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Abstract. Phytoplankton blooms in the northwestern
Mediterranean Sea are seasonal events that mainly occur
in a specific area comprising the Gulf of Lion and the
Provençal basin, where they are promoted by a general cy-
clonic circulation, strong wind-driven mixing and subsequent
re-stratification of the water column. At the southern bound-
ary of this area, a persistent density front known as the north
Balearic front can be found. The front is presumed to cause
an early phytoplankton bloom in its vicinity because (a) it
enhances the transport of nutrients into the euphotic layer
and (b) it promotes the speedy re-stratification of the wa-
ter column (through frontal instabilities). In February and
March 2013, a glider, equipped with a CTD (conductivity,
temperature, and depth device) and a fluorometer, was de-
ployed on a mission that took it from the Balearic Islands
to Sardinia and back. The frontal zone was crossed twice,
once during the outbound leg and the once on the return
leg. The data provided by the glider clearly showed the on-
set of a bloom soon after a decrease in wind-driven turbu-
lent convection and mixing. The in situ observations were
supported and confirmed by satellite imagery. It is shown
that frontal dynamics play a key role in the promotion and
acceleration of re-stratification, which is a necessary pre-
conditioning factor for the onset of blooms much like other
relevant processes such as an enhanced biological pump.
Swift re-stratification stimulates new production by inhibit-
ing mixing. Finally, viewing the blooming phenomenon from
a regional perspective, it seems that Sverdrup’s critical depth

model applies in the northern well-mixed area whereas, in the
south, front-related re-stratification seems to be the principal
cause.

1 Introduction

A debate is underway in the oceanographic community con-
cerning the physical/ecological mechanisms that trigger the
seasonal phytoplankton bloom in seas and oceans. Some
authors (Huisman et al., 1999; Behrenfeld, 2010; Taylor
and Ferrari, 2011b; Martin, 2012) have recently questioned
the validity of the classical critical depth (CD) hypothesis
(Sverdrup, 1953) used to explain the phenomenon, which
was formulated for conditions on the global or basin scale.
The CD hypothesis states that when the mixed layer (ML)
depth is shallower than the CD, assuming favourable en-
vironmental conditions (light is not a limiting factor, and
loss< growth), blooms are triggered and maintained thanks
to the residence, persistence and growth of phytoplanktonic
populations in the euphotic layer. The CD model assumes
a vertically homogeneous distribution of phytoplankton in
the water column, a situation which could be considered
true perhaps only for well-mixed layers.Chiswell (2011),
in fact, showed that the model cannot be applied in spring
because of the uneven plankton distribution in the ML, but
stated that it should not be abandoned completely because of
its serviceability under well-mixed conditions such as those

Published by Copernicus Publications on behalf of the European Geosciences Union.



658 A. Olita et al.: Phytoplankton bloom at a density front in Mediterranean

encountered in autumn/winter.Behrenfeld(2010), on the ba-
sis of satellite imagery and in situ biomass records in the
North Atlantic, openly contested the CD hypothesis, instead
postulating a dilution–recoupling (DR) process hinging on
the balance between growth and mainly grazing-related loss.
On the other hand,Taylor and Ferrari(2011b), extending the
work of Huisman et al.(1999) which first contraposed the
concept of critical turbulence (CT) to the CD explanation,
found that while the primary driver is the atmospheric forc-
ing (the turnoff of the wind forcing, to be exact) like in the
Sverdrup paradigm, the regulating factor is the reduction of
vertical turbulence (vertical convection) and not the shoaling
of the ML. It should be underlined thatTaylor and Ferrari
(2011b) focused their attention on the turbulence generated
by surface cooling, and therefore to the convection driven by
heat fluxes. The contribution of momentum to the turbulence
was not investigated, although it could be important to round
out the CT argument. The results ofBernardello et al.(2012)
also support the CT premise. Examining an area of the north-
western Mediterranean Sea characterized by deep mixing
and a strong seasonal bloom through a coupled physical–
biological model, they found that the reduction of heat fluxes
was a better predictor of bloom onset than the shallowing of
the ML. Regardless of the determinant governing the timing
and strength of bloom onsets, be it CD, DR or CT, the ratio-
nale behind the different hypotheses is quite similar in that
the essential condition to be met is the persistence of phy-
toplanktonic cells in the euphotic layer operated by physical
processes. Frontal systems are a particularly apt setting to
examine this assertion in greater detail.

Fronts are well known for their high produc-
tivity, at both the mesoscale and sub-mesoscale.
Taylor and Ferrari(2011a), in a paper on the role of
fronts in primary production in high-latitude regions,
showed that frontal re-stratification inhibits vertical mixing,
and favours blooming. Weakened mixing reduces the flux of
phytoplankton cells out of the euphotic zone. This could be a
relevant process in oligotrophic regions at mid-latitudes too.
There is also evidence (Rodríguez et al., 2001; Lévy et al.,
2001; Mahadevan and Tandon, 2006; Lévy, 2008) that sub-
mesoscale cyclones and density fronts can promote primary
production by increasing the upwelling of nutrients into the
photic layers by virtue of the very large vertical velocities
they tend to generate.Mahadevan et al.(2012) have shown
that, at high latitudes in the North Atlantic, the stratification
required for triggering a bloom is often not initiated by
the seasonal warming but by eddy instabilities in areas of
strong density gradients. Such instabilities, in the absence
of strong wind forcing, cause lighter water to stratify over
denser water even when heating is nonexistent. The same
process, induced by frontal instabilities of the southward
flowing boundary current along the shelf-break topography,
was shown to promote enhanced winter phytoplankton
production within the Catalan–Balearic Sea (Oguz et al.,
2014), i.e. the area enclosed between the Spanish coast and

Balearic Islands. Neglecting the specificities of the features
that were handled (eddy vs. front), what is interesting is
that the underlying mechanism described by the authors
is similar to the one proposed for high latitude fronts.
Lévy et al. (2012), in their review on the sub-mesoscale
and blooms, note that, from the observational perspective,
there now exist oceanographic instruments like gliders and
other autonomous underwater vehicles (AUVs) capable
of resolving sub-mesoscale processes even under critical
environmental conditions.

This work presents the results from a glider survey that
was carried out to investigate the impact of mixing and re-
stratification on the triggering of the seasonal bloom in the
central part of the Algero–Provençal basin (northwestern
Mediterranean Sea) in the area of the north Balearic front
(hereafter referred to as NBF). The main aim was actually to
understand the role of the front in the bloom triggering. The
survey was conducted within the framework of the transna-
tional activity (TNA) programme of the EU-FP7 JERICO
(Towards a Joint European Research Infrastructure network
for Coastal Observatories) project, part of the activities of the
Balearic Islands Coastal Observing and Forecasting System
(SOCIB) glider facilities (Tintoré et al., 2013). The glider
was sent on a round trip from the Balearic Islands to Sar-
dinia and back (Fig.1) in the February and March period
of 2013, the most favourable period of the year for the on-
set of the seasonal bloom in the NBF area. The hydrologi-
cal and fluorometric observations it provided were comple-
mented by relevant satellite ocean colour images and auxil-
iary modelled data to study the relative relevance of vertical
mixing, heat fluxes, stratification and ML depth on bloom
timing and strength.

2 Materials, methods and data

2.1 Glider description, settings and data

The glider used in the experiment was a 1KA Seaglider™

(Eriksen et al., 2001) manufactured by iRobot. Basically,
this glider moves through the water by means of a buoy-
ancy engine which is used to alter the vehicle overall den-
sity, causing it to sink or rise vertically. The wings on the
glider translate the vertical displacement into forward mo-
tion. The result is the characteristic sawtooth navigation pat-
tern common to this kind of vehicle. The main battery pack,
weighing approximately 10 kg (20 % of the total weight of
the glider), can be shifted inside the housing to modify pitch,
roll and heading. The glider navigates by dead reckoning to
programmed waypoints, inflecting at set depths and altitudes
based on the coordinates and parameters supplied to it in a
specific mission text file. As set by the mission, it periodi-
cally surfaces to communicate data and instructions, and to
obtain a GPS fix for location. Any difference in dead reckon-
ing and position is attributed to current, and that knowledge is
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Figure 1.The route of the glider superimposed on the bathymetry in
the studied area. Both outbound (west-to-east, red line) and return
(east-to-west, blue line) tracks are shown. The bathymetry has been
extracted from the US Navy Digital Bathymetric Data Base (1/60◦

of resolution).

used on the subsequent segment. Navigational aids include a
GPS receiver, a compass, a pressure sensor, and a transpon-
der for bottom detection. For the mission in the NBF area,
the Seaglider was configured to dive and climb at a veloc-
ity of about 10 cm s−1, equivalent to a horizontal headway
of roughly 17 cm s−1, without taking currents into account.
The pitch angle was about 20 degrees and the maximum op-
erating depth range, bathymetry permitting, was 0–1000 m.
A free-flushed Sea-Bird CT Sail (S/N 0173), last calibrated
in March 2011, provided conductivity (C) and temperature
(T ) measurements, and a Paine Electronics pressure sensor
(S/N 264065) calibrated in February 2011 was used to ob-
tain depth (D) readings. The glider acquired CTD (conduc-
tivity, temperature, and depth device) data once every 4.6 s
(approximately once every 0.46 m along its trajectory), down
to a depth of 1000 m. The data were post-processed using
the University of Washington’s Python routines for comput-
ing conductivity, temperature, salinity, and potential density
from raw readings. The usual instrumental lags influencing
glider CTD data were handled employing the Glider Matlab
Toolbox described byGarau et al.(2011) and available at
http://socib.es/users/glider/glider_toolbox/. In particular, as
an unpumped CTD was used, the data were affected by a
thermal lag which had to be corrected. Salinity and temper-
ature profiles were divided into two groups, one for the out-
bound leg and another for the return one to simplify analysis
and interpretation. Both ascending and descending profiles
were used. Densities were interpolated on a regular grid hav-
ing a horizontal and vertical resolution of about 2 km and
1 m, respectively, in order to better assess the ML depth.

The ML depth was estimated along both the west-to-east
and the east-to-west transects using a threshold method: the
lower limit of the ML at any location was identified as a
density increase greater than 0.2 kg m−3 with respect to the
(sub-)surface value. The method assumes that the mean den-
sity at the computed ML depth will not exceed an arbitrary
threshold (28.8 kg m−3

− 1000). Should this happen, what
could be indicated is the presence of waters upwelled to the
surface, and the real ML depth would be close to zero. In this
kind of situation, the algorithm fails to supply a viable solu-
tion. Apart from the mentioned CTD sensors, the glider was
also equipped with a WET Labs ECO Triplet fluorometer
(S/N BBFL2VMT-777) capable of measuring fluorescence
and furnishing derived chlorophylla values. The instrument,
with a declared resolution of 0.012 µg L−1 for chlorophylla,
was calibrated in November 2010 by the manufacturer. Dur-
ing the first week of the survey, the fluorometer was active in
the first 300 m of the water column. From the second week
onwards, its maximum sampling depth was reduced to 180 m
to minimize energy consumption. Once the west-to-east sec-
tion was completed, it was decided to use the fluorometer on
every fourth dive only because the energy consumption con-
tinued to remain too high. The sampling rate of the instru-
ment was roughly 9.2 s during the entire mission, which cor-
responds to one reading at 0.92 m intervals along the glider’s
path. Values for chlorophylla (hereafter referred to as Chla)
were obtained from measured fluorescence using the relevant
calibration information provided by the manufacturer. Fluo-
rescence observations gathered during the day can sometimes
be subject to errors caused by a reduction in yield related to
insolation, the well-known quenching effect. However, the
glider data set for the parameter did not show any substan-
tial day-to-night differences, probably because of the period
when the survey was conducted. There are reports in the lit-
eratureSackmann et al.(2008) that the quenching effect is
quite small in winter.

2.2 Satellite imagery and modelling

The following additional sources of useful information were
tapped to support the glider observations and aid in the inter-
pretation of results.

Relevant 1 km, Level-2 (single swaths) Ocean Color data,
acquired by the MODerate resolution Imaging Spectro-
radiometer (MODIS) sensor aboard NASA’s AQUA satel-
lite, were downloaded from the Ocean Color web portal
(http://oceancolor.gsfc.nasa.gov). Once transferred, the data
were re-projected and mapped using the SEADAS™ 7.0 soft-
ware. The resulting data set was used to qualitatively eval-
uate the glider observations from a more synoptic perspec-
tive, which helped in their interpretation. Information on
surface heat fluxes germane to the period of the glider de-
ployment was obtained using the western Mediterranean re-
gional model, which is the operational implementation of the
Princeton Ocean Model (POM,Blumberg and Mellor, 1987)
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for the western Mediterranean Sea. The model provides daily
5-day forecasts of currents and other relevant ocean variables
in the western Mediterranean (www.seaforecast.cnr.it). Heat
fluxes were computed employing bulk formulae, following
Castellari et al.(1998). We assume for the sake of conven-
tion that heat fluxes are positive when the sea surface is gain-
ing heat. Wind stress data have also been extracted from the
model outputs.

3 Results

The entire glider survey lasted about 40 days, from 31 Jan-
uary to 9 March 2013. Temperature and salinity (S) sections
comprising the first 600 m of the water column are presented
for the outbound and return legs of the deployment in Fig.2.
Figure 3 shows the associated cumulativeθ − S diagram,
with the main water masses present labelled. What is notable
at first glance is that the stratification in the area was very
variable throughout. This is the typical signature of intense
mesoscale activity. Alternating deep and shallow ML areas,
with steep isosurfaces, suggest a succession of convergence
and divergence zones emblematic of mesoscale instabilities
(frontal meanders and eddies). During the outbound leg, the
most evident feature is a large zone between∼ 5 and∼ 6◦ E
characterized by a deep and well-mixed upper layer between
100 and 150 m (see also the ML depth panel in Fig.4). In this
zone, the temperature was about 14.3◦C and a relative salin-
ity minimum of ∼ 37.8 could be found, which indicates the
presence of Modified Atlantic Water, MAW for short (e.g.
Ribotti et al., 2004). The value encountered for the salinity
minimum denotes an “old” MAW as it is quite higher than
the values associated with similar minima near the Strait of
Gibraltar where water from the Atlantic Ocean enters the
Mediterranean basin. The Chla concentration was lower
than 1 mg m−3 and uniform within the deep ML. MODIS
images (Fig.5) did not evidence any coherent mesoscale fea-
ture, so such deep mixing should be due to wind.

More to the east, at around∼ 6.8◦ E, another narrow tract,
characterized by upwelled cold and salty waters, could be
distinguished. This upwelling is due to the divergence gen-
erated by the proximity of two anticyclones, labelled A1 and
A2 in the satellite image in the bottom panel of Fig.5. Anti-
cyclone A1 was located∼ 6 and∼ 7◦ E and A2 lay between
∼ 7 and∼ 8◦ E. Anticyclone A2 is well-defined during both
legs, as evinced by the characteristic inverse-bell shape of
the isolines, corresponding to a deepening of the ML in the
area of its location in Fig.2. Unlike A2, A1 is less obvious
in the same figure, but its existence is apparent in the compa-
rable behaviour of the isopycnals in Fig.4. During the return
leg, the vertical conformations of the two features, especially
A1, were different (see Figs.2 and 4). This change could
be due to the meandering of the features themselves or the
fact that the glider was unable to exactly retrace its outbound
course while doubling back, or because of both these reasons.

Anticyclone A2 is quite evenly extensive in the section of
the outbound leg. In the section of the return crossing, it ap-
pears to stretch more towards the Sardinian continental slope.
This is probably an artifact arising from the characteristics of
the data set for this leg: while returning, the glider traversed
the feature only along its periphery. The Chla distribution
along the section corroborates this conjecture. The core of
the MAW (S <∼ 37.6) was confined to the western arm of
A2 during the first leg; in the second leg, it was observable in
the eastern arm also. As reported in the literature (Millot and
Taupier-Letage, 2005; Heslop et al., 2012, among others), the
core of the intermediate water mass of the Mediterranean,
the Levantine Intermediate Water (LIW) is clearly identifi-
able (θ = 14.3◦C andS = 38.6–38.8) along the continental
margin of western Sardinia between 300–600 m of depth in
both legs (Fig.2). The specific position of this core at any
particular location is strongly affected by eddy activity. This
is evident in Fig.2 wherein the LIW core can be detected at
300–400 m in the first leg and at around 200 m in the second.
Another LIW core (slightly modified with respect to the one
mentioned above) is discernible in the middle of the transect
of the first leg. Its presence is probably the result of the trans-
port associated with an eddy (A2) that was not picked up in
the glider observations but is visible in the satellite image
in Fig. 5. This second LIW core is absent in the transect of
the second leg, perhaps because of mixing with neighbour-
ing waters or because the route taken by the returning glider
missed it completely.

The previously cited deep ML found at the beginning of
February had completely disappeared when the glider passed
through the same area almost one month later on its return
leg. In March, the warm core of the anticyclonic meander
noted earlier had cooled considerably, assuming temperature
values similar to those of the surrounding waters. The strong
cooling was caused by some severe wind events (Fig.7), and
it resulted in an increase in surface water densities. This,
however, did not generate a deeper ML because the under-
lying LIW, which is characterized by heavier and saltier wa-
ters, gave rise to a very persistent salinity-dominated strati-
fication and uplifted isopycnals (Fig.4). Thus, the ML was
shallower in March than at the beginning of February de-
spite the cooling and the thermal homogeneity of the water
column. The distribution of Chla shows some response to
the shoaling, although the overall Chla concentrations never
exceed 1 mg m−3. This is probably because the ML is still
quite deep (70–90 m), biologically speaking, even if turbu-
lent convection has already been reduced by the zeroing of
surface heat fluxes (Fig.7). At the extreme western end of
the transect of the second leg (between∼ 4.5 and∼ 5◦ E),
the ML depth rises to above 40 m due to a density increase
that is greatest in the 40–120 m layer. The increase in density
stems from the particular situation that was observed there
earlier in February, when the water column was almost com-
pletely uniform from about 10 m below the surface to almost
120 m. The shallow ML in March can be associated with a
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Fig. 2. Zonal sections of a) Temperature and b) Salinity for the outbound (upper panels) and return
(lower panels) legs of the glider mission.
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Figure 2. Zonal sections of(a) temperature and(b) salinity for the outbound (upper panels) and return (lower panels) legs of the glider
mission.

Figure 3. Cumulativeθ − S diagram. LIW = the Levantine Inter-
mediate Water; new MAW = the Modified Atlantic Water of more
recent origin; old MAW = the Modified Atlantic Water reservoir of
the Algerian sub-basin.

clear biological signal: the Chla increases up to 2.5 mg m−3

in the frontal zone between∼ 4.5 and∼ 5◦ E. It is very likely
that this is caused by the instabilities of the front itself: it is
evident from satellite images that the area where the bloom
begins is coincident with a frontal meander. According to
Taylor and Ferrari(2011a), frontal instabilities promote the
re-stratification of the water column when the wind forcing
is low enough to weaken turbulent convection sufficiently.
The maps of the Brunt-Väisälä (buoyancy) frequency pre-
sented in Fig.4c serve to determine strongly stratified and
well-mixed areas. The features visible in the maps reflect the
established behaviour of the ML depth quite well. Indeed, the
signs of increased surface stratification in the frontal zone

(on the left side in the plots) during the second leg and the
breakout of a deep thermal stratification are unmistakable.
Figure6 shows the behaviour of Chla, integrated over the
first 100 m of the water column, for the outbound and return
legs of the glider’s journey. There does not seem to be any
clear spatial or temporal low-frequency trend. However, ev-
ident deviations from the overall mean value can be noted,
mainly due to the mesoscale activity described in the preced-
ing paragraphs. The most evident high-frequency peak oc-
curred at the end of the second leg when the surface bloom
was triggered along the NBF: the value of integrated Chla

was> 110 mg m−2, which is more than twice the mean value
(∼ 53 mg m−2).

4 Bloom triggering mechanism

The biological response that follows the shoaling of the ML
in the frontal zone begins a few days after the change of sign
of the surface heat fluxes (Fig.7), before the full thermal re-
stratification of the upper layers. The winter cooling of the
sea surface was interrupted at the beginning of March when
the (cold) winds from the northwest stopped and a period
of (warm) winds from the south. The heat fluxes inverted,
and the area where the front prevailed started to re-stratify.
The early re-stratification reduces the possibility of mixing
of upper euphotic and underlying aphotic waters. The spa-
tial/temporal pattern of the heat fluxes is similar to that of
the well-studied MEDOC area (e.g.,Auger et al., 2014) in
the western Mediterranean (i.e., the Gulf of Lion and there-
abouts). In the MEDOC area, however, the circulation is
mainly cyclonic, and strong blooms are known to occur sea-
sonally in concomitance with deep mixing, often after early
blooming in the central and southern part of the western
Mediterranean (Olita et al., 2011b). This was observed in the
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Fig. 4. a) Chlorophyll-a sections with superimposed density contours obtained from in situ fluorescence
observations for the outbound (upper panels) and return (lower panels) legs of the glider mission . b)
Mixed Layer depth (dashed contour line), as calculated fromobserved densities, superimposed on the
density sections relating to the outbound (upper panels) and return (lower panels) legs of the glider
mission; c) The distribution of the Brunt-V̈ais̈alä (buoyancy) frequency (s2). The panels are provided
with dates (MM-DD) to facilitate interpretation.
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Figure 4. (a) Chlorophylla sections with superimposed density contours obtained from in situ fluorescence observations for the outbound
(upper panels) and return (lower panels) legs of the glider mission.(b) Mixed layer depth (dashed contour line), as calculated from observed
densities, superimposed on the density sections of the outbound (upper panels) and return (lower panels) legs of the glider mission;(c) The
distribution of the Brunt–Väisälä (buoyancy) frequency (s2). The panels are provided with dates (MM-DD) to facilitate interpretation.

present study also. Thus, it would seem that heat fluxes are
not a very good indicator of bloom onsets on the synoptic
scale, even though they can be a useful yardstick for evaluat-
ing the shutdown of turbulent convection (Bernardello et al.,
2012) on an interannual scale. On the other hand, heat fluxes
could be made to work as an effective indicator on all scales
provided appropriate lags are introduced. The assumption
of a homogeneous distribution of phytoplankton is probably
reasonable for the MEDOC area during the pre-stratification
period (winter). This would make Sverdrup’s CD model still
a good choice to study the timing of bloom onsets there.
The zeroing of heat fluxes in this case, while reducing tur-
bulent convection, does not automatically imply rapid re-
stratification or bloom initiation, as evidenced by satellite
imagery. The MEDOC area shows low levels of Chla even
after the zeroing of heat fluxes supposedly because of a very

deep ML, a consequence of the general cyclonic circulation,
the intense wind forcing, and occasional water cascading
events. According toTaylor and Ferrari(2011a), the rapid
re-stratification necessary for premature bloom initiation is
facilitated by the presence of water masses of different den-
sities close to each other and dynamical features capable
of speeding up such processes. Both these conditions were
present along the NBF, which determined the early bloom-
ing observed in this study.

It deserves to be noted the occurrence of a south wind
event, which peaked around the 4 and 5 March. It proba-
bly brought with it an influx of Saharan dust into the area.
In fact, MODIS L2 aerosol optical thickness (AOT) products
and corresponding quasi-true colour images (not shown) sug-
gest the probable presence of dust in the atmosphere in the
pertinent period. The relationship between atmospheric dust
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Fig. 5. AQUA MODIS Chlorophyll-a concentrations for: 4 February 2013 (top left), 19 February 2013
(top right) and 8 March 2013 (bottom); the onset of the bloom along the front and near the margins of
the big Algerian eddy south of Sardinia is evident in the lastimage. The glider position is superimposed
on each image. Anticyclones crossed by the glider are visible in the last image (A1 and A2).

21

Figure 5. AQUA MODIS chlorophyll a concentrations for:
4 February 2013 (top left), 19 February 2013 (top right), and
8 March 2013 (bottom); the onset of the bloom along the front and
near the margins of the big Algerian eddy south of Sardinia is evi-
dent in the last image. The glider position is superimposed on each
image. Anticyclones crossed by the glider are visible in the last im-
age (A1 and A2).

deposition, which supplies macro- and micro-nutrients, and
blooming in the Mediterranean has been investigated in sev-
eral studies (seeGuerzoni et al., 1999, for a review). These
studies indicate that, in the northwestern Mediterranean, at-
mospheric nitrogen and phosphorus inputs could support the
production of up to 4 C m−2 yr−1 and 1 C m−2 yr−1, respec-
tively. Although, in the light of some recent estimates (Olita
et al., 2011b), this represents only 3–4 % of the total produc-
tion that has been suggested for the phenomenon to trigger
episodic events (Guerzoni et al., 1999).

5 Summary and conclusions

The results of the present study show the onset of the phy-
toplankton bloom in the area where the ML shoals along
the NBF between Sardinia and the Balearic Islands. Bloom-
ing was triggered by the rapid dynamical re-stratification op-
erated by frontal instabilities after the shutdown of intense
wind forcing and the zeroing of heat fluxes (which reduced
turbulent convection). An increased input of nutrients in the
period prior to the re-stratification can also be presumed
given the large vertical velocities that can develop along
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Figure 6. Depth-integrated chlorophylla (mg m−2) of the first
100 m of the water column. The upper and lower panels are for the
outbound and return legs of the glider mission, respectively. The
panels are provided with dates (MM-DD) to facilitate interpreta-
tion.

fronts (Tintoré et al., 1991; Viúdez et al., 1996; Lévy et al.,
2001; Lévy, 2008; Ruiz et al., 2009; Oguz et al., 2014). The
wind forcing, which was very intense and marked by many
NW winds (Mistral) events during the whole glider mission,
changed direction and began to act from the south towards
the end. This contributed to the inversion of the heat fluxes
(the sea started to warm up) and the consequent diminu-
tion of turbulent convection. Post-storm re-stratification was
quicker just across the frontal zone where light waters tended
to rapidly overlie denser waters. The re-stratification was en-
hanced by the instabilities (meanders) of the front itself. This
is not the case for areas far from the front. Furthermore,
the breakup of the deep stratification in the frontal zone, as
shown in Fig.4, implies a resupply of nutrients to the eu-
photic layers. This may have also contributed to the onset of
the bloom. The analysis conducted suggests that the specific
timing of the bloom is strongly related to mesoscale activ-
ity associated with the NBF and the margins of the largest
anticyclonic eddies that were present.

Some regional insights concerning bloom behaviour were
also possible. The satellite image for 9 March and the glider
observations clearly show the onset of the early bloom along
the NBF and the extremely low concentration of Chla in
the MEDOC area: this is in agreement with previous find-
ings (Olita et al., 2011a, b) showing a delay of about one
month between early blooms in the south and subsequent,
stronger blooms in the north.Mahadevan et al.(2012) report
that blooms in the North Atlantic tend to occur 3–4 weeks
before their customary onset time when frontal processes are
present. This is on the same order of the lag noted in the
northwestern Mediterranean. The asynchrony of the biolog-
ical response in the different areas of the basin (in spite of

www.ocean-sci.net/10/657/2014/ Ocean Sci., 10, 657–666, 2014
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Fig. 7. Top panels: Ḧovmoller diagram of heat fluxes along the glider path on the left, and time series
of wind stress and heat fluxes averaged over the area comprising the glider’s path on the right. Bottom:
the same as for the upper panels, but at42◦N , i.e., north of the front and in the middle of the area of the
spring-bloom southeast of the Gulf of Lion (the so-called MEDOC area).

23

Figure 7. Top panels: Hövmoller diagram of heat fluxes along the glider path on the left, and time series of wind stress and heat fluxes
averaged over the area comprising the glider’s path on the right. Bottom panels: the same as for the upper panels, but at 42◦ N, i.e., north of
the front and in the middle of the area of the spring bloom southeast of the Gulf of Lion.

the simultaneous zeroing of heat fluxes) confirms the idea
that different processes trigger primary production at differ-
ent scales and for different areas. In fact, it seems that a shut-
down of turbulent convection is effective only where the ML
shoals appreciably due to the action of dynamical features. In
the deep ML area in the north, where convection is frequent
(Schroeder et al., 2008) and involves extensive portions of
the water column, there is no immediate biological response
to the zeroing of heat fluxes. All the same, the classical CD
model should still hold good because the substantial mix-
ing would tend to produce a very homogeneous distribution
of phytoplankton in the ML (Chiswell, 2011). In contrast,
in the NBF area, the front-enhanced re-stratification mech-
anism described byTaylor and Ferrari(2011a) seems to be
more appropriate.

Many of the above arguments could be verified by imple-
menting a fleet of gliders and covering a wider area. Clar-
ifying the mechanisms regulating the onset of blooms, will
lead to a better understanding of phytoplankton dynamics
in the Mediterranean, though this will obviously require a
thorough investigation of the sub-mesoscale too. The exper-
imental set-up used in this study, which was mainly based
on high-resolution, quasi-synoptic sampling of the water col-
umn, could be applied to other Mediterranean areas where
fronts and their dynamics play an important role not only in

fertilizing the upper layer but also in triggering and sustain-
ing the seasonal blooms.

The Supplement related to this article is available online
at doi:10.5194/os-10-657-2014-supplement.
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