10

15

20

25

Generation of Rossby waves off the Cape Verde peninsula; role of
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Abstract. In December 2002 and January 2003 satellite observatioBhklofophyll showed a strong coastal signal along the
west african coast betwedn® and22° N. In addition, a wavelike pattern with a wavelength of abgb® km was observed
from DecembeR0?" 2002 and was detectable for one month in the open sea, sostloiviae Cape Verde peninsula. Such

a pattern suggests the existence of a locally generateiR@gs/e which slowly propagated westward during this period
This hypothesis was confirmed by analyzing sea surface tpighiided by satellite altimeter during this period. To ipber

the mechanisms at play, a numerical study based on a reduaeétyghallow water model has first been conducted. A wind
burst, broadly extending over the region where the offsboeanic signal is observed, is applied during 5 days. A Kekave
quickly develops along the northern edge of the cape, thepggates and leaves the area in a few days. Simultanealsly,
Rossby wave whose characteristics seem similar to thewdxspattern forms and slowly propagates westward. Theemdst

of the peninsula limits the extent of the wave to the northe Shatial extent of the wind burst determines the extent®f th
response and correspondingly the time scale of the phermm(@bout 100 days in the present case). When the wind burst
has a large zonal and small meridional extent, the behaeibarwave to the north of the peninsula differs from that to the
south. These results are corroborated and completed byadytiaal study of a linear reduced gravity model using a non-
Cartesian coordinate system. This system is introduceddin@te the potential impact of the coastline shape. Theytce
computations confirm that a period around 100 days can beiasso with the observed wave considering the value of the
wavelength; they also show that the role of the coastlineiesmoderate at such time scales. On the contrary, whertielp
becomes shorter (smaller than 20-30 days), the behavidbheafiaves is modified because of the shape of the coast. Sbuth o
the peninsula, a narrow band of sea isolated from the resteobtean by two critical lines appears. Its meridional exien
about 100 km and Rossby waves could propagate there towerdeast.

1 Introduction

Eastern Boundary Upwelling Systems (EBUS) — let us quoteGakfornia, Humboldt, Canary and Benguela upwelling
systems — constitute an ubiquitous feature of the coasedrocynamics, which has been extensively studied. They are
biologically very productive thanks to a transport of neitris from deep ocean layers to the surface, which favorsltioerb

of phytoplanktons. Consequently they present a strongasige, which is detectable by ocean color satellite ser(seesfor
example Lachkar and Gruber 2012, 2013).
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The dynamics of EBUS has first been studied with conceptuaetsoUpwellings are created by alongshore equatorward
winds (Allen, 1976, McCreary et al., 1986) generating astodire Ekman transport, which is compensated by a verteasir
port at the coast in order to satisfy the mass conservattomn€ar shore pattern of the upwellings is affected by thedtiaic
instability mechanism which is associated with the coastiatent system and produces eddies and filaments (Mardbesie
et al., 2003). Lastly wind fluctuations modulate the upwellintensity by generating Kelvin waves propagating polewa
(Moore, 1968; Allen, 1976; Gill and Clarke, 1974; Clarke7¥91983; McCreary, 1981).

At a given frequency, there is a critical latitude polewafevbich Kelvin waves no longer exist and are replaced by Rpssb
waves propagating westward (Schopf et al., 1981; Clarkg31®lcCreary and Kundu, 1985). The critical latitude desesa
when the wave period shortens (Grimshaw and Allen, 1988)mmnithe coastline angle with the poleward direction in@sas
(Clarke and Shi, 1991). This latter property suggests tiashape of the coast has an impact on the upwellings.

Using a high-resolution 3D numerical model, Batteen (198@&) Marchesiello et al. (2003) confirmed that the shape of
the coastline actually plays a role on the upwelling pattelowever they did not investigate by which mechanisms thiey a
driven. In particular they did not try to confront their rétswith the theoretical investigations of Crépon et al.§291984) who
analyzed the mechanisms responsible for this behavioimgls f-plane model, these authors showed that a cape modifies
the characteristics of the upwelling, its intensity beiegs on the upwind side of the cape than on the downwind sideetry
they did not investigate what occurs in the open sea up to k80om the coast and which role could play theffect.

The role of the forcing has also been investigated, both fobservational and theoretical viewpoints. Enriquez aneher
(1995) computed the wind stress and wind stress curl off #i#dZnia shelf from aircraft measurements and showedkb#o
numerical experiments with a two layer model and an anallstudy, that a non zero wind stress curl expands the hdgkon
extent of upwelling offshore; it increases from 20-30 km @100 km. The importance of the wind stress curl, which gatesr
a strong Ekman pumping, were first emphasized by Richez ¢18B4) and later by Pickett and Paduan (2003) then Castelao
and Barth (2006). They could establish that the Ekman pugnaind the Ekman transport due to the alongshore winds have
a comparable importance in the California Current area o€abo Frio in Brazil. These works did not study what occurs
beyond 100 km from the coast.

In the present paper, we study the role of wind stress andlic@ageometry in generating mesoscale anomalies offshore
up to a distance of 500-1000 km off the coast. Both a numeaigdlan analytical point of view are adopted. The departure
point is the observation of a wave-like pattern on Chlordptstellite observations off the Senagalese coast, ingg@n of
the Sénégalo-Mauritanian upwelling (see Lathuillierelgt2908, and Farikou et al., 2015 to find further informatadyout
the Chl-a variability and the upwellings off the west Afnicaoast, Capet et al., 2017 for a recent analysis of the swelk s
variability close to the Senegal and Gambia coasts, and taatral., 2018 for a detailed study of the slope currentsgaloest
Africa). Attention is focused on offshore mesoscale afgtigissociated with the upwelling, a recurrent feature of eipng
systems (see Capet et al., 2008 a, b). The alongshore wyctikitch has received much more attention (see for example
Diakhaté et al., 2016 and the references herein) is notedudi
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The paper is articulated as follows. Observations of Chdbydl in 2002-2003 off the west African coast are shown and
described in section 2. In section 3, a numerical study witfomlinear reduced gravity shallow water model on the sphere
with a single active layer is conducted; it shows that a witndss anomaly active during a few days can generate a pattern
that seems very similar to the observated one. The impatiteafind anomaly extent and coastline geometry are alsiyorie
studied. In section 4, a theoretical analysis of the waveadyios in the vicinity of a cape is conducted to confirm and rgela
upon the results obtained in the previous section, usingeatishalow water model in a non-Cartesian coordinaterayste

2 Observation of a wave off the Cape Verde peninsula from an ocean color satellite sensor.

The Senegalo-Mauritanian upwelling off the west coast aicaf forms the southern part of the Canary upwelling system.
This region has been intensively studied by analysis of SE&Wcean-color data and AVHRR sea-surface temperature as
reported in Demarcq and Faure (2000), and more recently Wad&zgo et al. (2009), Farikou et al. (2013, 2015), Ndoye.et al
(2014), and Capet et al. (2017). These studies indicatattbgiresence of an intense upwelling is attested by ocelan-amd
sea-surface temperature signals. Moreover this upwedliiogvs a strong seasonal modulation. It starts to intensi§adtober,
reaches its maximum in April and slows down in June. Very ltiglorophyll-a concentration are observed near the coastevh
the maximum is reached. However the concentration rapietyehses offshore (Farikou et al., 2013, 2015; Sawadodq et a
2009), suggesting that the upwelling extent and the eddyityan this region is less than in other upwelling systerike the
Californian Upwelling system (Marchesiello and Estrad#)2 Capet et al., 2017).

From December 20 2002 up to January*8 2003, a strong chlorophyll signal was observed along théafr coast on
SeaWIFs satellite images, betwekyIN and22°N, indicating an intense biological activity. In additianwell-defined “sine-
like” pattern (circled in Figure 1) was observed on ten insaken at ten non-consecutive different days, which exdwd
possible artifact due to image processing. This patterodated betweeh2°N and14°N east of20°W and extends offshore
up to22°W in a region which is off the coastal upwelling zone. Wes20fW the signal seems to have a larger meridional
extent, reaching6°-17°N (see panel 3).

This pattern, which broadly keeps the same form during a tiyveéay interval, slowly progresses westward at a speed not
exceeding 5 cms! (a more precise estimation of the speed from the obsenmioquite hazardeous). After Januafy 8
2003, a cloudy period of several days occurred, which preksatellite observations. At the end of this episode (@gnu
15") the “sine” pattern was no longer visible. This episode rhigghthe signature of a Rossby wave propagating westward.
As this phenomenon lasts at least one month, its typicaltioade is expected to range between one and a few months.

To corroborate this hypothesis, we analyzed the Sea Suteigit (hereafter SSH) obtained from AVISO satellite aéiter
data for the corresponding period (December 2002 - Janu#Ig)2Hoevmuller diagrams are shownliat, 13.5°, 15°, and
16.5° in figure 2; they clearly confirm the existence of a Rossby waepagating westwards with a velocity of abdui cm
s~!. The amplitude of this wave becomes smaller northwardsadkpd at 13 cm betwedr2° and13.5° but did not exceed 7
cm at16.5°. The wavelength is around 700 km, comparable with the extigitie Chlorophyll signal.
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An enhanced chlorophyll concentration, as seen by thelisatgtnsor, is the signature of growing phytoplankton. éallo
development of phytoplankton benefits from an increaseehtltrient concentration in the surface layers of the océha.
latter may be generated by an enhanced mixing in the suidgeed associated with an increased turbulence due to théKel
or Rossbhy wave activity and by the vertical velocity assiedavith the divergent Rossby waves. Another possible moce
explaining this growth could be the advection linked withsBloy waves — they create a current anomaly which can transpor
nutrients and phytoplankton from the upwelling area whbsy tare highly concentrated. However, this mechanism i8;slo
for a current anomaly of 5 cnT8, the transport of a parcel of fluid over 500 km — less than thmakextent of the offshore
pattern — would need about one year.

The signal along the coast is also modulated by coastal Kelaves propagating northwards. Clarke and Shi (1991) stiowe
that they can propagate when their angular frequency igilalgn a critical angular frequency. = ¢8cos0/2f. In this
formula® is an angle taking into account the tilt of the coastline witmeridian a typical velocity of a baroclinic mode and
fo andg the usual parameters linked to the Earth’s rotation. Theeoas found that . ranges between 84.69 and 115.2 days
around the Cape Verde peninsula (see their table 2a). Tladisesvare close to the characteristic time scales we expeet h

The existence of a long period divergent baroclinic Rossayeayevidenced by the AVISO satellite altimeter data of t8elS
can explain the offshore sine-like pattern described Her@vestigate the mechanism of emergence of this wave aalgtzn
its properties, we first describe numerical experimentsawdth a numerical shallow water model. They help us see halv su
a wave is created and elucidate its nature. Then, a thealratialysis is presented in order to understand how the Kalvd
Rossby waves behave when the coast presents a cape and tetedimg interpretation of the numerical experiments. Aavid
range of periods is explored, going from 10 days to one year.

3 Numerical study
3.1 Themode

The numerical model is a reduced gravity model on the sphigheome active layer of thicknegs It extends over an infinite
layer at rest. The velocity in the active layer and the thicknekwerify the equations

Oph+div(hv) =0 1)
and
8tv—|—(rotv—|—f)n><v:—grad@—i—%— %V—FVAHV (2)

wheren is a vector normal to the Earth’s surface antv = (V x v).n. The function® is equal tog*h + v2/2 whereg* is
the reduced gravity.

We assume for simplicity that the vecteg, which represents the surface wind stress divided by tharodensity, derives
from a potentiakpy(x,y): 7o = —grade (implying an irrotational mean wind). This hypothesis alfous to compute ex-
plicitely the obtained mean state. Indeed- 0 andg*h3/2 = —¢o + Cj is an obvious solution of the previous system (the
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constantCy is determined by using the fact that the mean valuépfemains unchanged during the integration). It will
also facilitate the analytical computations made in thet sektion. A more complex set-up could be used for the nuraleric
experiments but it will be seen below that this one suffices.

3.2 Numerical resolution

The model domain is closed and centered®&iN, the latitude of the Cape Verde peninsula; it has a latitaldextent of 20
and a longitudinal extent of 30The peninsula is modeled as indicated in Fig. 4 in order tmimthe geometry of the coast
of Senegal (simplified and smoothed). The mean valuk,af equal to 200 m and the reduced gravjtyto 0.02 m s2.
Consequently the Rossby radius of deformafitan= \/g*ho/ fo at the latitude of the Cape Verde is equal to 53 km.

The previous equations are solved by finite differences omaegh on the sphere, the mesh size being equal/tt2)° in
longitudinal and latitudinal directions. The spatial stigepreserves enstrophy, following Sadourny (1975). Notsipndary
conditions are applied everywhere (including along th#ieietl boundaries which limit the open ocean). There is ndeat
dissipation in the continuity equations and mass is corsky the numerical scheme. The time integration is perfduseng
a leapfrog scheme with a time step of 300 seconds. The vigaoaind the coefficient of equation (2) are respectively equal
to 28 n*s~! and8 x 107> m s ! (h/r ~ 1 month). More details can be found in Février et al. (2007) isttbe two layer
version of this model is described.

3.3 Numerical set-up of the model

In Figure 3 the mean wind for the considered period (Decer2bR-January 2003) is shown. It exemplifies the situation
which is normally found in this region. The wind regularlyobls from the north-north-east with a velocity ranging frorto4

8 m s 1. To take this into account, a constant mean wind stress ofitaé@ equal to 0.06 N m? (corresponding to a mean
wind velocity of about 5 ms! and a value of, equal to6 x 107> m? s~2) and oriented along a south-south-west direction
is applied from rest during four years, until a stationaryamstate, which verifies the theoretical relation given ttisa 3.1,

is reached.

As shown by Figure 3, a wind anomaly was active when the wa¥éguire 1 begins to be observed. This anomaly obviously
is transient, but to the south of the Cape Verde, it mainlynisosouthwards. To represent this situation in a simplifieg,w
we defined in a first experiment a north-south wind stress ahomhich extends over approximately 500 km and whose
maximum is still equal to 0.06 N n?. This anomaly is applied during five days (see Fig. 4 first fafiéae integration is
continued during 45 days, after the anomaly has disappeared

To explore the sensibility of the model response to the wimahaaly, others wind anomalies were applied (see below, in
particular Figures 6 to 8). The results obtained for thesaraaties are discussed in the next section.
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3.4 Numerical results

After the wind stress anomaly corresponding to the first rpent has vanished, the subsequent states of the ocedmare s
every five days in Fig. 4 in terms of the active layer thicknéssoastal Kelvin wave forms north of the cape and quickly
propagates along the coast. After 5 days, it has already lgeywnd 25 N and after 10 days only the remains of the wave are
still visible. South of the cape, a well marked (Rossby) waseelops. Its size matches more or less the size of the wiesisst
anomaly. It slowly propagates westwards with a velocity loé@ 4 cm s'. The amplitude of the wave decreases quickly
because of the large value bfr. The minimum value of is about—3.5 m when the wind ceases (second panel) and reaches
only —2 m after 25 days (seventh panel).

These characteristics are actually those of a Rossby waad\igenerated by a wind anomaly, then freely propagating
in the open ocean. The wavelength of this wave is about 750k¢m~(0.84 x 10~°> m~1). Such a value is compatible with
the theoretical study presented in section 4 when the pefitiie wave is about 100 days. This modeled response to a wind
stress anomaly also matches the satellite observed sigsalibed in the previous section. It thus suggests thagtter iis the
consequence of the existence of Rossby wave generated mgdawuiist.

Though the duration of the wind burst is short in our numémsg@eriment (5 days), the response of the system privileges
a much longer time scale, exceeding 2 months. This resutitinconsistent. Indeed the Fourier transform of a rectéargu
pulse is the sine-cardinal function. It thus contains aifitant amount of energy at low frequencies and thus can gémer
low frequency response like the one observed here.

Figure 5 shows the results obtained in a similar experinrentiich the cape is absent. The response of the model is very
similar: in the area of the wind anomaly, a Kelvin wave forimesr quickly desappears whereas a more persistant Rossky wav
slowly propagates westward. However the meridional exéétite Rossby wave is broader east of 38, in the area where
previously was the cape. This suggests that the cape siinpilg the extent of the wave northward but does not modify its
dynamics. The theoretical study of section 4 will confirmttie role of the cape remains moderate at low frequency.

A question arises: why does the wave have such a wavelengtmizital experiments clearly show that the longitudinal
wavelength is defined by the spatial scale of the forcing aiprihis is first illustrated in Figure 6, which shows thepesse
of the model to a wind burst whose extent is four times sméttlan the initial wind burst of Figure 4. The latitudinal a4
gitudinal extent of the model response are approximateligéed by two as expected. No Kelvin wave of significant anojolé
is generated because there is no longer wind anomalies ab#st; indeed, the centre of the wind anomaly is unchanged in
comparison with the reference experiment. We will show ictise 4 that the period associated with the wave are inctease
when the wavelength is reduced (reaching approximatelyd&§8).

Two supplementary experiments (Figures 7 and 8) have bede,rimawhich a wind burst of large longitudinal (about 1000
km) and small latitudinal (about 100 km) extent is appliediniy 5 days; the anomaly is centered afll4n one case and
17°N in the other (see the first panel in Figures 7 and 8). Thesmalies create a Rossby wave with a large zonal extent.
However the response of the model differs in the two casegn/te anomaly is located south of the cape, a Kelvin wave is
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generated and a negative anomaly appears bet@eand20°W. However no positive anomaly with a comparable amplitude
can be seen closer to the coast. A weak signal appears ajt@0daut its extent is very small and its amplitude is four time
smaller than the amplitude of the anomaly observed ar@af@7°W. South ofl4°, a wave of small amplitude is created and
propagates southward. Its latitudinal wavelength is comdga with the latitudinal extent of the wind anomaly. Whiea wind
anomaly is located north of the cape, a negative anomalyaapetweer26° and20°W as previously; besides, a positive
anomaly can be seen from day 5 and its amplitude is half thditua of the signal observed aroupg-27°W.

Clearly the response of the model close to the cape depenttedncation of the wind anomaly, north or south of the
cape. When the latter acts south of the cape, the anomalyhidrims around 5°W is small and quickly desappears; a wave
which propagates southward seems to prevent its exist@mcthe contrary, when the wind anomaly acts north of the cape,
anomaly forms aroundl5°W and gets stuck in this place; the wave which propagatesisaut still exists but its amplitude
is about twice samller than in the previous case. In the restian, we analytically investigate this dissymmetric &ébur in
an idealized case.

4 Analytical study

In this section, we aim at understanding if the coastline m#yence the propagation of the Rossby waves which areexteat
close to the coast and propagate towards the open sea. Thetioffihe coastline has been investigated by Crépon aneéRich
(1984), Clarke (1977), and Clarke and Shi (1991) for the Kelvaves using an analytical approach. Here we focus on the
Rosshy waves; as we consider an area which extends up to Hi@ikm from the coast, we have to generalize the approach
followed by Clarke and Shi, which introduced a local systdroamrdinates dependent of the coastline to study Kelvinesav
along an irregular coastline. We try to answer the followggstions:

a) Are there time scales for which the impact of the coas{neall in the numerical experiments) becomes more impbrtan
?

b) A dissymetry between the response north and south of tipe @as visible in the numerical experiments; can this
dissymmetry be dependent on the existence of the Cape ?

The analysis begins by defining and building a system of doates that permits to follow the coastline geometry. This
procedure is a standard one in mathematics when boundagiesmplex; indeed the the boundary conditions can be simply
written, which constitutes a substantial advantage. hewéhas a drawback: the differential equations which aberize the
problem become slightly more complex because they mustdieajeometrical factors that take into account the defoomsit
associated with the new system of coordinates. This drakisammall in comparison with the advantage.

When these new equations are established, staightfonaérdlations are made to obtain a unique partial differéetjaa-
tion (equation (7)), which characterizes the evolution ¢the thickness of the active layer). This equation is a wanuegon.
Consequently the ray theory (or equivalently the WKB mejhwath be applied. When the forcing terms are neglected, this
yields a first order nonlinear differential equation (edma(11). No new ideas are introduced after this. We just itevequa-
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tion (11) by introducing new notations, in order to facii@ats study and the presentation of the results (end of paphgt.2).
We then describe the results when the tranport along the o@sich larger than the transverse transport (section 4.3)

4.1 A model for the Kelvin and Rossby waves

We consider a reduced gravity shallow water model inghglane forced by a constant wind stress which derives from a
potentialgg (z,y) (7o = —gradgy), as in section 3. Numerical integrations have shown thatetkact solutionv =0 and
g*h3/2 = —¢o + Cj is actually obtained after a few year integration (see se@il and 3.3).

If an anomaly(7,,7,) is added to the mean forcing,, a perturbation is generated,; it is characterized dgpth anomaly £
(the thickness of the first layer is now + 2) and a velocityv. A linear approximation is sufficient to study the first steys
the evolution of the perturbation if the forcing anomaly séns moderate. The anomaly,,r,) can be written in terms of a
potentialg(x,y,t) and a stream functiop(z, y,t),

Ty = — ’I'¢ -0, P
! 3)
Ty = — y¢+ aﬂc"/}
so that the divergent part of the forcing is given-byA¢ and the rotationnal part bfx).
The equations verified bhe anomalies h andv are thus:
hoOiu — fhov+ 0z(9*hoh+¢) = vhoAgu—ru— 0y
hoOwv + fhou+ 0y(g*hoh +¢) = vhoApv —1v+ 040 (4)

Orh + aq«(hou) + 8y(h0v)

0

The role of the diffusion and dissipation will not be consetbelow — a smoothing and damping of the solution is expecte
when it is taken into account. The previous system may bedéugimplified by introducing the zonal and meridional tizorss
T, = hou andT), = hov and a potentiah equal tog*hoh + ¢. It becomes

atTm‘ - fT;u/ + 83:77 = - yw
Btn + C2 [ang; + 8yTy] = aﬂ?

wherec = /g*hg is a function ofz andy.

These equations apply inside the ocean domain, whatewdtse. A boundary condition is added along the domain &onti
(the normal transport vanishes) but the latter is difficolh&ndle when the shape of the coast is complex. Lastly, thigasp
mean value of the depth anomalyemains null.

The propagation of a Kelvin wave along the eastern boundatize possible generation of Rossby waves can be studied
by using system (5). Here, we consider an eastern boundaygenrmngle with the meridians smoothly varies and we seek to
understand how these variations may affect the wave dyrsaWie consider only the case of a cape even though the method
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could be applied in other cases. A coordinate change is nmadeder to “straighten the coast” and therefore have a simple
boundary condition; equations (5) are correspondinglyifremtito match the new coordinates.

A new orthogonal system of coordinat&s= X (z,y) andY = )(x,y) is thus introduced such that the eastern boundary
is now defined by the simple equatigh= 0 (rather than a complex one such&s:,y) = 0). In the local orthonormal basis
ey,ey associated with this coordinates system, the line elerlengads

dl=adXex +bdYey

wherea andb are geometrical factors which convey the stretching of twdinates along orthogonal directions (note that the
relations

a=+/(0xx)?+ (0xy)® and b=+/(dya)?+ (dyy)
where the initial coordinatesandy are now functions of the new coordinat&sandY” are used to computeandb).

Such a coordinate change is illustrated in figure 9 for a capeumling into the sea over a distance of 80 km. Only half of
the symmetric domain is shown. The initial coordinatemdy are the zonal and meridional coordinates; the new coorelnat
X andY are represented in the original system and some of theiesaue indicated. Other coordinate changes would be
possible. The corresponding geometrical facto@ndb are shown in figure 10. They differ from 1 respectively in aselo
neighbourhood and to the west of the capés(equal to 0.1 around the extremity of the cape whebgasches 40 at 300 km
west of the cape). A detailed study of this example will bespreged in subsection 4.3.

Using the coordinatesX,Y"), system (5) becomes

0/ Tx —FTy+a*16Xn = —bilayl/)
atTy—l—FTx—Fb_lay?? = a_lax¢ (6)
O+ (C?/(ab))[0x (bTx) + Oy (aTy)] = 0o

whereF’, C, T'x, Ty are functions ofX andY corresponding t¢f, ¢, T, andT, (the notations for), ¢ andy> have not been
changed to enhance the readability, but these functiondalsend onX andY’).

Note that we use a more complex system than the traditioradrich is used for the study of the Kelvin waves and which
neglect the variations of the transport perpendicularé¢octhast :

~FTy +a '0xn = —b" 1oy
Ty +FTx +b7'0yn = a'oxy
9y + (C?/(ab))[0x (bT'x ) + Dy (aTy)] O
We use the complete system 6 because we study Rossby wafresrfaine coast, for which these hypotheses does not hold. In-
deed, the previous simplified system leads to drop in equétib) below two terms(1/6?)(9y 0)? andi F2dy (a/ (bF?))0y 6).
These terms include the geometrical factoendb due to the coordinates change; and we precisely try to iigastwhich is

the impact of such terms.
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We now concentrate on processes whose time scale is mu&hn taegn one day. Moreover we consider only the evolution
of free waves. This situation corresponds to the case neaigrinvestigated in section 3 and illustrated in Figurés ):
the wind stress anomaly that had created the depth anorhaléeseased to exert. With these hypotheses, system (6) can be
reduced into the following equation which characterizesdtolution ofy:

1 1
00 |- Ba(pOhxn+ O] —

i
ab

b
alF?

a

) Oixn+ Oy F Oxn+ F23Y(bﬁ

[anx( )8t2yn—axFay77 =0 (7)

whereR, = C/F is the Rossby radius. The boundary condition at the easterst now reads:
at X =0, bOXn+aFdyn=0 (8)

forall ¢t > 0 andY'. The details of the computations can be found in Appendix 1.

Whena andb are close to 1 and the coast has a south-north orientatieri-{gare 10) the new coordinates system is nearly
similar to the original one; indeefl mainly depends o™ ~ y only and in those regions equation (7) thus simplifies:

1
O [n— R(0% xn+ 0% ym)] — RS |0y F oxn+ F28y(ﬁ) d3n| =0 (9)

We recognize the equation characterizing the propagafiamees in thes plane (3 = dy F') for a shallow water model. For

a tilted coast the dependance of the Coriolis parameter@sctidn of X should be still taken into account. For spatial scales
much larger thar?, and at low frequency, equation (9) can be further simplifiebecomesd;n — R20y F dxn = 0 which
simply models the westward propagation of long Rossby waves

The coefficienb decreases as one gets closer to the cape (see Figure 10)pActiofithe cape in the open sea may therefore
be expected because of the terms proportionakto%)afxn andox F 0y n in equation (7).
a

4.2 Ray theory

When a wave propagates in a medium whose properties spatiehge, it does not follow straight lines but more complex
paths. Ray theory — or WKBJ approximation — is used to detegritie paths followed by the waves in such a medium. It
applies when the wavelength is smaller than the typicaksaialvhich the properties of the medium vary. The spatiabtiams

of the components and! of the wavevectors are taken into account by introducingraptex functiond(X,Y") = 0 + i6;
such ag = 0x 0 andl = 0y 0. The potentiah is then equal to

n=10(X,Y)expli(wt +0(X,Y))] (10)

where it is assumed thaj, ' dxno| < [0x0), |k~ 0xk| < |0x0), [ng " dyno| < |0v 0], [I710,1] < |y 0]. As required by the
theory, these inequalities ensure that the wavelengthalenthan the typical scale of variation of the system, loemveyed
by Ry, F and the coefficients andb. Excepted in a very close vicinity of the cape (distance m#ian around ten kilometers)
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and for the meridional wavelength in the area located batwg@ and 50 km north and south of the cape and beyond 200 km
west of the cape, these inequalities mean that several vedterps must be visible in the considered domain. This ¢mmdi
is verified for the waves observed in the numerical expertsiand for the waves considered below.

Considering these hypothesegss given from equation (10) in the neighbourhood of a pdifgtof coordinates Xy, Y,) by
the approximate expression

(X, Y) =10(Xo,Yo) exp[i(wt + k(X — Xo) + (Y — Y0))]
wherek = 0x 0|y, andl = dy 0|, . The physical meaning of this solution is explicited by takits real part:
R(n) = no(Xo,Yp)e H1EX=X)=U Y =Y0) coglit + kp(X — Xo) 4+ Lr(Y — Yo)]

The solution must not increase westward since it cannotrbedofinite, which implies; < 0. Note however thak; > 0 is
possible if this occurs only in a (small) bounded domain.Fgr> 0, the wave propagates westwards.

The values ok and! are obtained by computing the functiéiirom equations (7) and (8). After simplifying them by using
the hypotheses above, we find thaterifies the approximate (eikonal or Hamilton-Jacobi) eiguma

<1+R2[ (0x0)* + (8y9)2]> —

. Ij’g [zea (—= )8X9+ZF28Y(bF2)aY9+aY( )Ox 6 — aX( YOy 0| =0 (11)
with the boundary condition
ib0x 0+ a(F/w)dy =0 12)

atX =0.

To make the computations clearer we set
—z1 =(0x0)Ro/a=kRy/a
— 22 = (Oy0)Ro/b=1Ro/b,
— w1 = (Ro/2) [ay<5> +iE0x( 1)

— iz = (Ro/20) [ (B vira o)
and the problem (11) assouated with the boundary condfighis rewritten as the following system :
azy bzo
13
O () =0x(F) (13)
1+ zf + z% —2z1w7 — 220w5 =0 (14)
LW
29 = —zle at X =0 (15)
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At the boundary, equations (14) and (15) permit to deterrieezalues ot; andz,, hence of and!. Indeed, the introduction
of (15) in (14) leads to the equation

2

w LW
1+(1— ﬁ)zf — 2z (w1 — zﬁwg) =0
Setting = /1 — (w/F)?, this equation can be rewritten
1 W .
J(Ez1) = E(wl —ZFUJQ):WR—FZW] (16)

whereJ(z) = %(z + l) is the Joukowsky transform af W andWW; are given by the relations
z

RF F 1 a

_ Fi plyg 1 o 21, a
Wr = 26 < §b8YF+(1 “J)Y(bF)
 RF 1, b
Wi 2 <3G

Equation (16) is the dispersion relation of the wave at thendary. The Joukowsky transform 6%, (or equivalently of
F .

z‘zfzg) depends on the frequency the mean state (througRy), the latitude (through’) and the geometry of the coast

(througha andb).

The sketch in Figure 11, which shows the half complex plafe) < 0 (upper panel) and the complex plaié= J(z)
(lower panel), explicits how the Joukowsky transformatieorks. The inferior half plane has been chosen since we éxpec
kr <0, or in other words3(z) < 0.

— WhenW; = (W) is positive, the complex numbefz; such as/(£z1) =W = Wx + ¢ W, has a norm smaller than 1
(it corresponds to the gray areas in Figure 11). The wavélleisghus large X > 27¢ R /a). If Wr = R(W) is positive, the
phase speed is negative (westward propagation).

— WhenW; = (W) is negative, the complex numbefz, such as/(£z;) = W = Wg + i W, has a norm larger than 1 (it
corresponds to the white areas). The wavelength is thud.dimBEl; = R(W) is positive, the phase speed is still negative.

— WhenWW; vanishes, a situation which occurs when the coast is a straightlime, unique complex solution previously
found can cease to exist. IndeedJif ;| is smaller than 1, there @ne complex solution whose norm is equal to 1 (on the half
circle in bold in Figure 11); and ifi’y| is larger than 1fwo real solutions are obtained (betwegn 1,1[ and outside this
interval). The caself’; = 0) is detailed in the next subsection.

At the coast, relation (15) determineswhenz; is known. It implies that

wb wb
ZIZFEI{R and lR:—FEk[

For low frequencies/ F' is much smaller than 1 arid andl; can be ignored. An approximate expression of the waves is

n(X,Y,t) = no(Xo, Yo)e ¥ (X=X0) cos(wt + kr(X — Xo))

and the dynamics is controlled by the westward propagatidtossby waves. For shorter periods, the situation may b& mor
complex because the ratid/(aF') may be close to 1. This effect is in agreement with the restitained in section 3, where
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a southward propagation of waves was observed in the opempsinultaneously with the westward progation of Rossby

waves.

Knowing z; andz, along the coast, it is possible to continue the resolutiahefproblem (13-14) and compute explicitely
the rays characterizing the propagation of the waves. Aardlgn which fulfils this objective is described in appen@ix
However, under the supplementary assumption {fial remains much smaller thdffy| up to a distance from the coast
of about a few Rossby radius of deformation, approximateesgions forz; andz, can be obtained analytically. This also
permits to initialize the algorithm described in appendix 2

4.3 Analytical study for |[T'x | < |Ty|.

In this case, equation (15) which is exact at the cdast 0 can also be used on a band of a few hundred kilometers off the
coast and yields a good approximation of the solution (foaendetailed discussion, see Appendix 2). Consequenthatemn

(16) becomes valid over a domain which extends far off thesttioethe open ocean. In this section, the consequencessof thi
relation are briefly presented for a straight coastlinen thegestigated in detail for the cape shown in figure (9). Ireagnent
with the hypotheses of the previous subsection, we assuahe tk. F' but the results and graphics will be produced up to the

limit valuew = F.

Case of a straight coastline. This case has been extensively studied in the literaturet-+sl mention Richez et al. (1984),
Grimshaw and Allen (1988), Clarke and Shi (1991), McCaldif95), Liu et al. (1998) — each article stressing a particula
issue. Using the previously established equations, we suimeathere known results about the existence of criticgjuieacies
along an ocean boundary.

For a straight coastline following the south north direstizve haveX = x andY =y; consequentlys=b=1 and F’
depends only ot". ThusW; =0 and

whereg = oy F'.

In figure 12 (top panel), the coefficielity is shown at different latitudes as a function of the period1# N, the critical
valueWpr = 1, which ensures the transition from a complex solution to teal solutions, is reached when the period is 140
days. The bottom panel shows the wavenumber as a functidreafave period computed frob'z for 10° N (black), 15°
N (grey) and20° N (light grey). WhenWy > 1, a condition which is always fulfilled at low frequency (cheteristic time
longer than 125 days at 1 equation (16) has two real solutions.Wfz > 1 these solutions are close 23V ~ Ry[5/w
and1/2Wx ~w/(BRy). Consequently, the wave numbeis equal to eithe3/w or w/(3R2) (see equation 16). This result
proves the existence of Rossby waves, whose wavelengtiher short or long. When the frequency increa$€g, decreases
and eventually reaches the critical value 1. Whégn becomes smaller than 1, there are two complex conjugatéamuThe
only acceptable solution hasegativeimaginary part and conveys the existence of a Kelvin wave, trapped alongdastline
and propagating northward. The absolute value of this imegipartk; is represented as a dashed curve in Figure 12 (bottom
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panel). When the wave frequency is close to the criticale/dly vanishes and consequently the Kelvin wave no longer exist.
A Rossby wave with a significant amplitude can propagatewaesis. At15° N its wavelength will be around 300 km. The
zonal velocity (phase speed) of this non dispersive waveasis2.5 km/day. On the other hand,iasvanishes witht;, the

meridional velocity becomes infinite.

Similar results are obtained when the coast presents aartrasigle? with a meridian. The only change is that the critical
frequency for which the wave regime changes is modified aperms on the tilt of the coast as indicated in Clarke and Shi
(1991).

Case of a cape. The wave dynamics in a neighbourhood of the cape is chaizetiry the coefficientdl’r andW; which
convey the effect of the coastline on the propagation of theewThe coefficientl’z can be splitted into two terms; the first

Ry262—1_ F. . . . . . Ry 1—¢&2 .
onez—g ¢ Jy — is similar to the term obtained from a straight coastline nghs the second on2e9 ¢ 8y%epr|C|ts
w a

the role of the coast. Itis large whéns small — in the frequency range where the model is valid, théans for wave periods
going from~ 10 days to a month — and when the deformation of the coastlinargel The existence of such a term was
expected. When the angle of the coastline with a meridiareases, the impact of the latitudinal variations of the Qi
parameter decreases along the path followed by the waveeiit wanishes when the coast becomes parallel to the equator.
These changes are taken into account by this term. On theacgrat low frequency, the lengthening or shortening ofpthtn
followed by the wave becomes negligible because it occues @time which remains short in comparison with the period of

the wave.

The variations of the coastline geometry also prevent tlitence of two distinct solutions at low frequency. Indeéd,
differs from 0 and consequently two complex solutions arioled as explicited in Figure 11.W7; is strictly negative (grey
area), the solution is inside the half unit disk anklr is small. If 1/} is strictly positive, the solution is outside ahg is large.
The degeneracy of the equation thus desappears and a@elgdtie wavelength operates.

Figure 13 shows$l’; for T = 10, 20, 50, and100 days and makes visible an interesting property. When theg#ris equal
to 10 days, a dissymmetry around the cape occlrg: is negative south and positive north of the cape. This dissgtry
weakens when the period increases. Fet 20 days, the area whei& ', is negative is strongly reduced and 6= 50 days,
it has vanished. Since the signsdfz and ki are similar (see Figure 11 and the associated commentsyaivesk  is

expected in this area and actually appears (see Figure 15)

SincelV; is nearly independent of the period in the considered frequeange, a single map suffices to describe it (Figure
14). Wy is positive everywhere except in an narrow area west of tipe ¢the isoline -0.2 is indicated and the bold line
corresponds tdl; = 0). Figure 11 shows that the corresponding value&:efare smaller than 1. This suggests that this area
is occupied by waves whose wavelength is longer than evasgemtise, a result which appears in Figure 15.

The maps ok andk; (see Figures 15 and 16) show properties in agreement wiftréwgous analysis. For periods shorter
than 20 dayskr becomes negative south of the cape. Consequently the wavesger propagate westward towards the open
sea, but eastward towards the coast. On the contrary, niiftle cape the propagation occurs always westward, whatieger
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frequency. At lower frequency this phenomenon is not olervhe coefficienk; shows a smaller dependence as a function
of the period. The shape of the Kelvin wave is modified closenéotip of the cape — its offshore extent is smaller sihgés
larger — but it still exists and propagates northwards.

Lastly, note that the order of magnitude predicted in Figl2eor a straight coastline with a south north orientatiom ar
noticeably changed when the shape of the coast is takendotmuat. For a wavelength of about 700 km, the corresponding
period was equal to approximately 150 days. Now, figure 15vshbat this wavelength are obtained in a large part of the
domain for a period equal to 100 days. Note that this valubiedo the values predicted by Clarke and Shi (1991) at thetco
(between 84.69 and 115.2 days). Note also that, in a smalliceind the extremity of the cape (grey area), larger wagéhs
are compatible with periods of about 100 days.

5 Conclusions

The analysis of SeaWiFS satellite observations of Chloybbphowed a well marked signal along and off the west africaast,
betweenl0° and22° N, in winter (December to April). Along the coast the high centration of Chlorophyll is associated
with the offshore Ekman drift generated by the equatorwardmonent of the trade wind, which forces an upward motien. It
variability is modulated by Kelvin wave propagating nortmas. In December 2002 and January 2003 we observed a wavelik
pattern in the open sea, which extends far away offshorey aplistance of about 800 km off the coast. This signal wablesi
from 20 December 2002 and was detectable during approxiyraie month, south of the Cape Verde Peninsula.

This pattern suggested the existence of locally generatsghy waves, which slowly propagated westward. Indeed such
a wave can generate an elevation of the lower layers of thenocerresponding to an upwelling of nutrient-rich watereTh
existence of this wave was confirmed by the study of the SSkiasigpming from AVISO altimeter data. It evidenced a wave
propagating westward with a velocity of about 4.5 cm sThe existence of a Chlorophyll signal far from the coast rehe
extending up to 750 km west to the Cape Verde has to our kngeledver been described. This strongly differs from the
coastal signals associated with Kelvin waves which have beeviously carefully analyzed (see Diakhaté et al. 201b6tha

references herein).

In this study we thus investigated the mechanisms whichddeald to the existence of such a wave and analyzed the paitenti
role of the cape, by first doing numerical experiments witlrdéd nonlinear model, then by analytically studying adine
reduced gravity model.

The numerical study, based on a reduced gravity shallowrwabelel, showed that a Rossby wave similar to the observed
pattern could be created by a wind burst broadly extendirgg the region where the oceanic signal was seen. This agreed
with wind reanalysis of this period. In our experiments agsimore wind burst which lasted 5 days was used to generate the
oceanic response. We showed that the spatial scale of taeratches the spatial scale of the forcing. The time sdaleeo
reponse, controlled by the wavelength (see below), is radtdhthe forcing (5 days) but much longer around 100 dayster t
first experiment.
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The cape does not seem to modify the basic features of the dyaamics. It mainly limits the extent of the wave to the
north. However, when the wind burst has a large zonal extérijout 1000 km) and a small meridional extent (not excegdin
100 km), the response of the model close to the cape depertls tmtation of the wind anomaly. When the latter acts sofith o
the cape, the anomaly which forms arourid W is small and quickly desappears; a wave which propagatbsand seems
to preventits existence. On the contrary, when the wind atpacts north of the cape, an anomaly forms and remains droun
15° W, without moving; a secondary wave which propagates soantthwtill exist but desappears quickly.

The analytical study is new and extends the study of ClarkkeSin (1991) to the open sea up to a distance of about 1000
km away from the coast. It helps us interpret the numericllte and gives futher information. It first shows that a tsoale
around 100 days can be associated with the observed waws@dedng the value of the wavelength (around 700 km). This
value matches the critical value predicted by Clarke andafimg the coast of Senegal, even though their model apptisd o
at the coast when the angle defining the tilt of the coastbnsoi too large. It also shows that the role of the cape does not
dramatically modify the dynamics of the system at such tinsdes.

On the contrary, when the period becomes shorter (smal@r20-30 days), the waves behaves differently north andisout
of the cape, as suggested by the numerical experimentshéatidied set-up, Rossby waves can propagate eastwards, in
a narrow band of the ocean whose latitudinal extent is ab@ditkin. We verified that this property vanished when the cape
flattened (the period of the wave progressively becomingehoThis strongly suggests that the wave dynamics in itiaity
of a cape — and the associated upwelling — depends on the ggamhéhe coastline for time scales shorter than one month.
These changes no longer matter for longer time scales. Ratdlte behaviour difference predicted by the theory aresaot
important in the numerical experiments. This is not suipgisince the geometry of the system is different in the nucaér

experiments.

This study thus suggests that offshore upwellings can b&texieor enhanced by Rossby waves. An example of such a
phenomenom has been observed in the region off SenegaleX&isple is probably not unique. For instance Kounta et al.
(2018) show patterns which provide clear evidence of an napbRossby wave activity to the south of the Cape Verdeftsee
example their Figure 10, which shows a climatology of theiut meridional transport). Observations will have to bespad
in this region and in other EBUS region to determine the ingure of such events. However the observations of suchsteuc
by satellite requires several condition which are seldooudng together. First we need a long period of observatigtisout
clouds, second a typical wind event able to generate thelbirasave and third the existence of nutrients in the subsarfac
layers, which could enrich the surface layers.

An important problem is the detectability of these wavesalidg with a reduced gravity model whose characteristies ar
fitting the observations, we found that the elevation of titerface probably does not exceed a few meters. The interfac
elevation facilitates the nutrient enrichment of the steféayers and consequently favours phytoplankton bloonsstha
elevation of the interface is relatively small, the phytton bloom is likely to occur only under very specific cdiudis
such as a relatively small average thermocline depth or theepce of phytoplankton species capable of rapid growth, w
a strong chlorophyll signature like diatoms. In fact, ptplémkton pigment retrieval from ocean color satellite abagon

16



10

15

20

shows that the chlorophyll signal we observed is dominayefdtoxanthin, which is a signature of diatoms (Khalil et20,19,
submitted)

Appendix A: Appendix A

Since we consider processes whose time scale is larger tthayy aquations (6) can be simplified. We define a charagterist

frequencyw, and a daily frequency,; and assume that they verify=w,/F; < 1. Settingwot = 7 andF' = F, Fy, the first
two equations of system (6) become

6(97—Tx—F0Ty = Rx/Fd
€d. Ty + FoTx = Ry/F, (AL)

with Ry = —a~10xn—b"10yy andRy = —b~'9yn+a~'0x. An elementary computation leads to the following relasion

(628-,—-,—+F02)TX = (eaTRx+F0Ry)/Fd

(A2)
(628TT+F02)TY = (GaTRy—FoRx)/Fd

Considering our hypothesis, the terms of order 1 andn be kept in the previous equations and the terms of efdean be
neglected. Consequently we can use the approximate redatio

Tx = F_Q(atRx—l—FRy)
Ty = F~2(0;Ry — FRx) (A3)

(We used the fact th&tF(;laT = F~19, and Fy F; = F). Note that the term&,Rx andd, Ry are of ordefe in comparison
with the termsF'Ry andF Rx.

We now introduce these equations in the last equation oésy§8). This leads to a new equation

C? b
O+ —=[0x (57 (O Box + FRy)) + 0y (55 (9 By — FRx))| = 0,0 (A4)

or equivalently

1 1
00 |1~ Ba(sOhoxn+ 3508 -

R2 b
=0 [F%X(m)afxn + Oy FOxn+ F20y (

= 03n—0xF ayn] =0p+ Ry (A5)

a
pr2)
whereR3 = C?/F? is the Rossby radius an@,, contains the forcing terms depending®n

02

Rw:—w

1 1 b
[ax(ﬁatyw+ay(ﬁ>atxw+ax(a—Faxw> —ay<biFayw)}
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The vanishing of the velocity orthogonal to the coordinéesasily obtained from system (A3). With the same approkiona,
the condition’xy =0 at X = 0 impliesd; Rx + F Ry = 0 or equivalently

bO2n+ aFdyn = —adi )+ bFOx1) (A6)

forall ¢ > 0 andY.

When the forcing terms can be neglected, the previousoelgimplify. They become respectively

O [77 Ro( aXX77+ bgayyn)

R? b
“a_l()) [FQ&X(W)Q?X“—FaYFaXn""FQaY(ng)atYﬂ OxFoyn| =0 (A7)
and atX =0, forall¢t > 0 andY
bdixn+aFdyn =0 "9

Appendix B: Appendix 2

A method to solve system (13-14) with the boundary condifi®) is presented here. It has been shown that the valugs of
andzs are known on the boundary thanks to equation (16). We set

zlzz(l)—|—21 and zQ:zg—i—ég

wherez{ and-$ verifies equation (14) and the conditioh= —i(w/F')z? everywhere. Consequently, verifies equation (16)
everywhere

J(€2)) =Wr+iW;
and can be computed on the ocean domain. The results of tiiputation are presented in section 428 {s also known
thanks to the relation) = —i(w/F)zY)

Sincez; andz, are known on the coast an§l andz) everywherez; andz, are known on the coast = 0. It is now easy
to write the equations verified by andz,.

b8
Ry

az)
Ry

Oy () — oy (222) = oy (2L

) —0x(5=) =20 (B1)

224251 (2) —wy) 4 22 4 255(2) —wy) =0 (B2)

with Z; =0 andz, =0 for X =0.

18



10

15

The variableg; andz; can be computed on a grie-iA X, jAY) fori=0,1,...,N,j=—P,...,—1,0,1,..., P. They are
known for X = 0 (« = 0). We suppose that they have been computed fof (valuesz, ; ; andz, ; ;) and show howg; ;11 ;
andz, ;41,; can be computed. Equation (B1) can be discretized in thevittig way:

bZai+1,; bZu;  AX aZi;j+1 bZiij-1
27— 2 = — — AXZy i
Ro Ry NG Ry Ry )+ 0.3

the error being proportionnal tA X . A boundary condition (for exampl& ; — p = 0) is prescribed to end the computation.
Knowing Z ;41 5, the value o ;11 ; is obtained by solving

21 T 251,520 —wi) + 35 5+ 282041,(28 —wa) =0 (B3)

The computation of and=9 would correspond to a solution suchBg = 0 everywhere. The correction brought byand
Zo is associated with a mass transport perpendicular to thet.obathe latter in general is much smaller than the transpor
parallel to the coast, it is expected thatandz; are small in comparison with andz9 (they are null atX = 0 and increase
proportionally to the distance to the coast). In section thé& approximate value @f associated with the solutio{ is fully
described.
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Figure 1. Chlorophyll observed by SEAWIFS at four different days. Avedike pattern (which is circled by a dashed line) is visibl
between—22° and—18° in longitude and-12° and —14° in latitude. At the end of the period a westward propagatieenss to initiate.

The chlorophyll concentration is given in mgthby the color bar at the right of the maps.
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Figure 2. Hoevmuller diagrams of the SSH at latitudex’ N, 13.5°N, 15°N, and16.5°N (the SSH amplitude is given in cm by the color
bar at the right of the diagrams). Note the decrease of thditacp at16.5°N. The phase velocity of the wave is about 4.5 cm/s.
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Wind anomaly (Dec. 3)
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Figure 4. Response of the ocean to an anomalous wind stress applied dive days (panel (a)) and corresponding evolution of e
layer thickness for every five days from the close of the thedvgitress anomaly up to 35 days after (panels from (b) toAiRossby wave
is generated and a Kelvin wave quickly propagates alongdbstc The Rossby wave propagates westward and its ampigwlilded by

two between the first and the last panel. The 0 misoline isatdd in bold; the isoline interval is 0.5 m (blue: negative)
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Figure 9. Example of orthogonal coordinatés and) defined for a cape protruding from the coast into the sea odéstance of 80 km.

Several values ot and) have been indicated. Only one half of the domain has beeegepted.
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Figure 10. The coefficients: andb are given for the coordinate system of Figure 9 (they haveimeiasion).
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Figure1l. In top panel, the half complex plaf¥z) < 0 with z = £z; is shown. The domain is restricted to complex numbers witbggative
imaginary part sincé; = a$(z) /({Ro) must be negative. The half circle| = 1 and a few straight lines have been drawn. In botton panel
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32



WR for latitudes ranging from 5 to 40 degrees
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Figure 12. Top panel:Wg is shown for latitudes ranging froist' N (left segment) tot0° N (right segment). The critical valud’r = 1 is
reached at5° N for a period of about 125 days. Bottom panel: wavenunibas a function of the period for three different latitudes (20
(blue), 15 (red), and 20).

33



Map of W, (10 days) Map of W, (20 days)
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Figure 13. Dimensionless coefficie for periods equal to 10 days, 20 days, 50 days, and 100 dagsbdld black line corresponds to
Wr = 0. When the period of the wave shortens (smaller than 20 d&ys)becomes negative in a narrow band south of the cape. Foidperio
longer than 100 days, the diagram is nearly symmetric.



Map of w, (reduced domain)
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Figure 14. Dimensionless coefficied¥’;. It is independent of the period of the wave. Note that thealaris reduced in comparison with
the previous figure.
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Figure 15. Coefficientk r for periods equal to 10 days, 20 days, 50 days, and 100 dagshdld black line separates postive from negative
values. WheréVr is negativekr is negative (for periods shorter than 20 days, in the arestédcto the south of the cape).
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Figure 16. Coefficientk; for periods equal to 10 days and 100 days. This coefficienklyekepends on the period of the wave.
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