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Abstract A 3-D high-resolution coupled hydrodynamic-biogeochemical model of the western Mediterra-
nean was used to study phytoplankton dynamics and organic carbon export in three regions with contrast-
ing vertical regimes, ranging from deep convection to a shallow mixed layer. One month after the initial
increase in surface chlorophyll (caused by the erosion of the deep chlorophyll maximum), the autumnal
bloom was triggered in all three regions by the upward flux of nutrients resulting from mixed layer deepen-
ing. In contrast, at the end of winter, the end of turbulent mixing favored the onset of the spring bloom in
the deep convection region. Low grazing pressure allowed rapid phytoplankton growth during the bloom.
Primary production in the shallow mixed layer region, the Algerian subbasin, was characterized by a long
period (4 months) of sustained phytoplankton development, unlike the deep convection region where
primary production was inhibited during 2 months in winter. Despite seasonal variations, annual primary
production in all three regions is similar. In the deep convection region, total organic carbon export below
the photic layer (150 m) and transfer to deep waters (800 m) was 5 and 8 times, respectively, higher than in
the Algerian subbasin. Although some of the exported material will be injected back into the surface layer
during the next convection event, lateral transport, and strong interannual variability of MLD in this region
suggest that a significant amount of exported material is effectively sequestrated.

1. Introduction

The mixed layer depth (MLD) is considered to be a major factor in controlling phytoplankton development
(Sverdrup, 1953). At large scales, gyre circulation leads to surface waters being nutrient-rich over subpolar
gyres, and nutrient-poor over subtropical gyres (Williams & Follows, 2003). The subpolar winter regime is
characterized by a deepening of the mixed layer by several hundreds of meters and a large supply of inor-
ganic nutrients in surface waters, while phytoplankton growth is limited by a lack of light when cells are
transferred below the photic zone. In spring, an intense phytoplankton development occurs when the
mixed layer shoals or, more generally, when turbulent mixing becomes weak (Taylor & Ferrari, 2011). This
can be compared to the subtropical regime, where the deepening of the mixed layer to �100 m, and phyto-
plankton growth cooccur. Under this regime, phytoplankton development is triggered by the mixing-
induced supply of nutrients.

Export of organic carbon toward the deep ocean may play a determining role in sustaining mesopelagic
ecosystems (Giering et al., 2017) and in sequestration of atmospheric carbon. This export exhibits large-
scale variability in response to the variability of the MLD and plankton dynamics. Various authors have
made satellite-based estimates of the global export due to biological pump (mainly driven by sinking of
large particles produced in the euphotic layer [Buesseler, 2007b]), and pointed out high export under the
photic zone in subpolar oceans, and low export in subtropical gyres (Henson et al., 2012; Laws et al., 2011;
Siegel et al., 2014; Westberry et al., 2012). On the other hand, Gardner et al. (1995) suggested that the alter-
nation between periods of stratification, favoring phytoplankton growth, and periods of mixed layer deep-
ening enhances the efficiency of vertical export through the ‘‘mixed layer pump’’ process. This consists in
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increasing, through mixing, the slow sinking rate of phytoplankton and
particles. Dall’Olmo et al. (2016) estimated that, in high latitudes, the ratio
of mixed layer pump to biological pump is 23% on average, and can
reach over 100%.

The western Mediterranean Sea (Figure 1) is characterized by the pres-
ence of subsurface water masses with high MLD gradients over sev-
eral hundred kilometers in the south-north direction. Winter MLD
values reach several hundred meters in the northwestern convection
zone (Gulf of Lions), and only 60–80 m in the Algerian subbasin (Hou-
pert et al., 2015). Furthermore, D’Ortenzio and Ribera d’Alcal�a (2009)
concluded that the western Mediterranean exhibits a bloom-like
regime that is similar to the subpolar regime in its chlorophyll concen-
tration and mixed layer seasonal evolution in the northwestern region,
and a nonblooming behavior that is similar to the subtropical regime
in the south.

Observational studies conducted in the western Mediterranean have
shown that particulate organic carbon (POC) export fluxes below the
euphotic layer and at middepth (1,000 m) are maximum during (Feb-
ruary/March) and/or following winter mixing events (April, May, June)
(3–4 times higher than the rest of the year; Gogou et al., 2014; Miquel
et al., 2011; Stabholz et al., 2013). The authors of these studies argued
that the spring peak is caused by fertilization induced by winter mix-
ing, favoring a diatom-dominated ecosystem in the northwestern
region. Moreover, Avril (2002) observed the transfer of dissolved
organic carbon (DOC) at the surface to deep waters during intense
vertical mixing in the northwestern region (DYFAMED station, Figure
1) and estimated that the winter mixing flux (10 gC m22 yr21) consti-

tuted 91% of the annual flux at 100 m. Based on modeling studies, Ulses et al. (2016) found that the annual
amount of exported organic carbon at 100 m depth is primarily related to the intensity of the deep convec-
tion process. They found that in years with strong convection, organic carbon export was twice that of years
with shallow convection. Export efficiency showed the same interannual pattern, while the transfer to deep
waters (>1,000 m) and the deposition on the seabed showed no clear trend. Bernardello et al. (2012) also
used a modeling approach, and stressed the importance of the mixed layer pump in driving the interannual
variability of POC export in the northwestern Mediterranean region. However, estimates of primary produc-
tion and export flux remain uncertain in the western Mediterranean (Gogou et al., 2014) and, in general, for
the global ocean (Henson et al., 2012; Siegel et al., 2014, 2016). Uncertainties in observational methods are
mainly associated with the scarcity of measurements, which cannot reflect interannual and spatial variabil-
ity. Other uncertainties arise from the lack of an overview of the system; for example, limited information is
available on degradation and recycling processes (such as nitrification), and the contribution of DOC to total
export. Estimates from modeling approaches, which simplify the system and are poorly constrained by
sparse observations, are also associated with large uncertainties.

Modifications of water masses in the Mediterranean Sea have been observed since the 1990s and are now
impacting the whole basin (Durrieu de Madron et al., 2011). Some have been partly attributed to climatic
variations. For example, the Eastern Mediterranean Transient has been found to correspond to a switch in
the region of deep water formation in the eastern Mediterranean, from the Adriatic to the Aegean (Roether
et al., 1996), which produced a rise in the nutricline depth by 200–300 m (Klein et al., 1999). In the western
Mediterranean, an acceleration of the increasing trend in salt and heat content in deep waters was reported
following an intense dense water formation event in 2004/2005 (Borghini et al., 2014; Schroeder et al.,
2008). It is, however, increasingly clear that climate change is already impacting water masses (Schroeder
et al., 2016) and the ecosystem (Ben Rais Lasram et al., 2010). The Mediterranean Sea, which is characterized
by a small spatial extent and mild meteorological conditions that facilitate the deployment of instruments
at sea, is an excellent laboratory to monitor these impacts and to prepare models to predict future changes
by calibrating them based on the present transition period.

Figure 1. Location of the modeled area in the Western Mediterranean Sea. The
colored regions correspond to the three regions considered in this study: the
Deep Convection area (DCA, red), Shallow Convection area (SCA, blue), and
Stratified area (STA, green).
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The impacts of climate change may include the frequency and/or the intensity of convection, which could
be modified as a result of increasing stratification in the upper layers (Somot et al., 2006). The weakening of
convection processes could lead to a reduction in the occurrence and extent of phytoplankton blooms in
the northwestern region. The consequences of climate change on the structure of the planktonic ecosystem
and carbon sequestration require further examination. It is therefore a priority to better understand the
functioning of the planktonic ecosystem, within both convection and stratified regions of the western Medi-
terranean, and assess how the ecosystem may evolve under weakened convection or in its absence.

In this context, and in the framework of the MerMex project, four cruises were carried out between July
2012 and June 2013 (Estournel et al., 2016b; Waldman et al., 2016). The data that were collected made it
possible to describe the spatial distribution of phytoplankton in the deep convection northwestern Mediter-
ranean during stratified, deep convection, and phytoplankton bloom periods (Mayot et al., 2017a; Severin
et al., 2017). This unprecedented in situ observation offered a great opportunity to calibrate and validate a
3-D coupled physical-biogeochemical model (Estournel et al., 2016a; Kessouri et al., 2017). In the present
study, we used this coupled model to investigate phytoplankton dynamics and the capacity of the western
Mediterranean to export organic carbon below the photic layer and to transfer it to deep waters. We
focused on the comparison of regions along a trophic and vertical mixing gradient encompassing the
northern and southern regions. These regions are characterized by a similar distribution of nutrients, mak-
ing it easier to discriminate the role of convection on primary production and export variability from other
possible influences.

The article starts with a presentation of the methods and an evaluation of the model’s results. The seasonal
cycle of atmospheric forcing, MLD, and chlorophyll vertical profile are presented in sections 4.1 and 4.2. The
seasonal cycle of primary production and carbon export is described in sections 4.3 and 4.4, respectively.
Finally, the conditions favoring bloom onset, export of organic carbon under the photic zone, and its trans-
fer to deep waters are discussed in section 5.

2. Methods

2.1. The Numerical Tool
A biogeochemical model was forced offline using the daily outputs of a 3-D hydrodynamic model. The
models and their initial and boundary conditions are described in the following sections.
2.1.1. The Hydrodynamic Model
The SYMPHONIE model used in this study is a 3-D primitive equation, with a free surface and generalized
sigma vertical coordinate, described in Marsaleix et al. (2008, 2009, 2011, 2012). This model was previously
used in the Mediterranean to simulate open sea convection (Estournel et al., 2016a), and ocean circulation
on the slope (Rubio et al., 2009) and on the continental shelf (Petrenko et al., 2008). The numerical domain
(Figure 1) covered most of the western Mediterranean basin, using a curvilinear grid with variable horizontal
resolution (Bentsen et al., 1999). The mesh size was 1.4 km to the south and 0.8 km to the north. The south-
ward decrease in resolution was due to a compromise between the need to cover the western Mediterra-
nean basin at a reasonable cost, while considering the northward decrease of the Rossby radius, and the
need for increased resolution in the winter convection zone (Estournel et al., 2016a). Forty vertical levels
were used with closer spacing near the surface (15 levels in the first 100 m in the center of the convection
zone characterized by depths of �2,500 m).

The model was initialized and forced at its lateral boundaries with daily analyses provided by the Mercator-
Ocean operational system based on the NEMO model (Maraldi et al., 2013). The configuration of this model
was the PSY2V2R4 prototype based on the NEMO ocean modeling platform and the SAM data assimilation
system (Lellouche et al., 2013) at a resolution of 1/128 over the Atlantic and the Mediterranean from 208S to
808N. Following Estournel et al. (2016a), the initial field and open boundary conditions were corrected from
stratification biases deduced from comparisons with observations taken during the MOOSE-GE cruise of
August 2012. Atmospheric forcing (turbulent fluxes) was calculated using the bulk formulae of Large and
Yeager (2009). Meteorological parameters including downward radiative fluxes were taken from the ECMWF
(European Centre for Medium-Range Weather Forecasts) operational forecasts at 1/88 horizontal resolution
and 3 h temporal resolution based on daily analyses at 00.00 UTC. River runoffs were considered based on
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realistic daily values for French rivers (data provided by Banque Hydro, www.hydro.eaufrance.fr) and Ebro
(data provided by SAIH Ebro, www.saihebro.com), and mean annual values for the other rivers.
2.1.2. The Biogeochemical Model
The Eco3M-S model is a multinutrient and multiplankton functional type model that simulates the dynamics
of the biogeochemical decoupled cycles of several biogenic elements (carbon, nitrogen, phosphorus, and
silicon), and of non-Redfieldian plankton groups. The model structure used in this study has been previously
described in Ulses et al. (2016), Auger et al. (2011, 2014), and Herrmann et al. (2013). Most parameter values
are based on the study of Ulses et al. (2016), but a new calibration was carried out for some parameters
using several observational data sets (Kessouri et al., 2017).

The biogeochemical model was downscaled from the Mediterranean basin scale to the regional scale
described here. The biogeochemical basin scale model was forced by the temperature, current, and vertical
diffusivity daily fields of the NEMO model (PSY2V2R4 analyses), which was also used for the boundary con-
ditions of our hydrodynamic model (section 2.1.1). This basin configuration was initialized in summer 2010,
with climatological fields of nutrient observations from the oligotrophic period in the Medar/MedAtlas data-
base (Manca et al., 2004). Daily values of all state variables were extracted from the basin-scale run for the
initial and lateral boundary conditions of the regional model. This nesting protocol ensures the coherence
of the physical and biogeochemical fields at the open boundaries. The regional model was initialized in
August 2012. At the Rhone River mouth, nitrate, ammonium, phosphate, silicate, and DOC concentrations
were prescribed using in situ daily data (P. Raimbault, personal communication, 2013). These data, com-
bined with those of Moutin et al. (1998) and Semp�er�e et al. (2000), were used to estimate dissolved organic
phosphorus and nitrogen, and particulate organic matter concentrations as described in Auger et al. (2011).
At the other river mouths, climatological values were prescribed according to Ludwig et al. (2010). The
deposition of organic and inorganic matter from the atmosphere was neglected in this study. Benthic fluxes
of inorganic nutrients were considered by coupling the pelagic model with a simplified version of the meta-
model described by Soetaert et al. (2001). The parameters of the latter model were set following the model-
ing study performed by Pastor et al. (2011) for the Gulf of Lions shelf.

2.2. MODIS Satellite Data Set
Daily mean surface chlorophyll concentrations were extracted from the MODIS (Moderate Resolution Imag-
ing Spectroradiometer) Aqua (EOS PM) satellite data set (NASA Goddard Space Flight Center, Ocean Biology
Processing Group, 2014) for the period September 2012 to September 2013, in order to evaluate the spatial
and temporal variation of the modeled surface chlorophyll concentrations in the western Mediterranean.

2.3. Areas of Study
Temporal variations in the MLD are considered a major forcing of phytoplankton dynamics (Williams & Fol-
lows, 2003). In their study of the western Mediterranean, using a MLD data set and ocean color data, Lav-
igne et al. (2013) concluded that MLD plays a key role in phytoplankton phenology, and can explain the
coexistence of the two trophic regimes previously observed (D’Ortenzio & Ribera d’Alcal�a, 2009). A first
regime in the northwestern convection region is characterized by a deepening of the mixed layer in winter
(reaching 1,000 m for 52% of the years for which observations were available between 1980 and 2013;
Somot et al., 2016), followed by an intense phytoplankton bloom (similar to the subpolar regime; Williams &
Follows, 2003). A second regime in the southern (Algerian) subbasin is characterized by continuous slow
phytoplankton growth, concomitant with the shallow deepening of the mixed layer (similar to the subtropi-
cal regime; Williams & Follows, 2003). By analyzing the interannual variability of satellite-derived surface
chlorophyll, Mayot et al. (2016) distinguished two subregimes in the northwestern convection region:
bloom was found to be more pronounced and delayed in the center of the convection zone than at its
periphery. Mayot et al. (2017a) showed that these two subregimes are distinguished by the intensity and
duration of the deepening of the mixed layer. Their study found that mean MLD exceeded 880 m for the
central ‘‘high bloom’’ region, over a period of 1 month, and reached 475 m, for a couple of days, in the sur-
rounding ‘‘bloom’’ region, in the winter of 2012/2013.

Following these earlier studies, we decided to divide the open-sea of the western Mediterranean
(bathymetry> 1500 m) into three regions (Figure 1), in order to carry out analyses of phytoplankton dynam-
ics, and estimates of primary production and export. The first was the Deep Convection region, defined as
the area where daily average of MLD exceeded 1,000 m for at least 1 day during the studied winter. The
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second was the Shallow Convection region, defined as the area in which daily average of MLD exceeded
150 m but did not reach 1,000 m. The Shallow Convection region was located at the periphery of the first
area and mostly covered the Balearic Sea. The third area, named the Stratified region, covered a large part
of a deep pelagic zone in the southwestern Mediterranean (Algerian subbasin) where maximum winter
MLD was less than 150 m. In the present study, MLD was defined as the depth where potential density
exceeded the value at a depth of 10 m by 0.01 kg m23 (Coppola et al., 2017). This density-based criterion
(rather than a temperature-based criterion) avoids any overestimation of the MLD, and any consideration of
surface restratification caused by a change in surface heat flux, especially in the deep convection region
(Houpert et al., 2015). The division into regions allowed us to focus our analysis on the factors underlying
differences in maximum winter MLD.

The heat fluxes, and hydrodynamic and biogeochemical variables that are presented in the following sec-
tions correspond to the values of these variables averaged over all model grid points included in the three
areas. Furthermore, we calculated export below the regional maximum photic zone at 150 m. Following Laz-
zari et al. (2012), this estimate of the depth of the photic layer was based on the regional minimum value of
the diffuse attenuation coefficient of light at 490 mm derived from satellite observations (http://marine.
copernicus.eu/), found close to 0.03 m21 over the study period, and on the Lambert-Beer formulation to
evaluate photosynthetic available irradiance. Deep transfer was calculated at a depth of 800 m as, in gen-
eral, temporal variability in water masses at depths> 800 m is weak (Bethoux et al., 1989). Moreover, it is
possible that, in convection regions, deep waters below 800 m are mixed with overlying waters, and a frac-
tion of exported matter and its remineralization product are imported back into surface and intermediate
layers during the following winters. To discuss deep transfer on a longer period than 1 year (section 5.4), we
also estimated export below the maximum MLD, as recommended in Palevsky and Quay (2017): this was
computed at the greatest depth between 800 m and the local maximum MLD over the study period, for
each model grid point.

2.4. Determination of Bloom Onset
Understanding the environmental factors that control phytoplankton bloom onset has been a key issue in a
large number of studies (Behrenfeld, 2010; Brody & Lozier, 2015; Henson et al., 2009; Siegel et al., 2002). Sev-
eral methods have been defined to determine its date. Siegel et al. (2002) defined it as the first day of the
year when surface chlorophyll concentration exceeds the annual median, plus 5%. Adjustments to this
method have been made to capture the subtropical autumnal bloom, for instance, by considering the inves-
tigated year to start in September (Henson et al., 2009), or by avoiding consideration of a small, transient
concentration increase by changing the value of the threshold (10% instead of 5%, as in Bernardello et al.,
2012). Other studies (Behrenfeld, 2010; Brody & Lozier, 2015) used observational data to develop a method
based on the net accumulation rate. The latter method is more appropriate to detect bloom onset when
the phytoplankton biomass is initially low (Brody et al., 2013), as is the case in convective regions. In the pre-
sent study, bloom onset was considered as the day on which the net accumulation rate of carbon biomass
integrated through the water column (equation (1)) exceeded 50% of its annual maximum value.

r5
Ln C t1Dtð Þ

C tð Þ
Dt

; (1)

where r is the net accumulation phytoplankton rate, C(t) is the depth-integrated phytoplankton biomass,
and Dt 5 7 days. The index r was compared to an index based on surface chlorophyll, using the method of
Siegel et al. (2002), that we adapted for our study, by considering that the year began in September.

3. Model Evaluation

A detailed validation of the coupled hydrodynamic and biogeochemical models over the study period is
described in Estournel et al. (2016a) and Kessouri et al. (2017), respectively. Estournel et al. (2016a) con-
ducted several comparisons with observations, such as the spatial distribution of water column stratification
in winter at the scale of the northwestern subbasin (their Figure 6) or time series of the potential tempera-
ture profile in the center of the Gulf of Lions (their Figure 11). In Kessouri et al. (2017), a comparison of the
biogeochemical model results with nutrients and chlorophyll concentrations measured during the DeWEx
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winter and spring cruises was presented. This comparison showed that the model correctly reproduced the
horizontal and vertical chlorophyll and nutrient distribution in these two seasons.

Here, the modeled seasonal evolution of surface chlorophyll in the three western Mediterranean regions
(Deep Convection, Shallow Convection, and Stratified) is compared with that derived from MODIS data over
the period September 2012 to September 2013 (Figure 2). Satellite data were interpolated on the model grid,
then both modeled and observed chlorophyll were averaged in the three regions (model outputs correspond-
ing to missing satellite data were not considered). Pearson correlations between surface modeled and
satellite-derived chlorophyll concentrations were R 5 0.8, 0.85, and 0.85 (p< 0.01) in the three regions, respec-
tively (Figure 2, top plot). The Nash-Sutcliffe efficiency (NS 5 0.61, 0.55, and 0.2, respectively), indicated good-
to-excellent performance of the model according to Allen et al. (2002). Mean biases represented a percentage
of the observed chlorophyll of 28% in the Deep Convection region, 116% in the Shallow Convection region,

Figure 2. (top) Taylor diagram comparing the simulated and observed surface chlorophyll concentrations, where OBS
indicates MODIS data and DCA, SCA, and STA indicate the model outputs in the Deep Convection region, Shallow
Convection region, and Stratified region, respectively. (bottom ) Time series of the simulated (black line, median; gray bar,
standard deviation) and observed (colored points and colored blue bars for standard deviation) surface chlorophyll
concentrations (in mg m23) in three western Mediterranean regions: the Deep Convection region (DCA, red points),
Shallow Convection region (SCA, blue points), and Stratified region (STA, green points) from September 2012 to
September 2013. The vertical dashed lines represent the dates of the blooms onset (see section 5.1 and Figure 6).
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and 130% in the Stratified region. The temporal root mean square error was maximum (0.26 mg m23) in the
Deep Convection area (Figure 2, top plot) where the signal was highly variable during bloom.

The timing of surface phytoplankton development and its magnitude were generally correctly represented
by the model in the three studied regions. The observations and the model exhibited similar seasonal
trends, that clearly show the contrast between the north and the south of the basin: in February, concentra-
tions increased from north to south, while in April this trend was reversed. On the date of the maximum
extent of the low chlorophyll area in the Deep Convection region (February 19 according to model outputs,
cloud-free images were too scarce to confirm this), it covered the Gulf of Lions and Ligurian Sea (Figure 1)
in both model results and observations (Figures 3a and 3b). The spatial pattern of surface chlorophyll during
the period of maximum chlorophyll development (14 April) did not differ significantly between the model
and observations (R 5 0.58 [p< 0.01]) (Figures 3c and 3d). Spatial correlation in winter is higher R 5 0.8.

Regarding the vertical distribution of chlorophyll in convection regions, Kessouri et al. (2017) found a good
agreement between model results and DeWEx cruise observations. Moreover, the time evolution of the ver-
tical distribution of phytoplankton in the Stratified (southern) region is consistent with climatological obser-
vations reported by Lavigne et al. (2015): the model correctly reproduces the formation of a deep
chlorophyll maximum (DCM) after the winter mixing period and its deepening between 50 and 80 m in
summer (presented in section 4.2).

The evaluation of the model indicates that it reproduced the annual cycle of surface chlorophyll concentra-
tion in the three studied regions. However, it was observed that it underestimated surface concentration in
the Deep Convection region, and overestimated it in neighboring regions. Furthermore, the modeled verti-
cal distribution was consistent with observations in the study area.

4. Results

4.1. Atmospheric Conditions
Intense cold and dry winds are an essential ingredient of deep convection. Using combined atmospheric
and oceanic observations, Estournel et al. (2016b) showed restratification of the upper 500 m during periods

Figure 3. Comparison between the simulated and MODIS chlorophyll concentration (mg m23) in winter (19 February
2013, a and b) and spring (14 April 2013, c and d).
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of oceanic heat gain, generally associated with low wind conditions and, conversely, the destruction (within
hours) of an ocean stratification in response to the passage of a continental air mass, associated with heat
loss. Heat flux time series is therefore a relevant parameter to consider in explaining variation in the MLD,
which impacts the availability of both nutrients and light for phytoplankton growth. A change in sign of sur-
face heat fluxes can also be used to detect bloom onset, as it induces a decrease in turbulent mixing,
increasing the time phytoplankton cells remain in the euphotic layer (Taylor & Ferrari, 2011).

The modeled heat flux evolution was similar in the three studied regions (Figure 4). Temporal correlation
coefficients between heat fluxes in the Shallow Convection and Deep Convection regions, and between
the Stratified and Deep Convection regions, were significant at 0.96 (p< 0.01) and 0.93 (p< 0.01), respec-
tively. Each region was characterized by a major heat loss between September 2012 and mid-March
2013, and a heat gain from mid-March 2013 to September 2013. However, there were clear differences in
its magnitude for the three regions. Specifically, heat losses were higher in the Deep Convection region,
which is directly exposed to the Mistral and Tramontane winds, than in the two other regions. In this
region, average of winter heat flux was 2180 W m22, compared to 2140 W m22 in the Shallow Convec-
tion region and 2130 W m22 in the Stratified region. Heat loss exceeded 400 W m22, 11 times in the
Deep Convection region from September 2012 to March 2013, while it only exceeded this value twice in
the two other regions.

4.2. Temporal Variability of MLD and Chlorophyll Concentration
Figure 5 presents the time evolution of the modeled MLD, spatially averaged for the three regions. The
mixed layer deepened progressively from October to January, and then more abruptly from January to
March. Despite a few events, characterized by low surface heat loss, that interrupted this deepening, it
reached maximum values of 1,900 m in the Deep Convection region, 260 m in the Shallow Convection
region and 60 m in the Stratified region at the end of February. During the first week of March, which was
characterized by positive surface fluxes, significant restratification due to surface and intermediate waters
advection was observed (Estournel et al., 2016b). This led to mixed layer shoaling in the Deep and Shallow
convection regions. However, this stratification was insufficient to withstand mid-March gusty winds, which
further deepened the mixed layer. After this last deep mixing event, stratification became stable, marking
the end of winter.

The three regions were broadly similar in terms of their chlorophyll dynamics, the exception being winter. A
DCM was observed in spring, summer, and autumn in the three regions. DCM formation was earlier in the
Stratified region (mid-April) than in the Shallow Convection (end of April) and in Deep Convection (May)
regions. From its formation, DCM deepened until August, when it reached 60–70 m. In autumn, it became
shallower as the light intensity reduced. Chlorophyll concentrations in the DCM decreased from the time of
the DCM formation in spring, until its disappearance in November. An intense wind event and heat loss at
the end of October deepened the mixed layer, which reached the DCM and led to its disappearance by dilu-
tion (discussed in section 5.1.1). During the second half of December, surface chlorophyll concentration
increased considerably.

Figure 4. Time series of the spatially averaged heat flux (W m22) calculated for the three studied regions: Deep
Convection area in red, Shallow Convection area in blue, and stratified area in green. The dates of the blooms onsets are
indicated with arrows (see section 5.1).
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From mid-January to early March, several wind gusts interrupted surface phytoplankton development in all
three regions, but the duration and frequency of these interruptions varied from one region to another. For
example, in the Deep Convection region, surface chlorophyll concentrations decreased significantly in
response to deep mixing, whereas in the Stratified region, the decrease was smaller and was concentrated
into short periods (Figure 5). From the end of March to mid-April, all three regions were characterized by a
sustained increase in surface chlorophyll concentration. A comparison of the regions suggests that strong
mixing delayed the biomass increase (discussion in section 5.1). Moreover, surface phytoplankton develop-
ment was shorter and more intense where mixing was deep. For instance, in the Deep Convection region, it

Figure 5. (top) The temporal evolution of the simulated MLD (m) in the Deep Convection region (black), the Shallow
Convection region (blue), and the Stratified region (green) from September 2012 to September 2013. The y axis is
logarithmic. The other plots represent the chlorophyll concentration (mg m23) averaged in each of the studied regions
(Deep Convection region, Shallow Convection region, and Stratified region, from top to bottom plot, respectively). The
MLD is superimposed (white line). Arrows indicate the bloom onsets (see section 5.1).
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lasted about 1.5 months with chlorophyll concentrations above 1.5 mg m23 during the bloom. In the Strati-
fied region, it lasted at least 2.5 months, with chlorophyll values remaining below 1 mg m23.

4.3. Primary Production
In winter (December–February), the modeled, vertically integrated net primary productivity (NPP, Figure 6)
had a mean and standard deviation of 0.45 6 0.09 and 0.55 6 0.13 gC m22 d21 in the Shallow Convection
and Stratified regions, respectively: both NPP means were higher than in the Deep Convection region
(mean 0.3 gC m22 d21). NPP increase began in February in the Shallow Convection and Stratified regions,
and 1 month later in the Deep Convection region. NPP reached its maximum in all three regions in spring
(mean 6 standard deviation of 0.91 6 0.21, 0.86 6 0.13, and 0.8 6 0.10 gC m22 d21 in the Deep Convection,
Shallow Convection, and Stratified regions, respectively). A secondary peak (higher in the Deep Convection
region than in the two other regions) occurred between mid-May and early June. From early June to
November, NPP slowly decreased, with average values of 0.5 6 0.05 gC m22 d21 in the three studied
regions.

This seasonal evolution of NPP is consistent with earlier results based on in situ observations using the 14C
method in the Ligurian Sea (Marty & Chiav�erini, 2002) and remote sensing in various regions of the Mediter-
ranean basin (Bosc et al., 2004; Uitz et al., 2012). However, summer NPP was higher in the model (0.6 gC
m22 d21) than for satellite-based estimates (0.4 gC m22 d21), in the Stratified region. This summer overesti-
mation has also been identified for other numerical models (Allen et al., 2002; Crispi et al., 2002; Lazzari
et al., 2012). These differences could be nuanced by limitations in the determination of primary production
based on remote sensing in the presence of a DCM, as most of the light recorded by remote sensing ema-
nates from the upper few centimeters of the water column (Helbling & Villafa~ne, 2009). The impact of this
limitation on the estimate of annual primary production could be all the more significant following the
work of Macias et al. (2014), who estimated that primary production in the DCM represents 62% of the total
primary production in the open-sea Mediterranean regions. The results of our model showed that 90% of
primary production in spring/summer, and 70% at the beginning of the fall occurred in the DCM layer in all
three regions.

At the annual scale, we estimated a NPP of 175 6 6 gC m22 yr21 in the Deep Convection region, 192 6 14
gC m22 yr21 in the Shallow Convection region, and 207 6 14 gC m22 yr21 in the Stratified region. Because
of the overestimation of surface chlorophyll in the Stratified region, and the underestimate in the Deep
Convection region, we did not consider the interregion NPP trend significant. By way of comparison, Lazzari
et al. (2012) did not observe any clear NPP gradient between the eastern Algerian subbasin and the north-
western region, based on a coupled physical-biogeochemical model.

4.4. POC and DOC Export
Figure 7 presents the time evolution of the modeled export of DOC and POC at 150–800 m depths. This
was calculated as the net downward flux induced by turbulent mixing, advection, and sedimentation (for
particulate matter). In summer and autumn, vertical export was low in all three regions. In the Deep Convec-
tion region, where the MLD reached at least 500 m between mid-January and the first week of March

Figure 6. Time series from September 2012 to September 2013 of the simulated net primary production (NPP) (gC m22

d21) spatially averaged (red) and standard deviation (grey) in the Deep Convection (DCA, left), Shallow Convection (SCA,
middle), and Stratified (STA, right) regions. Vertical arrows indicate the blooms onset (See section 5.1).
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(Figure 5), POC and DOC fluxes were strong and variable, with peaks coinciding with strong mixing events
(mid-January, beginning, and end of February, and mid-March, see Figure 4). During the main convec-
tion event, the export at 150 (800) m reached 0.6 (0.2) gC m22 d21 for POC, and 0.25 (0.2) gC m22 d21

for DOC. During the secondary convection event (the third week of March), simulated export is charac-
terized by a high peak at 150 m (0.95 gC m22 d21 for POC and 0.30 gC m22 d21 for DOC), with another
moderate peak at 800 m (0.06 and 0.05 gC m22 d21 for POC and DOC, respectively). Similarly, in the

Shallow Convection region, POC and DOC export was maximum
during mixing events, exceeding 0.15 gC m22 d21 and 0.05 gC m22

d21, respectively, at 150 m (compared to 0.02 gC m22 d21 and 0.02
gC m22 d21, respectively, at 800 m). In both convection regions, an
increase of POC and DOC export was simulated at 150 m in April
during bloom. In the Stratified region, POC export at both depths
was maximum during mixing periods, notably the period coincid-
ing with maximum phytoplankton development (when it reached
0.10 and 0.02 gC m22 d21). DOC export at 150 m was highly vari-
able (positive and negative peaks reaching 0.05 gC m22 d21), espe-
cially in winter; it was much lower at a depth of 800 m for the
whole year.

At the annual scale (Table 1), modeled POC and DOC export at both
depths followed the same increasing trend: it was higher in regions
where vertical mixing was deeper. The spatial mean and standard
deviation of export at 150 (800) m were estimated at 25 6 34 (8 6 9),
15 6 14 (4 6 6), and 8 6 6 (3 6 4) gC m22 yr21 for POC, and 10 6 17
(5 6 7), 5 6 6 (1 6 1.5), and 21 6 5 (–2 6 3) gC m22 yr21 for DOC, in
the Deep Convection, Shallow Convection, and Stratified regions,
respectively. It is noteworthy that spatial variability was high within
each region. The influence of convection on annual export will be dis-
cussed in section 5.2, and the efficiency of export and transfer to deep
waters in section 5.3. The deep transfer of organic carbon and the
comparison of the three regions on a decadal timescale will be dis-
cussed in section 5.4.

Figure 7. Time series from September 2012 to September 2013 of the modeled particulate (top plot) and dissolved (bottom plot) organic carbon export (mgC
m22 d21) at 150 m depth in red and 800 m in blue, in the Deep Convection Area (DCA, left), Shallow Convection Area (SCA, middle), and Stratified Area (STA, right).
The first blue bar corresponds to the main convection event and the second blue bar represents the short deep mixing event of the third week of March.

Table 1
Annual Organic Carbon Export (gC m22 yr21), and Export and Transfer
Efficiency in Percentage From September 2012 to September 2013 at 150 and
800 m Depths, and at the Annual Maximum Depth Between 800 m and the
Winter MLD (Noted max (800 m, MLD), See Definition in section 2.3)

Deep
convection

Shallow
convection Stratified

NPP 0–150 m 174 190 206
POC export at 150 m 24.8 15.4 8.1
DOC export at 150 m 10.0 4.5 21.1
POC export at 800 m 7.8 4.2 3.4
DOC export at 800 m 5.4 1.5 21.7
POC export at max (800 m, MLD) 1.4 4.2 3.4
DOC export at max (800 m, MLD) 0.1 1.5 21.7
POC export at 150 m/NPP 14.3 8.1 3.9
POC export at 800 m/NPP 4.5 2.2 1.6
POC export at max (800 m, MLD)/NPP 0.8 2.2 1.6
OC export at 150 m/NPP 20.0 12.4 3.0
OC export at 800 m/NPP 7.6 3.0 0.8
OC export at max (800 m, MLD)/NPP 0.9 3.0 0.8
POC export at 800 m/POC export at 150 m 31.6 27.1 41.8
POC export at max (800 m, MLD)/

POC export at 150 m
5.6 27.1 41.8

OC export at 800 m/OC export at 150 m 38.1 28.7 23.6
OC export at max (800 m, MLD)/

OC export at 150 m
4.3 28.7 23.6
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The simulated seasonal evolution of POC export below the photic zone agrees with sediment trap measure-
ments from the DYFAMED station in the Ligurian Sea (Figure 1) (Miquel et al., 2011) and the LION site in the
Gulf of Lions (Figure 1) (Stabholz et al., 2013). Both indicated: (1) rapid exports of particulate and dissolved
matter during convection; (2) a bloom-induced export in spring; and (3) low export rates during the strati-
fied period. From a quantitative point of view, Gogou et al. (2014) estimated an annual flux of 23 gC m22

yr21 at 100 m at the LION site (Figure1); Miquel et al. (2011) found an annual flux of 2.5 gC m22 yr21 at
200 m at DYFAMED; and Z�u~niga et al. (2007) reported an annual flux of �6 gC m22 yr21 at 250 m in the
Algerian subbasin (Point A on Figure 1). At the same locations and depths, our model estimated annual
POC fluxes of 52, 19, and 11 gC m22 yr21, respectively. The higher POC fluxes obtained in the convection
regions in the model may be partly explained by an underestimation of POC export from sediment trap
measurements during intense mixing periods (Buesseler et al., 2007). Regarding DOC export, our estimate
of 18 gC m22 yr21 is similar to measurements carried out by Copin-Mont�egut and Avril (1993) and Avril
(2002) of 18 and 12 6 6 gC m22 yr21, respectively, at 100 m in the Ligurian Sea. The annual POC flux at mid-
depth has been estimated in observational studies at the LION site as 2.4 and 1.9 gC m22 yr21 at 1,000 m
(Gogou et al., 2014; Stabholz et al., 2013). This can be compared to 1.6 gC m22 yr21 at 1,000 m at DYFAMED
(Miquel et al., 2011), and 4.8 gC m22 yr21 at 845 m in the Algerian subbasin (Z�u~niga et al., 2007). At the
same locations and depths, the model computed sedimentation export of 2.8, 2.6, and 3.1 gC m22 yr21,
respectively, which is close to observations.

5. Discussion

5.1. Conditions Favoring Bloom Onset
5.1.1. Autumnal Bloom
As described in section 2.4, we determined bloom onset based on the net accumulation rate of phytoplank-
ton biomass. The autumnal bloom onset occurred at the beginning of December in the two convective
regions, and a few days later in the Stratified region (red vertical dashed lines in Figure 8). This difference is
not significant, as it is sensitive to the choice of the threshold for the rate of accumulation (especially in the
Stratified region). The following analysis concerns the early December period for the three regions.

Atmospheric forcing, biotic, and abiotic conditions at the onset of the autumnal bloom were similar in the
three regions: (1) bloom was triggered during a period of high heat losses (Figures 8b, 8h, 8n); (2) the mixed
layer suddenly deepened (40–50 m in the three regions, Figures 8c, 8i, 8o); (3) turbulent diffusivity suddenly
increased in all regions (Figures 8d, 8j, 8p); (4) zooplankton integrated biomass constantly decreased after
September (Figures 8e, 8k, 8q); and (5) nitrate and phosphate concentrations at the surface began to
increase in all regions: concentrations reached 2 and> 0.1 mmol m23, respectively, in the Deep Convection
region, about 2 times lower in the Shallow Convection region, and 4 times lower in the Stratified region,
while they had been close to 0 prior to the bloom triggering (Figures 8f, 8l, 8r).

An estimate of bloom onset based on surface chlorophyll, rather than vertically integrated organic carbon
would have brought it forward by 1 month (Figure 8, dashed black lines). The increase of surface chlorophyll
at the end of October was caused by the erosion of the DCM, at a time when the mixed layer deepened,
without reaching the nutricline. This purely physical process was not accompanied by an increase in inte-
grated carbon (red solid line in Figures 8a, 8g, 8m) and was therefore, not considered as bloom within the
meaning of integrated biomass increase. It should be noted that the corollary of this process is a potential
bias in remote sensing detection of post-DCM bloom. The period between the two estimates (based on sur-
face chlorophyll and vertically integrated biomass) corresponds to the increase in the MLD from the DCM to
the nutricline. In our case, this period lasted 1 month, which appears long if we consider the proximity of
the DCM to the nutricline (about 20 m, see Kessouri et al., 2017). However, in the present case, it corre-
sponded to the period between two strong wind and heat loss events at the end of October and the end of
November (Figure 4), each of which coincided with a sudden deepening of the mixed layer (see Estournel
et al., 2016a, their Figure 11 for the temperature evolution in the 150 m upper layer). The first event deep-
ened the mixed layer down to the DCM, and the second brought it below the nutricline. This sequence of
events, which began with the mixing of the DCM, followed by an increase of primary production caused by
the nutrient supply from deeper layers, induced by increased wind stress, has been previously described by
Chiswell et al. (2013). Lavigne et al. (2015) indicated that DCM erosion could explain 60% of chlorophyll pro-
files observed in the Ionian region in December and January.
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The triggering of the autumn bloom corresponds to the description by Williams and Follows (2003) of the
subtropical bloom onset, which occurs when the deepening mixed layer provides new nutrients (Figure 9).
However, we noted that the integrated zooplankton biomass was low in all three regions at autumn bloom
onset (reaching a minimum in the Shallow Convection and Stratified regions). Therefore, it is likely that the
low magnitude of grazing pressure participated to trigger the autumn bloom (Behrenfeld, 2010; Behrenfeld
& Boss, 2014). Moreover, we noted that the ongoing mixed layer deepening following the autumn bloom
induced dilution, which prevented the zooplankton biomass taking advantage of the autumn bloom to
grow in the Deep Convection region.
5.1.2. Winter/Early Spring Bloom in the Deep Convection Area
In the Deep Convection region, the autumnal bloom was interrupted for a period of 2 months (from mid-
January to mid-March) due to a lack of light that was, in turn, due to deep mixing. In February, the patch of
chlorophyll was vertically homogeneous with a surface chlorophyll concentration below 0.1 mg Chl m23

(Figures 3a and 5a) and high nutrient concentrations (>7 mmol N m23 and> 0.3 mmol P m23) (Kessouri

Figure 8. Time series from September 2012 to September 2013 of (a, g, m) modeled depth-integrated phytoplankton biomass (mgC m22) in red and surface chlo-
rophyll concentration (mmol m23) in black, (b, h, n) net heat flux (W m22) with heat losses in blue and heat gains in red, (c, i, o) MLD (m), (d, j, p) the 0–75 m aver-
aged turbulent diffusivity (m2 s21), (e, k, q) depth-integrated zooplankton biomass in black (mgC m22) and grazing rate in red (mgC m22 d21), and (f, l, r) nitrate
(in black) and phosphate (in red) surface concentrations (mmol m23), in the Deep Convection area (DCA, left), the Shallow Convection area (SCA, middle), and the
Stratified area (STA, right). Vertical dashed lines indicate the dates of the bloom onsets (black 5 using surface chlorophyll, red 5 using the vertically integrated
biomass).
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et al., 2017). The vertically integrated phytoplanktonic biomass was almost constant (Figure 8a). Winter/early
spring bloom onset was identified in the Deep Convection region on 8 March. The conditions that triggered
it differed from those that triggered autumnal bloom. Specifically, the former started after a few days of
positive heat flux (Figure 8b), when vertical turbulence decreased significantly (Figure 8d), and the mixed
layer became abruptly shallower (100 m, Figure 8c). Nitrate and phosphate surface concentrations were
high, with values> 6.5 and> 0.25 mmol m23, respectively (Figure 8f), while zooplankton biomass and graz-
ing rate reached their annual minimum (Figure 8e).

Figure 9. A conceptual model representing plankton growth and particles export for three different vertical mixing
regimes in the western Mediterranean Sea. A first (autumnal) bloom was triggered by the injection of nutrients into the
euphotic layer when mixed layer deepened in the three regions. The efflorescence was continuous in the stratified region
during the mixing period, whereas it was interrupted in the convection regions due to mixing-induced light deficit. In
convection regions, a second (spring) bloom occurred under low grazing pressure and decreasing mixed layer depth con-
dition. After the mixing period, a deep chlorophyll maximum reformed in the three regions. Material exported below the
euphotic layer was mostly composed of fast sinking particles in the stratified region. In the deep convection region, verti-
cal advection and mixing induced an increase of the relative contribution of slow particles, when compared to the strati-
fied region. The lateral transports toward the Algerian subbasin prior the next convection event suggest a sequestration
of a part of the material exported below the euphotic layer in deep convection region.
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These results (summarized in Figure 9) are consistent with the analysis of the triggering of the North Atlan-
tic subpolar bloom by Williams and Follows (2003), and the results of Taylor and Ferrari (2011) obtained
from analytical theory and high-resolution numerical simulations. Both studies emphasized the role of posi-
tive (or the reduction of negative) surface heat fluxes. The simultaneous breakdown of turbulence and a
decrease in MLD means that our results also support the discussion of Brody et al. (2013), who argued that
a change in sign of heat flux is not the only factor that could restratify the mixed layer, horizontal advection
being another. For example, restratification could occur in response to horizontal advection by mixed layer
eddies, as shown by Mahadevan et al. (2012), based on observations in the North Atlantic.

The work of Estournel et al. (2016a) showed that, based on a heat and salt budget in the convection zone,
from December, horizontal advection acted to stratify the surface layer, with a sustained warming trend
that opposed the effect of surface heat fluxes. They reported that during a period of light winds (the begin-
ning of March), the heat budget became positive in surface and intermediate layers. This was argued to be
due to the fact that the front between the convective dense layer and adjacent light water became baro-
clinically unstable, producing restratification by advection of warm water inside the mixed patch.

Following these authors, it is clear that restratification is intrinsically linked to the change in sign of surface
fluxes (or the fall of negative fluxes) as baroclinic instability develops when surface heat losses decrease
and no longer maintain the verticality of isopycnals. This suggests that the bloom was indirectly triggered
by the decline in surface heat losses, which induced a conjunction of closely related effects: the breakdown
of turbulence and water column restratification. However, it should be noted that these arguments were
based on a spatial average over a relatively wide, and very heterogeneous area. It is probable that if each
point of the model is examined, processes would be more differentiated. For example, the main impact of
restratification induced by frontal instabilities should have been at the perimeter of the domain, whereas
the 1-D turbulence breakdown process was probably more effective in the center of the convective patch.
Although a study of these coupled, submesoscale processes is beyond the scope of this paper, it deserves
dedicated examination.

Our results also illustrate that the decoupling of phytoplankton and grazers during the winter period was
another factor that favored phytoplankton growth after bloom onset. It is of note that small positive and
negative changes in the integrated phytoplankton biomass in winter (from December to the spring bloom
onset) were associated with the beginning and end of windy conditions and induced heat flux, and uncor-
related with variations in grazing pressure. This indicates that prey-predator decoupling was strong
throughout the winter (phytoplankton development being mostly related to mixing-induced nutrient sup-
ply). As Behrenfeld and Boss (2014) describe, recoupling is slow, as phytoplanktonic concentration must
increase to stimulate grazing and encourage a subsequent increase in herbivores. This recoupling condition
was not met during winter, and this explains the continuous decrease of zooplanktonic biomass, which
only recovered when phytoplankton rapidly accumulated during the spring bloom as a result of the hydro-
dynamic factors discussed above.

Our results for the northwestern Mediterranean are consistent with those of Bernardello et al. (2012), who
found that bloom started as vertical mixing decreased, generally in mid-March. They are also consistent
with an observational study by D’Ortenzio et al. (2014) who reported that, in the deep convection region,
the triggering of the bloom was unrelated to a change in the nutrient stocks of the euphotic layer since this
stock was already available 3 months before onset. Finally, Auger et al. (2014) found a negative correlation
between convection intensity and winter zooplankton biomass; this finding confirms the hypothesis that
phytoplankton zooplankton decoupling induced by convection favors the explosion of the phytoplankton
biomass.
5.1.3. Phytoplankton Growth in the Shallow Convection and Stratified Regions
In the Stratified region, no new bloom onset was identified during the months that followed the autumn
bloom, while the vertically integrated biomass progressively increased. This is a characteristic of the sub-
tropical region. In our results, after the autumn bloom, sustained winter mixing supplied nutrients almost
continuously, producing a moderate accumulation of phytoplankton that was controlled by herbivores
whose biomass was low, but which remained at a higher level than in the Deep Convection region.

The method based on accumulation rates identified several blooms in the Shallow Convection region in
winter (not shown). Biomass increases corresponded to short, calm periods (heat gain or low heat loss), and
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were followed by long periods of slow growth that resembled those of the Stratified region. It is likely that
this behavior was specific to the particular year studied. Indeed, during the study period, the mixed layer
remained relatively undeveloped for a long time, not exceeding 150 m in depth until the end of February
(Figure 8i). Finally, findings for the Shallow Convection region lay between the other two regions (Figure 9).
Like the Stratified region, the increase in integrated biomass was progressive but, like the Deep Convection
region, surface chlorophyll increased rapidly in March/April. The grazing time series was more similar to
that of the Stratified region than the Deep Convection region.

5.2. Influence of Convective Mixing on Organic Carbon Export
Organic carbon is exported under the productive layer through two main mechanisms: (1) sedimentation,
which only involves individual or aggregated particles with a sufficiently high settling velocity compared to
their rate of decomposition and remineralization; and (2) vertical mixing and advection that affect all
organic carbon. Observations of the DeWEx Leg1 campaign in February 2013 showed the presence of phy-
toplankton at depths> 2,000 m, at concentrations of 0.16 mg m23 (Kessouri et al., 2017). These observa-
tions suggest that vertical mixing and advection are responsible for the presence of organic carbon,
including light cells and detritus, in deep layers, as observed by Giering et al. (2017) in the Iceland Basin,
and modeled by Ulses et al. (2016) in the northwestern Mediterranean. It is likely that a fraction of the
exported matter observed in deep waters during the winter of 2012/2013 was permanently trapped when
mixing stopped.

Our model reproduces the homogenization of chlorophyll throughout the mixed layer during convective
events, shown by a comparison of the model’s results with DeWEx cruise observations performed by Kes-
souri et al. (2017; see their Figure 3). Our findings show that the net export fluxes of POC and DOC at 150 m
are more than 6 times higher during these events than during the rest of the year (Figure 7). The first con-
vection event (15 January to 7 March) took place after the autumnal bloom (section 5.1). In the Deep Con-
vection region, POC and DOC exports during this event constituted 48 and 61%, respectively, at 150 m, and
50 and 66%, respectively, at 800 m, of the annual amount. The percentages were lower in the Shallow Con-
vection region: 32% and 39% for the export of POC and DOC, respectively, at 150 m (21 and 24%, respec-
tively, at 800 m).

The secondary convection episode lasted 9 days, from 15 to 23 March 2013, and followed a period of weak
stratification during which the winter/early spring bloom began (section 5.1). In the Deep Convection
region, the export of POC and DOC integrated on this secondary event represented 12 and 9% at 150 m (6
and 7% at 800 m) of the respective annual export. This can be compared to the Shallow Convection region,
with 8 and 6% at 150 m (6 and 11% at 800 m).

Intermittent convection was observed by Houpert et al. (2016) based on mooring data in the center of the
Gulf of Lions, with a secondary deep convection event occurring in March, each year from 2009 to 2013.
The model revealed the importance of this recurrent characteristic on the annual export of organic matter.
It appears an alternation of periods of restratification, that favors phytoplankton growth, and vertical mix-
ing, that entrains a fraction of new biomass under the euphotic layer. This phenomenon could explain the
different peaks in POC and DOC export modeled in mid-January, the beginning, and end of February, and
the third week of March in convection regions. These peaks corresponded to peaks in heat loss at the ocean
surface (Figure 4) that triggered convection.

The importance of this ‘‘mixed layer pump’’ mechanism (Gardner et al., 1995), which is very clear in the pre-
sent study period, has been reported in other studies. Bernardello et al. (2012) showed that the frequency
of gales during the bloom period was a determining factor in the interannual variability of export in the
deep convection region of the northwestern Mediterranean. In other regions, Bishop et al. (1986) estimated
that 67% of primary produced carbon was removed by convective mixing during a transient stratification
period in a warm-core ring in the northwest Atlantic. Similarly, Ho and Marra (1994) found that a large
amount of newly produced organic carbon was exported by mixing during a transient stratification period
in the northeast Atlantic. In their study of a shallow convection region in the North Atlantic and equatorial
Pacific, Gardner et al. (1995) reported the importance of the deepening of the mixed layer at night, which
favored the new production during the day and export of organic carbon produced. Koeve et al. (2001) esti-
mated that vertical mixing associated with storms, which interrupted the beginning of the early spring
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bloom, contributed to the export of a large fraction of seasonal new production (between 56 and 65% in
1992, and about 36% in 1989) in the northeast Atlantic.

5.3. Efficiency of the Export of Organic Carbon and Transfer to the Deep Layer
Table 1 presents the annual efficiency of the export of organic carbon produced in the surface layer, and its
transfer to deep layers in the three study regions. We calculated the efficiency of organic carbon export as
the ratio of the net export at 150 m to the depth-integrated NPP. The efficiency of organic carbon transfer
to deep waters was defined as the ratio of net export at 800 m to net export at 150 m.

Since the modeled annual NPP showed no significant differences between the three regions (section 4.3),
the overall efficiency of organic carbon export followed the same trend as exports at 150 m: it was higher in
deep mixing regions (Table 1). Furthermore, a similar spatial pattern was found for the ratio of the net
export of organic carbon at 800 m to the depth-integrated NPP. No clear trend was found for the fraction of
organic carbon exported below 150 m that was also exported below 800 m; the only notable observation
was that the highest value was found in the Stratified region.

Henson et al. (2012) estimated that the large-scale efficiency of organic carbon transfer to the deep ocean is
opposite to the export efficiency; specifically, export efficiency is high (and transfer efficiency low) at high
latitudes, while the opposite is found at low latitudes. The authors suggest that spatial variability in transfer
efficiency can be explained by the structure of the ecosystem. At high latitudes, a diatom-dominated eco-
system favors export efficiency; material that is exported below the euphotic is labile and substantially
degraded in the mesopelagic zone, leading to a poor deep transfer efficiency. At low latitudes, due to
extensive recycling in the euphotic layer, more refractory organic matter is exported under the euphotic
layer, favoring deep transfer efficiency. In our simulation, in the Stratified region, export at 150 m was domi-
nated by the sedimentation of fast sinking organic particles (78%), a large proportion of which eventually
reached deep waters. In convection regions, organic carbon was mainly exported by vertical motion, mean-
ing that it was mostly composed of slow sinking particles (fast sinking particles represented 27% of the POC
export at 150 m in the Deep Convection region). Higher transfer efficiency in the Deep Convection region
compared to the Shallow Convection region could then be explained by the deeper mixed layer. On the
one hand, intensified vertical mechanical mixing supported deep transfer. On the other hand, in the Shallow
Convection region, a fraction of slow sinking particles that were exported at intermediate depths were
remineralized before reaching 800 m, as Henson et al. (2012) suggest for low-latitude regions.

Our analysis of the DOC and POC contribution to the export at 150 and 800 m depths showed that the POC
export dominated total organic carbon export in the three regions (Figure 7, Table 1). Our estimation of the DOC
contribution to total export in convection regions (28.7% in the Deep Convection region, 22.5% in the Shallow
Convection region) is close to the estimate of 20% by Hansell and Carlson (1998) for the global ocean. The DOC
net flux at 150 m increased the efficiency of organic carbon export in convective regions (by more than 25%),
while its contribution was negative (–30%) in the Stratified region. The increasing contribution of DOC to total
export in stronger mixing regions was consistent with the fact that DOC was only exported toward the bottom
by turbulent mixing and vertical advection in the model, while POC was also exported by sedimentation. The
export of POC by sedimentation occurred throughout the year. Ulses et al. (2016) used the same coupled model
in the northwestern Mediterranean deep convection region, and found the contribution of sedimentation export
to total export ranged from 20 to 34%, with a maximum linked to the spring bloom in April/May. In contrast, we
found that DOC export under the euphotic layer was very low outside the winter mixing period, and in downw-
elling zones (continental slope, mesoscale vortices). As a consequence, DOC accumulated in the surface layer
during the stratified period, as observed by Avril (2002) and modeled by Guyennon et al. (2015).

Consistent with the study of Giering et al. (2017) and Dall’Olmo et al. (2016), our results suggest that regions
characterized by a clear deepening of the mixed layer may be characterized by a high export of organic car-
bon toward deep waters. The supply of organic carbon under the photic zone could constitute an important
food source for organisms that inhabit the mesopelagic zone.

5.4. Potential Implications on Carbon Sequestration
The role of convection regions in terms of carbon sequestration efficiency is unclear, due to the counteract-
ing effects of convective mixing. These effects are characterized by, on the one hand, an increased export of
organic carbon under the euphotic layer and, on the other hand, the supply in the surface layer of dissolved
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inorganic carbon, which is produced in deep layers by remineralization of exported organic carbon. The lat-
ter effect was suggested by Copin-Mont�egut and B�egovic (2002), who reported high values of CO2 fugacity,
and episodes of oversaturation of CO2 with respect to atmospheric equilibrium during winter wind gusts at
the DYFAMED deep station (Figure 1). Our coupled simulation does not represent the dynamics of dissolved
inorganic carbon, and therefore only shows the initial effect of increasing OC export. According to K€ortzinger
et al. (2008) in the North Atlantic, the physical supply of dissolved inorganic carbon could have a significant
effect on carbon drawdown: between 40 and 45% of the organic carbon produced during the stratified
period could be respired and reinjected into the surface layer during winter mixing. Palevsky and Quay
(2017) estimated this physical supply to be 40 and 90% of exported organic carbon at two sites in the North
Pacific. By including this mixing-induced carbon supply in their budget, Palevsky and Quay (2017) found
that carbon sequestration efficiency was lower in regions where the mixed layer was deeper.

The results of our model show that export rate and transfer efficiency at 800 m were higher in the Deep
Convection region than in the shallower mixing regions. However, deep transfer and its efficiency calcu-
lated at the depth of the annual maximum mixed layer (depth corresponding to the maximum between
800 m and the local annual maximum MLD, see section 2.3) were poorer in the Deep Convection region
than in the two other regions (Table 1). Indeed, in the Deep Convection region, deep transfer was much
lower below the annual maximum MLD than at 800 m (5 and 45 times for POC and DOC, respectively). Effi-
ciency of deep export and transfer calculated at the annual maximum MLD represents 11 and 17%, respec-
tively, of deep export and transfer efficiency calculated at 800 m. In an area corresponding to one sixth of
the region surface, the mixed layer reached the seabed, and OC export only corresponded to the deposition
of POC. Moreover, the proportion of POC and DOC exported below the annual maximum MLD during the
main convection event falls to 17 and 5% (versus 50 and 66% at 800 m), respectively, of the annual export.

However, two key characteristics of the hydrodynamics in this area suggest that this latter assessment underesti-
mates the amount of carbon exported under the euphotic layer and isolated from the atmosphere on a decadal
timescale. First, the depth of the mixed layer and the extension of the convection zone show a high interannual
variability in this region (Houpert et al., 2016, for instance, they reported that the area of low surface chlorophyll
(<0.25 mg m23), considered as a proxy of the deep convection zone, ranged between 1.5 and 56.3 km2 between
2007/2008 and 2012/2013). Notably, according to Somot et al. (2016), the year 2012/2013 was one of the stron-
gest convective years in the period 1980–2013. Conversely, convection was probably low in 2013/2014 (owing to
the especially low heat losses in ECMWF fields), suggesting that most of the material exported below 800 m in
2012/2013 would not have been transferred back in the surface (at least in 2014), and indicating an additional
vertical deep transfer through POC sedimentation. Second, the results of our model show a loss of organic car-
bon in the intermediate (150–800 m) and deep layers (800 m seabed) by lateral transport during and after con-
vection periods (an amount corresponding to 20 and 45% of the OC exported during convective periods was
laterally exported from the Deep Convection area into intermediate and deep layers, respectively, between Feb-
ruary and May 2013). Concomitant with this loss in the Deep Convection region, a gain of OC in the Stratified
region suggests that the OC that is transferred to deep waters by convective events in the northern region could
be transported to the southern region. This is consistent with the results of Ulses et al. (2016) who calculated a
north-south transfer corresponding to 53% of the OC exported below 100 m, based on the same coupled model.
Moreover, this north-south transfer of OC in deep waters was suggested by Z�u~niga et al. (2007) who reported
higher POC fluxes at 2,145 m than at 1,440 m, based on sediment trap measurements. Our results are also consis-
tent with the study of Schroeder et al. (2016), who demonstrated that deep dense waters formed during convec-
tive events in the northwestern region propagate throughout the western Mediterranean Sea and toward the
Atlantic Ocean. It is likely that these deep waters contain carbon that was exported during convection episode,
which then escapes from a transfer back to the surface layer in the following convective winters.

Finally, these findings suggest that multiannual simulations that include the dynamics of dissolved inor-
ganic carbon are necessary to more accurately estimate the impact of convection processes on the uptake
of atmospheric CO2, and to compare the net efficiency of the three studied regions regarding this uptake.

6. Conclusion

A 3-D high-resolution coupled hydrodynamic-biogeochemical model was used to study phytoplankton
dynamics and biogeochemical and physical carbon fluxes in three distinct regions of the western
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Mediterranean Sea. These three regions were characterized by deep convection, shallow convection, and
shallow mixing during winter. Comparisons of the results of the model with ocean color satellite observa-
tions presented here, and with in situ data presented in Kessouri et al. (2017), showed that the model cor-
rectly represented the evolution over time of chlorophyll in the three investigated regions.

The model confirms that regimes similar to subpolar and subtropical regimes coexist in the western Medi-
terranean Sea, within a distance of several hundreds of kilometers, in response to contrasting winter mixing
conditions (Figure 9). Although this has already been established from the annual surface chlorophyll cycle,
here we confirm it, based on a broader description of the functioning of the planktonic ecosystem.

The conditions of bloom onset do not significantly differ from those already described in other regions.
However, in the case of the autumn bloom, we found that an increase in surface chlorophyll did not corre-
spond to bloom onset, but rather to the erosion of the DCM. In the case of the specific period studied here,
the ‘‘real’’ bloom (corresponding to an increase in integrated biomass) occurred 1 month later, when the
mixed layer reached the nutricline. The winter/early spring bloom, as it is known in the North Atlantic, was
only identified in the Deep Convection region. The processes triggering this bloom correspond to earlier
descriptions of subpolar regions, with the first condition being the breakdown of turbulence. In the north-
western convection region, we identified the importance of restratification, due to baroclinic instabilities
that developed rapidly after the change in sign of surface heat fluxes. This process thinned the mixed layer.
This indicates that the difference between the active mixed layer (corresponding to a period of surface heat
losses) and the passive mixed layer (after the change in sign of heat fluxes) is not relevant in explaining the
breakdown of turbulence. This is at least true at the periphery of the convective zone, which was rapidly
affected by frontal instabilities. As expected, the low grazing pressure brought about by convection through
dilution allowed the explosion of the bloom.

NPP differences between the stratified and convective regions were considered insignificant because of
opposing biases in the simulated surface chlorophyll in these regions. In deep convection regions, the inhi-
bition of winter productivity during the 2 month period of the deep mixed layer contributed to reduce pri-
mary production. In contrast to annual primary production, annual export of organic carbon and its deep
transfer were very different in convective and stratified regions in 2012/2013. Deep convection produced
an export of particulate organic matter that was 3.5 (2.3) times higher than in the stratified region below
150 (800) m, while for total (particulate 1 dissolved) organic carbon, this ratio reached 5.0 (8.0) below 150
(800) m. The consequence of the two points described above is that export efficiency (export/primary pro-
duction) was much higher in convective regions than in the stratified region. This is largely the result of the
mixed layer pump process described by Dall’Olmo et al. (2016), which transports POC and DOC to great
depths in winter. These results suggest that the higher amount of organic matter transferred to deep
waters, and representing a food source for marine organisms, may make the northwestern Mediterranean
convection areas a favorable habitat for the mesopelagic ecosystem. Furthermore, they highlight the impor-
tance of monitoring convective regions, as they may be modified in response to climate warming, support-
ing the development of a regime similar to the subtropical regime with a lower deep transfer rate.

Our analysis, which relied mainly on vertical mixing, did not investigate the coupling between different
regions of the Mediterranean that, in the long term, governs the spatial distribution of nutrients. Thermoha-
line circulation produces a rather complex circulation of the different water masses. In the context of the
present paper, Atlantic waters flow into the Algerian subbasin, and a part of them reaches then the Gulf of
Lions convection zone taking a cyclonic path through the western basin. The deep waters formed in the
Gulf of Lions are dispersed toward the Algerian subbasin and feed the deep waters of the western basin.
Finally, the Levantine intermediate waters link the eastern and western basins. Formed in the Rhodes gyre
in the Levantine basin, they collect organic matter sinking from the surface, which is recycled into nutrients
(Crise et al., 1999), part of which is ultimately exported to the Atlantic. During convection in the Gulf of
Lions, the nutrients transported in intermediate waters are mixed over the water column and fuel the nutri-
ent pool of surface and deep waters. We have seen that convection exports organic matter. Although some
of the exported material will be injected back into the surface layer during the next convection event, a
consequence of deep circulation is horizontal transport of organic matter toward the Algerian basin. In this
context, our results are in agreement with the quantification of Ulses et al. (2016), who found the transfer to
the Algerian subbasin deep waters (100 m seabed) was equivalent to 53% of the OC exported below 100 m
in the convective region (337 3 104 tC yr21). An additional 165 3 104 tC yr21 was conveyed in the first
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100 m. These advective processes are thought to create a coupling between the three regions, and their
consequences, notably on carbon sequestration deserve more attention.

To conclude, it is worth restating that the results presented in the present study relate to 1 year, character-
ized by strong convection in the northwestern Mediterranean. This is supported by the work of Somot et al.
(2016, from a model), Mayot et al. (2017b, from satellite chlorophyll), and Herrmann et al. (2017, from an
analysis of altimetry and surface chlorophyll). These results should be revisited on an interannual basis,
when convection is variable. Ulses et al. (2016) found that during mild winters, surface chlorophyll in the
deep convection area increases almost constantly from January to mid-March. The authors also found low
interannual variability in primary production (�4%), and a POC and DOC export at 100 m of about 2 times
higher for years with strong convection than with weak convection. The differences found in our study
between the Deep Convection region and the two other regions are generally consistent with these results,
and support the argument that the depth of the mixed layer plays a major role in the control of phytoplank-
ton dynamics.
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