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A Benguela Niño developed in November 2010 and lasted for 5 months along the Angolan and Namibian coastlines. Maximum amplitude was reached in January 2011 with an interannual monthly Sea Surface Temperature anomaly larger than 4 °C at the Angola Benguela Front. It was the warmest event since 1995. Consistent with previous Benguela Niños, this event was generated by a relaxation of the trade winds in the western equatorial Atlantic, which triggered a strong equatorial Kelvin wave propagating eastward along the equator and then southward along the southwest African coast. In the equatorial band, the associated ocean subsurface temperature anomaly clearly shows up in data from the PIRATA mooring array. The dynamical signature is also detected by altimetry derived Sea Surface Height and is well reproduced by an Ocean Linear Model. In contrast to previous Benguela Niños, the initial propagation of sub-surface temperature anomalies along the equator started in October and the associated warming in the Angolan Benguela Front Zone followed on as early as November 2010. The warming was then advected further south in the Northern Benguela upwelling system as far as 25°S by an anomalously strong poleward sub-surface current. Demise of the event was triggered by stronger than normal easterly winds along the Equator in April and May 2011 leading to above normal shoaling of the thermocline along the Equator and the south-west African coastline oﬀ Angola and an associated abnormal equatorward current at the Angola Benguela Front in April and May 2011.



1. Introduction Ocean temperatures oﬀ the South-western African coast are characterized by a strong gradient between the warm tropical Atlantic and the cold Benguela current. This region is called the Angola Benguela Front and is on average located at about 17°S (Veitch et al., 2006). Every few years, Sea Surface Temperature (SST) oﬀ the coast of Angola and Namibia reaches values of up to 5 °C larger than seasonally normal. These warm events have been named Benguela Niños (Shannon et al., 1986) by analogy to their Paciﬁc counterpart. In general, they tend to peak in March/April and are triggered by relaxing of wind speed along the Equator in January/February (Florenchie et al., 2003, 2004; Rouault et al., 2007; Lübbecke et al., 2010). These warm events have large impacts on local ﬁsheries (Boyer and Hampton, 2001) and on rainfall variability over south-western Africa (Rouault et al., 2003; Rouault et al., 2009; Lutz et al., 2015). Understanding and potentially forecasting their development are thus of high socio-economic importance and the couple of months lead time between the decrease in winds in the Western Equatorial sector and the development of SST ⁎



anomalies along the Angolan and Namibian coastline oﬀers some predictability (Imbol Koungue et al., 2017). While local wind forcing might play a role in the development of some of the Benguela Niño events, especially in the Benguela upwelling region (Richter et al., 2010; Junker et al., 2015), major warm and cold events are mainly generated by wind stress changes in the western equatorial Atlantic (Florenchie et al., 2003, 2004; Rouault et al., 2007; Lübbecke et al., 2010; Bachèlery et al., 2015; Imbol Koungue et al., 2017). The hypothesis put forward is that wind stress relaxation in the western equatorial Atlantic triggers equatorial downwelling Kelvin waves and subsequent coastal trapped waves along the African coast. These waves are associated with thermocline deepening and thus with sub-surface warm temperature anomalies. They propagate along the West African coast up to the Angolan coast and generate strong positive SST anomalies due to the shallow mean thermocline there. The warm anomaly associated with Benguela Niño events is, however, not restricted to the region oﬀ Angola. They extend further south to the location of the Angola Benguela Front at 17°S where the thermocline outcrops. Warm anomalies are observed as far south as 25°S.
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outputs. In Section 2, the observational data sets and the reanalysis products are detailed. In Section 3, we describe the evolution of the event, analyze its characteristics at its peak phase, and estimate the southward advection of temperature anomalies. The results are summarized and discussed in Section 4.



Based on a regional ocean model study, Bachèlery et al. (2015) showed that at interannual time scales, remotely forced coastal trapped waves propagate poleward along the African southwest coast up to the northern part of the Benguela upwelling system. Based on model outputs, Rouault (2012) attributed the warming oﬀ Northern Namibia to southward advection of sub-surface warm water. The role of advection in the generation of warm events at 23°S is also outlined by Junker et al. (2017) using mooring measurements. The strongest Benguela Niños (1984 and 1995) and other warm events occurred in Austral summer (Shannon et al., 1986; Gammelsrød et al., 1998; Florenchie et al., 2003, 2004; Rouault, 2012). While they could be traced back to the equatorial Atlantic, information about the propagation of the anomaly in the sub-surface ocean, i.e. sub-surface temperatures and thermocline depth, had to be mostly inferred from model simulations. The focus of this study is the warm anomaly oﬀ the southwest African coast that occurred in early 2011. This event was also unusual in that it started already in Austral fall 2010. It is the strongest event since 1995 and it was observed by the PIRATA array of mooring as early as October 2010. The seasonal cycle dominates the variability in the tropical Atlantic (Philander and Pacanowski, 1986; Ding et al., 2009). Understanding the annual cycle allows to better interpret the anomalies from monthly climatology presented in our study. The annual cycle of wind stress, SST and Sea Surface Height (SSH) along the Equator and along the African coast has been presented by various authors (Hardman-Mountford et al., 2003; Thierry et al., 2004; Schouten et al., 2005; Rouault et al., 2007; Polo et al., 2008; Ostrowski et al., 2009; Lübbecke et al., 2010; Rouault, 2012). The origin of the bi-annual harmonic of SSH is linked to the annual cycle of wind stress along the equator. The wind stress follows a unimodal annual cycle in the west while it follows a bi-modal cycle in the East in agreement with Philander and Pacanowski (1986). In the eastern equatorial basin of the Tropical Atlantic, the wind relaxes in February leading to the ﬁrst positive propagation of SLA and a deepening of the thermocline in the east and along the coast. In April, the intensity of the wind is at a minimum along the Equator. Then, the winds intensify reaching a maximum in September in the western basin. This leads to negative SLA and a shoaling of the thermocline. East of 30oW, easterly winds weaken and reverse direction in August/September, leading to a deepening of the thermocline. The wind intensiﬁes again in November/December east of 30oW leading to a second shoaling of the thermocline in December and January. These distinct changes in wind speed along the equator are at the origin of the biannual harmonic propagation of SLA in the east and along the Southern African coast. Based on altimetry data analyses seasonal poleward propagation of positive SLA along the coast was attributed to coastal wave propagation (Schouten et al., 2005; Polo et al., 2008; Ostrowski et al., 2009). Along the coast, upwelling favourable wind is found south of the Angola Benguela Front (ABF) and is also bi-modal with the ﬁrst peak in October–November and the secondary peak in March–April. A model study indicates a bi-annual transport of 0.45 Sverdrup of subsurface tropical water ﬂowing poleward across the ABF into the northern Benguela Current upwelling system synchronized with the annual cycle of sea level anomaly in the eastern tropical Atlantic (Rouault, 2012). Moorings deployed at 11°S oﬀ Angola and 23°S of Namibia indicate also a bi-annual harmonic in alongshore current and transport at the same season (Junker et al., 2017; Kopte et al., 2017). The annual cycle of SST is unimodal with a maximum of SST North and South of the Angola Benguela front in February/March and a minimum of temperature in July/August (Hardman-Mountford et al., 2003; Demarcq et al., 2003; Junker et al., 2017). In this study, we will analyze the evolution of the 2010/2011 Benguela Niño event from its origin to its demise using direct observations from the PIRATA array, satellite estimate of SST and SSH, as well as wind stress from ERA Interim atmospheric Reanalysis. Observation will be interpreted in the light of experimentation with an Ocean Linear Model and the analysis of GODAS ocean reanalysis



2. Data, methods and models We are using monthly ﬁelds of 1° horizontal resolution Reynolds SST (Reynolds et al., 2002) available from 1982 to 2013 and weekly and monthly TRMM TMI SST. TMI measures the microwave energy emitted by the earth and its atmosphere over a wide swath width of 760 km and can estimate SST through clouds. Weekly TMI SST and monthly TMI SST are available in near real time from December 1997 to December 2013 at a 1/3° resolution. Note that there are no data within 35 km from the coast. We further use weekly 1993–2013 1/3° horizontal resolution of AVISO merged altimetry SSH. We use the “reference product” that uses only two altimeters in order to have some homogeneity in the calculation of monthly anomaly from climatology. Wind stress estimates are provided by the ERA Interim atmospheric reanalysis (Uppala et al., 2005). We also make use of the PIRATA mooring array (Bourlès et al., 2008). PIRATA has recorded sub-surface temperature since 2000, providing a climatology upon which the anomalies are calculated online with the NOAA PIRATA data delivery and display Java toolsat system available on a web site at http://www.pmel.noaa.gov/tao/disdel. There are 13 temperature sensors deployed on Atlas moorings at depths of 1, 10, 13, 20, 40, 60, 80, 100, 120, 140, 180, 300 and 500 m (Servain et al., 1998; Bourlès et al., 2008; Rouault et al., 2009). There are two pressure sensors at 300 and 500 m depth. We are using here PIRATA monthly anomalies of the 20 °C isotherm as a proxy for thermocline depth anomalies and measured dynamic height from 0 to 500 dB. In order to investigate equatorial wave propagations, we use the Equatorial Atlantic Ocean Linear Model (OLM) developed by Illig et al. (2004). The linear 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, wind stress projection coeﬃcient and friction derived from a high-resolution OGCM. In the present study, the model is forced by detrended ERA-Interim wind stress interannual anomalies relative to the 1980–2013 monthly climatology. We focus on the OLM SSH signal along the equator and in particular on the gravest baroclinic mode (1 and 2) long equatorial Kelvin wave contribution. In addition to the OLM Control Run (OLM-CR) simulation, a sensitivity experiment is carried out with the OLM in which the wave reﬂections at the western and eastern boundaries are cancelled (i.e., there is no contribution of reﬂected waves, as in Illig et al., 2004). Comparing these paired experiments allows highlighting and calculating the contribution of reﬂected Rossby and Kelvin waves to the overall signal. In addition, monthly ocean velocity and temperature ﬁelds for the time period 1980 to 2013 are taken from the National Centers for Environmental Prediction (NCEP) Global Ocean Data Assimilation System (GODAS) from the NOAA/NWS/CPC (Behringer and Xue, 2004). Model outputs are available at a horizontal resolution of 1/3° latitude and 1° longitude. The model has 40 vertical levels, which have 10 m vertical resolution within the 200 m upper layer. 3. Results 3.1. Origin, development and demise of the warm event In October 2010, weaker than normal easterly wind occurred in most of the Tropical Atlantic sector from 5°N to 10°S and from 50°W to 0°E (Figs. 1 and 2). Fig. 1 shows time series of monthly anomalies of ERA Interim zonal component of wind stress in the Western Equatorial 2
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Fig. 1. Panels (a) and (c) are time series of monthly anomalies of the zonal component of wind stress in the Western Equatorial Atlantic (WEA, averaged over [40°W–10°W; 2°S–2°N]). b) Map of October 2010 monthly anomaly of zonal wind stress. Anomalies are computed relative to the 1980–2013 monthly climatology.



SSH along the African coastline from 0°S to the Angola Benguela Front situated around 17°S. Climatological easterly winds also start to decrease at that time of the year in the western tropical Atlantic (not shown). In that respect, the event can be seen as an exaggeration of the annual cycle, but with important consequence further south as we will see later. The propagation of above normal SSH along the Equator is followed by a poleward propagation of positive SSH anomalies along the African coastline (Fig. 5) from 0°S to 20°S, i.e. 3° further South than the Angola Benguela Front. In contrast to the equatorial region, positive SSH anomalies are observed from November 2010 to April 2011. In May 2011 negative anomalies of SSH are detected in the eastern sector of the equatorial Atlantic and along the African coastline, putting an abrupt end to the positive SSH anomalies along the African coast. Shoaling of the thermocline in May/June 2011 along the equator of up to 20 m, propagating from West to East and concomitant with negative anomalies of dynamic height are measured by the PIRATA mooring array (Fig. 4) from 20°W to 0°W, in agreement with the altimetry derived SSH anomalies (Fig. 5). We note that ERA Interim zonal wind stress anomaly was also negative in April and May 2011 from 30°W to the African coast (Figs. 1 and 2), indicative of stronger than normal easterly wind stress. The results obtained from the Ocean Linear Model forced by ERA Interim surface wind stress (Fig. 6a) are in very good agreement with the observations (Figs. 4 and 5a). The OLM is a really simpliﬁed model in which equatorial waves, forced by surface wind stress anomalies, propagate freely and reﬂect at the basin meridional boundaries (see section 2). Each mode is independent, and their summed up contribution allows to reproduce the observed anomalous signal depicted in PIRATA and altimetric data. The agreement between model and data emphasizes the role of long equatorial Kelvin and Rossby waves in the origin of the 2010/2011 Benguela Niño event. OLM experiments also allow interpreting the observations in terms of long equatorial wave propagation/reﬂection scenarios (Fig. 7). They conﬁrm that zonal wind stress anomaly in October 2010 is the main forcing of the thermocline depth and SLA anomalies along the Equator, in agreement with the PIRATA observation analyses and altimetric results. Moreover, the wind forced Kelvin wave signature in October 2010 coincides with the reﬂection of westward propagating Rossby waves at the Brazilian border in the Western part of the basin (Fig. 7, panels b–c). First mode Rossby waves were triggered by mode 1 Kelvin wave reﬂections into Rossby waves at the African border in May 2010 (Fig. 7, panels a–b), while mode 2 Rossby waves appear to be forced by wind stress anomalies in austral spring and winter 2010. There is a lag of one month between the



Atlantic averaged from 40°W to 10°W and from 2°S to 2°N. The map of zonal wind stress anomalies in October 2010 is displayed in Fig. 1b. Monthly anomalies are estimated by subtracting the monthly mean climatology for the time period 1980 to 2013 from the monthly value. Fig. 2 shows maps of monthly wind stress anomalies from October 2010 to March 2011 in the Atlantic Ocean. According to ERA Interim, the relaxation of the tropical Atlantic trade winds in October 2010 was the largest decrease at the monthly scale in zonal wind stress since 1982 along the equator when averaged from 40°W to the African Coastline and from 2°N to 2°S with the positive anomaly exceeding two standard deviations (not shown). Following the decrease in equatorial easterly winds, a deepening of the thermocline larger than 30 m ± 10 m was observed by the PIRATA mooring array, propagating from West to East in October 2010, taking a month to reach the African coastline (Figs. 3 and 4). Data presented in Figs. 3 and 4 are interpolated between moorings located at 35°W, 23°W 10°W and 0°W and between depths where sub-surface temperature is measured. The vertical distance of ocean temperature sensor is 20 m in the upper layer. The depth of the sensors is indicated by a cross in Fig. 3. Data presented in Fig. 3 are interpolated between these depths; we, therefore, estimate an uncertainty in the estimated depth of the 20 °C isotherm as 10 m. Maximum equatorial sub-surface temperature anomalies of up to 3 °C are observed by the PIRATA mooring in October 2010 from 80 m to 130 m depth at 35°W, from 70 m to 120 m depth at 23°W, from 50 m to 90 m depth at 10°W and from 50 m to 80 m depth at 0°W (Fig. 3b). In the following month, November 2010, sub-surface anomalies of 2 °C to 4 °C are observed only in the Eastern equatorial sector, East of 20°W (Fig. 3c) suggesting an eastward propagation. A maximum anomaly of 4 °C is observed at 0°W at 60 m depth in November. In December the sub-surface anomaly has vanished (Fig. 3d). PIRATA derived monthly anomalies of the 20 °C isotherm depth and dynamic height monthly anomalies from 0 to 500 dB (Fig. 4) as well as altimetry derived detrended monthly anomaly of SSH (Fig. 5) conﬁrm the propagation of sub-surface temperature anomalies across the basin, the deepening of the thermocline and the duration of the event that lasted for two months along the Equator in October/November 2010. Fig. 5 presents the Hovmøller diagram of monthly anomalies of SSH along the equator (left panel) from 40°W to the African coast and from 0°S to 25°S along the coast (right panel). Data is averaged between 1°S to 1°N along the equator and from the coast to 1° oﬀshore along Southern Africa from January 2010 (bottom) to May 2011 (top). Data is detrended to remove a strong positive trend in SSH in the basin since 1993. We note that October 2010 corresponds to the maximum of climatological SSH in the Tropical Atlantic and one of the two maxima of 3
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Fig. 2. Maps of ERA Interim monthly surface wind stress anomalies (N·m2) from October 2010 to March 2011 (left to right and top to bottom).



3.2. The 2010/2011 Benguela Niño



arrival of Kelvin wave mode 1 and Kelvin wave mode 2 at the African border. Indeed, Kelvin wave mode 1 arrived at the end of October 2010 (contours in Fig. 7a), while Kelvin wave mode 2 arrived at the end of November 2010 (colors in Fig. 7a). Together with the reﬂected Rossby wave, this could explain the anomalous thermocline depth and subsurface temperature anomalies in November 2010 observed with PIRATA. Noteworthy, reﬂections at the meridional boundaries explain 20% of the SSH anomaly along the Equator in November/December 2010. This result is obtained by calculating the ratio of SSH calculated with OLM with reﬂection allowed (Fig. 6a) at the border and without reﬂection at the border (Fig. 6b). There is a small amplitude Kelvin wave along the Equator associated with a positive anomaly of zonal wind stress at that time (Fig. 1).



Fig. 8 shows a Hovmøller diagram similar to Fig. 5 but for TRMM TMI SST monthly anomalies. As for SSH anomaly, SST data are averaged within a 1° coastal fringe. Along the Equator, a moderate increase in SST is visible from October to December 2010 along the equator with SST anomalies reaching + 1.5 °C, while along the coast of Africa and especially at the Angola Benguela Frontal zone the increase is more substantial. It reaches values of up to 4 °C, which last for ﬁve months and extend as far south as 25°S into the Northern Benguela upwelling. An SST anomaly larger than 1 °C is ﬁrst observed at the Angola Benguela front in November 2010 and appears to spread southward and northward until May 2011, when the warm event suddenly ceases. We note that, oﬀ Namibia, the upwelling favourable wind decreased in November, December 2010, and March 2011 (Fig. 2) and this can 4
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Fig. 3. Observed PIRATA sub-surface temperature monthly anomaly (°C) along the equator from 40°W to 0°W and from 0 to 400 m for September to December 2010. Data are interpolated between the 4 mooring locations (35°W; 23°W; 10°W and 0°E) and between measurements at depth indicated by a cross.



2004; Blamey et al., 2015). During La Niña events, a poleward shift of the Santa Helena High displaces the easterly wind poleward and leads to an intensiﬁcation of upwelling favourable South-Easterly wind in South Africa and a weakening of upwelling favourable in Namibia (Blamey et al., 2015) concurrent to the appearance of below normal SST anomalies in South Africa south of 30°S. In Namibia, the shift in the high-pressure system triggered lower than normal South-easterly upwelling favourable South-Easterly wind in 2010/2011 and above normal SST temperature in Namibia. This mechanism has been documented by Rouault et al. (2010), Dufois and Rouault (2012) and Blamey et al. (2015). These basin wide shifts in the high pressure system and shifts in associated wind stress involving the Tropical and South Atlantic are at the origin of many Benguela Niño and Atlantic Niño events as also document by Lübbecke et al. (2010, 2014) and can happen independently of Paciﬁc La Niña conditions.



partially explain the warming south of the Angola Benguela Front in the Northern Benguela upwelling. The wind was normal in February 2011 but failed to cool the event. There is a secondary maximum of positive SST anomaly in February 2010 corresponding to the maximum of positive SSH anomaly along the African coast at that time which is not observed along the Equator (Fig. 5). Fig. 9 shows maps of monthly TRMM TMI SST anomaly from November 2010 to May 2011 in the Tropical and South Atlantic. Highest positive SST anomalies are clearly seen oﬀ Angola and Namibia. In May, lower than normal SST starts to appear north of the Angola Benguela Front marking the start of the demise of the warm event. Additionally, basin wide cooling in the subtropics all the way to the South African coastline is observed in Austral summer 2010/2011. This is consistent with the eﬀect of the Paciﬁc Ocean La Niña event on the South Atlantic and the South West African coastline (Colberg et al.,



Fig. 4. Left: Hovmøller diagram of 20 °C isotherm depth anomaly (m). Right: dynamic height anomaly from 2010 (top) to 2011 (bottom) inferred from PIRATA moorings and interpolated between mooring location.
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Fig. 5. Hovmøller diagram of detrended altimetry derived sea level anomalies (SLA, in cm) from monthly climatology along the equator (averaged over 1°S to 1°N, left) from 40°W to the African coastline and along the Southern African coast (averaged from the coast to 1° oﬀshore, right) from 0°S to 25°S from January 2010 (bottom) to May 2011 (top).



Northern Benguela (19° to 24°S). The period used to compute the monthly climatology and anomalies is 1982 to 2016. For each month, an anomaly is calculated by subtracting the monthly mean climatology and then by dividing the result by the standard deviation of that month. Looking at events that had a positive anomaly above two standard deviation in the three domains, it is clear that the 2010/2011 warm event is on par with other major warm events that occurred in austral summer since 1982, such as 1984 (January to June) 1994/1995 (November to July), 1997/1998 (October to January) or 2001 (February to April) and that have been described in the literature cited in this paper.



The decrease in upwelling favourable winds oﬀ Namibia (Fig. 2) indicates that part of the warming in 2010/2011 might also have been locally driven, at least for the Northern Benguela. However, this warm event was the strongest austral summer warm event since the 1995 Benguela Niño (Fig. 10). Fig. 10 shows the magnitude of the Benguela Niño events in terms of standard deviation and thus allows us to compare the 2010/2011 event with other warm events. Fig. 10 presents the monthly normalized SST anomaly estimated from Reynolds SST (Reynolds et al., 2002) in South Angola (10°S to 15°S and 1° from the coast), in the Angola Benguela Frontal Zone (15°S to 19°S) and in



Fig. 6. Longitude–time Hovmøller diagrams along the equator of monthly Ocean Linear Model SLA from January 2010 to June 2011. Left (right) panel: with (without) wave reﬂection at the meridional boundaries of the basin. Unit is cm. Contour lines highlight the ERA Interim zonal wind stress anomalies along the equator (averaged between 2°S to 2°N). Unit is in cm.
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Fig. 7. Panel a (b): Longitude–time Hovmøller diagrams of the eastward (westward) propagating Kelvin (Rossby) wave contribution to the monthly SLA along the equator (at 3°N) from the Ocean Linear Model from January 2010 to June 2011. The second baroclinic Kelvin wave contribution (dominant mode) is in colour, while contours denote the ﬁrst baroclinic Kelvin wave contribution (fastest mode). Unit is cm. Note that Kelvin is repeated in panel c and the longitude axis in the Rossby is reversed in order to appreciate the reﬂection at the meridional boundaries of the basin. In panel a, orange (green) shadings corresponds to zonal wind stress anomalies along the equator (averaged between 2°S–2°N) larger (lower) than 0.15 N/m2 (− 0.15N/ m2). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)



Fig. 8. Hovmøller diagram of TRMM TMI detrended SST anomaly from January 2010 (bottom) to May 2011 (top) along the equator (averaged between 1°S and 1°N from 40°W to the African coastline, panel a) and along the South West African coast (averaged from the coast to 1°oﬀshore, panel b).



duration, this lack of data does not present a major problem for our analysis but it could impact the detection of the exact location of maximum poleward sea level anomalies propagation along the coast and the detection of coastal sea surface temperature. Also, mooring measurements of Temperature, salinity, and currents 20 nm oﬀ the Namibian shelf at 23°S (Junker et al., 2017) conﬁrm the satellite SST estimations with monthly temperature anomaly in the upper layer of the water column exceeding 1 °C from December 2010 to April 2011 with a maximum anomaly of 2.4 °C in March at 20 meter depth and substantial temperature anomaly in the water column to at least 93 meter depth. Current measurements also conﬁrm the role of poleward advection in the generation of the warming at 23°S. The 2010/ 2011 event was the strongest event in terms of poleward current and water column temperature anomaly of the recording period from 2002 to 2015 (Junker et al., 2017).



A peculiarity of the 2010/2011 warm event is that it started quite early in the austral summer season. The 1997/1998 warm event also started in October and was quite intense but was of relatively short duration compared with the 2010/2011 warm event. The 2016 event is only high in the Angolan sector and does not feature in Northern Namibia. The 2001 event is as warm as 2010/2011 in Northern Namibia but of shorter duration and not as warm in South Angola. Another warm event in South Angola in 1998 does not feature in Northern Namibia. To conclude based on normalized anomalies in the three sectors and considering intensity and duration of the warm anomalies, we consider 2010/2011 as the warmest event since 1994/1995. Noteworthy, both SSH and TRMM SST do not have data within the 35 km width coastal fringe and the Reynolds SST uses infrared to estimate SST in a region where clouds feature prominently. However, due to the oﬀshore spatial extent of the 2010/11 event (Fig. 9) and its 7
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Fig. 9. From top to bottom and left to right: TRMM TMI SST anomaly from monthly climatology from December 2010 to May 2011. Dates correspond to the middle of the monthly time period considered for averaging.



Fig. 10. Time series of monthly detrended Reynolds SST anomalies divided by the standard deviation of the respective month averaged from the coast to 1° oﬀshore in (a) Southern Angola (averaged over 10°S to 15°S), (b) the Angola Benguela Frontal Zone (averaged over 15°S to 19°S), and (c) and Northern Namibia (averaged over 19°S to 24°S) for the time period 1982 to 2013.



(Fig. 11). Note that the equatorial sub-surface warming is well represented by GODAS, showing a strong thermocline anomaly along the equator from October to December 2010 (Fig. 12). Looking at monthly anomalies of the meridional volume transport at 17°S, i.e. the location of the ABF, we ﬁnd that there is indeed an enhanced southward transport across the section in late 2010 (Fig. 11). Even though the southward transport anomalies started as early as September, i.e. before the onset of the warming, they were still prevailing when warm SST anomalies ﬁrst reached the Angola Benguela area in November 2010 (Fig. 8). It is further to note that, while the transport anomalies as estimated from GODAS became very weak and



3.3. Southward advection of warm tropical water As for previous Benguela Niños, the warming was not restricted to South Angola and to the Angola Benguela Frontal zone where the coastal tropical thermocline outcrops but it was observed as far south as 25°S (Figs. 8 and 9). Rouault (2012) argued that such a southward expansion is related to anomalous poleward advection of warm water in the Benguela upwelling. We have calculated the meridional volume transport across the Angola Benguela Front by integrating meridional velocities from the NCEP/GODAS ocean reanalysis product vertically over 0 to 250 m depth and zonally from 8.75°E to the coast at 11.5°E 8
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1995 Benguela Niños. This extreme event was generated by a relaxation of the trade winds in the western equatorial Atlantic in October, which triggered a strong equatorial Kelvin wave propagating eastward along the equator and then southward along the African coast. Warm water was then advected from Southern Angola to Northern Namibia. The absence of substantial SST anomalies along the Equator in October 2010 is coherent with PIRATA data analyses shown in Fig. 5. SST anomalies are stronger at the African coast because the base climatological thermocline is shallower (Lübbecke et al., 2010) in austral summer and because the anomalies at the coast are also generated by a poleward current advecting warm tropical water. Conversely, along the equator in October 2010, the seasonal thermocline is already quite deep and does not provide favourable conditions for the development of an Atlantic Niño event. The SST anomalies in the Western Tropical Atlantic could also have been generated by lower wind speed in October 2010 or before which would have reduced the latent and sensible heat ﬂux and impacted the associated net heat budget at the air sea interface. There are also SST anomalies at the Angola Benguela front in July and September (Fig. 9) but they are lower than for the 2010/2011 events and of short duration and hardly features in the overall time series presented in Fig. 11. A diﬀerence from most of the other Benguela Niños that peaked in March/April is that the event started already in November and reached its maximum as early as January. The role of advection for the southward extension of warm anomalies related to Benguela Niños, as well as a mechanism for an October/November Benguela Niño, have been proposed in Rouault (2012). In many respects, this event appears to be consistent with other events that started in October November, e.g. the 1995 Benguela Niño that started to develop in 1994 or the late 1997 warming (Rouault, 2012). There are, however, some questions that remain. One of them concerns the timing of the transport anomalies as shown in Fig. 11. As mentioned previously, while the mean southward current as well as its poleward anomalies in November 2010, likely contributed to the southward spreading of the warming, the connection between the temperature anomalies and the maximum transport anomalies in September and October 2010 as well as the secondary maximum in February 2011, is not as clear. Another issue that we have not addressed in this study is the role of the local wind decrease for the development of the warm anomalies. The positive propagation of SSH anomalies in February linked to the second maximum of modeled transport at the Angola Benguela Front and associated Sea Surface Temperature anomalies in the region does not have its origin in the Equatorial Atlantic. This is conﬁrmed by PIRATA data analysis (not shown). We propose that it is due to an exaggeration of the bimodal annual cycle of transport and SSH in the region which has a secondary maximum in February/March. This exaggeration of the annual cycle could be due to a preconditioning of the thermocline of Angola by the warm event in the region which would have deepened the thermocline of Angola. It is also possible that in February/March 2011 the thermocline was still abnormally deep and would have favoured a stronger polewards transport of warm Tropical water along the coast concomitant with the annual propagation of SSH and warm tropical water that occurs at this time of the year. Further work will be needed to look at the impact of stratiﬁcation of upper ocean temperature in the development of Benguela Niños. An important aspect of our study that has not been discussed previously in the literature is the role of Rossby wave reﬂection into Kelvin waves at the Brazilian border. Westward propagation of Rossby wave is at the origin of the maximum in SSH in austral winter 2010 prior to the event visible in the Altimetry. At last, it seems that the 50°W to 40°W domain along the Equator is an important domain as far as meridional wind stress and triggering of equatorial wave propagation are concerned. In conclusion, this event seems to follow the new hypothesis put forward in Rouault (2012) for the start of Benguela Niños in October/ November and for the role of advection. It conﬁrms the role of Kelvin



Fig. 11. Meridional monthly transport anomalies (Sverdrup) across the Angola Benguela Front at 17°S relative to the monthly climatology for 2000 to 2013 estimated from GODAS ocean reanalysis. Meridional current is integrated from 0 to 250 m depth and from the coast to 9°E. Positive values denote northward transport anomalies.



Fig. 12. Monthly GODAS 23 °C isotherm depth anomalies along the equator as a proxy for thermocline depth anomalies for January to December 2010. Unit is meter.



even northward in December 2010 and January 2011, the absolute transport was still southward. It thus appears likely that southward advection of the warm anomalies across the ABF contributed to the warming that was observed further south. The anomalous transport corresponds to a strengthening of the seasonal cycle of the transport (Rouault, 2012). There is also a secondary anomalous poleward advection of warm water in February 2011 that can explain the secondary maximum in SST and SSH mentioned above. In May 2011, i.e. at the time of the demise of the warm event, an anomalous equatorward transport occurs in the GODAS data at the Angola Benguela Front (Fig. 11). This suggests that the propagation of shallow thermocline anomalies and associated sub-surface and surface cooling all the way to the Angola Benguela front caused by stronger zonal winds along the equator is a way to interrupt a warm event in Angola and Northern Namibia.



4. Discussion and conclusion A warm oceanic event started in November 2010 oﬀ Angola coastline and propagated to the Northern Benguela Upwelling System. The event lasted for 5 months and it was the warmest event since the 1994/ 9
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