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Chapter 12



Observing the Agulhas Current With Sea Surface Temperature and Altimetry Data: Challenges and Perspectives Marjolaine Krug, Paolo Cipollini and Francois Dufois



Abstract The Agulhas Current is a challenging region for satellite remote sensing observations. Strong evaporation rates above the current core and the Retroflection reduce the number of cloud-free observations from Infra-Red sensors, while microwave radiometers and altimeters measurements suffer from the proximity of the current to the coast in the northern region. Infra-Red observations of the Agulhas Current significantly improved with the launch of the Meteosat Second Generation satellite, but Infra-Red Sea Surface Temperature datasets still suffer from inadequate cloud masking algorithms, particularly in regions of strong temperature gradient. Despite both Sea Surface Height and Sea Surface Temperature observations being severely compromised in the northern Agulhas current, a synergetic use of merged altimetry and high frequency Infra-Red Sea Surface Temperature imagery provides a means to track deep-sea eddies, document their influence on the Agulhas Current and helps us improve our understanding of the Agulhas Current variability.



12.1



Introduction



The Agulhas forms the western boundary current of the South Indian subtropical gyre. It originates near the South-African/Mozambican border, at about 27◦ S and flows poleward to 40◦ S, transporting large volumes of sub-tropical water towards the southern ocean. The Agulhas Current can be divided into three regions (Fig. 12.1): the M. Krug () Ecosystem Earth Observations, Council for Scientific and Industrial Research, Cape Town, South Africa e-mail: [email protected] Also at: Nansen-Tutu Center for Marine Environmental Research, Oceanography Department, University of Cape Town, South Africa P. Cipollini Marine Physics and Ocean Climate, National Oceanography Centre, Southampton, UK F. Dufois Oceanography Department, Mare Institute, University of Cape Town, Cape Town, South Africa CSIRO Marine and Atmospheric Research, Floreat, Australia V. Barale, M. Gade (eds.), Remote Sensing of the African Seas, DOI 10.1007/978-94-017-8008-7_12, © Springer Science+Business Media Dordrecht 2014
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Fig. 12.1 The Agulhas current region. ODYSSEA SST with overlaid AVISO absolute geostrophic currents on 21 November 2010



northern Agulhas Current located between 26◦ S and 34◦ S where the current flows in close proximity to the coast, the southern Agulhas Current (east of the Agulhas Bank) where the Agulhas Current detaches from a wider continental slope, and the Agulhas Retroflection, between 36◦ S and 40◦ S, where the current undergoes a sudden change of direction (Lutjeharms 2006). Like other western boundary currents, the Agulhas Current is an intense and narrow flow characterised by strong velocity gradients and a central warm core, with isopycnal lines sloping steeply towards the coast (Goschen and Schumann 1990; Casal et al. 2009; Bryden et al. 2005). Thermal and sea level surface signatures associated with the Agulhas Current enable the mapping of the Agulhas Current’s path from space, using observations of Sea Surface Height (SSH) from altimeters and Sea Surface Temperature (SST) from radiometers (see e.g. Fig. 12.1).
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The Agulhas Current is the strongest western boundary current of the southern hemisphere and a major component of the global climate (Beal et al. 2011). On a regional scale, the Agulhas Current directly influences the oceanography of the continental shelves through a range of meso and sub-meso scale processes such as the shedding of rings, eddies or filaments, as well as the meandering or intrusion of the current onto the shelf (Lutjeharms 2006). Despite its importance at both the regional and global scales, the Agulhas Current remains poorly sampled. Only recently was an annual cycle observed in the Agulhas Current (Krug and Tournadre, 2012) and the longterm variability of the Agulhas Current remains largely unknown (Lutjeharms 2006). Satellite remote sensing provides a powerful mean of observing the Agulhas Current over the time-scale required to resolve its seasonal and inter-annual variability. Over the last two decades, SST and SSH observations from space have been widely used by oceanographers to monitor change. Altimetry and Infra-Red (IR) measurements from space are mature techniques which provide extended observational records (with close to 20 and 30 years of measurements available for SSH and SST, respectively). Altimetry, through the use of the geostrophic approximation, has been used with great success to estimate the upper transport and magnitude of the world’s major ocean currents, track eddies or even discover new currents (Siedler et al. 2006). SST observations through front-detection techniques have been used to estimate surface current speeds (Emery 2001) and monitor meso-scale activity in western boundary current regions (Rouault and Penven 2011). The Agulhas Current system is a challenging environment for remote sensing observations as it is affected by a wide range of processes which originate near the coast or the open ocean and occur over synoptic to inter-annual time-scales. Over the Indian Ocean, large scale processes such as changes in the wind circulation, westward propagating Rossby waves or offshore eddies originating from the Mozambique or Madagascar regions constitute potential drivers of variability for the Agulhas Current. Variability intrinsic to the Agulhas Current also occurs on a wide range of scales from small filaments, shear-edge eddies or meanders to the shedding of large Agulhas Rings at the Retroflection (Lutjeharms 2006). Cloud formation over the Agulhas Current severely restricts observations from IR SST sensors. Altimeters or microwave SST sensors which can see through clouds, suffer from the proximity of the current to the coast over large regions of the Agulhas Current due to factors such as land contamination or atmospheric errors (Vignudelli et al. 2011). In this paper we highlight some of the challenges of SST and altimetry observations in the Agulhas Current region and illustrate how the two measurements techniques can be combined to improve our understanding of the Agulhas Current dynamics. A presentation of the datasets used is given in Sect. 2. Section 3 discusses some of the limitations and advantages of IR and microwave observations in the Agulhas Current region while Sect. 4 provides an example of synergetic use of altimetry and SST to monitor the Agulhas Current. The conclusions to this Chapter are presented in Sect. 5 together with some perspectives for future observation of the Agulhas Current system from space.
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Data



Three IR SST datasets are compared: the Pathfinder version 5.2 (hereafter referred to as Pathfinder v5.2), the Moderate Resolution Imaging Spectometer (MODIS) onboard the US National Aeronautics and Space Administration (NASA) satellite Terra and the Ocean and Sea Ice Satellite Application Facility1 (OSI-SAF) experimental hourly SST products. The Ocean Pathfinder SST project consists of a reprocessing of all Advanced Very High Resolution Radiometer (AVHRR) data on board the US National Atmospheric and Oceanic Administration (NOAA) satellites from 1981 to present with the same algorithm (Kilpatrick et al. 2001; Casey et al. 2010). The aim of this project is to produce consistent long term SST for research, modelling, and trend analysis (Casey et al. 2010). SST is derived using two channels in the thermal IR (10.8 and 11.4 μm). Monthly composites were computed from the daily daytime Pathfinder v5.2 at a 4 km spatial resolution. A quality flag of 4, considered as the lowest quality level for acceptable data (Kilpatrick et al. 2001), was imposed for our application. SST data from MODIS Terra has been available since 2000. The MODIS SST dataset aims to provide high quality global measurements at a high spatial resolution. The MODIS SST is derived using two channels in either the thermal IR (11 and 12 um) or in the mid-IR region (3.8 and 4.1 um) (Minnett et al. 2002). Level-2 MODIS data were downloaded from the Ocean Color website2 and processed at a 4 km resolution using the SeaWiFS Data Analysis System3 (SeaDAS). The processing method is described in Dufois et al. (2012). Only the daytime passes were processed, allowing us to use the cloud flag (SST quality flags were not used). The daily data were then averaged to obtain monthly data. This product is hereafter referred to as Reprocessed MODIS. The OSI-SAF hourly SST product is available on a 1/20◦ grid (5 km) and processed by the French Centre ERS d’Archivage et de Traitement (CERSAT). The OSI-SAF SST consists in the best hourly SST images sampled from the Spinning Enhanced Visible and Infrared Imager (SEVIRI), onboard the geo-stationary Meteosat Second Generation 2 (MSG-2) satellite. It is calculated using a classical multi-channel formulas applied to the 11 and 12 μm channels (Le Borgne et al. 2006). SEVIRI has been imaging the Earth since June 2004 at a 15 min sampling interval using 12 spectral channels (4 visible/near-IR and 8 IR channels) with spatial resolutions of 1 and 3 km. For comparisons purposes, our analysis of the OSI-SAF SST was restricted to daytime observations (from 7:00 to 19:00). A weekly composite of SST data collected from the Advanced Microwave Scanning Radiometer—Earth Observing System (AMSR-E), on board the US NASA Aqua satellite, was used to illustrate some of the limitation of microwave radiometry in the Agulhas Current. Global maps of AMSR-E SST data are available on a 1/4◦ 1



See www.osi-saf.org At http://oceancolor.gsfc.nasa.gov 3 For details see http://seadas.gsfc.nasa.gov 2
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uniform grid and can be downloaded from the Remote Sensing Systems website4 . In this study, the AMSR-E data was flagged to only retain valid geophysical data (values above 250). In this paper, the circulation in the Agulhas Current region is depicted using merged maps of the absolute geostrophic currents from the AVISO Maps of Absolute Dynamic Topography—Delayed Time (MADT-DT) product. The AVISO merged altimetry datasets are produced by Ssalto/Duacs and distributed by AVISO5 , with support from the French Centre National d’Etudes Spatiales (CNES). The MADTDT product combines sea level anomaly signals from the Ocean Surface Topography Mission (OSTM)/Jason-2, Jason-1 and Envisat altimeters to the Mean Dynamic Topography (MDT) of Rio et al. (2011). The AVISO MADT-DT product is provided on a rectilinear grid with a spatial resolution of 1/3◦ and combines SSH observations collated by altimeters over a period of 1 week.



12.3



Some Challenges of SST and Altimetry Observations in the Agulhas Current Region



Over the Agulhas Current core, about 5 times as much water vapour is transferred to the atmosphere in comparisons to neighbouring waters (Rouault et al. 2000). The Agulhas Retroflection (Fig. 12.1) also constitutes one of the most significant region of heat flux loss globally (Lutjeharms 2006). Cloud contaminations can induce significant data loss in IR SST imagery as they obscure the ocean surface, absorb surface-leaving radiation, and re-emit this energy at lower temperatures. Most datasets of IR derived SST routinely available have been subjected to automatic cloud screening procedures to remove contaminated data. Clouds in IR radiometry are associated with colder and more reflective signals. Cloudy regions in IR images also display more spatial variance. Cloud detection algorithms usually involve masking pixels in the SST image which are significantly cooler than either neighboring pixels and/or the climatological value (Robinson 2004). In regions of strong thermal gradients, automatic cloud screening procedures often result in the loss of good geophysical data. Monthly climatologies of the number of unclouded SST observations in the Agulhas Current region were derived from the Pathfinder v5.2, Reprocessed MODIS and OSI-SAF SST datasets to illustrate the importance of cloud contamination in the Agulhas Current region. Figure 12.2 shows the average number of valid SST observations for the summer and winter seasons and for all 3 daytime IR datasets. The Agulhas Current core and the Retroflection are poorly sampled by IR SST sensors due to high level of evaporation (Rouault et al. 2000). The northern Agulhas is one of the region most affected by cloud contamination. In the northern Agulhas, topographic steering confines the location of the current to the continental shelf break 4 5



See http://www.remss.com/ At http://www.aviso.oceanobs.com/duacs
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Fig. 12.2 Number of good observations per month derived using the Pathfinder v5.2, MODIS TERRA and OSI-SAF daytime SST. a, b and c show the average number of valid SST observations during the austral summer months of December, January and February. d, e and f show the average number of valid SST observations during the austral winter months of June, July and August. The MODIS and Pathfinder climatology were computed using 11 years of observations collected between 2000 and 2010, while the OSI-SAF climatology was computed over a 6 year period between 2005 and 2010



(Lutjeharms 2006) and strong evaporation constantly reduces the number of clearsky observations from IR sensors. It is interesting to notice the strong differences in the sampling capacity of the Pathfinder v5.2 and Reprocessed MODIS SST datasets. Despite similar global daily coverage, the MODIS dataset provides a much larger
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number of valid observations over the Agulhas Current region. This can be explained by differences in both sensors measurement capacity and cloud masking algorithms. MODIS has a high spatial resolution and larger number of spectral bands compared to AVHRR and is therefore able to better detect clouds during daytime (Heidinger et al. 2002). In addition, the Pathfinder cloud mask algorithm relies on spatial uniformity test and background fields of reference SST (Hickox et al. 2000; Thomas et al. 2004). The Pathfinder cloud masking algorithm therefore tends to erroneously flag pixels in regions of strong thermal gradients (Dufois et al. 2012). Coastal regions in the southern Agulhas Current ecosystem often exhibit strong temperature gradients. Coastal regions west of Cape Agulhas (at the southernmost tip of Africa) are considered to form part of the Benguela upwelling ecosystem (Hutchings et al. 2009). West of Cape Agulhas, strong temperature fronts develop near the coast during the austral summer due to the predominance of upwelling-favorable southerly winds. The Agulhas Current also dynamically drives several coastal upwelling cells on the eastern Agulhas Bank (Lutjeharms 2006). The Pathfinder dataset is particularly bad at imaging the inshore front of the Agulhas Current and the coastal regions near Cape Town during the summer upwelling season. The OSI-SAF SST dataset seems to suffer from the same cloud masking limitations as the Pathfinder dataset. For the MODIS data presented here, no reference SST was used when masking clouds. Figure 12.2 shows that the percentage of valid IR SST observations in the Agulhas Current region varies seasonally. North of the Retroflection, IR sensors provide a better coverage during the austral winter months (from June to August). Further south, at the Retroflection and within the Agulhas Return Current, the tendency is reversed with a greater number of valid SST observations available during the austral summer (December to February). Throughout the year, the high frequency OSI-SAF SST dataset provides 10 to 20 times more observations than the MODIS and Pathfinder datasets. Inadequate cloud masking algorithms can cause significant bias in the climatology derived from IR SST datasets, with important consequences in climatological or numerical modelling studies (Dufois et al. 2012). Figure 12.3 shows that during the austral summer months, the MODIS and Pathfinder SST climatology exhibits strong differences in the coastal regions of the Agulhas Current, near Port Elizabeth and around the Cape Peninsula. Microwave radiometers which are able to “see” through clouds, provide an alternative to IR-based sensors in regions of strong air/sea interactions. The TRMM Microwave Imager (TMI), where TRMM stands for Tropical Rainfall Measuring Mission, launched in November 1997, was the first microwave radiometer to provide accurate measurements of SST in the Agulhas Current region. The TMI SST dataset was used successfully to monitor the Retroflection of the East Madagascar Current and track perturbations in the southern Agulhas Current region (Quartly and Srokosz 2002). Since 2002, the AMSR-E sensor (mentioned in Sect. 2) has provided additional microwave observations of SST in the Agulhas Current region. While the coverage from the TMI sensor is limited to regions north of 38◦ S, that of the AMSR-E dataset is global. The AMSR-E sensor is therefore well suited to the monitoring of the Agulhas Retroflection. Microwave SST observations suffer from 2 main limitations: a low spatial resolution of about 50 km and an inability to measure SST closer
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Fig. 12.3 Seasonal summer climatologies of SST derived from the Reprocessed MODIS a and Pathfinder v5.2 b datasets. c shows SST difference (◦ C) between Pathfinder v5.2 daytime and the reprocessed MODIS from 2000 to 2010 during Dec./Jan./Feb./Mar



than about 1.5 footprint from land (about 75 km) because of side-lobe contamination. A weekly composite of the SST observed with AMSR-E (Fig. 12.4) illustrates the inability of the microwave radiometer to sample near the coast. From 28 to 34◦ S, the microwave radiometer is unable to image the Agulhas Current due to side-lobe contamination extending as far offshore as the 3,000 m isobath. South of 35◦ S however, the AMSR-E sensor successfully images the Agulhas Current flowing along the widening continental shelf, the sudden Agulhas Current reversal at the Retroflection and the eastward flowing Agulhas Return Current. Both the AMSR-E and TMI sensors do not provide a complete coverage of the Agulhas Current region each day. Due to their spatial coverage characteristics and fairly low spatial resolution, the TMI and AMSR-E microwave sensors are best suited to imaging the southern Agulhas and Retroflection regions and to monitoring meso-scale features with spatial scales greater than 50 km. Mapping the surface circulation with altimetry requires the merging of SSH observations from multiple altimeters. The footprint of an altimeter on the sea surface is limited by the length of the pulse (hence the wording ‘pulse-limited’ footprint) but also depends on the roughness of the surface due to wind waves. Typical values of the footprint diameter for operating altimeters range from ∼2 km for very calm seas to ∼10 km for a significant wave height of 10 m (Chelton et al. 1989). Measurements along the altimeter’s tracks are normally averaged over 1 s of flight (1 Hz), implying
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Fig. 12.4 Weekly composite of AMSRE-E microwave SST over Agulhas Current region over the period 18–24 November 2010. The black lines overlaid show altimetry tracks from all available altimeters (Jason-1, Jason-2 and Envisat) during the same week. The tracks of the Jason-1 and Jason-2 altimeters are shown as solid black lines. The stippled black line shows the track of the Envisat altimeter. The 1,000 and 3,000 m isobaths are plotted as solid thin black contour lines



that the spatial resolution along the altimeter track is about 7 km (the space travelled in 1 s by the projection of the satellite on the surface) plus the diameter of the footprint (the use of higher rate data, i.e. data with less along-track average such as 5 or 20 Hz, is sometimes attempted, especially in coastal regions). Altimeters have cross-track spacing varying between 30 and 300 km and repeat cycles ranging from 10 to 35 days (Vignudelli et al. 2011). The ability of merged altimetry products to capture the meso-scale circulation increases with the number of altimeters in space (Pascual et al. 2006). A two-altimeter configuration is typically not able to image sub-mesoscale features of the circulation (less than 30 km) or to resolve variability occurring within time-scales typically less than 10 days (LeTraon and Dibarboure
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2002). Since the early 1990s, there have been a minimum of two altimeters in space. The AVISO data presented in this chapter merges SSH observations collected from the Jason-1, Jason-2 and Envisat altimeters. Ascending and descending tracks from these 3 altimeters over a period of 7 days have been plotted in Fig. 12.4 to illustrate the level of spatial and temporal smoothing required to produce maps of the oceanic surface circulation from multiple altimeters. Like microwave radiometers, observations from radar altimeters suffer from contamination near the coast. Land contamination directly corrupts altimeter measurement, resulting in a loss of data near the coast. Inaccuracies in the wet tropospheric correction also restrict the use of altimetry near the coast. Some altimeters rely on an on-board microwave radiometer to correct for the presence of water vapour in the atmosphere. Since microwave radiometers typically have a footprint size of 30 km and can not accurately measure within 1.5 foot print size from the coast, accurate observations from altimeters can not be obtained within about 50 km of the coast (Vignudelli et al. 2011); models can be used to fill this gap but usually lack the shorter spatial scales of variability of water vapour. Additional challenges faced by altimeters in the coastal regions are their inability to resolve high frequency signals from tidal or atmospheric forcing in the coastal regions. Finally, altimeters measure SSH variations in reference to a rough approximation of the Earth’s surface, called the reference ellipsoid. To study ocean circulation from altimetry, it is necessary to refer SSH measurements to the geoid rather than to the reference ellipsoid. Recent measurements of the Earth gravity field from the highly successful Gravity Recovery and Climate Experiment (GRACE) and Gravity field and steady-state Ocean Circulation Explorer (GOCE) missions (and their combination) are able to resolve the geoid over length scales of the order of 100 km; Janji´c et al. 2012), while global gravity models resolve the geoid with a resolution of a few 100 km (Rio and Hernandez 2004). Assuming the geoid is stationary, the time varying part of the ocean circulation can be reproduced by subtracting the mean SSH and working with height anomalies. However this procedure also removes the MDT which has a strong signature in western boundary current regions such as the Agulhas Current (Byrne and McClean 2008). The CNES-CLS09 MDT of Rio et al. (2011) which is integrated in the AVISO MADT-DT dataset presented here, is a hybrid MDT. It makes use of extended datasets of drifting buoy velocities (1993–2008) and dynamic heights (1993–2007) and adequately captures the time-averaged circulation of the Agulhas Current (Rouault et al. 2010). The Agulhas Current region is a challenging region for space-based observations of SSH and SST. Cloud contamination and inadequate cloud masking procedures severely impact on the quality and density of IR SST observations over the Agulhas Current, particularly in the northern Agulhas region. Microwave radiometers provide a good alternative to IR sensors in the southern Agulhas and the Retroflection area but are not able to image most of the northern Agulhas Current. The proximity of the Agulhas Current to the coast from Durban to Port Elizabeth and its fairly invariant path (Gründlingh 1983) also limit the use of merged altimetry products in the northern Agulhas Current region. In Sect. 4, we demonstrate how despite their limitations, altimetry and SST observations can still be combined to improve our understanding of the northern Agulhas Current dynamics.
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Combining SSH and SST Observations to Better Resolve the Circulation of the Northern Agulhas Current



Through its source regions, the Agulhas Current is connected to the variability of the Indian Ocean. Changes in the Indonesian throughflow as well as wind driven variability over the South Indian Ocean are transmitted to the source regions of the Agulhas Current through the South Equatorial Current (SEC) Ridderinkhof et al. 2010). Upon reaching the eastern shore of Madagascar at 15◦ E, the SEC branches into a northern and southern flow, feeding two main sources for the Agulhas Current: the Mozambique and the East Madagascar currents. In the Mozambique channel, the flow is dominated by the passage of large anticyclonic eddies propagating southwards towards the Agulhas Current (de Ruijter et al. 2002). These large anticyclonic eddies occur 5 to 6 times per year (van der Werf et al. 2010), they have spatial scales of 300 to 350 km and move downstream at speeds of 3 to 6 km/day. The contribution from the SEC to the Agulhas Current occurs in the form of cyclonic and anticyclonic eddies which tend to drift south-westward towards the northern Agulhas Current (Biastoch et al. 1999; de Ruijter et al. 2004). Analyses of altimeter data indicate that on average 4 anticyclonic eddies per year occur south of Madagascar (Schouten et al. 2003), with the eddy frequency increasing during negative phases of the Indian Ocean Dipole and El Niño cycles (de Ruijter et al. 2004). Previous observational and numerical modelling studies have shown that anticyclonic eddies reaching the eastern boundary of the Agulhas Current can trigger the formation of large offshore meanders in the Natal Bight region (Schouten et al. 2002; Tsugawa and Hasumi 2010). These large offshore meanders, named Natal Pulses due to their region of origin (Lutjeharms and Roberts 1988) are major drivers of variability in the Agulhas Current (Bryden et al. 2005; Lutjeharms 2006). Altimetry and SST imagery can be combined to follow the trajectory of anticyclonic eddies in the southwest Indian Ocean and study their interaction as they reach the eastern edge of the northern Agulhas Current. In the next section, a case study of Natal Pulse’s inception by an anticyclonic eddy is provided. The path and property of the anticyclonic eddy are extracted from the Chelton et al. (2011) global database of oceanic eddies. Daily composites of OSI-SAF SST are used to follow the evolution and fate of the Natal Pulse as it progresses downstream. On 18 July 2007, an anticyclonic eddy is detected to the south east of Madagascar, at 48.5◦ E—27◦ S. The anticyclone then propagates westwards with a mean speed of about 8 km/day, until it reaches the eastern boundary of the northern Agulhas Current around 15 February 2008 (Fig. 12.5a). On15 February 2008 the anticyclonic eddy is centred at 34.5◦ E—28.8◦ S, it has diameter of about 230 km and maximum geostrophic rotational velocities of about 65 cm/s. Interactions between the eddy and the eastern edge of the Agulhas Current induce the development of a small perturbation at the inshore border of the Agulhas Current. This small perturbation in the Agulhas Current is captured in the daily composite map of the OSI-SAF SST (Fig. 12.5b) and is centred at 32.5◦ E—29.2◦ S. Due to its small spatial scale, this offshore perturbation is not successfully identified in the AVISO map of absolute geostrophic currents. By 10 March 2008, the small perturbation initiated on
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Fig. 12.5 Inception of a Natal Pulse from an anticyclonic eddy. a Path of the anticyclonic eddy extracted from the global eddy database of Chelton et al. (2011). The large black dot in the eddy trajectory marks the 1st location of eddy detection, with each subsequent dot showing the eddy’s position at weekly intervals. Panels b, c and d are daily maps of OSI-SAF SST overlaid with the AVISO absolute geostrophic currents. The 1,000 and 3,000 m isobaths are plotted as thin black lines. Black squares show the cities of Durban, Port Edward (Port. Ed.) and East London (E. L.) on the South African coastline. The thick black line in c marks a section of Envisat pass 0629. The along-track SSHA measurement taken during cycle 66 overpass (4 March 2008) on that section are shown in the inset on the left, where the blue arrow marks the signature of the centre of Natal Pulse and the orange arrow marks its approximate offshore edge



15 February has developed into a well-defined cyclonic meander offshore Port Edward and is successfully identified in both the merged altimetry and SST imagery (Fig. 12.5c). The Natal Pulse observed on 10 March 2008 near Port Edward caused an offshore displacement of the Agulhas Current’s front of about 100 km. This is also nicely captured by along-track altimetry, as seen in the inset of Fig. 12.5c which shows the SSH Anomaly (SSHA) profile along Envisat’s ascending pass 0629 on 4 March 2008. The altimetric signature of the center of the meander cyclonic circulation is the low value marked by the blue arrow, while the ‘bump’ in SSHA indicated by the orange arrow marks the offshore edge of the meander. The increase of about
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0.5 m in SSHA between 31.5◦ S and 32◦ S, i.e. over a distance of about 50 km, corresponds to a geostrophic current anomaly of about 1 m/s, directed SW. It is worth noting that between 31◦ S and 31.5◦ S, the along-track profile shows a distinct reversal in the direction of the current, with the flow switching from a SW direction away from the coast to a NE flowing current closer to the coast. The presence of a NE flow near the coast is not apparent in the interpolated map. On 10 March 2008, the anticyclonic eddy responsible for triggering the Natal Pulse is located at 33◦ E— 31.3◦ S and has a diameter of about 200 km. Strong anticyclonic flow is observed within the anticyclonic eddy with maximum geostrophic rotational speed reaching about 80 cm/s. Between 18 and 20 March 2008 (not shown in figures), interactions between the trailing edge of the Natal Pulse and the topography induce an instability upstream of the Natal Pulse in the shape of a smaller secondary offshore meander. The development of such upstream instabilities during the southward progression of Natal Pulses has been described in detail in the study of Rouault and Penven (2011). SST imagery on 4 April 2008 (Fig. 12.5d) shows that the Natal Pulse has progressed south to 28◦ E—34◦ S with the secondary instability located just south of Port Edward (29.8◦ E—32◦ S). A decrease of about 50 % in the spatial extent of the Natal Pulse is observed between 15 February 2008 and 10 March 2008. Subsequent SST maps (not shown here) are not able to highlight the presence of the Natal Pulse and its upstream generated perturbation after 14 April 2008. The case study presented here shows how altimetry can be used to track deep sea eddies and study their interaction with western boundary currents such as the Agulhas Current. Here we provide additional support to the study of Schouten et al. (2002), which linked Natal Pulses to the far eddy field. The inception of a Natal Pulse by an anticyclonic eddy follows a process similar to that described by Tsugawa and Hasumi (2010) in their modelling study. Closer to the shore the higher resolution and frequency acquisitions afforded by IR SST imagery proves useful when following the evolution of Natal Pulses. The initial growth of the Natal Pulse, its interaction with the coastal and shelf waters and its subsequent dissipation add weight to the hypothesis put forward by Rouault and Penven (2011), that part of the variability observed in the northern Agulhas Current is lost downstream.



12.5



Conclusions and Perspectives



Over the last 2 decades, satellite remote sensing observations have provided a costeffective alternative to in situ measurements for many regions of the world’s ocean. The sampling capabilities of the Agulhas Current from space have significantly improved in recent years due to an increase in satellite spatial and temporal coverage, the emergence of new remote sensing methods and the use of more robust algorithms for the derivation of ocean properties. The launch of the MSG-2 geostationary satellite has provided a major boost for IR SST observations over the Agulhas Current region. High frequency acquisitions from the SEVIRI sensor onboard the MSG-2 satellite have markedly improved our
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ability to image the Agulhas Current from space. The SEVIRI SST imagery also provides an alternative to altimetry for tracking meso to sub-mesoscale features of the circulation, particularly in the northern Agulhas Current region where SSH observations from space are seriously compromised due to the proximity of the current to the coast. In addition, new generation of SST datasets have emerged under the GHRSST initiative. The currently available GHRSST dataset merge IR and microwave SST observations to improve the resolution and coverage of SST observations. Future research to validate and utilise these high resolution merged SST products could help improve our understanding of the Agulhas Current. But cloud contamination and inadequate cloud masking procedures continue to hamper our ability to monitor the variability of the Agulhas Current from SST observations. The northern Agulhas Current and the coastal regions near Port Elizabeth remain poorly sampled by IR sensors and can not be resolved in Microwave SST imagery. Comparisons between the reprocessed MODIS and Pathfinder v5.2 datasets in Section 3 highlight some of the limitation of using global based cloud masking algorithm to assess long-term changes in the Agulhas Current. The better climatology and coverage of the reprocessed MODIS SST dataset, when compared to the Pathfinder v5.2 SST, clearly showed that regional-focused cloud masking procedures could significantly improve the quality of future SST products in the Agulhas Current region. Altimetry remains very valuable for tracking deep-sea eddies and investigating their evolution at the seaward edge of the Agulhas Current. However in the northern Agulhas, the proximity of the current to the coast continues to challenge satellitebased observations of the Agulhas Current from altimeters. Projects such as the ESA-funded COASTALT and CNES-funded PISTACH, aiming at recovering useful altimetric measurements in the coastal zone, have demonstrated that is it possible to improve the quality of altimeter-based observations near the coast with anticipated benefits in the northern Agulhas and the coastal and shelf regions of the southern Agulhas. Surface current information derived from SARs could also contribute significantly to improving our knowledge of the northern Agulhas Current in the future. The principle of surface current measurements from SARs involves the extraction of a line of sight velocity from information contained in the frequency spectrum of the returned radar echoes. The line of sight velocity can then be projected onto a horizontal plane to provide a range-directed surface current velocity. Between July 2007 and April 2012, maps of range-directed surface current velocities in the Agulhas Current region were systematically recovered from the now defunct Envisat’s ASAR, under the ESA funded SAR ocean wind-wave-current project (Collard et al. 2008; Johannessen et al. 2008). An assessment of the ASAR surface current velocities in the Agulhas Current region (Rouault et al. 2010) showed that the synoptic nature and relatively high resolution of ASAR acquisitions make the ASAR derived current velocities a good complement to altimetry for the study of sub-mesoscale processes in the Agulhas Current. SAR derived ocean surface currents will form part of the data stream routinely provided within the ESA driven Sentinel-1 satellite mission, which is due to be launched in 2013. With the planned deployments of SAR sensors in future Sentinel missions and the ongoing SAR observations available from Radarsat, the future of the SAR-derived ocean surface currents from space looks promising.
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One of the issues of satellite observations in western boundary currents is the lack of match-up data to validate remote sensing algorithms. Short residence times in western boundary currents imply that few observations are available from platforms such as Argo floats which are typically used in match-up databases. In addition, the Agulhas Current is a region which has historically been poorly sampled. In situ observations across the Agulhas Current near East London (at 33◦ S) are currently being collected as part of the 3-year ACT program. The ACT measurement campaign (van Sebille et al. 2010) will provide a much needed validation database for future remote sensing studies in the Agulhas Current region.
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