Authors’ response to Editor's comments

Journal: Ocean Sciences

Title of the paper Impact of intraseasonal wind bursts on sea sarfemperature variability
in the far eastern Tropical Atlantic Ocean durigdal spring 2005 and 2006. Focus on the
mid-May 2005 event.

Authors Herbert Gaélle, Bourlés Bernard

EC: Editor ‘'s commentsAC: Authors’ comments

EC: You have satisfactorily addressed the comments hige referee and your
manuscript is now accepted for publication in Ocearscience. Before submitting the
final version of your manuscript, please account fothe last few technical issues listed
below.

AC: We would like to thank the editor for his carefehding and valuable remarks.
Additional small changes have been made followiregrt as well as those offered by the
reviewer, and we hope the revised manuscript \eifldy suit theDcean Science

EC: Title, | suggest a minor modification (no abbreviaions in the title; colon after the
first part): Impact of intraseasonal wind bursts onsea surface temperature variability

in the far eastern tropical Atlantic Ocean during loreal spring 2005 and 2006: Focus on
the mid-May 2005 event

AC: The modification has been made.

EC: -L20, L21 anomalously strong

-L21 ... triggered the onset of coastal rainfall intie ... (the text was confusing; is this
correct?)

-L22-23 | suggest: No similar atmospheric conditios were observed in May over the
1998-2008 period.

-L25 from the South Atlantic

-L147 “theta_s = 6 and theta_b = 0” Is this correc{format)?

-Data used: Is there any way to quantify the precisn of the variables used?

You use data from other sources. Please check tharfdata use policies and whether



you acknowledge the data originators adequately.

-L329, L339 1 March (format)

-L415 10 Feb 2006

-L553-554 please use consistent format

-L703 McPhaden

-L755, L758 Foltz et al., 2006 should be Foltz et.aR003 according to the reference list
-L879 Journal: Science (typo), and change format.

-L1018 Deep-Sea Res.

AC: Thank you for pick up technical issues. The cdroas have been made.

About “theta_s” and “theta-b”, it is the right foatn

About the data used, we modified the text as falléor TMI data:

“The dataset is a merged product produced by Rer@etesing Systems and sponsored by the
NASA Earth Sciences Program. The data are availablevw.remss.com/missions/tmi.”
(.170-171).

For sea surface height dataset:

“We also use for this study daily sea surface he{§$H) data, which are available for the
period 1993-2012 and maintained by the organizafiwrArchiving, Validation, and
Interpretation of Satellite Oceanographic data wstipport from Cnes (AVISO;
www.aviso.altimetry.fr/duagsThe sea surface height dataset is a merged taafu
observations from several satellite missions SHaltacs (Segment Sol multimissions
d’ALTimétrie, d’Orbitographie et de localisationgmise/Developing Use of Altimetry for
Climate Studies) mapped onto a 0.25° Mercator mtge grid.”

For ECMWE fields:

“In addition, surface pressure data were studiedngsECMWF Atmospheric Reanalysis
(ERA) for the 20th Century product (European Centoe Medium-Range Weather
Forecasts, 2014). The four-hourly data are dailyemmged and is available on
https://rda.ucar.eduwebsite. The product assimilates surface pressum@ marine wind

observations.”

About “Foltz et al., 2006” (1.755, 758), it is tle@rrect citation. It refers to the reference
noted in the reference list:

Foltz, G.R. and McPhaden, M.J.: Unusually warm sedace temperatures in the tropical
North Atlantic during 2005, Geophys. Res. Lett:,&88: 10.1029/2006GL027394. issn:
0094-8276, 2006.



Authors’ response to reviewer’'s comments

Journal: Ocean Sciences

Title of the paper Impact of intraseasonal wind bursts on sea sarfemperature variability
in the far eastern Tropical Atlantic Ocean durigdal spring 2005 and 2006. Focus on the
mid-May 2005 event.

Authors Herbert Gaélle, Bourlés Bernard

RC: Reviewer ‘s commentg;C: Authors’ comments

RC: The authors have adequately addressed most of mgrecerns with the previous
version of their manuscript. | recommend publication with some minor additional
changes listed below.

AC: We would like to thank again the reviewer for time and effort necessary to provide
constructive remarks that contributed to improwuing final version of our manuscript.

RC: Reviewer's commentg;C: Authors’ comments

RC:

line 12: wind anomalies

line 165 and 167: removing FROM (not to)

line 256: Do you mean zonal?

line 346/347: z20 should most definitely not be threame as the mixed layer. | think what
you mean to say is that mixed layer depth and therotline depth do not necessarily
show the same variability.

line 625, 628: RADSW needs to be explained (shoriawe radiation, | presume)

line 630: lowest (instead of weakest)

line 698/699: | find it very hard to follow that sentence.

line 729: as pronounced AS

line 733: 1 would suggest “importance” (instead ofmpact)

For Fig. 12, the caption is still not consistent wh the labels of the subplots regarding
the order of wind stress and radiation.

AC: Thanks for technical corrections. The modificatibase been made.
About RADSW (line 625, 628 of the old version), tkem is explained few lines above (line
618, 619 of the old version, line 620, 621 of te&version).



w N -

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27

28

29
30
31
32
33
34
35

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

Gaélle Herbelt Bernard Bourlé€s

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

Correspondence t@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 200&vsstigated using numerical simulation and obetons.
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 southerind anomaliesinduced cooling episodes through i) upwelling
processes; ii) vertical mixing due to vertical ahef the current; and for some particular eveiijtgidecrease

of incoming surface shortwave radiation. The sttengf the cooling episodes was modulated by subsarf
conditions affected by the arrival of Kelvin waviesm the west influencing the depth of the therrirazl 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 extensfoie
cold water. A particularly strong wind event ocadiin 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 anomalouslystrong boreal spring wind strengthening
associated to anomalous strong Hadley cell actmigmaturely triggerethe onset of coastal rainfat the
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 stnoffigeince on rainfall off Northeast Brazil. This dyuhighlights
the different processes through which the wind pofr@n the South Atlantic is brought to the ocean in the
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 (RC(Zebiak, 1993) characterized by a fast drop $T up to

7° C) in boreal spring and summer slightly southihgf equator and east of 20°W (Merle, 1980; Picke83).
During boreal summer, the southern boundary ofdbider temperature connects progressively withatigral
winter cooling of the Southern hemisphere SSTs.uklmer of observational (Merle, 1980; Foltz et 2003)
and modeling (Philander and Pacanowski, 1986; Yalet2006; Peter et al., 2006) studies show that t
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development of the ACT is driven by the seasonaieiase of the Southern Hemisphere trade winds gllaie
boreal winter to early summer (Brandt et al., 20443ociated with the meridional displacement oflttier-
Tropical Convergence Zone (ITCZ) (Picaut, 1983;i5al989; Waliser and Gautier, 1993; Nobre and &huk
1996). The equatorial cooling is regulated by aptiog between thermocline shoaling, subsurface dyos
(Yu et al., 2006; Peter et al., 2006; Wade et28111; Jouanno et al., 2011) including turbulentingx vertical
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 upwellinghie eastern part of the basin via equatorial Kelvaves
(Moore et al., 1978; Adamec and O’Brien, 1978; Barsehi and Picaut, 1983; McCreary et al., 1984).

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

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). Thefeoeu
suggest that the St. Helena Anticyclone variabititight be an important source of anomalous tropitkintic
wind power which affects SST in the eastern eqialtdtlantic via several mechanisms: zonal windessr
changes in the western equatorial basin, wave tdgug, meridional advection of subsurface tempeegatu
anomalies, intraseasonal wind stress variationd,pmssibly 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 smoothrbsitilts
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 sharu
durable change in the atmospheric circulation enrtbrthern Gulf of Guinea (durably strong soutlesrtiorth of
equator) takes place through an abrupt seasomaitican prepared by a succession of southerly \bimgts and
possibly triggered by a significantly stronger wimarst. The southerly wind bursts occurring in labsgpring in
the Gulf of Guinea thus would play an importanerol driving precipitation pattern in the area tigh air-sea
interactions (de Coétlogon et al., 2010; Nicholsow Dezfuli, 2013) and coupling between the ACT #red
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.

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 E) 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
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highlight its interannual variability, and then wpecially focus on the years 2005 and 2006 to tigege the
SST response of intraseasonal wind forcing. Theseparticular 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),ev®d06 is
considered as a normal year (Caniaux et al., 204%h, 2005 exhibits the earliest development & ACT.
The study of SST variability at intraseasonal sodiging 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 cormeed 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 coastalens during boreal spring independent from thdsseed
off shore in the cold tongue region around 10°V\é (Beg. 2) which also raised the question of thk bhsuch
cooling with the cold tongue developmelost studies on the CLR focused on the analysisheévational
data sets to examine the hydrology and its seas@mition along the frontal (coastal) region ofn@o (e.g.
Merle, 1972; Piton, 1988) or on the impact of Coijeer 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 Tropitlantic
(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 veryriied
layer. The upper layers of the north CLR might dieoimpacted by vertical mixing induced by the s
current vertical shear between the South EquatGuatent, flowing westward at the surface, andsesurface
eastward Equatorial Under-Current. In additionotal forcing, the area is also under the influesicihe arrival

of equatorial Kelvin waves from West and their eeflon, once reaching the African coast, polewasd a
coastally trapped waves and westward as Rossbyswdieore, 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 dyett
understand the trigger mechanism of Kelvin waveseggtion which conditions the mixed layer propertie
the CLR, another purpose of this study is thuslamiify the atmospheric conditions coinciding witle Kelvin
waves generation in the West of the basin duringtevi2005 and 2006. In addition, some studies (fch
DeCoétlogon et al., 2010) suggest taashort time scale (a few days), more than hathefcold SST anomaly
around the equatorial cooling could be explainedhbyizontal oceanic advection of upwelled cold taks
waters controlled by the winds. Therefore, a baftaterstanding 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@d the WAM onset in the Sahelian region. Basedron
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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 déimenean onset date on 23 June +/-8 days). Acaptdin
Marin et al. (2009), the time shift in the develagrm 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 Aftanlong with an early ACT development. We aind&scribe

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 @t. 8¢ 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 dssdign 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)Raturing 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 1E.3hd 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 propag#tethe
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 hason of the mesoscale dynamics since the firsbdaic
Rossby radius of deformation ranges from 150 to R30in the region (Chelton et al., 1998). The \cexiti
coordinate is discretized into 45 sigma levels witlrtical 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-coai® Hc parameter, which gives approximately the
transition depth between the horizontal surfacelleand the bottom terrain following levels, is seHc = 10

m. The GEBCOL1 (Global Earth Bathymetric Chart & @ceans) is used for the topography (www.gebcp.net
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The runoff forcing is provided from Dai and Trentes global monthly climatological run-off data g&ai and
Trenberth, 2002). The rivers properties of salirityd temperature are prescribed as annual meaasvalne
river (Amazon) is prescribed in the parent modellevfive rivers, that correspond to the major rvgresent
around the Gulf of Guinea, are prescribed in thédamodel (Congo, Niger, Ogoou, Sanaga, Volta).ti¢
surface, the model is forced with the surface laadt 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 fieldsfrthe
Simple Ocean Data Analyses (SODA) (horizontal nesmh of ¥2°x%2°) (Carton et al., 2000a, 2000b; Gart
and Giesg2008. The simulation has been performed on IFREMERa&Bapr super-computer and integrated
for 30 years from 1979 to 2008 with the outputsraged every 2 days. A statistical equilibrium iaateed after
~10 years of spin-up. Model analyses are baseth@ridays averaged model outputs from year 199@a0
2008. The model has already been validated sucthssgfith a large set of measurements and climafiotal
data, and more detailed information about the medidiations 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 l@gpfiltered fieldrom the total field of the given year, while
“intraseasonal anomaly” refers to the field obtdimadter removinghe 30 days low-pass filtered field averaged

over 1998-2008om the total field of the given year.

For SST observations, we use data obtained fronsunements made by the Tropical Rainfall Measuring
Mission microwave imager (TMI)The dataset is a merged product produced by Re8wrising Systems and

sponsored by the NASA Earth Sciences Program. akee ate available at www.remss.com/missions/ithe

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 (Wsnét., 2000). However, the major limitation to the
microwave TMI observations is land contaminationichihresults 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 tomfthe coast. This limits to some degree the aimlyf

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

We also use for this study daily sea surface hgigBH) data, which are available for the period3t2®12 and

maintained by the organization for Archiving, Vaithn, and Interpretation of Satellite Oceanogreptata

with support from CNESAVISO; www.aviso.altimetry.ffduac3. The sea surface height dataset is a merged
product of observations from several satellite miss Ssalto/Duacs (Segment Sol multimissions d'Abdirie,
d’Orbitographie et de localisation précise/DevehgpiUse of Altimetry for Climate Studies) mapped it
0.25° Mercator projection grid. All standard cotiess have been made to account for atmospheri¢ (we
troposphere, dry troposphere and ionosphere dedengspceanographic (electromagnetic bias, ocead, olid
Earth and pole tides) effects. The mean sea surfgagraphy for the period 1993-2012 was removenh fihe
SSH to produce sea surface height anomalies.

In addition, surface pressure data were studiedguEiCMWF Atmospheric Reanalysis (ERA) for the 20th
Century productEuropean Centre for Medium-Range Weather Forec281<). The four-hourly data are daily
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averaged and is available aitps://rda.ucar.edwebsite. The product assimilates surface pressutdemarine

wind observations.

3. Seasonal variability of surface conditions in CR
The purpose of this section is to describe themedsatmospheric and ocean surface conditionsarCltR.

The seasonal variability of SST, surface windssstrénorizontal current intensity, depth of 20° Gtierm
(hereafter referred to as z20), and the surfacéeetflux from monthly averaged model outputshie €LR for
each year from 1998 to 2008 and averaged overdtiecdpare shown in Fig. 1. The reliability of thede! is
also provided by comparing the simulated and thieesponding TMI SST climatological seasonal cyaléhe
CLR (Fig. 1a). The SST variations display an anmmyale with highest temperature at the end of Hoséater
— beginning of boreal spring (warm season), whenIffCZ reaches its southernmost position and theetr
winds are weakest, and minimum values in borealnsen(cold season), when the trades intendifye most
salient features of the atmospheric and hydrogeafibids during May-June are also illustrated ig.FL by
May-June averaged maps. Despite a warm bias (~dfi@pared to satellite observations, the model chpres
the satellite pattern well. While this warm biagfie eastern tropical Atlantic is well known in pted climate
models (e.g. Zeng et al., 1996; Davey et al., 20@%er et al., 2006; Chang et al., 2007; Richtdré&e, 2008),
results from Large and Danabasoglu (2006) suggdseid that a warm SST bias may also be presery #ien
Atlantic coast of southern Africa in forced oceanyosimulation. The SST May-June average map itedga
that the boreal summer SST minimum is related tensified cool SST around 6°S, in the Congo moegian.
In this region, the coast is oriented parallelite trade flow which reinforces in boreal summeustfavorable
to coastal upwelling processes. The mean alongstiok stress during May-June reveals in fact thavelling
conditions are observed over most of the CLR. Tdestal upwelling could also interact with the cabkelvin
wave propagation (e.g. Ostrowski et al., 2009) liggited by minimum z20 values in Fig. 1d.

Wind stress magnitude exhibits a semi-annual véitialwith 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, pdatilguoff Cape-Lopez between 2° S to 4° S and wé&° E
in May-June (Fig. 1c). The orientation of surfacerent is mostly westward for the May-June seasdnile it is
northward from October to January (not shown). Tgéseral picture of surface circulation is consistgith
observations (Merle, 1972; Piton, 1988; Rouaudl£t2009).

The region is also characterized by a shallow tlefime which depicts a strong semi-annual cyclg.(Ed).
The evolution of z20 reveals a shoaling of the timaline during May-July and a deepening up to Oetob
November when it exhibits a maximum depth, in agrext 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), follogithe
seasonal cycle of solar shortwave radiations. Al on the May-June average map, greater heestifuyind

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



225 The seasonal cycle is modulated by strong yeae#w-yariations. The mean SST in the CLR in 2003scas
226  early as March from TMI data and April from the nebdata. SST reaches lower values than the cliogiol
227 ones, as observed by Marin et al. (2009) and Cargawl. (2011) west of 4° E. This 2005 cold angmial
228  associated with positive wind speed and surfaceentispeed anomaly in April-May (Fig. 1b&c) as wad
229 shallower-than-average thermocline depth. In 283 variations are very close to the climatologie®
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231 Thus, the April-June season in the CLR appears &wmrsitional period characterized by strong sealson
232 evolution, primarily governed by the local windsielhgenerate coastal upwelling in Congo mouth negiod

233 modulated by the variation of thermocline depth.
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Figure 1. Monthly average of the (a) sea surface tempezaft); (b) wind stress direction (vectors) and
magnitude (color field) (N.if); (c) horizontal surface current direction (vesjoand speed (color field) (rit)s
(d) 20° C-isotherm depth (m); and (e) surface Hieat (W.m?; positive values indicate downward flux) from
January to December from 1998 to 2008 and for lineatology (averaged over 1998-2008) simulated hey t
model (red curve) and from the observations : mgrakierage TMI 3-daily SST data (light blue curwe(d));

averaged over 5° E-14° E and 7° S-0° S. Right panaps of each variable over May-June..

4. Analysis of cooling episodes in the CLR in 20Gnd 2006

In this section, we examine the impact of intraseakwind bursts on SST in the CLR during the paitr
years 2005 and 2006 (Marin et al., 2009; Caniauad.e2011). 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-daysaaest
model outputs in 2005 and 2006 over the CLR, iegdwben 5° E and 12° E. Both the SST (Fig. 3a &mg) a
intraseasonal variations of SST (Fig. 4a & f) dreven. The cooling episodes occurred east of 5B fApril

to September. In 2005, the intraseasonal cooliigpdes took place on 8-12 May, 16-22 May, 30 Maye 6,
and 12-16 June, whereas in 2006, they took plac2®B0 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° Skepk for the strongest events where they reaches mo
northern equatorial regions, especially for the-iay and late-May 2005 events. These latter weseaated
with an intense SST front between the cold watertls@f the equator and the warmer water north ef th
equator, as visible on SST map for 12 May 2005gimeslin Fig. 2. We can see cold waters extending along
the eastern coast and in ACT region west of 5° MW/the model, cold waters are deflected offshofeCafpe-

Lopez, due to recursive bias in warm water intmig@mward 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 redian (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®model it corresponds to 11-12 May average vesefar
TMI data it is 10-11-12 May averagéhe black square indicates the Cape-Lopez regalie(c'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 magnitudeesaamined and compared in 2005 and 2006 (Fig 4b).

In 2005, successive periods of 6-16 days wind Bifeation occurred from late-March to late-JundeTmain
cooling episodes described above are associatbdpwditive intraseasonal wind stress speed ocquoim6-8,
14-18 & 26-30 May, and 10-14 & 28 June-2 July vatmaximum for the 14-18 May event peaking on 16 May
(at ~0.025 N.rif). Another period of wind intensification is evidein late March — early April but it did not
generate significant cooling despite comparablewan higher wind intensity than following wind ev&nin
2006, periods of wind intensification extended fronid-March to July. The main wind events in borealing
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:fjnand 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 thergir16-24
April 2006 wind event, the z20 values was higherts®f the equator than during the 14-16 May 200&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
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days later. Besides, the thermocline appearedostallsouth of the equator in 2005 than in 200&greement

with the difference of the cooling intensity obseg\between the two years.

The Ekman pumping velocity maveragedover the CLR for 2005 and 2006 is shown in Fig. &di
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 intensificatishe boreal spring and summer wind events were not

associated with comparable intensity of Ekman pagpielocity.

Another process that may contribute to the coolimghe upper layer is the vertical mixing due téeimse
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), exkkd intensification south of the equator, cerdeasound 3-
4° S. Weaker intensification also occurred occaigrat the equator (located around 80 m depth betwthe
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 @& wind events previously identified for 2005da2006,
with stronger vertical shear occurring in early M2305 and late April 2006. The intensity of the imaxm of
vertical shear magnitude during the events wasiihilar 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 (roiven). We can also notice that for comparable wind
intensification, the boreal spring and summer wawnts 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 aoipd by the sea surface heat fluxes.
The net heat fluxes averaged between 5° E and H2& 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 twhie
net heat flux was negative over most of the regfostrong net cooling (-30 W.R) occurred during the 26-28
May 2005 event. It was mainly due to a sudden desereof incoming surface short wave radiation (dvbp
about 80 W.rf in the CLR between 22 and 28 May; not shown) suijesncreased 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 exalsirestricted to the CLR region with values reagh
locally -185W.n% (not shown). For both events, the net cooling it concern the equatorial region west of
0°W.
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334 Figure 4: (a & f) Time-latitude diagram, from 7° S to 1° Nf the intraseasonal variations of sea surface
335  temperature (in ° C) averaged between 5° E anE1#5 & g) Time evolution of the intraseasonal a#ions of
336  wind stress amplitude (N:f) averaged between 5° E and 12° E and betweenafti®° S; (c & h) Latitude-
337  time diagram of the intraseasonal variations of iieximum of the current vertical shear magnitudestin
338 averaged between 5° E and 12°E; (d & i) Longitudeetdiagram of the intraseasonal variations of Bkma
339 Pumping (m.8) averaged over the CLR. Ekman pumping values ®tate upwelling; (e & j) Latitude-time
340 diagram of the net heat flux (W-#haveraged between 5° E and 12° E; fréhiMarch to 31 August 2005 (left
341 panels) and 2006 (right panels). For details alwaltulations of intraseasonal variations, see SkciThe
342 intraseasonal southerly wind events are indicatethé shaded areas. Note that the cooling episocas few

343 days after the southerly wind events.
344  4.2.2. Remote forcing

345 a. Highlighting of Kelvin wave propagation
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As previously shown, the time of occurrence of ¢cbkl events in the CLR coincides with shallow theciine
which contributes to making the mixed layer temp&emore reactive to surface forcing (note thd ddes
not necessarily show the same variability as theechilayer depth)indeed, because of its proximity to the
equator, the thermocline in the CLR is affectedh®yarrival of equatorial waves, initiated in thestern part of
the basin. Pairs of alternate downwelling and upmgelKelvin waves occur usually in February-Marduly-
September and October-November. Upon impingemetit thie eastern boundary, the incoming equatorial
Kelvin wave excites westward-propagating Rossby esagnd poleward-propagating coastal Kelvin waves
(Moore, 1968; Moore and Philander, 1977; lllig bf 2004; Schouten et al., 2005; Polo et al., 2008g 20°
C-isotherm depth anomalies along the equator amha®°E are presented Fig. 5 and clearly evidence large
negative anomalies indicating shallower-than-averfgrmocline, propagating eastward along the equatd
then southeastward for both years. The eastwarghagadion of Kelvin wave along the equator and
southeastward along the coast is also well visiblé¢he basin-wide SSH anomalies (Fig. 6) with aggha
velocity of about 1.1-1.3mi’s which fits well in the range between the second third baroclinic equatorial
Kelvin wave modes. In 2005, negative SSH and z20relies occurred in the West in early March- eaytyil

and in mid-May, whereas they occurred around l&erary — mid-March and early May and June in 2006.
The first Kelvin wave thus reached the CLR slightlyrlier in 2006 than 2005, at the beginning of Miay

addition, the two upwelling Kelvin waves followeddh other more closely in 2005 than in 2006.

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

ocean processes more efficient than in 2006, ieguh stronger cooling.

(a) 2005 (b) 2006
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Figure 5: Time evolution of the intraseasonal anomaly df @dsotherm depth (m) along the equator (between
54° W and 12° E) and along 9° E (between the equatd 3° S) for 2005 (left) and 2006 (right). Neégat



372
373
374

375

376
377

378

379

380

381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396

values indicate a 20°C isotherm depth closer tsthtace. For details about calculations of thenzadies, see
Sect. 2.
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Figure 6: Time evolution of the sea level anomaly (m) aldmg ¢quator (between 54° W and 12° E) and along
9° E (between the equator and 3° S) for 2005 (laftyl 2006 (right) from AVISO data.

b. Kelvin wave generation and coinciding atmospheci conditions in the West

In order to identify the wind activity which accoages the generation of Kelvin upwelling waves imter
2005 and 2006 in the western part of the basinamadyze the position of the ITCZ (averaged over \B035°

W) identified as the latitude where the meridionéhd stress goes to zero (Fig. 7a & g). The intiaseal
anomaly of the zonal and meridional componentshef wind stress (Fig. 7b-c & 7h-i), the intraseasona
anomaly of wind stress curl (Fig. 7d & j), as wadl the intraseasonal anomaly of the z20 and SSH TEH &

k-1), averaged in the equatorial band (over 1° 8 &h N), are also presented. Many authors sugbestthe
source of the equatorial Kelvin wave is mainly tethto a sudden change of the western equatoniell zeind
(e.g. Picaut, 1983; Philander, 1990): a symmetesterly (easterly) wind burst along the equatol geherate
Ekman convergence (divergence) and thus force deNimg (upwelling) anomalies which then propagate
eastward as a Kelvin wave (Battisti, 1988; Giese &farrison, 1990). In 2005, shallower-than-average
thermocline, evidenced by negative z20 and SSH aties) occurred in the end of March-beginning ofiAip

the west part of the basin (Fig. 7e & f). The isgasonal anomalies of meridional and zonal wiresstindicate
that the maximum of thermocline slope anomaly wasoeiated with a strengthening of northeast trades
followed by a strengthening of southeast tradem feither side on the equator. At the equator, weadndeed

a sudden reversing of meridional winds which tursedthward on 27-28 March 2005 related to an abrupt
southward displacement of the ITCZ which was theumfl south of the equator in the west part of theirb
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(Fig. 7a & b). The ITCZ returned its initial positi four days later followed by a strengthening a$terlies
which persisted for ~20 days (Fig. 7c). Climatotadly, the latitudinal position of the ITCZ variédsom a
minimum close to the equator in boreal spring (Maktay) in the west to a maximum extension ofNLG-
15N in late boreal summer (August) in the east. R@siinegative) wind stress curl is found north ¢edwf the
ITCZ. When the ITCZ is north of the equator, it imds upward (downward) Ekman pumping to the north
(south) of the ITCZ. Thus, the southward shift loé i TCZ on 27-28 March 2005 accompanied with strong
northerlies led to negative anomaly of wind strass south of the equator resulting in upward Ekmamping.
Results show indeed a strong negative anomaly e2622arch 2005 associated with the southward siiifhe
ITCZ just before the upwelling signal, initiated 28 March. These changes contributed to a risea@roteanic
thermocline with a time lag of some days (Fig. 7€) &The upwelling signal might then be reinfordeyg the
symmetric easterly wind which concerned a large pathe western basin. Besides, we identify in. Fig
another peak of negative wind stress curl anomal§-8 May 2005, more sudden than the previous winme.
It was associated with negative z20 SSH anomatigisator of a thermocline rise initiated on 6 Ma303 in
the west of the basin and which propagated eastalardy the equator. The zonal wind stress anoméfigs
7c¢) also indicate an easterly wind strengtheniiitgated in the beginning of May, which a maximum &10

May, just after the minimum of wind stress curl.

In 2006, the upwelling Kelvin wave is identified tine first half of March in the west part of thestm(Fig. 7k

& I). The coinciding atmospheric conditions wergglstly different than the ones identified in 2008.winter,
the position of the ITCZ had a more southern pasiin 2006 than in 2005. It crossed the equatomdua
longer period (about 10 days froni8 Feb. 2006), reaching minimum latitude on 22-24rbety. This location
south of the equator induced a negative wind stceslsanomaly (Fig. 7j). As in 2005, the reversiohthe
meridional wind at the equator was followed by r@msgthening 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 southigss, leading to an anti-symmetric meridional dvpattern as
well as symmetric zonal wind pattern on either sitethe equator (not shown). These wind patternse we

expected to generate Ekman divergence at the Boaradicthus 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&tqu 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 leraeasterlies compared to 2005. These resultdidg
another way in which intraseasonal wind events imgact the SST variability in the eastern parthef basin,

through the generation of Kelvin wave in the Webtaoll shoals the thermocline in the East a few wéstks.
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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 ITCH); & h) the intraseasonal anomaly of the meridiomiad
stress (N.i) averaged between 50° W and 35° W and betweenatfdSL° N; (c & i) same as (b & h) but for
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®&@T. This phenomenon was more obvious in 2005whe
the cooling which first concerned the coastal agended further offshore a few days after the stvong
events occurring in the second half of May. To emitk the effect of these events on SST, maps of
intraseasonal SST anomaly and intraseasonal wiesissanomaly averaged from 1 to 12 May (beforestiong
2005 events; Fig. 8a) and from 14 to 31 May (dwand after the strong 2005 events; Fig. 8b) agegnted in
Fig. 8. The same calculations have been made f@8 26r 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.
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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 imiplifds cooling extension, we compared the SST, 81\

and zonal velocities along 3° S from March to Setter 2005 (Fig. 9 a-d) and 2006 (Fig. 9 e-h). 102Ghe
cooling westward extension was associated with atwgrd propagation of a shallower thermocline and
negative SLA from the African coast up to 5°-10° &mbined with enhanced surface westward current
fluctuations at the dates of the successive evieats April-June. The fluctuations of the westwanatface
current occurring off Gabon with periods of ~8-18ysl were related to the strengthening of southsihgds
during the wind bursts at the same periods (Fig&4f). The surface current in this area is parthef westward
SEC which is known to intensify during the cold s@a (Okumura and Xie, 2006). Our study implies tror
time scales than seasonal scale but the intertsificaf the SEC during wind bursts through Ekmamsport
processes might contribute to the westward extenefothe cooling by advection of cold eastern upeekl
water. This is in agreement with DeCoétlogon et(2010) who found from model results that at shione
scale (a few days), more than half of the cold 88dmaly around the equatorial cooling could be a@rpd by
horizontal oceanic advection controlled by the wimith a lag of a few days. In addition, minimum z20d
SLA values propagating westward at 3° S (Fig. 9b)&initiated from the coast with a propagatingespef
around 10 cm which is very close to the phase speed of Rossiyes. Indeed, the generation of the
westward waves at the coast coincided with thevarof Kelvin waves (see Fig. 5a) suggesting thesjimlity

of Kelvin wave’s reflection processes into symneettiwestward propagating Rossby waves. A westward
propagation of z20 and SLA minimums, although lebsious, was presently also identified at 3° N (not

shown).

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

westward propagation, resulted in the extensiorotf upwelled water from the eastern coast to 288aiV.

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

The analysis over 1998-2008 period shows that thetward extension of the cold SST takes place eyeay
but begins at different times of the year (not shpwt occurs generally from June-July, when theliog
events usually occur in the east at this locatéonmg is thus closely linked with the shoaling of thermocline

due to the arrival of a Kelvin upwelling wave a¢ thastern coast
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g) the sea level anomalies from AVISO data (m); @h& h) the zonal component of surface velocitygt



503 In conclusion to this section 4, the SST variapilt the CLR at intraseasonal time scales is tisalteof
504  combination between basin preconditioning by retyoterced shoaling of the thermocline via Kelvin wvea
505 local mixing induced by current vertical shear, apdvelling processes in response to strong soythérds.
506  As highlighted for the 26-28 May 2005 and 2 Apili0B events, the net heat flux may also contribatedol
507 the surface waters, through enhanced cloud covéchwtiecrease the incoming solar radiation. The cold
508 upwelled waters around 3°S extend then westwam fiee eastern coast to near 20°W by combined effect
509 the westward propagating Rossby waves as welligalemixing and advection processes. The cookwatay
510 thus contribute to the cooling in the southern edfjthe cold tongue region. Although the procesegdied
511 differ slightly due to the presence of the coasg, $ST variability in the CLR is quite close to thee in the
512 equatorial cold tongue region (not shown), duendlar atmospheric forcing. However, for a givemdiburst,
513 the intensity of SST response in the CLR and incibid tongue region is modulated by subsurface itiond
514  which are under the influence of equatorial Kelwiave. In May 2005, the Kelvin wave reached theezast
515  coast while three wind bursts occurred. The thetimeowvas thus shallower in the east than west &¥%,0°
516 providing favorable subsurface conditions making tbupling between making the SST more reactiweira
517 intensification occurred during this month. In adfi, the decrease short wave radiations due taresgd cloud
518 cover during the 26-28 May 2005 event or 2 ApriD@@vent, which contribute to the cooling in theRCIdid

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

522 We have previously identified five main cold evemt2005 (22-24 April, 8-12 May, 16-20 May, 26-30aiyl
523 and 14-18 June), characterized by a temperatugerdrgying from -0.2° C to -1.7° C in the model. Msés of
524 intraseasonal wind stress magnitude (Fig. 4b) basaled that each event is associated with strenity of
525 equatorward winds, especially during the 14-16 Masent when the intraseasonal wind stress magnitude
526 averaged over the CLR is the strongest one. Thiscpkar event has been found to be responsiblettfer
527 sudden and intense SST cooling in the eastern etdplaAtlantic and identified as part of manifesat of
528 temporal variability of the St. Helena AnticyclofMarin et al., 2009). In this section, we focusthis mid-

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

530 5.1 Atmospheric conditions
531

532 5.1.1 Wind and surface atmospheric pressure

533  The spatial distribution of the mid-May 2005 winekat can be inferred from Fig. 10 where CFSR wipekesl
534 fields superimposed with daily precipitation fieldsirface pressure, wind speed curl, and downwzodwsave
535 radiation, are presented from 13 May to 17 May. &bent was characterized by intense southeasténty east
536 of 15° W and from 30°S to the equator from 13-14/Mabncomitant with a strengthening of the easteniiest
537 of 30° W between 30° and 15° S (Fig. 10a). Thengtreoutheasterly winds drifted then westward up3d.6
538 May when the maximum was located in the westerrt parthe basin off northeastern Brazilian coast.

539 Simultaneously, a strengthening of southerly windsurred north of the equator in the Gulf of Guin€he
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strong winds during the event were associated Wigh pressure core of the Saint Helena Anticyclone,
especially on 13-14 May, also associated with paldily low pressure under the ITCZ 4 days latég.(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 gradierihnguhe event is thus found to be the strongest 4998-
2008 period. That suggests strong Hadley circutaitivensity during the mid-May event and therefsti®ng
equatorward moisture flux, allowing the deep atnhesizc 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 (efright panels), of (a) wind magnitude (color
field) (m.s") superimposed with wind vectors from CFSR fields;precipitation rat¢kg.m2.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.(RiOb) display a band of heavy precipitation (9kij7m

2 day") between 5° - 9° N and off northeast Brazil frome coast to 15° W and from 10° S to 3° S. The
maximum precipitation rate in this region occurred 15-16 May concomitant with the easterly winds
strengthening. This convective zone, located betwibe ITCZ north of the equator and the South Aitan
Convergence Zone (SACZ) in southern tropics, is Swithern Intertropical Convergence Zone (SICZ)
(Grodsky and Carton, 2003). This zone forms usuallgr, by June-August, when the southern brancthef
convection separates from the ITCZ which movesmoftthe equator. Grodsky and Carton (2003) shaved
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this rainfall pattern appears closely linked to Heasonal change in SST difference between the #Gibn
(which they defined between 187 — 5° W, 2° S — 2° N) and the SITCZ region (25°\20° W, 10° S - 3° S).
They argued that the seasonal appearance of the A& the equator sets up pressure gradientsnatitie
boundary layer that induce wind convergence in $ti€CZ region. Based on Grodsky and Carton (2003)
results, the unusually rainfall conditions duringdfviay event might thus be explained by strong $&adient

between the two regions caused by unusually eadiing in the ACT region at this time of the year.

5.1.3 Generation of atmospheric gravity wave

The precipitation fields during the mid-May everkig. 10b) also evidence rainfall pattern typical of
atmospheric gravity wave train characterized byoszntal wave length ~500 km and initiated by anfr
system (forming the northern boundary of a low pues system) which developed around 17° S on 14 dnay
traveled northeastward until 17 May. The rainfadlin was associated with oscillatory wind speed train
alternating between positive and negative valugs (d) as well as alternating downward shortwaaggation
minimum (Fig. 10e) associated with the wave clou@msavity waves are known to play an important riole
transporting the momentum and energy through lastances (Fritts, 1984). Here, they would be a way

carry momentum and energy from South Atlantic elquator during the strong event.

5.2 A decisive event for coastal monsoon onset

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

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 SSTdéiewveraged from 10° W to 6° W. The wind strengthg
appeared first south of the equator on 12-16 May tnen 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#bmechanisms. 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.
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Thus, this mid-May event appears as the “decisiem® which triggered the abrupt transition betwées 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 bgue
Leballeur et al. (2013) over 2000-2009 period. Adaony 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 disappearingl uhé 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 sehdmmsition event as observed in 2005, occurrmgh
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 sustajrievel.

Wind Speed - 2005 Precip - 2005 TEMP - 2005

PRI

[$,]

o

Latitude

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 (lfsom CFSR wind fields ; (b) daily averaged prézifion
rate (kg.nf/day) from CFSR fields and (c) 2-daily averaged $5Q) fields, from the forced model.

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

To better understand which makes the particulaftyhe mid-May 2005 event, the atmospheric and micea
conditions (SST, intraseasonal SST anomalies, seésonal short-wave radiation flux anomalies (Hitrea
RADSW), intraseasonal wind stress magnitude an@sgalintraseasonal z20 anomalies, and intraseasonal
meridional SST gradient anomalies) averaged owved@? W - 6° W region and between 15° S to 5° Nrdur
April-May are analyzed over the 1998-2008 perio).(E2). The intraseasonal wind stress magnituaenaity
during mid-May event appears to be one of the geenover the whole 1998-2008 period (up to 0.13N.m
around 15°S and 0.05N:frin equatorial region). These strong wind condii@me usually met later in late
boreal spring or summer, when the St. Helena Aaline strengthens and shifts northward toward themw
hemisphere. The wind intensification in mid-May 200as associated with particularly weak RADSW from
South Atlantic to the northern equatorial regiarggesting cloud albedo effect during the event Wwidnded to
cool the mixed layer. We can notice that the Apdy 2005 period was characterized by the lowestrmea
RADSW.
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In addition, at the time of the event, the surfacgers were already cooled by previous wind buistg. 20
April and 8 May). The SST response to the mid-Magre occurred 4-6 days later, inducing the weakest
equatorial SST values for April-May season ovenimle 1998-2008 period (SST drop of ~3°C induca&r

< 24.8°C). The cooling also caused an enhancedf&®BT around 1° N, as shown in Fig. 12 (bottom pane
which was found to be the earliest and strongestaver the 1998-2008 period. This meridional SSAdgmt
was responsible for the wind surface intensificatimrth of the equator (Fig. 11a and Fig. 12, foypénel)
through air-sea interaction mechanisms as desctilyededuc-Leballeur et al. (2011). Another SST geat
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 shall
south of the equator and slightly deeper at thaguFig. 12, fifth panel). The thermocline shoglassociated
with the Kelvin wave appeared in fact a few daydieaproviding favorable subsurface conditions efhimade
the SST response to previous wind bursts (20 Aprd 8 May) more effective. At the time of the midiv

event, the wave already reached more eastern aeakpwn in previous sections.

Thus, the particularity of the mid-May 2005 evendinty lies in the i) anomalous atmospheric cowdisi
related to strong St. Helena Anticyclone pertudygtii) cooling initiated by the succession of poas wind
bursts; and iii) favorable subsurface local oceanditions preconditioned by equatorial waves wtsbbaled
the mixed layer. Another wind burst of comparaligmsity occurred at the beginning of May 2000 (Hig,
fourth panel) while the thermocline was shallowsiag SST cooling at the equator (Fig. 12, firad arcond
panels). However, the wind strengthening was lesfden than during the mid-May 2005 event and the
resulting cooling took place over a less broadaednot shown). In addition, the surface pressuop dh the

ITCZ region was not as pronounced as during mid-RR2g5 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 ofTSSC); iii) intraseasonal anomaly of short-wave radiation
surface flux (W.r%) from CFSR fields; iv) intraseasonal anomalyvirid stress magnitude (N:fhfrom CFSR
fields; v) intraseasonal anomaly of 20°C-isotherm depth ¢@omputed from the forced model SST; vi)
intraseasonal anomaly of meridional SST gradieverie0.5° 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 arrdrmeal
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 moréee&ive by shallow thermocline depth, itself striyng
influenced by remote forcing. The seasonal cyclthenCLR is modulated by strong year-to-year vimes, as
observed in boreal spring 2005 when cold SST anparal associated with shallower-than-average theline

depth and positive wind speed anomaly.



675 The intraseasonal wind bursts which occurred inedlospring 2005 and 2006 generated cooling episodes
676  especially around 3°-4° S except for some strongeshts when the cooling reached more northerntedak
677 region, especially during the mid-May and end-M&92 events. The intensity of the cold events redufitom
678 basin preconditioning by remotely forced shoalifighe thermocline (via Kelvin wave), local mixinjnduced
679 by current vertical shear) and upwelling processeesponse to strong southerly local winds. Fa particular
680 event, on 26-28 May 2005, the net heat flux alsdlee to cool the surface water, due to enhancedi dover
681 which decreased the incoming solar radiations. He €LR, stronger wind intensification and favorably
682 preconditioned oceanic subsurface conditions irb2@@de the coupling between surface and subsuofzsezn
683 processes more efficient than in 2006, resultingtionger cooling. It should be noted that the aence of
684 intraseasonal wind intensification in the CLR ig specific to the boreal spring/summer 2005 and628d is
685 observed every year over the 1998-2008 perioduafysfnot shown). However, their impact on SST afaitity

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

689 thermocline.

690 The preconditioning of subsurface conditions in #rea via Kelvin wave at the dates of the wind tsurs
691 depended on the atmospheric conditions in the wegtrt of the basin a few weeks earlier. Previstuslies
692 (e.g. Picaut, 1983; Philander, 1990) suggest timsburce of an equatorial Kelvin wave is mainlatetl to a
693 sudden change of the zonal wind in the west. AmalySatmospheric and oceanic conditions at inasseal to
694  daily scale in winter 2005 and 2006 showed thatofath years, an Kelvin upwelling wave was initiatadhe
695 west while easterly winds were strengthened frotheeiside of the equator just after the ITCZ toabets
696  southernmost location. This latter was observedmoeth earlier in 2006 (late February — early Mauttian in
697 2005 (late March-early April), and was associatétth & negative wind stress curl anomaly. In wire65, the
698 ITCZ was found south of the equator after a verddsm southward shift and was followed by strondesliss
699 during ~20days. Inwinter 2006, the ITCZ was found closer to the équéess sharply and during a longer
700 period, followed by weaker easterlies when comp&oe®005. These results obtained for the years 20Qb
701 2006 years do not imply that same atmospheric tiondi would be observed for winter upwelling Kelviave
702 of other years. Especially, the year 2005 was yenyicular and also exhibited anomalously cold SBiTthe
703  south Atlantic and anomalously warm SSTs in themaAtlantic initiated in fall 2004, signature ofnaeridional
704 mode (Virmani and Weisberg, 2006; Foltz &ndPhaden2006; Hormann and Brandt, 2009).

705 Upon impingement at the eastern boundary, the imgrequatorial Kelvin wave excites westward-propega
706 Rossby waves and poleward propagating coastal Keleves.In 2005, the Kelvin wave reached the coast
707 around mid-May while southerly winds strengthenagthwing the reflected wave to be reinforced by libeal
708  wind. This resulted in westward propagation of riegaz20 and SSH anomalies which, combined with
709 enhanced westward surface currents, provided falereonditions to westward extension of cold upactll
710  water from the eastern coast to near 20°W throdgkeaion and vertical mixing.

711

712
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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 cowlitfie 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 ain@a associated with this event allowed to shaat 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 equaltonoling which in turns slowed down the overlyiwind
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-sustainienel and
the beginning of coastal precipitation. The timeocturrence of this phenomenon, 15 days earlien thea
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 the8:2008
period has shown that the 2005 event was charaeteliy the strongest surface pressure gradientkatthe
St. Helena high pressures and the low pressuresr timel ITCZ, inducing strong Hadley cell activilyo similar
atmospheric pattern was observed during the wh@@8-2008 period. Another wind burst of comparabiedv
intensity occurred at the beginning of May 2000isT@vent also induced a cooling at the equatothmisurface
pressure decrease in ITCZ region was not as praeokas during mid-May 2005 event and the SST gradient
around 1° N was weaker. In addition to coastalipretion in the Gulf of Guinea and due to the gaxboling

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 thenportanceof a strong southerly wind burst in the easteapital Atlantic
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 powewijated by the wind burst is brought to the oceamtiriect
effect of the wind on the SST in the eastern trapitlantic; 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 ocessponse 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.

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; Davay.,e2002; Deser et al., 2006; Chang et al., 2G0&hter
and Xie, 2008) as well as in forced ocean-only &tens (e.g. Large and Danabasoglu, 2006). ThisnazEias
is well evidenced in our numerical simulation (Flg2) and our results clearly show that the coolpjsodes
were underestimated in the CLR, implying the neethtestigate more in depth the oceanic and atmessph
processes at play in this particular region. Asitittleaseasonal wind bursts are related to thedatains of St.
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Helena Anticyclone, their impact on SST variability the eastern tropical Atlantic and regional alim

suggests the need of better understand the Stm&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 patiétin strong SST gradient between the two hemiggsher
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 (Foli,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 iwagrim 2005 were a weakening of the northeastedgd
winds and associated decrease in wind-inducedtlhest 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
(Goldenberq et al., 20QAttribute these SST increases to the Atlantictidetadal Oscillation (AMO), while

others suggest that climate change may insteaddying the dominant roleEmanuel, 2005Webster et al.,

2005 Mann and Emanuel, 2008renberth and Shea, 200&omparable anomalously warm tropical Atlantic

SSTs have been observed in 2010 also associathdextiteme drought in the Amazon. However, from time
series of monthly anomalies constructed for the basins (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 Southmttacontrarily to 2005 (their Fig. S4e).

While the warming in North Tropical Atlantic durirRP05 has been investigated by several authorgabléng
in South Atlantic has received less attention. Bligly highlights the need to further document emitor the
South Atlantic region and the St. Helena Anticyeprthrough additional high resolution analysis and

observations.
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