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Summary: In this work we focus on the Alboran Sea (western Mediterranean) to relate wind field and ocean velocity vari-
ability with chlorophyll a (Chl @) behaviour, using a 2-km resolution, coupled 3D ocean circulation-NPZD model (ROMS).
The analysis is done in three steps. First, we split the seasonal and residual contribution for the fields under study. Second, we
calculate the corresponding empirical orthogonal functions (EOFs) for the seasonal and residual parts. Finally, we relate each
pair of variables for both seasonal and residual contribution EOFs. The results reported here allow the links between wind and
Chl a to be quantified. We explain these links in terms of the ocean velocity field acting as a driver of Chl a variability. The
results show that, although the seasonal part of the Chl «a field is modulated by the vertical velocity, the residual component
is modulated by the horizontal velocity components. Vertical velocities are responsible, through coastal upwelling, for Chl a
bloom enhancement, while horizontal velocities spread coastal Chl a surface blooms off-shore.

Keywords: Alboran Sea; chlorophyll; wind forcing; primary production; ocean biogeochemical model; ROMS model; EOF
analysis.

El papel de la velocidad ocednica en la variabilidad de la clorofila. Un estudio de modelado en el mar de Alborin

Resumen: En este trabajo nos centramos en el mar de Alboran (Mediterraneo Occidental) para relacionar los campos de
velocidad del viento y del océano con la variabilidad de la clorofila a (Chl a), utilizando un modelo de circulacién 3D-NPZD
(ROMS-Fennel) con una resolucién de 2 km. El andlisis se realiza en tres pasos. En primer lugar, separamos la contribucion
estacional y el residuo para todos los campos de estudio. En segundo lugar, calculamos las correspondientes funciones or-
togonales empiricas (EOFs) para las components estacionales y residuales. Por dltimo, relacionamos cada par de variables
para ambos, EOFs estacionales y residuales. Los resultados permiten la cuantificacion de las relaciones entre el viento y la
clorofila. Explicamos estas relaciones en términos del campo de velocidades del océano que actia como motor de la varia-
bilidad de la Chl a. Los resultados muestran que, aunque la parte estacional de campo Chl a es modulada por la velocidad
vertical, la componente residual es modulada por las componentes de la velocidad horizontal. Las velocidades verticales son
responsables, a través de la surgencia costera, de incrementar el valor de la proliferacién de Chl a, mientras que las velocida-
des horizontales extienden estas proliferaciones costeras superficiales a mar abierto.

Palabras clave: mar de Alboran; clorofila; forzamiento del viento; produccién primaria; modelo oceanico biogeoquimico;
modelo ROMS; andlisis EOF.
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INTRODUCTION

Ocean primary production is usually controlled by
upwelling, entrainment and/or mixing of high nutrient
subsurface water into the euphotic zone (Marra 1980).
Knowledge of the causes and drivers of primary pro-
duction is crucial to understand the whole ocean eco-

system. Chlorophyll a (Chl a) concentration deduced
from satellite data (O’Reilly et al. 1998, Nieves et al.
2007) and from fluorometers (Coble et al. 2007) in
oceanographic campaigns is normally used as a proxy
for ocean primary production. Eddies, sub-mesoscale
structures (McGillicuddy et al. 2007, Mahadevan et al.
2008, McGillicuddy et al. 2008) and vertical veloci-


https://core.ac.uk/display/235699119?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

250 ¢ J. Solé et al.

ties in upwelling areas (Estrada et al. 1985, GEOHAB
2005, Patti et al. 2008) can have a determinant role
in Chl blooms. The role played by vertical velocities
in modulating the biological activity through phyto-
plankton growth, mainly by bringing nutrients to the
photic zone, has been long recognized (McGillicuddy
et al. 2008). In some particular cases, vertical veloci-
ties can be driven by surface wind variability (Sol€ et
al. 2012). However, the role played by ocean velocity
components in the seasonal or residual parts of Chl a
variability is currently an interesting subject, which
has not been extensively explored. This study aims to
give some insights into the role of ocean velocities on
Chl a variability in the Alboran Sea.

The dynamics of the Alboran Sea area (Fig. 1) is
strongly controlled by zonal wind, as has been shown
in previous works (Baldacci et al. 2001, Macias et
al. 2008, 2011, Solé et al. 2012). It has been demon-
strated that changes in the zonal wind have a strong
effect on the ecosystem behaviour, through primary
production influence (Sarhan et al. 2000, Macias et
al. 2007, Macias et al. 2008, Oguz et al. 2015). The
changes in zonal wind affect ocean surface structures
and patterns such as gyres, the Almeria-Oran front
(AOF) and the Algerian Current (see Fig. 1). Particu-
larly important for Chl a blooms is the southern Iberi-
an Peninsula coastal upwelling caused by the Atlantic
Jet and the meridional displacement of the Western
Alboran Gyre (WAG, see Macias et al. 2008). How-
ever, the extent to which the Chl a inter-annual and
intra-annual variability in the Alboran Sea is induced
by such intrinsic internal atmospheric and ocean
dynamics is a key question that remains to be fully
understood. Particularly, how the ocean dynamics
can affect the spatial and temporal distribution of the
chlorophyll pattern and bloom occurrence in coastal
and open sea areas is an interesting issue that requires
further research. Numerical simulation data offer the
opportunity to give some insights into these questions
and, more generally, into how the atmosphere affects
the marine ecosystem.

We use the ROMS model (www.myroms.org) to
study how the previously reported atmospheric vari-
ability is propagated to the ecosystem and how ocean
vertical velocities enhance the phytoplankton blooms
in the area through nutrient enrichment of the photic
zone. The main objective of our work is to provide
additional insights into how the kinetic energy of wind
affects ocean physical variables and to determine the
ocean velocity components that may play an important
role in the enhancement of ocean Chl a in the area. To
fulfil this aim, we analyse Chl a behaviour by splitting
its variability into seasonal and residual. The residual
part is caused by the amplification of small perturba-
tions due to the presence of non-linearities in the model
equations and differs from the typical seasonal system
variability. When the initial residual, although fed by
small perturbations in the model inputs, becomes a
coherent pattern, it will interact with the physical dy-
namical structures of the system.

The paper is structured as follows. The next section
introduces the methodological approach, specifically

detailing the model implementation and the output
model data analysis. We then show the results and dis-
cuss them in the context of previous studies.

MATERIALS AND METHODS
Model

A climatological simulation of the Alboran Sea
area was run using the Regional Ocean Model Sys-
tem (ROMS: www.myroms.org), a free-surface,
terrain-following, primitive equations ocean model.
ROMS includes accurate and efficient physical and
numerical algorithms (Shchepetkin and McWilliams
2003, 2005) and several coupled biogeochemical
models (Powell et al. 2006, Fennel et al. 2006).
A four-compartment (nitrogen, phytoplankton,
zooplankton and detritus), N-based biogeochemical
model (Fennel et al. 2006) was run coupled on-line
with the hydrodynamics model. The Chl a concen-
tration is calculated from the nitrogen contained in
the phytoplankton compartment by a multiplication
with the ratio of Chl a to phytoplankton biomass
and assuming that only a fraction of phytoplankton
growth is devoted to Chl a synthesis (see details in
Fennel et al. 2006).

The model is forced by a seasonal cycle atmos-
pheric forcing. The air temperature, short-wave radia-
tion, long-wave radiation, precipitation, cloud cover
and freshwater flux used to force the model come
from ERA-40 reanalysis (Uppala et al. 2005). Surface
pressure come from ERA-Interim reanalysis (Dee et
al. 2011). All these variables have a spatial resolution
of one degree and a time resolution of 6 hours. Quick-
Scat blind data is used for wind forcing (both zonal
and meridional). The wind has a spatial resolution of
a quarter of degree and a time resolution of 6 hours.
The boundary conditions were obtained from NEMO
(available from http://www.nemo-ocean.eu, these
simulations are reported in Adani et al. 2011) and in-
terpolated to the ROMS grid to define a sponge layer
of ten horizontal grid points with a nudging relaxation
time of 30 days. At the western boundary (Gibraltar
Strait) NEMO climatology is set by imposing the ver-
tical profile of salinity, temperature and zonal veloc-
ity following the methodology of Peliz et al. (2007).
Biological boundary conditions are set as a vertical
profile in all variables, following the methodology of
Fennel et al. (2006).

The simulation domain ranges from 5.9°W to
1.48°E zonally and from 33.82°N to 38.88°N me-
ridionally (see Fig. 1). The grid space is 2 km and the
vertical domain is discretized using 40 vertical levels
with finer resolution near the surface. The advection
scheme used in our simulations is MPDATA (recursive
flux corrected 3D advection of tracers, Smolarkiewicz
et al. 1998) and Large-McWilliams-Doney mixing as a
sub-grid scale turbulent mixing closure scheme (Large
et al. 1994), also known as the K-profile parameteriza-
tion scheme. The air-sea interaction used for boundary
layer in ROMS is based on the bulk parameterization
of (Fairall et al. 1996).
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Fig. 1. — Alboran Sea simulation domain and main surface circula-

tion patterns. WAG: Western Alboran Gyre. EAG: Eastern Alboran
Gyre. AOF: Almeria-Oran Front. AC: Algerian Current.

We ran the model using climatological atmospheric
forcing and climatological boundary conditions. The
initial conditions for starting the simulations were ob-
tained using the same interpolated fields as the ones
used for the boundary conditions for all variables. Af-
ter an 8-year spin-up period, we used the ninth year as
the study period.

The regional ROMS implementation has been al-
ready tested using satellite and cruise data in previous
works (Macias et al. 2011) and was used in biological
simulations in a previous paper (Catalan et al. 2013).
In these works, we ran the model using both bound-
ary conditions and atmospheric forcing climatologies
to obtain a stable initial state for three years. After this
spin-up period, we used the climatological initial state
to begin the simulation for June, July and August 2008.
However, in the present work we more than double the
spin-up time period in order to assure a complete sta-
tionary state of the year analysed.

Data analysis

The model output and associated data analysis have
daily time resolution. In order to relate the modelled phy-
toplankton (Chl a) concentration with the dynamical vari-
ables (model velocities) we proceed in four steps. First,
we obtained a mean two-dimensional, vertical-averaged,
time-evolving field for Chl a, U, V, W by averaging the
ocean surface water column in the first 20 metres.

The 20-m layer is expected to capture the essential
dynamics of surface ocean properties and also the sur-
face Cha a. Previous works show that Chl ¢ maxima
can be deeper than 20 metres (Macias et al. 2014) in
the Alboran Sea area. However, our purpose here was
to obtain an estimation of what can be considered as
the surface Chl a variability for comparison with the
satellite-based studies (Sol€ et al. 2012).
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Second, we split these four fields into an adjusted
harmonic signal (annual, semi-annual and quarterly)
that we shall call ‘seasonal’ part (Solé et al. 2012). The
data are de-trended by fitting a linear function through
a non-linear least squares regression. The annual,
semi-annual and quarterly cycle are removed from the
original data by fitting three harmonic functions using
a least squares method (Pascual et al. 2008).

21 2r
H=A t— +A —— +
yn=4, COS( 365.25 %) COS( 182.63 Q’“j

+A cos( 27 t—(pj
! 91.31 !

where A,, Ay, Ay, and ¢, 9., ¢4, are the amplitude and
phase of the annual, semi-annual and quarterly cycles.
Phases are expressed in days and a zero time lag in-
dicates January 1. After removing the trend, annual
and semi-annual cycle for each grid point, the empir-
ical orthogonal functions (EOFs) of each variable are
computed. EOFs are calculated using a singular value
decomposition of the covariance matrix of data, and
retaining as EOFs the eigenvectors associated with
non-zero eigenvalues, as is explained in Navarra and
Simoncini (2010). We calculate the EOF of both the
seasonal and the residual components of each variable.
The EOF factorization distinguishes between the spa-
tial pattern of EOF functions and the time coefficients
of EOF coefficients (von Storch and Zwiers 2001).
Finally, we correlate the EOF coefficients (EOFt) of
velocity (U,V,W) and Chl a for seasonal and resid-
ual parts. The residual part is produced by the inner
variability amplification of the non-linearities of the
model. We therefore call it residual instead of anoma-
ly, because this non-periodic part (residual) cannot be
associated with the intra-annual variability of forcing
or boundary conditions.

O(x,y,0)= Y, m;(x,y)A, 1)
j-1

where (x, y, t) is the seasonal or residual (original data
minus trend and annual and semi-annual cycle) of the
variable, and for each index j, m; corresponds to the jy,
EOF function and A; is its EOF coefficient (EOFt)

RESULTS

The results on the relationships between the sea-
sonal and residual parts of the surface velocity versus
the Chl a field are summarised in Table 1. It is worth
noting that for Chl a the explained variance of the 95
percentile of the seasonal part is twice the 95 percentile
of the residual. This result confirms the leading role of

Table 1. — Seasonal and residual EOFts of explained variance (Exp. Var.) of Chl a, zonal wind and velocity components and correlation
between Chl a and velocity components and zonal wind seasonally shifted for 90 days and the non-shifted wind residual. The correlations
over 0.5 are highlighted in bold.

Chla U \Y W UWi
EOFt 1 2 1 2 1 2 1
Exp. Var. (%) 82 30 43 31 41 29 95

Seasonal Corr. with Chl a 02 079 008 076 0.95 02 0.92
) Exp. Var. (%) 30 9 11 10 3 3 71

Residual Corr. with Chl a 0.69 0.29 0.3 0.67 0.25 0.39 0.22
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Fig. 2. - A, Chl a seasonal part variance, colour in logarithmic scale; B, Chl a residual part variance, colour in logarithmic scale; C, chlorophyll
seasonal part first and second EOFts; D, Chl a residual first and second EOFts; E, Chl « first seasonal EOF; F, Chl a residual first EOF.

the seasonal variability in this climate-forced simula-
tion. However, it also gives an insight into the non-
negligible role played by the residual part representing
the inner system variability due to the non-linearities
of the equations.

Correlations were calculated between Chl a and
velocity components EOFts and zonal wind. For the
seasonal zonal wind correlation calculation, a temporal
shift of 90 days was applied. The zonal wind residual
was non-shifted. Correlations over 0.9 were found
between the first EOFt of the seasonal Chl a and the
first EOFt of both seasonal zonal wind and seasonal
ocean vertical velocity. This indicates the intimate link
between the main mode of variability of Chl a, zonal
wind and ocean vertical velocity seasonal patterns,

which is shown by a high correlation between the sea-
sonal shifted (90 days) vertical velocity and seasonal
wind (0.89 correlation coefficient).

As expected, the eigenvalue spectra of the residual
fields (not shown) showed an almost uniform distribu-
tion of the explained variance among all the modes
(around the 10%). The correlation between the EOFt
series of Chl a and the dynamical variables studied was
larger than 0.6 only for the horizontal ocean velocities
(U and V). The residual zonal wind did not have a sig-
nificant correlation with the residual Chl a (0.22).

The coastal upwelling signal was better captured by
the seasonal part, while the variance of the residual part
was larger off-shore (Figs 2A, B). Figure 2C-F shows
the two leading EOFts and EOFs of the seasonal and
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Fig. 3. — A, Chl a and zonal wind seasonal part first EOFts; B, Chl a

and zonal wind seasonal part first EOFts with a temporal shift (time

lag) of 90 days is applied only in this case; C, Chl a and wind first
residual EOFts.

-500

residual Chl a. The largest amplitude of the leading
EOF of the seasonal Chl a was located in the southern
Iberian Peninsula coastal upwelling areas while the
EOF amplitude of the first EOF of the residual Chl a
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was located off-shore, near the axis of the jet, gyres and
frontal structures.

The first EOFt of the Chl a seasonal part (repre-
senting 80% of the seasonal variance) had its maxi-
mum in winter and its minimum in spring-summer,
in coherence with the typical seasonal variability
observed in the area (Macias et al. 2008), while the
second EOFt showed an opposite phase with lower
amplitude (Macias et al. 2007). The first two EOF
coefficients of residuals (with higher frequency oscil-
lation than the seasonal EOFts) are shown in Figure
2D and represent 30% and 7% of the total explained
variance. Figure 2F shows the first EOF of the Chl
a residual logarithm. The first EOF of seasonal part
(Fig. 2E) showed high variability values in the areas
related to the Atlantic Jet and Algerian Current fronts,
while the first EOF of the residuals (Fig. 2F) showed a
contribution to all dynamic structures in its variability
but with clearly different values in the gyres and the
Algerian Current from those of the coastal and open
ocean structures.

The temporal evolution of the first EOFts of both
seasonal parts seems to evolve with a time lag in Chl
a (Fig. 3A). When a lag of 90 days is applied to Chl
a (Fig. 3B), the seasonal chlorophyll and zonal wind
variability are in phase, although wind oscillations
shorter than four months are not corresponded by
Chl a first mode. The time lag of 90 days indicates
the indirect link of wind-Chl a variability through
vertical velocity variability. This could indicate
the cumulative effect of the wind to influence Chl
a long-term variability (more than two weeks): the
response of the whole ocean system to the wind
forcing needs to ‘accumulate’ enough energy to ef-
fectively respond to changes in the atmosphere. The
first EOF coefficients of the residuals, represented
in Figure 3C, show different oscillating frequencies
in both variables, in coherence with the correlations
shown in the Table 1.

In Figure 4 no time lag was applied. the first EOFt
of Chl a and the second EOFt of U and V are shown.

Seasonal Chi-vel EOFts

500 T .
400" = Chl 1st EOFt 70% variance )

= = =W 1st EOFt 40% variance
300 == U 2nd EOFt 30% variance
200

[ .+ V 2nd EOFt 30% variance
100™'%0g,,,

-100}
-200}
-3001 ]
-400} ]
-500 :

50 100 150 200 250 300 350
Day of year

Fig. 4. — Seasonal EOFts of ocean components (without time lag):
first EOFt of Chl @ and W, second EOFt of U and V.
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Fig. 5. — A, first EOFs of seasonal W; B, second EOFs of U; and C,
second EOFs of V.

The time series of the vertical velocity mode repro-
duces the periods of oscillation of the leading Chl
a mode. The horizontal velocity component modes
only show the typical yearly oscillation coincidence
in maxima and minima. Figure 5 shows the EOF
functions associated with the previous coefficients.
The first EOF of W is shown in Figure 5A, which
represents a noisier pattern than that associated with
the Chl a or the horizontal velocity components. Al-
though noisy, signals associated with the AOF and
the Algerian Current can be distinguished. Also, the
area associated with the Malaga upwelling (between
the WAG and Eastern Alboran Gyre (EAG), south-
ern coastal area of Iberian Peninsula) can be clearly
identified. The second EOF functions of U (Fig. 5B)
and V (Fig. 5C) show mainly the structures associated
with WAG and AOF in correspondence with the first
EOF structures of the Chl « field (Fig. 2A).

The most correlated EOFt components of the Chl a
and horizontal velocities residuals are: the first mode
of zonal velocity, and the second mode of the me-
ridional velocity (Fig. 6). In this case, the coincidence

Residual Chl-vel EOFts
500 T

= Chl 1st EOFt 30% variance!
4001 == U 1st EOFt 10% variance |
sc0f 0N [ V 2nd EOFt 10% variance ||

2001
100}

-100 1)
200}
-300} ]

=400

-500 1 L 1 L 1 L 1
50 100 150 200 250 300 350
Day of year

Fig. 6. — Residual first EOFts of Chl a, first EOFt of U and second
EOFt of V.

between the time series is significant. In Figure 7 the
first EOF of residual U (Fig. 7A) and the second EOF
of residual V (Fig. 7B) are shown. The first EOF of
residual Chl a has already been shown in Figure 2B;
note that while the zonal velocity EOF contains EAG
and AOF patterns (Fig. 7A), the meridional EOF (Fig.
7B) shows an area of southward velocities (dark blue
shade in the off-shore region of Malaga coast and
dark blue-green in the Almeria coast and off-shore re-
gion). In both off-shore zones (Malaga and Almeria)
this meridional velocity component will contribute to
the transport off-shore of the seasonal Chl a produced
in the coastal upwelling.

U first residual EOF

5°wW 4°w 3°w 2°w 1°w 0°
V second residual EOF

0.0125

0.0075

0.0025

-0.0025

-0.0075

-0.0125

Fig. 7. — A, first residual EOF of U; B, and second residual EOF
of V.
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DISCUSSION

In this work we have studied the physical mecha-
nisms that can drive Chl a blooms in the Alboran Sea.
Previous studies had emphasized the role of wind
(mainly the zonal component) in the Alboran Sea pri-
mary production. Macias et al (2007) related the Chl
a variability to seasonal winds and their effect on the
upwelling area off the Malaga coast. The main ocean
mechanism was linked to the role played by the Atlan-
tic Jet entrance and its meridional displacement, rein-
forcing or weakening the coastal upwelling. A more
recent work (Oguz et al. 2015) developed that view
with a modelling study showing that the impact of the
Atlantic Jet meandering enhances plankton production
by means a non-linear mechanism, which is developed
through a strong ageostrophic cross-frontal circulation.
This dynamic process supplies nutrients into the eu-
photic layer and then stimulates phytoplankton growth
along the jet. Thus, following these previous studies,
the main mechanism enhancing the Chl a in the basin
is supplied by the vertical velocities in the upwelling
coastal region or by the non-linearities in the Atlantic
Jet ageostrophic cross-frontal circulation. The seasonal
and residual contribution of vertical versus horizontal
velocity components to the total Chl a variability of the
system has been analysed. Although previous works
have analysed the role of the zonal winds in enhanc-
ing Chl a blooms at the seasonal scale (Macias 2007,
2008), recent works have suggested that the residual
contribution to the total Chl a variability may also have
a significant contribution (Sol€ et al. 2012).

To further analyse these mechanisms, we split the
contribution of upwelling-enhanced Chl a production
and the non-linear contributions by separating the
modelled output data in a seasonal contribution and
a residual (non-seasonal) contribution. This approach
is similar to the one used by Macias et al. (2007) and
Sol€ et al. (2012), which found a strong influence of
the wind in the enhancement of Chl a seasonal behav-
iour. Moreover, Macias et al. (2011) related the verti-
cal component of the velocity field with the upwelling
of the coastal area, which in turn, is produced by the
southern displacement of the Atlantic Jet. However, he
role of the horizontal velocities in the Chl a production
and dispersion and his periodicity remained unclear.
Our methodology clarifies the role of the seasonal and
the residual part of the surface velocity field linked to
the Chl a variability.

Using an EOF analysis we found that while sea-
sonal Chl a behaviour is strongly related to the vertical
velocities in the upwelling area, residual two-dimen-
sional horizontal components are related to non-sea-
sonal Chl a behaviour. These results support previous
results (Sarhan et al. 2000, Macias et al. 2007, 2011,
Solé et al. 2012, Oguz et al. 2015) and further provide
a quantification on when and how each of the velocity
components acts and in what sub-area of the Alboran
Sea these velocity components play a major role.

The residual part of the three-dimensional velocity
field therefore acts as a response to the instabilities or
perturbations in the mean structures of the Alboran
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Sea: the Atlantic Jet, WAG, EAG and AOF. The sea-
sonal component of the variability accounts for these
stable structures and the residual component accounts
for their short-term variability. In terms of the velocity
field, the off-shore transport of the Chl a produced in
coastal areas is driven by the horizontal components
of the velocity field. However, horizontal velocity
components also account for the transport of biomass
through the Gibraltar Strait. The physical mechanisms
acting on this three-dimensional velocity field are ad-
vection and continuity of vertical-horizontal velocity
components. The dominant component of advection is
related to the horizontal velocity components while the
vertical velocity components are related to the continu-
ity equation.

Our results also quantify the relative contribution of
these two time scales, showing that the modelled resid-
ual contribution of Chl « to total variability is only half
the seasonal one. In addition, we show that the connec-
tion between wind and seasonal Chl a production in
coastal areas of the southern Iberian Peninsula is due
to ocean vertical velocity. This finding is quantified by
the high correlation between EOFts of the seasonal part
of Chl a and vertical velocity. This correlation can be
explained by the upwelling in southern Iberian coastal
area (the Malaga and Almeria coast), which brings nu-
trients to the euphotic zone.

The spatial extension of Chl a coastal blooms has
been shown to be controlled by the residual horizontal
components of the ocean velocity field, and particu-
larly by the meridional horizontal component acting
off the Malaga and Almeria coasts. Correlation with
the residual part of Chl a and the meridional velocity
EOFt component shows these driving mechanisms of
ocean velocity on Chl a. A possible interpretation of
this phenomena can be given in terms of the role and
time scales of the upwelling blooms. Once a bloom oc-
curs in the coastal upwelling area, horizontal velocities
(and particularly meridional ones) will transport the
Chl a-rich water off-shore until it meets ocean surface
structures such as the EAG, WAG and AOF, which act
as dynamic barriers to surface-advected Chl a. This is
also in good agreement with the patterns observed in
satellite images of ocean colour (Solé et al. 2012).

The main results of this work have shown the im-
portance of the contribution of the horizontal velocity
residuals in accounting for the Chl a patterns in the
area. It has been shown that Chl a variability is domi-
nated by a seasonal part driven by coastal upwelling in
winter. However, ocean velocity residuals play a key
role in horizontal Chl a advection off-shore. This con-
tribution should be considered within the percentage of
explained variance of the residual, which is estimated
to be half the contribution of seasonal part.
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