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As in most eastern boundary systems, on the Western Iberian Margin there is coastal upwelling during summer due to
the alongshore northerly winds and the consequent offshore displacement of surface waters. This work addresses the
origin of these upwelled waters. Using a regional ocean model, a climatological configuration and a lagrangian particle
module that is run backward in time, we trace the trajectory of particles arriving at four coastal areas, delimited by the
200-m isobath, approximately, and at three depths: 20 m, 40 m and 60 m. Each point is traced backward for one month,
with arrival dates of June 30, July 30 and August 30, the typical upwelling months. We find out where the particles
were on June 1, July 1 and August 1, respectively, how deep they have reached and what distance they have traveled. In
general, the points of origin were shallower (in the upper 100 m) for the particles that traveled the greatest distances (up
to 500 km). These particles come mostly from the north and trace alongshore pathways at 20-40 km from the coast, i.e.,
within isobaths 100-200 m, the preferential path of the upwelling-associated equatorward jet. Conversely, particles that
originate from deeper levels, down to 600 m, come from shorter distances, approximately 100 km. Some particles
originate to the west of their point of upwelling, giving evidence of being dependent on meandering and other
mesoscale features, such as offshore eddies and upwelling filaments.
ADDITIONAL INDEX WORDS: Lagrangian particles, back-trajectories, ocean modeling.

INTRODUCTION

Like most eastern boundary systems, the Western Iberian
Margin (WIM) is characterized by the occurrence of summer
coastal upwelling, that is, offshore displacement of surface waters
due to alongshore equatorward winds, that are replaced by deeper,
colder, and nutrient rich waters. This phenomenon is translated in
a coastal meridional band of colder waters at the surface, which
are advected equatorward by the so-called upwelling jet, and also
in a vertical upward motion. Upwelling on the WIM starts in late
spring and persists until early fall (May-September) due to the
presence during this period of the Azores high-pressure system,
which drives a regime of alongshore northerly winds (Wooster et
al., 1976).
Studying the origin of upwelled waters in an upwelling system
may be useful for several purposes: providing scales of dispersion
in the marine environment, regarding biological issues (e.g. larval
dispersal lengths or fisheries) or pollution studies; studying
connectivity between marine populations; indicating climate
variability; amongst others. The development of regional ocean
modeling and their increasing resolution and features have made it
possible to apply particle modules to the ocean model 3D grid and
trace the particles throughout the model run. In this way, one is
able to follow the 3D trajectories, and even hydrographic and
dynamical properties, allowing studies of a diverse nature to be
carried out (e.g. Domingues et al., 2012). Chhak and Di Lorenzo
(2007) found that during the warm/cold phase of the Pacific
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Decadal Oscillation upwelled waters at the California upwelling
system originated at shallower/deeper levels. Blanke et al. (2009)
were able to study the variability of water transfers between the
adjacent regions of the Benguela upwelling system, which
strongly influence the spawning of anchovies. Albert et al. (2010)
showed, through the same means, that the distance and depth of
origin of the particles surfacing at the Humboldt upwelling system
were dependent on the coastal wind stress curl. At the North
American western coast, the origin of upwelled waters of Oregon
was addressed by Kim and Barth (2011) through numerical
modeling, who found that the waters that upwell there could come
from alongshore northern locations or from offshore sites to the
west, mostly from depths greater than 100 m, although the sources
depended strongly on the region and the tendency to generate
mesoscale features. At the same location, Rivas and Samelson
(2011) studied the connectivity in allowing the particles to have
behavior properties, that is, for instance diurnal/nocturnal vertical
migration abilities and other larval characteristics that determine
migration and retention patterns. With respect to the present study
area, Domingues et al. (2012) found good correlations between
predicted and observed larval dispersion of a crab species along
the WIM.
This work addresses the origin of upwelled waters along the
Western Iberian Margin during the upwelling season. We apply a
lagrangian particle model run back in time to a climatological run
of a regional ocean model, in order to trace the preferential
pathways of these waters, as well as the depths of origin and the
distances traveled in one month.
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METHODS
Ocean Model and Configurations

For the numerical simulations, we use the Regional Ocean
Modeling System (ROMS) (Shchepetkin and McWilliams, 2005).
ROMS is a split-explicit, free-surface, topography-following scoordinate model, designed to resolve the regional circulation.
ROMS solves the primitive equations based on the Boussinesq
and hydrostatic approximations. The numerical configuration is
the same as the one used by Nolasco et al. (in review). It consists
of an offline nesting configuration, where a medium-resolution
domain, with climatological values on its boundaries, provides
boundary and initial conditions to a high-resolution domain of the
WIM (Figure 1). The First Domain (FD) has a horizontal
resolution of 1/10º (~9 km) and 30 depth levels, comprising the
Azores Islands to the west, the Madeira Islands to the south and
the Gulf of Biscay to the north. The target domain (Second
Domain – SD), which has a resolution of 1/27º (~3 km), extends
from the Gulf of Cadiz to the south, about 270 km westwards and
the Galician northern coast, and has 60 depth levels. By running
two domains, we intend to use more realistic boundary conditions
for the target domain and reduce the interference of the boundaries
of the first domain. In FD, the Mediterranean overflow is
introduced as a nudging zone in the interior of the Gulf of Cadiz,
as described by Peliz et al. (2007), in order to restore the
hydrological properties at the Mediterranean levels. In SD, the
water exchange with the Mediterranean basin is explicitly
represented, consisting in the imposition of vertical profiles of
temperature, salinity and zonal velocity at the Strait (Peliz et al.,
2007) in order to simulate the Mediterranean Water overflow.
The climatologies used at the boundaries of FD are from the
World Ocean Atlas 2009 (Locarnini et al., 2010; Antonov et al.,
2010). These climatologies are used as the initial conditions for
the temperature and salinity fields, and also to recycle these fields
along the nudging bands, providing open boundary conditions for
SD. Surface fluxes are obtained from the Comprehensive OceanAtmosphere dataset (COADS) (da Silva et al., 1994). This
climatology is a derivation of the NOAA global data retrieval
program (http://icoads.noaa.gov) and consists of one value per
month for each parameter, computed for the time period 19451989. Its spatial resolution is of 0.5 degrees for all parameters
except for sea surface salinity, which is of 1 degree.
The ROMS simulations are setup as follows: each domain is run
for ten years in order to check for stability in the kinetic energy of
the system. The first five years of simulation of SD correspond to
a period of spin-up, at which the Mediterranean Water is allowed
to fully spread throughout the domain. The SD boundaries are
forced with one year of output of FD, which was chosen as year 5
(other years were tested with similar results).

Lagrangian Model

The lagrangian particle model runs offline over the
climatological simulation. It consists in an Individual Based
Model (IBM), coupled to ROMS using ROFF (Carr et al., 2007).
ROFF is a drifter-tracking code that simulates lagrangian
trajectories from stored ROMS velocity and hydrological fields
using a high-order predictor corrector scheme to integrate the
motion equation dX/dt = Uroms(X,t), with X being the position
vector (x,y,z), and Uroms being the modeled 3D velocity vector
over time, given an initial condition X(t0) = X0. In addition to the
advection generated by the model velocities, the particle
movements include random velocities in the vertical direction,
which are used to parameterize unresolved turbulent processes.

Figure 1. Area of study. (a) First Domain (FD) (2000-m isobaths
shown); (b) Second Domain (SD) (200-m isobath shown); (c)
Lagrangian particle regions of arrival marked in red dots:
Galician Rias (GR); Portuguese Northern Coast (NC);
Estremadura Promontory (EP); Portuguese Southern Coast (SC).
The particle model allows the trajectories of a cluster of
particles to be tracked during a given period. Our purpose is to
study the particles arriving at the Western Iberian Margin, but
since ROFF runs backward in time, the particles are actually
deployed from the coastal region along WIM where upwelling
occurs, what we call areas of arrival. We defined four areas of
arrival, approximately limited offshore by the 200-m isobath
(Figure 1): Galician Rias (GR), Northern Portuguese Coast (NC),
Estremadura Promontory (EP) and Southern Portuguese Coast
(SC). The particles were released in all grid points at three
different depths: 20 m, 40 m and 60 m. Furthermore, particles
were released on three dates: June 30, July 30 and August 30.
Their trajectories were traced backward for one month; therefore
their departure points were on June 1, July 1, and August 1,
respectively. During that month of travel, we have information on
the particles horizontal and vertical displacement. The number of
particles depends on the area of arrival and its corresponding grid:
284 at GR; 388 at EP (the largest area); 325 at NC; and 156 at SC
(the narrowest). Thus, the total number of particles is 3 times these
values, since the study is carried out for 3 months. The lagrangian
module only runs over the last year of simulation.
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PRELIMINARY RESULTS

Although the present study has been designed to track particles
from the point of arrival back to their point of origin, the
discussion refers to the particles as if deployed at their points of
origin and terminating at the four arrival areas illustrated in Figure
1. For simplification, particles that arrive at 20 m, 40 m and 60 m
will be henceforth designated as 20-m, 40-m and 60-m particles,
respectively.
In addition, the mean sea surface temperature (SST) for June is
shown in Figure 2, where the maximum southward meridional
velocities are also indicated. This figure will be used in the
interpretation of trajectory maps, as well as in considerations
concerning the distance of the particles from the coast, distance
traveled and mean depths of origin, discussed in the following
sub-section.

Trajectories

On a first approach, to avoid overloading the maps, only the
preferential pathways of upwelled waters arriving on June 30 were
considered, since these were similar to the other months studied.
The left column of Figure 3 shows the trajectories of particles
arriving at 20 m (gray dots), 40 m (black dots) and 60 m (white
dots), and the right column shows the origin points of each
particle, with the information of its depth on June 1 (t=0) given by
the gray shades. In general, the 20-m particles have their origin at
farther locations to the north, but mainly at shallow depths.
Indeed, the 200-m isobath seems to delimit the particles
trajectories, which are mainly alongshore and close to the coast.
As for the 40-m and 60-m particles, they appear to have similar
trajectory patterns, their origin sometimes located inshore to the
north, others from closer offshore regions. The NC and EP
locations (Figure 3c,e) show more alongshore pathways,
accompanying the shoreline, whereas GR and SC (Figure 3a,g)
present some meandering. These results are consistent with the
average signature of the upwelling and associated equatorward jet,
shown in Figure 2. The coastal cold band is approximately limited
by the 200-m isobath, typically at 40 km distant from the coast.
Furthermore, it is evident that, in general, the particles that
originated the farthest from their arrival site came from shallower
depths. This is most evident at NC (Figure 3d). There are some
exceptions, however. In GR and EP (Figure 3b,f), there are some
particles whose origin is offshore the WIM at approximately 10ºW
and with depths of over 80 m, and also off Estremadura
Promontory for particles arriving at SC (Figure 3h). It is apparent
that particles originate at shallower depths at the southern coast
than at northern locations.

Quantitative Analysis

The following analyses concern the three sets of data, from the
lagrangian simulations of June, July and August. Figure 4 shows
the distribution of the depths of origin according to region.
Histogram bars correspond to depth intervals. The x-axis labels
are   the   maximum   depths   of   each   interval,   that   is:   ‘-50’  
corresponds to the interval 0-50  m,  ‘-100’  corresponds  to  50-100
m, and so forth. The first interval of 0-50 m registers the highest
occurrences for all regions and for all depths of arrival.
Percentages are of 80% for the 20-m particles, 60% to 70% for the
40-m particles from north to south, and between 30% and 50% for
the 60-m particles. Regarding the other depth intervals, the
behavior is not quite as uniform. At GR (Figure 4a) and EP
(Figure 4c), particles originate mainly from depths between 50 and
100 m and between 150 and 200 m, but the other depth intervals

Figure 2. Mean field of SST for June of the last year of
simulation of SD. The thick black line represents meridional
velocities of -25 cm/s for the same month. The 200-m isobath is
shown by the dashed blue line.
still register occurrences. At NC (Figure 4b), preferential depths of
origin are 100-150 m, especially for 60-m particles (~25%), and
200-250 m and there are no particles arriving from depths greater
than 300 m. At SC (Figure 4d), particles originate preferentially
from the 50-100 m interval: 60-m particles register above 40% and
20- and 40-m particles register roughly 20%. Here, there are no
particles coming from depths of more than 200 m.
Additionally, Figure 5 shows the correspondence between
distance traveled by the particles, from their point of origin to the
arrival point, and their depth of origin. It is noticeable that the
farther the particles have traveled from their origin, the shallower
their origin is. The northern locations register the farthest origins,
all corresponding to 20-m particles.
Observing Figure 2, it is clear that the highest velocities of the
equatorward jet are found north of 40ºN, consistent with these
results. All regions and particles show a tendency of decrease in
distance traveled as the depth of arrival increases except for SC
(Figure 5d). Indeed, the southernmost location shows a
homogeneous distribution of distance traveled independently of
the depth of arrival. According to Figure 2, the southward
velocities in this area are lower than in all others, that is,
conditions are less prone for particles to travel large distances. The
deepest points of origin were mainly recorded for the 60-m
particles. It is also noticeable that these maximum depths are
found at GR and EP (Figure 5a,c).
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Figure 3. (left column) Trajectories of particles arriving on June 30 (20-m particles: black dots; 40-m particles: gray dots; 60-m
particles: white dots) and (right column) location and depth of origin of each particle (colorbar in km) for the four arrival locations:
(a,b) GR; (c,d) NC; (e,f) EP; (g,h) SC. The 200-m isobath is shown.
Since the trajectory maps reveal a tendency for the particles that
travel the greatest distances to trace an alongshore path limited to

the upper 200 m of the water column, the mean depth computed
for each particle along its trajectory was plotted against its mean
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Figure 4. Histograms of the origin depth of all particles (3
months) arriving at 20 m (black), 40 m (gray) and 60 m (white),
for the four locations of arrival: (a) GR; (b) NC; (c) EP; (d) SC.
distance to the coast (Figure 6). For NC and EP (Figure 6b,c) the
particles that originate farthest from the coast (on average 80 km)
come from the same depths as those from which they later upwell;
they essentially have surface/subsurface trajectories. These
particles may be influenced by the upwelling-associated
mesoscale phenomena. On the other hand, particles whose
trajectories were traced, on average, to depths of more than 120 m
have never reached distance greater than 20 km from the coast,
which is the average distance of the 100-m isobath as discussed in
the previous sub-section regarding Figures 3 and 4. These particles
seem to travel mainly through the equatorward jet or come from
lower levels directly below their upwelling site, where the
associated upward motion of replacement of surface waters with
deeper waters takes place.
It is important to notice that the regions of the Galician Rias and
Estremadura Promontory are somewhat different from the others.
The GR is characterized by a jagged coastline with several
estuaries and bays, and the EP is a prominent topographic feature.
Both locations are prone to the development of filaments, that is,
detachments of flow from the main alongshore path of the
equatorward jet (Torres and Barton, 2007; Oliveira et al., 2009).
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Figure 5. Distance traveled according to depth of origin of all
particles (3 months), for the four locations of arrival: (a) GR; (b)
NC; (c) EP; (d) SC.
At these locations, the upwelled waters originate at greater depths
and traveled shorter distances, suggesting that their trajectories are
dependent on local mesoscale activity. In contrast, at the
Portuguese northern and southern coasts, which are roughly
meridional coasts, upwelled waters come from larger distances
and shallower depths, being mostly dependent on the core
alongshore equatorward jet, flowing within 20-40 km of the coast
and with velocities that reach 30 cm/s (Nolasco et al., in review).

CONCLUDING REMARKS

This work enabled us to draw a general picture of the origin of
upwelled waters on the Western Iberian Margin and preferential
paths according to location, and trace some relationships between
depth of origin and distance traveled by these waters, as well as
the trajectories mean distance to the coast and mean depth.
There is a general tendency for the particles that upwell at the
WIM to come from the north, following the main pathway of the
upwelling-associated equatorward jet, mostly restricted to first 20
km offshore (delimited roughly by the 100-m isobath). From
these, the particles arriving at 60 m are more prone to come from
deeper levels than particles arriving at 20 m. Moreover, the
particles that travel the longest distances (up to 500 km at northern
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