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Impact of intraseasonal wind bursts on sea surface
temperature variability in the far eastern Tropical Atlantic
Ocean during boreal spring 2005 and 2006. Focus on the mid-
May 2005 event.

Gaélle Herbelt Bernard Bourl€s

L Institut de Recherche pour le Développement (IRBhoratoire d'Etudes Géophysiques et Océanograpsitale
(LEGOS), Brest, France.

Correspondence to: Gaélle Herbert (gaelle.herbert@ird.fr)

Abstract. The impact of boreal spring intraseasonal wind tsuos sea surface temperature variability in the
eastern Tropical Atlantic Ocean in 2005 and 200i@vestigated using numerical simulation and obstons.
We specially focus on the coastal region east d&& &hd between the equator and 7° S that has patdiadied

in detail so far. For both years, the southerlydvanomalies induced cooling episodes through i) aliivg
processes; ii) vertical mixing due to vertical @hef the current; and for some particular eveiitgidecrease

of incoming surface shortwave radiation. The stteraf the cooling episodes was modulated by subsarf
conditions affected by the arrival of Kelvin waviesm the west influencing the depth of the therrrazl Once
impinging the eastern boundary, the Kelvin wavesited westward-propagating Rossby waves which,
combined with the effect of enhanced westward serfaurrents, contributed to the westward extenefane
cold water. A particularly strong wind event ocadrin mid-May 2005 and caused an anomalous strooling

off Cape-Lopez and in the whole eastern Tropicémtic Ocean. From the analysis of oceanic and spimeric
conditions during this particular event, it appetirat anomalously strong boreal spring wind streeging
associated to anomalous strong Hadley cell actpigmaturely triggered the onset of coastal rdimfiathe
northern Gulf of Guinea, making it the earliest 0¥898-2008 period. No similar atmospheric condgiovere
observed in May over the 1998-2008 period. It soalound that the anomalous oceanic and atmospheric
conditions associated to the event exerted stnaffigeince on rainfall off Northeast Brazil. This dyuhighlights
the different processes through which the wind pofr@m the South Atlantic is brought to the ocearttie
Gulf of Guinea and emphasizes the need to furtbeamhent and monitor the South Atlantic region.

1.Introduction

The eastern equatorial Atlantic Ocean shows a pnoced seasonal cycle in sea surface temperaturg) (SS
(Wauthy, 1983; Mitchell and Wallace, 1992). Oneosty signature of the SST seasonal cycle in theegast
equatorial Atlantic is the Atlantic cold tongue (AC(Zebiak, 1993) characterized by a fast drop 8T $up to

7° C) in boreal spring and summer slightly southhef equator and east of 20°W (Merle, 1980; PicHe83).
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During boreal summer, the southern boundary ofdb@er temperature connects progressively withattral
winter cooling of the Southern hemisphere SSTs.uflper of observational (Merle, 1980; Foltz et 2003)
and modeling (Philander and Pacanowski, 1986; Yalet2006; Peter et al., 2006) studies show that t
development of the ACT is driven by the seasonaieiase of the Southern Hemisphere trade winds gliate
boreal winter to early summer (Brandt et al., 20443ociated with the meridional displacement oflttier-
Tropical Convergence Zone (ITCZ) (Picaut, 1983;ig5al989; Waliser and Gautier, 1993; Nobre and &huk
1996). The equatorial cooling is regulated by aptiog between thermocline shoaling, subsurface ohyos
(Yu et al., 2006; Peter et al., 2006; Wade et2dl11; Jouanno et al., 2011) including turbulentingxvertical
advection and entrainment, as well as horizontaleation. The equatorial thermocline shoaling is the
consequence of local and remote wind forcing: thengthening of easterly winds in the western eajigit
Atlantic remotely forces the seasonal upwellingthie eastern part of the basin via equatorial Keaves
(Moore et al., 1978; Adamec and O’'Brien, 1978; Basehi and Picaut, 1983; McCreary et al., 1984).

Besides the dominant seasonal cycle, the eastgsitat Atlantic is under the influence of meridibsautherly
winds (Picaut, 1984) which fluctuate with a peridddse to 15 days (Krishnamurti, 1980; de Coétlogbal.,
2010; Jouanno et al.,, 2013). These intraseasonad Wuctuations are therefore expected to be a majo
contributor to the seasonal SST cooling and ocswaraenergy and momentum carrier from the Southngid

to the eastern equatorial Atlantic. A connectiotween the strength of the St. Helena Anticyclond 88T
anomalies in the southeastern tropical Atlantic besn described by Lubbecke et al. (2014). Thefeoesu
suggest that the St. Helena Anticyclone variabititight be an important source of anomalous tropitkntic
wind power which affects SST in the eastern eqialtdtlantic via several mechanisms: zonal windessr
changes in the western equatorial basin, wave g, meridional advection of subsurface tempeeatu
anomalies, intraseasonal wind stress variations,passibly even other mechanisms. Through thetindsita
analysis of AMMA/EGEE cruises (Redelsperger et2006; Bourlés et al., 2007) carried out in 2008 2006,
Marin et al. (2009) show that the SST seasonalirgdat the equator east of 10° W is not smoothresitilts
from the succession of short-duration cooling egésogenerated by southeasterly wind bursts dudigo t
fluctuating St. Helena Anticyclone. In addition,cacding to Leduc-Leballeur et al. (2013), the sharm
durable change in the atmospheric circulation énrtbrthern Gulf of Guinea (durably strong soutlesrliorth of
equator) takes place through an abrupt seasomaitican prepared by a succession of southerly \wimgts and
possibly triggered by a significantly stronger wimarst. The southerly wind bursts occurring in bspring in
the Gulf of Guinea thus would play an importanerol driving precipitation pattern in the area thgh air-sea
interactions (de Coétlogon et al., 2010; Nicholamd Dezfuli, 2013) and coupling between the ACT tred
West Africa Monsoon (WAM).

Improving our understanding of the impact of suéhdabursts on SST variability at intraseasonal es@althe
eastern Tropical Atlantic is important through litk with the regional climate. However, while tRT and
Angola-Benguela regions have been the object ofyrstudies, the dynamics and SST variability of ¢cbastal

eastern region is much less documented.
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In this study, we therefore first focus our anaysff Cape-Lopez (defined from 0° N-7° S; 5° E-H‘%nd
hereafter called CLR for ‘Cape-Lopez region’, ség B) and aim to improve understanding of its eeabSST
variability and the impact of intraseasonal windsSST variability during boreal spring and sumnies.this
end, we use regional high resolution model resafiswell as satellite SST data and sea surface theigh
observations. We first use model outputs from 1898008 to analyze the seasonal cycle in CLR and to
highlight its interannual variability, and then wpecially focus on the years 2005 and 2006 to bigege the
SST response of intraseasonal wind forcing. Thegeparticular years were largely investigated dyrihe
African Monsoon Multidisciplinary Analyses (AMMA)x@eriment (Redelsperger et al., 2006). The yeab200
is characterized by the lowest SST values in th& AGring the past 3 decades (along with 1982),evAd06 is
considered as a normal year (Caniaux et al., 204%h, 2005 exhibits the earliest development & ACT.

The study of SST variability at intraseasonal scdieging these two years is thus interesting fortdvet
understanding their observed differences in SS$a@®d conditions. These two particular years haentalso
chosen by Marin et al. (2009) to study the varigbidf the properties of the ACT. Their study coreed the
equatorial area west of 4° E, whereas we propodectss in CLR, east of 5° E where coastal proceases

expected to be involved.

The question of the processes implied in the SSiabidity in the Cape-Lopez region was raised basedn
observation in satellite SST data of cold coastaiens during boreal spring independent from thdssexved
off shore in the cold tongue region around 10°W\é (B&y. 2) which also raised the question of th& bhsuch
cooling with the cold tongue developmefflost studies on the CLR focused on the analysisheéivational
data sets to examine the hydrology and its seas@medtion along the frontal (coastal) region ofn@o (e.g.
Merle, 1972; Piton, 1988) or on the impact of Cofijeer on SST and mixed layer (e.g. Materia et2012;
Denamiel et al., 2013; White and Toumi, 2014) butpur knowledge, no detailed analysis of SST ity at
seasonal and intraseasonal time scales have bedimede A better understanding of ocean-atmosphere
interactions in this region is thus needed. Sonewipus studies related to the whole eastern Trbpgitdantic
(Gulf of Guinea) suggest that multiple processaddtbe at play in the CLR, coupling remote and Idcecing.
For example, Giordani et al. (2013) show from regiomodel results that horizontal advection, entregnt,
and turbulent mixing significantly contribute toettheat budget east of 3°W because of the veryrtiied
layer. The upper layers of the north CLR might ateoimpacted by vertical mixing induced by the e
current vertical shear between the South EquatGuatent, flowing westward at the surface, andsthiesurface
eastward Equatorial Under-Current. In additionotal forcing, the area is also under the influesicthe arrival

of equatorial Kelvin waves from West and their eeflon, once reaching the African coast, polewasd a
coastally trapped waves and westward as Rossbysadeore, 1968; McCreary, 1976; Moore and Philander
1977). The principal source of the equatorial Kelwiaves has been usually related to the westerategai
zonal wind changes during late boreal winter tolyeaummer (e.g.; Philander, 1990). In order to édrett
understand the trigger mechanism of Kelvin wavaseggion which conditions the mixed layer propertie
the CLR, another purpose of this study is thuslemiify the atmospheric conditions coinciding witle Kelvin

waves generation in the West of the basin duringteri2005 and 2006. In addition, some studies (sa&ch



107
108
109
110

111
112
113
114
115
116
117
118
119
120

121
122
123
124
125
126
127

128

129
130
131
132
133
134
135
136
137
138
139
140
141

DeCoétlogon et al., 2010) suggest that at shoe Snale (a few days), more than half of the cold &%omaly
around the equatorial cooling could be explainedhbyizontal oceanic advection of upwelled cold taks
waters controlled by the winds. Therefore, a batteterstanding of the SST variability in the CLRynadso
help to better understand the SST variability i élquatorial region.

Several studiese(g. Okumura and Xie, 2004; Caniaux et al., 2011; Ngusteal., 2011; Thorncroft et al., 2011)
show evidence of a high correlation between the A@Gd the WAM onset in the Sahelian region. Basedron
analysis of 2%ears of data, Caniaux et al. (2011) identified yhar 2005 as the year with the earliest WAM
onset date (around 19 May 2005 whereas they d#imenean onset date on 23 June +/-8 days). Acaptdin
Marin et al. (2009), the time shift in the develggm of the ACT between 2005 and 2006 is related to
particular wind burst event in mid-May 200Bhis mid-May 2005 event therefore appears as exgatistrong
influence on the WAM. In a second part of the studg thus focus on this particular wind event thraiceded a
strong cold event in the far eastern Tropical Aitaalong with an early ACT development. We aindascribe

i) the atmospheric and oceanic conditions duririg garticular event; ii) to what extent it is inved in the
WAM system; and iii) which processes make it anegtional event.

The remainder of the paper is organized as folldwsSect. 2, the model and observational data usekis
study are described. The seasonal and interanaudability of SST, winds, currents, 20° C-isothedepth and
sea surface heat flux in the CLR are analyzed at. Se The cooling episodes generated in respansetitherly
wind bursts and the other forcing mechanisms indpliethe CLR are investigated in details for tharge2005
and 2006 in Sect. 4. In Sect. 5, we focus our aiglygn the unusual wind burst occurring in mid-MeDP5.

Finally, the main results are summarized and dsstién Sect. 6.

2. Model and data

The numerical model used in this paper is the Reji@ceanic Modeling System (ROMS) (Shchepetkin and
McWilliams, 2005). The model configuration is thamse as employed in Herbert et al. (2016), and the
following text is derived from there with minor miéidations.

ROMS is a three-dimensional free surface, splitiekpcean model which solves the Navier-Stokemjive
equations following the Boussinesq and hydrostpiproximations. We used the ROMS version develated
the Institut de Recherche pour le DéveloppemerD)iRaturing a two-way nesting capability basedA@RIF
(Adaptative Grid Refinement In Fortran) (Debreuagt 2012). The two-way capability allows interacis
between a large-scale (parent) configuration ateforesolution and a regional (child) configuratianhigh
resolution. The ROMSTOOLS package (Penven et @D8Ris used for the design of the configuratiohe T
model configuration is built following the one pemfned by Djakouré et al. (2014) over the Tropic#bAtic.
The large scale domain extends from 60° W to 1&.3thd from 17° S to 8° N and the nested high réisoiu
zoom focuses between 17° S and 6.6° N and betw@®W/land 14.1° E domain. This configuration alldies
equatorial Kelvin waves induced by trade wind véoizs in the western part of the basin to propags#tethe
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Gulf of Guinea and influence the coastal upwell{8grvain et al., 1982; Picaut, 1983). The horizogtad
resolution is 1/5° (i.e. 22 km) for the parent gadd 1/15° (i.e. 7 km) for the child grid (see Hatbet al.
(2016), their Fig. 1). This allows an accurate heton of the mesoscale dynamics since the firsbdanic
Rossby radius of deformation ranges from 150 to R30in the region (Chelton et al., 1998). The \atti
coordinate is discretized into 45 sigma levels witbrtical S-coordinate surface and bottom stretghin
parameters set respectively to theta_s = 6 and thet 0, to keep a sufficient resolution near thdase
(Haidvogeland Beckmann, 1999). The vertical S-co@i® Hc parameter, which gives approximately the
transition depth between the horizontal surfacelleand the bottom terrain following levels, is geHc = 10

m. The GEBCOL1 (Global Earth Bathymetric Chart & @ceans) is used for the topography (www.gebcp.net
The runoff forcing is provided from Dai and Trentes global monthly climatological run-off data g&ai and
Trenberth, 2002). The rivers properties of salirihd temperature are prescribed as annual meaasvalne
river (Amazon) is prescribed in the parent modellevfive rivers, that correspond to the major rivgresent
around the Gulf of Guinea, are prescribed in thédamodel (Congo, Niger, Ogoou, Sanaga, Volta).ti¢
surface, the model is forced with the surface laedt freshwater fluxes as well as 6 hourly windsstréerived
from the Climate Forecast System Reanalysis (CKB®&t)zontal resolution of ¥4°x ¥4°) (Saha et al., @0Dur
model has three open boundaries (North, SouthVdest) forced by temperature and salinity fieldsrfrthe
Simple Ocean Data Analyses (SODA) (horizontal netsmh of ¥2°x%2°) (Carton et al., 2000a, 2000b; Guart
and Giesg2008). The simulation has been performed on IFREMEERarmor super-computer and integrated
for 30 years from 1979 to 2008 with the outputsraged every 2 days. A statistical equilibrium igateed after
~10 years of spin-up. Model analyses are baseth@®-days averaged model outputs from year 199&0
2008. The model has already been validated sucthsgfith a large set of measurements and climafiotal
data, and more detailed information about the medldiations can be found in Herbert et al. (2016).

Note that throughout the whole text and figure icaqst, the term “intraseasonal variations” is usedésignate
the field obtained after removing the 30 days lagpfiltered field from the total field of the givgear, while
“intraseasonal anomaly” refers to the field obtdimdter removing the 30 days low-pass filtereddfiaveraged
over 1998-2008 from the total field of the giveraye

For SST observations, we use data obtained fromsunements made by the Tropical Rainfall Measuring
Mission microwave imager (TMI). The dataset is agee product produced by Remote Sensing Systems and

sponsored by the NASA Earth Sciences Program. akee ate available atww.remss.com/missions/tniTrhe

SST data have a spatial resolution of ¥4° and femptiesent study the 10 years’ time series, fromnudry 1998
to 31 December 2008, obtained as 3-daily field. ifmgortant feature of the microwave retrievalshattit can
give accurate SST measurements under clouds (Wetngt., 2000). However, the major limitation to the
microwave TMI observations is land contaminationickhresults in biases of the order of 0.6°K withimout
100 km from the coast (Gentemann et al., 2010)sThuthe Optimal Interpolation TMI product the sifbre
zone with no data extends at approximately 100 tamfthe coast. This limits to some degree the aimlyf

near-coastal regions, in particular those dominhtedoastal upwelling dynamics.



179 We also use for this study daily sea surface héigBH) data, which are available for the period3:2®12 and
180 maintained by the organization for Archiving, Vattbn, and Interpretation of Satellite Oceanogreptata
181  with support from CNES (AVISO; www.aviso.altimetity. The sea surface height dataset is a mergedlupto
182 of observations from several satellite missionslt8&uacs (Segment Sol multimissions d’ALTimétrie,
183 d’Orbitographie et de localisation précise/DevehgpiUse of Altimetry for Climate Studies) mapped it
184  0.25° Mercator projection grid. All standard cotfens have been made to account for atmospheri¢ (we
185 troposphere, dry troposphere and ionosphere dedengspceanographic (electromagnetic bias, ocead, kolid
186 Earth and pole tides) effects. The mean sea surégagraphy for the period 1993-2012 was removenh fihe

187 SSH to produce sea surface height anomalies.

188 In addition, surface pressure data were studiedguBICMWF Atmospheric Reanalysis (ERA) for the 20th
189 Century product (European Centre for Medium-Rangmaiter Forecasts, 2014). The four-hourly data ailg d

190 averaged and is available on https://rda.ucaneelosite. The product assimilates surface pressugdemarine

191 wind observations.

192

193 3. Seasonal variability of surface conditionsin CLR
194  The purpose of this section is to describe theswedstmospheric and ocean surface conditionsarCtR.

195 The seasonal variability of SST, surface windssstrénorizontal current intensity, depth of 20° GHigrm
196  (hereafter referred to as z20), and the surfachewstflux from monthly averaged model outputshie €LR for
197 each year from 1998 to 2008 and averaged overdhiecdpare shown in Fig. 1. The reliability of thede! is
198  also provided by comparing the simulated and thieesponding TMI SST climatological seasonal cyal¢he
199 CLR (Fig. 1a). The SST variations display an anmyale with highest temperature at the end of Hoxéater
200 - beginning of boreal spring (warm season), whenlIffCZ reaches its southernmost position and théetr
201 winds are weakest, and minimum values in borealnsen(cold season), when the trades intendifye most
202  salient features of the atmospheric and hydrogeafibids during May-June are also illustrated ig.FL by
203 May-June averaged maps. Despite a warm bias (~d®@pared to satellite observations, the model hpres
204 the satellite pattern well. While this warm biagfie eastern tropical Atlantic is well known in pted climate
205 models (e.g. Zeng et al., 1996; Davey et al., 20@%er et al., 2006; Chang et al., 2007; Richtdrée, 2008),
206 results from Large and Danabasoglu (2006) suggdseid that a warm SST bias may also be presery #ien
207  Atlantic coast of southern Africa in forced ocearlyosimulation. The SST May-June average map itdi&a
208 that the boreal summer SST minimum is related tensified cool SST around 6°S, in the Congo moedian.
209 In this region, the coast is oriented parallelite trade flow which reinforces in boreal summeustfavorable
210 to coastal upwelling processes. The mean alongshiok stress during May-June reveals in fact thmavelling
211 conditions are observed over most of the CLR. Tdestal upwelling could also interact with the calkelvin

212 wave propagation (e.g. Ostrowski et al., 2009) liggited by minimum z20 values in Fig. 1d.



213
214
215
216
217
218

219
220
221
222

223
224
225

226
227
228
229
230
231
232
233
234

Wind stress magnitude exhibits a semi-annual viitialwith a second maximum in October—December and
weakening during July-September season (Fig. 1. Strengthening of winds in boreal spring is aséed
with a strengthening of mean current speed, paatiguoff Cape-Lopez between 2° S to 4° S and veé&° E
in May-June (Fig. 1c). The orientation of surfacerent is mostly westward for the May-June seasdnilg it is
northward from October to January (not shown). Tgéseral picture of surface circulation is consisigith
observations (Merle, 1972; Piton, 1988; Rouaudl£t2009).

The region is also characterized by a shallow tletime which depicts a strong semi-annual cycle.(Eid).
The evolution of z20 reveals a shoaling of the tiegline during May-July and a deepening up to Oeteob
November when it exhibits a maximum depth, in agrert with previous studies such as the one realized
Schouten et al. (2005) who find a similar seasogele from SSH altimetric data.

The surface net heat flux exhibits a maximum ineabmwinter and a minimum in July (Fig. 1e), follagithe
seasonal cycle of solar shortwave radiations. Agld on the May-June average map, greater heestifggind

over cool waters, due to weaker heat loss via tdteat flux in these areas.

The seasonal cycle is modulated by strong yeae#w-yariations. The mean SST in the CLR in 2003scas
early as March from TMI data and April from the nebdata. SST reaches lower values than the climgitol
ones, as observed by Marin et al. (2009) and Cargawal. (2011) west of 4° E. This 2005 cold angmial
associated with positive wind speed and surfaceentispeed anomaly in April-May (Fig. 1b&c) as wadl

shallower-than-average thermocline depth. In 283 variations are very close to the climatologie®

Thus, the April-June season in the CLR appears &wrsitional period characterized by strong sealson
evolution, primarily governed by the local windsiathgenerate coastal upwelling in Congo mouth negiod

modulated by the variation of thermocline depth.
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236 Figure 1. Monthly average of the (a) sea surface tempezaft€); (b) wind stress direction (vectors) and
237 magnitude (color field) (N.if); (c) horizontal surface current direction (vesjoand speed (color field) (rit)s
238 (d) 20° C-isotherm depth (m); and (e) surface Hieat (W.m%; positive values indicate downward flux) from
239  January to December from 1998 to 2008 and for lineatology (averaged over 1998-2008) simulated Hwy t
240 model (red curve) and from the observations : mgrakierage TMI 3-daily SST data (light blue curwe(a));
241 averaged over 5° E-14° E and 7° S-0° S. Right panaps of each variable over May-June..
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4. Analysis of cooling episodesin the CLR in 2005 and 2006

In this section, we examine the impact of intraseabwind bursts on SST in the CLR during the paitr
years 2005 and 2006 (Marin et al., 2009; Caniauad.e011). We propose here to analyze in dethdsSST

conditions in CLR, east of 5° E, for both years.

4.1 SST variations

In order to delineate the sequence of cooling el@isowe analyze the SST variations from 2-daysaaesr
model outputs in 2005 and 2006 over the CLR, iggwben 5° E and 12° E. Both the SST (Fig. 3a &ng a
intraseasonal variations of SST (Fig. 4a & f) dreven. The cooling episodes occurred east of 50m fApril

to September. In 2005, the intraseasonal cooliigpdes took place on 8-12 May, 16-22 May, 30 Mage 6,
and 12-16 June, whereas in 2006, they took plac2®B80 April, 14-24 May, 14-20 & 26-30 June. The
temperature drop for the two years ranged betw@&iC to -2°C. The cooling episodes concerned ésihec
the southern equatorial region (around ~3-4° Sgepk for the strongest events where they reached mo
northern equatorial regions, especially for the-iiay and late-May 2005 events. These latter weseaated
with an intense SST front between the cold watetls@f the equator and the warmer water north ef th
equator, as visible on SST map for 12 May 2005gmmes! in Fig. 2. We can see cold waters extendimgga
the eastern coast and in ACT region west of 5° Wthe model, cold waters are deflected offshofeCaipe-

Lopez, due to recursive bias in warm water intmgtward the south.

Besides, model SST fields (Fig. 3a) indicate that$ST minimum (~24° C) in 2005 was reached in,Judy
one month earlier than in 2006, as also noticeseasonal variations of SST averaged in the redtan (a).
These results illustrate the important role of #wecession of quick and intense cooling episodethén
establishment of persistent cold anomalies in th&,Gs highlighted by Marin et al. (2009) in theuatprial
region.
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Figure 2: Map of the sea surface temperature (° C) on 12 R0D5 from 3-days average TMI data (a) and from
the 2-days average model output (b). Note thath®emodel it corresponds to 11-12 May average vesefar
TMI data it is 10-11-12 May averagéhe black square indicates the Cape-Lopez regalie(t'CLR’).

4.2 Forcing mechanisms
4.2.1. Local forcing

To examine the local forcing mechanisms responsfble the observed cooling episodes in CLR, the
intraseasonal variations of wind stress magnitudeegamined and compared in 2005 and 2006 (Fi& 4b).

In 2005, successive periods of 6-16 days wind Bifation occurred from late-March to late-JundeTmain
cooling episodes described above are associatbdpetitive intraseasonal wind stress speed ocqumnG-8,
14-18 & 26-30 May, and 10-14 & 28 June-2 July vdtmaximum for the 14-18 May event peaking on 16 May
(at ~0.025 N.nf). Another period of wind intensification is eviden late March — early April but it did not
generate significant cooling despite comparablewan higher wind intensity than following wind et&nin
2006, periods of wind intensification extended frorid-March to July. The main wind events in borgaling
occurred in 2-4 & 16-24 April, 6-8 & 14-20 May, 14 & 24-26 June with maximum intraseasonal windsstr
magnitude in 16-24 April (0.019 N:finand 24-26 June (0.022 N3n Also, the wind event in late April 2006
did not generate a surface cooling as strong amitieMay 2006 one, despite higher wind stress niadei To
depict the subsurface conditions during coolingegés in the CLR for both years, the 20° C-isothdepths
averaged from 5° E to 12° E are presented in Figk 3d. They indicate strong correlation with SSAriations

on intraseasonal time scale with minimum depth8%<m) observed during the mid-May 2005 and end-May
event. In early April 2005 and before the late-A@006, the thermocline was deeper, that can expdiy
wind intensification did not generate a surfaceliogoat these times. Indeed, at the time of thergfr16-24

10
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April 2006 wind event, the z20 values was higheartBmf the equator than during the 14-16 May 20@&ng
making the SST less reactive to comparable winensification. The same feature is observed in eslidy
2006, when the higher z20 values indicate deepambcline south of the equator around 3-4° S théewa
days later. Besides, the thermocline appearedostwiisouth of the equator in 2005 than in 200&greement
with the difference of the cooling intensity obseshbetween the two years.

The Ekman pumping velocity snaveragedover the CLR for 2005 and 2006 is shown in Fig. &d4i
respectively. The dates of intraseasonal upwardciteds are quite well correlated with the dates of
intraseasonal wind events (with correlation coéfit equal to 0.55 for 2005 and 0.41 for 2006), imaxn
being during the early-April, mid-May and end-MaQ(® events and during .late April, mid-June and &uue
2006. However, for comparable wind intensificatithe boreal spring and summer wind events were not

associated with comparable intensity of Ekman pagpielocity.

Another process that may contribute to the coolinghe upper layer is the vertical mixing due tdeimse
vertical shear of the current. The maximum of thdigal shear magnitude fields in the CLR, averagetiveen
5°and 12° E for 2005 and 2006 (Fig. 4c & 4h), eikbkd intensification south of the equator, cerdaamund 3-
4° S. Weaker intensification also occurred occasigrat the equator (located around 80 m depth eemthe
westward surface South Equatorial Current — SE@d-the eastward subsurface Equatorial Under- Cijrren
Around 3-4°S, the vertical shear was driven by 8tC, reinforced by prevailing southerly winds egent
through Ekman transport. It thus occurred at the dé wind events previously identified for 2005da2006,
with stronger vertical shear occurring in early M2305 and late April 2006. The intensity of the inmaxm of
vertical shear magnitude during the events wasaiihilar between 2005 and 2006. The main diffezdied

in their meridional extent, related to the meridibextent of the strengthened southerly winds whedched
equatorial region during the May 2005 events (fuive1). We can also notice that for comparable wind
intensification, the boreal spring and summer wawents were not associated with comparable intemsit
vertical shear. The meridional wind component fabbe to westward Ekman transport was actually ggon

during April and May events than during summer ofmeg shown).

The heat content within the mixed layer is also aotpd by the sea surface heat fluxes.
The net heat fluxes averaged between 5° E and E2& Bhown in Fig. 4e & 4j for 2005 and 2006 retipely.
They indicate a net heating (~ 50-100 W)nover the 2° S - 5° S latitude band, where the &dling was
strongest, suggesting other mechanisms involvetkeder, we notice some particular events during e
net heat flux was negative over most of the regfostrong net cooling (-30 W.A) occurred during the 26-28
May 2005 event. It was mainly due to a sudden @sereof incoming surface short wave radiation (dvbp
about 80 W.rif in the CLR between 22 and 28 May; not shown) sugyesncreased cloud cover. Another
strong net cooling occurred on 2 April 2006 witmaan value in the CLR reaching -95W.ihis more sudden
than the end-May 2005's one, and was almost exalysirestricted to the CLR region with values rdaagh
locally -185W.nf (not shown). For both events, the net cooling it concern the equatorial region west of
0°W.
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Figure 3: (a & c) Latitude-time diagram of the sea surfaamagerature (°C) averaged between 5°E and 12°E; (b

& d) Latitude-time diagram of the 20° C-isotherepth (m) averaged between 5° E and 12° E; from d&cMa
to 31 August 2005 (left panels) and 2006 (rightgggnThe cooling episodes are indicated by the black

brackets.
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Figure 4: (a & f) Time-latitude diagram, from 7° S to 1° Nf the intraseasonal variations of sea surface

335
336
337
338
339
340
341
342

temperature (in ° C) averaged between 5° E anE1#5 & g) Time evolution of the intraseasonal a#ions of

wind stress amplitude (N:f) averaged between 5° E and 12° E and betweena@fti®° S; (c & h) Latitude-

time diagram of the intraseasonal variations of rireximum of the current vertical shear magnitudesfin

averaged between 5° E and 12°E; (d & i) Longitudestdiagram of the intraseasonal variations of Ekma

Pumping (m.8) averaged over the CLR. Ekman pumping values ®itate upwelling; (e & j) Latitude-time
diagram of the net heat flux (W-fhaveraged between 5° E and 12° E; frahiMirch to 31 August 2005 (left

panels) and 2006 (right panels). For details alwaltulations of intraseasonal variations, see SkciThe

intraseasonal southerly wind events are indicatethé shaded areas. Note that the cooling episocias few

343
344

days after the southerly wind events.

12



345

346

347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363

364
365
366
367
368
369

4.2.2. Remote forcing
a. Highlighting of Kelvin wave propagation

As previously shown, the time of occurrence of ¢cbkl events in the CLR coincides with shallow thectine
which contributes to making the mixed layer tempge@more reactive to surface forcing (note thal ddes
not necessarily show the same variability as theechilayer depth). Indeed, because of its proxirtgtyhe
equator, the thermocline in the CLR is affectedh®yarrival of equatorial waves, initiated in thestern part of
the basin. Pairs of alternate downwelling and upaglKelvin waves occur usually in February-Mardio]y-
September and October-November. Upon impingemetit thie eastern boundary, the incoming equatorial
Kelvin wave excites westward-propagating Rossby esagand poleward-propagating coastal Kelvin waves
(Moore, 1968; Moore and Philander, 1977; lllig Bt 2004; Schouten et al., 2005; Polo et al., 2008g 20°
C-isotherm depth anomalies along the equator amha®°E are presented in Fig. 5 and clearly eviddarge
negative anomalies indicating shallower-than-averthgrmocline, propagating eastward along the equeid
then southeastward for both years. The eastwargapedion of Kelvin wave along the equator and
southeastward along the coast is also well visibléghe basin-wide SSH anomalies (Fig. 6) with aggha
velocity of about 1.1-1.3m’ which fits well in the range between the second third baroclinic equatorial
Kelvin wave modes. In 2005, negative SSH and z20reties occurred in the West in early March- e&yil

and in mid-May, whereas they occurred around l&terary — mid-March and early May and June in 2006.
The first Kelvin wave thus reached the CLR slighelgrlier in 2006 than 2005, at the beginning of Mewy
addition, the two upwelling Kelvin waves followeddh other more closely in 2005 than in 2006.

Thus, the intensity of the cold events observelddreal spring and summer 2005 and 2006 resulted brath
the basin preconditioning by remotely forced shaplbf the thermocline, local mixing and upwellinggesses
in response to strong southerly local winds, a$ asheat flux variations. In 2005, stronger wintensification
and favorably preconditioned oceanic subsurfacelitions, made the coupling between surface andustdre

ocean processes more efficient than in 2006, iegut stronger cooling.
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371 Figure5: Time evolution of the intraseasonal anomaly df @dsotherm depth (m) along the equator (between
372 54° W and 12° E) and along 9° E (between the equatd 3° S) for 2005 (left) and 2006 (right). Negat

373  values indicate a 20°C isotherm depth closer tsthitace. For details about calculations of thenzals, see
374 Sect. 2.
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381 b. Kelvin wave generation and coinciding atmospheric conditionsin the West

382 In order to identify the wind activity which accommes the generation of Kelvin upwelling waves imter
383 2005 and 2006 in the western part of the basinamadyze the position of the ITCZ (averaged over \B035°
384 W) identified as the latitude where the meridionéhd stress goes to zero (Fig. 7a & g). The intaseal
385 anomaly of the zonal and meridional componentshef wind stress (Fig. 7b-c & 7h-i), the intraseasona
386  anomaly of wind stress curl (Fig. 7d & j), as wadl the intraseasonal anomaly of the z20 and SSH Eif &
387 k-1), averaged in the equatorial band (over 1° 8 ah N), are also presented. Many authors sugbestthe
388  source of the equatorial Kelvin wave is mainly tethto a sudden change of the western equatonial zeind
389 (e.g. Picaut, 1983; Philander, 1990): a symmetesterly (easterly) wind burst along the equatol geherate
390 Ekman convergence (divergence) and thus force deNimg (upwelling) anomalies which then propagate
391 eastward as a Kelvin wave (Battisti, 1988; Giese &farrison, 1990). In 2005, shallower-than-average
392 thermocline, evidenced by negative z20 and SSH atiesy occurred in the end of March-beginning ofiAp

393  the west part of the basin (Fig. 7e & f). The isgasonal anomalies of meridional and zonal wiresstindicate
394 that the maximum of thermocline slope anomaly wasoeiated with a strengthening of northeast trades
395 followed by a strengthening of southeast tradesifeither side on the equator. At the equator, we@dndeed
396 a sudden reversing of meridional winds which tursedthward on 27-28 March 2005 related to an abrupt
397 southward displacement of the ITCZ which was thesnfl south of the equator in the west part of tagirb
398 (Fig. 7a & b). The ITCZ returned its initial positi four days later followed by a strengthening aéterlies
399 which persisted for ~20 days (Fig. 7c). Climatotady, the latitudinal position of the ITCZ variédsom a
400 minimum close to the equator in boreal spring (Maktay) in the west to a maximum extension ofNLG-
401 15N in late boreal summer (August) in the east. R@sinegative) wind stress curl is found north ¢edwf the
402 ITCZ. When the ITCZ is north of the equator, it uceés upward (downward) Ekman pumping to the north
403 (south) of the ITCZ. Thus, the southward shift loé i TCZ on 27-28 March 2005 accompanied with strong
404 northerlies led to negative anomaly of wind strass south of the equator resulting in upward Ekmamping.
405 Results show indeed a strong negative anomaly e262arch 2005 associated with the southward siiifhe
406 ITCZ just before the upwelling signal, initiated 28 March. These changes contributed to a riskd@roteanic
407  thermocline with a time lag of some days (Fig. 7€) &The upwelling signal might then be reinfordeyl the
408 symmetric easterly wind which concerned a large pathe western basin. Besides, we identify in. FHd
409 another peak of negative wind stress curl anomal§-8 May 2005, more sudden than the previous wime.
410 It was associated with negative z20 SSH anomatigisator of a thermocline rise initiated on 6 Ma308 in
411  the west of the basin and which propagated eastalardy the equator. The zonal wind stress anométigs
412 7c¢) also indicate an easterly wind strengtheniitgaied in the beginning of May, which a maximum &10

413 May, just after the minimum of wind stress curl.

414 In 2006, the upwelling Kelvin wave is identified time first half of March in the west part of thestma(Fig. 7k
415 & 1). The coinciding atmospheric conditions wergglstly different than the ones identified in 20056.winter,
416  the position of the ITCZ had a more southern pasiin 2006 than in 2005. It crossed the equatoindua
417 longer period (about 10 days from ~ 10 Feb. 20@&ching minimum latitude on 22-24 February. Thisation
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south of the equator induced a negative wind stceslsanomaly (Fig. 7j). As in 2005, the reversiohthe
meridional wind at the equator was followed by ramsgthening of westward component of the wind stfes
days after, which lasted for about ten days (Fig.however, it was of a lesser magnitude compaoe@005
and only concerned the westernmost part of thenbésiaddition, the negative zonal wind anomalya=ned
mainly the northeasterlies rather than the southiéss, leading to an anti-symmetric meridional evjppattern as
well as symmetric zonal wind pattern on either sisethe equator (not shown). These wind patterne we
expected to generate Ekman divergence at the Bomadithus to reinforce the observed upwelling aal@s.

Thus, for both years, upwelling Kelvin waves werengrated in the west while easterly winds were
strengthened from either side of the equator dfterITCZ reached its southernmost location. Thiefavas
observed one month earlier in 2006 than in 2008, veas associated with a negative wind stress cunnaly.

In winter 2005, the ITCZ was found south of the a&qu after a very sudden southward shift and whsvied

by strong easterlies during ~20 days, while in @in2006, the ITCZ was found closer to the equatss |
sharply and during a longer period, followed by keracasterlies compared to 2005. These resultdidig
another way in which intraseasonal wind events imgact the SST variability in the eastern parthef basin,

through the generation of Kelvin wave in the Webtoln shoals the thermocline in the East a few wésitks.
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Figure 7: Time evolution, from 2-days averaged nhaméputs over Jan-June2005 (left) and Jan-Jun& 200
(right); of (a & g) the position (in latitude, beten 5° S and 10° N) where the meridional wind stredue
equal zero (indicator of the position of the ITC); & h) the intraseasonal anomaly of the meridiomiad
stress (N.M) averaged between 50° W and 35° W and betweenatfdSL° N; (c & i) same as (b & h) but for
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intraseasonal anomaly of zonal wind stress (;rtd & j) the intraseasonal anomaly of the wintess curl
(N.m?) ; (e & k) the intraseasonal anomaly of the 20fs@herm depth (m); negative values indicate that t
20°C isotherm depth is closer to the surfa¢e& ) the intraseasonal anomaly of the sea lgwe). The red
arrow in (a & g) indicates the southward shift loé i TCZ before the generation of the Kevin wavee (&xt).
For details about the calculations of anomalies,3ect. 2.

4.3. Westward extension of the CLR cooling

In the east, the cooling generated by southerlyveiursts in the CLR then progressively extendedwassl to
connect with the southern boundary of the equdt&@I. This phenomenon was more obvious in 2005mwhe
the cooling which first concerned the coastal agnded further offshore a few days after the stvong
events occurring in the second half of May. To ewitk the effect of these events on SST, maps of
intraseasonal SST anomaly and intraseasonal wiesissanomaly averaged from 1 to 12 May (beforestiteng
2005 events; Fig. 8a) and from 14 to 31 May (dwand after the strong 2005 events; Fig. 8b) a@egmted in
Fig. 8. The same calculations have been made @8 26 comparison. The results illustrate an enbarent
after 10 May of the cooling in the east associat@ti southerly wind intensification and an extemsiaf the

cooling especially south of the equator up to 20°W.

(a)

1 12037\ . N KA 7 z 52 | 1

=
2 [ 0.1mss ? 2
54°W 36°W 18°W 0°

12°S—‘
[ 01 m/s\

54°W

Figure 8: (a) intraseasonal anomaly of sea surface temperét C; color) superimposed with intraseasonal
anomaly of wind stress intensity (arrows) averagestr 1-12 May 2005 (up panel) and over 14-30Mayvo
panel); (b) same but for 2006. For details aboaitciculations of the anomalies, see Sect.2.

To better understand the oceanic processes imiplitds cooling extension, we compared the SST, 82\
and zonal velocities along 3° S from March to Sefiiter 2005 (Fig. 9 a-d) and 2006 (Fig. 9 e-h). 10%Ghe
cooling westward extension was associated with atward propagation of a shallower thermocline and

negative SLA from the African coast up to 5°-10° &mbined with enhanced surface westward current
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463 fluctuations at the dates of the successive evieais April-June. The fluctuations of the westwanaface
464  current occurring off Gabon with periods of ~8-14ysl were related to the strengthening of southsihds
465 during the wind bursts at the same periods (Fig&4}). The surface current in this area is parthef westward
466  SEC which is known to intensify during the cold s@a (Okumura and Xie, 2006). Our study implies tror
467 time scales than seasonal scale but the intertsificaf the SEC during wind bursts through Ekmamsport
468 processes might contribute to the westward extaensfothe cooling by advection of cold eastern upecel
469 water. This is in agreement with DeCoétlogon et(2010) who found from model results that at shione
470  scale (a few days), more than half of the cold &8dmaly around the equatorial cooling could be &rpld by
471 horizontal oceanic advection controlled by the wimith a lag of a few days. In addition, minimum z206d
472 SLA values propagating westward at 3° S (Fig. 9b)&initiated from the coast with a propagatingepef
473 around 10 cm which is very close to the phase speed of Rossiyes. Indeed, the generation of the
474  westward waves at the coast coincided with thevarof Kelvin waves (see Fig. 5a) suggesting thesfmlity
475 of Kelvin wave’s reflection processes into symneettiwestward propagating Rossby waves. A westward
476 propagation of z20 and SLA minimums, although lebsious, was presently also identified at 3° N (not
477 shown).

478 In 2005, the locally wind-forced component of thawe might reinforce the remote part of the refléctave
479 signal at the coast by the sea level slope whitanisad the strengthening of alongshore winds blgvduaring
480 the mid-May and late-May events. The quantitativel aespective contributions of local and remote dvin
481 forcing to this wave is out of the scope of thigsdst and would require further analysis. This pheaoan is
482  supported in 2005 by anomalous eastward expandeHesty wind bursts observed in May 2005. The mafth
483 May is also a period when westward surface currargsusually maximum (as visible on the mean sedson
484  cycle shown in Fig.1c). Thus, the combined effexftsvestward surface currents (via advection andioadr
485 mixing through horizontal current vertical shealgcal wind influences (via vertical mixing) and veav

486  westward propagation, resulted in the extensiacotif upwelled water from the eastern coast to 288aV.

487 In 2006, the westward extension of cold watershéistaed later, from the beginning of July. A coastsoling
488 occurred on 18-26 May but no westward extensiothefcold waters is observed at this period (Fig. 8e
489 2005, the two upwelling Kelvin waves followed eaather closely while in 2006, the first Kelvin upiwed
490 wave reached the coast in May and the second yn (Ri.5b & Fig. 6b and Fig. 9f). In addition, the
491 intraseasonal wind strengthening responsible ofctiestal cooling on 18-26 May 2006 is less intefwgad
492 stress mean in the CLR ~0.04N.m?) than the oneidhVay 2005 (~0.06N.m?; which is preceded and fobal
493 by another wind bursts few days before and aftigr; 3b & Fig. 4b).

494  The analysis over 1998-2008 period shows that thetward extension of the cold SST takes place eyeay
495 but begins at different times of the year (not shpwt occurs generally from June-July, when theliog
496  events usually occur in the east at this locatéonmg is thus closely linked with the shoaling of thermocline
497 due to the arrival of a Kelvin upwelling wave a¢ thastern coast

498
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Figure 9: Time-longitude diagrams at 3° S between 10° W EOfdE, and from 2-days averaged model outputs &dm
March to 31 August 2005 and 2006, of (a & e) thesaface temperature (° C); (b & f) the 20° Chgoi-depth (m); (c &

g) the sea level anomalies from AVISO data (m); @h& h) the zonal component of surface velocitygt
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503

504 In conclusion to this section 4, the SST variapilit the CLR at intraseasonal time scales is tlslteof
505 combination between basin preconditioning by remyoterced shoaling of the thermocline via Kelvin wea
506 local mixing induced by current vertical shear, apivelling processes in response to strong soythérlds.
507 As highlighted for the 26-28 May 2005 and 2 ApiiGB events, the net heat flux may also contriboitedpl
508 the surface waters, through enhanced cloud covéchwtiecrease the incoming solar radiation. The cold
509 upwelled waters around 3°S extend then westwam ftte eastern coast to near 20°W by combined effiect
510 the westward propagating Rossby waves as welldisalemixing and advection processes. The cookwatay
511  thus contribute to the cooling in the southern edfjthe cold tongue region. Although the procesegdied
512 differ slightly due to the presence of the codsg, $ST variability in the CLR is quite close to thee in the
513 equatorial cold tongue region (not shown), dueit@lar atmospheric forcing. However, for a givemdiburst,
514 the intensity of SST response in the CLR and incibld tongue region is modulated by subsurface itiond
515  which are under the influence of equatorial Kelwiave. In May 2005, the Kelvin wave reached theezast
516 coast while three wind bursts occurred. The thefimeonvas thus shallower in the east than west 6¥,0°
517 providing favorable subsurface conditions making tbupling between making the SST more reactiweira
518 intensification occurred during this month. In ddldi, the decrease short wave radiations due tarergd cloud
519 cover during the 26-28 May 2005 event or 2 ApriD@@vent, which contribute to the cooling in theRCIdid

520 not concern the equatorial region east of 0°W.
521
522 5. Focus on the mid-May 2005 event

523  We have previously identified five main cold evems2005 (22-24 April, 8-12 May, 16-20 May, 26-30aiy
524 and 14-18 June), characterized by a temperatugerdrging from -0.2° C to -1.7° C in the model. Msés of
525 intraseasonal wind stress magnitude (Fig. 4b) basaled that each event is associated with streniiy of
526 equatorward winds, especially during the 14-16 Magnt when the intraseasonal wind stress magnitude
527 averaged over the CLR is the strongest one. Thiscpkar event has been found to be responsiblettfer
528 sudden and intense SST cooling in the eastern @dplaftiantic and identified as part of manifestat of
529 temporal variability of the St. Helena AnticyclofMarin et al., 2009). In this section, we focusthis mid-

530 May event, to better understand the processestpiring this unusual event.

531 5.1 Atmospheric conditions
532

533 5.1.1 Wind and surface atmospheric pressure

534 The spatial distribution of the mid-May 2005 winekat can be inferred from Fig. 10 where CFSR wipelesi
535 fields superimposed with daily precipitation fieldsirface pressure, wind speed curl, and downwzodwsave
536 radiation, are presented from 13 May to 17 May. &hent was characterized by intense southeasténty @ast
537 of 15° W and from 30°S to the equator from 13-14yMzoncomitant with a strengthening of the eassniiest
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of 30° W between 30° and 15° S (Fig. 10a). Thengtreoutheasterly winds drifted then westward up3e 6
May when the maximum was located in the westerrt parthe basin off northeastern Brazilian coast.
Simultaneously, a strengthening of southerly windsurred north of the equator in the Gulf of Guin€he
strong winds during the event were associated With pressure core of the Saint Helena Anticyclone,
especially on 13-14 May, also associated with paldily low pressure under the ITCZ 4 days lateg.(EOc).
The pressure fall during the mid-May 2005 eventeaped as the lowest in May over the whole decade (n
shown). The meridional surface pressure gradieringuhe event is thus found to be the strongest 4998-
2008 period. That suggests strong Hadley circutaitivensity during the mid-May event and therefst@ng
equatorward moisture flux, allowing the deep atnhesiz convection in the Gulf of Guinea to be trigegbat a

self-sustaining level (see Sect. Soflowing).
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Figure 10: Daily-averaged, from 13 May to 17 May 2005 (eftright panels), of (a) wind magnitude (color
field) (m.s") superimposed with wind vectors from CFSR field®;precipitation rate (kgn2.day™) from

CFSR fields; (b) surface pressure (hPa) from ERG-Bfanalysis; (c) wind speed curl (f).somputed from
CFSR wind speed fields; and (d) downward short-wadéation (W.n#?) from CFSR fields.

5.1.2 Precipitation

The maps of precipitation rate during the eveng.(BiOb) display a band of heavy precipitation (9kgjrm
2 day®) between 5° - 9° N and off northeast Brazil frone tcoast to 15° W and from 10° S to 3° S. The
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557 maximum precipitation rate in this region occurred 15-16 May concomitant with the easterly winds
558  strengthening. This convective zone, located batwée ITCZ north of the equator and the South Aitan
559 Convergence Zone (SACZ) in southern tropics, is Swithern Intertropical Convergence Zone (SICZ)
560 (Grodsky and Carton, 2003). This zone forms usuallgr, by June-August, when the southern brancthef
561 convection separates from the ITCZ which movesmoftthe equator. Grodsky and Carton (2003) shaved
562 this rainfall pattern appears closely linked to feasonal change in SST difference between the #&gibn
563 (which they defined between 197 — 5° W, 2° S — 2° N) and the SITCZ region (25°\80° W, 10° S - 3° S).
564  They argued that the seasonal appearance of thead@ify the equator sets up pressure gradientsnwiitiei
565 boundary layer that induce wind convergence in $ti€CZ region. Based on Grodsky and Carton (2003)
566 results, the unusually rainfall conditions duringdfviay event might thus be explained by strong $&adient
567 between the two regions caused by unusually eadiirgy in the ACT region at this time of the year.

568

569 5.1.3 Generation of atmaospheric gravity wave

570

571  The precipitation fields during the mid-May everitig. 10b) also evidence rainfall pattern typical of
572 atmospheric gravity wave train characterized byosdzntal wave length ~500 km and initiated by anfr
573 system (forming the northern boundary of a low pues system) which developed around 17° S on 14 dnay
574  traveled northeastward until 17 May. The rainfadlin was associated with oscillatory wind speed train
575 alternating between positive and negative valuas (0d) as well as alternating downward shortwaadation
576 minimum (Fig. 10e) associated with the wave clou@msavity waves are known to play an important riole
577 transporting the momentum and energy through lastances (Fritts, 1984). Here, they would be a way
578  carry momentum and energy from South Atlantic ®dhuator during the strong event.

579

580 5.2 A decisive event for coastal monsoon onset

581 The mid-May 2005 wind event was found to be invdlve the early onset of the ACT development (Main
582 al. 2009, Caniaux et al., 2011). The influencels told tongue on the WAM onset has been suggdsted
583 several authors (Okumura and Xie, 2004; Caniawat.eP011; Nguyen et al., 2011; Thorncroft et 2011). At
584  the seasonal time-scale, Caniaux et al. (2011)esigbat it comes from strong interactions betwibenSST
585 cooling and wind pattern in the eastern equatdktintic: the ACT serves to accelerate (decelerateys in
586  the northern (southern) hemisphere contributinghto northward migration of humidity and convectiamd
587 pushes precipitation to the continent. Thus, duéstampact on ACT development, the mid-May 2005avi
588 event is also linked to the onset of the WAM in 2Qthich has been the earliest over 1982-2007 pdrad
589 Caniaux et al. (2011). In this section we aim tétdreunderstand how this single wind event may hsweh
590 impact. For further information on the WAM, theader can refer to Leduc-Leballeur et al. (2013) @adiaux
591 et al. (2011).

592
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In order to analyze the air-sea pattern in thehsort Gulf of Guinea during May-June 2005, we showig. 11
the wind magnitude, precipitation rate, and SSTd§ieveraged from 10° W to 6° W. The wind strengihg
appeared first south of the equator on 12-16 May ten north of the equator from 14-18 May. It was
associated with strong rainfall extending southwapdto 2° N. Equatorial cooling occurred 4 dayerathe
event and slowed down the overlying winds by fee#bamechanisms. The winds north of the equator then
remained stronger than in the ACT region and strerged again north of the Equator on 22-28 Mayttuage
with precipitation maximum pushed northward (aroBfdN) after the event.

Thus, this mid-May event appears as the “decisiemn€ which triggered the abrupt transition betwéles two
wind patterns in the northern Gulf of Guinea, wittee wind north of the equator became and remaitredger
than south of the equator. It occurred 15 daysiezatthan the average date (31 May) identified byl
Leballeur et al. (2013) over 2000-2009 period. Adony to these authors, the time of occurrencehed t
phenomenon would be related with the strength ofrealous moisture flux. They explain that in Aprilaylthe
low atmospheric local circulation is present onlyridg an equatorial SST cooling and surface wind
strengthening north of the equator, both generbyed southerly wind burst, before disappearingluhé next
wind burst. In June-July the low atmospheric lag@edulation is then always present and intensifigdhe wind
bursts. Thus, the establishment of an abrupt sehsmmsition event as observed in 2005, occurrmgch
earlier than the reference date, supposed anomalstreng equatorial cooling caused by unusualngtro
southerly winds which allowed, through air-sea ratdéions mechanisms, to trigger the deep atmospheri
convection in the Gulf of Guinea at a self sustairievel.

Wind Speed - 2005 Precip - 2005 TEMP - 2005
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Figure 11: Time evolution, in May and June 2005 betweefs @hd 6° N and averaged between 10° W and 6°
W, of the (a) daily averaged wind magnitude (hfsom CFSR wind fields ; (b) daily averaged prétzifion
rate (kg.nf/day) from CFSR fields and (c) 2-daily averaged $5C) fields, from the forced model.

5.3. What made the mid-M ay 2005 event so special?

To better understand which makes the particulaityhe mid-May 2005 event, the atmospheric and micea
conditions (SST, intraseasonal SST anomalies, seétsonal short-wave radiation flux anomalies (Htrea
RADSW), intraseasonal wind stress magnitude an@sgalintraseasonal z20 anomalies, and intraseasonal

meridional SST gradient anomalies) averaged owed@f W - 6° W region and between 15° S to 5° Nrdur
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April-May are analyzed over the 1998-2008 period)(E2). The intraseasonal wind stress magnituadenahy
during mid-May event appears to be one of the gesnover the whole 1998-2008 period (up to 0.13N.m
around 15°S and 0.05Nrin equatorial region). These strong wind condiiare usually met later in late
boreal spring or summer, when the St. Helena Aalane strengthens and shifts northward toward themw
hemisphere. The wind intensification in mid-May 80@as associated with particularly weak RADSW from
South Atlantic to the northern equatorial regiarggesting cloud albedo effect during the event Wwiénded to
cool the mixed layer. We can notice that the Aptdy 2005 period was characterized by the lowestrmea
RADSW.

In addition, at the time of the event, the surfacgers were already cooled by previous wind buestg. 20
April and 8 May). The SST response to the mid-Magnt occurred 4-6 days later, inducing the weakest
equatorial SST values for April-May season overvimle 1998-2008 period (SST drop of ~3°C inducsgjr

< 24.8°C). The cooling also caused an enhancedf®BT around 1° N, as shown in Fig. 12 (bottom pgne
which was found to be the earliest and strongestaver the 1998-2008 period. This meridional SSAdigmt
was responsible for the wind surface intensificatimrth of the equator (Fig. 11a and Fig. 12, toyéanel)
through air-sea interaction mechanisms as desctilyededuc-Leballeur et al. (2011). Another SST ggat
maximum is found at the end of May 1998 but it was extended as eastward than during the mid-M&p 20
event (not shown).

When the wind burst occurred on 14 May 2005, th¥C28otherm depth in the area was anomalously ahall
south of the equator and slightly deeper at thegyFig. 12, fifth panel). The thermocline shoglassociated
with the Kelvin wave appeared in fact a few daydieaproviding favorable subsurface conditions ethmade
the SST response to previous wind bursts (20 Aprd 8 May) more effective. At the time of the miciu
event, the wave already reached more eastern agakpwn in previous sections.

Thus, the particularity of the mid-May 2005 everdinty lies in the i) anomalous atmospheric comwodisi
related to strong St. Helena Anticyclone pertudygtii) cooling initiated by the succession of pgoes wind
bursts; and iii) favorable subsurface local oceanditions preconditioned by equatorial waves wisbbaled
the mixed layer. Another wind burst of comparaligensity occurred at the beginning of May 2000 (Hig,
fourth panel) while the thermocline was shallowysiag SST cooling at the equator (Fig. 12, firal aacond
panels). However, the wind strengthening was lesiden than during the mid-May 2005 event and the
resulting cooling took place over a less broadaedgnot shown). In addition, the surface pressuop é the

ITCZ region was not as pronounced as during mid-R2Rg5 event.
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Figure 12: Time-latitude diagrams for April-May along the 192808 period, of 2-days average, from top to
bottom i) SST (°C); ii) intraseasonal anomaly offTS&C); , iii) intraseasonal anomaly of short-waegliation
surface flux (W.r%) from CFSR fields ; iv) intraseasonal anomalyvirid stress magnitude (N-fhfrom CFSR
fields; v) intraseasonal anomaly of 20°C-isotherepth (m) computed from the forced model SST; vi)
intraseasonal anomaly of meridional SST gradieverfe0.5° of latitude), from the forced model; aaged over
10° W-6° W. The vertical black thin line indicatde date of 14 May, 2005. For details about theutations

of the anomalies, see Sect. 2.

6. Summary and discussion

In this study, the impact of intraseasonal windsS@T in the far eastern Tropical Atlantic duringdad spring
2005 and 2006 has been investigated from obsensatiad numerical simulation. We first focus ourdgtin
the Cape-Lopez region (CLR), east of 5°E and betvike equator and 7° S, where the seasonal arrdrimeal
SST variability is poorly documented. There, theeab spring (AMJ) season corresponds to a tramsitio
period between high SST in boreal winter and lowisDoreal summer, under the influence of local dgin
Intensified cool SSTs are observed in the coagtakiling area located around 6° S in the Congo moegion,
associated with mean alongshore wind conditionse&aspring season is in fact characterized by mawxi
winds amplitude, influence of which is made morée&ive by shallow thermocline depth, itself striyng

influenced by remote forcing. The seasonal cyclthenCLR is modulated by strong year-to-year vimes, as
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observed in boreal spring 2005 when cold SST anparal associated with shallower-than-average theline

depth and positive wind speed anomaly.

The intraseasonal wind bursts which occurred inedlospring 2005 and 2006 generated cooling episodes
especially around 3°-4° S except for some strongesihts when the cooling reached more northerntedah
region, especially during the mid-May and end-M&92 events. The intensity of the cold events resduitom
basin preconditioning by remotely forced shoalifighe thermocline (via Kelvin wave), local mixinjnduced

by current vertical shear) and upwelling processessponse to strong southerly local winds. Fa particular
event, on 26-28 May 2005, the net heat flux alsdléel to cool the surface water, due to enhancadiadover
which decreased the incoming solar radiations. e €LR, stronger wind intensification and favorably
preconditioned oceanic subsurface conditions irb2@@de the coupling between surface and subsuofzezn
processes more efficient than in 2006, resultingtionger cooling. It should be noted that the aence of
intraseasonal wind intensification in the CLR ig specific to the boreal spring/summer 2005 and628d is
observed every year over the 1998-2008 perioduafysfnot shown). However, their impact on SST akaitity

in the region is modulated depending of the sttengt wind intensification and of the subsurface
preconditioning. For example, the year 1998, kn@sra "warm year”, is characterized by anomalousywar
SST in boreal spring/summer in the CLR., associat#i anomalous weak winds and anomalous deep

thermocline.

The preconditioning of subsurface conditions in #rea via Kelvin wave at the dates of the wind tsurs
depended on the atmospheric conditions in the wegtrt of the basin a few weeks earlier. Previstuslies
(e.g. Picaut, 1983; Philander, 1990) suggest timsburce of an equatorial Kelvin wave is mainkatetl to a
sudden change of the zonal wind in the west. AmalySatmospheric and oceanic conditions at inasseal to
daily scale in winter 2005 and 2006 showed thatofath years, an Kelvin upwelling wave was initiatedhe
west while easterly winds were strengthened frotheeiside of the equator just after the ITCZ toabets
southernmost location. This latter was observedmaeth earlier in 2006 (late February — early Mauttian in
2005 (late March-early April), and was associatétth & negative wind stress curl anomaly. In wiré65, the
ITCZ was found south of the equator after a verddem southward shift and was followed by strondesztss
during ~20 days. In winter 2006, the ITCZ was fowhdser to the equator less sharply and duringngdo
period, followed by weaker easterlies when comp&oed005. These results obtained for the years 200@b
2006 years do not imply that same atmospheric tiondiwould be observed for winter upwelling Kelviave
of other years. Especially, the year 2005 was yenyicular and also exhibited anomalously cold SBiTthe
south Atlantic and anomalously warm SSTs in themaAtlantic initiated in fall 2004, signature ofn@eridional
mode (Virmani and Weisberg, 2006; Foltz and McPha@&806; Hormann and Brandt, 2009).

Upon impingement at the eastern boundary, the immpmquatorial Kelvin wave excites westward-propamga
Rossby waves and poleward propagating coastal Keleves.In 2005, the Kelvin wave reached the coast
around mid-May while southerly winds strengthergthwing the reflected wave to be reinforced by libeal

wind. This resulted in westward propagation of niegaz20 and SSH anomalies which, combined with
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enhanced westward surface currents, provided falereonditions to westward extension of cold upactll

water from the eastern coast to near 20°W throdgkeaion and vertical mixing.

In the second part of the study, we specially fedusn the mid-May 2005 event (13 May to 16 May} thas
characterized by strong southerly wind strengthgninthe eastern Tropical Atlantic Ocean. It wasnfd to be
responsible for the sudden and intense SST couwlitfte Gulf of Guinea and the CLR, and involvedha early
onset of the ACT development in 2005 and therefiorehe early onset of the WAM. The analysis of
atmospheric and oceanic conditions in the Gulf afn@a associated with this event allowed to shoat the
mid-May event, controlled by the St. Helena Antioye, can be identified as a “decisive event” which
triggered the abrupt transition between two windtgyas in the northern Gulf of Guinea. Unusual rsgro
southerly winds induced anomalously strong equaltadoling which in turns slowed down the overlyiwgnd
feedback mechanism and generated stronger tharahsoutherlies north of the equator through the 88t
around 1°N. This triggered the deep atmospheriwection in the Gulf of Guinea at a self-sustainiexel and
the beginning of coastal precipitation. The timeocturrence of this phenomenon, 15 days earlien tha
averaged date (31 May from Leduc-Leballeur et 2013), suggests that the mid-May 2005 event was
associated with anomalous strong moisture flux. démcription of atmospheric conditions over the82008
period has shown that the 2005 event was charaetehy the strongest surface pressure gradientekatthe
St. Helena high pressures and the low pressuresr timel ITCZ, inducing strong Hadley cell activiyo similar
atmospheric pattern was observed during the whe@8-2008 period. Another wind burst of comparabiedy
intensity occurred at the beginning of May 2000isTvent also induced a cooling at the equatothmisurface
pressure decrease in ITCZ region was not as praeauas during mid-May 2005 event and the SST gnadie
around 1° N was weaker. In addition to coastalipittion in the Gulf of Guinea and due to the gamoling

in the ACT region, unusually rainfall conditionsaloccurred between the northeast coast of Bradill®°® W

within the SITCZ, which generally forms in earlyrbal summer.

Finally, this study highlights the importance oftong southerly wind burst in the eastern tropi#antic
during boreal spring season, which is a transitipeaiod during which an anomalous strong energyimmay
tip the energy balance from an equilibrium stateai@ another one and thus impact the WAM systene Th
analysis of atmospheric and oceanic conditionsnduthe mid-May 2005 wind event allows to highlighe
different processes through which the wind powewjated by the wind burst is brought to the oceamwtiriect
effect of the wind on the SST in the eastern tralpitlantic; ii) changes in the trade winds in thestern
equatorial Atlantic exciting eastward-propagatingua&torial Kelvin waves; iii) energy transport via
atmospheric gravity waves from South Atlantic; andenergy supply to Rossby wave. In addition tasual
atmospheric conditions in mid-May 2005, the ocezsponse intensity to this event was also enhangeteb
subsurface conditions, made favorable by previousl Wursts, either local (e.g. in 6-8 May) or octg a few

weeks before in the West.
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It is crucial to better describe the atmospherit¢ aceanic processes at play during such extrema,evetably
in order to reduce the well known warm bias in sbetheastern tropics in coupled models in both spheric
and oceanic components (Zeng et al., 1996; Davey.,e2002; Deser et al., 2006; Chang et al., 260ahter
and Xie, 2008) as well as in forced ocean-only &tens (e.g. Large and Danabasoglu, 2006). Thisnazias
is well evidenced in our numerical simulation (Flg2) and our results clearly show that the coolpisodes
were underestimated in the CLR, implying the neethtestigate more in depth the oceanic and atnessph
processes at play in this particular region. Asititieaseasonal wind bursts are related to the Jatains of St.
Helena Anticyclone, their impact on SST variability the eastern tropical Atlantic and regional clim

suggests the need of better understand the Sm&idleticyclone variability.

It is also important to note that the mid-May 2G8&nt occurred during an unusually active year. yéwr
2005 exhibited a pronounced meridional mode patietin strong SST gradient between the two hemisgher
Several authors (Foltz et al., 2006 ; Virmani andisfderg, 2006 ; Marengo et al., 2008a, 2008b ; Zsray.,
2008) studied this particular year, marked by aroosly warm SST in the tropical North Atlantic dugi
March-July, the warmest from at least 150 yearss @homalous warming was associated with the nuistea
and destructive hurricane season on record (Fblk,e2006; Virmani and Weisberg, 2006) and ameswe and
rare drought in the Amazon Basin (Marengo et &08&, 2008b; Zeng et al. 2008; Erfanian et al.,720Erom
these authors, primary causes of the anomalous iwgrim 2005 were a weakening of the northeastedgd
winds and associated decrease in wind-inducedtlaist loss as well as changes in shortwave radiatnd
horizontal oceanic heat advection. This 2005 teatpee record is made even more remarkable givery tha
unlike the 1998's one, it occurred in the abserfcany strong El Nifio anomaly (Shein, 2006). Somalists
(Goldenberg et al., 2001) attribute these SST asme to the Atlantic Multidecadal Oscillation (AM@hile
others suggest that climate change may insteaddying the dominant role (Emanuel, 2005; Webstealgt
2005; Mann and Emanuel, 2006; Trenberth and SHh¥6)2 Comparable anomalously warm tropical Atlantic
SSTs have been observed in 2010 also associatadextieme drought in the Amazon. However, from time
series of monthly anomalies constructed for the hasins (North and South Atlantic) by using OISSdnthly
mean data, Erfanian et al. (2017) show that thengaithan-usual SSTs in the North Atlantic in 201&swot
associated with colder-than-usual SST in Southmittacontrarily to 2005 (their Fig. S4e).

While the warming in North Tropical Atlantic durir®p05 has been investigated by several authorgdbling
in South Atlantic has received less attention. Bigly highlights the need to further document eoitor the
South Atlantic region and the St. Helena Anticy@orthrough additional high resolution analysis and

observations.
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