Orens Pasqueron De Fommervault 
  
Christophe Migon 
  
Fabrizio D'ortenzio 
  
Patrick Raimbault 
  
Nicole Garcia 
  
Véronique Lagadec 
  
  
  
Atmospheric input of inorganic nitrogen and phosphorus to the Ligurian Sea: Data from the Cap Ferrat coastal time-series station

Atmospheric fluxes of bio-available inorganic nitrogen (DIN, i.e. nitrate + ammonium) and phosphorus (DIP, i.e. phosphate) were measured in 2010, 2011 and 2013 at the sampling station of Cap Ferrat (Ligurian Sea). Wet and dry fluxes of DIN, averaged over three years, were 35 and 19 mmol m -2 yr -1 , respectively. Most of the nitrate was deposited under dry form, whilst ammonia was twice more found in wet deposition. Wet and dry fluxes of DIP, averaged over three years, were 0.11 and 0.64 mmol m -2 yr -1 , respectively. Atmospheric fluxes of DIN and DIP were compared with other photic zone nutrient input sources, physical and biological, i.e. winter convection, N 2 fixation, and upward diffusion. Even if convection is by far the most important nutrient input for surface waters, atmospheric sources may be the second one, supplying more nutrients than diazotrophy and diffusion, particularly in conditions of water column stratification.

 [START_REF] Béthoux | Nutrients in the Mediterranean Sea, mass balance and statistical analysis of concentrations with respect to environmental change[END_REF][START_REF] Ribera D'alcalà | Nutrient ratios and fluxes hint at overlooked processes in the Mediterranean Sea[END_REF]). An important role for atmospheric deposition might be a common characteristic of marine regions such as the Mediterranean Sea where the external physical forcing is strong, i.e., semi-enclosed or inland seas [START_REF] Turley | The changing Mediterranean Seaa sensitive ecosystem[END_REF][START_REF] Heimbürger | Quantification of trace metal enrichments of Ligurian surface waters by atmospheric deposition: A box model assessment[END_REF]. In particular, for the Mediterranean, owing to its reduced dimensions (2.51 10 6 km²), and to numerous and intense land-based emission sources of nutrients, open waters receive significant loads of nutrients. Indeed, atmospheric deposition is believed a significant source of nutrients to the marine surface layer [START_REF] Guerzoni | The role of atmospheric deposition in the biogeochemistry of the Mediterranean Sea[END_REF][START_REF] Béthoux | Temporal trends in nutrient ratios: chemical evidence of Mediterranean ecosystem changes driven by human activity[END_REF][START_REF] Christodoulaki | Atmospheric deposition in the Eastern Mediterranean. A driving force for ecosystem dynamics[END_REF], and likely to fertilise oligotrophic Mediterranean waters, particularly in summer conditions of a stratified water column [START_REF] Markaki | Atmospheric deposition of inorganic phosphorus in the Levantine Basin, eastern Mediterranean: spatial and temporal variability and its role in seawater productivity[END_REF]; [START_REF] Bartoli | Atmospheric input of dissolved inorganic phosphorus and silicon to the coastal northwestern Mediterranean Sea: fluxes, variability and possible impact on phytoplankton dynamics[END_REF]; [START_REF] Lionello | The Mediterranean climate: An overview of the main characteristics and issues[END_REF].

Atmospheric material has a characteristic N to P ratio. A preponderance of N relative to P in the atmospheric material is universally observed, with a factor sometimes >1000 in the north Atlantic [START_REF] Baker | Atmospheric deposition of nutrients to the Atlantic Ocean[END_REF]; [START_REF] Bartoli | Atmospheric input of dissolved inorganic phosphorus and silicon to the coastal northwestern Mediterranean Sea: fluxes, variability and possible impact on phytoplankton dynamics[END_REF]; [START_REF] Krishnamurthy | Impacts of atmospheric nutrient inputs on marine biogeochemistry[END_REF]; [START_REF] Markaki | Variability of atmospheric deposition of dissolved nitrogen and phosphorus in the Mediterranean and possible link to the anomalous seawater N/P ratio[END_REF]). Because a high N:P ratio is common, atmospheric nutrient inputs are generally deficient in P relative to phytoplankton requirements. In the Mediterranean, nutrient molar ratios are peculiar.

Nitrate:phopshate values vary from 21 to 24, with mean value of 22 in the western basin (see review in Ribera d' Alcalà et al. 2003), and may locally reach values of about 100 at the bottom of the photic zone associated with the chlorophyll maximum [START_REF] Diaz | Early spring phosphorus limitation of primary productivity in a NW Mediterranean coastal zone (Gulf of Lions)[END_REF]; [START_REF] Moutin | Primary production, carbon export and nutrient availability in eastern and western Mediterranean Sea in early summer[END_REF]. Such values contrast with the typical Redfield ratio of 16 [START_REF] Redfield | On the proportions of organic derivations in seawaterand their relation to the composition of plankton[END_REF]). One of the most frequently invoked reasons to explain this peculiarity is the strong influence of atmospheric deposition [START_REF] Béthoux | Temporal trends in nutrient ratios: chemical evidence of Mediterranean ecosystem changes driven by human activity[END_REF]; Bartoli et In 2010, the MOOSE (Mediterranean Ocean Observing System for the Environment) network was set up to assess the spatial and temporal distribution of atmospheric inputs of nutrients over the French front of the northwestern Mediterranean basin, in relation to their fate and involvement in marine biogeochemical cycles. The present study was conducted within the MOOSE framework, and focuses on the Cap Ferrat Ligurian time-series station, with the double aim 1) to quantify the magnitude and temporal variability of partitioned atmospheric nutrient inputs, and 2) to evaluate the impact of such depositional fluxes on the overall nutrient budgets and stoichiometry of the northwestern Mediterranean. ) ions were analysed by standard automated colourimetric system, using a Seal Analytical continuous flow AutoAnalyser III (AA3) according to the protocols of [START_REF] Raimbault | Feasibility of using an automated colorimetric procedure for the determination of seawater nitrate in the 0 to 100 nM range: Examples from field and culture[END_REF] and Aminot andKérouel (2004, 2007) Forty vertical levels were used with closer spacing near the surface (15 levels in the first 100 metres in the centre of the convection zone characterised by depths of ~2500 m). The model was initialised and forced at its lateral boundaries with daily fields provided by the MERCATOR operational system based on the NEMO model. The configuration of this model was the PSY2V2R4 prototype at a resolution of 1/16° over the Atlantic and the Mediterranean. The atmospheric forcing was calculated using the bulk formulae of [START_REF] Large | Diurnal to decadal global forcing for ocean and sea-ice models: the data sets and flux climatologies[END_REF]. Meteorological parameters came from the ECMWF operational forecasts at 1/8° horizontal resolution and 3 hours temporal resolution. These forecasts were derived from the daily analysis at 00.00 UTC. Values of the mixed layer depth (MLD) were obtained at the DYFAMED time-series station (31°25'N, 71°52'E, central

Ligurian Sea) at a one-day frequency over the 2010-2014 period, using a 0.01 kg m -3 density criterion.

Results and Discussion

Atmospheric fluxes

Time-series of DIN and DIP depositions to the Cap Ferrat sampling site are depicted in Fig. 2a and Fig. 3a. DIN is composed of 66.1 and 77.4% nitrate + nitrite in wet and dry depositions, respectively, and of 33.9 and 22.6% ammonia in wet and dry depositions, respectively. Regarding wet deposition, the ratios are relatively close to findings from a previous study carried out at the same site (~ 40%; [START_REF] Migon | Etude de l'apport atmosphérique en sels nutritifs au milieu coôtier méditerranéen et implications biogéochimiques[END_REF]). However, it should be noted that the nitrate-to-ammonium ratio exhibits very strong variability at the individual scale: the contribution of NO 3 to total DIN varies from 15.2 to 99.9% in wet deposition, and from 0 to 99.5% in dry deposition. The strong inter-annual variability previously shown (Fig. 2 and3) suggests that DIN and DIP deposition is driven by a few events of large magnitude. These extreme events were characterised according to the criteria of [START_REF] Hampel | Robust statistics: The approach based on influence functions[END_REF], as the values that exceed:

( ) (1) 
where ( ) is the median value of the considered time-series of values (i.e. DIN and DIP in dry and wet deposition), and is the median absolute deviation calculated as follows:

( ( ) ). In wet deposition, extreme events represent only 13.5 and 15.5% of the total number of events for DIN and DIP, respectively, but they account for 47 and 57% of the total deposition of DIN and DIP, respectively. The proportion of extreme events is less important in dry deposition ( 1: Mean annual atmospheric fluxes of DIN and DIP (expressed in mmol m -2 yr -1 ) and N/P molar ratios. Mean molar ratios are computed as ratios of annual deposition of DIN to annual deposition of DIP (and not as the mean of N/P ratios of every event). This allows a better estimation of the relative impacts of N and P atmospheric loads, and of winter mixing, on overall stocks, instead of simply giving information on mean N/P ratios.

In order to evaluate the importance of atmospheric deposition as a source of nutrients to the Ligurian Sea, we compared it with other physical and biological processes likely to bring nutrients to the photic layer. Such processes are chiefly convection, N 2 fixation, and diffusion. Convection is probably the most important way to replenish the photic layer in regions where external conditions (temperature, wind, stress, precipitation rate, etc.) permit the downwelling of surface waters (Marty 2). Thus, we estimated the convective inputs of nutrients by considering the impact of each MLD deepening event (defined as the time interval during which the MLD is always deeper than the photic layer) on climatological profiles, assuming homogeneous concentrations within the mixed layer (Equation 1).

∫ ( )

where corresponds to the nutrient flux to the photic layer (Z eu ) during a MLD deepening event. Z eu varies from 32 to 46m at DYFAMED in winter ( 6).

In addition, the convective period lasted almost four months in winter 2010/2011 (from late December to mid-March), but only 2 months in winters 2011/2012 and 2013/2014. Over the three considered years, it represents a mean annual flux of 1.7 10 3 mmol N m -2 yr -1 and 69 mmol P m -2 yr - 1 (Table 1). and diffusion contribute little to the nutrient supply, compared to atmospheric input. Winter mixing is clearly the main source of new nutrients to the photic layer: it represents 65 to more than 97% of the annual DIN supply, and 87.5 to 99.2% for the annual DIP supply over the 3 years considered (Table 3). Interannual variability is considerable. Atmospheric inputs of DIN accounted for less than 3% in 2010 and 2011, but contributed almost 24% in 2013, owing to low convective input (Fig. 6 and Table 1) and high atmospheric fluxes. The contribution of the atmosphere to the total DIP input is lower, 0.6 and 0.8% in 2010 and 2011, respectively, and 9.2% in 2013. Nevertheless, atmospheric input is a continuous source of new nutrients (Fig. 4), whereas the input from mixing occurs almost always in winter, when MLD is deep enough to reach the deep nutrient reservoir.

This occurs between November and March in the MLD time-series (Fig. 6), otherwise the MLD is shallow, and the depleted surface layer isolated from subjacent layers. In period of stratification (April-October), atmospheric input may be a significant source of new N (134 µmol N m -2 d -1

considering wet and dry deposition) and new P (~2 µmol P m -2 d -1 ). Compared to diffusion flux [START_REF] Moutin | Primary production, carbon export and nutrient availability in eastern and western Mediterranean Sea in early summer[END_REF], and diazotrophy from April to October [START_REF] Sandroni | Dry atmospheric deposition and diazotrophy as sources of nitrogen to northwestern Mediterranean oligotrophic surface waters[END_REF]), the atmospheric contribution to total DIN and DIP inputs accounts, on average, for slightly more than 60% and 70%, respectively.

3.3 Potential impact on N:P marine stock and biological productivity Taking into account the diversity and intensity of emission sources along the Mediterranean shores (natural Saharan dust vs many anthropogenic sources), it is expected that the variability of nutrient atmospheric deposition is high, and, therefore, the atmospheric N:P ratio is highly variable as well.

At Cap Ferrat, the total annual N deposition is, on average, 335 times higher than that of P in the wet fraction, and 34 times in the dry fraction (Table 1). It ranges from 16 to 9000 in rainwater, with a median value of 400, and from 3 to more than 2000 in the dry material, with a median value of 32.

There is a common consensus to partly explain the high N:P values observed in Mediterranean waters, compared with values predicted by the Redfield model, by this atmospheric N and P imbalance (e.g., [START_REF] Herut | Atmospheric input of nitrogen and phosphorus to the Southeast Mediterranean: sources, fluxes and possible impact[END_REF][START_REF] Ribera D'alcalà | Nutrient ratios and fluxes hint at overlooked processes in the Mediterranean Sea[END_REF]. Riverine inputs may also be an important source for nutrient stocks in the Mediterranean Sea, too, and may potentially support high N:P ratio [START_REF] Ludwig | River discharges of water and nutrients to the Mediterranean and Black Sea: Major drivers for ecosystem changes during past and future decades?[END_REF]). However, the direct impact of riverine discharge is believed particularly low in the Ligurian Sea because, on the one hand, the Northern Current presumably isolates it from the Rhône river plume and from lateral inputs [START_REF] Niewadomska | Submesoscale physicalbiogeochemical coupling across the Ligurian current (northwestern Mediterranean) using a biooptical glider[END_REF]) and, on the other hand, riverine inputs are particularly poor in this region [START_REF] Migon | Riverine and atmospheric inputs of heavy metals to the Ligurian Sea[END_REF].

One can also note that the average convective nutrient input exhibits a N:P molar ratio 24.2 (Table 1), which is much more than the usual Redfield value (N:P = 16). On the one hand, it is not surprising since the convective nutrient ratio is expected to reflect the nutrient ratio at depth, which Atmospheric deposition and convection, together with diazotrophy, lead to high N:P ratio in the surface layer (see Table 1 

Conclusions

The present work aimed at improving knowledge on the composition and magnitude of DIN and DIP atmospheric deposition, and its impact on northwestern Mediterranean waters. Results confirm the major role of the atmospheric component in controlling standing stocks and, therefore, chemical limitation of primary productivity. Atmospheric input, while considerably lower than input from vertical mixing, is likely more important than diazotrophy (for the case of N) and upward diffusion at yearly scale. In addition, the atmospheric input is continuous throughout the year, and its impact may be crucial during conditions of water column stratification, when the surface layer is nutrient- 

  is a low nutrient, low chlorophyll, oligotrophic province (D'Ortenzio and Ribera d'Alcalà 2009; Pulido-Villena et al. 2010). The exchanges at the straits of Gibraltar and Bosphorus globally result in a significant net export of nutrients, approximately 10% for nitrogen (N) and phosphorus (P), and 50% for silicon, approximately (Durrieu de Madron et al. 2011, and references therein). The net losses are hypothesized to be compensated by external sources at the climatological scale

  al. 2005; Krom et al. 2010; Markaki et al. 2010).

  siteThe sampling station of Cap Ferrat, on the southeastern coast of France (43°41'N, 7°19'30''E, altitude 130m; Fig.1), is located on a peninsula surrounded by mountainous environment; it is sheltered from local sea-spray and direct continental sources with, however, a marked marine character. The Cap Ferrat sampling station has been previously defined (e.g.,[START_REF] Chester | Rainwater-aerosol trace metal relationships at Cap Ferrat: a coastal site in the Western Mediterranean[END_REF]) as a site overall affected by European anthropogenic background features upon which are superimposed episodic, pulsed Saharan dust events. The atmospheric material, generated by numerous and contrasted land-based emission sources, is generally transported by different air masses that exhibit both mineral and anthropogenic features. Previous work has shown that local contaminations were negligible at Cap Ferrat (e.g. Chester et al. 1997; Migon et al. 2008). This coastal site is representative of northern anthropogenic influences in the northwestern Mediterranean basin, and it presumably mirrors the atmospheric deposition over Ligurian marine areas, assuming that, at the scale of medium-range atmospheric transport, airborne material over the Ligurian region is fairly homogeneous (Sandroni and Migon 1997). As a general rule, the number of dry days in the Cap Ferrat region is much higher than that of wet days. During the present sampling period, 110, 72, and 99 rainy days occurred in 2010, 2011, and 2013, respectively (see http://www.meteofrance.com).

Fig. 1 :

 1 Fig. 1: Location of the time-series sampling site

Fig. 2 :Fig. 3 :

 23 Fig. 2: DIN deposition in a. the dry phase and b. the wet phase. Black dots represent rainfall amount, and red stars point out extreme events (see text and Eq. 1)

Fig. 4 :

 4 Fig. 4: Monthly bar plot of a. dry deposition of DIN; b. dry deposition of DIP; c. wet deposition of DIN; d. wet deposition of DIP. Error bars are 2 times the standard deviation length

Fig. 5 :

 5 Fig. 5: Scatter plot of rainfall amount versus DIN and DIP wet deposition

  et al. 2002), and the northwestern Mediterranean is an area of deep water formation, actually (D'Ortenzio et al. 2005). However, very few quantitative studies have dealt with the contribution of winter mixing on nutrient supply to the surface layer, and most of them are related to the eastern Mediterranean (Yılmaz and Tugrul 1998; Gačić et al. 2002; Santinelli et al. 2012). To our knowledge, only one addresses the issue in the Liguro-provençal basin (Severin et al. 2014). Indeed, events of MLD deepening are processes of short duration (few days). Thus, their assessment from standard ship measurements is very difficult, and often questionable with the available resolution of the data (even considering a monthly sampling; Pasqueron de Fommervault et al. 2015). Although it is not possible to determine accurately the contribution of winter mixing directly from in situ measurements, we estimated the annual flux of nutrients (nitrate and phosphate) by coupling in situ nutrient measurements and modelled MLD values at DYFAMED over the 2010-2014 period (Fig. 6). Climatological profiles of nitrate and phosphate concentrations in autumn were considered and supposed representative of the vertical nutrient distribution before the mixing period (data from Pasqueron de Fommervault et al. 2015, reported in Table

Figure 6 :

 6 Figure 6: Time-series of (a) the modelled MLD at the DYFAMED station, (b) convective input of nitrate, (c) convective input of phosphate.

  is clearly non-Redfield in this area. Thus, in the present data set, when the modelled MLD is deeper than ~ 200m, convective nutrient inputs exhibit N:P ratios around 21-22, close to the value at depth (Pasqueron de Fommervault et al. 2015), which increases when the MLD is shallow (i.e. < 200m).This mirrors a shallower nitracline relative to phosphacline, and, therefore, DIN inputs relatively higher than DIP inputs for shallow MLD. In other words, the depth reached by the MLD influences the nutrient stoichiometry, as already observed by[START_REF] Severin | Impact of open-ocean convection on nutrients, phytoplankton biomass and activity[END_REF] in the Golf of Lion.

  ), and suggest that fluxes of nutrients entering sea surface are always Nenriched relative to P in the northwestern Mediterranean, in terms of biological needs according to the Redfield model. This is in agreement with most recent findings (i.e. control of phytoplankton productivity by P availability during the greatest part of the year) in the Ligurian Sea (Pasqueron de Fommervault et al. 2015). The Redfield model (P/N/C = 1/16/106) may be used to approximately compute the theoretical new production (NP) triggered by DIP loads. Summing yearly atmospheric inputs, vertical diffusion and winter mixing, the annual NP ranges from 179.6 gC m -2 yr -1 in 2011 and 11 gC m -2 yr -1 in 2013 with an intermediate value of 77 gC m -2 yr -1 in 2012. The Z eu deepening in late spring also brings nutrients to the productive layer, and contributes to NP. Integrating DIP concentrations from winter Z eu (~ 40m) to summer Z eu (~ 80m; Organelli et al. 2014) gives a NP around 6-12 gC m -2 yr -1 .The above evaluations are to be compared with annual NP measurements and estimations at DYFAMED: 42 (Marty and Chiaverini 2002) to 52[START_REF] Béthoux | Oxygen consumption, new production, vertical advection and environmental evolution in the Mediterranean Sea[END_REF]) and 59 gC m -2 yr -1[START_REF] Sandroni | Dry atmospheric deposition and diazotrophy as sources of nitrogen to northwestern Mediterranean oligotrophic surface waters[END_REF]). This highlights the wide interannual variability of primary production in the Ligurian Sea region[START_REF] Bosc | Seasonal and interannual variability in algal biomass and primary production in the Mediterranean Sea, as derived from 4 years of SeaWiFS observations[END_REF]), presumably caused by the interannual variability of MLD. This variability does not significantly change our results and conclusions, since the winter mixing remains by far the largest source of nutrients to the photic layer. Nonetheless, atmospheric deposition is a significant source of nutrients to northwestern Mediterranean waters, in particular in summer conditions of stratification and surface water depletion. Interestingly, sediment trap studies at DYFAMED site show that atmospheric fluxes are generally not associated with significant export fluxes[START_REF] Migon | Transfer of atmospheric matter through the euphotic layer in the northwestern Mediterranean: seasonal pattern and driving forces[END_REF][START_REF] Heimbürger | Temporal variability of vertical export flux at the DYFAMED time-series station (Northwestern Mediterranean Sea)[END_REF][START_REF] Heimbürger | Vertical export flux of metals in the Mediterranean Sea[END_REF]. This suggests that the fertilising impact of atmospheric deposition on phytoplankton production remains poorly understood (Guieu et al. 2014). More generally, Volpe et al. (2009) have stated that dust deposition has no significant impact on phytoplankton dynamics in the Mediterranean Sea. It is therefore difficult to go beyond terms of nutrient stocks and limitation.

  depleted and isolated from deeper layers, without mixing process[START_REF] Bartoli | Atmospheric input of dissolved inorganic phosphorus and silicon to the coastal northwestern Mediterranean Sea: fluxes, variability and possible impact on phytoplankton dynamics[END_REF]). However, the comparison of atmospheric deposition with other significant sources of nutrients remains poorly documented, mainly because of marine under-sampling. Indeed, marine sampling campaigns in central Ligurian Sea are monthly (DYFAMED site; see, e.g.,Marty et al. 2002;[START_REF] Pasqueron De Fommervault | Temporal variability of nutrient concentrations in the northwestern Mediterranean Sea (DYFAMED time-series station)[END_REF]. This periodicity renders somewhat questionable the comparison between respective nutrient loads of atmospheric deposition and, e.g., winter convection, because the latter requires a high-frequency sampling to be well described. The estimation of nitrate concentrations from moorings and profiling floats has been already achieved in the past (e.g.,[START_REF] Johnson | Diel nitrate cycles observed with in situ sensors predict monthly and annual new production[END_REF][START_REF] Johnson | Long-term nitrate measurements in the ocean using the In Situ Ultraviolet Spectrophotometer: sensor integration into the APEX profiling float[END_REF]. A nitrate sensor will be used at the DYFAMED mooring in the next months, while a network of floats equipped with nitrate sensors is already operational in the northwestern Mediterranean (NAOS project). In addition, the present study only considers inorganic forms of nutrients. Organic forms of nutrients are an alternative nutritive source for microorganisms, particularly in conditions of oligotrophy, because once surface waters are nutrient-depleted, most of remaining nutrient species are organic, a priori more difficult (when possible) to fix. It has long been known that when concentrations of soluble inorganic forms of nutrients are insufficient to meet the potential demands of microorganisms, organic forms can play a major role: either they are spontaneously hydrolysed in sea water, and they can be assimilated as easily as so-called reactive forms, or marine microorganisms (heterotrophic bacteria and picophytoplankton) are able to assimilate them via enzymatic cleavage (e.g.,[START_REF] Johannes | Uptake and release of dissolved organic phosphorus by representatives of a coastal marine ecosystem[END_REF][START_REF] Van Wambeke | Longitudinal and vertical trends of bacterial limitation by phosphorus and carbon in the Mediterranean Sea[END_REF]. In oligotrophic systems, some organic forms of nutrients such as phosphonates can also be assimilated by species such as ubiquitous Trichodesmium in case of severe P-depletion and, thus, impact on the bio-availability of nutritive substances[START_REF] Dyhrman | Phosphonate utilization by the globally important marine diazotroph Trichodesmium[END_REF]). The quantification and characterisation of the bioassimilable fraction of the pool of organic nutrients requires specific studies (the pool of nonreactive dissolved nutrients is composed of a wide variety of species hydrolysable at various degrees). High-frequency sampling and study of non-reactive forms of nutrients are certainly the two major research directions directions to pursue in resolving nutrient dynamics and availability in the Mediterranean Sea.AknowledgementsThe authors aknowledge a grant provided by the ACRI-ST company and the French National Association for Research and Technology (ANRT). This work was partly supported by the French MOOSE network (funded by ALLENVI, INSU, Eurosites), and by the French 'Equipement d'avenir' NAOS project (ANR J11R107-F). The authors are also grateful to John Dolan for language corrections and to two anonymous reviewers for their helpful comments.

  . Ammonium (NH[START_REF] Baker | Atmospheric deposition of nutrients to the Atlantic Ocean[END_REF] [START_REF] Moore | The potential for biological mobilization of trace elements from aeolian dust in the ocean and its importance in the case of iron[END_REF]) and, thus, may release bio-available nitrate, ammonium and phosphate ions. However, without any additional data on this specific contribution, the solubility of the refractory remaining particulate fraction is arbitrarily presumed negligible and is not taken into account.

	Despite their significant contribution to the pool of dissolved N and P (Kanakidou et al. 2012;
	Violaki et al. 2015), and, therefore, despite their potential assimilation by microorganisms (Karl and
	Yanagi 1997; Van Wambeke et al. 2002), the organic forms of N and P were not taken into account
	here.			
	2.3. Modelling of the mixed layer depth
	The model used is a 3D free surface, generalised sigma vertical coordinate, described by Marsaleix
	et al. (2009, 2012). It has previously been used in the Mediterranean Sea to simulate convection in
	the open sea (Herrmann et al. 2008), as well as coastal dense water formation (Estournel 2005) and
	plankton ecosystem variability in the convection zone (Auger et al. 2014). We chose a horizontal
					ammonium and
	phosphate, respectively. Blanks (concentration values measured in Milli-Q water using the same
	analytical protocol, including filtration on GF/F filters) were 1.42 ± 0.47 M (NO 3	-+ NO 2	-), 1.37 ±
	1.05 M (NH 4	+ ), and 0.01 ± 0.01 M (PO 4	3-), to be compared with the range of concentrations of
	Cap Ferrat samples within the present data set (20-400 M for the sum (NO 3	-+ NO 2	-), 0.5-80 M
	for NH 4	+ and 0.5-10 M for PO 4	3-, approximately. The quality of measurements has been checked
	by analysing certified Nutrient Standard Solutions (NSS) from OSIL (United Kingdom).
	Soluble and insoluble fractions (from dry deposition samples), and dissolved and particulate
	fractions (from wet deposition samples) were discriminated by filtration. The soluble fraction of dry
	deposition samples was then added to the dissolved fraction of wet deposition samples to form the
	total pool that is viewed as a proxy of the atmospherically-deposited marine bio-available pool of
	inorganic nutrients, hereinafter referred to as 'dissolved inputs' of N and P (DIN and DIP,
	respectively; DIN = NO 3	-+ NO 2	-+ NH 4 + , DIP = PO 4	3-). In both wet and dry depositions, nitrite
	concentrations were not systematically measured individually. When nitrite was not measured, it
	occurred with nitrate, and when it was measured, its concentrations were always very low: they
	represented on average 0.4% of total dry deposition of soluble N, and 1.8 % in the wet deposition. It
	is thus assumed that the sum [nitrate + ammonium] globally accounts for the total input of DIN,

+ ) ions were analysed by fluorescence according to Holmes et al. (1999) and Brad et al. (2007).

Detection limits were 0.05, 0.02, 0.01 and 0.02 mol L -1 for nitrate, nitrite, and, in the following, nitrite will not be mentioned. The insoluble fraction of atmospheric nutrients was not analysed. Part of the insoluble fraction of dry deposition (as well as part of the particulate fraction of wet deposition) may dissolve in seawater, notably owing to zooplankton grazing and subsequent particle fractionation (resolution of 1 km to represent the scales related to the Rossby radius, of the order of 5-10 km.

Table

  [START_REF] Bergametti | Source, transport and deposition of atmospheric phosphorus over the Northwestern Mediterranean[END_REF] and 12% for DIN and DIP, respectively), with a contribution of 27 and 44% of the total input for DIN and DIP, respectively. This confirms the key role of episodic pulses affecting Mediterranean surface waters, in agreement with findings of[START_REF] Guieu | The significance of the episodic nature of atmospheric deposition to Low Nutrient Low Chlorophyll regions[END_REF]. Interestingly, extreme DIP inputs rarely coincided with high DIN inputs for both dry and wet deposition.

	2013 52	21	0.2 10 3	0.09	0.75	8	582	28	33
	mean 35	19	1.7 10 3	0.11	0.64	69	335	34	24
		DIN			DIP			N:P	
	Atmospheric	Winter	Atmospheric	Winter	Atmospheric	Winter
		input	mixing		input	mixing		input	mixing
	Wet	Dry		Wet	Dry		Wet	Dry	
	2010 33	14	3.2 10 3	0.15	0.76	140	218	18	23
	2011 20	23	1.5 10 3	0.10	0.40	60	204	56	26

3.2. Nutrient budgets

Mean annual atmospheric fluxes of nutrients to the Cap Ferrat sampling site were calculated, and results are reported in Table

1

. Annual fluxes were computed as the sum of deposition events divided by the number of measurement days, multiplied by 365, in order to avoid biases due to missing data by computing the straightforward sum. The mean daily flux is considered during periods of missing data, instead of considering that no data correspond to nil flux. The annual atmospheric fluxes of DIN and DIP, averaged over the 3 years of measurement, are 54 ± 16 mmol m -2 yr -1 and 0.75 ± 0.22 mmol m -2 yr -1 , respectively. These fluxes are roughly within the range of previous measurement at Cap Ferrat, although the wet deposition of DIN was 47.8 mmol DIN m -2 , on average, during wetter years 1986 and 1987

[START_REF] Migon | Etude de l'apport atmosphérique en sels nutritifs au milieu coôtier méditerranéen et implications biogéochimiques[END_REF]

), and the dry deposition of DIN was 40 in 2004

[START_REF] Sandroni | Dry atmospheric deposition and diazotrophy as sources of nitrogen to northwestern Mediterranean oligotrophic surface waters[END_REF]

). The total deposition of DIP was higher at Capo Cavallo (slightly less than 1.3 mmol DIP m -2 between April 1985 and March 1988

[START_REF] Bergametti | Source, transport and deposition of atmospheric phosphorus over the Northwestern Mediterranean[END_REF]

), presumably because the Corsican site is more affected by desert dust deposition events.

Table 2 :

 2 Autumn mean vertical nitrate and phosphate concentrations at the DYFAMED time-series station calculated over the period 1991-2001.

	Time-series of	are shown in Fig. 6. The nitrate supply to the photic layer was estimated as 3.2,
	1.5 and 0.2 10 3 mmol N m -2 yr -1 during winters 2010/2011, 2012/2013 and 2013/2014. Similarly,
	the phosphate supply was around 140, 60 and 8 mmol P m -2 yr -1 in winters 2010/2011, 2012/2013
	and 2013/2014. The large interannual variability of nutrient refueling is mostly related to that of
	MLD. Indeed, the modelled MLD reached more than 2000m during winter 2010/2011, and was
	around 600m during winter 2012/2013, and never exceeded 100m during winter 2013-2014 (Fig.

Table 3 :

 3 Comparison of annual fluxes of DIN and DIP to the surface layer considering the different sources (mixing, diffusion, atmospheric inputs and N 2 fixation), all expressed in percentage of the total nutrient input.

Integrated over the year, both diazotrophy (which is generally considered of low significance in the Mediterranean Sea; Sandroni et al. 2007; Ibello et al. 2010; Krom et al. 2010; Yogev et al. 2011)