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1.  Introduction
The Levantine Sea, the Mediterranean Sea's easternmost area, is considered as one of the most oligotroph-
ic regions of the global ocean (Krom, Groom, & Zohary,  2003; Siokou-Frangou, Christaki, et  al.,  2010). 
In the Levantine, low-to-very-low values of phytoplankton primary production and chlorophyll-a (CHL) 
concentration have been obtained from both satellite (Bosc et al., 2004) and in situ (Manca et al., 2004) 

Abstract  In the eastern Mediterranean Sea, satellites have observed events of spring surface-
chlorophyll increase in the Rhodes Gyre region recurring intermittently. Few in situ biogeochemical 
data, however, exist to confirm their consistency, elucidate their seasonal characteristics, or discriminate 
among the possible drivers. During the year 2018, an array of BGC-Argo floats was deployed in the 
region, collecting the first-ever annual time series of in situ profiles of biogeochemical parameters in this 
area. Their observations demonstrated that nitrates, driven by mixed-layer dynamics, were available at 
surface from December 2018 onwards and could have sustained phytoplankton growth. Phytoplankton 
accumulation at the surface was observed by satellite only in March 2019 when the mixed-layer depth 
shoaled. These findings confirm that blooms occurring before the start of seasonal stratification are not 
easily recorded by satellite observations and reaffirm the need to consolidate the BGC-Argo network to 
establish time series of the evolution of biogeochemical processes.

Plain Language Summary  The Levantine Sea, the easternmost area of Mediterranean 
Sea, is considered one of the poorest oceans on the Earth in terms of abundance of phytoplankton, the 
microscopic organisms that fuel the marine food web. However, historical data and satellite maps of 
chlorophyll (the pigment that reveals phytoplankton presence in the water) show episodic increases in 
the concentration of this pigment in the area near the island of Rhodes. To elucidate the characteristics of 
these events, a set of six robotic instruments (i.e. the BGC-Argo floats) was deployed in the Levantine Sea 
in 2018. A BGC-Argo float is an autonomous, free-floating instrument that makes oceanic observations 
over the first 2,000 m of the water column on a regular basis. This article presents an analysis of the 
data collected by these six robots. They provided the very first annual time series of biogeochemical 
observations in area, including during winter, when ship and satellite data are hard to collect. Our results 
reveal the increase in phytoplankton occurring before the start of seasonal stratification, increase that is 
not easily recorded by satellite observations and reaffirm the need to consolidate the BGC-Argo network to 
establish time series of the evolution of biogeochemical processes.
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monitoring
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observations. Surface nutrient availability in the region is generally deemed insufficient to sustain signifi-
cant phytoplankton biomass (Siokou-Frangou, Christaki, et al., 2010). However, biogeographical analysis of 
time series of available Mediterranean ocean-color observations (D'Ortenzio & Ribera d'Alcalà, 2009; Mayot 
et al., 2016) slightly moderates this picture of a highly oligotrophic Levantine Sea. It has been shown that 
episodic but recurrent events of surface CHL increase occur during the winter-to-spring transition period 
in an area of the Levantine Sea located southeast of Rhodes Island known as the Rhodes region, as already 
mentioned by Antoine et al. (1995), using satellite data and by Vidussi et al. (2001), using in situ obser-
vations. Nevertheless, these events of increased surface phytoplankton biomass in the Rhodes region are 
generally considered as having a feeble impact on the basin's widespread oligotrophic nature: Not only are 
they sporadic (out of the 16 years analyzed, they were observed 7 times, Mayot et al. [2016]), their absolute 
maximum concentrations also rarely exceed 1 mg m−3. Occasionally (as in D'Ortenzio, Ragni, et al. [2003], 
Mayot et al. [2016], and in 2012, Pedrosa-Pàmies et al. [2016]), they are observed over a large surface area 
but they are generally short-lived. The accepted explanation for these events pertains to the prevailing 
physical conditions, characterized by a large-scale permanent cyclonic feature, generally referred to as the 
Rhodes Gyre (RG; Robinson et al., 2001). In the RG, nutrient stocks are permanently uplifted at shallow 
depths, and under cold and windy conditions, winter convection induces significant injection of nutrients 
in the sunlit layers, which, in turn, sustains moderate phytoplankton growth (Ediger & Yilmaz, 1996; Sali-
hoǧlu et al., 1990; Souvermezoglou & Krasakopoulou, 1999). Accordingly, Ediger et al. (2005) showed that 
the upper layer of the RG and its peripheries reveal great temporal variations in both the abundance and 
composition of particulate matter, more plentiful during late winter–early spring when it reaches values 
comparable to those of the more productive NW Mediterranean basin. Similarly, Karageorgis et al. (2008) 
reported elevated values of beam attenuation coefficient due to particles (cp up to 0.5 m−1) during spring in 
this sector of the Levantine Sea, pinpointing relatively enhanced particle concentrations presumably related 
to higher productivity and abundance of biogenic particles in the upper water column. Overall, then, the 
RG area seems to be the unique “oasis” within the desert-like Levantine area of the Eastern Mediterranean 
(Siokou-Frangou, Gotsis-Skreta, et al., 1999).

Although the RG is a privileged area for dense water formation events (Malanotte-Rizzoli, Manca, d'Alcala, 
et al., 1999), in particular by producing the Levantine Intermediate Water, a key water mass for the general 
circulation of the Mediterranean Sea (Robinson et al., 2001), the vertical distribution and the temporal evo-
lution of nutrient stocks are predominantly driven by the mixed layer depth (MLD; Lascaratos et al., 1993). 
The MLD dynamics are therefore likely to be the primary factor in controlling the uptake and the availabil-
ity of nutrients in the upper layers, and then, ultimately, of phytoplankton growth (Napolitano et al., 2000; 
Pedrosa-Pàmies et al., 2016; Varkitzi et al., 2020).

This overall picture, which emerged from a series of intense in situ surveys of the area performed in the 
1990s (Malanotte-Rizzoli, Manca, Marullo, et al., 2003 and references therein), is, however, still not com-
pletely satisfactory. First, the MLD evolution, its interplay with the subsurface nutrient stock and the result-
ing phytoplankton response, are still not fully characterized, mainly because high-frequency and spatially 
resolved in situ data are largely insufficient. In particular, in situ data of CHL and nutrient concentrations 
are dramatically scarce in the RG and practically non-existent during the winter-to-spring period when 
CHL increase events are episodically recorded by satellite. Second, the generally rapid and intermittent na-
ture of these CHL increase events (Mayot et al., 2016) is still largely unresolved. Furthermore, ocean-color 
observations are subject to several limitations (e.g. cloud cover, atmospheric correction and chlorophyll 
algorithm failures), especially in the Mediterranean Sea (Volpe et al., 2007), hence raising the question of 
the capability of remote sensing to satisfactorily gauge phytoplankton increase.

For these reasons, the available observations are, as a whole, presently inadequate for confirming the pre-
sumed biogeochemical dynamics of the RG. Specifically, the lack of comprehensive year-long in situ mon-
itoring of the area has hindered the establishing of a full understanding of the physical/biogeochemical 
interplay.

To mitigate this chronic scarcity of data, and with the explicit objective of better characterizing the bio-
geochemical dynamics of the area and its main forcing factors, an array of BGC-Argo floats was deployed 
widely during the 2018–2019 period. Floats operations were carried out within the broader framework of 
an intense in situ survey of the Levantine Sea, the Pelagic Ecosystem Response to deep water formation in 
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the Levantine Experiment (PERLE): Six BGC-Argo floats (Leymarie et al., 2013) from French Novel Argo 
Ocean observing System (NAOS; D'Ortenzio, Taillandier, et al., 2020) and from Argo-Italy projects were 
deployed.

Among the main macronutrients relevant for phytoplankton growth, BGC-Argo floats can presently meas-
ure only nitrate (NO3) concentration. In particular, floats are not able to measure phosphates, which are 
considered the main limiting macronutrient in the Eastern Mediterranean (Krom, Emeis, & Van Cappel-
len, 2010 and references therein). The recurrent observation of phytoplankton growth in the RG, howev-
er, indicates that phosphorus limitation is episodically mitigated and that environmental abiotic condi-
tions temporally change to induce phytoplankton growth. Taking into account the observational limits of 
BGC-Argo, we hence focus this study on analysis of the interplay between MLD and NO3 distribution, with 
the ultimate goal of evaluating their influence on phytoplankton growth. Further analyses dedicated to bio-
geochemical processes and based on the PERLE cruise strategy are ongoing and will not be presented here.

This study consequently presents an analysis of the BGC-Argo float observations, combined with the avail-
able satellite data (sea surface temperature and ocean color). In situ data of PERLE surveys are also referred 
to, in particular for the calibration of the floats' bio-optical sensors to support the autonomously obtained 
data.

2.  Data and Methods
2.1.  PERLE Cruises

Three large-scale cruises were conducted in the Levantine Sea during the period 2018–2019: PERLE-0 
(May 2018), PERLE-1 (October 2018) and PERLE-2 (March to April 2019). CTD (conductivity, temperature, 
depth) casts were performed at all the stations. NO3 concentrations were also evaluated at every station by 
sampling water at fixed depths and further analyzing with a colorimetric method using an Auto-Analyz-
er continuous flow analysis system (Aminot & Kérouel, 2007). Water-column CHL (through High Perfor-
mance Liquid Chromatography (HPLC) analysis, Ras et al., 2008) was assessed through discrete sampling at 
approximately one-third of the PERLE stations. Two groups of PERLE stations are used here: A first group 
(referred in the next as CAL in situ stations), which is composed of the stations of deployment and recovery 
of floats, is used for sensor calibration (for NO3) and data quality control (for both NO3 and CHL) of the 
BGC-Argo sensors; a second group (referred in the next as VAL in situ stations) is used to qualitatively assess 
the BGC-Argo and satellite observations in the area (the positions of the two groups of stations are shown 
in Figure S1; Figure 1 shows the positions of the VAL stations).
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Figure 1.  Map of sea surface temperature (SST) annual absolute minima, with the locations of all BGC-Argo profiles 
(each point represents a profile). White marks indicate the location of BGC-Argo profiles within the SST15 region 
(squares for float 6902900, diamonds for float 6902902, triangles for float 6902904), whereas gray dots indicate the 
location of profiles outside the SST15 region, independently of the float. The locations of ship-based profiles of VAL 
stations used for qualitative comparison with floats are also plotted: CHL profiles in October 2018 (yellow dots), CHL 
profiles in March 2019 (orange dots), NO3 profiles in October 2019 (dark-brown dots).
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2.2.  BGC-Argo Floats

Six BGC-Argo floats were deployed in the Levantine basin (see Figure S1 map of BGC-Argo deployment 
points) over the 2018–2019 period. All the floats were equipped with temperature, salinity and PAR (Photo-
synthetically Active Radiation) sensors, a fluorometer for CHL and a backscattering sensor used to measure 
the volume scattering coefficient measured at an angle of 124° at 700 nm and subsequently converted to 
a particulate backscattering coefficient (bbp, in m−1, following Schmechtig, Poteau, Claustre, D'Ortenzio, 
Dall'Olmo, and Boss [2018]), which is considered a proxy for particulate organic carbon concentration (Boss 
& Pegau, 2001). Four floats were additionally equipped with NO3 concentration sensors (Suna™ Satlan-
tic). Two floats have been recovered and four were still operational in October 2020. BGC-Argo data were 
obtained from the Coriolis Data Assembly Center. Considering that some floats are not yet validated in 
Delayed Mode as they are still operational at the time of writing (October 2020), values for CHL, bbp, and 
NO3 were derived from the available raw data. We followed precisely the standard BGC-Argo algorithms as 
indicated by Johnson et al. (2018) and by Schmechtig, Poteau, Claustre, D'Ortenzio, and Boss (2015) and 
Schmechtig, Poteau, Claustre, D'Ortenzio, Dall'Olmo, and Boss (2018). For NO3 data, an additional adjust-
ment of the standard calibration was performed, by using ancillary measurements obtained on the CAL in 
situ stations. Details of the processing of NO3 and CHL profiles are presented in the supporting information 
(Text S1, Figures S2 and S3).

2.3.  Satellite Observations

Sea surface temperature (SST) and ocean-color surface CHL observations were provided by the Copernicus 
Marine Service and CNR-ISAC Rome, respectively. Mediterranean daily products at 1/6° spatial resolution 
for SST and at 1 km for surface CHL were downloaded and remapped on the Levantine region. For each 
pixel in the interest area, a time series of SST values was extracted for the fall 2018-summer 2019 period. 
For each time series, the annual absolute minimum value was identified (i.e. the lowest SST values during 
the period fall 2018-summer 2019). The obtained values were then mapped (Figure 1). Almost all the SST 
minima values were recorded in February 2019 (data not shown).

2.4.  Selection of Float Profiles and Reconstruction of Time Series

The positions of the BGC-Argo profiles in the Levantine area for the period from October 2018 to May 2019 
are indicated in Figure 1, superimposed on the map of the annual satellite SST minima. From the SST min-
ima map, all pixels having values lower than 15°C were further used to identify the region where the mixed 
layer cooled the most (Marullo et al., 2003). The resulting region (hereafter referred to as SST15) marks a 
large area south of Rhodes and east of Crete (Figure 1), which comprises the coldest SST of the Levantine 
Sea. We considered that these values delineate the area where mixing was likely to have occurred and where 
nutrient injection may have been subsequently favored (Marullo et al., 2003; Napolitano et al., 2000; Vidussi 
et al., 2001).

Choosing to focus on the BGC-Argo profiles within the SST15 area (white marks in Figure 1), we recon-
structed time series over the period October 2018–May 2019 (Figure 2, panel a) for MLD (using the density 
threshold value of 0.03 kg m-3 as in D'Ortenzio, Iudicone, et al. [2005]), for the depth of the lower limit of 
the nitrate depleted layer (NDL; Omand & Mahadevan, 2015), the depth of the isoline 5 µmol L-1 of nitrate 
(used as an indicator of the deep stock of nitrate) and the depth of the isoline 0.415 mole photons m−2 day−1 
(indicating the minimum light level above which phytoplankton growth potentially occurs, Mignot, Claus-
tre, et al., 2014). For each profile, NDL depth is computed as following: if the nitrate concentration is not 
null in the mixed layer, the NDL depth is set to the surface (0 m). If not, the NDL depth is estimated by the 
depth of the nitrate depletion density, which is the deepest isopycnal at which nitrate concentration is zero 
(Omand & Mahadevan, 2015). The nitrate depletion density is estimated by the intercept of the regression 
line reported in a nitrate-density diagram. From the same subset of profiles, surface time series were gener-
ated for NO3 concentrations averaged over the mixed layer (NO3MLD), and for CHL and bbp averaged over the 
first 10 m, if at least 9 records at 1 m resolution were available (Figure 2, panels b–d, respectively).

The time series inside the SST15 region were generated by the sampling of the three floats 6902900, 6902902, 
and 690904. The time series outside the SST15 region (sampled by all the floats) is shown in Figure 2 for 
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NO3MLD and in Figure  S4 for the other parameters. Finally, a time series of daily satellite surface CHL 
concentration was also derived, by averaging all available satellite ocean-color pixels over the region SST15.

Surface CHL and NO3MLD were also calculated from discrete in situ profiles collected at VAL stations during 
the PERLE-1 and the PERLE-2 surveys. We used the in situ samples collected in the 0–10 m layer (only one 
observation per profile available). The VAL stations selected were those most adjacent to the SST15 region 
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Figure 2.  Time series derived from subsets of BGC-Argo floats. Panel (a) MLD (gray dots and area), NDL depth 
(red dots and line), depth of the NO3 isoline of 5 μmol L-1 (brown line), depth of the isoline 0.415 mole photons 
m−2 day−1 (base of yellow area). Note that NDL values equal to zero indicate that the NDL is non-existent (i.e. the NO3 
concentrations present at the surface are greater than the detection limit). Dots are maintained in the plot to indicate 
that profiles are available. Panel (b) time series of depth averaged NO3MLD concentration from BGC-Argo floats (brown 
dots and line for profiles inside the SST15 region; mustard yellow points for profiles outside the SST15 region) and from 
discrete ship-based samples from VAL stations (brown squares). Panel (c) surface chlorophyll concentration: from BGC-
Argo floats (light-green dots), from satellite ocean color (dark-green dots), from in situ HPLC of VAL stations (yellow 
squares). Panel (d) BGC-Argo floats' surface bbp. Letters on the top of the panels refer to the vertical profiles shown in 
Figure S6.
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(this area was not sampled during the PERLE cruises due to geopolitical issues) and they are all positioned 
west of the SST15 zone (Figure 1). These stations are only used in the next to qualitatively assess the CHL 
and NO3 concentrations retrieved from floats.

3.  Results and Discussion
The SST15 region attests to intense cooling of the surface water, suggesting that it is an area where the 
MLD deepens and the upper water column undergoes mixing (Marullo et al., 2003). Compared with the 
surrounding regions (Figure S4, panel b), the SST15 area shows the deepest MLD winter values, confirming 
the specific physical characteristics of the SST15 region. In this area, the MLD time series from float data 
confirms that the maximum deepening of the MLD was at a depth of 250 m in late February/early March 
2019, while also revealing that the deepening began in December 2018 then further accelerated in January 
2019. Before this period (i.e. October to December 2018), the MLD was shallow and never exceeded 50 m 
in depth. The NDL depth was observed as being close to the MLD for most of fall 2018. Over the same peri-
od, the deep stock of NO3 in the SST15 area (i.e. isoline of 5 μmol L-1) fluctuates between 100 and 200 m in 
depth. In the surrounding areas, NO3 stock and DNL are generally deeper than in the SST15 area (Figure S4, 
panels b and c). The cyclonic circulation of the RG, which is particularly intense in the fall-winter seasons 
(Malanotte-Rizzoli, Manca, Marullo, et al., 2003) likely induces a localized (i.e. centered in the SST15 area) 
uplift of NO3 stock.

In the SST15 area, the deepening of the MLD observed from late December 2019 onwards induced a consist-
ent injection of NO3 into the upper layers, resulting in the presence of NO3 concentrations typical of deep 
stock close to the surface. Moreover, the NDL disappeared, indicating the surface water column was NO3 re-
plenished. Although maxima were observed in January 2019, NO3 values in the MLD remained persistently 
elevated (always greater than 1 μmol L-1) throughout the period from January to early March 2019 (Figure 2, 
panel b), revealing that the MLD deepening and the associated mixing continuously redistributed NO3 from 
the deep stock into the surface layer. The NO3MLD started to progressively decrease in February 2019, before 
definitively vanishing in late March 2019, when the observed values were below the detection limit.

Concomitant in situ data to confirm the NO3 evolution assessed by floats, in particular the high NO3MLD 
values observed in January/February, are unavailable. However, the analysis of NO3 profiles of VAL stations 
measured during the PERLE-2 survey (March 2019) reveals that at one station at least, NO3MLD was not 
completely exhausted (brown squares in Figure 2, panel b). Although the spatiotemporal matching of VAL 
stations with float data is not perfect (as the former were obtained from outside the SST15 region and outside 
the temporal window when the NO3 increase was most observed by floats), the in situ data still provide 
confirmation of the BGC-Argo observations.

NO3 augmentation in the mixed layer is also indirectly confirmed by the parallel increase of biomass at the 
surface (as assessed by the simultaneous analysis of surface CHL and bbp time series). Showing very low 
values in October to November 2018, surface CHL started to increase slightly from December 2019, when 
the MLD deepened marginally. This augmentation could likely be ascribed to a redistribution of the bio-
mass associated to the Deep Chlorophyll Maxima (DCM), directly related to the MLD deepening. During 
this period, the depths of DCM and of mixed layer are nearly coincident (see Figure S5 for a time series of 
DCM and mixed layer depths, and also some examples of vertical profiles during this phase in Figure S6, 
panel a–c). Additionally, since the increase in CHL was not accompanied by a respective increase in bbp, it 
may be related to an increase in CHL per cell content as described in Bellacicco et al. (2016), resulting from 
a decrease in light availability rather an increase of biomass (as confirmed by the low values of the ratio 
bbp/CHL during this phase, see Figure S5, lower panel). A phosphorus limitation could also explain the 
relatively low values of biomass, even in the presence of NO3 availability. In December 2018–January 2019, 
however, surface biomass increased unequivocally, as concomitantly indicated by an increase in the surface 
CHL and bbp values observed by BGC-Argo. During February 2019, biomass, although fluctuating, remained 
relatively constant, with CHL and bbp largely higher than the fall values. In early March 2019, surface CHL 
concentrations and bbp values reached their maxima, before further decreasing in late March.

From December 2018, the evolution of phytoplankton biomass can be directly correlated to the MLD/NO3 
interplay:
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1.	 �The acceleration of MLD deepening in December/January 2019 generated a dramatic increase in NO3 in 
the mixed layer; during this phase, surface CHL and bbp were not synced, the former generally increas-
ing, while the latter still showed fall values (Figure S6, panels d–e).

2.	 �The MLD deepening stopped temporarily in mid-January, maintaining stable mean values for most of 
February 2019; concurrently, an abrupt decrease in NO3MLD concentrations was observed, likely indicat-
ing nutrient consumption and the end (or substantial diminution) of NO3 injection at the surface; the 
biomass of phytoplankton, exploiting favorable conditions, started to grow, as attested by the surface 
increase in bbp, now synced to CHL increase (Figure S6, panels f–g).

3.	 �In late February-early March 2019, an additional deepening of the MLD (showing the maximum MLD 
values of the time series, ∼250 m) induced a temporary decrease in surface CHL concentration, concom-
itant to a significant increase in NO3MLD (Figure S6, panels h–i).

4.	 �The following and thereafter permanent shallowing of MLD induced, in early March 2019, a biomass 
peak, as indicated by the absolute maxima of the CHL and bbp series; in situ HPLC data from VAL 
stations (yellow squares in Figure 2, panel c) confirmed the phytoplankton peak, which persisted for 
∼2 weeks (Figure S6, panel l).

5.	 �After this last episode, the MLD remained permanently shallow, the NO3MLD rapidly vanished, and sur-
face CHL and bbp decreased back to low fall values (Figure S6, panel m).

6.	 �In April 2019, a second peak of surface bbp was observed while the other parameters showed no relevant 
anomalies (Figure S6, panel n).

The succession of events recorded by the BGC-Argo floats is completely consistent with the dynamics of 
phytoplankton growth primarily driven by MLD dynamics and controlled by nutrient availability. Since 
December, the NO3 availability induces an increase of surface CHL, maintaining elevated the biomass dur-
ing the winter months. The spring CHL peak, occurring at the definitive stratification of the water column, 
concludes the biomass accumulation period, which protracted for most of the winter. The influence of 
light availability appears less critical than the impact of NO3 on biomass dynamics. However, it partially 
explains the stable conditions observed in February 2019 when, although NO3 was available at the surface, 
biomass stagnated. During this period, the isoline of 0.415 mole photons m−2 day−1 was permanently shal-
lower than the MLD, suggesting that mixing removes phytoplankton cells from the sunlit layers, causing a 
slowdown of, or temporarily stop in biomass growth (Williams et al., 2000). We also considered as driver the 
dilution-recoupling hypothesis (Behrenfeld, 2010; Boss & Behrenfeld, 2010). Indeed, it may have favored 
the mid-January bloom, when there was a deepening of the mixed layer by ∼50 m but (1) for the rest of 
winter the MLD was quite stable around 100 m and (2) the impact of the other convective event at the end 
of February was more in diluting the existing biomass than in favoring the accumulation of new biomass. 
The large scale cyclonic circulation of the RG is also an important factor driving the NO3 dynamic (Robin-
son et al., 2001). The shallow values of isoline 5 μmol L-1 and of NDL in the SST15 area, compared to those 
observed in the surrounding regions (Figure S4, panels a and c), suggest that the fall-winter large scale 
circulation induces favorable conditions for NO3 injections in the central RG.

The second surface bbp peak observed in April could likely be related to the presence of detached coccoliths 
(Terrats et al., 2020), released by coccolithophores, a dominant group in the region (Oviedo et al., 2015; 
Vidussi et al., 2001), observed to thrive during late winter and spring in the Levantine basin (Knapperts-
busch, 1993; Ziveri et al., 2000). During March 2019 (PERLE-2), coccolithophores were present at relatively 
high densities (up to 7.6 × 104 cells L-1, partial results from microscopical cell counts). Alternatively, the 
surface bbp peak could be associated with Saharan dust inputs, which are frequent in the region during this 
time of the year (Guerzoni et al., 1999).

Although NO3 and CHL float data may still be affected by uncertainties (D'Ortenzio, Taillandier, et al., 2020), 
the rise in NO3MLD concentration, followed by a significant surface CHL increase, are unequivocal. The NO3 
and CHL increases are larger than the estimated errors of float data, which, in the Mediterranean, are esti-
mated at about 1 μmol L-1 and 0.2 mg m-3, respectively (Mignot, D'Ortenzio, et al., 2019). Finally, although 
in situ ship data are used here only to corroborate floats observations, they indicate that NO3 and CHL 
increases are effective, supporting the float-derived results.

The hypothesis of significant phytoplankton increase in the area, as a consequence of MLD and nutrient 
dynamics related to winter overturning mixing, has already been formulated in the past (Denis et al., 2010; 
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Ediger & Yilmaz, 1996; Malanotte-Rizzoli, Manca, Marullo, et al., 2003; Souvermezoglou & Krasakopou-
lou, 1999; Vidussi et al., 2001). These previous studies, however, were based on a very limited set of in situ 
observations largely collected in late 1990s, and therefore they could not assess or predict the duration of 
such events. An observational gap over the following 20 years precluded further validation, resulting in the 
bulk of subsequent analysis being based on satellite ocean-color observations.

While satellite surface CHL concentrations match the float observations from fall 2018 and late spring 2019, 
they completely overlook the CHL dynamics observed in late winter and also under-evaluate the observed 
concentrations in March 2019 (as indicated when in situ HPLC data are compared with float and satellite 
observations). Cloud coverage may primarily explain the lack of ocean-color observations, while the cor-
rection of white caps (due to the intense winds recurrently observed in the area) may strongly reduce the 
number of available ocean-color pixels and thus available match-ups in the Levantine Sea.

The combined approach of BGC-Argo floats and satellite observations proposed here is still improvable. 
One such point is the selection of BGC-Argo profiles to generate time series on the basis of the annual min-
ima of SST obtained by satellite, here considered as permanent and not temporally variable. In this respect, 
this approach misrepresents the very high frequency of mixing events and the patchy nature of spatial 
phytoplankton patterns. In addition, mesoscale and sub-mesoscale processes influence NO3, bbp, and CHL 
distributions, inducing additional variability for time series. The effect of these processes is evident in the 
oscillation of the time series, in particular during the transition periods (i.e. stratification/destratification). 
Another point is the lack of observations by BGC-Argo floats of macronutrients other than NO3, in par-
ticular phosphorus, which is considered the main limiting nutrient in the area. The picture proposed here, 
based on the MLD/NO3 interplay, appears nevertheless coherent with the existing hypothesis on the RG 
biogeochemical functioning. It also provides, for the first time, a description of the seasonal biogeochem-
ical evolution of the region, providing a conceptual framework (based on in situ observations) to improve 
our comprehension of the functioning of the whole Levantine region. PERLE survey data (presently under 
analysis), including phosphorus observations, will certainly allow refining this understanding, by introduc-
ing and modulating the findings obtained in this study. Also, the analysis of biogeochemical variables relat-
ed to the ecosystem dynamics should provide complementary information on this ecosystem functioning by 
indicating the distribution of their bulk properties.

Overall, however, and despite these limitations, the proposed approach provides the first continuous annual 
survey of water-column distribution of NO3, bbp, and CHL in the RG and surrounding regions. It also offers 
a comprehensive view of the seasonal evolution in the area, which largely confirms and also enhances pre-
vious explanations of its biogeochemical functioning.

4.  Conclusions
An unprecedented BGC-Argo observation system was implemented in the Levantine area of the Mediter-
ranean Sea in 2018–2019. It was supported by an equivalent and concomitant ship-based effort (3 seasonal 
surveys from May 2018 to March 2019) to elucidate the impact of physical forcing on the biogeochemical 
dynamics of the basin. The analysis of the floats data presented here unequivocally confirms phytoplank-
ton response to the successive mixing events from December to March. This response was first hypoth-
esized and observed in the 1990s, but, later on, substantiated only indirectly through models or satellite 
observations, which could fail in fully assessing the biogeochemical dynamic of the area (as suggested by 
the presented results). In the area where the lowest SSTs were recorded, BGC-Argo floats unambiguously 
observed significant NO3 availability in the sunlit layer, followed by rapid accumulation of biomass on the 
surface. Phytoplankton growth appears to be primarily driven by MLD dynamics as shown by the temporal 
match between MLD stratification and destratification events and CHL fluctuations in the upper layers. As 
hypothesized in previous studies, MLD deepening drives surface NO3 availability, as observed by floats in 
the RG from January 2019 onwards. Floats data also revealed that the upper limit of the deep stock of NO3 
was closer to the surface (between 100 and 170 m) than in the surrounding regions and that an uplift of 
nutrients occurred at the end of the year (i.e. December 2018). Our results confirm that large-scale cyclonic 
circulation, uplifting density isolines, is likely to be the principal preconditioning cause of subsurface NO3 
increase in the RG region. Moreover, our results indicate that phytoplankton accumulation, as well as the 
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environmental conditions that induce it, occur permanently during winter. In other words, the spring event 
(observed here in March) delimits the end of the productive period, instead of starting it as in other temper-
ate areas (e.g. the North Western Mediterranean Sea; Kessouri et al., 2018).

BGC-Argo data accuracy is still not equivalent to that of classic ship-based observations, in particular 
for NO3 and CHL. The results obtained here, however, are directly and indirectly confirmed by ancillary 
high-quality measurements. Moreover, the variations observed by the float data are sufficiently large in re-
lation to the estimated errors to confirm the reliability of the general picture described above. On the whole, 
the BGC-Argo network has provided the first observational evidence of the evolution of NO3 concentration 
in the surface layer of the RG region, showing the direct influence of MLD dynamics on this evolution. The 
response of phytoplankton to the NO3/MLD interplay was also documented in an unprecedented fashion, 
confirming existing understanding about the region's phytoplankton dynamics, providing more insight in 
the underlying mechanisms controlling the physical-biogeochemical interactions.

The results presented here fine-tune the existing picture of the sporadic and intermittent nature of the RG 
CHL increase, mainly obtained from ocean-color satellite observations. In the 2018–2019 period specifically 
analyzed here, satellite ocean-color observations partially failed to detect the area's increase in biomass. 
Considering that the region's biogeochemical budgets are primarily estimated on the basis of remote-sens-
ing data, our evidence on the observational limits of satellites indicates then that these budgets could ac-
cordingly be biased. In this context, the massive use of BGC-Argo floats, in support of and as a supplement 
to space and ship-based observation, is one of the potentialities of an expanded BGC-Argo network. To 
fully exploit these potentialities, more investigations are required to improve integration of the different 
sources of biogeochemical data and to enhance the use of coupled models assimilating both BGC-Argo and 
satellite observations (as in Cossarini et al. [2019]). Our analysis also demonstrates that BGC-Argo floats are 
a powerful tool for elucidating complex interactions between physical and biogeochemical dynamics, al-
though they should be integrated, as far as possible, to “classic” observational systems such as ship surveys, 
moorings and satellites (see relevant discussion in D'Ortenzio, Taillandier, et al. [2020] and in Taillandier 
et al. [2018]).

Data Availability Statement
The BGC-Argo data presented here are freely available at https://doi.org/10.17882/42182#71394 or ftp://ftp.
ifremer.fr/ifremer/argo/dac/. These data were collected and made freely available by the International Argo 
Program and the national programs that contribute to it (http://www.argo.ucsd.edu, http://argo.jcommops.
org). The PERLE data are available at SISMER (https://doi.org/10.17600/18000865) and SEDOO (https://
mistrals.sedoo.fr/MERMeX/). Satellite data were provided by the Copernicus Marine Service and CNR-
ISAC Rome, and are available from the Copernicus Marine Service website: https://marine.copernicus.eu.
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