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The three-dimensional circulation of an eddy/front system is quantified using 
hydrographie data collected in the Channel of Ibiza, Western Mediterranean, 
during November 1990. The ageostrophic motion is derived from the quasi-geo­
strophic omega equation. Maximum upward velocities (= 4 rn/day) are diagno­
sed on the cold side of the front in the vicinity of a cyclonic eddy and coïncident 
with a sub-surface convergence (below 50 rn). This upward motion can be 
explained in terms of advection over isopycnals that uplift in the along-front 
direction. W e also show the relevance of the three-dimensional circulation for 
the enhanced fertilization observed in the surface layer. Our results establish the 
importance of the ageostrophic dynamics induced by frontal mesoscale events 
for the regional ecology of the Balearic Sea. 

La circulation tri-dimensionnelle d'un système front/tourbillon et 
ses implications biologiques. 

La circulation tri-dimensionnelle d'un système front/tourbillon est quantifiée à 
partir de données hydrographiques acquises dans le Canal d'Ibiza (Méditerranée 
Occidentale) en novembre 1990. Le mouvement agéostrophique est calculé à 
l'aide de l'équation oméga quasi-géostrophique. Les vitesses verticales maxi­
males ( = 4 rn/jour) sont diagnostiquées du côté froid du front, au voisinage d'un 
tourbillon cyclonique. Ces vitesses sont orientées du fond vers la surface et sont 
le produit d'une convergence au sein des couches sous-jacentes (en-dessous de 
50 rn). Ce déplacement vers la surface peut s'expliquer en terme d'advection Je 
long d'isopycnes qui remontent vers la surface dans la direction du front. Nous 
montrons également que cette circulation tri-dimensionnelle favorise la fertilisa­
tion de la couche de surface. Nos résultats établissent l'importance de la dyna-
mique agéostrophique induite par les perturbations frontales à méso-échelle pour J 
l'écologie régionale en Mer Baléare. l7" 
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INTRODUCTION 

Recent experiments have shown that the study of fronts is 
particularly relevant in the Western Mediterranean, since 
they provide privileged biologically active locations in the 
general oligotrophic context of the Mediterranean Sea (Bou­
cher et al., 1987; Flos and Tintoré, 1990). The WMCE 
experiment (1985-87) established the importance of the 
frontal boundary regions between Mediterranean waters and 
waters of Atlantic origin for the increase of biomass in the 
Western Mediterranean (Lhorenz et al., 1988). The ALMO­
FRONT-1 interdisciplinary experiment (1991) later focused 
on the A1meria-Oran front and assessed the effect of the 
frontal circulation on the ecosystem (Prieur and Sournia, 
1994). Many studies specifically emphasized the strong spa­
tial variability that characterizes nutrient and plankton distri­
bution in frontal regions, suggesting a major influence of 
mesoscale processes. Examples of such a high variability in 
the Mediterranean Sea are given in Estrada and Margalef 
( 1988) and Sabatés et al. ( 1989). In other regions of the 
world' s oceans, it was demonstrated that maxima of nutrient 
concentrations were associated with frontal mesoscale struc­
tures such as filaments and eddies. This is the case for the 
cyclonic eddies of the tide-induced slope front over the 
Armorican continental shelf-break (Pingree et al., 1979), but 
also for the mesoscale filaments of the wind-induced upwel­
ling front in the California Current system (Brink and 
Cowles, 1991). Though many coupled physical/biochernical 
processes have been suggested, frontal mesoscale upwelling 
appears to be a major mechanism capable of accounting for 
the relationship between patchy distributions of enhanced 
biomass and mesoscale structures (Strass, 1992). Thus, in 
the case of the density fronts in the Western Mediterranean, 
the upward transport of nutrient-rich subsurface waters 
induced by frontal mesoscale upwelling is usually conside­
red to be responsible for the fertilization of the euphotic 
layer and for the further enhanced phytoplankton concentra­
tions which are measured in the vicinity of those fronts 
(Prieur, 1986; Tinto ré et al., 1988). 

IBIZA OfiiiNn. 

..,. Zooplankton 

Ageostrophic vertical velocity is the critical parameter for 
diagnosing the strength and location of upwelling. Diffe­
rent methods are used to provide estimates of this variable 
(Fiekas et al., 1994; Lindstrom and Watts, 1994). For the 
diagnostic of vertical motions from hydrographie data, the 
quasi-geostrophic omega equation (Hoskins et al., 1978) 
has proved to be one of the most efficient techniques and 
has been successfully applied in severa! studies of fronts 
(Leach, 1987; Tintoré et al., 1991; Po liard and Re gier, 
1992). The results obtained by Tintoré et al. (1991), who 
carried out objective analyses with scale separation and 
applied the quasi-geostrophic omega equation to hydrogra­
phie data collected in the Alboran Sea, are of particular 
interest since they established a relationship between the 
largest vertical velocities and the frontal mesoscale fea­
tures. Those results have been confirmed by numerical stu­
dies (Barth, 1994; Strass, 1994). 

The objective of this paper is to examine, in the case of the 
Balearic front, the effect of mesoscale distortions on fron­
tal motions and to discuss their biological implications. 
The case-study described concerns a specifie eddy/front 
system observed during the IBIZA-1190 experiment per­
formed in the Channel of Ibiza in November 1990. First, 
the survey is described, then the hydrology and a geostro­
phic description of the eddy/front system are presented. 
Next, a quantitative estimate of the vertical velocity is pro­
duced by means of the quasi-geostrophic omega equation 
to characterize the ageostrophic frontal circulation. Final­
ly, the biochemical observations are analyzed and the rele­
vance of the diagnosed three-dimensional circulation for 
the fertilization of the upper layer is discussed. 

The survey 

The IBIZA-1190 experiment was performed by the Instituto 
Espaiiol de Oceanograffa (IEO) to investigate the impact of 
the circulation on the biology in the Channel of Ibiza. This 
project was carried out within the framework of the 
PRIM0-0 programme. Six cross-channel hydrographie tran-
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sects were perfonned from 15-19 November 1990, on board 
the Spanish RIV Francisco de Paula Navarro (Fig. 1). 
Thus, a total of 54 CTD casts were carried out in a quasi­
synoptic manner by means of a Neil Brown MARK III 
probe. The mean distance between adjacent stations was 
about 9 km (Fig. 1 ). Procedures for CTD calibration and 
preliminary hydrographie analyses are given in L6pez-Jura­
do et al. ( 1995). Nutrients (nitrates, nitrites, silicates and 
phosphates), dissolved oxygen and chlorophyll-a were 
measured in 24 of the 54 stations at standard depths (0, 25, 
50, 100 and 200 rn) by means of 3-1 Niskin botties (Fig. 1). 
Post-survey procedures as well as sorne preliminary discus­
sion of the fertilization mechanisms are described in Jansa 
et al. (1992) and on1y a brief description is given here for 
completeness. Nutrient analyses were performed using a 
Technicon AAII autoanalyzer and nitrate concentrations 
were detennined using the methodology of Armstrong et 
al. (1967) and Grasshof (1969). The chlorophyll-a concen­
tration was deduced from fluorometric measurements using 
a Perkin-Elmer 204 spectrofluorometer. Mesozooplankton 
and microzooplankton data were collected at 12 of the 24 
oxygen/nutrient/chlorophyll stations (Fig. 1). For micro­
zooplankton, the sampling was performed using 32-1 Nis­
kin botties at standard depths (0, 25, 50, 75 and lOO rn). 
Water samples were filtered with a 45-J..Lm net and the total 
number of individua1s was further determined for each 
sample following the methodology described in UNESCO 
(1968) and Steedman (1976). 

Hydrographie properties and geostrophic motions 

Introduction 

The Channel of Ibiza (maximum depth: 600 rn) is one of 
the key passages of the Western Mediterranean that 
control the exchanges between the Balearic and Algerian 
basins. ln the [0-150 rn) surface layer of this channel, an 
energetic northward jet (the Balearic current) is generally 
observed over the Ibiza slope (Font et al., 1988; Caste116n 
et al., 1990; Garcia et al., 1994). This flow transports light 
(warm and fresh) Modified Atlantic Waters (MA W) which 
generate an intense density front (the Balearic front) at 
their offshore boundary with the denser Mediterranean 
Waters (MW). This front is also found to the north, along 
the Balearic Islands slope. In a quasi-synoptic AXBT 
study, Pinot et al. (1994a) showed that the Balearic cur­
rent/front was characterized by strong mesoscale distor­
tions due to significant eddies and filaments. They also 
observed that, in the Channel of Ibiza, the topogra­
phy/coast shape strongly constrained the flow, leading to 
enhancement of cross-channel gradients and along-channel 
velocities. 

Vertical structure 

Severa! cross-channel vertical sections of temperature, sali­
nity, density and geostrophic velocity were constructed 
from the hydrographie profiles. Geostrophic velocities 
were obtained by first-differencing the dynamic height pro­
files between adjacent stations. Dynamic heights were 
computed through vertical integration of the specifie volu­
me anomaly from 250 rn depth. A few stations in coastal 
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areas of shallow depth ( < 250 rn) were extended downward 
by appending below them the dynamic height profile of the 
nearest deeper station. The 250 rn no motion reference 
leve! was inferred from data obtained from Aanderaa cur­
rent meters moored during the period 16 November 1990 -
24 July 1991 (Fig. 1). 250 rn appeared as the depth where 
velocities were minimum (< 3 cm/s) (Garcfa-Lafuente 
et al., 1 995). At the time of the emise, this depth correspon­
ded to the interface between Levantine Intennediate Waters 
(LIW) and surface MA W and MW waters. 

Vertical sections at transect 03 (Stations 19 to 27) are 
representative of the cross-front structure (Fig. 2a-d). 
In the upper 40 rn, the thermal signature of the top of 
the front is masked by the presence of a seasonal 
summer thermocline [40-50 rn] (Fig. 2a). Therefore, the 
best signature of the front is given by the salinity 
field (Fig. 2b). At 50 rn, the front separates the MA W 
(S<37.0 psu) located over the Ibiza slope from the MW 
(S>38.0 psu) offshore. An isopycnal doming in the central 
part of the channel indicates a cyclonic circulation 
(Fig. 2c). This doming is a major feature since it indicates 
the presence of relatively deep (dense) waters at upper 
levels. Also important is the fact that isohalines (as well 
as isotherms and isopycnals) outcrop at the surface in the 
centre of the channel. These patterns are preliminary indi­
cations of possible upward vertical motions at this loca­
tion. The geostrophic velocity field (Fig. 2d) indicates an 
energetic baroclinic jet flowing northward in the along­
channel direction. Maximum velocities within the jet are 
found at the surface (35 emis). On the western side, velo­
cities are low and oriented southward. An important obser­
vation is the asymmetric structure of the jet: horizontal and 
vertical shears are increased at the cold side of the jet and 
correspond to enhanced cyclonic vorticity. Simulations of 
the circulation of an unstable front by a primitive equa­
tions model showed this pattern to be characteristic of 
intense upward vertical motions (Wang, 1993). 

Horizontal maps 

Horizontal fields were objective! y analysed on to a 4-km x 
4-km regular grid. We used the successive corrections pro­
cedure described by Pedder (1993). The characteristic 
scale (Ls) of this objective analysis scheme, which was set 
up to 20 km in the present case, determines the degree of 
smoothing of the output fields. By smoothing the struc­
tures with scales shorter than 20 km, we sought to reduce 
the bias due to the shortest irrelevant scales. Effectively, in 
the context of this 4-day survey, the shortest structures 
( < 20 km) have to be considered as highly transient fea­
tures that are undoubtedly misrepresented by the time and 
space scales of the sampling. They are thus irrelevant for 
the purpose of this study, which focuses on the circulation 
specifically associated with the front and the main eddy. 
However, the sensitivity of our results to the choice of Ls 
will be further discussed. Analyses were performed inde­
pendently at horizontal lü-metre intervals (1 0, 20, ... , 
250 rn). At 40 rn (thermocline), the residual mean square 
(r.m.s) in stations between the analysed and original densi­
ty datais 0.4 <J-t units. Dynamic height (with its associated 
geostrophic velocity field) and salinity maps are plotted at 
5 rn and 100 rn (Fig. 3a-d). 
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Cross-channel vertical sections at transect 03. 

a- Temperature. Contour interval = 0.1 (T<13.5 °C} and 0.5 (T>/3.5 °C). 
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b- Salinity. Contour interval =0.1 psu (S < 38 psu) and 0.05 psu (S > 38 psu). 
c- cr-t. Contour interval = 0.5 (cr-t<28.0), 0.2 (28.0<cr-t<28.6) and 0.1 (C:f-1>28.6) s-t units. A set of isopycnals centred at 50 m depth has been 

selectedfor computation of the isopycnic slope <Xx in the cross-channel (or cross front) direction. 
d- North ward geostrophic velocity (1250 m). Contour interval = 5 cm.s-1. 

At 5 rn, the circulation in the channel is the result of an 
eddy/front system (Fig. 3a-b). The velocity field shows 
that on the eastern side, MA W (S<37.25 psu) are advected 
northward within the jet at velocities up to 40 cm.s-1 at the 
surface. A cyclonic eddy, 20-30 km in diameter, is obser­
ved in the western part of the channel and is characterized 
by lower velocities. Waters involved in this re-circulation 
are quite homogeneous (37.25<S<37.30 psu). 
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At 100 m, a difference is observed between the salinity and 
dynamic height distributions (Figure 3c-d). At the northern 
limit of the survey, the eddy is closed in the dynamic height 
field and open in the salinity field. Bias in the leve! of no 
motion or ageostrophic circulation are the most likely expia­
nations for this discrepancy. In any case, the eddy/front 
structure is found down to 250 rn depth (not shown), sug­
gesting a strong vertical coherence of this feature. 
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Figure 3 

Horizontal maps 

a- Dynamic height and geostrophic velocity (1250 m) at 5 m. Contour interval == 0.1 dyn dm. Maximum vector == 39 cm.s-1. 

b- Salinity at 5 m. Contour interval = 0.05 psu. 
c- Dynamic height and geostrophic velocity (1250 m) at 100 m. Contour interval = 0.05 dyn dm. Maximum vector = 11 cm.s-1. 

d- Salinity at 100 m. Contour interval = 0.05 psu. 

The ageostrophic motion 

A qualitative estimation of the vertical motion 

The most commonly used argument for diagnosing verti­
cal motions in the ocean is the conservation of potential 
vorticity. According to this conservation law, valid in a 
frictionless ocean without any vorticity source or sink, a 
water column whose absolute vorticity decreases must be 
vertically compressed, implying upward vertical motion at 
its base. Reciprocally, a water column whose absolute vor­
ticity increases is stretched, implying downward velocities 
at its base. The small geographical extension of the Chan­
nel of Ibiza means that changes in planetary vorticity are 
negligible and permits reasoning on relative vorticity 
changes only instead of absolute vorticity. 

The geostrophic relative vorticity, l;g. was calculated by 
second-order differencing of the analysed dynamic height 
field. It is represented at 5 rn where it has been normalized 
to the local planetary vorticity f0 (Fig. 4). This ratio is equi­
valent to the Rossby number, Ro, whose maximum (0.44) 
is found at the surface. Comparison with the geostrophic 
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circulation at the same depth (Fig. 3a) indicates that both 
fields are not superposable. The main differences occur at 
the southem edge of the eddy and throughout the front. At 
the south-western limit of the survey, the flow is due east 
towards the vorticity maximum (Fig. 4). This corresponds to 
an increase of the vorticity along the path of the flow; accor­
dingly, downward vertical motions should occur at this 
location. Conversely, within the front, the northward flow is 
directed to regions of decreasing vorticity, suggesting 
upward vertical motion at the front. These vertical motions 
are characteristic effects of frontogenetic convergence (Hos­
kins et al., 1985). It is important to bear in mind that relative 
vorticity includes curvature and shear vorticity. A straight 
jet presenting only shear vorticity would be characterized by 
exactly superposable dynamic height and vorticity contours, 
and hence no vertical motion in the framework of potential 
vorticity conservation. Thus, curvature is necessary to pro­
vide vorticity adjustments where vertical motions can occur. 
In terms of frontal dynamics, this means that a non-viscous 
front does not generate vertical motions by itself; only dis­
tortions of the front as instability processes are able to trig­
ger upwelling or subduction. 

, 



J.-M. PINOT et al. 

.7 
'E 

Figure 4 

Horizontal map of the geostrophic relative vorticity nonnalized to the 
local planetary vorticity (f./fo) at 5 m depth. Arrows schematically 
reproduce the geostrophic circulation of Figure Ja. 

A quantitative estimation of the vertical velocity: 
the quasi-geostrophic (QG) omega equation procedure 

In the framework of QG theory, the vorticity and thermo­
dynamic equations can be combined to give a diagnostic 
equation for the vertical motion (omega equation in meteo­
rology) - a formai approach developed by Hoskins et al. 
(1978). A major advantage of this equation is that no 
assumption for stationarity is required since terms invol­
ving time derivatives cancel each other. For oceanic pur­
poses (Leach, 1987; Tintoré et al., 1991), the QG omega 
equation relates the vertical velocity w to the non-diver­
gent geostrophic motion Yg = (ug,vg) and is written as fol­
lows: 

Q = _.f.(aug ()p' + avg ()p' 'aug ()p' + avg ()p' J 
Po êlx êlx ax ày ày êlx êly êly (

2
) 

h nz az az Th . b"l" . h . w ere v h = --+ -- . e stat1c sta 1 tty ts ere consJ-
ax2 ()y2 

dered as a function of z on! y (N2(z)). 

We computed the Q-vector within the [0-250 mi layer at 
levels separated by 10 rn from the objectively analysed 
fields of density (p') and geostrophic velocity. Full resolu­
tion of the equation requires its inversion. The method we 
used to invert the omega equation is a relaxation scheme 
with standard boundary conditions, say w = 0 at surface, 
bottom (250 rn) and four lateral boundaries of the survey. 

The result at lOO rn is well representative of the vertical 
velocity patterns throughout the water column (Fig. 5). 
Maximum velocities are found to the south of the eddy 
(downward) and within the front (upward), in agreement 
with the qualitative results derived from the conservation 
of potential vorticity. Upwelling and subduction present 
maximum vertical velocities of about 5.10-5 m.s- 1, say 
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Figure 5 

Horizontal distribution of vertical velocity (w) at 95 m as calculated 
by the omega equation. Contour interval = J()-5 m.s-1 (w > 0, upward 
and w < 0, downward). 

4 m.day-1• However, maximum subduction is found at the 
southern limit of the sarnpling, where sorne bias may exist 
in our estimation. 

The vertical structure of the vertical velocity field is repre­
sented at transect 03 (Fig. 6), so that direct comparison 
can be made with physical and dynarnical properties 
(Fig. 2a-d). The vertical velocity field is characterized by 
an upwelling pattern which is located at the front and coïn­
cides with the strongest horizontal salinity gradients in the 
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Cross-channel vertical section of vertical velocity (w) at transect 03. 
Contour interval = J()-5 m. s-I (w > 0, upward and w < 0, downward). 



middle of the channel (Figure 2b). At depth, the upward 
isohaline doming coïncides with the upwelling region in 
the middle of the channel. It is worth noting that the 
upwelling maximum is found just below the thermocline 
(50 rn depth) and coïncides with a region where isohalines 
are folded. Also the subduction over the continental slope 
is associated with a downward tilting of isohalines close to 
the continental slope. In the upper [0-50 rn) layer, upwel­
ling is consistent with surface outcropping isohalines and 
both subductions coïncide with thin homogeneous upper 
layers located on both si des of the channel. The previously 
observed asymmetry of the jet (Fig. 2d) can also be direct­
ly related to the asymmetry (with respect to the jet axis) of 
the vertical velocity field. Actually, large positive vertical 
velocities are shifted towards the cyclonic si de of the jet. 

The three-dimensional ageostrophic motion 

The region of strong vertical motions is located in the 
centre of the channel and direct topographie effects can 
therefore be neglected. Vertical motions can be interpreted 
in terms of dynamics of the surface meandering baroclinic 
jet. A characterization of their nature can be rapidly deri­
ved from our previous observations and calculations by 
starting from the quasi-geostrophic density equation: 

ëlp + u ëlp +v ëlp + w ëlp = 0 
ëlt 8 ëlx g é)y ëlz (3) 

which gives: w = Wx + Wy + Wt = -axug -ayvg + Wt (4) 

where: 

a = ëlp 1 ëlx a = ëlp 1 dy and w = _ ëlp 1 ëlt 
' élp 1 ëlz ' Y é)p 1 ëlz 1 élp 1 ëlz (5) 

The sum of Wx and wy represents the vertical velocity asso­
ciated with the isopycnic motion of water parcels flowing 
with the horizontal geostrophic velocities Ug and v g over slo­
ping (<Xx, ay) isopycnals. Wt is the vertical velocity associa­
ted with the vertical displacement of the isopycnal and 
would be zero in the case of stationary density patterns. 

Let us call «along-channel direction», the y axis pointing 
to the north, which also corresponds to the mean direction 
of the geostrophic flow within the front (eastern part of the 
channel) (Fig. 3a and 3b ). «Cross-channel direction» will 
refer to the x axis pointing to east. We have ug<<Vg since 
ug = 1-2 cm.s-1 while vg = 10-20 cm.s-1 in the [0-100 rn) 
layer (Fig. 3a and 3c). Given the isopycnic slope ay and 
our previous calculation of the northward component of 
the geostrophic velocity Vg (Fig. 2d), we can deduce the 
contribution of the isopycnic vertical velocity wy in the 
along-channel direction to the total vertical velocity as esti­
mated by the omega equation. As shown by Figure 7, bet­
ween 40 and 60 rn, isopycnals rise significantly towards 
the north along the meridian 0.82° E which is a region 
of the jet characterized by large geostrophic velocities 
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Figure 7 

Along-channel vertical section of s-t at 0.82° E. A set of isopycnals 
centred at 50 m depth has been selected for computation of the iso­
pycnic slope ay in the along-channel (or along-front) direction. 

(vg = 20 cm.s-1 at 50 rn) (Fig. 2d). ay can be estimated 
from the elevation of isopycnals of ~z = 6 rn over a distan­
ce of ~y= 28 km as observed at this location. Since wylvg = 
ay = ~z/~y. by considering vg = 20 cm.s-1 we obtain 
wy = 4 J0-5 m.s-1. This value has the same order of 
magnitude as the total vertical velocity inferred here from 
the omega equation (Fig. 6). Also at this location, the iso­
pycnic slope <Xx is 0.5 I0-3 (Fig. 2c), and by assuming an 
eastward geostrophic velocity ug = 2 cm.s-1, we obtain 
Wx = -1 w-5 m.s-1• These results suggest that Wy repre­
sents the main contribution to the vertical velocity within 
the front in comparison with the cross-channel isopycnic 
vertical velocity (wx) which is weaker and downward. 
Those results also suggest that the non-stationary local lif­
ting of isopycnals (wt) should be weaker than wy. Thus, the 
vertical motion is mostly along the uplifting isopycnals in 
the along-channel direction. 

Although the three ageostrophic velocity components can 
be theoretically recovered from the Q-vector components 
assuming previous knowledge of adequate boundary 
conditions, we prefer, for the sake of simplicity and in 
order to gain more physical insight, to infer them from 
more basic arguments. Let us focus on the ageostrophic 
cross-front horizontal velocity by considering the continui-
ty equation: 

ëlw élu.. ëlv ag 
-=------
ëlz àx ëly 

(6) 
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Equation (6) tells us that where àw!àz is positive (resp. 
negative), the horizontal ageostrophic motion is conver­
gent (resp. divergent). Hence, Figure 6 indicates conver­
gence at the base of the front in the [50-250 rn] layer and 
divergence in the upper [0-50 rn] layer. Now, assuming 
that across-front variations (à./àx) are much larger than 
those along-front (à./ày), equation (6) can be written: 

àw àu,g _, __ 
àz ax (7) 

(àw/àz) is maximum at the centre of the upwelling cell at 
x = 37 km on the horizontal axis (Figure 6). For the 
[50-250 rn] layer, this maximum is about àw!àz = 
2.5 10-7 s-1• The minimum is reached at x = 55 km and 
x = 20 km where w = 0 at ail depths (àw/àz = 0). 
A mean value for (àw/àz) within [20-55 km] is thus 
1.25 w-7 s- 1• Now, assuming that the horizontal ageo­
strophic cross-frontal motion Uag is the result of a 
convergence within the front, we may assume Uag = 0 off 
the front, in the western part of the channel (x = 20 km) 
where isopycnals are flat (Fig. 2c). From àw!àz = 
- àuaglàx, we obtain Uag = -0.2 cm.s-1 at x = 37 km 
where w is maximum. A better estimation for uag could 
be obtained by using an ageostrophic streamfunction 
(Pollard and Regier, 1992). However, the problem of 
choosing adequate boundary conditions for Uag remains. 
In any case, the ageostrophic cross-frontal horizontal 
velocities ( = 0.2 cm.s-1) associated with the divergent 
circulation appear to be lower by one order of magnitude 
than the cross-channel geostrophic velocities (ug = 
2 cm.s-1) within the [50-250 rn] layer. 

For the [0-50 rn] layer, since àw/àz is about five times 
greater than within the [50-250 rn] layer, a similar calcula­
tion gives UagÂ 1 cm.s-1 showing that Uag has the same 
order of magnitude than ug (=2 cm.s-1). A ratio Uaglug 
about 0.5 is consistent with the high Rossby numbers 
(0.44) fou nd at the surface from the vorticity analysis 
(Fig. 4) and shows that the [0-50 m]layer is characterized 
by significant ageostrophic motions. 

Sensitivity analysis 

To examine the robustness of our estimates of vertical 
velocity, we carried out the same estimation with a refe­
rence level at 150 rn instead of 250 m. Neither were the 
vertical velocity patterns altered (although confined in the 
top 150 rn), nor was their magnitude changed. 

Sensitivity of the vertical velocity estimate to the objective 
analysis characteristic scale was also examined. Instead of 
Ls = 20 km, we carried out an analysis with Ls = 10 km. 
Since Ls directly controls the density gradients magnitude 
and ail derived quantities, the Q-vector scheme was expec­
ted to be largely sensitive to Ls. Actually, with Ls = 10 km, 
the density and dynamic height maps present short-scale 
distortions and vertical velocities are found to be one order 
of magnitude greater {up to 50 m.day- 1) than for 
Ls = 20 km. This observation is consistent with the results 
obtained by Barth (1994) and Strass ( 1994 ). Both used a 
primitive equations numerical model to reproduce vertical 
motions occurring at frontal instabilities and found that the 
most intense vertical motions are associated with secondary 
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fluctuations. Though in the context of our 4-day survey 
these short scales cannot be considered significative due 
to the Jack of synopticity, our result points out the impor­
tance of ali kinds of frontal instabilities in contributing to 
vertical transport. 

Our relative vorticity and ageostrophic velocity calcula­
tions have both established that in the upper 50 rn, the 
Rossby number Ro can be large and reach values up to 
0.5. Hence, the use of the QG omega equation scheme in 
the surface layer is not theoretically valid since the QG 
assumption (Ro<<l) is not verified. The reliability of the 
QG omega equation methodology for diagnosing vertical 
motions at narrow non-quasigeostrophic fronts was chec­
ked by Pinot et al. ( 1995). They obtained realistic results 
for fronts with Rossby numbers up to 0.5, although asym­
metry between subduction and upwelling patterns was 
slightly misrepresented. 

ln fact, the most arbitrary assumption for the compu­
tation of the vertical velocity is the use of homogeneous 
zero boundary conditions in the inversion of the omega 
equation. This point is discussed in Pinot et al. (1995) 
who show to what extent the values at the boundaries 
can affect the solution in the interior of the domain. 
Generally, for the relaxation scheme we used for 
the inversion of the omega equation, the influence of 
the boundaries can be detected only in their vicinity, 
hence no drastic change in the vertical velocity patterns 
appears in the interior when modifying the values at 
the boundaries. 

Biological observations 

The four nutrient/chlorophyll profiles collected at each 
transect were used to construct cross-channel vertical 
sections of the biochemical distributions. For nitrate 
concentrations (Fig. 8), we observe a general uplift of 
the nitrocline in the eastward direction (about 25 rn bet­
ween the most western and eastern nitrate stations of the 
four northern transects 01 to 04). This overall trend indi­
cates that the two water masses that meet and form the 
front in the Channel of Ibiza have slightly different che­
mica! signatures. MW that enter the channel from the 
north and further recirculate within the eddy are more 
oligotrophic than the recent oceanic MA W that flow 
northward. However, the most interesting feature is a 
dome pattern located along the 0.82° E meridian (St. 24, 
15 and 6 ). More detailed observation indicates that this 
doming increases northward. Quantitatively, the base of 
the nitrocline (3.5 11g- at N- N03 r-1) rises from 90 rn 
to 75 rn between transects 03 and 01. This doming is co­
located with the centre of the strong upwelling pattern 
previously diagnosed (Fig. 5). Conversely, there is no 
doming at the southern transects (Fig. 8d), although the 
cross-channel physical structure of the front is maintai­
ned (not shown). This indicates that the nitrate doming 
is not an intrinsic pattern of the front. 

The main pattern that appears on the corresponding 
cross-channel vertical sections of chlorophyll-a concen­
tration (Fig. 9) is the deep chlorophyll maximum (DCM) 
characteristic of stratified waters (Kiefer et al., 1976) 
and previously described in the Balearic Sea at this time 
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Figure 8 

Cross-channel verrical sections of nitrate concelllration at transects 01 (a), 02 (b), 03 (c), 04 (d). Comour interval = 0.5 J.IIJ - at N -NO ] J-l 

o f year (Estrada, 198 1 ). However, anomalies of chloro­
phyll max ima (> 0.5 rn g. rn-3) are observed at sorne sta­
ti ons. Most are fo u nd w ithin the front and the M A W 
flow, suggesting an overa ll corre lation between phyto­
pl ank to n, nu trients and up welling. Also, so rne weaker 
max ima (> 0.3 rng.rn- 3) are observed in the o ligotrophic 
MW of the cyclonic eddy, coïncident with the max imum 
nu rn ber of mi crozoop la nkto n organi s ms (> 6 n .l- 1) 

found at one station at the surface (Fig. lü). 

Impact of the three-dimensional circulation 
on the biology 

Our calcul ations show that the ageostrophic fl ow along 
ri sing isopycnals in the along-front direction is the major 
mec ha ni sm contro ll ing the t ransport of deep wa te rs 
towards the surface within the front. Vertical velocities 
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involved in thi s rnechanis m are substantial and reach a few 
metres per day . Analyses of ni trate data ev idence a strong 
relati onship between the upward vertical advection and the 
doming of the ni troc line at the cold side of the front. We 
interpret thi s distortion of the ni trocline as the result of the 
frontal upwelling which carries nutri ent-rich deep waters 
into the surface layer. Furtherrnore, thi s doming increases 
northward , coïncident with the rising isopycnals. Quanti ta­
tively, our results show th at the net effect of the upward 
verti ca l ve loc ities over the nit rate distribu tions can be 
measured in terms of a few tens of metres li fting. An 
observation worth rnentioning is that the vertical velocity 
max imum is coï nc ident with the nitrocline. As a result, 
upper nitrate concentrati ons are very sensitive to vertical 
transport and can be enhanced by a factor of two or three. 
Enhanced chlorophyll -a concentrat ions, also detected at 
the same depths, with in the DCM, are strongly re lated to 

, 
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Cross-channel vertical sections of clorophyll-a concentration at transects Of (a), 02 (b ), 03 ( c) and 04 ( d). Contour interval = 0. 1 mg. m-3 
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Figure JO 

Horizontal distribut ion of microzooplankton concentration at the 
surfa ce. Contour interval = 1. 0 n.r-1 (n=number of individuals). 



the nitrocline doming at the cold side of the front. The 
overall relationship between vertical velocity, nitrates and 
chlorophyll establishes that frontal upwelling can have a 
determinant impact on the fertilization of the euphotic 
layer and further growth of phytoplankton populations. 

In addition, we have shown that the frontal upwelling/ 
downwelling is forced by the curvature of the front indu­
ced by the adjacent eddy. This eddy plays a determinant 
role in the circulation of the Channel of Ibiza during the 
IBIZA-1190 cruise and has strong biophysical implica­
tions. Chlorophyll maxima are detected in this eddy as 
weil as a high number of microzooplankton organisms. At 
this location, the phytoplankton and zooplankton popula­
tion growth is more likely to be controlled by accumula­
tion processes due to recirculation effects than by fertiliza­
tion mechanisms. The possible accumulation and the 
existence of stable conditions within the recirculating eddy 
can be major factors leading to significant biological spe­
cies concentrations. Indeed, sorne researchers believe that 
fisheries species population structure can be caused by the 
containment of the earl y stages of the fish in recirculating 
eddies (Smith and Morse, 1985). Eddies with adequate 
time scales that can provide eutrophie conditions for zoo­
plankton growth could be relevant for the general oligotro­
phic Mediterranean environment. 

Before concluding, it is worth noting the paradoxical role 
played by unstable ocean fronts. On one hand, we have 
shown that they act as privileged points of exchange where 
deep waters can supply nutrients to the surface trophic 
layers. But they can also generate isolated frontal eddies 
where reduced exchanges provide stable environmental 
conditions and lead to accumulation of plankton communi­
ties. However, the result of our study worth highlighting is 
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the importance of frontal instabilities for the ecosystem of 
the Channel of Ibiza. Our results quantitatively evidence 
the impact of mesoscale frontal upwelling on the fertiliza­
tion of the surface layer. They should be easily extended to 
the whole Balearic front and to the density fronts of the 
entire Western Mediterranean. The net effect of vertical 
circulation on the Mediterranean ecology can be thus 
expected to be significant. As pointed out above, its expe­
rimental determination is based on high resolution surveys 
with quasi-synoptic mesoscale sampling. However, this 
methodology lacks the time evolution of the circulation 
and obviously could not be extended to the whole Mediter­
ranean basin. Thus, the evaluation of the net effect of ver­
tical motions on the ocean ecosystem strongly depends on 
future frontal and general circulation numerical studies 
with coupled biophysical models. 
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