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Abstract: Warmer than average sea surface temperatures were observed by the Tropical Rainfall Mission Microwave Imager in the Angola Benguela Current system in late austral summer 2001 and persisted for about three months. These coastal anomalies extended offshore by 1 to 4° longitude and were not due to local ocean atmosphere interaction or relaxation of the upwelling favorable southerly winds. Instead, they were remotely forced by ocean atmosphere interaction in the Tropical Atlantic. Satellite remote sensing and a linear ocean model suggest that relaxation of trade winds along the equator triggered Kelvin waves that crossed the basin within a month in early 2001. Westerly wind anomalies were also observed in December 2000 and January 2001 over most of the Tropical Atlantic contributing to a warm preconditioning due to an enhancement of the oceanic annual cycle. This led to abnormal sea level heights near equatorial Africa that propagated southwards along the coast towards the Angola Benguela Frontal zone. This process increased the seasonal penetration of warm and salty water of tropical origin into the Angola Benguela upwelling system.
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Introduction Warmer than average upper ocean temperature events along the Angolan and Namibian Atlantic coastline (5°S to 27°S) have a strong impact on the marine ecosystem and the rainfall of the region. The stronger events are called Benguela Niño (Shannon et al., 1986) by analogy to the southward propagation of warm water along the Equatorian and Peruvian coastline during El Niño. Benguela Niños have a strong impact on the coastal upwelling as low-nutrient, low oxygen, warm Angolan water is advected in the upwelling system in place of cold, nutrient rich upwelled water ([Shannon et al., 1986], [Monteiro et al., 2006] and [Bartholomae and van der Plas, in press]). Benguela Niños often lead to floods in Angola and Namibia and abundant rainfall in the usually arid Namib Desert ([Shannon et al., 1986] and [Rouault et al., 2003]). When warm events occur in late austral summer, during the maximum of annual sea surface temperature (SST) and rainfall, they further increase atmospheric instability and coastal rainfall (Hirst and Hastenrath, 1983), southern African rainfall (Nicholson and Entekhabi, 1987) and the negative impact on fisheries ([Boyer et al., 2001] and [Binet et al., 2001]). Fig. 1 shows a schematic of the major oceanographic features off Angola and Namibia in late austral summer based on cruise data ([Gordon and Bosley, 1991], [Shannon and Nelson, 1996], [Gammelsrød et al., 1998], [Stramma and Schott, 1999], [Lass et al., 2000], [Mercier et al., 2003] and [Schott et al., 2004]).This includes the southward flowing warm Angola Current, the Angola Benguela Front at about 17.5°S, the northwestward flowing cold Benguela current and the upwelling areas of the Benguela Current system. The region is fed by tropical water brought about by the Equatorial Undercurrent, the Gabon Current, the South Equatorial Counter Current and the South Equatorial Undercurrent. Other features likely to play an important role are the Angola Dome ([Voituriez, 1981] and [Yamagata and Iizuka, 1995]) and the Congo River. Due to the paucity of dedicated oceanographic cruises, lack of observations in the region, a quasipermanent cloud cover and a strong annual cycle, this schematic is by no means an exact representation of the main oceanographic features. Fig. 1 also shows the 1998–2005 mean March SST estimated with the Tropical Rainfall Measuring Mission Microwave Imager (TMI SST) together with the 1999–2005 mean March wind speed and direction inferred from the scatterometer SeaWinds onboard the QuikSCAT satellite. The position of the Angola Benguela Front (ABF) is found at about 17.5°S in March, its southernmost annual position (Hardman-Mountford, 2004; Veitch et al., 2006). The region is subject to the seasonal displacement of the South Atlantic Anticyclone that influences the changes in the location of the ABF (Meeuwis and Lutjeharms, 1990). Along the coast, the mean wind is mostly southerly, i.e., along-shore, and stronger south of the Angola Benguela Frontal zone where it drives pronounced upwelling. Wind favorable upwelling is mostly found south of 15 S all the way to the tip of southern Africa ([Shannon and Nelson, 1996] and [Hardman-Mountford et al., 2003]). Along the equator, the seasonal relaxation of easterly wind in austral summer, especially in the west of the Tropical Atlantic reduces the zonal pressure gradient, decreases the slope of the thermocline and contributes to the late austral summer seasonal warming of the upper ocean in the north of the domain shown in Fig. 1 ([Philander and Pacanowski, 1986] and [Carton and Zhou, 1997]). During Benguela Niños, intrusions of warm water can reach as far as 25°S (Shannon and Nelson, 1996) about 8° south of the ABF. The 1984 and 1995 Benguela Niños happened in late austral summer and were remotely forced by reduced trade winds in the western equatorial part of the Tropical Atlantic ([Philander, 1986], [Carton and Huang, 1994], [Vauclair and du Penhoat, 2001], [Florenchie et al., 2003], [Florenchie et al., 2004] and [Reason et al., 2006]). A sustained eastward propagation of warm anomalies in the Tropical Atlantic due to reduced tradewinds is usually called an Atlantic Niño. It is thought that during an Atlantic Niño, relaxation of trade winds in the western part of the Tropical Atlantic triggers Kelvin waves, propagating eastwards towards Africa. These propagations induce a deepening of the thermocline and a warming of the
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equatorial upwelling system in the eastern equatorial part of the Tropical Atlantic ([Hisard, 1980], [Philander, 1990], [Zebiak, 1993], [Carton et al., 1996] and [Illig et al., 2004]). The mechanisms linking Atlantic Niños and Benguela Niños are not well understood (Binet et al., 2001) but it seems that the warming in the Atlantic lag the warming of Angola by a season (Reason et al., 2006). The aim of this paper is to describe the warm event of late austral summer 2001, the warmest event of its kind with the lowest oxygen rate (Bartholomae and van der Plas, in press) since the 1995 Benguela Niño, and to investigate the potential mechanisms leading to its origin and development. The paper is organized as follows: in Section 2, we present the various data sets and the equatorial model used. We then show in Section 3, the evolution of the warm event from February to May 2001 and the local ocean–atmosphere interactions. Having established that it was not produced by change in local wind intensity or air–sea exchange of energy, we use altimetric data and PIRATA mooring data in Section 4 to establish the equatorial origin of the event and tentatively explore the potential mechanisms that led to this particular warm event also using an ocean linear model that had some success in identifying Kelvin waves along the equator (Illig et al., 2004). Section 5 provides a discussion of the results presented in this paper, followed by conclusions.



1. Data Regular monitoring lines off central and northern Namibia (Bartholomae and van der Plas, in press) provide 10-year time series (1996–2006) of in situ temperature and salinity measurements. In the present study, we use the 20°S and 23°S monitoring lines, constructed from 5 CTD stations spaced at 2, 5 10, 20 and 30 nautical miles from the coast. The temporal resolution at 20S is approximately every three months and at 23S it is monthly with a few exceptions such as January. We use weekly TMI SST to describe the 2001 warm event. TMI measures the microwave energy emitted by the earth and its atmosphere over a wide swath width of 760 km. An important feature of microwave retrievals is that SSTs can be measured through clouds beyond 35 km from the coast. This is a great advantage off Angola where data from combined infrared remote sensing and observation such as optimal interpolated Reynolds SST (Reynolds and Smith, 1994) are only available 40% of the time due to persistent cloud cover (Stammer et al., 2002). The interpolation scheme used in Reynolds SST tends to artificially extend the warm anomalies offshore. Moreover the lack of in situ observations in the region, cloud cover off Angola and resolution of Reynolds SST aggravate the problem. In spite of no TMI SST data within 35 km from the coast, SST in the Angola Benguela coastal upwelling zone is greatly improved using this data set (O'Neill et al., 2003, Fig. 1). Weekly TMI SST is available in near real time from December 1997 at a 1/4° resolution. Prior to 1998, we used SST from the UKMO Hadley Centre (Rayner et al., 2003). The wind anomalies were estimated with QuikSCAT data. We used 0.5 by 0.5° gridded surface wind fields produced daily with the “kriging” technique over the global ocean (Bentamy et al., 2002). The present data set covers the period July 1999 to March 2005. The accuracy of the daily wind fields is determined by comparison with moored buoy wind speed and direction measurements in the Atlantic and Pacific oceans. For instance, the scatterometer wind accuracy results estimated through the comparisons with PIRATA buoys (Servain et al., 1998) in the Tropical Atlantic area indicate that these two surface wind data sets compare well. The overall wind speed bias, rms difference, correlation coefficient, and symmetrical regression are respectively − 0.52 m/s, 1.66 m/s, 0.84, and 1.06. For wind direction the mean difference is low, < 15°, and the corresponding standard deviation is about 27°. We also used NCEP (Kalnay et al., 1996) reanalysed products to compare 2001 to conditions in the region since 1979. Because NCEP latent heat fluxes could be inaccurate in the data-sparse Tropical South East Atlantic region, we used satellite remote sensed latent heat fluxes (Bentamy et al., 2003). The latent heat flux estimations were tested against in situ data, including the
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Comprehensive Ocean–Atmosphere Data Set and moored buoys, and compared to surface flux estimates produced by numerical analyses of the National Center for Environmental Prediction and the European Center for Medium-Range Weather Forecasts (Bentamy et al., 2003). For instance, the flux comparisons between satellite and PIRATA data indicate that the mean of the residual between the two is quite low (less than 3 W/m2), and the corresponding rms is less than 25 W/m2. The correlation coefficient values estimated for each buoy are comparable and are close to 0.87. Precipitation rates were inferred from the Global Precipitation Climatology Project Version-2 monthly precipitation (GPCP-V2), a monthly analysis of surface precipitation at 2.5° latitude × 2.5° longitude resolution available from January 1979 to the present (Adler et al., 2003). GPCP-V2 includes precipitation estimates from satellite microwave and infrared data and surface rain gauge observations. The weekly Sea level anomaly (SLA) data were supplied by AVISO/CLS (ftp.cls.fr). These data result from a global sub-optimal space time objective analysis of combined altimetric data from TOPEX/POSEIDON, Jason and ERS1/2 missions (Ducet et al., 2000) on a Mercator 1/3° grid. In order to investigate long equatorial wave propagations in early 2001, we used the Equatorial Atlantic Ocean Linear Model (OLM) developed by Illig et al. (2004). It is similar to the Cane and Patton (1984) model but with a higher resolution and more realistic coastlines. The model domain extends from 50°W to 10°E and from 28.875°S to 28.875°N, with a horizontal resolution of 2° in longitude and 0.25° in latitude. The model time-step is 2 days. It includes 6 baroclinic modes with phase speed, projection coefficient and friction derived from a high-resolution OGCM simulation forced with realistic fluxes (Barnier et al., 2000). The results of the linear model forced with realistic winds were compared to various observations and to the OGCM in Illig et al. (2004). In the present study, the model is forced by the QuikSCAT wind stress anomalies estimated every 2 days with respect to the 2000–2005 climatology, following a spin-up with the year 2000 repeated five times. We will focus on the Sea Level Anomaly (SLA) signal along the equator and in particular on the gravest baroclinic mode (1 and 2) long equatorial Kelvin wave components. The reader is referred to Illig et al. (2004) for more details on the long equatorial wave decomposition in the Tropical Atlantic. The 1998–2006 PIRATA Z20 anomaly data (Servain et al., 1998) indicate the depth of the 20 C isotherm indicating roughly the mean position of the thermocline. It was produced by the data delivery and display web interface at http://www.pmel.noaa.gov/tao/disdel/



2. Propagation of warm anomalies in the Angola Benguela upwelling system Fig. 2a shows the southward propagation of warm SST anomalies along the Angola and Namibian coastlines. We calculated the weekly anomalies from weekly TMI SST minus a 1998– 2006 monthly average centered on the week of interest. Anomalies are plotted only every 2 weeks from February 2001 to May 2001. Positive SST anomalies first appeared at the end of January at the Angolan coast between 5°S and 17°S raising Angolan water temperature from about 28 °C to 30 °C as far south as 15°S. It seems that this anomalous warm water started accumulating and intensifying in February at the Angola Benguela Frontal zone before propagating southwards in March in the coastal upwelling system of the Benguela Current to reach 26°S at the end of March 2001. The anomaly remained positive in April from 13°S to 26°S. Analysis of the SST charts shows that those anomalies extended offshore by 2 to 4° longitude at the Angola Benguela Frontal zone and by about 1° longitude at the southern limit of the event. In total the warm anomaly was sustained for about 3 months, and slightly modulated by the local wind conditions, which were on average upwelling favorable between 15°S and 25°S. The 2001 persistent thermal anomaly can be likened to the 1984 and 1995 Benguela Niños and also the 1999 (Mohrholz et al., 2001) and 1996 warming (Florenchie et al., 2004). They occurred at the same time of the year ([Shannon et al., 1986] and [Gammelsrød et al., 1998]) but the surface expression of the 2001 event was not as strong (Rouault et al., 2003, Fig. 3) and it was shorter in duration than 1984 and 1995.
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Fig. 2b shows a time/latitude Hovmöller diagram of weekly SST anomalies off the African coast for 2001. SST anomalies were averaged from the coast to 3° longitude offshore. The 2001 warm anomaly can be seen spreading polewards from February to the beginning of May 2001. This is the clearest indication of southward propagation of warm anomaly along the coast from the entire 1998–2006 TMI data set (Rouault et al., 2003 and Supplementary material). Variability in the wind usually determines SST variability south of the ABF which is situated at about 17°S in late austral summer ([Shannon and Nelson, 1996], [Kostianoy and Lutjeharms, 1999] and [Colberg Reason, 2006]). Warm events south of the ABF at 15 South in the upwelling area are usually related to a weakening of the southerly wind or a spell of northerly wind (Shannon and Nelson, 1996). In the absence of long time series of daily wind speed in the domain, we investigated the variability of Quikscat wind stress in and compared it with the mean of 1999–2006. Fig. 3a shows the climatology of the meridional wind stress averaged from the coast to 2° longitude offshore inferred from Quikscat (1999–2005). Wind favorable upwelling is mostly found south of 15 S. The Quikscat climatology corresponds well to the climatology of Shannon and Nelson (1996) and Hardman-Mountford et al. (2003) even with no data roughly within 50 km from the coast. There is a good match between the Quikscat wind stress climatology and the major upwelling cells at Cape Frio, and Luderitz (Demarc et al., 2004; Veitch et al., 2006). A relaxation of the wind is observed in January–February in our domain study from about 23 S to 15 S that is linked to the seasonal polewards migration of the South Atlantic anticyclone and associated trade winds. Fig. 3b presents a time–latitude Hovmöller diagram of Quikscat meridional wind stress anomalies from a 1999–2006 monthly mean centered on each week of interest off Angola and Namibia for the year 2001. Wind stress anomalies are averaged from the coast to 2° longitude offshore and indicate that the wind stress was mostly normal from January to April 2001 with the first substantial relaxation of upwelling favorable wind in late April/May 2001. Although the wind stress anomaly was negative in February, it was not strong and long enough to be able to perturb the system for the 3 month period of the event. Fig. 3 shows that south of the ABF, only more intense and longer decreases in wind stress in October–November 2001 and in August 2001 can be linked with SST increases at the same period. Increase and decrease of wind speed seems to slightly modulate the event. The first important wind stress anomaly happened at the end of April 2001 and probably contributed to extend the 2001 warm event. Fig. 4 shows a time series for each year since 2000 of TMI SST and Quickscat wind speed anomalies averaged from 19 S to 25 S in the upwelling system South of the ABF confirm that the warming in 2001 was sustained and did not respond much to the relatively weak increase or decrease of early 2001. Additional material shows Hovmöller of SST and wind stress anomalies from 2000 to 2005 and confirms the lesser role of local wind speed there. Fig. 5a,b,c,d illustrates the temperature and salinity anomalies observed during the end of March 2001 at the 20 °S monitoring line and end of April at the 23 °S monitoring line along a 30 nautical miles transect off Namibia respectively. The largest anomalies, both for salinity and temperature were observed at the northern line (20°S). Here salinities were up to 0.5 psu higher than the tenyear average, extended to 120 m depth and covered almost the entire water column throughout the transect which quite important for the region. The intensity of the positive salinity anomaly at 20°S is a clear indication of the presence of warm saline Angolan water that advected southward during the 2001 warm event. This feature was also evident further south at 23°S but anomalies were significantly weaker. Temperature differences as high as 3–4 °C confined to the upper 40– 60 m were measured at 20°S with the slope deepening towards the coast. Further south at 23°S, the anomaly was limited to the upper 20–40 m and confined to the coast but Fig. 4 shows that there was upwelling favorable wind from March to mid April. Most important, in 2001 oceanographic sections were showing a very low oxygen concentration, the lowest since 1995 (Fig. 6, Bartholomae and van der Plas, in press).
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3. Ocean atmosphere interaction Because variations in air–sea exchange of energy can lead to substantial anomalies in SST, we studied monthly mean and anomaly of HadIey SST and GPCP-V2 (Adler et al., 2003) rainfall, NCEP-2 latent, sensible and radiative heat fluxes, surface wind speed averaged in the region 20°S–10°S, 8°E-coast from 1979 to 2003. We also analyzed the averaged February, March and April latent heat flux in the region defined above and found it to be quite substantial (mean 90 W/m2, standard deviation: 13 W/m2) and it dominates the turbulent heat fluxes. NCEP-2 averaged surface winds are moderate, steady and mostly southerly. The mean southerly component is 4.85 m/s (standard deviation: 0.25 m/s) and the mean easterly component is 0.75 m/s (standard deviation: 0.08 m/s). The mean SST is 25.6 °C with a standard deviation of 0.9 °C. Note that the standard deviation of SST is substantially higher than wind speed in this region. Fig. 6 shows the normalized late summer (FMA) anomaly (anomaly divided by seasonal standard deviation) for late summer of total rainfall, SST, latent heat flux, meridional wind (southerly is positive) and zonal wind (westerly is positive) wind for the 1979–2003 period. Significant oceanic warm events are those of about one standard deviation or more, and hence, 1984, 1995, 1999 and 2001 stand out. There is also a warming trend seen in SST for the period that seems to be due to several warm events in the area since 1995 ([Rouault et al., 2003], [Florenchie et al., 2004] and [Veitch et al., 2006]). This warming trend is confirmed by Casey and Cornillon (2001) and Jones and Moberg (2003) and Hardman-Mountford (2003). This trend masks the significance of the surface expression of the 1984 Benguela Nino and increases the importance of the 1999 and 2001 warming. The FMA SST normalized anomaly from the 1979–2003 seasonal mean was 0.9 for 1984, 2.2 for 1995, 1 for 1999 and 1.3 for 2001. The highest latent heat flux anomalies are in 1995 and 2001 meaning that the ocean was losing more heat than usual during those years. The higher southerly wind component in 2001 confirms the results presented in Fig. 3 and Fig. 4. More southerly wind implies stronger than normal upwelling and hence cools the upper ocean. The reason for the large anomalous fluxes in 1995 and 2001 could be that the difference between the specific humidity of the air and the sea surface increases quickly when the SST increases leading to more evaporation (latent heat flux). The South Atlantic anticyclone advects colder and drier air from the south at this time of the year (Fig. 1 and Fig. 3). The unexpected result is that the latent heat flux contributes to cool the warm events in 1995 and 2001. This result also confirms Hirst and Hastenrath (1983) hypothesis that there is more evaporation at the coast during warm events off Angola. In order to show that the warming was not due to a preconditioning of the area off Angola before the warm event, we studied the same parameters in the months preceding the warm event (not shown). The results indicate little preconditioning of the 2001 warm event by ocean–atmosphere interaction or upwelling relaxation in December 2000 and January 2001 that could have warmed the water prior to the event. Fig. 6 shows that the latent heat fluxes play a rather passive role by cooling the warm events at the surface, thereby contributing to their demise. Moreover since the rain, and hence cloud cover, was greater than average in 1995 and 2001, the short wave radiation (not shown) was below average adding a further cooling effect at the surface during warm events. In conclusion, we have argued that relaxation of the typical upwelling and local air–sea interactions are not the major contributors to the origin of the warming in 2001.



4. Origin of the warm anomalies To find the origin of the event, we analyzed merged sea surface height (SSH) altimetric data and Quikscat wind data for the entire Tropical Atlantic and we used a linear model to investigate wave dynamic along the equator. SSH) are usually calculated against a mean annual reference in the
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Tropical Atlantic, the seasonal variability is much stronger than the interannual variability (Philander, 1990). It is therefore important to remove the seasonal signal to detect abnormal events in the Tropical Atlantic in SSH, especially if they are merely an enhancement of the seasonal cycle. Fig. 7a and b show time/longitude Hovmöller diagrams along the equator and along the African coast of SSH anomalies estimated first with respect to the annual mean (Fig. 7a,b) and then with respect to the seasonal cycle (Fig. 7c,d). Fig. 7c shows evidence of rapid propagation of higher than normal positive SSH from January 2001 to March 2001 across the equatorial Atlantic, which is associated with an intensification of the observed SSH seasonal cycle (Fig. 7a). Note that Fig. 7c also suggests that a preconditioning took place in January 2001 in the eastern equatorial part of the tropical Atlantic; where above normal positive SSH is observed in early 2001. At the African coast, the altimetric data clearly show that this equatorial propagation of positive SSH is coherent with a relatively slower southward propagation of SSH along the African coasts (Fig. 7d). The above normal SSH reach 20°S in March 2001, which is consistent with the SST propagation observed along the African coasts (cf. Fig. 2 and Section 3). We propose that the warm anomalies observed in the Angola Benguela upwelling system in late austral summer 2001 originate from this equatorial propagation, which in turn propagates southward so that the upwelling favorable winds off southern Angola/northern Namibia bring warm sub-surface water to the surface. This is confirmed by Fig. 8 who is a seasonal anomaly of SSH for February (top), March (middle), and April showing that an exaggeration of the seasonal cycle took place in 2001 that lasted for about 3 months. In Supplementary material we show the mean SSH for those months and the anomalies from the mean in 1995 at the same period of those years showing similitude with 2001. In order to investigate the eastward equatorial propagation evidenced by the altimetric data, we used the OLM (cf. Section 2) forced by QuikSCAT wind stress anomalies. This model provides evidence of the significant role of the long equatorial wave propagations (Kelvin and Rossby) in the tropical Atlantic interannual variability whose signatures, by comparison to the tropical Pacific, are more difficult to determine in the observed altimeter data because of the reduced size of the basin and the contribution of several baroclinic modes (Illig et al., 2004). Nevertheless, this model is an efficient tool to interpret the altimetric signal along the equator and enabled Illig et al. (2006) to investigate the long equatorial wave contribution to the observed equatorial Atlantic 1996 warm event. QuikSCAT zonal wind stress anomalies along the equator are displayed in Fig. 9a, along with the OLM first and second baroclinic mode Kelvin wave contributions to SSHA along the equator (Fig. 7b,c). The OLM results allow us to identify a first baroclinic mode Kelvin wave that crosses the basin in January–February 2001, which is in agreement with the altimetric signal presented in Fig. 7c. According to the OLM dynamics, this Kelvin wave is forced in early 2001 by the anomalous zonal wind stress in the western equatorial part of the Tropical Atlantic shown in Fig. 9a, associated with a local trade wind relaxation. It propagates eastward with a phase speed value of 2.3 m/s, the same order of magnitude as those measured by Katz (1997) or estimated by Delecluse et al. (1994). The analysis of the OLM second baroclinic mode Kelvin contribution to SSHA highlights a propagation from February 2001 to April 2001. It was triggered by anomalous zonal wind stress along the equatorial band, and intensified by intense anomalous zonal wind stress in eastern basin in early March 2001. This slower propagation can also be determined in the altimetric signal, and takes slightly less than 2 months to cross the basin, in agreement with the theoretical phase speed of a second baroclinic Kelvin wave (1.34 m/s). The summed contribution of the first two baroclinic Kelvin wave to SSHA (not shown) closely resembles the altimetric signal, and explains the spreading in time of the propagation seen in Fig. 7c. Moreover, the signature of the eastward propagations can also be observed in the equatorial Atlantic subsurface, as shown by the Z20 anomaly estimated with the 1998–2006 PIRATA data (Fig. 9d). The eastward propagating Kelvin waves reach the African boundary from February 2001 to April 2001 in agreement with the altimetric signal. Examination of charts of weekly SSH anomalies from the seasonal cycle (not shown) show that higher than normal SSH appeared east of the
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Greenwich meridian during the second week of January 2001. According to the OLM results (Fig. 9), these anomalies are associated with a second baroclinic mode Kelvin wave, triggered by anomalous zonal wind stress in the center of the basin in December 2000 and January 2001. Due to local anomalous zonal wind stress, this anomaly intensified slightly during January before spreading southward. The SSH anomalies along the coast intensified and propagated gradually southwards in February and March 2001 linking the 2001 warm event to the equatorial region and suggesting an intensification of the mean annual cycle by the event. The trade wind relaxation and westerly wind along the equator from late December 2000 to February 2001 seems to have played an important role in the onset of the 2001 warm event, as was the case for the 1984 and 1995 Benguela Niños ([Carton and Huang, 1994], [Florenchie et al., 2003] and [Florenchie et al., 2004]). However, it is not clear if the 2001 warming was due to the abovementioned Kelvin wave triggered by the relaxation of the trade winds in January between 35 W and 25 W near the Equator, by the abnormally strong westerly wind in the east in December 2000 and January 2001 or by the resulting higher than normal integrated westerly wind component for December and January over all the equatorial region. However, it could be that the timing of an equatorial Kelvin waves relative to the annual cycle is the key for the penetration of warm anomaly south of the Angola Benguela Frontal Zone.



5. Discussion The results presented here demonstrate that the 2001 warm event was remotely forced. It seems than higher than normal SSH have propagated to the Front at 17 S. We now discuss a possible scenario where higher than normal SSH were the results of wave dynamics and exaggeration of the seasonal cycle all the way to the ABF. This would have deepened the thermocline, then warmed up the upper ocean and created stronger than normal poleward geostrophic current that would have strengthen the Angola Current. Advection could have then propagated the anomaly from the front to about 25 S. However, wind fluctuations could have modulated the events especially at the end of April 2001. The intrusion of warm water in the northern Benguela current along the coast and the associated displacement of the ABF is indeed a seasonal feature (Boyd et al., 1987). Although little is known about the Angola Current, several cruises in the Angola Benguela current system ([Moroshkin et al., 1970], [Bubnov, 1972], [Bubnov and Egorikhin, 1980], [Lass et al., 2000] and [Mohrholz et al., 2001]) measured current speed of 0.5 to 0.7 m/s in the Angola current. They found that the Angola Current is weaker in winter and stronger in summer, weaker off the north of Angola and stronger to the south. It has a depth of about 200 m and a width of about 200 to 300 km. A comprehensive survey done in April 1997 at the ABF and in the Angola Current by Lass et al. (2000) showed that most of the water feeding the Angola Current at the time was coming from the northwest and was composed of Tropical Atlantic upper ocean water. Their results suggest that the South Equatorial Atlantic Counter Current along the northern limb of the Angola Gyre fed the Angolan Current. The model study of Carton and Huang (1994) and the analysis of Philander (1986) have also noted an increased South Equatorial Atlantic Counter Current during the onset of the 1984 Benguela Niño. Mercier et al. (2003) sampled along two lines in January 1995 along 9 W and in April 1995 along 5 S. They measured an eastward moving South Equatorial Counter Current and South Equatorial Undercurrent contributing to the northern limb of the Angola Gyre. They concluded that the circulation through the Angola Gyre was responsible for half the transport calculated for the Angola Current. A southward pulse of warm Angolan water was sampled at the Angola Benguela front during a cruise in April 1999 (Mohrholz et al., 2001; John et al., 2004) with similar results. Note that Illig et al., 2004 suggested Kelvin waves in February March 1999 with timing consistent with the April 1999 warming. According to TMI SST the 1999 warming was not as intense as 2001, only lasted a month and propagated to 20 S only (Rouault and Lutjeharms, 2003). Hovmöller for 1999 along
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the Atlantic shown in Supplementary material suggests also Kelvin wave propagation at the origin of the event. Since the winds in the Benguela Current region south of the ABF were not weaker than average during, or prior, to the development of the 2001 warm event, we assume that the Benguela Current northwestward surface transport and the upwelling system itself were not weaker than usual. The influence of the Benguela current on the poleward propagation of warm water is probably more important when the southerly wind is stronger and it may explain why some of the Kelvin waves identified by Illig et al. (2004) and in Fig. 7 are not followed by a warming in the upwelling system of the northern Benguela Current. The 2001 warming as well as the 1984 and 1995 Benguela Niños and the 1999 warm event occurred at the same time of the year and this suggests a phase locking of Benguela Niños to the late summer when the ABF is further south. Fig. 1 shows that the coastline starts to veer in a southeastwards direction at about 17 S, near the southernmost position of the Angola Benguela front that happens to occur in March. The seasonal southerly winds are weakest in the northern upwelling system when the South Atlantic Anticyclone is furthest south in early summer. All these factors imply that the 2001 warm event and perhaps the 1984 and 1995 Benguela Niños and the 1999 warm events may be related to an intensification of the annual cycle that then leads to a stronger than normal penetration of the Angola Current in the northern upwelling system. A phase locking of Benguela Niños to late austral summer could explain why Kelvin waves in the Tropical Atlantic are not necessarily followed by Benguela Niños. For instance, the TRMM SST data set shows several warm events off Angola that did not penetrate in the upwelling system (Rouault and Lutjeharms, 2003). Florenchie et al. (2004) have noted several warm events of minor intensity that happened in other seasons and were linked to wind shifts in the Tropical Atlantic. They did not penetrate as far south as for the 1984, 1995, 1999 and 2001 warm event. There are some limitations to our study, especially regarding the mechanisms, that should be mentioned. First, we could not look for potential propagation of coastal Kelvin waves, a mechanism suggested by Moore et al. (1978) but never demonstrated off Angola/Namibia due to lack of a proper observing system. Altimetry also has limitations in the Tropical Atlantic due to the narrowness of the basin and both altimetry and TMI SST are only valid roughly 35 km offshore.



Conclusion Warm SST anomalies propagated in the northern Benguela region from February to April 2001 in a similar fashion to the 1984 and 1995 Benguela Niños, although it was not as intense and the warming was shorter. Substantial SST anomalies started to appear at about 5 to 10 S and propagated along the coast to about 25 S. Ocean–atmosphere interaction acted to cool the event that was slightly modulated by the local wind stress. The origin of the warm event can be traced to anomalous behaviour in the Tropical Atlantic along the equator. This could have increased the accumulation of warm water along the Angolan coast and or deepened the thermocline through the action of wave dynamic leading to an intensification of the Angola current with a timing that favored the intrusion of warm water in the northern upwelling system south of the Angola Benguela Front at 17 S. There is also a strong indication that Kelvin waves acted to propagate the anomalies along the Equator. In any case, the equatorial origin of the event has been demonstrated in this study as it was for the 1984 and 1995 Benguela Niños. However, stronger than average westerly winds east of the Greenwich meridian could also have contributed to the event by enhancing the seasonal appearance of high SSH near Africa in austral summer 2001. The lack of in situ data motivates the extension of the PIRATA array in the South East Tropical Atlantic (Servain et al., 1998), which will be well suited to monitor Benguela Niños upstream of the event and link the Angola Benguela Current system to the Tropical Atlantic. Tide gauges are also needed along the coast together with a fine resolution ocean model for the South East Atlantic in order to help determine the relative roles of Angola Current advection of the signal and coastally trapped waves. Such a system will also help assess the potential contribution of the Congo River outflow which is not well understood.
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Figures



Fig. 1. Schematic of the major oceanographic features in the South East Tropical Atlantic in late austral summer with mean 1988–2006 March TRMM TMI SST and 1999–2006 QuikSCAT wind speed and direction. Major features are Equatorial Under Current (EUC), South Equatorial Counter Current (SECC), South Equatorial Under Current (SEUC), Gabon Current (GC), Congo River (CR), Angola Current (AC), Angola Benguela front (ABF) and Benguela Current (BC). SST is plotted every degree from 18 to 30 °C. Maximum wind speed is 8 m/s in the south and minimum wind speed is 3 m/s just north of the ABF.
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Fig. 2. Top: maps of weekly mean TRMM TMI SST anomaly from a 1998–2006 monthly running mean showing poleward propagation of above normal warm water from Angola to Namibia from February 2001 to April 2001. From left to right and top to bottom, the data are displayed every two weeks. Dates displayed correspond to the middle of the week. Bottom: time–latitude Hovmöller diagram of the weekly mean TRMM TMI SST anomaly in 2001. SST is averaged from the coast to 2° longitude offshore. Contour Interval is 1 °C.
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Fig. 3. Top: time–latitude Hovmöller diagram of the weekly mean 1999–2006 QuikSCAT meridional wind stress climatology along the coast from 5 to 30°S. Bottom: weekly mean QuikSCAT meridional wind stress anomaly from a 1999–2006 monthly running mean in 2001 along the coast. Positive (negative) anomalies are in solid (dashed) lines. Data are averaged from the coast to 2° longitude offshore. Unit is dyn/cm2 × 10.
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Fig. 4. Weekly TMI SST (dashed) and QuikSCAT meridional wind stress (solid) anomalies from a monthly running mean from 2000 to 2005 (top to bottom) averaged from 20°S to 25°S and from the coast to 2° longitude offshore. QuikSCAT data is shown with a week lag. Unit is dyn/cm2 × 10.
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Fig. 5. Temperature (left) and salinity (right) anomalies observed during the end of March 2001 at 20°S (top) and 23°S (bottom) from the monitoring transect off northern and central Namibian coast respectively, from 0 to 150 m and from the coast to 30 nautical miles. Units are °C and psu respectively. Contour Intervals are 1 °C and 0.1 psu respectively. Anomalies are estimated with respect to 1995–2006 mean. Positive (negative) anomalies are in solid (dashed) lines.
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Fig. 6. From top to bottom: Late summer normalized anomaly (anomaly of the mean of February March and April of each year relative to the 1979–2003 mean of FMA divided by the standard deviation of 1979–2003 FMA) of GPCP-V2 total rainfall, Hadley SST, NCEP latent heat flux, NCEP meridional (V) and zonal (U) surface wind speed, averaged between 8°E to the coast and between 20°S to 10°S.
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Fig. 7. Top: Climatology of longitude–time Hovmöller diagram of the weekly observed SSH along the equator (left) followed with latitude–time Hovmöller diagram of the weekly observed SSH along the coast from 0° to 30° S (right) averaged from 1993 to 2006. Bottom: Idem but for the weekly anomaly from a 1993–2006 monthly running mean in 2001. Units are in cm. Positive (negative) values are in solid (dashed) lines.
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Fig. 8. Monthly anomaly of SSH from a 1993–2006 monthly mean for February (top), March (middle) and April 2001 showing an exaggeration of the seasonal cycle that year. Units are in cm. Positive (negative) anomalies are in solid (dashed) lines.
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Fig. 9. From left to right: a) longitude–time Hovmöller diagrams along the equator of weekly QuikSCAT zonal wind stress anomalies (TXA) from a 1999–2006 monthly running mean in dyn/cm2; b) the Ocean Linear Model first baroclinic mode Kelvin contribution to SSH anomaly in cm; c) the OLM second baroclinic mode K contribution to SSH anomaly in cm; d) longitude–time Hovmöller diagrams of the depth of the 20 °C isotherm (d20) inferred from the PIRATA array of mooring along the equator showing propagation of 20 °C isotherm anomaly and associated deepening of the thermocline from February to April 2001. Positive (negative) values are in solid (dashed) lines.
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