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Abstract
We investigate the dynamics of the interannual Coastal Trapped Waves propagations

along the south-western African coast and their role in triggering Benguela Nifio and Nifia
events from 1958 to 2008. Using regional ocean model sensitivity experiments, we track
equatorially-forced CTW down to the Southern Benguela Upwelling System (SBUS), where
they account for 70% of the coastal sea level anomalies (SLA) and temperature and salinity
variability. We then decompose the model coastal variability into individual CTW modal
contributions and identify periods of energetic downwelling and upwelling propagations. A
composite analysis allows for documenting and quantifying the oceanic response (circulation,
temperature, and salinity) on the shelf during the passage of remotely-forced CTW. Results
reveal that North of ~19°S the coastal interannual variability is dominated by the second and
third CTW modes. In the BUS, their amplitudes decrease and the interannual fluctuations are
largely explained (>70%) by the faster and weakly-dissipative first CTW mode. This
dynamic explains the peculiar propagative pattern associated with SLA propagations, in
which equatorially-forced fluctuations in the SBUS peak before the waves imprint the
variability at ~19°S. The impact of CTW on the temperature in the SBUS is drastically lower
than in the NBUS and Angolan regions. At last, we show that 71% of the extreme Benguela
Nifio and Nifia events, in the surface layer, are associated with remotely-forced CTW
propagations. The coherence between our CTW index and those extreme event increases

when detecting temperature anomalies in the sub-surface rather than at the sea surface.

Running title

Interannual Coastal Trapped Waves

Key points:

e Remotely-forced Coastal trapped wave dynamics controls more than 70% of the sub-
surface temperature, salinity, currents interannual variability along the south-western
African coast.

e Interannual equatorially-forced coastal trapped waves propagate down to the southern
part of the Benguela Upwelling System

e CTW propagations are dominated by the second baroclinic mode down to the
northern Benguela, while the faster less dissipative first mode impacts more the

southern Benguela Upwelling System
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1. Introduction

Dominated by upwelling dynamics, the near-shore ocean along the south-west coast
of Africa is a very productive region (Carr and Kearns, 2003; Chavez and Messié, 2009;
Quifiones, 2010; Lachkar and Gruber, 2012). This region comprises of three alongshore sub-
systems almost coinciding with the political boundaries of coastal countries (Fig. 1a) and
characterised by different ocean dynamics, physico-chemical characteristics and biota
(Shillington, 1998; Shillington et al., 2006; Hutchings et al., 2009; Ostrowski et al., 2009).
The Angolan sub-system (~5°S-17°S; Fig. 1a) is under the influence of relatively weak
surface winds (Hellerman, 1980) and the Angolan poleward alongshore surface current that
transports the warm equatorial waters southward (Moroshkin et al., 1970; Dias, 1983a,
1983b; Kopte et al., 2017). A small coastal upwelling is reported, which is supported by
coastal waves propagations originating from the equator (Berrit, 1976; Picaut, 1983;
Ostrowski et al., 2009; Kopte et al., 2017). The two others sub-systems form the Benguela
Upwelling System (BUS), characterised by strong prevailing equatorward alongshore wind,
intense upwelling dynamics and the equatorward Benguela Jet (Shannon and Nelson, 1996;
Shillington, 1998; Shillington et al., 2006). They are separated by the major perennial
upwelling cell of Liideritz at ~27°S (Lutjeharms and Meeuwis, 1987) that has been shown to
create a barrier for the movement of several marine species (Agenbag and Shannon, 1988;
Duncombe-Rae, 2005; van der Lingen et al., 2006; Lett et al., 2007). The Northern part of the
BUS (NBUS - ~17°S-26°S; Fig. 1a) hosts a permanent upwelling (Boyer et al., 2000), while
in the southern part of the BUS (SBUS - ~28°S-33°S; Fig. 1a), the upwelling is seasonal
(Strub et al., 1998; Hutchings et al., 2009). In the three sub-system regions, small-scale or
industrial fisheries are widely developed along the shore and are critical for economic
security and the employment of local coastal communities (Hutchings et al., 2009; Sowman
and Cardoso, 2010; FAO, 2011).

The coastal upwelling in the three sub-systems also exhibits a high variability from
sub-monthly to interannual timescales that has been intensively studied based on observed
data and model outputs (Polo et al., 2008; Goubanova et al., 2013; Liibbecke et al., 2010;
Rouault, 2012; Imbol Koungue et al., 2017; Illig et al., 2018b, 2018a; Illig and Bachelery,
2019). These fluctuations strongly affect the marine biodiversity (Hamukuaya et al., 1998;
Monteiro et al., 2008; Hutchings et al., 2009; Bachelery et al., 2016) and the regional climate
(Hirst and Hastenrath, 1983; Shannon et al., 1986; Rouault et al., 2003; Lutz et al., 2015).
The most striking example is at interannual frequencies, with episodes during which the Sea

Surface Temperature (SST) remains ~2°C above or below the seasonal means for ~3-6
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consecutive months in the Angolan and NBUS sub-systems. These extreme events are known
as Benguela Nifios and Nifias (Shannon et al., 1986; Florenchie et al., 2003, 2004). A
characteristic portrayal of the SST anomalies during the 2001 Benguela Nifios event in the
area is given in Figure 1a. This variability is also associated with substantial modulations of
nutrients supply (Bachelery et al., 2016) and of the oxygen content (Monteiro and van der
Plas, 2006; Monteiro et al., 2008, 2011; Bachelery et al., 2016) during several months, as
illustrated on Figure 1b. The extended duration of non-suitable habitat conditions (hypoxia,
lack of food supply) is thought to affect the marine biodiversity and the abundance of the fish
stocks (Woodhead et al., 1997b, 1997a, 1998; Hamukuaya et al., 1998; Gammelsrgd et al.,
1998; Binet et al., 2001; Boyer et al., 2001; Boyer and Hampton, 2001; Monteiro et al.,
2008).

It has been shown that the coastal interannual variability in the Angolan and NBUS
sub-systems and the Benguela Nifio and Nifia events are significantly related with the
equatorial activity (Liibbecke et al., 2010; Bachelery et al., 2015, 2016; Imbol Koungue et al.,
2017; Tchipalanga et al., 2018). The equatorial forcing is associated with the propagation of
eastward Equatorial Kelvin Waves (EKW) along the equatorial waveguide due to trade wind
fluctuation in the western - central part of the basin (Illig et al., 2004). Upon reaching the
African continent, a fraction of their energy is transmitted southward and propagates along
the African west coast as Coastal Trapped Waves (CTW). EKW and CTW can be
decomposed into individual modal contributions with distinct vertical structures, phase speed,
and dissipation rate that depend on the ocean stratification and, specifically for CTW, on the
cross-shore topography (Cane and Sarachik, 1976, 1977, 1979; Huthnance, 1978; Clarke and
Van Gorder, 1986; Brink and Chapman, 1987). Throughout their propagations, these waves
induce vertical and horizontal currents fluctuations impinging on the temperature (Bachelery
et al., 2015), the coastal biogeochemical conditions (oxygen, nutrient, primary production;
Bachelery et al.,, 2016) and, so on, the fish stock (Ostrowski, 2007) along the shelf.
Displacements of the thermocline (nutricline, and oxycline) in sub-surface are mirrored at the
surface by fluctuations of the Sea Level Anomaly (SLA) and the SST anomalies which are
energetic enough to be detected from space. Over the 2000-2008 period and based on high-
resolution numerical experiments, Bachelery et al. (2015, 2016) have shown that the
equatorial forcing contributes to ~85% of the SLA, oxygen and nitrate interannual anomalies
along the Angolan coast. Yet, using remote-sensed observations along with regional ocean
model experiments, evidence of poleward propagating interannual CTW have been only

found from the equatorial region down to ~20°S-25°S along the western coast of Africa in the
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NBUS (Ostrowski et al., 2009; Liibbecke et al., 2010; Bachelery et al., 2015; Imbol Koungue
et al., 2017, 2019).

In addition to the equatorial forcing, the local atmospheric forcing also contributes to
the coastal interannual variability in the Angolan, and the BUS (Polo et al., 2008; Richter et
al., 2010). At a regional scale, interannual wind events trigger significant variations of the
upwelling intensity and mesoscale features, as well as locally-forced poleward propagating
CTW (Clarke and Brink, 1985). Recently, Imbol Koungue et al. (2017, 2019) suggested that
in the Angolan and NBUS sub-systems, both remote and the local forcings act concomitantly,
as part of a large-scale wind pattern, to trigger Benguela Nifio and Nifia events. Notably, they
highlighted the development of zonal wind stress anomalies in the western equatorial Atlantic
in phase with coastal meridional wind stress fluctuations along the African coast. In the
SBUS, since no evidence of remotely-forced interannual CTW propagation have been
documented, wind fluctuations are assumed to be the dominant forcing for the coastal
interannual fluctuations of the oceanic properties.

To evaluate the contribution of the remote forcing to the sub-seasonal (2-120 days™)
ocean dynamics, numerous studies based their methodology on the use of the SST or the SLA
as a proxy for the total wave signal (Polo et al., 2008; Goubanova et al., 2013). However,
recent analyses (Illig et al., 2018a; Illig and Bachelery, 2019) highlighted the importance of
assessing the vertical structure and the propagation characteristics (forcing, amplitude, phase
speed, dissipation rate, and wind projection coefficient) of individual CTW modes. This
allows for a better estimation of the southernmost latitude at which the CTW imprints on the
coastal variability and a better prediction of their impact on ocean dynamics and ecosystem
resources. Now, at interannual timescale, despite their significant contribution, the CTW
modal characteristics along the south-western African continent have never been
documented. The objective of this study is to describe the characteristics of the interannual
CTW and their impact on the coastal ocean dynamics in the Angola-Benguela upwelling
system, as well as on the phenology of Benguela Nifio and Nifa. A particular effort is
devoted to the documentation of the impact of equatorially-forced CTW on the SBUS. We
also aim at unravelling the contribution of the locally-forced CTW from the equatorially-
forced CTW. Given the lack of an adequate observation network in the coastal band, our
approach relies on the numerical experimentation with a regional ocean model. Two
relatively long (51 years), high-resolution simulations of the south-eastern Atlantic Ocean
have been carried out in order to examine the equatorially-forced CTW properties as well as

to disentangle the role of the equatorial ocean dynamic from the local forcing in modulating
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the coastal interannual dynamic. To do so, we benefit from a new methodology that allows to
extract CTW amplitude from model outputs (Illig et al., 2018b).

The paper is structured as follows: Section 2 presents the methodologies and
introduces the regional model configuration, along with the two sensitivity experiments to the
interannual forcing. In the supporting information, we provide a validation of the most
realistic simulation. Section 3 is devoted to the analysis of the model outputs. It documents
the effect of the interannual equatorially-forced CTW during their journey on the continental
shelf ocean properties. It also presents the evaluation of the CTW characteristics (phase
speed, magnitude, forcing) in the south-eastern Atlantic Ocean. Finally, a discussion on the
phenology of Benguela Nifios and Nifias in regard of extreme CTW events is proposed. The

main conclusions and perspectives of this work are drawn in the closing section.

2. Model simulations and methods

The model configuration and the methodologies used to extract the contribution of the
EKW in the equatorial Atlantic and CTW along the south-western African coast are detailed
in this section. Additional information describing the data used in this study, along with the
validation of the model performances are given in the supporting information (section S1 and

S2).

2.1 Monthly climatologies and interannual anomalies

In order to isolate the interannual variability, we use the following methodology
(Mosquera-Vasquez et al., 2014; Bachelery et al., 2015). Firstly, the time series are linearly
detrended over the 1958-2008 period in order to remove the significant trends that are
observed in the region (Monteiro et al., 2008; Rouault et al., 2007, 2009) Then, the sub-
seasonal variability is filtered out by computing the monthly averages and smoothing them
using on a 1-2-1 running weighted average. Interannual anomalies are estimated by
subtracting the monthly climatology which is estimated over 1958-2008 (1993-2008) for
model solutions (remotely-sensed observation). Finally, time series are re-interpolated onto a

5-day time axis using cubic splines.

2.2 The regional ocean model configuration
The Adaptive Grid Refinement in Fortran (AGRIF) version 3.1 (Penven et al., 2006;
Debreu et al., 2012) of the Regional Ocean Modeling System (ROMS; Shchepetkin and
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McWilliams, 2005) is used in this study to performed the simulations. ROMS is a three-
dimensional, free-surface and split explicit time stepping numerical model that solves the
Reynolds-averaged Navier—Stokes equations based on the hydrostatic and Boussinesq
assumptions. The model uses finite-difference approximations on a horizontal curvilinear
Arakawa C grid and vertical stretched topography-following coordinate system. The vertical
mixing of tracers and momentum is done using a K-profile parameterisation scheme (KPP;
Large et al., 1994).

The configuration developed for this study is similar to the one of (Bachelery et al.,
2015; Illig et al., 2018b). It has been used by Illig and Bachelery (2019) to assess the coastal
subseasonal dynamic. The grid covers the south-eastern Atlantic Ocean including the
equatorial band and the BUS, extending from 7°N to 34°S, and from 10°W to the African
coast (Fig. 1a). The horizontal resolution is 1/12°, with 37 sigma vertical levels stretched in
the surface layer. The model bathymetry is constructed based on the GEBCO_08 global
elevation database at 30 arc-second spatial resolution. The domain is initialised using SODA
5-day averaged outputs (Carton and Giese, 2008; cf., supporting information S1) on the 3" of
January 1958. Model is then spun-up for 5 years using monthly climatological oceanic lateral
boundaries conditions and atmospheric surface forcings (estimated over the 1958-1967
period), before reaching a statistical equilibrium state.

The control run simulation, labelled ROMS-CR, is run over 51 years from 1958 to
2008. Forcing prescribed at the surface and at the open lateral ocean boundaries (West and
South) are interannual. Temperature, salinity, sea level, and currents boundary conditions
come from the 5-day averages of SODA reanalysis and are integrated using a mixed
radiation-nudging scheme (Marchesiello et al., 2001). Bulk formulae (Kondo, 1975) are used
to derive the freshwater, turbulent, and momentum fluxes using daily DFS5.2 (Dussin et al.,
2014; cf. supporting information S1) surface wind, temperature, and humidity fields and
surface heat/water fluxes (longwave and shortwave radiations and precipitation rate). As no
river discharges are taken into account in our simulation, model Sea Surface Salinity (SSS) is
restored to the 5-day SODA SSS. 5-day averages of temperature, salinity, sea level, currents
and wind stress outputs are saved. The pressure field is calculated offline using the
Thermodynamic Equation Of SeaWater 2010 (TEOS-10) from Gibbs-SeaWater
Oceanographic Toolbox (McDougall et al., 2011).

In the supporting information S2, we quantify how the model performs as compared
to available in-situ and satellite observations. This validation exercise reveals a good

representation of the equatorial and coastal mean state which controls the vertical structure of
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the equatorial and coastal waves. The interannual variability is also realistically represented
in both sectors. Considering the good performances of the reference simulation ROMS-CR,
this model configuration is used to perform a sensitivity experiment labelled ROMS-EQ, to
examine the impact of the equatorially-forced CTW propagations on the interannual
variability. Assuming some linearities, comparing both simulations will allow for
disentangling the contribution of the equatorially-forced CTW to the coastal interannual
variability along the south-west coast of Africa from the impact of the local atmospheric

forcing.

2.3 Numerical Experiment ROMS-EQ

Unlike ROMS-CR, in ROMS-EQ the surface atmospherics forcings (surface wind and
heat/water fluxes) prescribed outside of the equatorial band (7°N-10°S) and in the eastern
part of the Gulf of Guinea (7°N-10°S / 5°E-African continent) are monthly climatologies
estimated over the 1958-2008 period. As a result, the interannual variability along the south-
western coast of Africa is only triggered by the equatorial dynamics and the internal
variability of the model. Note that to avoid discrepancies in the wind stress curl, we have
applied a gradual smoothing of the atmospheric forcing fields on a transition band of 2°
between the climatological forcing area and regions where the daily atmospheric forcing is

prescribed.

2.4 Equatorial Kelvin Wave (EKW) forcing

The EKW forcing is quantified in the equatorial Atlantic over the 1958-2008 period
using SODA reanalysis following the methodology used in Illig and Bachelery (2019) and
adapted from (Illig et al., 2004). The methodology consists in deriving the vertical structure
and phase speed of the three gravest baroclinic modes using time (seasonal and interannual)
and zonally slow-varying stratification. Then, pressure and zonal current interannual
anomalies are projected onto the baroclinic structures and subsequently onto the meridional
structures of the EKW, accounting explicitly for the coastal boundary near the equator in the
Gulf of Guinea (Cane and Sarachik, 1979; Illig et al., 2004). EKW are expressed in terms of

their contribution to the equatorial interannual SLA averaged within the 1°S-1°N band.

2.5 Coastal Trapped Waves (CTW) contribution to the coastal variability
Along the south-western African coast, energetics interannual CTW are triggered by

the equatorial forcing (EKW) and the alongshore wind stress fluctuations. In order to
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decipher the impact of both forcings on the CTW dynamics as well as assess the CTW
characteristics (amplitude and phase speed), we decomposed the coastal variability of both
ROMS experiments into individual CTW modes using the methodology developed by Illig et
al. (2018b). First, the cross-shore CTW modal structures and phase speed (Brink and
Chapman, 1987) of the three gravest CTW modes are derived at each latitude along the
south-western African continent using ROMS-CR mean (1958-2008) coastal stratification
and topography. Then, ROMS-CR and ROMS-EQ CTW mode amplitude are estimated by
projecting interannual pressure anomalies onto these structures based on the orthonormal
modal structure condition (Brink, 1989). This methodology has shown good skills in
estimating sub-seasonal CTW characteristics along the coasts of south-western South-
America and Africa (Illig et al., 2018b, 2018a; Illig and Bachelery, 2019). In this study, CTW
are expressed in terms of their contribution to coastal iSLA averaged within the 0.5°-width
coastal band.

As most of the energy projects on the three gravest CTW modes (not shown), the
CTW propagating signal (CTW123) is considered as the summed-up contribution of the first
(CTW1), the second (CTW?2) and the third (CTW3) CTW modes, such as:

CTW123 = CTW1+ CTW2 + CTW3 Eq. 1

2.6 CTW composite analysis

In order to analyse the structure and the amplitude of the interannual anomalies over
the continental shelf triggered during CTW propagations, we conducted composite analyses
based on CTW 123 (cf. section 2.5) events index. The methodology is the following:

i) First, the 1958-2008 reference CTW time series are defined as the interannual
anomalies of CTW123 iSLA (c¢f. Eq. 1) for which the decadal variability is
removed by subtracting the 5-year running mean. As an example, the ROMS-EQ
CTW123 iSLA is averaged within the coastal band comprised between 19°S and
21°S and displayed on Fig. 2 (grey plain line).

ii) Then, energetic downwelling and upwelling CTW interannual events are defined
when CTW123 iSLA magnitude exceeds a given threshold. On Fig. 2, dashed
horizontal black lines delineate the +1.5 STandard Deviation (STD) thresholds
(used in section 3.2) and grey shading highlights periods associated with strong
CTW propagations.

iii) The delay between the passage of a CTW and its signature on the coastal
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circulation and water masses is taken into account before performing the
composites. Lags are obtained by calculating the maximum lag-correlation
between CTW123 and the variable of interest (temperature, SLA, currents
components) averaged in a 0.5° coastal fringe over the 1958-2008 period. As an
example, the lags between the CTW passage and temperature and vertical velocity
averaged over the first 200m are displayed in Fig. 3 for the [9°S-11°S], [19°S-
21°S], and [29°S-31°S] domains. Timings between coastal wave peaks and ocean
variability will be further discussed in section 3.4. The red line on Fig.2
exemplifies the coastal temperature time series averaged within [19°S-21°S] on
which the strong CTW propagations have been reported and overlaid with a black
line.

iv) The composite is then estimated by averaging the interannual anomalies of the
variable of interest during the periods of strong CTW propagations. Note that the
decadal variability is primarily filtered out by subtracting the 5-year running
mean. Assuming a symmetry between the positive (downwelling) and negative
(upwelling) phase of CTW (Florenchie et al., 2004; Bachelery et al., 2015; Imbol
Koungue et al., 2017), interannual anomalies associated with downwelling and
upwelling CTW are thus combined together following the methodology of Illig et
al. (2014) and Bachelery et al. (2016). It consists of multiplying by -1 the
interannual anomalies during periods of energetic upwelling CTW before
averaging all the events together. The obtained composite will thus represent the

response of the ocean associated with a strong downwelling CTW propagation.

3. Results

In this section, we analyse the results of the two sensitivity experiments in order to
quantify the contribution of the equatorially-forced CTW to the coastal interannual variability
in the Angola-Benguela upwelling sub-systems and attempt to track the signature of their
propagations along the western African coast from the equator down to the SBUS. We also
aim at documenting the characteristics of individual CTW modes namely, their forcing,

amplitude, dissipation rate, and phase speed, at interannual timescales.

3.1 Contribution of the equatorial dynamics to the coastal interannual variability

The analysis starts with a comparison between the ROMS-EQ and ROMS-CR model
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solutions (cf., sections 2.2 and 2.3). Figure 4a shows the explained variance between the
coastal (0.5° coastal band) interannual variability in the two sensitivity experiments, as a
function of the latitude along the south-western African coast. Similar to Eq.1 in Illig et al.
(2018a), the explained variance (ExpVar) of ROMS-EQ relative to ROMS-CR is expressed

in % and defined as:

Eq. 2

VARIANCE(ROMSgq —ROMSCR))
VARIANCE(ROMS¢R)

ExpVar =100 x (1
This diagnostic allows for quantifying the amount of the coastal interannual variations in
ROMS-EQ, that are in phase and have the same magnitude than the amount of the coastal
interannual variability in ROMS-CR, as opposed to the variability triggered by the local
atmospheric forcing (surface wind and heat/water fluxes) and the model intrinsic non-
linearities. Results show that the coastal iSLA variability induced by the equatorial dynamics
in ROMS-EQ is highly coherent with the coastal iSLA fluctuations of ROMS-CR (Fig. 4a;
turquoise line). This good coherence, however, decreases with latitude when moving
southward, with explained variances along the coasts of Angola (9°S-11°S), Namibia (19°S-
21°S) and South Africa (29°S-31°S) equal to ~81%, ~77% and ~70%, respectively. Contrary
to the interannual SLA (iSLA), SSS (iSSS) and SST (iSST) variabilities are only partially
explained by the remote forcing. North of 19°S, in the Angolan subsystem, ROMS-EQ
explains less than 35% of ROMS-CR iSSS anomalies (Fig 4a; green dashed line). This
contribution increases to ~50%-75% in the BUS. Note that ROMS-CR and ROMS-EQ SSS
are restored to SODA SSS to compensate for the absence of river runoff in the simulations.
The connection with the equatorial variability accounts for less than 50% of the coastal iSST
variability, except in the Angola-Benguela Area (ABA: ~10°S - 20°S) where it peaks to
~60% (Fig. 4a; red dashed line). The ABA is the region where the thermocline breaks to the
surface (Florenchie et al., 2004) and Benguela Nifio/Nifia events are more intense (Fig. 1a).
Previous studies have shown that the impact of CTW on sea surface temperature is
due to fluctuations in the amplitude of the currents and the associated transport of water
masses along the continental shelf (Florenchie et al., 2004; Rouault, 2012; Bachelery et al.,
2015; Rouault et al., 2018; Siegfried et al., 2019). However, the signature of CTW is also
more pronounced below the surface near the thermocline where the mean vertical thermal
gradient is maximum and where vertical shifts of isotherms induce strong temperature
anomalies (Florenchie et al., 2004; Bachelery et al., 2015). To that extend, the contribution of

the equatorial forcing to the subsurface (averaged over the first 200 meters) coastal
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temperature, salinity and currents (meridional and vertical) interannual anomalies is also
analysed using the same diagnostic (Fig. 4b). Similar to the iSLA, the sub-surface
temperature variability in ROMS-CR has a large fraction (>70%) explained by ROMS-EQ
solutions showing the substantial influence of the equatorial dynamics on the coastal
temperature variability in the Angolan, NBUS and SBUS subsystems (red line; Fig. 4b).
Similar results are obtained for sub-surface salinity with, nevertheless, a slightly weaker
percentage of explained variance ranging from 60% to 90% from the equator to the SBUS
(green line; Fig. 4b). The contribution of the equatorial forcing to the current variabilities
(meridional and vertical; plain and dashed blue lines on Fig. 4b, respectively) is not as clear
as on the iSLA, temperature or salinity variables. This might be partially due to the higher
dynamical nature of the currents that immediately respond to ocean and atmospheric
perturbation. The equatorial contribution is not continuous from the equator to the SBUS and
particularly drops down at Liideritz (25°S-27°S) and Walvis Bay (16°S -17°S) illustrating the
stronger influence of local winds fluctuations on the currents in these two areas (see section
3.5). Nevertheless, a fair percentage of explained variance of ROMS-EQ relative to ROMS-
CR exists: North of 14°S, the coherence between the coastal interannual vertical current
anomalies in ROMS-EQ and ROMS-CR remains above ~50% (blue dashed line; Fig. 4b).
Within 5°S and 24°S, the remote forcing explains ~40% of the meridional current variability

(blue line; Fig. 4b).

3.2 Impact of energetic remotely-forced CTW on the coastal circulation and shelf
water masses

As interannual equatorially-forced CTW are identified as the main forcing accounting
for the coastal surface and sub-surface interannual variability (Fig. 4), we now document the
structure and the amplitude of the interannual anomalies triggered during the passage of
remotely-forced CTW on the coastal circulation (Fig. §) and water masses (temperature and
salinity; Fig. 6) along the continental shelf. To do so, we performed a composite analysis (cf-
section 2.6) based on the detection of energetic remotely-forced CTW episodes using
ROMS-EQ sensitivity experiment outputs. In this experiment, the effects of the interannual
local atmospheric forcing have been removed (cf. section 2.3). Focusing on CTW123 iSLA
magnitude exceeding 1.5 STD, we identified and combined 41 CTW events including both
upwelling (23) and downwelling (18) CTW propagations. The delay between the passage of a
CTW and its impact on the coastal variability is taken into account and estimated thanks to a

lag-correlation analysis between the CTW123 iSLA and interannual temperature or currents
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fluctuations. Examples of maximum correlation coefficients and associated time-lags are
presented in Figure 3 for temperature and vertical currents and will be further discussed in
section 3.4. Please refer to section 2.6 for complete details on the composite methodology.
To begin, we examine the impact of a downwelling CTW on the coastal circulation.
Shading in Figure 5 shows CTW composites of cross-shore sections of the vertical (Fig.
Sabc) and meridional currents (Fig. Sdef) interannual anomalies, averaged in three regions
along the south-western African coast: [9°S-11°S], [19°S-21°S] and [29°S-31°S],
respectively. From the Angolan to the SBUS sub-systems, strong negative vertical and
meridional current anomalies occur along the continental shelf. They illustrate the decrease of
the coastal upwelling and of the surface equatorward jet, as well as the intensification of the
poleward meridional undercurrent associated with the passage of downwelling CTW. Off the
Angolan coast, maximum vertical (meridional) currents anomalies of ~-0.3 m.day! (~-0.05
m.s') are located in the sub-surface between 100m and 200m depth (in the surface layer
above 100m depth). The more South, the more the impact of interannual CTW on the coastal
circulation is confined to the continental shelf in the coastal fringe. This can be attributed to
the change in the shape of the coastal bathymetry that controls the shape of the CTW modal
structures along the south-west coast of the African continent (Illig et al., 2018a). In the BUS,
the gentler continental slope favors nearly barotropic CTW characterised by vertical isopleths
over the shelf and slope (Fig. Sc and Fig. 5f), while in the presence of a steeper and deeper
bathymetry, CTW has baroclinic isopleths oriented offshore (Fig. 5a and Fig. 5d).
Superimposed onto the shading, contours show the correlation coefficient between
interannual currents (meridional and vertical) and CTW 123 anomalies (shifted by a few days
according to the delay between the CTW passage and its signature on the coastal ocean
variability; Fig. 3; section 2.6). The linear relationship between equatorially-forced CTW and
the coastal circulation is further confirmed by the high correlation that exceeds 0.5 in the
three subsystems. Note also that, for both meridional and vertical currents, the spatial
structure of the interannual anomalies and the correlation pattern overlay extremely well.
Interestingly, while the amplitude of variability is decreasing southward, in particular when
reaching the BUS, the correlation remains constant or slightly increases with latitude.
CTW-associated anomalous meridional and vertical currents significantly affect the
transport of water masses through advection processes and therefore imprint the temperature
and salinity along the shelf. During the poleward propagation of a downwelling CTW,
temperature and salinity fluctuations are triggered by the stronger transport of equatorial

warm, salty water southward and the reduction of the cold, fresh subsurface water upward
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(Fig. 5; Bachelery et al. (2015). Interannual fluctuations of the tracers (temperature and
salinity) are in quadrature with the current anomalies (which corresponds to a delay of ~2
months between signals; Fig. 3).

The amplitude and the structure of the temperature and salinity interannual anomalies
associated with downwelling CTW propagations along the south-western African coast are
presented in Figure 6. The structure of the temperature (salinity) interannual anomalies
exhibit subsurface maxima near the coast in the first 80km at ~57m, ~63m and ~90m depth
(~141m, ~75m and ~97m depth) at [9°S-11°S], [19°S-21°S] and [29°S-31°S], respectively.
For both tracers, the magnitude of the anomalies remains high along the coast of Angola and
in the NBUS (temperature: ~1.5°C; salinity: ~0.06 PSU) but significantly decrease in the
SBUS (temperature ~0.6°C; salinity: ~0.03 PSU). This is most likely due to the decrease of
the amplitude of the vertical and meridional temperature and salinity gradients (not shown) in
the BUS and the dissipation of the energy of the CTW with latitude cause by bottom friction
(Illig et al., 2018b). During their propagations, remotely-forced CTW trigger a substantial
shift of the thermocline depth of ~10m, 15m and 5m in the 0.5°-width coastal band at [9°S-
11°S], [19°S-21°S] and [29°S-31°S], respectively. Alike Figure 5, we observe a good
coherence between temperature (salinity) and CTW 123 interannual variations, with nearshore
maximum correlation coefficients of ~0.9, 0.9 and 0.7 (0.8,0.8 and 0.5) located near the coast
within ~140-180m depth at 9°S-11°S, 19°S-21°S and 29°S-31°S, respectively. In the BUS,
correlation patterns follow the slope of the continental shelf. Interestingly, except in the
SBUS, the correlation patterns do not coincide with the structure of the cross-shore tracers
interannual anomalies (Fig. 6abde). Interannual anomalies exhibit maximum values in the
subsurface above 100m depth, under the thermocline at the location of the maximum gradient
(not shown). As noted in Bachelery et al. (2015, 2016), the oceanic response to CTW
propagations on temperature and biogeochemical tracers is dominated by the advection
processes and then, highly influenced by the mean vertical distribution of the tracers. In the
well stratified waters off the coast of Angola, the signature of the CTW is therefore located
under the mixed layer where the maximum vertical gradients are located (Fig. 6a and Fig.
6d), while in the well mixed BUS, most of the variations appear along the slope of the
continental shelf in agreement with the barotropic structure of the currents anomalies
triggered by CTW (Illig et al., 2018a, 2018b); Fig. 6¢ and Fig. 6f).

In summary, a substantial part of the coastal interannual variability is driven by the
equatorial dynamics. As shown in Figure 4ab, more than 70% of the iSLA and temperature

variability (within the first 200 m) is explained by the propagation of remotely-forced CTW

13



475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508

in the SBUS (34°S). This confirms and extends some of the earlier conclusions of Bachelery
et al., (2015), but now for a longer period. It also provides for the first-time strong evidence
of the impact of the equatorial dynamics on ocean properties down to the southern tip of
south-Africa. If EKW and subsequent propagating poleward CTW are the dominant
mechanisms triggering the coastal oceanic variability along the south-western coast of Africa,
the associated interannual anomalies are expected to be trackable continuously from the
equator to the SBUS. Accordingly, the interannual anomalies at the equator should be
significantly correlated with the variability along the coast, allowing a lag to account for the
propagation time. The result of this simple diagnostics is illustrated in Figure 7a using iSLA
from AVISO altimetric observations (cf. supporting information S1). As expected, clear
propagations associated with significant correlation coefficients and positive increasing lags
(white dots on Fig. 7a) are observed down to ~12°S. South from this latitude, the maximum
correlation coefficient values significantly decrease and surprisingly, the associated lags start
to decrease with latitude toward negative values portraying a concave/banana-shaped pattern.
Therefore, according to the patterns presented in Figure 7a, coastal iSLA fluctuations in the
SBUS (~30°S) peak ~20 days before the fluctuations in the Gulf of Guinea at the equator.
The decrease of the consistency toward high latitude can be attributed to the resolution of the
satellite observations, the lack of data near the coast due to contamination that does not allow
accurate detection of the CTW propagations further poleward ((Polo et al., 2008; Goubanova
et al., 2013). However, we obtain similar patterns with ROMS-CR (Fig. 7b) and ROMS-EQ
(Fig. 7c¢) model solutions. To explain this pattern, we will now further investigate the
characteristics (amplitude and phase speed) of the equatorial forcing focussing in particular

on the equatorially-forced CTW using ROMS-EQ model outputs.

3.3 Characteristics of the interannual CTW

The amplitude of equatorially-forced CTW is mainly controlled by the amplitude of
the equatorial forcing, as well as by the frictional dissipation and the modal energy scattering
they experience along their propagation (due to bottom friction). First, we diagnose the
contribution of the interannual propagating EKW (cf. section 2.4) to the iSLA variability in
the Gulf of Guinea (Fig. 8a). Within [5°W-10°E / 1°S-1°N], the summed-up contribution of
the 3 gravest interannual EKW modes (EKW123) explains more than 60% of the equatorial
iSLA variability with a variance of ~1.4 cm? (Fig. 8a - grey bar). In agreement with Illig et al.
(2004) the equatorial iSLA is dominated by the contribution of EKW2 which explain ~33%

of its variability with a variance of 0.8 cm? (Fig. 8a - blue bar).
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When reaching the African continent, a fraction of the eastward equatorial wave energy is
transmitted southward along the west African coast, and the coastal band is, then, considered
as an extension of the equatorial waveguide. The evolution of the interannual equatorially-
forced CTW activity in function of latitude along the south-western African coasts is
presented in Figure 8 (top numbers in grey bars) by the variance of the ROMS-EQ CTW 123
signal. Results reveal a decrease of the amplitude of the CTW123 variability by ~30 % (0.6
cm?) from Angola (11°S -15°S) to South-Africa (28°S-32°S). However, while the CTW123
energy dissipates, its contribution to iISLA remains stable (~70 %) or even increases up to
~83 % when reaching the SBUS (Fig. 8g). Nearby the equatorial band, down to 18°S, the
characteristics of remotely-forced CTW, remains consistent with the remote equatorial
forcing. From 7°S-10°S, the coastal iSLA interannual variability is dominated by the
contribution of the second CTW modes, with an explained variance of ~49% (not shown). A
little further south (11°S-15°S), the contribution of CTW2 tends to decrease, concomitantly
with the increase of the contribution of CTW3 (Fig. 8c - blue and green bars). The increasing
contribution of CTW3 to iSLA is most likely related to the scattering of CTW2 into CTW3
(Illig et al., 2018b). The higher the mode order, the more dissipative the mode is. Between
15°S and 20°S, the energy of CTW3 drastically decreases, and the less dissipative CTW2
became dominant. Similar to CTW3 and in agreement with the CTW?2 frictional dissipation
decay, the amplitude of CTW?2 starts to drop down from 19°S, and in the BUS, the remotely-
forced CTW1 become the most energetic process at work. CTW1 account for ~68% of the
coastal iISLA and ~80% of the CTW123 fluctuations in the SBUS between 28°S and 32°S
(Fig. 8g - red bar).

We now look at the propagation pattern of each CTW mode along the south-western
African coast. Figure 9 illustrates the coherence between propagating CTW signal and the
coastal iSLA variability along the south-west coast of Africa using ROMS-EQ model
outputs. We compute the lag-correlation between CTW123 or individual CTW modes,
averaged within 7°S-9°S at the coast and the coastal iSLA at each latitude. We averaged the
interannual CTW contributions within 7°S-9°S at the coast because it corresponds to the
theoretical critical latitude (Clarke and Shi, 1991) at which the waves are trapped at the coast
(Bachelery et al., 2015; Illig et al., 2018b). The time-lag allows showing the CTW
propagations delay. A positive time-lag means that the CTW signal is leading iSLA
anomalies.

First, results show propagating patterns along the south-eastern African coast that are

phase-shifted. For instance, near the equator at 8°S, the correlation coefficients between
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CTW1 (CTW2) and the iSLA are maximum when the CTW signal leads (lags) by ~10 days
(Fig. 9bc).

This is explained by the fact that individual CTW modes propagate at different phase speeds
(i.e. CTWI1: 5.5m.sl; CTW2: 2.3m.s™l; CTW3: 1.2m.s}; theoretical phase speed from (Illig et
al., 2018b). The delay is further accentuated because, similar to CTW gravest EKW modes
also propagate faster than higher-order modes and reach the west coast of the African
continent first. Then, the further south, the more the delay between modes increases.

Results reveal clear poleward propagations of interannual CTW123 (Fig. 9a) along
the south-west coast of Africa from 0°S to 23°S with significant maximum correlation (Fig.
9a — white dots) associated with monotonically increasing time-lags when moving southward.
Further south, the maximum correlation coefficient decreases, and the associated lags are not
increasing with latitude. This propagating pattern resembles the banana-shaped pattern in
Figure 7. The coherence with individual CTW modes (Fig 9bc), reveals that along the south-
western coast of Africa, from 0°S to 23°S, the iSLA variability correlates best with the
CTW2. Alike Figure 9a, South of 23°S, the maximum correlation values diminish, and the
associated lags cease to increase linearly (Fig. 9¢). Note that, a similar propagating pattern is
obtained with CTW3 but with much lower correlation values (<0.45) and only significant
between 12°S and 14°S (not shown). The coherence with CTW1 (along with the time-lags)
is, however, quasi continuously increasing with latitude poleward until it reaches a maximum
value of ~0.85 in the BUS (South of 23°S; Fig. 9b). The fast weakly dissipative CTW1
impinged the iSLA in the SBUS before the dominant second mode reaches the Angolan and
NBUS sub-systems. This results in a significant correlation pattern that departs from a linear
path in the BUS and rather take a concave shape. The apparent timing inconsistency (Fig. 7
and Fig. 9a) is linked to the change in the dominant CTW mode from the second to the first,
south of 23°S).

Finally, using the results of Figure 9, we further evaluate the averaged phase speed of
each CTW mode propagations. Modal CTW propagation velocities are estimated based on
the slope of least-squares best-fit straight lines passing through the maximum correlations
(white dots in Fig. 9bc) at each latitude (within the latitudinal domain where their
contribution is dominant). Phase speeds obtained are ~3.18 m.s™' and ~1.55 m.s™' for CTW1
(from 4°S to 34°S) and CTW2 (from 4°S to 22°S), respectively. These velocities are in fair
agreement with theoretical phase speeds of the interannual CTW modes in the south-eastern

Atlantic Ocean (Illig et al., 2018b).
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3.4 Timing of CTW on the coastal ocean variability

We now examine the timing between the passage of a CTW and its impact on the
coastal currents and temperature variability using ROMS-CR outputs. Similar to Figure 9a,
we perform a lag-correlation analysis between the interannual CTW123 activity averaged
within [7°S-9°S] and the coastal (1°-width coastal band) vertical (Fig. 10a) and meridional
(Fig. 10b) currents averaged in the [0-200m depth] surface layer at each latitude along the
south-western African coast. Positive time-lags indicate that CTW123 leads the coastal
circulation variability. During the passage of a downwelling CTW, vertical and meridional
current fluctuations yield a shift in the position of the thermocline mirrored at the surface by
fluctuations of the SLA. Therefore, the maximum correlation between the iSLA CTW123
index and the current fluctuations is associated with negative time-lags (Fig. 10ab and Fig.
2). The propagating pattern significantly differs from the one obtained with iSLA (Fig. 9a),
with maximum correlations pattern (>0.5) following a straight path from the equator down to
the SBUS. The latter is associated with a significant slower propagation speed of ~0.8 m.s™!
(estimated within [4°S-33°S]) as compared to iSLA propagative pattern (Fig. 9a). The
analysis of the impact of interannual CTW propagations on the 0-200m integrated coastal
temperature fluctuations (Fig. 10c¢, shading) and on the iSST (Fig. 10¢, contours) discloses an
analogous linear pattern from the equator to ~19°S. Maximum correlations are however
higher (>0.7) and the estimated propagation speed is 1.53 m.s™! (estimated within [4°S-17°S]).
In the BUS (19°S-34°S), the alongshore coherency pattern with interannual temperature
variability broadens toward larger time-lags and the propagation speed drastically slows
down to ~0.3 m.s! (estimated within [19°S-33°S]). The comparison between Figure 9a and
Figure 10 reveals that the propagative characteristics of the coastal waves are substantially
different when analysing oceanic fields that are affected by slow advection processes, as
opposed to SLA or thermocline depth interannual variations. Also, the discrepancy between
these dynamics seems to depend on the region of interest, with larger differences between
iSLA and iSST reported in the BUS. The latter are most likely associated with the specific
dynamics and mean state in this major eastern boundary upwelling system, associated with a
deeper thermocline, an intense mesoscale activity, and of particular interest is the presence of
the equatorward Benguela Jet (Shannon and Nelson, 1996; Shillington, 1998; Shillington et
al., 2006) that flows in opposite direction to the poleward CTW propagations. The
identification of the processes at work requires more analyses that are beyond the scope of

the present paper.
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3.5 Role of the local forcing in triggering interannual local CTW

Even if we have shown that the local forcing is not the dominant mechanism behind
the coastal interannual variability, atmospheric fluctuations generate local wind-forced CTW
propagations. Along the south-west African coast, the alongshore wind stress contains a
substantial amount of energy at interannual timescales. The magnitude of the interannual
wind fluctuations is displayed in Figure 11a as a function of latitude along the coast. The
variance of the coastal wind stress is found to increase from North to South with lower values
(0.005-0.007 N.m?) North of 12°S, in the Angolan subsystem. Also, the magnitude of the
interannual wind activity exhibit two clear maxima in the NBUS at Cape Frio (~18°S) and
the SBUS at Liideritz (~26°S) which correspond to the two areas where the smallest
equatorial contribution to the coastal vertical current variability have been reported (cf.
Section 3.1; Fig. 4).

In order to quantify the fraction of the CTW variability explained by the coastal
winds, Figure 11b compares the variance of interannual CTW123 anomalies in ROMS-CR
and ROMS-EQ (dark and pale grey shading, respectively) in function of latitude along the
south-west African coast. Results show, that, from the equator to the SBUS, there is no
striking difference in the amount of energy of the propagating interannual CTW between the
two experiments. We quantify a maximum difference in variance smaller than 0.1 cm? which
represents only ~5% of the magnitude of the interannual ROMS-CR CTW123 anomalies.
Furthermore, Figure 11c¢ shows the good coherence between the remotely-forced CTW123
relative to the ROMS-CR CTW123 (ExpVar in plain grey line) which explains, within the
three subsystems, more than 75% of the fluctuations. We observe a slightly stronger
CTW123 activity in the BUS in ROMS-CR compared to ROMS-EQ (Fig. 11b),
concomitantly with the enhance interannual variability of the coastal wind in the same region
(Fig. 11a). The response of the ocean to wind stress fluctuations is highly dependent on the
ocean stratification which controls how the wind forcing will projects its energy onto the
different CTW modes. Between 15°S-30°S (Fig. 1led in Illig et al. (2018a), where
interannual wind stress variability is strong (Fig. 11a). Illig et al. (2018a) have shown that the
wind projects preferentially on CTWI. In line with their study, model results show that
coastal wind interannual fluctuations in the BUS mainly force interannual CTW1 (Fig. 11c -
red plain and dash lines). Indeed, while the impact of local wind stress on each CTW mode
between 4°S and 19°S is non-significant, in the BUS (SBUS ~30°S) it accounts for an
increase in the amplitude of CTW1 of ~10% (~20%). Wind-forced CTW1 variations in the

BUS are not expected to be in phase with remotely-forced variability and might affect the
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timing and the coherence between the equatorial and the coastal variability. As a result, the
link between the equatorial variability and the iSLA in the BUS is slightly weakened when
analysing ROMS-CR outputs (not shown) compared to ROMS-EQ (Fig. 9).

4. Discussion: Benguela-Angola Nifio And Nifia Analysis

In this study, we have shown that the equatorial forcing, through the propagation of
remotely-forced CTW, explains a large amount of the interannual costal variability and, in
particular, it controls 70% of the 0-200m integrated temperature fluctuations (sections 3.1
and 3.2). It is now natural to discuss the relation and phasing between energetic CTW and the
phenology of the Benguela Nifios and Benguela Ninas. We therefore explore the coherence
between our CTW123 index and the occurrences of warm and cold events using the most
realistic experiment ROMS-CR.

As pointed out by Liibbecke et al. (2010), there is no consensus in the scientific
community on a criterion that identifies a Benguela Nifio or Nifia event. For instance,
Florenchie et al. (2004) define an anomalous event when the magnitude of the monthly iSST
averaged over the ABA region (10.5°S-19.5°S — 8.5°E-15.5°E) exceeds 1°C. Liibbecke et al.
(2010) consider major events as periods during which iSST fluctuations within ABA are
larger than 0.7 STD for at least three consecutive months. Imbol Koungue et al. (2017,
2019) classify Benguela Nifios and Nifias based on the analysis of the surface temperature in
three distinct coastal domains of their interest (10°S-15°S, 15°S-19°S or 19°S-24°S). Extreme
(moderate) events are identified when their indexes exceed a +1 STD threshold for 3 (2)
consecutive months. The most complex definition is found in Lutz et al. (2013), with the
objective to connect the coastal SST variability to an equatorial index. These criteria all have
in common that they examine the temperature variations in the surface layer. Yet, it has been
shown by Florenchie et al. (2004) and Bachelery et al. (2015) and supported by our results
that the maximum temperature variability is located under the mixed-layer, approximately at
the mean depth of the thermocline. In line with the aforementioned studies, we define here
and compare two criteria for classifying Benguela Nifio/Nifia events and investigate their
relationship with extreme CTW events. Both our criteria are defined when coastal (1°-width
coastal band) interannual temperature anomalies averaged within [10°S-20°S] remain higher
than =1 STD for at least 3 months in a row. The first criteria (CRIT-SURF) considers the
temperature averaged in the surface layer (within the first 20-meter depth), while the second

one (CRIT-SUBS) uses the temperature fluctuations below the mixed layer (averaged [within
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50-60m] depth). This region undergoes a substantial decadal variability (Hutchings et al.,
2009; Moloney et al., 2013) that results in long periods of warm or cold condition, over
which the interannual anomalies are superimposed. To focus exclusively on the interannual
variations (period ~18 months; Florenchie et al., 2004; Bachelery et al., 2015), prior to the
methodology described above, we removed the lower-frequency component by subtracting
the 5-year running mean. Therefore, the timing (start/end), duration, and amplitude of
identified events can differ from other studies, as discussed in Imbol Koungue et al. (2019).
Figure 12a displays the iSST time series along with the identified Benguela
Nifio/Nifia episodes (yellow and turquoise stars, respectively) based on CRIT-SURF
methodology. A total of 31 events (17 warm and 14 cold events) are selected over the 1958-
2008 periods. Most of these events have been documented in the literature, including the
extreme warm events in 1960-1961 (Imbol Koungue et al., 2019), 1963 (Shannon et al.,
1986; Lutz et al., 2013), 1984 (Shannon et al., 1986; Florenchie et al., 2003; Rouault et al.,
2003; Rouault, 2012), 1995 (Gammelsrgd et al., 1998), 1999 (Mohrholz et al., 2001), and
2001 (Rouault et al., 2007) and the cold events in 1983 (Florenchie et al., 2004), 1985, 1992
(Imbol Koungue et al., 2019), 1997 (Florenchie et al., 2004), and 2003 (Bachelery et al.,
2015). Periods of strong downwelling and upwelling CTW events (vertical yellow and
turquoise bars) are overlaid on Figure 12a. For consistency, here CTW events are considered
extreme when the time series of the summed-up contribution of the 3 first CTW modes to
coastal iISLA (CTW123) averaged within [10°S-20°S] exceeds =1 STD for 3 months in a
row. Results show that there is a good correspondence between indexes: of the 31 Benguela
Nifio/Nifia events, 18 events (10 warm (yellow-filled stars; Fig. 12a) and 8 cold (turquoise-
filled stars; Fig. 12a) are in phase with peaks in the CTW123 index, i.e. 59% of the events.
Among the 13 events that do not strictly coincide, 4 are, nevertheless, in phase with only
moderate CTW123 activity (defined as CTW123 exceeding £1 STD for 2 months).
Moreover, when analysing the contribution of individual CTW mode, results reveal that these
events are concomitant with the propagation of strong CTW3 (not shown), whose
contribution is counterweighted by CTW1 and CTW2. As a result, 22 (18+4) events can be
related to CTW propagation, which increase the detection performances to 71% of the
temperature events. This yet again emphasises the importance of disentangling the
contribution of individual CTW modes to better understand the dynamics of the extreme
events in the Angola-Benguela upwelling system. The same analysis but using the subsurface
temperature criterion (CRIT-SUBS), is presented in Figure 12b. Interestingly, the agreement

between both signals becomes stronger when considering the index in sub-surface: only 5
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events (3 cold (1963, 1983, and 2001-2002) and 2 warm (1965 and 1977)) out of a total of 29
extreme events selected here are not associated with intense CTW123 episodes. This
represents a total of 83% of coherence (not shown) between signals. As alluded to earlier,
these specific 5 events are in phase with moderate CTW123 activity and in particular, strong
CTW?3 propagations (not shown). Hence, 100% of the extreme temperature conditions below
the mixed layer can be related to energetic CTW propagations. This remarkable
correspondence (71% in surface and 100% in subsurface) confirmed the high dynamical
connection between CTW and extreme temperature conditions along the continental shelf.
Benguela Nifios and Nifas are associated with fluctuations in the oxygen content of the shelf
water (Fig. 1b; Monteiro and van der Plas., 2006; Monteiro et al., 2008, 2011) and
significantly affect the marine ecosystem and fish resources (Binet et al., 2001; Gammelsrgd
et al., 1998). Therefore, it is likely that extreme low-oxygen episodes along the continental
shelf and their ecological consequences are connected to CTW propagations. The advent of
satellites made it possible to document Benguela Nifios and Nifias events as it provides
surface observations on a wide spatial and temporal coverage. However, our results suggest
that the understanding of the phenology of hypoxic and Benguela Nifos and Nifias events,
can be significantly improved when also documenting and analysing the sub-surface
variability. This will, for instance, require the implementation of mooring monitoring on the
shelf where the CTW signature is substantial, similar to the PIRATA observational network
in the tropical Atlantic.

The analysis of Figure 12 reveals some differences in the classification of the extreme
events between the surface and the sub-surface. In fact, 9 of the Benguela Nifios and Nifias
events (warm: 1986, 1991, 1993, 1995, 2003, 2005; cold: 1972, 1985, 1992; yellow and
turquoise empty stars, respectively) only occur at the surface (Fig.12a), not fulfilling the
CRIT-SUBS criterion (Fig. 12b). Most of them nonetheless, coincide with moderate
temperature events in sub-surface (Fig. 12b) and moderate CTW propagations (not shown).
This implies that the local atmospherics forcing may enhance the amplitude of the extreme
temperature episodes in surface mixed layer (Florenchie et al., 2004; Liibbecke et al., 2010;
Richter et al., 2010; Bachelery et al., 2015; Imbol Koungue et al., 2019). This is in line with
the recent study of Imbol Koungue et al. (2019) which highlights the concomitant role of
both, the equatorial and the local forcing, as part of a large-scale wind anomaly pattern over
the South Atlantic Ocean, in triggering Benguela Nifios/Nifas.

However, our results reveal also cases where the atmospheric forcing (through CTW

generation, upwelling and evaporation processes) conceal the signature of the remotely-
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forced CTW in the surface layer. This is in particular the case for the sub-surface 1965, 1981
warm (1961, 1977, 1984 cold) events (Fig. 12b) which are associated with strong CTW123
propagations but do not fulfil the CRIT-SURF criterion (Fig. 12a). For instance, a few
months before the development of the extreme warm 1995 event, the propagation of a strong
upwelling CTW occur along the south-western African coast (Fig. 12 - blue bars), which
effects (uplifting of the thermocline and cold temperature anomalies) are recorded in the sub-
surface temperature (Fig. 12b). Surprisingly, in the surface layer, the temperature fluctuations
(Fig. 12a) portray a positive anomaly consistent with the 1995 Benguela Nifio (Gammelsrgd
et al., 1998). Our results therefore support the finding of Richter et al. (2010) who
disassociated the development of this event to the equatorial forcing. However, using
composites of Benguela Nifio events over the 1958-2000 period, Liibbecke et al. (2010) did
not find stronger wind stress anomalies associated to the development of extreme event. To
our knowledge, only the 2016 Benguela Nifio event was not predominantly connected to the
equatorial dynamics (Liibbecke et al., 2018) but was triggered by local mechanisms
associated with wind relaxation and enhanced freshwater from precipitation and river

discharges.

5. Conclusion and perspectives

The 1958-2008 coastal interannual variability in the south-eastern Atlantic Ocean is
studied using the solutions of two regional ocean model experiments. Our results highlight
the strong contribution of the equatorially-forced CTW to the coastal variability along the
shelf. For the first time, we were able to track equatorially-forced CTW propagations from
the equator down to 34°S in the SBUS where they contribute up to 70% of the interannual
SLA, temperature and salinity variability. The decomposition of model coastal variability
into CTW contribution allow us to document the effect of energetic CTW propagations on the
nearshore oceanic conditions and circulation. In the BUS, interannual remotely-forced CTW
induce strong meridional and vertical current anomalies, maximum in the first 200m, along
the slope of the continental shelf consistent with the nearly barotropic CTW structures. The
modulation of currents in turn affects the distribution of temperature and salinity along the
continental shelf. The analysis of the characteristics of individual CTW modes reveals that
from the equator to 22°S, the coastal variability is controlled by the contribution of the slow
propagating and more dissipative second and third CTW modes. Southward, their

contribution decreases and the less dissipative CTW1 becomes dominant. As the latter travel
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faster, its signature on the coastal variability in the SBUS take place 10 days before the
higher modes impinged the NBUS.

Then the dynamical connection between energetics of CTW and Benguela Nifio/Nifia
events are evaluated. Our results highlight the remarkably high coherence (71%) between
signals. This quantification reaches 100% when: (1) focussing on fluctuations under the
mixed layer where the temperature variability is less influenced by the local atmospheric
forcing and (2) disentangling the individual CTW modal contribution to the coastal
variability.

Finally, our results also suggest a low-frequency (decadal) modulation in the intensity
of the surface and sub-surface temperature interannual variability and the frequency of
occurrence of warm/cold extreme events (stars on Fig. 12). We denote two periods of strong
activity during the [~1975-1985] and [~1995-2005] decades, interspersed with periods of
lower interannual variations ([~1962-1970] and [~1985-1994]). These periods are
concomitant with changes in magnitude of the CTW activity (vertical bars). Evaluating the
mechanisms that control the low-frequency modulation of the coastal interannual variability

will be the topic of our next research efforts
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Figure 1: a) Map of interannual Sea Surface Temperature (iSST; °C) from the GHRSST
remotely-sensed observation (see the supporting information for more details about the data)
averaged during the peak phase of the 2001 Benguela Nifio event (cf. grey vertical band in
Fig. 1b). Black contours interval is 0.5°C. White contours inland delineate the Angola,
Namibia and South Africa countries borders. The position of the three subsystems (Angolan,

NBUS and SBUS) is highlighted by the hatched lines in the African continent. b) Time series
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1099  of iSST (black line; °C) and oxygen anomalies (averaged in the first 200m; blue line;
1100  mmolO2.m™) from the ROMSggr simulation in Bachelery et al. (2016). Model outputs have
1101  been averaged over a 0.5° coastal band from 10°S to 20°S.
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Interannual CTW and coastal temperature anomalies in the NBUS (19°S-21°S)
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Figure 2: Time series of ROMS-EQ interannual CTW123 (grey plain line; cm) and
temperature (within the first 200m; bottom red line; °C) anomalies averaged from 19°S to
21°S. Grey dashed lines and shading denote the position of +1.5 STD and the period of major
CTW123 events, respectively. The Peak phase of the selected CTW123 events (cf. grey
shading in the top time series) are reported with black lines on the bottom time series, shifted
by ~25 days with CTW123 leading in agreement with the timing found in Figure 3 (red

circle).
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Figure 3: Timing between the passage of ROMS-EQ interannual CTW and it signature on
the coastal ocean properties. Maximum lag-correlation between the interannual ROMS-EQ
CTW123 (Eq. 1) and the coastal (0.5°-width band) temperature (circles) and vertical current
(squares) anomalies averaged over the first 200m and within [9°S-11°S] (red), [19°S-21°S]
(orange) and [29°S-31°S] (yellow). Positive lags indicate that CTW leads.
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Contribution of the remote forcing to the coastal interannual variability
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Figure 4: Explained variance (in %, as defined by Eq.2) between ROMS-EQ and ROMS-CR
sensitivity experiments, averaged over the 0.5°-width coastal band along south-western
Africa. a) Interannual Sea Level Anomalies (iSLA; turquoise line), Sea Surface Temperature
(iSST; red dashed line) and Sea Surface Salinity (iSSS; green dashed line) anomalies. b)
Interannual temperature (red line), Salinity (green line), meridional (blue line) and vertical

(blue dashed line) currents anomalies averaged over the first 200 meters.
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1124
1125  Figure 5: Composite cross-shore sections at 9°S-11°S (left panels), 19°S-21°S (middle

1126  panels) and 29°S-31°S (right panels) of ROMS-EQ interannual vertical (top panels; m.day™)
1127  and meridional (bottom panels; m.s') currents anomalies averaged during periods of
1128  energetic CTW events (cf. grey shading in Figure 2a). See section 2.6 for details on the
1129  compositing technique. Contours show correlation (1958-2008) between the interannual
1130  current variability and CTW 123 indexes shifted in time by the corresponding lag obtained in
1131  Figure 3.
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Figure 6: Same as Figure 5 for temperature (top panels; °C) and salinity (bottom panels;

PSU) interannual anomalies.
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Correlation between the equatorial and the coastal interannual SLA
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Figure 7: Lag-correlation between interannual Sea Level Anomalies averaged within [S°W-
5°E; 1°S-1°N] and over 1°-width coastal band as a function of the latitude and lag (days).
Positive lags correspond to the equatorial variability leading. White dots highlight the timing
of the maximum correlation in function of latitude (every 1.5°). a) Remotely-sensed Aviso

observations. b) ROMS-CR and ¢) ROMS-EQ model solutions.
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Contribution of EKW and equatorially-forced CTW to the interannual SLA anomalies
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1145  Figure 8: a) Bar-charts quantify the explained variance (in %; Eq. 2) of the interannual
1146 SODA EKW mode 1 (red), 2 (blue), 3 (green) and their summed-up contribution (grey) to the
1147  equatorial (5°W-10°E / 1°N-1°S) interannual Sea Level Anomalies (iSLA) of ROMS-EQ.
1148  Values on the top bar give the variance (cm?) of each mode. b-g) Same as panel a) for the
1149 ROMS-EQ CTW contributions to the coastal (in a 0.5° width band) iSLA averaged within b)
1150  [11°S-15°S], ¢) [16°S-18°S], d) [19°S-24°S], e) [25°S-27°S] and, f) [28°S-32°S].
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Figure 9: Lag-correlation between interannual ROMS-EQ CTW signal ((a) summed-up
contribution of mode 1, 2 and 3; (b) mode 1; (¢) mode 2 averaged within [7°S-9°S - 0.5°
coastal band] and the interannual Sea Level Anomalies as a function of latitude along the
south-western coast of Africa and time lag (days). Positive lags stand for the CTW signal
leading. White dots denote the timing of the maximum correlation in function of latitude
(every 1°). Values listed in the right upper corner (in white) correspond to the modal CTW
phase speed (m.s™!) estimated based on the slope of least-squares best-fit straight lines passing
through the maximum correlations (white dots) within [4°S-32°S], and [4°S-22°S] for panel

b) and c) respectively.
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Correlation between the CTW propagations and iSLA variability
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Figure 10: Lag-correlation between the ROMS-EQ interannual CTW123 signal (averaged
within 7°S-9°S - 0.5° coastal band) and interannual (a) vertical current, (b) meridional
current, (¢) temperature and Sea surface temperature (contours) anomalies as a function of
latitude along the south-western coast of Africa and time lag (days). Positive lags stand for
the CTW signal leading. White dots denote the timing of the maximum correlation in
function of latitude (every 1°). The temperature and currents variable have been averaged

over the first 200m depth within a 1° coastal band.
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1175
1176  Figure 11: a) Variance of the interannual alongshore wind stress anomalies (10xN.m) as a
1177  function of latitude along the south-western coast of the African content using ROMS-CR
1178  outputs. Wind data have been averaged in a 2°-width coastal band. b-¢) Mean (1958-2008)
1179  interannual CTW characteristics averaged over a 0.5° width coastal band. b) Variance of the
1180  summed-up contribution of the three gravest CTW modes (CTW123; Eq. 1) to SLA (cm) in
1181  function of latitude along the south-western African coast. Dark and pale grey show the
1182  results for the ROMS-CR and ROMS-EQ, respectively. ¢) Plain red, blue, green and grey
1183  lines count for the explained variance (in %; cf. Eq. 2) of ROMS-EQ CTW modes 1, 2, 3 and
1184  their summed-up contribution relative to ROMS-CR CTW123. Dash lines show the same
1185  quantification for ROMS-CR.
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b) Coastal interannual temperature (50-60m) anomalies (10°S-20°S)
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Figure 12: a) 0-20 m depth interannual Sea Surface Temperature (iSST; °C) anomalies
averaged from 10°S to 20°S in an 1° coastal fringe of ROMS-CR. Extreme downwelling and
upwelling ROMS-CR CTW123 propagating episodes (cf. section 2.6 for more details on the
threshold) are emphasized with the yellow and turquoise vertical bars, respectively. Yellow
(turquoise) stars denote the extreme Benguela Nino (Nifia) episodes defined as interannual
anomalies larger than +1 STD (grey dashed lines) for at least 3 months. Extreme Benguela
Nifio (Nifia) that do not coincide with an extreme downwelling (upwelling) CTW event are
depicted by a red (blue) star. b) Same as Figure 12a for interannual temperature anomalies

averaged under the mixed layer between 50-60 m depth.
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