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SUMMARY : In baroclinie fronts, jets and eddies, potential vorticity, P = (g + f)  /  D, connects horizontal motions of plane
tary vorticity,/, and relative vorticity, g, to vertical transport through increases and decreases of the water column height, D. 
In this paper we present evidence that positive changes in relative vorticity of the SW flowing Catalan Current and mean
dering of the coastal jet follow the 500 m isobath and are associated with topographic steering by offshore canyons. Gener
ally, positive relative vorticity is a result of cyclonic torque that generates cyclonic flow causing the water column to upwell 
since both P  and the volume of the flow are conserved. With coastal jets that flow over abrupt topographies, such as deep 
canyons, D increases and flow must take on a cyclonic circulation, favoring upwelling conditions. In the case of a westward 
flowing current, we would expect the flow to acquire a cyclonic vorticity upstream of the canyon but to enter at the canyon 
obliquely (Cushman-Roisin, 1994) causing downwelling. Upwelling in meandering coastal jets can also occur when hori
zontal streamlines diverge, unable to adjust to relative vorticity changes, and fluid parcels near the edge of the front sepa
rate. Using pycnocline thickness as an indicator of D, we show that deep canyons stretch the water column causing cyclonic 
meandering (positive relative vorticity), upstream of the canyon during the FRONTS cruises 1991 to 1993. This phenome
na has been shown to cause upwelling upstream of meander troughs (Onken, 1992) which in this case would mean upstream 
of canyons. We hypothesize that the increased relative vorticity, associated with upwelling in the pycnocline, fuels episod
ic primary production across the front accounting for more than 30% of the new production in this coastal zone.
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RESUMEN: E v id e n c ia  d e  u n  a u m e n t o  d e  l a  p r o d u c c ió n  p r im a r ia  d e b id o  a l  a f l o r a m ie n t o  in d u c id o  po r  l a  v o r t ic i- 
d a d  EN LA C o r r ie n t e  C a t a l a n a . -  En Ios frentes baroclínicos, Ios chorros y Ios remolinos, la vorticidad potencial, 
P = (ç+ f) /  D, conecta Ios movimientos horizontales de la vorticidad planetaria, ƒ, y de la vorticidad relativa, g, con el trans
porte vertical mediante aumentos y disminuciones de la altura de la columna de agua, D. En este trabajo presentamos prue
bas de que Ios cambios positivos en la vorticidad relativa de la Comente Catalana, que fluye hacia el SW, y la formación 
de meandros del chorro costero, siguen la isobata de 500 m y están asociados con la dirección topográfica definida por Ios 
cañones submarinos. Por lo general, la vorticidad relativa positiva es el resultado de un momento torsor ciclónico que gene
ra un flujo ciclónico que provoca que la columna de agua aflore puesto que tanto P  como el volumen del flujo se conser
van. Con chorros costeros que fluyen sobre topografías abruptas, tales como cañones profundos, D aumenta y el flujo tiene 
que adoptar una circulación ciclónica, lo que favorece las condiciones de afloramiento. En el caso de una comente que fluye 
hacia el oeste, esperaríamos que el flujo adquiriera una vorticidad ciclónica aguas arriba del cañón, pero que entrara obli
cuamente en éste (Cushman-Roisin, 1994), provocando hundimiento. También puede darse afloramiento en chorros coste
ros que forman meandros cuando las líneas de flujo horizontal divergen, incapaces de ajustarse a Ios cambios de vorticidad 
relativa, y cerca del borde del frente se separan bloques de fluido. Utilizando el espesor de la picnoclina como indicador de 
D, demostramos que Ios cañones profundos extienden la columna de agua provocando formación ciclónica de meandros 
(vorticidad relativa positiva) aguas arriba del cañón, durante las campañas FRONTS de 1991 a 1993. Se ha demostrado que
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este fenómeno causa afloramiento aguas arriba de Ios caballones de meandros (Onken, 1992), lo que en este caso significa
ría aguas arriba de Ios cañones. Emitimos la hipótesis de que el aumento de vorticidad relativa, asociado con el afloramien
to en la picnoclina, genera producción primaria episódica a través del frente que explica más del 30% de la producción nueva 
en esta zona costera.

Palabras clave', vorticidad, meandros. Corriente Catalana, producción nueva, producción primaria.

INTRODUCTION

Within the NW basin of the Mediterranean Sea, a 
permanent density front occurs between the Balearic 
Islands and the Iberian mainland (Salat and Font, 
1987; La Violette et a l, 1990; López García, 1991; 
Estrada, 1993). The front is oriented NE-SW and is 
the demarcation between the shoreward Catalan 
Current, flowing to the southwest, and the offshore 
Balearic Current, flowing to the northeast (Salat and 
Font, 1987; Castellón et a l, 1990). The position of 
the front is seasonally variable and controlled by 
wind and density distributions over the shelf. The 
latter is dependent on river discharge, which nor
mally peaks in the spring (Font et a l, 1990, Salat et 
a l, 2002). The Catalan current is a coastal jet with
in the front. The front is a prograde, meaning that it 
intersects the bottom shoreward of its intersection 
with the surface; thus it does not reside over any spe
cific isobath. The front is often associated with ele
vated subsurface levels of chlorophyll-fluorescence 
and phytoplankton production relative to waters east 
and west of the front (Estrada, 1979, 1982, 1993; 
Estrada and Salat, 1989; Estrada et a l, 1993). While 
it has been suggested that frontal processes produce 
local upwelling of nutrients enhancing phytoplank
ton biomass and production in the front (Estrada and 
Margalefi 1988; Zakadjian and Prieur, 1998), no 
physical mechanism has been proposed to account 
to for this phenomena in the Catalan front. Yet given 
the rough topography of this coastline and the ten
dency of coastal jets to follow isobaths, the mecha
nism of relative vorticity driven upwelling may be 
an important mechanism driving production in the 
Western Mediterranean Sea. The critical meander 
scale for topographic steering of the current can be 
estimated from the relationship

K = (Cushing-Roisin, 1994),
Uh

where K  is the length scale of curvature of the cur
rent of velocity U, h is water column depth, and AH 
is the change in depth over the canyon. For the 
canyons along the Catalan coast, U ~ 15-30 cm s 1,

AH ~ 500 m. /  = IO-4 s-1 and /? ~ IO3 m resulting in a 
K ~ 7-14 km. This is the nominal width of several 
canyons along the coast, meaning that flow over 
canyons would respond to canyon topography. The 
second condition for topographic steering is that the 
baroclinie shear must not reduce the total flow, and 
thus increase K  such that only large canyons would 
affect the meandering. In this paper we address these 
criteria for meandering to test the hypothesis that 
high levels of phytoplankton biomass and produc
tion are a result of positive changes in relative vor
ticity along the front as it meanders.

METHODS

During the FRONTS cruises of 1991, 1992, and 
1993, CTD profiles were taken over a grid of hydro- 
graphic stations that spanned the frontal system 
(Fig. 1). Transects were perpendicular to the coast 
and stations were roughly 6 km apart along the tran
sects. A Sea Bird CTD equipped with a Sea Tech 
fluorometer was used for the 1991 cruise and an 
Endeco dissolved oxygen (DO) sensor was added 
for the 1992 cruise. A Mark V CTD with fluorome
ter and DO was deployed for the 1993 cruise. CTD 
parameters were vertically resolved to 10 cm. CTD 
thermistors were calibrated to temperature in the 
field and the salinity and DO were calibrated from in 
situ water samples. Fluorescence was calibrated 
against extracted chlorophyll and DO was corrected 
for temperature. Water samples for primary produc
tion measurements were taken every 10 nr from the 
surface to 70 m. Primary production was measured 
using incubations with 14C in light and dark bottles 
(Estrada, 1993). Density, areal chlorophyll-fluores
cence and areal dissolved oxygen (DO), were 
derived from profiles of temperature, salinity, 
chlorophyll-fluorescence, and DO respectively. The 
thickness of the pycnocline, D, was calculated as the 
depth between the 28.2 and 28.8 kg nr3 isopycnal 
surfaces. Areal chlorophyll-fluorescence and DO 
were integrated from 5 to 140 m to account for the 
majority of the phytoplankton biomass and produc-
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F ig . 1. -  Hydrographic stations during the FRONTS 1991-1993 
cruises, covering spring through autumn seasons. Bathymetry is 

denoted as solid lines in meters.

tion in the euphotic zone. We chose to integrate over 
the euphotic zone to achieve a conservative estimate 
of community production given that respiration can 
be higher than production at depth. This technique 
also eliminates aliasing of the vertical signal (Wig- 
gert et ai., 1999) since the entire euphotic zone is 
used and not only a part which may or may not have 
included the vorticity change. Offshore cross-sec
tions of sigma-t and chlorophyll-fluorescence con
centrations have been contoured to elucidate the ver
tical structure of the physical and biological vari
ables. The number of stations with nutrient data was 
not sufficient to provide cross-sectional distribu
tions. Multiple passes over the same transect were 
temporally grouped to produce continuous grids for 
the 1992 and 1993 data sets. Maps of biological and 
physical parameters were spatially weighted using a 
krigging routine and plotted using Surfer software.

2  2 .5  3 3 .5  4

Longitude (decimal degrees °E )

F ig . 2. -  Development of a density front over a 22 day span illus
trated in relative sea surface temperatures on July 16 and August 7, 
1998. Near the coast, the front meanders along the 500 m isobath.

Although velocities were measured continuously 
along transects using an acoustic Doppler current 
profiler (ADCP), data were unreliable as a result of 
gaps in GPS ship position. As a consequence of the 
lack of velocity data, potential vorticity, in terms of 
D, is used to infer meandering of currents. To 
demonstrate the spatial extent and evolution of the 
frontal system, coastal bathymetry was superim
posed on geometrically corrected images of relative 
sea surface temperature (SST). The advanced very 
high resolution radiometry (AVHRR) satellite 
images of sea surface temperatures (SST), down
loaded from the ADIOS website, had a spatial reso
lution of 1.1 km.

RESULTS

Sea surface temperatures indicate frontal systems 
of the Catalan current are associated with coastal
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Fig. 3. -  Contours of pycnocline thickness. D (m. at left), and areal chlorophyll-fluorescence (mg n r2, at right) for spring (A and B).

summer (C and D). and autumn (E and F).

topography which induce current meanders over the 
shelf (Fig. 2). Evidence of potential vorticity changes 
in the current are illustrated as variations in the thick
ness of the pycnocline, D, that tracked the 500 nr iso
bath (Figs. 3A, C, E). For the SW flowing current, 
positive relative vorticity (i.e. cyclonic motion) cor
responded to regions of increased pycnocline thick
ness, D, implying upwelling zones. Upwelling and 
plankton biomass were most pronounced in the 
spring, decreasing through the summer and autumn 
(Figs. 3B, D, F). In spring, high values of D

(upwelling) occurred upstream of the meander 
troughs and low values of D (downwelling) down
stream of the troughs. Maxima areal phytoplankton 
biomass also tracked the 500 m isobath, except in the 
most northeastern section of the grid where data 
were sparse. Chlorophyll-fluorescence distributions 
in summer and autumn generally followed the same 
trends as in spring but with lower magnitudes. DO 
presented similar patterns (Fig. 4). Offshore cross- 
sections of density and chlorophyll-fluorescence dis
tributions illustrate the doming of the density sur

t i ó  T.C. GRANATA et al.
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Fig. 4. -  Contours of areal dissolved oxygen. DO (mg nr 2), for the 
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faces at the front and the subsurface chlorophyll-flu
orescence maximum in the pycnocline (Fig. 5). 
These plots also show the seasonality of the density 
field with intense stratification occurring from the 
summer through late autumn, as the mixed layer 
deepened. In contrast, the peak in chlorophyll was 
manifest in the spring. Dynamic heights, which illus
trate the position of the flow, clearly indicate that the 
larger canyons can steer the flow over the canyon
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F ig . 6 . -  Maps of dynamic height at 5 0  nr referenced to 4 0 0  nr for 
1991, 1992 and 1993. The size of circles plotted over dynamic 

heights indicate the rate of primary production (nrg C nr 2 d !).
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(Fig. 6) and account for the upwelling inferred from 
figure 3. In 1991, an increase in primary production 
was associated with this upwelling (between stations 
56 and 67) with values from 150 mg C n r2 d 1 in the 
canyon (station 54) to 900 mg C n r2 d 1 just upstream 
of the meander trough and upstream of the canyon 
between stations 56 and 67, supporting the hypothe
sis that this new production may be enhanced by a 
positive change in relative vorticity. Enhanced pro
duction in the other seasons is less evident.

DISCUSSION

Both sea surface temperatures and in situ data 
indicate the front has a tendency to meander along 
the 500 m isobath. The tendency of the southwest 
flowing current to veer toward the coast, following 
the isobath shoreward, produces a cyclonic relative 
vorticity that results in vortex stretching and 
increased values of D. Conversely, as the isobath 
curves offshore, the coastal front becomes anticy- 
clonic resulting in vortex shrinking and decreased 
pycnocline thickness, D. Maso et al. (1990) and 
Masó and Tintoré (1991) have shown that the topo
graphically driven front is an extensive feature along 
the Catalan coast. Current vectors over similar topog
raphy to the north of our site in the summer of 1993 
clearly demonstrate that the positive vorticity region 
was associated with the 500 m isobath (see Fig. 3, 
Olivar et a l, 1998). As Font et al. (1995) point out, 
frontal activity decreases from spring to summer. 
Furthermore, Salat et al. (2002) have demonstrated 
that density distributions and flow patterns vary sig
nificantly during mesoscale events and are more sea
sonal occurrences. Such modified density distribu
tions may result in flow reversals over canyons 
(Rojas et a l, 1995). This is consistent with promi
nent April (1991) vortex stretching which is reduced 
in summer when stratification intensifies. It should 
be noted that unlike the grid in spring (April 1991), 
the grids in the summer and autumn were not opti
mally spaced to fully resolve topographic meanders. 
For instance, in June 1993, the grid only covered one 
offshore excursion of the 500 m isobath. This 
reduced spatial resolution most likely aliased distrib
utions of the physical and biological parameters.

The evidence of pycnocline stretching (and 
shrinking) suggests zones of upwelling (and down- 
welling) which we did not measure but do infer from 
values of D, and areal distributions of chlorophyll- 
fluorescence and DO. Numerical studies of relative

vorticity changes in meanders have shown that pyc
nocline stretching is accompanied by upwelling 
upstream of meander troughs (Onken, 1992; Pinot et 
a l, 1996) and support our hypothesis of new pro
duction driven by topographic steering. The most 
direct evidence of upwelling would have been to 
measure the vertical velocity component of the flow. 
Yet even with the most advanced current meters, in 
all but the most dynamic fronts, vertical velocities 
are nearly impossible to resolve from a moving ship. 
Vertical velocities, however, can be calculated using 
ageostrophic corrections (Pinot et a l, 1996), provid
ed that horizontal velocities are accurately mea
sured. Since velocity measurements in this study 
were unreliable, future efforts should emphasize 
improving ADCP data acquisition especially in the 
canyons. Unfortunately, the best Doppler current 
measurements rely on bottom tracking, which does 
not penetrate to the bottom in deeper canyon reach
es. One solution is to combine measured currents, 
over the shelf, with derived currents in the canyons 
(Granata et a l, 1999). A higher spatial resolution of 
the hydrographic grid would also be invaluable for 
visualizing meanders around abrupt topographic 
features along this coast. Finally, real time measure
ments of nutrients and primary production can now 
be made on the same time scales as temperature and 
salinity measurements, and in the future will be 
invaluable for resolving episodic production on fine 
spatial scales.

Theoretical studies have demonstrated that posi
tive vorticity in a 20 km x 20 km meander would 
induce an average vertical velocity of 4 m d-1 
(Onken, 1992; Pinot et a l, 1996). Based on a con
centration of 6 mg P n r3 below 200 m (Estrada and 
Margalefi 1988), upwelling water would transport 
24 mg P n r2 d 1. Given a C:P ratio of 40:1 (Estrada 
and Margalefi 1988), the rate of primary production 
would equal 960 mg C nr2 d_1 (which is similar to the 
value measured near the canyon between stations 56 
and 67 in 1991). The fact that canyons are prevalent 
along the western Mediterranean coastline means 
this mechanism may integrate over large parts of the 
coast. However, upwelling events are probably sea
sonal and episodic, depending on the strength of the 
current system, making such a high level of primary 
production ephemeral. Still, a 1 nr x 20 km slice 
through a zone with active upwelling over 30 days 
per year could inject 14 kg P. This would represent 
about 30% of the new production calculated by 
Estrada and Margalef (1988) for a i m  wide band, 
approximately perpendicular to the coast, and some
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200 km in length. Onshore-offshore distributions of 
larval fish have also been linked to topographically 
induced transport (Alvarez et al., 1996; Olivar et al., 
1998; Sabatés et al., 2001). These motions and asso
ciated phytoplankton production might also explain 
the seasonal recruitment of fish larvae along the 
coast (Zika, 1999).

Our goal has been to present a plausible mecha
nism for sustaining high levels of production and 
forcing new production in the NW Mediterranean 
Sea. Other mechanisms that may contribute to 
upwelling and new production across fronts include 
isopycnal mixing (Pinot et a l, 1995; Zarardjian and 
Prieur, 1998), convergence of filaments (Tintoré et 
al, 1990; Wang et a l, 1999), and inertial wave break
ing in anticyclonic regions (Salat et al, 1992; Grana
ta et al, 1995). Future research along the Catalan 
coast should discern if one of these other mechanisms 
or the mechanism of vorticity enhanced production 
described in this paper, is the dominant process sup
porting new production along this coastline.
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