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Dear Sir,

Please, find a copy of the revised version of the manuscript entitled “Generation
of Rossby waves off the Cape Verde Peninsula; role of the coastline” which has been
submitted to “Ocean science”. We would like to thank both reviewers for their
precise and constructive comments.

The first reviewer had three main comments and 11 more specific observations
about the paper. We tried to take into account all the suggestions he made; the
details of the changes we have done are listed below in our answer to the first
reviewer. The second one also had a list of specifc comments which were very
similar to the comments of the first reviewer. We also tried to consider all these
comments as explained below. However, the response we make about the technique
used to solve numerically the model is short. Indeed, this model — or some variants
— have been used in previous studies and a detailed description can be found in the
corresponding publications.

Yours faithfully,

J. Sirven

e Response to the first reviewer (Rémi Tailleux).

We first want to thank you. We apreciated your careful reading of the article
and your numerous and interesting suggestions. We explain below how we
took them into account. The corresponding modifications on the manuscript
are also explicited.

1. You argued that the chlorophyll observations are only a very indirect
proxy for dynamical activity and consequently must be completed by Sea
Surface Height observations (for example coming from AVISO altimeter



data) to convince the reader of the presence of Rossby waves. Conse-
quently we have added a supplementary figure (new figure 2; see below)
which is a Hoevmuller diagram of the SSH at different latitudes off the
Cape Verde (12°N, 13.5°N, 15°N, and 16.5°N). This figure clearly shows
the existence of a wave whose zonal velocity is about 4.5 cm/s, a value
which corresponds to the estimation we have previously given from the
observations and the theoretical study.

A figure of the wind stress has also been added (new figure 3; see below).
This figure has been drawn from the ERAlnterim reanalysis correspond-
ing to the period December 2002-January 2003. The mean wind stress
and the wind burst occuring around December 10th are both shown.

Note that we decided not to add a supplementary figure to document the
existence of Kelvin waves propagating along the coast but only to add
references about the work of A. Lazar in introduction and conclusion.
Here are the changes in the introduction

Attention is focused on offshore mesoscale activity associated with the
upwelling, a recurrent feature of upwelling systems (see Capet et al., 2008
a, b). The alongshore activity, which has received much more attention
(see for example Ndoye et al., 2016 and the references herein) is not
studied.

and in the conclusion.

The existence of a Chlorophyll signal far from the coast — here extending
up to 750 km west to the Cape Verde has to our knowledge never been
described. This strongly differs from the coastal signals associated with
Kelvin waves which have been previously carefully analyzed (see Ndoye et
al. 2016 and the references herein).

Indeed we think that an originality of this paper is to consider signals —
and specifically biological signals — far away from the coast. The dynamics
of the Kelvin waves, which remains trapped to the coast, have received
in this region much more attention and the works of A. Lazar exemplifies
this. We thus prefered to emphasize the existence of the Rossby wave
and its biological signature.

Just below is given in italic the text which has been introduced about
AVISO data on page 4 The corresponding figure is shown at the end of
this text.

... To corroborate this hypothesis, we analyzed the Sea Surface Height
(hereafter SSH) obtained from AVISO satellite altimeter data for the cor-
responding period (December 2002 - January 2003). Hoevmuller diagrams
are shown at 12°, 13.5°, 15°, and 16.5° in figure 1; they clearly confirm the
existence of a Rossby wave propagating westwards with a velocity of about
4.5 ¢cm s~t. The amplitude of this wave becomes smaller northwards: it

peaked at 13 cm between 12° and 13.5° degrees but did not exceed 7 cm at



16.5°. The wavelength is around 700 km, comparable with the extent of
the Chlorophyll signal.

. Numerical experiments. We have added a new paragraph to respond to
your queries. We have chosen a mean state which more or less corresponds
to the mean state observed in this region (a dominant wind stress blowing
from the north-north-east (see the new figure 3) but which remains simple
enough to permit the ulterior analytical work. The reference state has
a negligible impact on the solution — only some details are modified —
and we decided not to develop this point. However, we had to verify
that our results subsist in a more complex (and more realistic) situation
than the one where the state is at rest with a unifrom layer. The model
has been calibrated so that the Rossby radius has a reasonable value in
this area and consequently that the propagation velocity of the waves is
realistic. Actually, the phase velocity of the waves is about 4. cm s™1,
which corresponds to the phase velocity of the waves shown by AVISO
data.

Just below is given in italic the text of the subsection which has been
added in section 2 and the corresponding figure.

... 3.3 Numerical set-up of the model

In Figure 2 the mean wind for the considered period (December 2002-
January 2003) is shown. It exemplifies the situation which is normally
found in this region. The wind reqularly blows from the north-north-east
with a velocity ranging from 4 to 8 m s~1. To take this into account, a
constant mean wind stress of amplitude equal to 0.06 N m~2 (correspond-
ing to a mean wind velocity of about 5 m s~' and a value of Ty equal
to 6 x 1075 m? s72) and oriented along a south-south-west direction is
applied from rest during four years, until a stationary mean state, which

verifies the theoretical relation given in section 3.1, is reached.

As shown in Figure 2 a wind anomaly was active when the wave of Figure
1 begins to be observed. This anomaly obuviously is transient, but to the
south of the Cape Verde, it mainly points southwards. To represent this
situation wn a simplified way, we defined in a first experiment a north-
south wind stress anomaly which extends over approximately 500 km and
whose maximum is still equal to 0.06 N m~2. This anomaly is applied
during five days (see Fig. 4, first panel). The integration is continued

during 45 days, after the anomaly has disappeared.

To explore the sensibility of the model response to the wind anomaly,
others wind anomalies have been applied (see below, in particular Figures
6 to 8). The results obtained for these anomalies are discussed in the next
section.

. You judged that the theoretical analysis is hard to understand. We fol-
lowed your advice and thus summarized as explained below the major
lines of the analysis to guide the reader. We think that a reader who



is not interested in the details of the mathematics can now skip some
computations.

In this section, we aim at understanding if the coastline may influence
the propagation of the Rossby waves which are created close to the coast
and propagate towards the open sea. The impact of the coastline has been
investigated by Crépon and Richez (1984), Clarke (1977), and Clarke and
Shi (1991) for the Kelvin waves using an analytical approach. Here we
focus on the Rossby waves; as we consider an area which extends up to
about 1000 km from the coast, we have to generalize the approach followed
by Clarke and Shi, which introduced a local system of coordinates depen-
dent of the coastline to study Kelvin waves along an irreqular coastline.
We try to answer the following questions:

a) Are there time scales for which the impact of the coastline (small in
the numerical experiments) becomes more important ?

b) A dissymetry between the response north and south of the Cape was
visible ©n the numerical experiments; can this dissymmetry be dependent
on the existence of the Cape ?

The analysis begins by defining and building a system of coordinates that
permits to follow the coastline geometry. This procedure is a standard
one 1n mathematics when boundaries are complex; indeed the the bound-
ary conditions can be simply written, which constitutes a substantial ad-
vantage. however, it has a drawback: the differential equations which
characerize the problem become slightly more complex because they must
include geometrical factors that take into account the deformations as-
sociated with the new system of coordinates. This drawback is small in
comparison with the advantage.

When these new equations are established, staightforward calculations are
made to obtain a unique partial differential equation (equation (7)), which
characterizes the evolution of n (the thickness of the active layer). This
equation is a wave equation. Consequently the ray theory (or equivalently
the WKB method) can be applied. When the forcing terms are neglected,
this yields a first order nonlinear differential equation (equation (11)).
No new ideas are introduced after this. We just rewrite equation (11) by
introducing new notations, in order to facilitate its study and the presen-
tation of the results (end of paragraph 4.2). We then describe the results
when the tranport along the coast is much larger than the transverse trans-
port (section 4.3).

We also added the following lines after the system of equations (7)

Note that we use a more complex system than the traditional one which
is used for the study of the Kelvin waves and which neglect the variations



of the transport perpendicular to the coast :

—FTy + cflaxn = —bilayﬁ/)
0Ty + FTx + bilay’r] = ailax’(ﬁ
o + (C?/(ab))[0x (bTx) + Oy (aTy)] = 0O

We use the complete system (7) because we study Rossby waves far from
the coast, for which these hypotheses does not hold. Indeed, the previ-
ous simplified system leads to drop in equation (11) below two terms:
(1/6*)(0y0)? and iF?*0y(a/(bF?))0y0. These terms include the geomet-
rical factors a and b due to the coordinates change; and we precisely try
to investigate which s the impact of such terms.

Lastly, note that the time scale we obtain are only dependent of the speed
C for a given geometric configuration. The value of C' depends on the
mean state and on the initial thickness of the model. A larger C' leads to
shorter time scales.

. I answer more briefly to the eleven other comments since many of them
are strongly linked to the previous major points.

Abstract line 5. As previously explained, we have now introduced
Hoevmuller diagrams from AVISO altimeter data to show that direct
observations of the ocean showed the existence of a westward propagating
signal. The Abstract has been modified in consequence.

Page 2, lines 7-9 We added as required “poleward of which Kelvin
waves no longer exist”.

Lines 7-8 The well defined “sine like” pattern has been circled as re-
quired.

Page 4; the model This point is close to the second point of the main
three comments. We constructed a background state which has a non
uniform layer because this non uniform layer could have an impact on the
Rossby waves propagation (like the § topographic effect). It is slightly
more realistic than a uniform layer since the isopycns are not flat in this
area. We must avow however that the experiments do not differ much
from experiments made with a uniform layer.

Page 5, section 3.2 We introduced as suggested a new subsection named
“numerical model setup” and limited the subsection “numerical resolu-
tion” to technical points. We do not use one of the calibration methods
proposed by Flierl (1981). The climatological observations we used was
for the wind stress the climatology of ERA Interim — as explained above
a picture of the mean wind in December, 2002 is now shown.

At the open boundaries, we simply assumed that the velocity vanished.

We want to emphasize that the aim of the paper is not to reproduce
precisely the climatological characterisitics of the region (the paper of
Kanta et al., 2018 shows how a GCM can successfully reproduce the



complexity of this region) but to propose a simple model which could
explain some observations seen off the Cape Verde.

Page 5, Lines 27-28 As explained above, we tried to improve signif-
icantly the observational basis justifying this hypothesis by introducing
AVISO altimeter data and adding a figure of the wind stress computed
by ERAlInterim.

Page 6, line 31 As you suggested, we now have introduced Hoevmuller
diagram of the sea surface height which clearly shows the propagation of
a wave with a velocity of 4.5 cms™!. More details can be found at the

beginning, in our answer to the first comment.
Page 8 The equation is completely justified in Appendix A. The idea is
very simple:
OTx — FTy = —a '0xn = 0:Tx — FO,Ty = —a '0%n
Using the second equation we deduce

8t2tTX + F2Ty = —a_lafxn — Fb_lﬁyn

Doing similar computations from the second equation, we obtain an equa-
tion for Ty of the same type:

8t2tTy + F?Ty = —b_lafyn + Fa_lﬁxn
We now have just to apply the operator
o7 + F?

to eliminate Tx and Ty and obtain an equation for n only. In appendix
A the computation are done, taking into account our hypothises on the
time scale of the motion.

Page 9, line 4 We have modified the sentence as follows When a and b
are close to 1 and the coast has a south north orientation (see Figure 8)
the new coordinates system is nearly similar to the original one; indeed
F mainly depends on'Y ~ y only and in those regions equation (7) thus
simplifies:

1
O [n — R3(exn + 0%ym)| — RS {3YF Oxn + F20y () Oyn| =0 (1)

We recognize the equation characterizing the propagation of waves in the
B plane (B = Oy F') for a shallow water model. For a tilted coast the
dependance of the Coriolis parameter as a function of X should be still
taken into account.

Page 9, Equation (10) We have not developped this point in the paper
but an equation for 79(X,Y’) can be established and allows to predict



the evolution of the amplitude. It is obtained by putting 7 in equation
(7) and writing all the resulting terms; this leads to an equation which
contains 7y and #. The hypotheses we made leads to solve the equation for
0 which is given (equation (12)) and which contains information about
the wave propagation. Once 6 is known, 79(X,Y) can be determined
using the complete equation. Generally, it is not very interesting except
if critical latitude exist (in geometrical optics: focus). The amplitude of
the wave increases and in the most simple cases can be represented using
Airy functions.

Figure 2. The timeline for each panel has been indicated explicitely.

e Response to the second reviewer (Jacyra Soares).

We first want to thank you. We appreciated your careful reading of the article
and your numerous and interesting suggestions. We explain below how we
took them into account. The corresponding modifications on the manuscript
are also explicited.

You first suggest us to indicate more precisely which is new in the paper.
We modified the conclusion to emphasize the novelties. Three points seemed
important to us :

1. The existence of a Chlorophyll signal far from the coast — here extending up
to 750 km west to the Cape Verde has to our knowledge never been described.
This strongly differs from the most common signals which ar found along the
coast and which can be easily associated with coastal Kelvin waves.

2. The method we developped to decipher the mechanisms at play in this
region is new. It allows us to study up to 1000 km from the coast the wave
dynamics. This method generalizes the method previously used by Clarke
(1980).

3. Combining this analytical work, observations of SSH and numerical ex-
periments we have been able to associate the existence of this signal to the
propagation of a Rossby wave generated by a wind burst. We showed that
the duration of the wind burst has not a direct relation with the period of the
waves and that the size of the wind burst was more relevant. Lastly, we proved
that the pattern of the coast does not not have in this case a prominent role
because the wave has a long period (longer than two months). We showed
that a strong impact could be only expected if the wave period was shorter
than about 15 days.

In italic are the main changes we have done in the conclusion:

This pattern suggested the existence of locally generated Rossby waves, which
slowly propagated westward. Indeed such a wave can generate an elevation
of the lower layers of the ocean corresponding to an upwelling of nutrient-rich
water. The existence of this wave was confirmed by the study of the SSH signal



coming from AVISO satellite data. It evidenced a wave propagating westward
with a velocity of about 4.5 cm s~t. The existence of a Chlorophyll signal far
from the coast — here extending up to 750 km west to the Cape Verde has to our
knowledge never been described. This strongly differs from the coastal signals
associated with Kelvin waves which have been previously carefully analyzed (see

Ndoye et al. 2016 and the references herein).

In this study we thus investigated the mechanisms which could lead to the ex-
istence of such a wave and analyzed the potential role of the cape, by first
doing numerical experiments with a forced nonlinear model, then by analyti-
cally studying a linear reduced gravity model.

The analytical study is new and extends the method suggested by Clarke and
Shi (1991) to the open sea up to a distance of about 1000 km away from the
coast. It helps us interpret the numerical results and gives futher results.

An important problem is the detectability of these waves. Dealing with a re-
duced gravity model whose characteristics are fitting the observations, we found
that the elevation of the interface probably does not exceed a few meters. The
interface elevation facilitates the nutrient enrichment of the surface layers and
consequently favours phytoplankton blooms. As the elevation of the interface
15 relatively small, the phytoplankton bloom s likely to occur only under very
specific conditions such as a relatively small average thermocline depth or the
presence of phytoplankton species capable of rapid growth, with a strong chloro-
phyll signature like diatoms. In fact, phytoplankton pigment retrieval from
ocean color satellite observation shows that the chlorophyll signal we observed
is dominated by fucoxanthin, which is a signature of diatoms (Khalil et al,
2019, submitted)

We are concious that this study is preliminary. In particular we think that it
would be of interest to look for Chlorophyll signals up to 1000 km off the coast
since satellite data have been available for twenty years. The existence of such
blooms far from the coast could be of interest for the economy of fishery in
Senegal and Gambie.

Then you make more specifc suggestions, which are generally very close to
those made by the first reviewer. You suggest us to document more precisely
from other observations than Chlorophyll the signal we observed, to give more
details about the numerical model, to improve the presentation of the ana-
lytical study, and to modify the conclusion to put in light more clearly the
novelty of the results (this correspondons to the general comment about the
paper and we have just given our response above). Six other comments were
made to improve the lisibility of the figure and text. I detail below how these
comments have been addressed.

1. Wave observations To make more visible the Chlorophyll pattern we
consider, we have cercled it. As you suggest, we have completed this



observation by Sea Surface Height observations coming from AVISO al-
timeter data. Consequently we have added a supplementary figure (new
figure 2) which is a Hoevmuller diagram of the SSH at different latitudes
off the Cape Verde (11°N, 13.5°N, 15°N, and 16.5°N). This figure clearly
shows the existence of a wave whose zonal velocity is about 4.5 cm/s, a
value which corresponds to the estimation we have previously obtained
from the observations and the theoretical study.

Here is the text we have added:

... To corroborate this hypothesis, we analyzed the Sea Surface Height
(hereafter SSH) obtained from AVISO satellite altimeter data for the cor-
responding period (December 2002 - January 2003). Hoevmuller diagrams
are shown at 12°, 13.5°, 15°, and 16.5° in figure 1; they clearly confirms
the existence of a Rossby wave propagating westwards with a velocity of
about 4.5 cm s~1. The amplitude of this wave becomes smaller northwards:
it peaked at 13 cm between 12° and 13.5° degrees but did not exceed 7 cm
at 16.5°. The wavelength is around 700 km, comparable with the extent
of the Chlorophyll signal.

A figure of the wind stress has also been added (new Figure 3). This
figure has been drawn from the ERAlInterim reanalysis corresponding to
the period December 2002-January 2003. The mean wind stress and the
wind burst occuring around December 8 are both shown. This figure
has been introduced in the section about the numerical model (see just
below) to justify how we calibrate it.

Note that we decided not to add figures to document the existence of
Kelvin waves propagating along the coast but only to add new references.
Indeed we think that an originality of this paper is to consider signals —
and specifically biological signals — far away from the coast. The dynamics
of the Kelvin waves in this area have received much more attention (the
work of A. Lazar exemplifies this fact) and consequently we prefered to
emphasize the existence of the Rossby wave and its biological signature.

. The model

First of all this model has been used in different configurations (with one
or two active layers). References can be found for example in the following
publication: Février, S., J. Sirven, C. Herbaut, 2007: Interaction of a
coastal Kelvin wave with the mean state in the gulf Stream separation
area, J. Phys. Oceanography, which has been added. Note that the
numerical technique that is used (enstrophy conserving) is the same as
the one used in the OGCM NEMO (which is quoted in much more than
one hundred articles; see for example the publications with G. Madec as
coauthor).

We made several test on the dissipation coefficient. It damps the response
of the model as expected from theory. In the retained configuration, the



amplitude of the anomaly is divided by 2 after 45 days, which corresponds
to the damping coefficient we used. We chose to use a resolution of
1/12° (much smaller than the Rossby radius of deformation ~ 55 km:
eddy permitting model) and a small viscosity coefficient. Surprisingly,
when we made experiments at a coarser resolution, the results were not
dramatically modified.

As indicated in the text, no slip boundary conditions are used everywhere.
We are concerned here by the offshore velocity of the Rossby waves which
weakly depends on the dissipation coefficient and the boundary condi-
tions. A discussion of Kelvin waves velocity in simple models can be
found in Février et al. 2007.

We have chosen a mean state which more or less corresponds to the mean
state observed in this region (a dominant wind stress blowing from the
north-north-east (see the new figure 3) but which remains simple enough
to permit ulterior analytical work. The reference state has a negligible
impact on the solution — only some details are modified and we decided
not to develop this point. However, we had to verify this to be sure that
our results were not dependent of a simpler choice — for example a resting
state with a uniform layer which does not take into account the poleward
variation of the topography. The model has been calibrated so that the
Rossby radius has a reasonable value in this area and consequently that
the propagation velocity of the waves is realistic. Actually, the phase
velocity of the waves is about 4. ¢cm s™!, which corresponds to the phase
velocity of the waves shown by AVISO data.

Note that the paper is devoted to the study of Rossby waves which mainly
propagate westwards. The model we use — which would be perhaps too
simple to study the poleward propagation of coastal Kelvin waves — seems
ro reproduce, albeit its simplicity, the westward propagation of Rossby
waves that have left the continental shelf.

Just below is given in italic the text of the subsection which has been
added in section 2 and the corresponding figure showing the observed
mean wind stress and the wind anomaly.

...3.3 Numerical set-up of the model

In Figure 2 the mean wind for the considered period (December 2002-
January 2008) is shown. It exemplifies the situation which is normally
found in this region. The wind reqularly blows from the north-north-east
with a velocity ranging from 4 to 8 m s~1. To take this into account, a
constant mean wind stress of amplitude equal to 0.06 N m~2 (correspond-
ing to a mean wind velocity of about 5 m s~! and a value of Ty equal
to 6 x 1075 m? s72) and oriented along a south-south-west direction is
applied from rest during four years, until a stationary mean state, which

verifies the theoretical relation given in section 3.1, is reached.
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As shown by Figure 2, a wind anomaly was active when the wave of Figure
1 begins to be observed. This anomaly obuviously is transient, but to the
south of the Cape Verde, it mainly points southwards. To represent this
situation wn a simplified way, we defined in a first experiment a north-
south wind stress anomaly which extends over approrimately 500 km and
whose maximum is still equal to 0.06 N m~2. This anomaly is applied
during five days (see Fig. J first panel). The integration is continued

during 45 days, after the anomaly has disappeared.

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

. Analytical study

Clearly this section needed to be improved. We have put a maximum of
expressions in Appendix A to alleviate the sufferings of the reader but
found difficult to shift section 4.2 from the main text to a new Appendix.
Consequently, we decided to follow the suggestion of Rémi Tailleux (first
reviewer) and summarized at the beginning of the analytical study the
main steps of the study.

Here is the text which has been introduced in section 4.

In this section, we aim at understanding if the coastline may influence
the propagation of the Rossby waves which are created close to the coast
and propagate towards the open sea. The impact of the coastline has been
investigated by Crépon and Richez (1984), Clarke (1977), and Clarke and
Shi (1991) for the Kelvin waves using an analytical approach. Here we
focus on the Rossby waves; as we consider an area which extends up to
about 1000 km from the coast, we have to generalize the approach followed
by Clarke and Shi, which introduced a local system of coordinates depen-
dent of the coastline to study Kelvin waves along an irreqular coastline.
We try to answer the following questions:

a) Are there time scales for which the impact of the coastline (small in
the numerical experiments) becomes more important ?

b) A dissymetry between the response north and south of the Cape was
visible 1n the numerical experiments; can this dissymmetry be dependent
on the existence of the Cape ?

The analysis begins by defining and building a system of coordinates that
permits to follow the coastline geometry. This procedure is a standard
one 1n mathematics when boundaries are complex; indeed the the bound-
ary conditions can be simply written, which constitutes a substantial ad-
vantage. however, it has a drawback: the differential equations which
characerize the problem become slightly more complex because they must
include geometrical factors that take into account the deformations as-
sociated with the new system of coordinates. This drawback is small in
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comparison with the advantage.

When these new equations are established, staightforward calculations are
made to obtain a unique partial differential equation (equation (7)), which
characterizes the evolution of n (the thickness of the active layer). This
equation is a wave equation. Consequently the ray theory (or equivalently
the WKB method) can be applied. When the forcing terms are neglected,
this yields a first order nonlinear differential equation (equation (11). No
new ideas are introduced after this. We just rewrite equation (11) by intro-
ducing new notations, in order to facilitate its study and the presentation
of the results (end of paragraph 4.2). We then describe the results when
the tranport along the coast is much larger than the transverse transport
(section 4.3).

Yes, the analytical study is new (as well as the numerical experiment,
even though the model has been already uesd).

4. Conclusion We have already considered this point at the beginning of
our answer.

5. Other comments
Abstract line 2 we replaced “kms” with “km”.

Page 5, line 20-25 of the previous manuscript. The wave we are
refering to have been named.

Figures The presentation of the Figures have been modified. We have
put an identification in the figure panels and described the panel in the
figure caption as you suggested. No results are discussed in the caption
of the Figures.

The coordinate system referenced in Figure 8 is now explicitely named
to avoid any confusion.

Figure 10 has been redrawn (in color) to increase its lisibility.
Figures 11 to 14 have been redrawn (in color) to increase their lisibility.

Jérome Sirven
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Figure 1: Hoevmuller diagrams of the SSH at latitudes 12°N, 13.5°N, 15°N, and
16.5°N (units: c¢m). Note the decrease of the amplitude at 16.5°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 2: Mean wind velocity in December 2002 (maximum of about ~ 8 m s™!)
and wind velocity anomaly in December 3, 5, and 7 (maximum of about ~ 4 m s71).
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Generation of Rossby waves off the Cape Verde peninsula; role of
the coastline

Jérome Sirveh Juliette Mignot, and Michel Crépoh
!LOCEAN Laboratory, CNRS-IRD-Sorbonne Universités-MNH®dris, France
Correspondence: Jérdme Sirven (jerome.sirven@Ilocean-ipsl.upmc.fr)

Abstract. In December 2002 and January 2003 satellite observatioBhklofophyll showed a strong coastal signal along the
west african coast betwe&fi® and22° N. In addition, a wavelike pattern with a wavelength of abth@kmskm was observed
from DecembeR0* 2002 and was detectable for one month in the open sea, sosthiohe Cape Verde peninsula. Such a
pattern suggests the existence of a locally generated Resske which slowly propagated westward during this perigsl.
period.To decipheithe mechanismsit play, a numerical study based on a reduced gravity shallow watelehtasfirst been
conducted. A wind burst, broadly extending over the regitrere the offshore oceanic signal is observed, is appliethglur

5 days. A Kelvin wave quickly develops along the northerneedfithe cape, then propagates and leaves the area in a few
days. Simultaneoulsly, a Rossby wave whose charactesis@s similar to the observed pattern forms and slowly praiesg
westward. The existence of the peninsula limits the exténh® wave to the north. The spatial extent of the wind burst
determines the extent of the response and correspondimglymhe scale of the phenomenon (about 100 days in the present
case). When the wind burst has a large zonal and small meabéxtent, the behaviour of a wave to the north of the pefansu
differs from that to the south. These results are corroledrahd completed by an analytical study of a linear reducavitgr
model using a non-Cartesian coordinate system. This systémiroduced to evaluate the potential impact of the cowsstl

shape. The analytical computations confirm thednsideringhevalueofthewavelenrgthatimesealeaperiodaround 100
days can be associated with the observed wadeey-consideringhe value of the wavelengththey also show that the role

of the coastline remains moderate at such time scales. Cootiteary, when the period becomes shorter (smaller thaB020-
days), the behaviour of the waves is modified because of tygesbf the coast. South of the peninsula, a narrow band of sea
isolated from the rest of the ocean by two critical lines apelts meridional extent is about 100 km and Rossby wawvealsl co
propagate there towards the coast.

1 Introduction

Eastern Boundary Upwelling Systems (EBUS) — let us quoteGhkfornia, 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 neitis from deep ocean layers to the surface, which favors|tioerb
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of phytoplanktons. Consequently they present a strongagige, which is detectable by ocean color satellite ser(seesfor
example Lachkar and Gruber 2012, 2013).

The dynamics of EBUS has first been studied with conceptudetsoUpwellings are created by alongshore equatorward
winds (Allen, 1976,0~McCreary et al., 1986) generating an offshore Ekman tramispdnich is compensated by a verti-
cal transport at the coast in order to satisfy the mass ceatsen. The near shore pattern of the upwellings is affetigd
the baroclinic instability mechanism which is associatétih the coastal current system and produces eddies and fitame
(Marchesiello et al., 2003). Lastly wind fluctuations maatelthe upwelling intensity by generating Kelvin waves @aggting
poleward (Moore, 1968; Allen, 1976; Gill and Clarke, 1974aike, 1977, 1983; McCreary, 1981).

At a given frequency, there is a critical latitudeahichthepolewardof which Kelvin waves no longer exist and are replaced
by Rosshy waves propagating westward (Schopf et al., 19@tk&; 1983; McCreary and Kundu, 1985). The critical latéu
decreases when the wave period shortens (Grimshaw and A888) or when the coastline angle with the poleward dioecti
increases (Clarke and Shi, 1991). This latter property ssigghat the shape of the coast has an impact on the upveelling

Using a high-resolution 3D numerical model, Batteen (138éh 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 behaviouglds 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 sideetr
they did not investigate what occurs in the open sea up to k80fdom the coast and which role could play theffect.

The role of the forcing has also been investigated, both frewbservational and theoreticabwpeinviewpoints Enriquez
and Friehe (1995) computed the wind stress and wind stre$®ffuhe California shelf from aircraft measurements and
showed, thanks to numerical experiments with a two layerehadd an analytical study, that a non zero wind stress curl
expands the horizontal extent of upwelling offshore; itreéeses from 20-30 km to 80-100 km. The importance of the wind
stress curl, which generates a strong Ekman pumping, wetefitpphasized by Richez et al., (1984) and later by Pickeltt an
Paduan (2003) then Castelao and Barth (2006). They cowddlesst that the Ekman pumping and the Ekman transport due to
the alongshore winds have a comparable importance in thi@éh Current area or off Cabo Frio in Brazil. These works d
not study what occurs beyond 100 km from the coast.

In the present paper, we study the roletefwind stress anéfthecoastline geometry in generating mesoscale anomalies
offshore, up to a distance of 500-1000 km off the coast. Batluraerical and an analytical point of view are adopted. The
departure point is the observation of a wave-like patter€blorophyll satellite observations off the Senagalesestdathe
region of the Sénégalo-Mauritanian upwelling (see Latiéué et al., 2008, and Farikou et al., 2015 to find furtheornfation
about the Chl-a variability and the upwellings off the weétiéan coast, Capet et al., 2017 for a recent analysis ofritegls
scale variability close to the Senegal and Gambia coastsKannta et al., 2018 for a detailed study of the slope cusrent
along west Africa). Attention is focused on offshore mestsactivity associated with the upwelling, a recurrentdea of
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upwelling systems (see Capet et al., 2008 a,The alongshoreactivity, which hasreceivedmuch more attention(seefor
exampleDiakhatéet al., 2016andthereferences$erein)is not studied.

The paper is articulated as follows. Observations of Chdbytl in 2002-2003 off the west African coast are shown and
described in section 2. In section 3, a numerical study witlh-Brearnonlinearreduced gravity shallow water modah the
spherewith a single active layesnthespheras conducted; it shows that a wind stress anomaly activerdw@ifew days can
generate a pattern that seems very similar to the obsergatedrhe impacts of the wind anomaly extent afi¢hecoastline
geometry are also briefly studied. In section 4, a theoraitalysis of the wave dynamics in the vicinity of a cape iscuwted
to confirm and enlarge upon the results obtained in the pue\dection, using a linear shallow water model in a non-Geate
coordinate system.

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

The Senegalo-Mauritanian upwelling off the west coast afcafforms the southern part of the Canary upwelling systems
region has been intensively studied by analysis of SeaW@earocolor data and AVHRR sea-surface temperature asteepor
in Demarcq and Faure (2000), and more recently by Sawadago(@009), Farikou et al. (2013, 2015), Ndoye et al. (2014),
and Capet et al. (2017). These studies indicate that themresf an intense upwelling is attesteddsth-ocean-color and
sea-surface temperature signals. Moreover this upwedliogvs a strong seasonal modulation. It starts to intensi§atober,
reaches its maximum in April and slows down in June. Very ilglorophyll-a concentration are observed near the celash
wherethe maximum is reached. However the concentration rapietyehses offshore (Farikou et al., 2013, 2015; Sawadogo
et al., 2009), suggesting that the upwelling extent and tltly ectivity in this region is less than in other upwellings®ms

like the Californian Upwelling system (Marchesiello andrade, 2009, Capet et al., 2017).

From December 26 2002 up to January*8 2003, a strong chlorophyll signal was observed along théc#fr coast on
SeaWIFs satellite images, betwekyIN and22°N, indicating an intense biological activity. In additianwell-defined “sine-
like” pattern Circledin Figure 1) was observed on ten images taken at ten non-cdiveedifferent days, which excludes a
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 tiyvéay interval, slowly progresses westward at a speed not
exceeding 5 cms! (a more precise estimation of the speed from the obsenmioquite hazardeous). After January 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 corroboratehis hypothesiswe analyzedhe SeaSurfaceHeight(hereafteilSSH)obtainedrom AVISO satellitealtimeter
datafor the correspondingperiod(Decembe2002- January2003).Hoevmullerdiagramsareshownat 12°, 13.5°, 15°, and
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s_ .. Theamplitudeof this wavebecomesmallernorthwardsit peakedat 13 cmbetweent2° and13.5° butdid notexceed?

An enhanced chlorophyll concentration, as seen by thelisatgtnsor, is the signature of growing phytoplankton. éalo
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 suidigeed associated with an increased turbulence due to tivaKel
or Rossby 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 whbey tare highly concentrated. However, this mechanism i8;slo
for a current anomaly of 5 cnT$, the transport of a parcel of fluid over 500 km — less than theakextent of the offshore
pattern —would need about one year.

The signal along the coast is also modulated by coastal iKelaives propagating northwards. Clarke and Shi (1991) sthowe
that they can propagate when their angular frequency igiatgn a critical angular frequency. = ¢8cos©/2f. In this
formula® is an angle taking into account the tilt of the coastline waitmeridian a typical velocity of a baroclinic mode and
fo andg the usual parameters linked to the Earth’s rotation. Thed®as found thab,. ranges between 84.69 and 115.2 days
around the Cape Verde peninsula (see their table 2a). Tladsesvare close to the characteristic time scales we expegt h

The existence of a long period divergent baroclinic Rosshyessuled, evidencedy the AVISO satellitealtimeterdataof
the SSH,canexplain the offshore sine-like pattern described herenVestigatehishypethesithe mechanisnof emergence
of this waveandanalyzeits propertieswe firstpresentdescribenumerical experiments made with a numerical shallow water
model. They help us see how such a wave is created and ekidislagiture. Then, a theoretical analysis is presenteddieror
to understand how the Kelvin and Rossby waves behave whero##t presents a cape and to complete the interpretation of
the numerical experiments. A wide range of periods is exgalpgoing from 10 days to one year.

3 Numerical study
3.1 Themodel

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 thickneswerify the equations

Oth +div(hv) =0 1)
and
atv—i—(rotv—l—f)nxv:—grad<I>+%— %V-i—l/AHV (2)

wheren is a vector normal to the Earth’s surface antiv = (V x v).n. The function® is equal tog*h + v2/2 whereg* is
the reduced gravity.
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We assume for simplicity that the vectsg, 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*h32/2 = —¢o + Cp is an obvious solution of the previous system (the
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 segtion. 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,ab equal to 200 m and the reduced gravjtyto 0.02 m s2.
Consequently the Rossby radius of deformafityn= 1/g*ho/ fo at the latitude of the Cape Verde is equal to 53 km.

The previous equations are solved by finite differences omae€h on the sphere, the mesh size being equal/tt2)° in
longitudinal and latitudinal directions. The spatial stigepreserves enstrophy, following Sadourny (1975). Notsipndary
conditions are appliedverywhergincludingalongthe artificial boundariesvhich limit the openocean) There is no added
dissipation in the continuity equations and mass is comskoy 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 10~°> m s~! (h/r ~ 1 month).More detailscanbe foundin Févrieret al. (2007)wherethe two layer

3.3 Numerical resultsset-up of the model

A-In Figure3 the meanwind for the considerederiod(Decembe002-Januar2003)is shown.It exemplifiesthe situation

whichis normallyfoundin this region. Thewind regularlyblows from the north-north-easwith a velocity rangingfrom 4 to
8 m s~ !. To takethis into accounta constant mean wind stress of amplitude equal to 0.06™N (aorresponding 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 appliedfrom restduring four yearSem-a+eststate-A-, until a stationary mean state, which verifies the theoreticaliceiat
given in section 3.1, istthattimereachedAreached.

As shownby Figure3, awind anomalyasactivewhenthewaveof Figurel beginsto beobservedThisanomalyobviousl

is transientbut to the southof the CapeVerde,it mainly pointssouthwardsTo representhis situationin a simplified way,
we definedin a first experimenta north-south wind stress anomaly which extends over appratdély 500 km and whose

maximum is still equal to 0.06 N ntis-then. This anomalyis applied during five days (see Fig. 4 first panel). The intégnat
is continued during 45 days, after the anomaly has disapfear

To explorethe sensibility of the modelresponséo the wind anomaly,otherswind anomalieswvere applied(seebelow, in
articularFiguresb6 to 8). Theresultsobtainedor theseanomaliesarediscussedn the nextsection.
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34 Numerical results

After the wind stress anomabprrespondindp thefirst experimenhas vanished, the subsequent states of the ocean are shown
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 markeghvepatterr(Rossby)wavedevelops. Its size matches more or less the size of
the wind stress anomaly. It slowly propagates westwards aitelocity of abou8-4-4 cm s *. The amplitude of the wave
decreases quickly because of the large value/ef The minimum value of. is about—3.5 m when the wind ceases (second
panel) and reaches onhy2 m after 25 days (seventh panel).

These characteristics aagtuallythose of a Rossby wave locally generated by a wind anomatdy, fiteely propagating in
the open ocean. The wavelength of this wave is about 7508gm0.84 x 10~° m~!). Such a value is compatible with the
theoretical study presentediimerextsectionsectiond when the period of the wave is about 100 days. This modelgoresse
to a wind stress anomaly also matches the satellite obssigedl described in the previous section. It thus suggbhatsie
latter is the consequence of the existence of Rossby waverated by a wind burst.

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 responsaslike the one observed here.

Figure 5 shows the results obtained isamparablexperimentvhensimilar experimenin which the cape is absent. The
response of the model is very similar: in the area of the wimahaaly, a Kelvin wave forms then quickly desappears whereas

a morepersistenpersistanRossby wave slowly propagates westward. However the nogadliextent of the Rossby wave is
broader east of X8W, in the area where previously was the cape. This suggestshié cape simply limits the extent of the
wave northward but does not modify its dynamics. The thémakstudy of section 4 will confirm that the role of the cape

remains moderate at low frequency.

A question arises: why does the wave have such a wavelengtmiefical 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 smétlen the initial wind burst of Figure 4. The latitudinal arh}
gitudinal extent of the model response are approximateigéed by two as expected. No Kelvin wave of significant anojolé
is generated because there is no longer wind anomalies ab##t; 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 approximatelydhye).

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 aflldn 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
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@an@7°W. South ofl4°, a wave of small amplitude is created and
propagates southward. Its latitudinal wavelength is caaiga with the latitudinal extent of the wind anomaly. Whea 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 anomalywidrims 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 arountl5°W and gets stuck in this place; the wave which propagatesis@ut still exists but its amplitude
is about twice samller than in the previous case. In the restian, we analytically investigate this dissymmetric &@abur in
an idealized case.

4 Analytical study

In this sectiomve-generalizaéheapproacHollowedby-Clarkeand, we aim atunderstanding the coastlinemayinfluencethe
ropagatiorof the Rossbywaveswhich are createdcloseto the coastandpropagatdéowardsthe opensea.The impactof the
coastlinehasbeeninvestigatedy CréponandRichez(1984),Clarke(1977),andClarkeand Shi (1991)in-erderte-studythe

a hlannth
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areinfluencecby itsexistencefor theKelvin wavesusingananalyticalapproachHerewe focusonthe Rosshywaves;aswe
coastlineWe try to answetthe following questions:

?

o~

b) A dissymetrybetweenthe responsenorth and south of the Capewas visible in the numericalexperimentscan this
dissymmetnbedependenvn the existenceof the Cape?

A-prew Theanalysisbeginsby definingandbuilding a system of coordinates-intreducedovertheentiredomain-tallows

hatpermits
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factorsthat take into accountthe deformationsassociatedvith the new systemof coordinatesThis drawbackis small in
comparisorwith theadvantage.

When thesenew equationsare establishedstaightforwardcalculationsare madeto obtain a unigue partial differential

equation(equation(7)), which characterizeshe evolutionof n (the thicknessof the activelayer). This equationis a wave
equationConsequentlyheraytheory(or equivalentlytheWKB method)canbeapplied Whentheforcingtermsareneglected,

this yields a first ordernonlineardifferential equation(equation(11). No newideasareintroducedafterthis. We just rewrite
M@Mwaﬁ is much larger than tperpendiculaene;wecaninvestigate
tefransversgranspori(section4.3).

4.1 A mode 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
potential gy (z,y) (o = —graddgy), as in section 3. Numerical integrations have shown thatetkact solutiorv =0 and
g*h%/2 = —¢o + Cy is actually obtained after a few year integration (see sa@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 + ) and a velocityv. A linear approximation is sufficient to study the first steyps
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 function(z, y,t),

To= —0:0— 0y

(3)
Ty = — y¢‘|‘ Ozt
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:
hoOyu — fhov + 0,(g*hoh + ¢) = vhoAgu—ru— oy
hoOwv+ fhou+ 0y(g*hoh +¢) = vhoApv —1v+ 00 4)

ath'f'aa:(hou) +8y(h0v) 0

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

atTJc - fT’y + 8.1:77 = - yw
(9,577 + 02 [awTa: + 8yTy] = atQS

wherec = /g*hg is a function ofz andy.
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These equations apply inside the ocean domain, whatewtrdtse. 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 anomdlyemains null.

The propagation of a Kelvin wave along the eastern boundahtize possible generation of Rossby waves can be studied
by using system (5). Here, we consider an eastern boundargenrmngle with the meridians smoothly varies and we seek to
understand how these variations may affect the wave dyrsaie consider only the case of a cape even though the method
could be applied in other cases. A coordinate change is nmadeler 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
ex,ey associated with this coordinates system, the line eledlerads

dl=adXex +bdYey

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

relations

a=\/(8xx)2—|—(8xy)2 and b=+/(0yx)?+ (Oyy)?

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

0T —FTy—i—a’lBXn = —bilayl/)
atTy—l—FTx—Fb_lay?? = a_lax¢ (6)
O+ (C?/(ab))[0x (bTx) + Ay (aTy)] = i

whereF’, C, T'x, Ty are functions ofX andY corresponding t¢, ¢, T, andT,, (the notations for), ¢ andy have not been
changed to enhance the readability, but these functionglaisend onX andY’).
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Notethatwe usea morecomplexsystemhanthetraditionalonewhichis usedfor the studyof the Kelvin wavesandwhich
neglectthe variationsof thetransporiperpendiculato the coast

—FTy+a‘18X77 = —b_lan
Ty +FTx +b7'0yn = a'oxy
O+ (C?/(ab))[0x (bTx) + Dy (aTy)] O

We usethe completesystem6 becauseave studyRossbywavesfar from the coast for which thesehypothesesloesnot hold.
Indeedtheprevioussimplifiedsystermeadsto dropin equation(11) belowtwo terms:(1/b%)(dy0)% andi F20y (a/ (bF?))0y0).

Thesetermsincludethegeometricafactorsa andb dueto the coordinateghangeandwe preciselytry to investigatevhichis
theimpactof suchterms.

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 neairinvestigated in section 3 and illustrated in Figurés g):
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(gOhxn+ i) —

i
ab

whereRZ=€2/£2 R, = C/F is the Rossby radius. The boundary condition at the easterst aow reads:

b
alF?

a

)fon—f—ayFaxn—i—Fsz(m

[anx( )8t2y7]—axFay77 =0 (7)

at X =0, b0xn+aFdyn=0 (8)

forall £ > 0 andY'. The details of the computations can be found in Appendix 1.

Whena andb are close to Andthe coasthasa south-nortiorientation(see Figure 10) the new coordinates system is nearly

similar to the original one; indeekll relengerdependenbutenlyemmainly depend®nY ~ y-only and in those regions
wherethisconditionisverifiedequation (7thussimplifies:

1
Oy [77 — Ry (0% xn+ 312/Y77)] — RZ |0y F Oxn+ FQ@Y(E) Oyn| =0 9

We recognize the equation characterizing the propagafiovages in thes plane =-#6v+#3 = dy F) for a shallow water

model. Foratilted coastthe dependancef the Coriolis parametensa functionof X shouldbe still takeninto accountFor
spatial scales much larger th&j and at low frequency, equation (9) can be further simplifigtecomes),n— R20y F Oxn =

0 which simply models the westward propagation of long Rosgayes.

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 proportioné}&%)&fxn anddx F' 0y n in equation (7).

10
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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 deteerthie 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=mn0(X,Y)expli(wt +6(X,Y))] (10)

where it is assumed thaj, ' dxno| < [0x0), |k~ 0xk| < |0x0)|, [ng " dyno| < |0v0], [I710,1] < |0y 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)
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 pdiftof coordinate$ Xy, Yy) by
the approximate expression

n(X,Y) =10(Xo,Yo) exp[i(wt + k(X — Xo) + (Y — Yp))]
wherek = 9x 0|y, andl = 9y 0|, . The physical meaning of this solution is explicited by takits real part:
R(n) = 10(Xo,Yp)e Fr X=X =U(¥Y=Y0) cog(t + kp(X — Xo) + Ir(Y — V)]

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 of and! are obtained by computing the functi@rirom equations (7) and (8). After simplifying them by using
the hypotheseabove we find that) verifies the approximate (eikonal or Hamilton-Jacobi) igura

(1+R2[ (0x0)* + (8y9)2]> —

R? b _

. al()) [ZanX( F2)8X0+1F26y(bF2)8y9+8y( )Ox6 — ax( Yoy 0| =0 (11)
with the boundary condition
ibOx0 + a(F/w)dy 0 =0 (12)

atX =0.

To make the computations clearer we set
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— 21 = (6X9)R0/a = kRo/a
— Z2 = (Byé)Ro/b = lRo/b,
— w1 = (Ro/?b) [8Y(§) +7;F28x(%):|

a

— s = (Ro/20) [—3)((%) +iroy (775)]

bF?
and the problem (11) associated with the boundary condfighis rewritten as the following system :
azy bzo
Oy (—)=0x(—= 13
v ( o ) =0x( e ) (13)
1+ zf + z% —2z1w7 — 220w5 =0 (14)
LW
Z=—iga at X =0 (15)

At the boundary, equations (14) and (15) permit to deterrfiaeralues ot; andz,, hence ok and!. Indeed, the introduction
of (15) in (14) leads to the equation

2

w LW
14+ (11— ﬁ)zf —2z1(wy — zﬁwg) =0
Setting = /1 — (w/F)?, this equation can be rewritten
1 W .
J(Ez1) = E(wl —ZFU)Q):WR—FZW] (16)

1 1. . . .
whereJ(z) = §(z + ;) is the Joukowsky transform ef Wy andW; are given by the relations

R()F a

_ ReF F[ pl, 1 o a1, a
W = S x5 |7 30 gt -8 ovGE)
 ReF 1. b

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

1—& z9) depends on the frequency, the mean state (througR,), the latitude (through¥’) and the geometry of the coast
w

(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 transformatioorks. 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€ Ry /a). If Wi = R(W) is positive, the
phase speed is negative (westward propagation).

— WhenW; = (W) is negative, the complex numbefz; such as/(£z1) = W = Wg + i W, has a norm larger than 1 (it
corresponds to the white areas). The wavelength is thud.dimBl; = R(W) is positive, the phase speed is still negative.
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— WhenW; vanishes, a situation which occurs when the coast is a straightlime, unique complex solution previously
found can cease to exist. IndeedJifz| is smaller than 1, there e complex solution whose norm is equal to 1 (on the half
circle in bold in Figure 11); and ifi’g| is larger than 1fwo real solutions are obtained (betwegn 1,1[ and outside this
interval). The casel{’; = 0) is detailed in the next subsection.

At the coast, relation (15) determingswhenz; 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=X cos(wit + 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 resitained in section 3, where

a southward propagation of waves was observed in the opanpsinultaneously 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 thdfiy| 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 thesttimethe 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-usl 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 suimethere known results about the existence of criticajuiemcies
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
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wheres = 0y F.

In figure 12 (top panel), the coefficielit; is shown at different latitudes as a function of the period1#® N, the critical
valueWyr = 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 froiz for 10° N (black),15°
N (grey) and20° N (light grey). WheniWz > 1, a condition which is always fulfilled at low frequency (cheteristic time
longer than 125 days at 1 equation (16) has two real solutions.Wif; > 1 these solutions are close 23V ~ Ry5/w
and1/2Wg ~w/(BRy). Consequently, the wave numbeis equal to eithef/w or w/(3R%) (seeequationl6). This result
proves the existence of Rossby waves, whose wavelengtthes short or long. When the frequency increa$gg, decreases
and eventually reaches the critical value 1. Wh&p becomes smaller than 1, there are two complex conjugatéicaiu
The only acceptable solution hasegative imaginary part and conveys the existence of a Kelvin wave, trapped along the
coastline and propagating northward. The absolute valtlei®fmaginary park; is represented as a dashed curve in Figure
12 (bottom panel). When the wave frequency is close to thieakivalue,k; vanishes and consequently the Kelvin wasse

ano longerexist. A Rossby wave with a significant amplitude
caneeeypropagatevestwardsAt 15° N its wavelength will be around 300 km. The zonal velocitygdpé speed) of this non
dispersive wave is about 2.5 km/day. On the other hant; &anishes withk;, the meridional velocity becomes infinite.

Similar results are obtained when the coast presents aardresigled 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 chaizetny the coefficientdl’z andW; which
convey the effect of the coastline on the propagation of theewThe coefficientl’z can be splitted into two terms; the first

Ro28%2—1_ F . . . . Rol—¢2 .
oneQ—;)) 3 Oy — is similar to the term obtained from a straight coastline nigas the second 0Pr2e9 3 ay% explicits
w a

the role of the coast. It is large whérns small — in the frequency range where the model is valid, tieans 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 Qlai
parameter decreases along the path followed by the waveeiit eanishes when the coast becomes parallel to the equator.
These changes are taken into account by this term. On theacprdt low frequency, the lengthening or shortening ofgtath
followed by the wave becomes negligible because it occues a¥ime 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 W is strictly positive, the solution is outside akd is large.
The degeneracy of the equation thus desappears and aceleftiie wavelength operates.
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Figure 13 show$l’y 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& i 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 wiftréwsous analysis. For periods shorter
than 20 dayskrp 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
frequency. At lower frequency this phenomenon is not olervhe coefficient; shows a smaller dependence as a function
of the period. The shape of the Kelvin wave is modified clostéctip 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 takendntuat. 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 valulsedo the values predicted by Clarke and Shi (1991) at thstco
(between 84.69 and 115.2 days). Note also that, in a smallceind the extremity of the cape (grey area), larger wagéhs
are compatible with periods of about 100 days.

5 Conclusions

The analysis oSeaWiFSsatellite observations @fke-Chlorophyll showed atrengwell markedsignal along and off the west
african coast, betweel)® and22° N, in winter (December to April). Along the coast the high centration of Chlorophyll is
associated with the offshore Ekman drift generated by thegward component of the trade wind, which forces an ugwar
motion. Its variability is modulated by Kelvin wave prop#igg northwards. In December 2002 and January 2003 we obderv
a wavelike pattern in the open sea, which extends far awahaoifé, up to a distance of about 800 km off the coast. Thisakign
was visible fromBeeember20 - Decemberr002 and was detectable during approximately one montthsfithe Cape
Verde Peninsula.

This pattern suggested the existence of locally generatssghy waves, which slowly propagated westward. Indeed such
a wave can generate an elevation of the lower layers of thanocerresponding to an upwelling of nutrient-rich wai&e

nvestigatedhispossibilibrandthe The existenceof this wave was confirmedby the study of the SSH signalcomingfrom
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AVISO altimeterdata, It evidenceda wave propagatingvestwardwith a velocity of about4.5 cm s~ The existenceof a
Chiorophylisignalfar from the coast- hereextendingup to 750km westto the CapeVerdehasto our knowledgeneverbeen

In this studywe thusinvestigatedhemechanismwhich couldleadto theexistencef suchawaveandanalyzedhepotential
role of the cape, by first doing numerical experiments witloredéd nonlinear model, then by analytically studying adine

reduced gravity model.

The numerical study, based on a reduced gravity shallowrwadelel, showed that a Rossby wave similar to the observed
pattern could be created by a wind burst broadly extendieg the region where the oceanic signal was s8entianesusly,

agateshorthwardd his agreedwith wind reanalysif this period In
our experiments a longshore wind burst which lasted 5 daysusad to generate the oceanic response. We showed that the

spatial scale of the latter matches the spatial scale ofditoéniy. The time scale of the reponse, controlled by the eangth
(see below), is not that of the forcing (5 days) but much lorageund 100 days for the first experiment.

The cape does not seem to modify the basic features of the dyanamics. 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 sotith o
the cape, the anomaly which forms arourid W is small and quickly desappears; a wave which propagatbsand seems
to prevent its 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 soanthwtill exist but desappears quickly.

The analytical studywhich-extendghemethedsuggestedy-is newandextendghe studyof Clarke and Shi (1991) to the
open sea up to a distance of about 1000 km away from the;edabielps us interpret the numerical results and gives futher

resuiténformation It first shows that a time scale around 100 days can be assdeigth the observed wave, considering the
value of the wavelength (around 700 km). This value matdnestitical value predicted by Clarke and Shi along the cogst
Senegal, even though their model applied only at the coashwie angle defining the tilt of the coastline is not too lafge
also shows that the role of the cape does not dramaticallyfynibe dynamics of the system at such time scales.

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 experimentsheatidied 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 becomingeoThis 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. Ratate 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.
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LastlythisstudyThis studythussuggests that offshore upwellings can be created or entdydeossby waves. An example
of such a phenomenom has been observed in the region off &efbg example is probably not unique. For instance Kounta
et al. (2018) show patterns which provide clear evidencendfrgportant Rossby wave activity to the south of the Cape &erd
(see for example their Figure 10, which shows a climatoldighe volume meridional transport). Observations will héve
be pursued in this region and in other EBUS region to detegrtiie importance of such events. However the observations
of such structure by satellite requires several conditibicty are seldom occuring together. First we need a long gerio
observations without clouds, second a typical wind evel# thgenerate the Rossby wave and third the existence déntgr
in the subsurface layers, which could enrich the surfacertay

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

GaTTx—FOTy = Rx/Fd
0. Ty + FoTx = Ry/F, (A1)

with Rx = —a~10xn—b" 10y andRy = —b~'0yn+a~'0x1). An elementary computation leads to the following relasion

(628-,—-,—+F02)TX = (eaTRx-FFQRy)/Fd

(A2)
(20, + F2)Ty = (e0;Ry —FyRx)/Fy

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

Tx = FﬁQ(atRx—l—FRy)
Ty = F~2(0;Ry — FRx) (A3)
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(We used the fact th&th‘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§b). This leads to a new equation
2

C b
O+ —=[0x (57 (O Box + FRy)) + 0y (555 (9 By — FRx))| = 010 (A4)

or equivalently
2 1 2 1 2
O U_Ro(a_gaxxn‘f' b_gayyn) -

RS [ 2
o rox

b
alF?

a

)0y n—OxF 3}”7] =0:9+ Ry (A5)

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)}

The vanishing of the velocity orthogonal to the coordin&esasily obtained from system (A3). With the same approkiong,
the conditionl’xy =0 at X = 0 impliesd; Rx + F Ry = 0 or equivalently

bOXn+ aFdyn = —adi )+ bFdx1) (AB)

forall ¢ > 0 andY.

When the forcing terms can be neglected, the previousoelgimplify. They become respectively
2 1 2 1 2
Oy |n— Ro(a_gaxxn‘f' b_gayyn) e
RET b
ab [ aX(CLF2
and atX =0, forallt > 0 andY

)0+ 0y Foxn+ P20y (575) yn — 0x F dyn | =0 (A7)

bO2n +aFdyn =0 (A8)

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
andz, are known on the boundary thanks to equation (16). We set

zlzz?—kil and zszg—i—ég
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wherez{ and:9 verifies equation (14) and the conditieh= —i(w/F)z{ everywhere. Consequently, verifies equation (16)
everywhere

J(€27) = 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)z?).

Sincez; andz; are known on the coast anél andzJ everywherez; andz, are known on the coasf = 0. It is now easy

to write the equations verified by andz,.

RN NP NP
aY(RO) aX(RO)_aY(RO) aX(RO)_zo (B1)
22425 (2) —wp) + 224+ 229(29 —ws) =0 (B2)

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

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:

bZpiv1; _ bZaa;  AX aZiijn bZiij

Ry Ry 2AY ( Ry Ry

) + AXZOJ;}]‘

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

Z i1y 275415020 —w1) 4+ 254+ 25041,5(20 —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 thatand z; are small in comparison with andz9 (they are null atX = 0 and increase
proportionally to the distance to the coast). In section th& approximate value d@f associated with the solutio{ is fully
described.
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Figurel. Chlorophyll observethy SEAWIFSat four different dayé

; ight: . A wave-like pattergvyLCVV|seleaHyC|rcledb adashedine) is visible between-22°
and—18° in longitude and-12° and—14° in latitude. At the end of the period a westward propagatienss to initiateThe chlorophyll
concentratioris givenin mgm~? by the color baratthe right of themaps.
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Figure 2. Hoevmullerdiagramsof the SSHat latitudes12°N, 13.5°N, 15°N, and 16.5°N (the SSHamplitudeis givenin cm by the color

barattheright of the diagrams)Notethe decreasef the amplitudeat 16.5° N. The phasevelocity of thewaveis about4.5cm/s.
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Figure 4. Responsef the oceanto ananomalousvind stressappliedduring five days(panel(a)) andcorrespondinggvolutionof the active

layerthicknesdor everyfive daysfrom the closeof the the wind stressanomalyup to 35 daysafter (panelsfrom (b) to (i)). A Rossbywave

is generatedainda Kelvin wavequickly propagateslongthe coast.The Rossbywave propagatesvestwardandits amplitudeis divided b

two betweerthefirst andthelastpanel. The 0 misolineis indicatedin bold; theisolineintervalis 0.5m (blue: negative).
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Figure 5. Solution obtained for the same conditions as in Fig. 4 foraigit ceaslin€oastline Note that the mean wind stress is added

to the wind stress anomaly thefirst-panel(a). A Rossby wave is still generated but the halting of the digoa to the cape is no longer

observed. The latitudinal extent of the wave eagif 19°W is thus nearly twice larger than in the previous case.
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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 thesrevieuscoordinate systeraf Figure9 (they have no dimension).
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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 witbgative
imaginary part sincé; = a$(z) /({Ro) must be negative. The half circle| = 1 and a few straight lines have been drawn. In botton panel
the Joukowsky transform of the previous half pldiie= J(z) is shown. The segmeift-1,1] is the image of the half circle. The upper
(lower) half plane corresponds to the image of its inter@térior). The image of the straight lines are correspagigirepresented.
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WR for latitudes ranging from 5 to 40 degrees
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Figure 12. Top panel:Wg is shown for latitudes ranging froisf 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
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Map of W, (10 days) Map of W, (20 days)
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Figure 13. Dimensionless coefficieri?’x for periods equal to 10 dafisft), 20 dayémid), 50days,and 100 daysight). The bold black line
corresponds tdVr = 0. When the period of the wave shortens (smaller than 20 d&lyg)becomes negative in a narrow band south of the
cape. For period longer than 100 days, the diagram is neamyngtric.
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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. Coefficientkr for periods equal to 10 dagsppereft), 20 daysupperright), 50 dowerleftidays and 100 daygswerright). The
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Map of k, 10 days (km) Map of k, 100 days (km™)
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Figure 16. Coefficientk; for periods equal to 10 dayefty}-and 100 daysight). This coefficient weakly depends on the period of the wave.
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