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High interannual sea surface temperature anomalies of more than 2°C were recorded along the coasts of Angola and Namibia between October 2019 and January 2020. This extreme coastal warm event that has been classified as a Benguela Niño, reached its peak amplitude in November 2019 in the Angola Benguela front region. In contrast to classical Benguela Niños, the 2019 Benguela Niño was generated by a combination of local and remote forcing. In September 2019, a local warming was triggered by positive anomalies of near coastal wind-stress curl leading to downwelling anomalies through Ekman dynamics off Southern Angola and by anomalously weak winds reducing the latent heat loss by the ocean south of 15°S. In addition, downwelling coastal trapped waves were observed along the African coast between mid-October 2019 and early January 2020. Those coastal trapped waves might have partly emanated from the equatorial Atlantic as westerly wind anomalies were observed in the central and eastern equatorial Atlantic between end of September to early December 2019. Additional forcing for the downwelling coastal trapped waves likely resulted from an observed weakening of the prevailing coastal southerly winds along the Angolan coast north of 15°S between October 2019 and mid-February 2020. During the peak of the event, latent heat flux damped the sea surface temperature anomalies mostly in the Angola Benguela front region. In the eastern equatorial Atlantic, relaxation of cross-equatorial southerly winds might have contributed to the equatorial warming in November 2019 during the peak of the 2019 Benguela Niño. Moreover, for the first time, moored velocities off Angola (11°S) revealed a coherent poleward flow in the upper 100 m in October and November 2019 suggesting a contribution of meridional heat advection to the near-surface warming during the early stages of the Benguela Niño. During the Benguela Niño, a reduction of net primary production in the Southern Angola and Angola Benguela front regions was observed.
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INTRODUCTION

The southeastern tropical Atlantic Ocean hosts the Angola Benguela upwelling system which is one of the most productive marine ecosystems in the world (Chavez and Messié, 2009; Jarre et al., 2015) fuelled by the upwelling of nutrient-rich waters. This upwelling system is marked by the presence of a sharp meridional temperature gradient called the Angola Benguela front (ABF) located in the region between 15°S and 18°S (Mohrholz et al., 2001; Veitch et al., 2006) which separates the warm tropical waters in the north to the cold upwelled waters in the south (Figure 1A). The region exhibits high sea surface temperature (SST) variability at a wide range of frequencies varying from sub-monthly to decadal timescales (Bachèlery et al., 2020; Imbol Koungue and Brandt, 2021; Roch et al., 2021). The interannual timescale is marked by the occurrence of extreme warm events, the so-called Benguela Niños (Shannon et al., 1986; Florenchie et al., 2004; Rouault et al., 2007, 2018; Lübbecke et al., 2010; Bachèlery et al., 2016a,2020; Imbol Koungue et al., 2017, 2019) and their cold counterparts, the Benguela Niñas (Florenchie et al., 2004; Koseki and Imbol Koungue, 2020). Those interannual warm and cold events usually peak in boreal spring between March and April (Rouault et al., 2007; Lübbecke et al., 2010; Imbol Koungue et al., 2019) when the SSTs are climatologically high and the intertropical convergence zone (ITCZ) reaches its southernmost position. During a Benguela Niño (Niña) event, the SSTs can be up to 3°C higher (lower) than the climatology in the Angola Benguela area (ABA, 8°E – coast; 10–20°S). Those extreme events may impact the marine ecosystem, biological productivity and fisheries in the Angola Benguela upwelling system by modulating the upward supply of nutrients (Bachèlery et al., 2016b) as they affect the upwelling intensity and upper-ocean mixing (Gammelsrød et al., 1998; Boyer et al., 2001; Blamey et al., 2015). Benguela Niños are often associated with floods in Angola and Namibia and strongly enhanced rainfall in the arid Namib desert (Rouault et al., 2003; Hansingo and Reason, 2009), whereas Benguela Niñas often lead to droughts over the Angola Benguela region (Koseki and Imbol Koungue, 2020).
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FIGURE 1. (A) Annual climatology of SST with geographical delimitations of the coastal zones of interest overlaid: Southern Angola (10–15°S, 1°-width coastal fringe) in black, Angola Benguela front (15–19°S, 1°-width coastal fringe) in red and Northern Namibia (19–24°S, 1°-width coastal fringe) in blue. (B) SST climatology in the three coastal zones of interest shown in panel (A). The climatology is calculated relative to the period January 1982 and April 2020.


Benguela Niño events are often marked by poleward intrusion of warm equatorial waters in the Angola Benguela upwelling system transported by the Angola Current (Rouault, 2012; Tchipalanga et al., 2018). Previous studies also stated that the seasonality of the Angola current is partly driven by semiannual coastal trapped waves (CTWs, Kopte et al., 2017; Tchipalanga et al., 2018). Off Angola, semiannual CTWs lead to two upwelling seasons in July–August and December–January, and two downwelling seasons in February – March and October (Ostrowski et al., 2009; Tchipalanga et al., 2018; Zeng et al., 2021).

It was recently reported that the interannual SST variability along the equatorial and in the southeastern tropical Atlantic has substantially reduced by more than 30% in May–July and March–May, respectively, in the post-2000 period compared to 1982–1999 (Prigent et al., 2020a,b; Silva et al., 2021). Those recent changes in the interannual SST variability suggest that Benguela Niños might be affected by decadal variability and/or climate warming and likely will further change in the future. This decadal modulation might also apply to the relative importance of different forcings. Previous studies have shown that Benguela Niños and Niñas can be triggered both by local and remote equatorial forcing. On the one hand, fluctuations in the local alongshore wind (Polo et al., 2008) associated with the strength and position of the South Atlantic Anticyclone (Richter et al., 2010) modulate the coastal upwelling intensity and generate positive SST anomalies in the southeastern tropical Atlantic. Moreover, Florenchie et al. (2004) suggested that local sea-air heat flux exchanges do not play a role in preconditioning the sea surface in the Angola Benguela upwelling system prior to the arrival of an event. However, the analyses of the 2016 warm event off Angola and Namibia by Lübbecke et al. (2019) revealed that the warming resulted from a combination of different local processes such as the weakening of the alongshore wind, which lead to a reduction in the latent heat loss from the ocean, as well as enhanced freshwater input through abundant precipitation and river runoffs reducing surface cooling by attenuated vertical exchange processes. Imbol Koungue et al. (2019) highlighted the influence of CTWs forced by meridional wind stress anomalies north of the Angolan region on the SST anomalies in the regions downstream. The authors found a 95% statistically significant correlation (<−0.4) at 1-month lag when the meridional wind stress anomalies north of Angola lead the SST anomalies in the Southern Angola and Angola Benguela front regions. On the other hand, Benguela Niños have been shown to be caused by remote equatorial forcing by the eastward propagation of equatorial Kelvin waves (EKWs) along the equatorial waveguide triggered by zonal wind fluctuations in the western or central equatorial Atlantic (Florenchie et al., 2003, 2004; Illig et al., 2004; Lübbecke et al., 2010; Rouault et al., 2018). Those EKWs impinging at the eastern boundary generate subsequent CTWs that propagate poleward along the Southwest African coast and impact the coastal interannual variability in the Angola Benguela upwelling system (Ostrowski et al., 2009; Rouault, 2012; Bachèlery et al., 2016a; Imbol Koungue et al., 2017; Illig et al., 2018; Illig and Bachèlery, 2019; Imbol Koungue et al., 2019; Bachèlery et al., 2020; Imbol Koungue and Brandt, 2021). A recent study by Imbol Koungue and Brandt (2021) using observations and altimetry, evidenced a thermocline feedback with the SST response lagging a thermocline displacement induced by the passage of a CTW by about 14 days. These intraseasonal CTWs are found to modulate also the intensity of the peak Benguela Niños and Niñas depending on their timing.

In the tropical Atlantic, Chenillat et al. (2021) investigated the impacts of climate modes on the interannual variability of the chlorophyll-a using satellite and reanalysis data. The authors found that during the Atlantic zonal mode (June–August), CTWs trigger by EKWs forced by zonal wind stress anomalies in the western equatorial Atlantic explain the sea surface height and chlorophyll-a variations off Southern Angola. The variability of the eastern equatorial SST in the Atlantic and Pacific Oceans has been shown to be linked to the variations of the local meridional wind at seasonal and interannual timescales (Philander and Pacanowski, 1981; Xie, 1998). Philander and Pacanowski (1981) showed that the onset of southerly winds induced low SSTs in the southeastern part of the basin as the coastal upwelling is extended to the west due to advection and Rossby wave propagations. With the onset of the southerly winds, the thermocline is anomalously deep (shallow) north (south) of the equator near 4°N (3°S). Indeed, using a forced ocean model, Philander and Pacanowski (1981) showed that the relaxation of the cross-equatorial southerly winds induced a weakening of the South Equatorial Current and Countercurrent which then resulted in a warming of the southeastern Atlantic. The same mechanism has been shown to be active in the Pacific during the growing phase of some El Niño events (e.g., Peng et al., 2020). A modeling study of Périgaud et al. (1997) investigated the role of meridional wind anomalies on El Niño using a coupled simulation. The authors demonstrated that during a warm (cold) event in the equatorial east Pacific, meridional wind stress anomalies drove convergent (divergent) surface currents inducing downwelling (upwelling) anomalies acting to enhance the SST and wind anomalies.

The aim of this manuscript is to describe the origin and evolution of the 2019 Benguela Niño off Angola and Namibia. This extreme warm event is atypical compared to the well-known Benguela Niño events (e.g., 1995, 2001, and 2010/2011) because of: (1) the timing of the event, and (2) the timing of the forcing mechanisms. More details are given in the section “Result.” The manuscript is structured as follows: section “Data and Methods” describes the different data sets used to characterize the warming in the southeastern Atlantic as well as the methodology. Section “Results” describes the warming off Angola and Namibia and analyses the role played by the different forcing and the impact on the local net primary production. Lastly, section “Discussion and Summary” will be dedicated to the discussion of the results and the conclusion.



DATA AND METHODS

This section aims at describing the different data sets and methods used in this study.


Data

Off Angola (13°00′E; 10°50′S) at around 77 km away from the coast, a current meter mooring is measuring current velocities since July 2013 (Kopte et al., 2017; Imbol Koungue and Brandt, 2021). On the mooring cable, at 500-m depth, an upward-looking 75-kHz Long Ranger Acoustic Doppler current profiler (LR ADCP) is mounted to measure the velocity of the Angola Current up to 45 m below the sea surface with a 16-m bin size as vertical resolution. Current velocities from the moored ADCP are rotated by -34° against North to derive alongshore and cross-shore velocities (positive onshore) according to the local coastal orientation. The data are freely available at https://doi.pangaea.de/10.1594/PANGAEA.939249.

In this study, we use the gridded products of sea level anomaly (SLA) and near-surface absolute geostrophic current velocities from the delayed-time multi-mission (all satellites merged) and the near-real time that are distributed by the European Union Copernicus Marine Service Information1 with a daily temporal resolution and available at 0.25° horizontal resolution from January 1993 to May 2020 and since April 2019, respectively. More details on the mapping algorithm procedures are provided by Pujol et al. (2016). Absolute surface geostrophic current velocities are extracted from the data point (13°07.5′E; 10°52.5′S) closest to the mooring position as in Kopte et al. (2018) and Imbol Koungue and Brandt (2021) to complement the moored velocity time series.

The daily Optimum Interpolation SST version 2 (OI-SST v2; Reynolds et al., 2007) available at 0.25° horizontal resolution from September 1981 onward is used. Data can be downloaded from the NOAA website2. The data is derived from daily merged in situ and remote sensed data.

We further use daily in situ temperature fields and 20°C isotherm depth from the enhanced Prediction and Research Moored Array in the Tropical Atlantic (ePIRATA, Foltz et al. (2018)3, that are available from September 1997 to August 2020. These data are derived from buoy measurements of the PIRATA program (Servain et al., 1998; Bourlès et al., 2008; Johns et al., 2014; Bourles et al., 2019) which have successfully passed the quality control and do not need bias correction. The subsurface temperature fields are interpolated onto a uniform 5-m vertical grid. More details about the gap-filling procedures, error estimates and corrections of instrument biases can be found in Foltz et al. (2018).

The sea surface salinity (SSS) data originates from a combination of three satellite missions: Aquarius, soil moisture active passive (SMAP) and soil moisture and ocean salinity (SMOS). SMOS has a spatial resolution of around 0.5° and measures SSS since 2010. Aquarius satellite collected SSS measurements between 2011 and 2015 and has a coarser spatial resolution (1.35°) than SMOS. Finally, SMAP mission started in April 2015 and is running until now with a spatial resolution of around 0.36°. This initiative is part of the European space agency (ESA), which has funded the climate change initiative (CCI) SSS program (CCI+SSS). The CCI+SSS program delivers improved calibrated global SSS field data (version 3.21) which spans the period 2010 to 2020 (Boutin et al., 2021). The data set is freely available via https://catalogue.ceda.ac.uk/uuid/5920a2c77e3c45339477acd31ce62c3c.

Potential links to the local marine ecosystem were analyzed by presenting the anomalies of the net primary production (NPP) during the extreme warm event. Monthly means of NPP for the time period July 2002 to July 2020 are freely available online4. The data has a horizontal resolution of 1/6° but is interpolated on a 0.25°× 0.25° spatial grid to match with the SST anomalies. The NPP data is based on the Eppley vertically generalized production model which uses MODIS chlorophyll, SST data, SeaWiFs photosynthetically available radiation and estimates of the euphotic zone depth.

Atmospheric variables such as surface winds, air-sea heat fluxes, surface pressure, specific humidity of the air, and sea level pressure are investigated in this manuscript using the European Centre for Medium-Range Weather Forecasts (ECMWF) re-analysis 5 (ERA5; Hersbach et al., 2020). The ERA5 data is available at 0.25° horizontal resolution and the period used for the study extends from January 1982 to April 2020. Data are freely distributed via https://cds.climate.copernicus.eu/.



Methods

Throughout the manuscript, prior to all analyses, the linear trend estimated over the data set period (see Figures 1–13) has been removed and anomalies are calculated with respect to the corresponding seasonal cycle. To identify the anomalous warm or cold events along the Southwest African coast, the SST anomalies are analyzed in three 1°-width coastal fringe regions of interest (see Figure 1A): the Southern Angola region (in black, 10–15°S), the Angola Benguela front region (in red, 15–19°S) and the Northern Namibia region (in blue, 19–24°S). Based on these three coastal regions, the following criterion (also used in Imbol Koungue et al., 2017, 2019) is used to identify the different coastal extreme warm and cold events: an event is classified as an extreme warm or cold event when the detrended normalized SST anomalies exceed ± 1 standard deviation for at least three consecutive months and for at least two of the three coastal regions of interest.

The potential contribution to the latent heat flux from the wind speed and specific humidity difference between the sea surface and air at 10 m has been investigated. Following the bulk formula, the latent heat flux is given by:

[image: image]

where, Qlat is the turbulent latent heat flux; ρa is the air density; Ce is the transfer coefficient for water vapor; lv is the latent heat of evaporation; U10 is the surface wind speed at 10 m; qw is the surface specific humidity, usually the saturated specific humidity at the temperature of the sea surface and qa is the specific humidity of air at 10 m. The specific humidity at the sea surface has been estimated as in Imbol Nkwinkwa et al. (2019) using the formula:
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where, Rdry = 287.0597 J kg–1 K–1 and Rvap = 461.5250 J kg–1 K–1 are the gas constants for dry air and water vapor, respectively, P is the surface pressure (in Pa), T0 = 273.16 K and T is the sea surface temperature (in K) from ERA5 reanalysis, es (T) is the saturation vapor pressure (in Pa). The parameters a1, a3, and a4 are set to 611.21 Pa, 17.502 and 32.19 K, respectively (Imbol Nkwinkwa et al., 2019).




RESULTS

The understanding of the SST climatology in the three coastal regions of interest (Figure 1B) is crucial for the interpretation of the SST anomalies. The evolution of the SST climatology is quite similar in the three coastal regions, but from the northern to the southern regions the SST climatology is shifted to lower mean SSTs. The warm season is observed in boreal spring with a maximum SST in March (February) for the Southern Angola and Angola Benguela front (Northern Namibia) regions. The cold season is observed from July to September with a minimum SST in August in the three coastal regions of interest. The normalized detrended anomalies of SST averaged over the three coastal regions are shown in Figure 2 from January 1982 to April 2020. Based on the criterion defined in section “Methods,” 14 extreme events have been identified and categorized into 6 extreme cold events, namely in 1982 (April–July), 1986–1987 (October–April), 1989–1990 (October–February), 1991-1992 (October–May), 1992 (July–September), 1996–1997 (November–June) and eight extreme warm events, namely in 1984 (February–April), 1984 (June–October), 1991 (May–July), 1995 (February–September), 1997–1998 (October–January), 2001 (March–May), 2010–2011 (December–March), and 2019 (October–January). All those extreme events have already been described in the literature (Florenchie et al., 2004; Reason et al., 2006; Rouault et al., 2007; Ostrowski et al., 2009; Rouault et al., 2009; Lübbecke et al., 2010; Rouault, 2012; Lutz et al., 2013; Imbol Koungue et al., 2017; Rouault et al., 2018; Imbol Koungue et al., 2019) except for the 2019 Benguela Niño which is the focus of this study. A complete list of manuscripts describing the previous extreme coastal events is provided in Imbol Koungue et al. (2019) in their Supplementary Table 1. It is noteworthy that since 2000, there are no extreme cold events observed along the Southwest African coast, and only three extreme warm events occurring at an interval of ∼ 9 to 10 years, consistent with the results by Prigent et al. (2020b). The time series of normalized detrended anomalies of SST do portray short episodes of cold SST anomalies (for example in 2001/2002, 2005, and 2018), but they do not meet the requirements to be considered as extreme events.
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FIGURE 2. Normalized detrended OI-SST monthly anomalies averaged in the regions of Southern Angola (A), Angola Benguela front (B), and Northern Namibia (C) between January 1982 and April 2020. The red and blue rectangles highlight Benguela Niños and Niñas, respectively. The horizontal red and blue lines indicate the ±1 standard deviation.



Sea Surface Temperature Anomalies During 2019

This subsection aims at describing the origin and the evolution of the SST anomalies during the 2019 Benguela Niño. Figure 3A zooms in on the time series from Figure 2 between January 2019 and April 2020 including the period considered to display maps of monthly SST anomalies (green rectangle). In August 2019, negative SST anomalies prevail in the southeastern tropical Atlantic with a weak warming at around 15°S (Figure 3B). One month later (September 2019), a warming is observed along the coast north of 20°S and extends offshore with SST anomalies greater than 1°C (Figure 3C), while it remains relatively cool south of 20°S along the coast. This is consistent with the time series (Figure 3A) which also show positive (negative) normalized detrended SST anomalies of ∼ 1 (−0.5) standard deviation in the Southern Angola and Angola Benguela front (Northern Namibia) regions. The warming persists off Southern Angola and Angola Benguela front regions, but also spreads south of 20°S in October 2019 in the Northern Namibia regions (Figure 3D). The peak of the 2019 Benguela Niño is observed in November 2019 (Figure 3A) with high SST anomalies recorded in all three coastal regions of interest but exceeding 2°C in the Angola Benguela front region (Figure 3E). During the peak of the event, the whole southeastern Atlantic is anomalously warm. North of 20°S, offshore maximum SST anomalies are also observed mainly in the Southern Angola region. One month after the peak of the event (December 2019), the southeastern tropical Atlantic stays warm (Figure 3F). The demise of the extreme warm event starts in January (February) 2020 in the Angola Benguela front and Northern Namibia (Southern Angola) regions with the appearance of cold surface waters as shown in Figures 3G,H. In the Southern Angola region, the SST anomalies peak in January 2020 (>2°C) with SST anomalies confined along the coast (Figure 3G). The area of cold SST anomalies expands northward along the southern Angola coast in March 2020 (Figure 3I).
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FIGURE 3. (A) Time series of the normalized detrended OI-SST monthly anomalies from January 2019 to April 2020 shown in Figure 2 for the regions of Southern Angola (black), Angola Benguela front (red) and Northern Namibia (blue). (B–I) Monthly detrended SST anomalies averaged from August 2019 to March 2020 (light green rectangle in panel A).




Role of Local Winds and Surface Heat Fluxes

Previous studies evidenced the impact of the local wind fluctuations on the SST variability in the southeastern Atlantic Ocean (Polo et al., 2008; Richter et al., 2010; Lübbecke et al., 2019). In September 2019, north-easterly wind anomalies are present south of 15°S along the West African coast, associated with a local negative SLP anomaly (Figure 4A). As the upwelling in northern Namibia is wind-driven (Jarre et al., 2015), the reduction of the prevailing southerly winds by the northerly wind anomalies south of 15°S is associated with reduced coastal upwelling, possibly resulting in the onset of the local warming observed in September 2019 (Figure 3C). In addition, the weakening of the local winds (Supplementary Figure 1A) is consistent with a reduction of the latent heat loss from the ocean to the atmosphere with anomalies greater than 20 W/m2 (Figure 5A) even though the specific humidity difference (qa – qw, Supplementary Figure 1D) might also contribute. Positive anomalies of qa – qw observed in Supplementary Figure 1D suggest that the air temperature at 10 m is higher than the SST. However, Supplementary Figure 1A reveals that the wind speed anomalies (<2 m/s) are the major contributor to the anomalous latent heat flux compared to qa – qw which shows quite weak anomalies (<1 g/kg) south of 15°S (Supplementary Figure 1D). It is thus unlikely that an enhanced air temperature played an important role in the reduction of the latent heat loss from the ocean to the atmosphere during the 2019 Benguela Niño, as was observed for other warm events such as the Ningaloo Niño in the southeast Indian Ocean (Zhang et al., 2018; Guo et al., 2020). We conclude that the reduction in coastal upwelling caused by weakened local winds and the reduction of the latent heat loss from the ocean to the atmosphere resulted in the warming south of 15°S in September 2019. The onset of the warming north of 15°S will be discussed below. However, the observed offshore cold SST anomalies in September 2019 (Figure 3C) seems to be damped by the reduction of the latent heat loss from the ocean to atmosphere (Figure 5A) resulting in reduced cold SST anomalies in October 2019 (Figure 3D). The amplitude of the latent heat flux anomaly has considerably reduced from September to October 2019 (<15 W/m2, Figure 5B), but remained positive south of 15°S. Also, a damping of the warm SST anomalies north of 25°S (Figure 3E) during the peak of the warm event in November 2019 is suggested by the presence of a strong latent heat loss from the ocean to the atmosphere (Figure 5C) along the Southwest African coast. The strong latent heat loss is explained in this case by the negative anomalies of qa – qw (<−2 g/kg) in the Angola Benguela front region (Supplementary Figure 1F) as the wind speed anomalies are quite weak (Supplementary Figure 1C). Negative anomalies of qa – qw highlight that in November 2019 the sea surface was warmer than the air above, due to strong sea surface temperature anomalies. Noteworthy, the similarity between the latent heat flux anomalies and the net surface heat flux anomalies, suggests the dominant role of the latent heat flux. Figure 5D shows that the ocean gains heat in September 2019 south of 15°S (>30 W/m2). Positive anomalies of net surface heat flux in October 2019 (Figure 5E) and still reduced upwelling-favoring winds (Figure 4B) could have maintained the local warm SST between September–October 2019 in the Angola Benguela front region. Consistent with Figure 5C, in November 2019, the net surface heat flux anomaly patterns show a damping of the warm SST anomalies (Figure 5F) with net surface heat flux anomalies of less than −30 W m–2.
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FIGURE 4. (A,B) Detrended anomalies of ERA5 monthly sea level pressure (SLP, shading) and surface winds (arrows) from September to October 2019. The anomalies are calculated relative to the period January 1982 and April 2020.
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FIGURE 5. (A–C) Monthly detrended anomalies of ERA5 surface latent heat flux (positive values mean reduced latent heat loss from the ocean to atmosphere) from September to November 2019. (D–F) same as (A–C) but for the net surface heat flux anomalies. The anomalies are calculated relative to the period January 1982 and April 2020.


Upwelling is not only driven by the alongshore wind stress but also by the wind stress curl. Anomalies of the wind stress curl are therefore shown in Figures 6A–C from September to November 2019. Figure 6A depicts a positive anomaly of the near-coastal wind stress curl in September 2019 in the Southern Angola and Angola Benguela front regions (∼ 0.17 × 10–7 N m–3 and ∼ 0.3 × 10–7 N m–3, respectively) which also extends offshore. A positive local near-coastal wind stress curl anomaly means a weakening of the mean near-coastal cyclonic wind stress curl, corresponding to weakened Ekman suction, i.e., downwelling anomalies. The reduced local upwelling, particularly off Southern Angola favors the appearance of local positive SST anomalies which could explain the warming observed in September 2019 (Figure 3C) in the Southern Angola region as the local wind anomalies are quite weak (Figures 4A, 6A). In contrast, in the Angola Benguela front region, positive SST anomalies in September 2019 are generated by a combination of positive wind stress curl anomalies and southward wind anomalies (Figure 4A) resulting in weakened coastal upwelling (downwelling anomalies) and a reduction of the latent heat loss from the ocean to the atmosphere (Figure 5A). Slight negative wind stress curl anomalies are observed south of the Southern Angola region in October 2019 (Figure 6B). However, in November 2019, there is an offshore extension of the positive anomaly of wind stress curl (Figure 6C), which might be linked to the offshore warming observed in Figure 3E during the peak of the event.
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FIGURE 6. (A–C) Monthly detrended anomalies of wind stress curl (shading) estimated from ERA5 surface winds (arrows) from September to November 2019. The anomalies are calculated relative to the period January 1982 and April 2020.




Role of the Remote Forcing

Equatorial zonal wind stress fluctuations (Figure 4B) can excite EKWs impinging at the eastern boundary which force CTWs that propagate poleward along the West African coast and particularly in the Angola Benguela upwelling system. Figure 7A shows the zonal wind anomalies averaged between 40°W – 20°W and 3°S – 3°N (WAtl, blue box in Figure 7C). In the equatorial band, positive (negative) zonal wind anomalies mean weaker (stronger) easterly winds. The time series (Figures 7A,B) show westerly wind anomalies from January 2019 to April 2019 and again from July 2019 to March 2020 with the strongest anomaly occurring in October 2019 (>1 m/s), associated with the zonal SLP gradient observed in Figure 4B. A Hovmøller diagram of daily zonal wind anomalies in the equatorial Atlantic reveals that strong westerly wind anomalies (>1 m/s) prevail between the end of September and October 2019 (Supplementary Figure 2A). However, maximum westerly wind anomalies (>2 m/s) are located north of the equator around 2–7°N and from 35°W to 13°W (Figure 7C) with westerly wind anomalies still found at the equator. Climatologically, there are easterly winds in this region in October with a value of about −1 m/s (not shown). However, this area is also influenced by tropical depressions or cyclones. Particularly in October 2019, north of the equator, strong westerly wind anomalies are induced on the one hand by the zonal pressure gradient (Figure 4B) with positive/negative SLP anomalies to the west/east in the tropical Atlantic. On the other hand, at daily scale, there are strong cyclonic low-pressure events (not shown) that occurred in the area in the second half of October 2019 which could have contributed to maintain the westerly wind anomalies (>3.5 m/s). Figure 7C also shows a slight equatorward shift of the ITCZ in October 2019 (dashed green) compared to its mean October position (dashed blue line). This means that the convergence between the north-easterly and south-easterly trade winds occurred further south.
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FIGURE 7. (A) Detrended anomalies of ERA5 zonal wind averaged between 40°W and 20°W, 3°S–3°N [WAtl, blue box in panel C] from January 1982 to April 2020. (B) Zoom in 2019–2020 of the zonal wind anomalies time series in panel A). (C) Detrended anomalies of zonal wind (shading) and surface winds (arrows) in October 2019. The dashed blue line represents the climatological mean position of the Intertropical convergence zone (ITCZ) in October. The dashed green line represents the position of the ITCZ during October 2019.


To investigate whether the wind anomalies generated EKWs, detrended sea level anomalies along the equatorial Atlantic and the West African coast are shown in Figure 8 between January 2019 and April 2020. Altimetry data are useful to monitor the equatorial wave propagations along the equatorial and coastal waveguides. Between August and September 2019, there are no signals in SLA characterizing the propagation of downwelling EKWs (Figure 8A) or subsequent CTWs (Figure 8B). Therefore, remote equatorial forcing through ocean dynamics has not contributed to the warming along the Southwest African coast in September 2019 (Figure 3C). In the equatorial Atlantic, positive SLA are observed starting in October 2019 which is consistent with the dynamic height anomalies from PIRATA data (not shown). However, compared to previous Benguela Niño events such as the one in 2010/2011 (Rouault et al., 2018), the SLA signal pointing to a downwelling EKW is relative weak. Moreover, an equatorial thermocline deeper than normal (>15 m) caused by the activity of the downwelling EKW is observed between October and November 2019 (Supplementary Figure 3) in the monthly detrended anomalies of 20°C isotherm depth (taken as a proxy for thermocline depth) from the ePIRATA data set in the equatorial Atlantic interpolated between the PIRATA mooring locations (35°W, 23°W, 10°W, and 0°E). Detrended anomalies of subsurface temperature in the upper 200 m interpolated between the PIRATA mooring locations along the Equator are shown in Figure 9 from August 2019 to March 2020 from the ePIRATA data. Between August and October 2019, weak positive temperature anomalies (<1.5°C) are observed in the eastern equatorial Atlantic in the upper 100 m (Figures 9A–C). Between 40- and 60-m depth, temperature anomalies (>2°C) are observed during the peak of the Benguela Niño in November and also in December 2019 in the eastern equatorial Atlantic (Figures 9D,E). The presence of strong positive temperature anomalies along the equator in November 2019 is in general agreement with the presence of westerly wind anomalies in October 2019 favoring the generation of a downwelling EKW (Figure 7C) which will deepen the equatorial thermocline (Supplementary Figure 3).
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FIGURE 8. Hovmøller diagram of detrended SLA along the equator (averaged over 1°S – 1°N) from 40°W to the African coastline in panels (A,B) along the Southern African coast (averaged from the coast to 1° offshore) from 0°S to 25°S from January 2019 (bottom) to April 2020 (top). The anomalies are calculated relative to the period January 1993 to April 2020.
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FIGURE 9. (A–H) Detrended anomalies of temperature in the top 200 m from ePIRATA from August 2019 to March 2020 computed using interpolated temperature fields from the four equatorial moorings located at 35°W, 23°W, 10°W, and 0°E (filled black squares on the x-axes). The data are available from September 1997 to August 2020.


An additional forcing of the eastern equatorial warming in November 2019 might come from the relaxed cross-equatorial southerly winds (Figure 10). Indeed, the Hovmøller diagram of monthly meridional wind anomalies in the equatorial Atlantic shows prevailing reduced southerly winds (<−1 m/s) in the eastern equatorial Atlantic (0–10°E) between mid-October 2019 and mid-February 2020 (Figure 10 and Supplementary Figure 2B). According to Philander and Pacanowski (1981), relaxation of cross-equatorial southerly winds causes a warming in the eastern equatorial Atlantic associated with a reduction of local upwelling. Indeed, Figure 10 shows that during November 2019, low (high) anomalies of SLA indicative of a shallow (deep) thermocline are observed north (south) of the equator associated with reduced cross-equatorial southerly winds. Along the equator, maximum SST anomalies (>1°C) is observed in November 2019 with strong anomalies of SLA (>6 cm) suggesting a deepening of the thermocline as observed in Supplementary Figure 3. We suggest that the reduction of the cross-equatorial southerly winds might have contributed to the eastern equatorial warming in November 2019 during the peak of the 2019 Benguela Niño. In December 2019, the temperature anomaly pattern shows a sign of an anomalous relaxation of the thermocline slope in the equatorial Atlantic with a deepening in the east and a shoaling in the west (Figure 9E). This is consistent with Figure 8A which shows negative (positive) anomalies of SLA in the western (eastern) equatorial Atlantic during December 2019 and also with the observed z20 anomalies (Supplementary Figure 3). However, in January 2020 (Figure 9F), a subsurface cooling around the thermocline level is observed in the eastern equatorial Atlantic. This might be caused by the eastward propagation of an upwelling Kelvin wave induced by an upwelling Rossby wave reflecting at the western boundary which is forced by westerly wind anomalies along the equator (Nagura and McPhaden, 2010) in October 2019. This mechanism is called the delayed action oscillator (e.g., Suarez and Schopf, 1988) causing a delayed negative feedback. In addition, upwelling Rossby waves triggering upwelling Kelvin waves at the western boundary could be forced by positive anomalies of wind stress curl north of the equator west of 25°W in November 2019 (Figure 6C) which might have contributed to enhance the upwelling SLA signal along the equator. Weak temperature anomalies (<0.3°C) are observed in the near-surface in the equatorial Atlantic in February 2020 (Figure 9G) and are shifted westward in March 2020 (>0.3°C, Figure 9H).
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FIGURE 10. Hovmøller diagram of detrended monthly anomalies of SST (shading), SLA (contours), and surface winds (arrows) averaged between 0°E and 10°E from August 2019 to March 2020. Anomalies are computed relative to the period January 1982 and April 2020.


Along the West African coast, downwelling poleward CTW propagations associated with SLA greater than 10 cm are observed from October 2019 to January 2020 (Figure 8B). These downwelling CTWs are potentially triggered by the superposition of downwelling EKWs forced by westerly wind anomalies during October 2019 (Supplementary Figure 2A). There might be an additional contribution from the coastal northerly wind anomalies between 5°S and 12°S (∼−2 m/s) to force downwelling CTWs in December 2019 and January 2020 (not shown). Theses CTWs trigger positive SST anomalies along the West African coast (Figures 3D–F). The downwelling CTW propagating in January 2020 (first 10 days, Figure 8B) is at the origin of the peak in SST in the Southern Angola region in January (Figure 3G). As the signature of the CTW is weaker south of 15°S (cf. Figure 8B), it does not affect the regions further downstream. It is worth to mention that climatologically, this downwelling CTW propagates during the secondary, weaker upwelling season (December–January) off Angola. Similar to Figure 8, the detrended SST anomalies along the equator and the West African coast are presented in Figure 11. In agreement with the maps shown in Figure 3, weak positive SST anomalies (<1°C) are observed along the equator and the West African coast in September 2019 until 10°S. South of 10°S, positive SST anomalies (>1°C) are shown in the Southern Angola region (until mid-September 2019) and in the Angola Benguela front region associated with an anomalous southward position of the Angola Benguela SST front (Figure 11B, black line). Larger SST anomalies (>2°C) are observed south of 5°S between mid-November 2019 and January 2020. Interestingly, there might be a lag of about 14 days between the passage of the downwelling CTW at the end of October 2019 and the maximum SST anomalies (>2°C) recorded in mid-November 2019 indicative of a thermocline feedback. Relative to the climatology (Figure 11B, green line), a southward migration of the Angola Benguela SST front (Figure 11B, black line) is observed from November to December 2019 which is caused by the downwelling poleward CTW propagations during that period of the year (Figure 8B). The appearance of cold SST anomalies (<−1°C) south of 15°S between December 2019 and January 2020 indicates the demise of the coastal warm event. In contrast, the Southern Angola region records its largest SST anomalies (>2°C, Figures 3G, 11B) in January 2020 associated with a poleward downwelling CTW propagation (Figure 8B), before being stopped by the appearance of cold SST anomalies (<−1°C) in February 2020.
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FIGURE 11. Hovmøller diagram of detrended anomalies of daily SST along the equator (averaged over 1°S – 1°N) from 40°W to the African coastline in panel (A) and along the Southern African coast (averaged from the coast to 1° offshore, in panel (B) from 0°S to 25°S from January 2019 (bottom) to April 2020 (top). Anomalies are computed relative to the period January 1982 and April 2020. The daily mean climatology (anomalies) of the location of the maximum meridional SST gradient is represented in green (black) over Figure 11B. A 10-day running mean is applied to smooth the data.


The southward shift of the ABF might be related to stronger poleward flow of warm water. The potential role of meridional advection is investigated using moored velocities off Angola (11°S) available since July 2013. Figure 12 presents the subsurface moored alongshore velocities with the surface alongshore geostrophic current from altimetry on top. The alongshore flow off Angola is not a steady flow and is constituted of alternating periods of northward and southward velocities with maximum velocity amplitude of about 40 cm/s. In October and November 2019 (peak of the event), an enhanced vertically coherent poleward flow (<−20 cm/s in the upper 100 m) is observed off Angola. Thus, the poleward flow in the upper 100 m might have contributed to the development of the 2019 Benguela Niño through advection of warm equatorial waters downstream. Using the meridional SST gradient averaged in the ABA (8°E-14°E; 10°S-20°S) and the near-surface absolute geostrophic velocity anomaly at the mooring position (13°00′E; 10°50′S), the SST change due to the resulting anomalous meridional advection can be quantified. In October (November) 2019, the meridional SST gradient of 5.3 × 10–6 (5 × 10–6) °C/m and the poleward near-surface velocity anomaly of 0.05 (0.08) m/s yields to an anomalous warming by poleward meridional heat advection of 0.67 (1.05) °C/month, respectively. The poleward meridional heat advection during the event was largest in October and November 2019. The averaged anomalous warming due to the meridional heat advection of 0.86°C/month overcomes the anomalous SST change between October and November 2019 that was 0.77°C/month suggesting the importance of other cooling mechanisms such as the negative feedback by the net surface heat flux discussed before (Figure 5F).
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FIGURE 12. Time series of daily alongshore velocities of surface absolute geostrophic velocities from altimetry and from moored ADCP (from 45-m depth) at 11°S.




Link to the Net Primary Production

The Angola Benguela upwelling system which is part of the Benguela current large marine ecosystem is an area with high biological productivity (Jarre et al., 2015). Therefore, in this section, we look at the relation between the warm SST anomalies during the 2019 Benguela Niño and the local NPP. NPP values are derived using the Eppley vertically generalized production model in the southeast Atlantic Ocean. In general, the period from July to September represents the upwelling season off Angola which is typically associated with high NPP. However, note that the NPP is not necessarily only fuelled by local vertical processes (indicated here by the SST anomaly), but also by the nutrients from the Congo River discharge and the spreading of the river plume. The strongest impact of the Congo River is found between 3°S and 7°S (Figure 13). In August 2019, strong positive anomalies of NPP (1.5 gC m–2 day–1, Figure 13A) are observed along the West African coast collocating with cold SST anomalies. In September 2019, in the Southern Angola region, the positive local near-coastal wind stress curl anomaly, i.e., downwelling anomalies (Figure 6A) reducing the local upwelling and favoring the local warming, are associated with local lower than normal NPP (<−1.5 gC m–2 day–1, Figure 13B). Note that off Southern Angola, the NPP is climatologically high in August-September. One month later (October 2019), these negative anomalies of NPP appear slightly poleward (Figure 13C) compared to September 2019 and also collocate with positive SST anomalies. In November 2019 (Figure 13D) during the peak of the 2019 Benguela Niño, weak negative NPP anomalies (∼ -0.5 gC m–2 day–1) are observed in the Southern Angola and Angola Benguela front regions. Note that November-December corresponds to the period of the year when the climatology of the NPP shows the lowest values off Southern Angola. Weak precipitation anomalies are recorded over the land and the ocean in November 2019 (Supplementary Figure 4D) south of 10°S consistent with slightly negative SSS anomalies (<−1) observed during the same period (Supplementary Figure 5D). Figures 13E,F display quite similar amplitudes of negative NPP anomalies (∼ -1 gC m–2 day–1) in the Southern Angola and Angola Benguela front regions during December 2019 and January 2020. Likewise, north of 7°S, the distribution of the SSS anomaly in January to March 2020 looks very similar to the one of the NPP anomalies with positive NPP anomalies (Figures 13F–H) collocating with negative SSS anomalies (Supplementary Figures 5F–H). Indeed, in February to March 2020, the remarkable feature is the strong positive NPP anomalies (>2 gC m–2 day–1) observed offshore and north of 7°S where the freshwater from Congo River (river mouth is at about 6°S) are discharged into the Atlantic Ocean. Likewise, Supplementary Figure 4G also shows in February 2020 strong positive precipitation anomalies (>3 mm/day) over land and in the ocean. High precipitation over land will increase the discharge of the Congo River into the Atlantic Ocean which will bring more nutrients from land into the ocean and also contribute to reduce the SSS (Supplementary Figure 5) with the freshwater input. However, the strength of the NPP interannual variability in the offshore area in comparison to its seasonal variability (not shown) remains unclear, especially due to the interannual variability of the Congo River discharge and its spreading which is in fact very variable. We note that the low salinity waters are not spreading southward (Supplementary Figure 5) and are remaining north of 12°S during the warm event.
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FIGURE 13. (A–H) Monthly NPP (SST) anomalies in shading (contours) in the southeast Atlantic from August 2019 to March 2020. Blue and red contour intervals are 0.5°C and represent negative and positive SST anomalies, respectively. The anomalies are calculated relative to the period July 2002 to July 2020 for NPP and January 1982 to April 2020 for SST.





DISCUSSION AND SUMMARY

In this manuscript, the generation, development and the demise of the 2019 Benguela Niño have been investigated using observations and the ERA5 reanalysis product in the southeastern tropical Atlantic Ocean. Compared to previous Benguela Niño events that occur during boreal spring, the 2019 Benguela Niño developed at the end of the year with SST anomalies exceeding 2°C in November 2019 in the Angola Benguela front region (Figure 3E). The timing is quite similar to the one of the 2010/2011 Benguela Niño described in Rouault et al. (2018) with maximum amplitude of SST anomalies (>4°C) occurring in January 2011.

The 2019 Benguela Niño was forced by the combination of local and remote forcing contrary to the canonical Benguela Niños described in the literature (e.g., Rouault et al., 2007, 2018; Richter et al., 2010; Imbol Koungue et al., 2017). On the one hand, local processes dominated in September 2019 in the Southern Angola and the Angola Benguela front regions and generated an early warming. In the Southern Angola region, the occurrence of positive near coastal wind-stress curl anomalies (Figure 6A) has played a predominant role in warming the region by favoring a reduction of local upwelling. Also, in the Angola Benguela front region, the downwelling anomalies in combination with the reduction of the latent heat loss from the ocean to the atmosphere (Figure 5A) due to weakened alongshore winds (Figure 4A) have generated locally positive SST anomalies. Similar local processes have been identified among the triggering mechanisms of the 2016 warm event off Angola described by Lübbecke et al. (2019). On the other hand, the westerly wind anomalies observed in the western or central equatorial Atlantic (Figure 7C and Supplementary Figure 2A) have triggered downwelling EKWs during the present extreme warm event in October 2019, but with a weak signal in SLA in contrast to classical Benguela Niños (e.g., 2001 or 2010/2011, referred to in Rouault et al., 2007, 2018). Furthermore, three downwelling CTWs with SLA of more than 10 cm propagated along the West African coast (Figure 8B). They were potentially generated by the superposition of downwelling EKWs forced by westerly wind anomalies in October 2019 along the equator (Supplementary Figure 2A). The occurrence of these equatorial wind anomalies agrees with the results of Hu and Huang (2007) who showed from reanalysis data that locally forced warming over the Angola Benguela upwelling region is likely to generate westerly wind anomalies along the equatorial Atlantic 1 to 2 months later. This connection was also emphasized in a recent model study by Illig et al. (2020) on the timing of warm events off Angola and in the eastern equatorial Atlantic. For the 2019 extreme warm event, our results are consistent with the ones of Hu and Huang (2007) as the locally induced warming observed in September 2019 (Figure 3C) might have triggered westerly wind anomalies in October 2019 along the equator contributing to the generation of the Benguela Niño peaking in November 2019. This highlights that the two forcing mechanisms leading to the 2019 Benguela Niño are not independent.

In November 2019, strong positive temperature anomalies are observed along the equator (Figure 9D), consistent with the presence of westerly wind anomalies in October 2019 favoring the generation of a downwelling EKW (Figure 7C) which will anomalously deepen the equatorial thermocline (Supplementary Figure 3). Concomitantly, northerly wind anomalies (weakening of southerly winds) prevail east of 20°W from mid-October 2019 to mid-February 2020 (Figure 10 and Supplementary Figure 2B). A previous study of Philander and Pacanowski (1981) showed that in the eastern equatorial Atlantic, the weakening of the meridional wind could contribute to generate warm SST as both parameters are correlated. This highlights the importance of the meridional wind fluctuations at the eastern boundary (Figure 10) during the 2019 Benguela Niño.

CTWs are clearly visible with a strong signal in SLA (>10 cm, Figure 8B) at the end of October 2019, and about 2 weeks later strong positive SST anomalies (>2°C, Figure 11B) are recorded in the Angola Benguela upwelling system. This lag of ∼ 14 days nicely corresponds to the timescale of the thermocline feedback recently described in Imbol Koungue and Brandt (2021) at intraseasonal timescales off Southern Angola and found in the eastern equatorial Pacific (Zelle et al., 2004; Zhu et al., 2015).

Moreover, coastal northerly wind anomalies between 5°S and 12°S (∼−2 m/s) might be an additional local forcing of downwelling CTWs in December 2019 and January 2020 (not shown). This result is consistent with the one from the modeling study of Bachèlery et al. (2016a) which used a couple of sensitivity experiments to quantify the role of the local versus remote forcing in the southeastern tropical Atlantic. Their results suggested that at subseasonal timescales (<100 days), the coastal oceanic variability (currents, thermocline, and sea level) is mainly driven by local forcing.

During the peak of the event in November 2019, damping of positive SST anomalies by the latent heat flux is observed mostly in the Angola Benguela front region. Note that the latent heat flux has a major contribution in the net heat flux in the southeast Atlantic Ocean. The strong latent heat loss is mainly explained by qw (equation 2) which is higher than qa and meaning that the sea surface is warmer than the air above, due to strong sea surface temperature anomalies. Our findings agree with the ones of Florenchie et al. (2004) who showed using reanalysis data and model outputs, that local net heat flux act mainly through latent heat flux anomalies as a thermostat to regulate cold and warm SST. Figure 2 shows that since 2000, there are no extreme cold events identified along the Southwest African coast, and only three extreme warm events occurring at intervals of ∼ 9 to 10 years. This agrees with a recent study of Prigent et al. (2020b) that showed a reduction of the interannual SST variability in the Angola Benguela region by more than 30% in the post 2000 period compared to 1982–1999. They found that the remote equatorial forcing decreased after 2000, resulting in less Benguela Niño/Niña events.

In contrast to the 2016 warm event off Angola described in Lübbecke et al. (2019), the stratification caused by freshwater inputs (precipitation and river runoffs) has not played a role during the development of the 2019 Benguela Niño. Weak salinity anomalies south of 10°S (Supplementary Figure 5) were recorded along the Southwest coast of Africa mainly due to the absence of precipitation. However, positive precipitation anomalies were observed north of 10°S in October 2019 (Supplementary Figure 4C) during the 2019 Benguela Niño whereas anomalies of latent heat flux and net heat flux show opposite sign (Figures 5B,E) indicating that another term in the heat budget contributes more than the latent heat flux. Indeed, Figure 5B shows positive anomalies of latent heat flux (less heat loss from the ocean to the atmosphere) but Figure 5E displays negative anomalies of net heat flux (ocean loses heat). That is related to less shortwave radiation reaching the ocean surface due to more cloud cover (not shown) and causing a cooling (Figure 3D). This indicates that SST anomalies in this region could also respond to cloud cover (e.g., Xie and Carton, 2004). Our result agrees with the recent results from Nnamchi et al. (2021) which showed that the precipitation which is a good proxy for the diabatic heating, leads SST variability in the equatorial Atlantic. This means that the atmosphere forces the ocean, even though the region north of 10°S is dominated by ocean dynamics.

Off Southern Angola, the occurrence of positive anomalies of near-coastal wind-stress curl (downwelling anomalies) and the weakening of alongshore winds in the Angola Benguela front region, lead to a reduction of local upwelling which agrees with reduced NPP. Note that the NPP is not necessarily only fuelled by the strength of the vertical exchange, i.e., vertical mixing and upwelling (indicated here by the SST anomaly), but also by the lateral input of nutrients with the Congo River discharge and the spreading of the river plume. Therefore, it seems not straight forward to connect the positive SST anomaly to negative NPP anomalies due to the existing strong interannual variability and also due to the influence of the Congo River. Yet, at interannual timescales, there is to our knowledge no study that established the connection between SST and NPP along the eastern boundary.
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