, have been degraded due to these adjustments, and these assimilation adjustments are 

part of the reason for the negative salinity bias. The assimilation of T/S hydrographic profiles in the 

future could improve this aspect. 

These T/S plots illustrate the models limitations with regards to reproducing subsurface fields. It is 

vital that assimilation improves the representation of subsurface dynamics and features, as one of the 

biggest bonuses of an assimilation system is that it allows for the study of subsurface oceanography; 

as satellites are limited to the ocean surface, and cannot give us a view of the inner ocean. Future 

work should look at ways to improve the subsurface modelling capability, possibly through the 

assimilation of subsurface observations or the parameterization of subsurface variables; to limit the 

models adjustment of these unobserved variables. 
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5. Summary and Outlook 

This data assimilation experiment focused on the impacts of assimilating SST, along with along-track 

SLA into a HYCOM model of the Agulhas region. The influence of the assimilation on the model was 

assessed by comparing the SST and SLA assimilated run against an SLA-only assimilated run, an 

unassimilated run, satellite observed SST, from OSTIA, and persistence forecasts from satellite 

altimetry observations, from AVISO. The surface drifter observations, and Argo float measurements 

were used to quantify the differences between the models, OSTIA and AVISO.    

The assimilation of SST along with SLA into the HYCOM model has had a mixed impact in terms of 

accuracy of the model when compared to ASSIMSLA. The correlation between the u and v velocity 

components, used as a proxy for the positioning and progression of mesoscale features, was slightly 

improved in ASSIMCOMBINED compared to ASSIMSLA. However, the RMSE of surface velocities has 

increased in ASSIMCOMBINED. While ASSIMCOMBINED can better capture the positioning and timing of these 

mesoscale features, it cannot capture their magnitude as well as ASSIMSLA, with a decrease in accuracy 

when analysing the entire domain. The differences between the mean velocity fields of ASSIMSLA and 

ASSIMCOMBINED are most noticeable along the Agulhas Current and in the Southern Ocean, with the 

assimilation of SST appearing to have improved the accuracy of mean velocities over the Agulhas 

Current. However, both assimilations are unable to perform as accurately as AVISO over the entire 

region. The assimilation has had mixed results on the surface velocities, with noticeable improvements 

in the smaller area over the Agulhas Current, and to the spatial distribution of mesoscale and sub-

mesoscale variability.   

When looking at the regional surface EKE, ASSIMCOMBINED is not as accurate as ASSIMSLA or AVISO at 

producing the correct levels of energy, tending to overestimate surface EKE. However, compared to 

ASSIMSLA, ASSIMCOMBINED has improved the spatial representation of surface EKE and is able to recreate 

the Agulhas Return Current. The surface EKEs in ASSIMCOMBINED are however, exaggerated in high 

mesoscale variability regions, particularly the Agulhas Retroflection. This bias in areas of high 

variability is thought to be the main cause of the decrease in accuracy. The surface velocity bias is the 

likely reason for the surface EKE bias. Corrections to the underlying model numerics will need to be 

made, as assimilation does not appear to be the solution with regards to surface EKE and velocities.  
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Table 5 Summary of correlations (R) and RMSE used in the validation. 

 FREE ASSIMSLA ASSIMCOMBINED AVISO 

Rdrifter u & v comp. 0.07 0.33 0.35 0.91 

RMSEdrifter vel. mag (m/s) 0.31 0.26 0.30 0.18 

RMSEdrifter EKE (cm2/s2) 845.62 621.78 742.34 694.79 

RMSEOSTIA SST (oC) 1.44 1.57 0.46  

RANDRO u & v comp. 0.18 0.20 0.17  

RMSEANDRO vel. mag. (m/s) 0.065 0.061 0.0621  

 

One area where the assimilation of SST into the model was expected to have the biggest impact, was 

on the accuracy of SST in the model. ASSIMCOMBINED has significantly improved the accuracy of the 

model with regards to the RMSE of OSTIA SSTs. The SST degradation produced by the assimilation of 

only SLA in ASSIMSLA, has been rectified in ASSIMCOMBINED, with the spatial coverage and SST levels being 

well represented. The SST assimilation was also able to improve upon the SST-SSH correlation in the 

model. The spatial representation and levels of correlation in ASSIMCOMBINED are more in line with that 

of the observed satellite correlations. ASSIMCOMBINED has improved upon the Southern Ocean bias 

present in FREE, as well as the under representation of correlation in ASSIM SLA. The improvement of 

SSTs as well as SST-SSH correlations are the most promising results from this assimilation. 

Satellites being unable to provide information on the interior of the ocean, model assimilations can 

be very useful to help resolve water masses and transports. Unfortunately, in this case, the 

assimilation of SST into the dynamical model has had a negative impact on the representation of water 

mass properties. While temperatures at the surface were improved, the negative salinity bias present 

in FREE and ASSIMSLA was enhanced or saw little change, resulting in water mass profiles that are too 

fresh. This bias could be rectified in the future by assimilating T/S profiles as well. 

Visually, the spatial representation of 1000 m subsurface velocities, in ASSIMCOMBINED, improved, 

however statistically they appear to have worsened, looking at vector and linear correlations. The 

correlation of u and v components decreased, while the RMSE between model output and Argo-

derived velocities increased compared to ASSIMSLA. This again could be the result of the method of 

validation used as mentioned earlier. So, while ASSIMSLA provided a better statistical representation 

of the water mass properties and the 1000 m subsurface velocities, ASSIMCOMBINED produced a better 

visual representation. None of the models could however reproduce the structure of the Agulhas 
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Return Current at 1000 m. T/S plots highlighted the need for T/S profiles to be assimilated into the 

model for improved performance. 

Overall, the results appear promising, with the assimilation showing many improvements. Future work 

will focus on improving the dynamics of the free running model, from which the static ensemble is 

derived. The Agulhas Return Current at the surface and 1000 m, remains, statistically, poorly 

represented, and the salinity bias present in the water mass properties needs to be rectified. So, while 

the assimilation of SLA only, in Backeberg et al. (2014) highlighted the benefits of assimilation, the 

results of this study highlights the importance of having both accurate dynamics within the free 

running model as well assimilation. Assimilation can only improve a model to a certain extent, and in 

this study the limitations of assimilation have been shown.    
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