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Abstract

The HyMeX Special Observing Period 2 (SOP2, 27 dJemMar. 2013) was dedicated to studying the
dense water formation (DWF) in the gulf of Lion (tiewestern Mediterranean). The general set-up
of the SOP2 and outlines of the meteorological @¢mr and of the oceanic deep convection for the
winter 2012-2013 are described. Alternating mixamgl restratification phases are related to periods
of respectively high and low heat losses. Higlohason realistic 3D models appear to be essetuial
assess the intricacy of buoyancy fluxes, horizoradlvection and convective processes. At
submesoscale, vertical velocities resulting froomsetric instabilities of the density front bounding
the convection zone are crucial for the ventilatbithe deep ocean. Finally, concomitant atmospheri
and oceanic data extracted from the comprehensB2Sdata set highlight the rapid coupled

evolution of the oceanic and atmospheric boundargrs characteristics during a strong wind event.

1. Introduction

Observations of oceanic convection leading to deveter formation (DWF) have been reported in a

variety of regions: Greenland, Labrador, Mediteeam and Weddell Seas (see Marshall and Schott
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(1999) for a review). DWF encompasses three ph@4E®OC group, 1970): (1) the preconditioning
due to the basin-scale doming of isopycnals, (2) ¢bnvective phase, with the development of
convective plumes (characterized by high down- @mard vertical velocities) and the formation of
the mixed patch with associated eddy activity withiand on its edge, (3) the spreading phase, in
which baroclinic instability is a key mechanismlugstrating the exchange of fluid and buoyancy with
the surrounding stratified waters. Although thebages have been described separately, questions
remain about their overlapping probably related anngbalist conditions, to intermittencies in the
convection driveii.e. atmospheric forcing (Houpert et al., 2016). Teraparcales of the dynamical
processes in the atmosphere and in the oceandeedrtlose to each other during periods of oceanic
convection: strong wind events with high heat amstiwater exchanges between the ocean and the
atmosphere have a typical duration of a few dafpe. Water column can mix over a temporal scale of
the same order. Concerning the spatial scales thero significant separation between the convecti
and the baroclinic eddy scale (Marshall and Scli®®9). These authors emphasize the “fascinating
and central aspect of the convective process im¢kan, which is the interaction between convection
and baroclinic instability”. If buoyancy is extract rapidly through violent events, baroclinic
instability does not have enough time to limit #@nvection depth whereas, in the case of lower
cooling rates, baroclinic instability may indeedtol the depth reached by the mixed layer (Visbeck
et al., 1996). This is probably a major reason @rpig that no relationship has been proved between
the volume of water formed, its hydrological chagsistics and the atmospheric forcing (for example

the heat and water losses integrated over winter).

The study of the interaction between horizontal eadical processes under realist conditions &dfits
complex because (1) the need of a data set abliedoribe the variability of convection at small
spatial scale (a few kilometers) and at high freqyetypically the day), (2) the difficulty of maig
accurate concomitant observations throughout théerwaolumn and the atmosphere during
wintertime, (3) the uncertainties (especially forosg wind events) on the bulk formulae used to
calculate air/sea fluxes and the frequent undenasion of very strong winds by atmospheric models

(Hauser et al., 2003). The latter point is alsoagomsticking point for oceanic models. Moreoveisi

3



78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

105

known that the eddy-permitting models used for aternstudies overestimate DWF compared to eddy-
resolving ones (Herrmann et al., 2008) as the exgdma between the mixed patch and the stratified
waters are reduced by the lack of mesoscale eddieguestion thus remains about the need of

parameterizations to avoid drifts of climatic siatidns.

Then, the objectives of the HyMeX-SOP2 were to wtoow the different oceanic processes interact
during convection, how this interaction is relatedatmospheric fluxes and how numerical models
with different spatial resolutions (typically frofnto 10 kilometres) are able to simulate convection
The choice of an appropriate strategy, including #éxperimental site, was a major issue for the
achievement of these objectives. The Hydrologigalecin the Mediterranean Experiment (HyMeX,
2010-2020; Drobinski et al., 2014) fosters the sgmeof communities aimingjnter alia, at
monitoring and modelling the Mediterranean atmospiend-ocean coupled system, its variability
and its long-term evolution. A first Special Obsegv Period (HyMeX-SOP1, 15 Sept. - 15 Nov.
2012) was dedicated to the high-precipitating evearid flash-floods (Ducrocq et al., 2014). The
HyMeX-SOP2 (27 Jan. -15 Mar. 2013) was dedicatedttidying the dense water formation in the
Gulf of Lion (north-western Mediterranean). The lgeas to acquire a data set sufficiently extensive
in space and time, first of all, to study the pss@s governing the dense water formation and
spreading and their interactions at the scale@htbteorological events, and then, to test théybil
ocean models at different horizontal resolutionsefaroduce the characteristics of the newly formed
dense water. The Mediterranean basin is partigutaritable for deep water formation studies, for at
least three reasons: i) long-term monitoring alye@kists and provides a longer time frame
perspective to this short-term experiment, ii) gpatial scales involved are smaller there tharén t
open oceans, iii) the atmospheric and sea statitmms are somewhat milder than in polar regions

facilitating the deployment of instruments at sea.

Convection in the Gulf of Lion is allowed by theepailing cold, dry, northerly local winds (Mistral
and Tramontane) inducing high cooling and evapomnat@nd by the cyclonic circulation associated to

the doming of isopycnals, which facilitates mixiwgh the saltier underlying waters. During winter,
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the cyclonic circulation is reinforced isolating teein its central part, which favours heat losses.
Convection in the Gulf of Lion shows an importamterannual variability, both in time (years with or
without DWF) and in space: the vertical extent led tonvection varies between a few hundred of
meters and the whole water column (~2500 m) (Merterd Schott, 1998; Somot et al., 2016), and its
horizontal extent from a few tens of kilometres~to100 km in radius. This convection feeds a
thermohaline circulation through the transformatidrwater of Atlantic origin into intermediate and
deep water masses, the Winter Intermediate Wat8M)\iind the Western Mediterranean Deep Water
(WMDW). During the spreading phase, about 50% & tlewly-formed dense water would be
incorporated in the Northern Current, the othet pamng transported far away by numerous and long-
lived eddies (both anticyclonic and cyclonic) (Sexdal., 1996; Testor and Gascard, 2006; Bosse et

al., 2016).

This paper first describes the HyMeX-SOP2 geneetlup designed to grasp the wide span of
temporal and spatial scales of the processes iegoim DWF. Then the meteorological and
convection characteristics of the winter 2012-2@t8 presented. The succession of mixed and
stratified vertical profiles of density is put ialation with the intermittencies of atmosphericcfog.

The role of the vertical and horizontal processetuding the submesoscale ones, in the convedtion i
then discussed. Finally a data set collected ih b atmosphere and ocean during a late convection
event is presented. The description of the huge skt collection is also intended to raise ther@st

of scientists to join a similar experiment in thestern basin of the Mediterranean expected in a few

years.

2. Experimental design at varioustemporal scales

The monitoring of the north-western Mediterrandatipwing the HyMeX observation strategy, was
organized at three different temporal scales, ftiominterannual one to the seasonal one addregsed b
the SOP2. The interannual scale (Long Observati@nio® is achieved by the MOOSE

(Mediterranean Ocean Observing System for the Bnmient - http://www.moose-network.fr/)
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integrated observing system aiming at observing ithpact of climate on the evolution of the
hydrology and biogeochemistry of the north-westdtaditerranean. On the annual scale named
Enhanced Observation Period, monitoring the wabdwnen stratification was also a priority: a first
reason was the need for initial conditions in sumrteassess a budget of dense water (difference of
volume and changes in density before and afterewinThe second reason was the central role of
autumn in the seasonal cycle, corresponding tgtheonditioning phase and the first deepening of
the mixed layer. The Enhanced Observation Periodfiied from the synergy of several programmes:
MOOSE, MERMEX (Marine Ecosystems Response in theditdeanean Experiment), and the

HyMeX SOP1.

Finally on seasonal scale, SOP2 focused on thenmcenixed layer deepening by convective
processes, was based on the intensification ofettisting monitoring network and on specific
deployments targeting the most interesting everigure 1 presents the topography of the north-
western Mediterranean with the positions of thérimeents used at the different temporal scales and

described below.

Long-term and Exhanced Observation Periods

Two Météo-France moored buoys, the LION buoy in@uf of Lion and the AZUR in the Ligurian
Sea, measure the parameters needed for the calnutdtthe heat and water budgets through bulk
formulae (namely atmospheric parameters, radidtivees, and sea surface temperature), and the
wave spectra with an omnidirectional waverider. Shéwo buoys are also equipped with 20
temperature sensors to document the first 250 sefethe water column and with a surface salinity
sensor. These measurements complete the vertmfdepracquired between 150 and 2300 meters by
the LION mooring supported by MOOSE and availaibdees2007. This mooring, less than 5 km from

the LION surface buoy, includes 21 temperatureEndalinity levels.

Thanks to MOOSE and the European PERSEUS programumeerous glider deployments (13 in

2012) were performed in the Ligurian Sea and inGlaf of Lion measuring depth-average currents,
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temperature, salinity and dissolved oxygen as wasllother biogeochemical variables like Chl-a

fluorescence and turbidity

A ship of opportunity (Marfret-Niolon) making a wdg crossing between Marseille and Algeria
provided information on the N-S, cross-basin valigtof the air-sea characteristics by continugusl

recording the sea surface temperature (SST) aimitgg5SS) and the meteorological parameters

At regional scale, MOOSE carries out every summauraey of the stratification of the water masses.
In August 2012 and June 2013, 80-90 conductivitygerature-depth (CTD) casts were performed. In
September 2012, February 2013, April 2013 and S&dpge 2013, similar cruises were organized by
the MERMEX programme on the same network (Waldntaal.e2016). The August 2012 cruise used
to improve the initial stratification of the modélas proved to be crucial to represent DWF (Es&lurn

et al., 2016).

Special observation period

HyMeX SOP2 documented the DWF zones of the nortsteva Mediterranean, i.enainly the Gulf

of Lion and, to a lesser extent, the Ligurian Sgzere dense waters are formed more exceptionally. |
situ measurements during strong wind events arayalwhallenging (winds above 25 m/s and waves
as high as 7 m (H1/3) were recorded at the LIONyphubhus the strategy was designed both to allow
near-real-time response, and to foster autonomtaifopms less affected by the weather and sea

conditions.

a. Observations at the air-sea interface and in the upper water column

Several surface drifters were deployed: five Martl® buoys measuring near-surface atmospheric
pressure, wind, and air temperature and equippgdar800-m-long thermistor chain, and seven SVP
drifters, some of them equipped with an 80-m-lohgrinistor chain, and the others equipped with

SST and SSS sensors.
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As ship time on the French oceanographic fleetgvaated for scientific cruises at fixed periods (RV
“Tethys 1I", RV “Le Suroit”), the seagoing buoy t@er vessel “Provence” was chartered to complete
the need for in situ observations. Direct measurgsnef air-sea turbulent and radiative fluxes
onboard (Bourras et al., 2009) were performed ugiggt of instruments installed on the top of a bow
mast. Three different methods were used to cakulae¢ turbulent fluxes: the bulk method, the

inertial-dissipation method, and the eddy-covamamethod.

b. Deep ocean observations

During winter 2012/13, the evolution of thermohalioharacteristics of the water masses was also
monitored at high frequency through the deploynodrat large number of autonomous profiling floats
and gliders as well as through dedicated ship esuiBour Argo floats equipped with oxygen sensors
were added to the 6 existing floats in the GulfLain. They were dedicated to documenting the
mixing in the deeper oceanic layers. Consequelitly,type of floats used during this observation
period were enabled with the capability of switghinom the classical MedArgo cycle of 1 profile
over 1000 m every 5 days, with a parking depth5éx @, to a “DWF” cycle of 1 full-depth profile
(2000 m) daily with a parking depth at 1000 m. T$timtegy aimed at monitoring the water column
thermohaline changes at high frequency and at nemgthe floats drift to increase their presente i

the convective zone.

During SOP2 period, up to 9 gliders were deployethe same time from the Balearic Islands to the
Ligurian Sea. They documented the upper 1000 matregh spatial resolution (profiles spaced about

4 km apart) and at high frequency (of the ordes dives per day).

About 100 CTD casts were made during the 20-day BEWruise aboard the R/V Le Suroit
organized by MERMEX (3-21 February 2013) and dutiing few-day cruises of the R/V Tethys Il

(29-30 January and 20-21 February 2013) and thg teialer vessel “Provence” (7-10 March 2013).
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C. Observations in and above the marine atmospheric boundary layer

Marine and atmospheric boundary layers interacbutin surface fluxes of heat, moisture and
momentum. These fluxes are dependent on the apeerture, moisture and wind and, in turn, modify
these parameters. The atmospheric boundary layBL)(As generally well mixed but presents
noteworthy discontinuities at the interface witk tipper free troposphere. The fluxes at the tapeof
ABL are able to modify by entrainment the “bulk”astacteristics of the ABL and hence the surface
fluxes. For this reason, it was decided to documehbnly the surface fluxes, but also the turboéen

structure of the whole ABL, up to the upper intedavith the free troposphere.

The French ATRA42 aircraft documented the air massg strong wind conditions. The aircraft was
equipped to measure turbulence fluctuations, thiogviag turbulent fluxes to be computed through
the eddy correlation method, as well as turbulgrazameters (Canut et al., 2010). Usually, 6 tay8 le
were made during the flights, from 150 m to aboR@@ m. The level of the different legs was

adjusted, based on the ABL thickness obtained &armitial vertical profile.

Fifteen boundary layer pressurized balloons wenadbhed near Montpellier airport (M1 in Fig.1) to
drift at constant density levels over the sea ansaimple temperature and humidity along the path of
the air mass (Doerenbecher et al., 2016). In amdithirty-eight radiosoundings were launched, some
of them at Montpellier to better choose the fligguel of the balloons and the others at MarseMe (

in Fig.1) and onboard the “Provence”. Finally, awwek of five coastal UHF radars, four of them
around the Gulf of Lion and one in Corsica, measuhe vertical profiles of wind from 100 m to 4

km every 15 minutes.
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d. Science and operations coordination
The SOP2 field campaign lasted from 1 February S3oMarch 2013. During this period, several
episodes of strong, cold winds occurred, resulimthe progression of oceanic convection down to

the seafloor.

As described for HyMeX-SOP1 (Ducrocq et al., 20Bt)jentific staff decided on science missions,
intensive observation periods and the deploymemtmflemand instrumented platforms. Decisions
were based on an analysis of the outputs of atnesigphnd ocean forecast models and of the recent

oceanic observations mostly available in near#ies.

The SOP2 experiment was undoubtedly the one tliged the largest number of T and S profiles
during a DWF period in all oceanic convection arédsout 100 CTD profiles are available from the
surface to the bottom and 250 Argo profiles betw8eand 2000m. The number of glider-days

between January and March was about 350, proviatiogt 2000 profiles between 0 and 1000 m.

3. Meteorological characteristics of winter 2012-2013

The winter wind regime in the Gulf of Lion is uslyatharacterized by alternating situations of sgron
northerly or north-westerly wind (Mistral and Trantane) and moderate easterly to southerly wind
associated with precipitation. Mistral and Tramoetare orographic winds bringing continental dry
and cold air over the Gulf of Lion, and inducindeinse heat, freshwater and momentum exchanges
with the sea surface. In the following, we refagldy to the atmospheric and subsurface parameters
observed at the LION buoy, representative of theoapheric conditions above the Gulf of Lion DWF
area. Figure 2 presents the wind speed and dinedtiee difference between sea surface and air
temperatures and the difference between the setusgiecific humidity over seawater and the air
specific humidity measured at the LION buoy. Thesantities determine the sensible and latent heat
fluxes (and thus the evaporation). A statisticalgsis was performed to compare the measurements

for the SOP2 period to a 10-year climatology madih whe buoy measurements from December to

10



265 February between 2002 and 2011. SOP2 values weyehlse to the climatology for the mean wind
266 but also for the strongest winds (95th and 99tlterdtiles of the climatology — Q95 and Q99 in the
267 following — were equal to 17.8 and 20.2 m/s respelyf). The extreme values of temperature and
268 specific humidity differences were clearly moregient during winter 2012-2013 than in the
269 climatology (temperature difference: Q95=6.5°C, @BJ°C; specific humidity difference:
270 Q95=5.4g/kg, Q99=6.7g/kg). Temperature differerxeeeded Q95 during 12.2 % of the period and
271 specific humidity difference during 10.9%. The esponding wind direction (Figure 2) was northerly
272 to northwesterly, bringing cold and dry air (maximuemperature difference 9.8°C, maximum
273  specific humidity difference 5.9g/kg). This indieatthat winter 2012-2013 experienced stronger-than-
274 average air-sea exchanges (rather due to the aiteseperature and humidity gradient than to the
275 wind speed).

276

277 The corresponding radiative and turbulent fluxegfe 3a) clearly show that the major heat and
278 water losses are due to the latent heat flux. Wihiée solar radiation daily maximum still reaches
279 values higher than 400 W/rduring Mistral/Tramontane events, the turbulerattixes (latent, and
280 to a lesser extent sensible flux) can more thanpemsate this heat transfer on several consecutive
281 days, as shown by the resulting net heat flux (f@@b). In order to evaluate the uncertainty brough
282 into the turbulent fluxes estimates by the bulkrfolation used, net heat fluxes resulting from salver
283  widely-used bulk formulae are compared in FigureT3te COARE 3.0 algorithm (Fairall et al., 2003)
284 has been used with different formulations of thefame roughness: (i) with a constant Charnock
285 parameter (COARE), (ii) using the Oost et al., @0fbrmula relating the surface roughness to the
286 wave age only (COARE 1), and (iii) with the Tay#ord Yelland (2001) formula using the peak period
287 and the significant wave height (COARE 2). The Itssaf the algorithms of Andreas et al., (2008)
288 accounting for sea spray, Moon et al., (2007) acuhte (Belamari and Pirani, 2007) which is used in
289 the Météo-France models are also presented. Oloseraee parameters and atmospheric and ocean
290 surface parameters at the Lion buoy have beentosmtcess the corresponding turbulent fluxes. The
291 mean heat loss as seen by all the algorithms 426 +/- 11 W/ri on the SOP2 period and, if we

292 restrict to the wind speeds above 15 m/s (as mmstepto trigger DWF), of 548 +/- 26 W/niThe
11
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maximum difference on hourly values of the net Hkat obtained by using different algorithms is
239 W/nf). Turbulent heat fluxes are also estimated froenlthvest legs of aircraft, approximately at
150 m above the sea. They corroborate tendenceedban bulk formulae even if differences are
observed. A method of correction of airborne dateurrently developed for extrapolating down to the
surface the heat fluxes deduced from airborne meamnts which are one of the only direct sources

of information.

4. Characteristics of convection during winter 2012-2013

Being based on a threshold of the vertical demsitgmperature gradient, the calculation of theedix

layer depth (MLD) in the Mediterranean is facedwttie problem of low gradients under the surface
layer (0 to ~ 300 m) making difficult the trackind convection with this index. On the opposite, the
stratification index is an objective measure of &meount of buoyancy which should be extracted to
achieve the complete mixing of the water columnisHfratification index has been calculated (Eq. 1)
for all the available T,S profiles measured wite ©TD and the Argo floats. It was then mapped on

Fig. 4a and a composite time series is proposé&igib.

S1Z) = [ (p(2) - p(2)) dz (1)

wherep is the potential densit§I is expressed in kg fn Our reference level Z is 1500 m. When
SI = 0 it means that the water column is mixed at leastr dhe 1500 m upper layeM{D >

1500m).

During January 2013, the stratification regularBciéased. Vertical mixing reached 1500 m (black
dots) at the beginning of February. Such a deegdniayer is continuously observed at one point or
another until the first days of March. Then, anatification equivalent to 5 kg fappears during a
period of low heat losses (Fig. 3). On 14 Mar€habruptly falls again to very low values with an
intense event of strong wind associated to straag losses (Figs 2 and 3). Deep mixing is cladgical

centered in the Gulf of Lion around 42°N, 5°E whihixing is on average shallower in the Ligurian

12
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Sea. Highly stratified waters encircle the conwecttzone (red and gray dots) along the general

circulation sketched in Fig.1.

5. Convection: vertical and horizontal processes

To compare the impact of surface fluxes and hotadoadvection on the convective processes, we
carried out 1D vertical simulations (without honital advection) at the LION mooring location with
the SYMPHONIE model (Marsaleix et al., 2012). Thesaulations were initialized on 6 December
2012, with mooring measurements for deep wateraagtider (which was close to mooring at this
date) for intermediate and surface water. They i@ieed at the surface by buoyancy surface fluxes
calculated with 3-hourly ECMWF operational foresasktracted at the LION mooring position. To
take into account the uncertainties on the turtiubesat fluxes, we used two bulk parameterizations,
COARE and MOON (see section 3), which provide respely the lowest and the strongest fluxes

(Fig. 5a).

The temperature profiles calculated with these kitians, named respectively COARE and MOON,
were compared in Fig. 5 with the LION mooring measents. Simulations start with a stratified
profile, then successive strong wind events withrgf buoyancy losses mixing the water column are
observed and simulated. However, the oceanic ctiomebegins earlier in the simulations due to a
too strong heat loss, particularly in MOON. Coni@ttsimulated with MOON reaches 1500 m in
January, that is 20 days before it was detectedhbyobservations. Moreover, in February, both
simulations present unrealistic low temperatureeseh simulations suggest that the horizontal
advection by baroclinic instability omitted in tHi® vertical approach is a major factor controllthg
MLD. Indeed, during the periods of positive buoyansurface flux, the observations show
restratification events in the first 500 meterse(gatches of warming), which limit the progress of
convection and subsequent cooling once the compieiag of the water column is reached. Studies
with high-resolution realistic 3D models are essgiid understand the complex interactions between

buoyancy fluxes, horizontal advection and convecpivocesses (see Estournel et al., 2016 for a heat
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and water budget over the preconditioning and ctthxes periods). Another conclusion is that the

uncertainties on turbulent heat fluxes have todoeiced.

6. Submesoscale processes

Autonomous underwater gliders are oceanic obsepliaiflorms well suited to capture the small scale
variability in convective regions. Submesoscalaviicare greatly enhanced during winter as lateral
density gradients becomes more intense (Callieal.et2015), being then responsible for intense
vertical exchanges. Those processes are thougpatilly understood, and this mostly due to a lack

of in situ observations.

Figure 6 indicates the trajectory of a glider chogghe deep convection area in February 2013. The
along-track temperature and isopycnals from théasarto 1000 m depth (figure 6 lower right panel)
clearly show the mean cyclonic circulation circlithge convection zone in the central part of thef Gul
of Lion. By that time, the Northern Current and ttoBalearic Front were both characterized by a
strong density gradient separating the surfacenfitaVater (AW) and underlying warm Levantine

Intermediate Water (LIW) from the newly-formed deemter. The lateral buoyancy gradients
(b = —g p/p,y being the buoyancyy the potential density ang|, a reference density) between the
convection zone and the rim current were very isgemeaching 1-2 10s? (see figure 6 upper right

panel). On the other hand, the vertical stratifiwa{N? = db/dz) characterizing the static stability

of the water column is drawn to almost zero in ¢katral part of the Gulf of Lion as a result of the

vertical mixing. Regarding the stability of thosendity fronts, the potential vorticity is a key
parameter that can be approximated as the differbatween a vertical stratification tedn= N2 f2
(where f is the Coriolis parameter) and the square of tlegatrack buoyancy gradien8 =
(db/dx)? (Thomas et al., 2013). A negative potential voiyids the condition for symmetric
instability. For the sake of clarity, as well asaid numerous technical details, we have neglecte
here the vorticity of the currents much smallemtifafor geostrophic flows. The glider sampled the

Northern Current front twice within 4 days (betwgmmints B and A) revealing its rapid evolution. On
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February 15 (figure 6b lower panel left), the tenapere exhibited interleaving of warm and cold
waters at submesoscale suggesting the presenaogoftant vertical exchanges while four days later,
the front was restored back to a stable situafidoreover, the negative potential vorticity revealed
that the front area was symmetrically unstablerduthe first crossing. Winter fronts around theplee
convection zone can thus be unstable to symmaetstaldility, which is known to result in triggering
slanted motions connecting the surface waters e¢odeper levels below the stratified front. Our
observations suggest that this process recentlgrobd in the Gulf Stream (Thomas et al., 2013),
could also play a crucial role in the ventilationhhigh- and mid-latitude deep convection zones. Of
course, this process acts in concert with othercgsuof vertical velocities in the ocean like stati
instability or frontogenesis (Giordani et al., 2DOBinally, the section crossing the Balearic Front
(around point C) also revealed the presence of walters down to about 600 m. This further
reinforces the idea that vertical velocities arévacat the edge of the deep convection area amd ar

crucial for the ventilation of the deep ocean.

Finally, it is also noteworthy that, while exploginhe western slope of the Gulf of Lion around the
Lacaze-Duthiers canyon (Point B), the glider reedrd moderate cascading event of shelf waters (see
indication of the location on the figure) charaized between 0 and 650 m by colder (12.5°C) and

fresher (38.2) waters compared to the Gulf of Lion.

7. Complementarity of the data set: the example of an intense

observation period (10P28 - 13-15 Mar ch 2013)

A strong wind event occurred from March 13 to 1teah week of calm weather (see section 4).
Figure 7 shows the 10-m winds from the SOP-dedicAROME weather prediction system at 2.5 km
resolution (AROME-WMED, Fourrié et al., 2015) on Mha 14 at 12 UTC and the 10-m winds
measured at the LION buoy (middle panel). They ksitbw Mistral/Tramontane northwest winds
reaching 30 m/s in the western Gulf of Lion. Thecraft flew close to the LION buoy on 14 and 15

March and recorded wind speeds of 20 m/s nearutiace, and up to 30 m/s in the upper half of the
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ABL near 1000 m (not shown). The cooling associatéti the strong northwesterly winds led to a
decrease of 7°C of the air temperature in 48 hattise buoy. Air and sea surface temperatures,hwhic
were both close to 13°C before the event diffeheds toy 7°C on March 15. The air temperature drop
recorded by the aircraft on March 14 and 15 wadlairto that observed by the buoy during the same
interval (see the “Aircraft” insert). Figure 7 (“Baon” insert) also presents the specific humidity
recorded by three pressurized balloons driftingveen 600 and 900 meters above sea level on March
14 and 15. The regular increase of humidity aldregpath of the air mass over the sea reflects the
evaporation at the air-sea interface which fills &kBL with water vapour which is then transported
with the northwesterly winds. The quite similarwed measured by the three balloons indicate arrathe
well mixed ABL. A large moisture difference was ebgd between the surface (buoy) and the ABL
(see the “Aircraft insert” where the surface valles/e been reported), of the order of 3 g/kg,

confirming large evaporation.

Such conditions were able to destroy the relatigtlpng oceanic stratification reigning in the ffirs
200-300 m during the previous week (see the ewwiutif potential density recorded by Argo float
6901471- right panel- and the temperature recondeér the LION buoy). As discussed before, this
stratification had been induced by horizontal atteecduring the phase of low wind of the beginning
of March (Fig. 5a). The stratification is progresdy erased from March 13. The surface potential
density increased from 29.04 to 29.12 between Magchnd 15. A new ocean mixed layer of 200 m
thickness is visible on the profile of March 14daon March 15, the density profile became clearly
unstable. Thanks to the quality and quantity ofdatllected in such situations, it will be possitie
calculate budgets of heat and water in the atmogpld marine compartments, to check the
numerical models including coupled ocean-atmosphvares models and to address scientific
questions linked to the consecutive phases of aceamvection and the impact of intermittencies in

the atmospheric forcing.
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426 8. Conclusion

427 The north-western Mediterranean has been the duljeing the HyMeX-SOP2 of a rather
428 comprehensive description encompassing a largeerahgpatial scales from the regional scale to the
429 submesoscale, and of temporal scales from the s@lascale, with the three phases of dense water
430 formation, to the hourly scale at the mooring sités a result, a large set of meteorological and
431 oceanographic observations was collected.

432

433 The first results presented here indicate the itapoe of the exchanges between the mixed patch and
434  its stratified periphery. The cooling of the watetumn in the mixed patch is disrupted by intrusion
435 of warmer water. The observed cooling of the cotivaczone and thus the dense water production
436 are then lower than predicted by a 1D modellingrapgh. Otherwise gliders reveal the presence of
437 strong vertical velocities related to symmetrictafislity developing at the edge of the convection
438 zone. These submesoscale processes contribute terlilation of the convection zone. Finally, the
439 combination of atmospheric and oceanographic obsiens illustrate the fast response times of each
440 medium, e.g., the destruction within hours of theam stratification or the temperature and humidity
441 increase of the continental air mass over the sea.

442

443  Thanks to SOP2 observations, a fantastic benchimabw available for modeling studies and for this
444  particular year. Together with the ongoing and Idegn observational efforts carried out in the
445 framework of MOOSE since 2010, we anticipate imtawal variability issues could be soon
446  addressed with fine tuned models.

447
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564 Figure 1: (a) Geographical characteristics of tlethiwestern Mediterranean and main oceanic
565 characteristics NC: Northern Current, BF: North éBaic Front, WCC: West Corsica Current and
566 typical winds producing dense water formation; Figed instruments and typical trajectories of the
567 balloons and aircraft documenting the atmospheoignbdary layer; (c ) Positions of the different
568 platforms participating to the sounding of the atea
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573 Figure 2: Time series of 10-m wind speed (top, klaw/'s) and direction (top, blue, degrees from N),
574  surface temperature gradient (middle, SST - 2-nteamperature, °C), and surface specific humidity
575 gradient (bottom) observed at the LION buoy durthg SOP2 time period. Intense Observation
576 Periods (IOPs) are shown by solid frames for thoseesponding to Mistral/Tramontane events,
577 dashed frames for those corresponding to otheritonsl (see text). Solid (resp. dashed) horizontal
578 lines indicate the Q99 (resp. Q95) limits with resito the 2002-2011 climatology (see text).
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582 Figure 3 : a) Time series of the radiative andulent fluxes during the SOP2 time period ({m
583 Sensible heat flux (H, black), latent heat flux (ltie), short-wave radiative flux (SW, red) andde
584 wave radiative flux (LW, orange) are computed frtm Lion buoy observed parameters using the
585 COARE 3.0 (Fairall et al., 2003) algorithm for tivebulent part and the Bignami et al., 1995 forraula
586 for the upward radiative part. Blue circles andcklariangles represent respectively the latent and
587 sensible heat fluxes measured by the aircraft alksrigwest legs.

588 b) Time series of the net heat flux (Wjnon the same period, computed using different bulk
589 formulae. black : Coare, (Fairall et al., 2003)hwifit wave impact; red: Coare 1 with wave-age effect
590 blue : Coare 2 with peak period and significanigheieffects; cyan : Ecume, (Belamari and Pirani,
591 2007); purple : Moon, (Moon et al., 2007); greéfndreas, (Andreas et al., 2008). Intense
592 Observation Periods (IOP) corresponding to MisTralfontane events are indicated in pink, to DWF
593 and Mistral/Tramontane events in purple, and to DMily (no strong wind) in blue.
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597  Figure 4: Spatial distribution (a) and time evaatirom January 2012 to March 2013 (bthe
598 stratification index S relative to 1500 m (k¢ calculated from the CTD (square) and the A
599 floats (circles). Note that only the stratificatimmlices lower than 30 kg have been plotted in tf
600 bottom panel.
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603 Figure 5: (a) Time series dfi¢ surface buoyancy flux 2 s® for COARE (blue) and MOON (ret
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605 model for COARE and MOON simulations respectiv@lgmperature measured at the LION moo!
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611 Date
612 Figure 6: (left panel) Track of the glider Milouofn February 11 to March 5, 2013. (lower right

613 panel): Potential temperature section with blaglesi showing isopycnals; (upper right panel):
614 Potential vorticity averaged between 50 m and 1Q@med) decomposed into two terms: A (in blue)
615 associated with the lateral buoyancy gradientsBatid black) with the vertical stratification.
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Figure 7: lllustrations of an intense observatiernigad (IOP28).

Left panel (AROME model): background: wind at 1Grom AROME-WMED model on March 14 at
00 UTC, (Aircraft insert): profiles of wind speguhtential temperature and water vapour mixing ratio
measured by the aircraft on 14 (blue lines) andgi@en lines) March in the Gulf of Lion; the dashed
lines mark the top of the ABL, the surface valuesasured at the LION buoy during the flights are
indicated on the bottom of each diagram, (Ballowserit): air specific humidity (g/Kg) recorded by
three balloons flying between 600 and 900 m onridtib March; rapid variations of humidity are the
results of rapid vertical excursions of the balledmg. at the end of flight 48), the orange polygon
shows the authorized flight domain.

Middle panel (LION buoy): (top) air temperaturellack and wind in red, (bottom) sea temperature
under the buoy.

Right panel (Argo floats): potential density recenldby Argo float 6901471 between 12 and 15
March. The low values of surface density (~29.0d)March 12 are not shown for the clarity of the

figure.
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