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Abstract. The Mistral refers to a severe wind that develops over the Gulf of Lions

after being channeled in the Rhone valley. It influences the western Mediterranean

climate as it brings cold and dry continental air over the warm western Mediterranean,

generating intense air-sea heat exchanges and sea surface cooling, inducing the

formation of the western Mediterranean deep water that moves into the Atlantic Ocean.

The mistral is frequently observed to extend as far as a few hundred kilometers from

the coast and its fine scale dynamics over the sea is still only partially understood as

finely resolved observations in time and space are lacking. The CNES boundary layer

pressurized balloons (BLPB) deployed during HyMeX SOP2 allowed the Lagrangian

documentation of the mistral events that occurred between beginning of February to

mid-March 2013. Analyzed in synergy with the AROME-WMED weather forecast

model, all the terms of the Lagrangian formulation of the momentum conservation

equation could be quantified showing 3 different regions: (1) the Massif Central wake

zone at the exit of the Rhone valley where the flow is accelerated as the result of the

along valley flow acceleration; (2) an offshore region where the wind is constant and

(3) a region of deceleration which can be partly attributed to the upwind blocking by

Sardinia.

1. Introduction

The Mistral is a northwersterly severe wind blowing at low level which brings a cold

and dry continental air. It is preconditionned by a cyclonic circulation forming above

the Gulf of Genoa. It develops at any season, but exhibits a seasonal variability either

in speed, direction and spatial distribution (Bordreuil et al. 1973). During cold seasons,

Mistral can last as long as one week and is oriented southeastward, whereas during

warmer seasons, it is weaker and less persistant and oriented more southward.

Mistral is preconditionned by the passage of a trough in the northern part of France.

Indeed, when the flow coming from the trough impinges on the Alps ridge, it changes

direction and experiences channeling in the Rhone Valley. At the same time, a pressure

gradient is formed accross the Alps, giving birth to the depression above the Gulf of

Genoa. The flow channelled is substantially accelerated in the Rhone Valley, separating

by a gap of 200 km long and 40 km width the Alps from the Massif Central. Such

acceleration gives birth to the so called Mistral which affects the eastern Mediterranean

climate.
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Mistral is an offshore wind which extends hundreds of kilometers away from the

coast and can reach the coast of North Africa (Salameh et al. - 2007). Mistral plays a

key role in the exchanges between the mixed layer and the atmospheric boundary layer.

Indeed, strong local winds permit a substantial cooling of the sea surface (Lebeaupin

Brossier and Drobinski - 2009). This momentum and heat exchanges at the air-sea

interface appears to be one of the main driver of the western Mediterranean deep water

formation in the Gulf of Lion. Hong et al. (2007) showed also that the interannual

variation of the upper ocean circulation and deep water formation was partly explained

by the succession of Mistral events in winter.

Many studies have described the Mistral dynamics in the Rhone valley and at its

exit. First based on the hydraulic theory, P. Pettre (1982) predicts a transition between a

subcritical to a supercritical regime at the Rhone valley minimum width, corresponding

to an hydraulic jump inducing a flow deceleration in the opening valley. Analysis based

on the same hydraulic theory showed that the location of the hydraulic jump depends

on the upstream conditions (Drobinski et al. - 2001).

However, some highlight the fact that the hydraulic theory may not be reliable at

the exit of the Rhone valley as winds are found maximum when the valley opens up and

forms a Delta (Drobinski et al - 2005, Guenard et al -2006). Indeed, at this location, the

Mistral forms a jet bounded by the adjacent streams almost at rest which form wakes.

The Alps wake in its western part forms a zone of maximum shear associated with PV

banners that separates the Mistral from a relatively calm flow. The Massif Central

wake defines the western boundary of the Mistral and separates it from the Tramontana

(Jiang et al. - 2003). Schar and Smith (1993) described the formation of such wakes

and the vorticity production behind a topography. Further studies showed that those

wakes were associated with primary and secondary potential vorticity banners due to

the complexity and asymmetry of the topography (Aebischer and Schar - 1998; Schar

et al. - 2003).

The synoptic environment and formation of the Mistral is well known, and its

channeling along the Rhone valley is well understood. Even if, at the exit of the Rhone

valley, it has been shown that the Mistral is still bounded by the wakes of the Alps

and Massif central associated with PV banners and gravity waves breaking, not much

is known about the structure and dynamics of the Mistral wind over the Mediterranean

sea.

Indeed, over the Mediterranean Sea, data are usually available from satellite

observations of the sea surface and reliable few hundred kilometers away from the shore.

It has been shown that when the valley enlarges the Mistral decelerates and is then re-

accelerated over the Mediterranean sea (Drobinski et al - 2005). This acceleration is

due to the convergence of the Mistral and Tramontana. The land-sea transition may

be also partly responsible for this acceleration as the surface roughness decreases over

sea. Salameh et al. (2007) studied the effect of the Mistral on the aerosol distribution.

They showed that the Genoa cyclone position have an impact on the prevailance of

Tramontane or Mistral which causes unsteadiness of the winds over the gulf of Lion,
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and so unsteadiness of the aerosol concentration patterns. The aerosols are advected

along cyclonic trajectories around the Genoa depression, so that they skirt African coast

and reach Italy. The wakes behind the Alps and Massif Central can cause a stagnation

of aerosols.

In this paper, the fine structure and dynamics of the Mistral is investigated. It

answers, at least partly, the following issues:

→ Is there a reproductible structure of the Mistral over the sea?

→What are the different dynamical equilibriums that can be derived from the structure

of the Mistral?

→ Does the curvature of the Mistral over the sea is an important parameter in describ-

ing the dynamics of this regional wind?

This study comes within the scope of the HyMeX program (Drobinski et al. -

2014) which is dedicated in improving our understanding of the hydrological cycle in

the Mediterranean region. The aim of this program is to better modelize this cycle

within the sea, atmosphere, land, and their interactions, taking a particular attention

on the forecast and the projection of the hydrometeorological extreme events.

The thermohaline circulation in Mediterranean sea being an important part of

the hydrological cycle, efforts have been raised in order to study this circulation, and

especially to understand the formation of dense water and the oceanic convection in

the Gulf of Lion. Indeed, the HyMeX second Special Observation Period (SOP2) was

fully dedicated to this convection zone. During this campaign, 15 Boundary Layer

Pressurized Balloons (BLPB) have been launched in order to analyze the Mistral, as it

is one of the main driver of intense air-sea exchange which progressively destabilize the

water column, leading to the trigger of the oceanic convection.

This paper analyses data of 15 Boundary Layer Pressurized Balloons (BLPB) and

forecasts from the AROME-WMED model.

It is aimed at describing the dynamics of the Mistral in a Lagrangian point of view.

It is organized in 3 parts. Section 2 describes data analysed and especially the ability of

the model AROME-WMED to reproduce balloons flights. In section 3, main character-

istics of the 8 Mistral events observed are given in order to well define the environment

of each balloon. In section 4, results of the analysis are given and discussed by looking at

the the main acceleration/forces equilibriums that can be derived from the reproduced

flights in AROME-WMED.
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2. Observation and numerical model

2.1. Boundary layer pressurized balloons in HyMeX

15 boundary layer pressurised balloons (BLPB) were launched from Candillargues in the

region of Montpellier between February and March 2013 during the HyMeX SOP2. This

campaign was aimed at analysing the effect of the mistral on the deep water formation

in the Gulf of Lion in Mediterranean sea. Balloons were launched during 8 mistral

events permitting a flight over the zone of the deep water formation. 14 balloon flights

were successful (1 did not provide reliable data (e.g B45: table 1)).

As the mistral blows at a low level, balloons are designed to fly in the boundary

layer by setting the density of the balloon between 1.035kg.m−3 and 1.100 kg.m−3. They

measure pressure, temperature, relative humidity, and their position (latitude, longitude

and altitude) every 10 seconds. From the position coordinates, the wind speed and

direction are derived.

balloon Flight start Flight end Duration Distance Event

B34 2013/02/07 07:00 2013/02/07 13:31 6h33min 555km E1

B36 2013/02/07 14:46 2013/02/07 22:48 9h22min 780km E1

B33 2013/02/09 06:58 2013/02/09 12:01 5h45min 304km E2

B35 2013/02/09 12:59 2013/02/09 19:36 6h44min 423km E2

B38 2013/02/13 06:51 2013/02/13 15:12 8h56min 606km E3

B41 2013/02/13 12:19 2013/02/13 22:45 10h53min 690km E3

B42 2013/02/14 05:50 2013/02/14 20:37 15h23min 670km E4

B43 2013/02/15 11:16 2013/02/15 21:23 10h44min 562km E5

B44 2013/02/23 10:22 2013/02/23 17:44 7h28min 452km E6

B39 2013/02/25 07:56 2013/02/25 19:14 11h35min 504km E6

B46 2013/03/02 02:23 2013/03/02 10:49 8h48min 501km E7

B40 2013/03/13 17:54 2013/03/13 19:47 2h10min 146km E8

B48 2013/03/14 09:16 2013/03/14 14:28 5h55min 513km E8

B47 2013/03/14 09:16 2013/03/14 14:14 5h21min 477km E8

B45 2013/03/14 23:59 2013/03/15 03:48 4h17min 373km E8

Table 1. Basic informations on balloons launched during the SOP2 campaign: balloon

ID, flight start and end, duration, travelled distance and Mistral event ID

Figure 1 displays the trajectories of the balloons. Most of the trajectories are very

similar, oriented along a North/West South/East axis. In the first 300km approximately,

all the balloons fly over a thin delimited zone. Trajectories diverge ’near’ 42N 5E. Three

balloons take a peculiar trajectory with a more pronounced curvature toward west (see

blue trajectory in Fig 1) or toward east (see black and yellow trajectories in Fig 1).
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Figure 1. map of the trajectories of the balloons launched during the SOP2 campaign

Figure 2 shows the normalized wind speed measured by each balloon as a function

of the time from the moment they were launched (bottom) and the distance from the

place they were launched (top). Normalization have been done by taking the infinite

limit of the asymptotic evaluation of each curve. The Asymptotic shape of the wind

speed can be modelled by :

U = Unorm(1− exp(−Bx))

where x is the distance from the launched location, Unorm and B are two constants

defined for each balloon by the least square method.
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Figure 2. Wind speed normalized as a function of the distance from the launched

location (top) and as a function of the elapsed time after the launch date (bottom)
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The normalized wind is then:

Û = Uballoon/Unorm

Unorm have been defined by adapting the model of Smith et al. (1997) who solved the

linearized version of a steady wind subject to a streamwise pressure, and a surface drag.

The normalized wind speed as a function of the time does not display a reproducible

pattern as it is the case when ploting the wind as a function of the distance travelled

by the balloon. Indeed, in figure 2 (top), all curves have the same profile, displaying a

strong acceleration at the beginning between 0 to about 150km, then the wind speed

becomes nearly constant between 150 and 300km and finally the wind speed decreases

slowly until the end of the balloon flight. This reproducible pattern, visible only when

ploting the wind as a function of the distance travelled, suggests that the structure

comes from geographical specificity and not from a typical evolution of the Mistral.

2.2. AROME model

Forecasts from the AROME-WMED model during the different Mistral events when the

balloons were deployed are analysed. AROME-WMED is the HyMeX-dedicated version

of the French operational convective-scale AROME-France system (Seity et al., 2011).

As AROME-France, the model is a limited area model solving the non-hydrostatic

equations (Bénard et al.,2010) with a 2.5 km grid and 60 vertical levels ranging from

10m above the ground to 1hPa. AROME-WMED covers an extended domain compared

to AROME-France. Its domain covers from Portugal to Italy and from North-Africa to

France (34N 11W/48N 20E, Fig (3)).

Figure 3. AROME-WMED domain, color represents orography

The model uses different parametrizations in order to represent different

phenomenons. Vertical transport in the boundary layer is based on an eddy diffusivity

scheme as described in Cuxart et al.(2000), and on a shallow convection mass flux scheme

following Pergaud et al.(2009). Microphysic is represented by a 1-moment microphysical

parametrization (Pinty and Jabouille, 1998; Caniaux et al., 1994). Atmosphere deep

convection is explicitly resolved, and a diagnostic is done at every time step on the

surface state (e.g. 2m temperature, 2m humidity, and 10m wind).
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Lateral boundary conditions are provided by ARPEGE, the French operational

global model, every hours. Besides usual assimilated data, temperature and wind

measurements done by the 15 balloons launched during HyMeX SOP2 were assimilated

in real-time.

Extracted data from AROME-WMED forecasts gather zonal and meridional wind

speeds, vertical velocity, geopotential, temperature, and relative humidity, at the 10m

level over land and sea, and at pressure levels of 950hPa, 925hPa, 900hPa and 500hPa,

at a resolution of 2,5km, every 3 hours. Measurements by balloons are available every

30 seconds, and velocity being about 20m.s−1, it gives almost 5 balloon measurements in

one AROME space grid. Balloons travels approximately during half a day, so AROME

gives about 4 data per balloon.

The AROME model will help us to look at each mistral events, and in a more

particular way to look at the structure around the balloon trajectory during its flight.

Moreover, we will be able to reproduce the Lagrangian dynamics of the Mistral by

interpolating the model wind along the trajectory of the balloon.

2.3. Model evaluation

The flight levels of the balloons are in a range between 1000hPa and 850hPa. Figure 4

shows the histogram of the pressure at flight level for every measurments done by every

balloons. The pressure level is peaked around 925hPa with a mean value of 924hPa and

a standard deviation of 28hPa . The histogram displays a shoulder which extends to

960hPa. In AROME, the data are provided at levels 925 and 950hPa, which will be

used in the following.
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Figure 4. Statistical distribution of the pressure level of the balloons flights during

HyMeX SOP2

As said in section 2.2, AROME forecasts and balloons measurement are neither on

the same space grid, nor on the same time grid. In order to compare the model and

the balloons data, a linear interpolation of the wind components in space and time has

been preformed in the model at level 925hPa along the trajectory of each balloon.

Indeed, for each balloon we searched the corresponding 3-hourly data of the model

during which the balloon was flying. We interpolated the simulated wind speed on the
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time grid of the balloon. In space, we searched the nearest points of the model grid

corresponding to the trajectory of the balloon, as the model has very fine resolution, we

assume the error we made was not significant.
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Figure 5. Wind speed regarding the distance from the launched location for the

balloon B36, measured wind speed (in blue) and simulated interpolated wind speed

(in green)

We then ploted, for each balloon, the interpolated wind speed in the model in

the same graph as the measured velocity of the corresponding balloon. Figure 5 is an

example of those plots for balloon B36, launched the 07/02/2013 at 14h46. For most

of the balloons, the interpolated curve is very close to the balloon curve. To quantify

the model performance, we calculated both the root mean square deviation (1) and the

bias (2) between the two curves (Table 2)):

RMSDi =
1√
Ni

Ni−1∑
n=0

√
(Fi,B(n)− Fi,mod(n))2 (1)

BIASi =
1

Ni

Ni−1∑
n=0

(Fi,B(n)− Fi,mod(n)) (2)

Where Ni is the number of measurements on the trajectory of the balloon, Fi,B is the

wind speed measured by the balloon and Fi,mod is the interpolated wind speed of the

model.

The value of the relative variance between those curves is between 9% and 26%

and the average order of the relative deviation is 3%. So in many cases, the model is

able to reproduce the wind speed along the trajectory of the balloon. For balloon B33,

the relative variance is 26% and the relative error is 11%. For balloon B46, the relative

variance is 22% and the relative error is 14%. For balloon B40, the relative variance is

23%. These are the values which are high compared to the others.

Obviously, balloon B40 did not travel enough (146km) to be compared to the

interpolated wind at 925hPa in the model. Balloon B46 is the only balloon having

a trajectory with a significant curvature to the west, and the associated Mistral event is

one of the weakest of all events of HyMeX SOP2. It seems that the model has difficulties

in this case in reproducing this very weak and brief event. It seems that for balloon B33,

it is also the case, even if it is not as obvious when looking at the curves (not shown).
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Event Balloon ID RMSD BIAS Balloon mean velocity relative variation relative error

(m.s−1) (m.s−1) (m.s−1) (%) (%)

E1 B34 2.77 1.29 23.5 11.8 5.5

E1 B36 2.97 -0.29 23.5 12.7 1.2

E2 B33 3.82 -1.59 14.8 25.9 10.8

E2 B35 1.74 -0.02 17.4 10.0 0.1

E3 B38 2.89 -0.55 18.7 15.4 2.9

E3 B41 1.61 -0.46 17.6 9.1 2.6

E4 B42 1.88 -0.23 12.1 15.6 1.9

E5 B43 1.53 0.34 14.6 10.4 2.3

E6 B44 1.57 -0.33 16.8 9.4 2.0

E6 B39 1.20 -0.26 12.0 10.0 2.1

E7 B46 2.81 1.76 12.6 22.3 13.9

E8 B40 4.33 0.04 18.6 23.3 0.2

E8 B48 3.88 -0.63 24.7 15.7 2.6

E8 B47 3.59 -0.93 24.1 14.9 3.9

Table 2. Table gathering the RMSD and the BIAS between the interpolated curve

(Figure 5 in green) and the balloon curve (Figure 5 in blue) for each balloon launched

and reliable, the mean wind speed calculated all along the trajectory, the relative

variation and the relative error are the ratio between RMSD and mean velocity and

BIAS and mean velocity respectively

3. SOP2 Mistral events analysis

3.1. Synoptic development

The synoptic development of the Mistral is very often similar. It comes from the

difference of pressure between an anticyclonic trough in northern part of Europe and a

minimum of pressure in the Gulf of Genoa. The flow impinging on the Alps is accelerated

when channeling in the Rhone valley. At the exit of the valley it forms the Mistral which

blows a cold and dry air over the Mediterranean sea.

Forecasts from AROME-WMED show that the cyclonic circulation above the

Mediterranean sea, corresponding to the pressure minimum, usually forms above the gulf

of Genoa, and moves southeastward during the Mistral event. The pressure minimum

gets weaker as the Mistral weakens.

Figure 6 to 8 show the southeastward displacement of the pressure minimum

above the Mediterranean sea, and the increase of the pressure minimum along the day

07/02/2013 corresponding to the first Mistral episode documented during HyMeX SOP2.

Arrows show the strength of the wind during this day. It strengthen from 00-03 UTC

(Fig 6) to 15-18 UTC (not shown) and then weaken from 18 UTC to 24 UTC (Fig 8).

The Mistral blows with the Tramontana during this episode, as for most of them. Here,

Tramontana appears between 03h-06h after Mistral is triggered, but for some Mistral

events, Tramontana appears before Mistral, and is stronger for a while.
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Figure 6. Situation for Mistral episode E1, mean values of AROME model between 00

UTC and 03 UTC the 07/02/2013. Colors represent pressure at 10m, arrows represent

the wind at 10m, panel (b) is a zoom of panel (a)
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Figure 7. Same as figure 6 but between 12 UTC and 15 UTC
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Figure 8. Same as figure 6 and 7 but between 21 UTC and 24 UTC
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3.2. Main characteristics of Mistral events

Mistral events documented during HyMeX SOP2 have similar synoptic development,

but a variability can be found in terms of strength, direction of the Mistral wind, and

on the position, displacement and value of the Genoa pressure minimum.

Table 3 summarizes those differences for the 8 Mistral events. Mistral events

have been derived from the analysis of observed data in different meteo stations. The

upstream wind has been calculated at the Lyon-Bron ((07480) - 45,72N/4,94E); the

onshore wind has been calculated at Marignane ((07650)- 43,44N/5,23E); the offshore

wind comes from the buoy Lion ((61002) 46.6N/4.42E) where the convergence of the

Mistral and Tramontana is usually visible. To look at the Tramontana wind, the

observation have been taken at the station of Leucate ((07666) 42,92N/3,06E).

Mistral Upstream Onshore Offshore Mistral Tramontane Tramontane

Event wind wind wind Duration wind Duration

(m.s−1) (m.s−1) (m.s−1) (hours) (m.s−1) (hours)

E1 5.0 12.6 15.3 30h 11.0 60h

E2 1.8 9.6 14.9 20h 9.0 35h

E3 and E4 4.0 10.1 15.5 41h 10.3 60h

E5 2.6 11.0 12.3 12h 9.5 23h

E6 5.6 12.5 15.3 41h 11.5 91h

E7 4.7 2.5 10.8 11h 9.3 21h

E8 6.7 14.7 18.4 62h 14.9 43h

Table 3. Table gathering the upstream wind at Lyon, Mistral onshore wind at

Marignane, Mistral offshore wind over the gulf of Lion and the duration of each Mistral

event. Duration and strength of Tramontana for the same events are given.

Events E1, E3 and E6 are very comparable since both the Mistral and Tramontana

wind blow at the same strength for each event, and that the three of them are quite

persistant. Event E2 is less persistant, but the wind is approximately of the same

strength as E1, E2, and E3. Events E5 is weaker and less persistant than the other.

Event E7 appears to be a very weak Mistral event. The Tramontana is much stronger

in this case. As said in section 2.3. the model does not reproduce this event well. Event

E8 is the strongest event observed during the HyMeX SOP2. Both the Tramontana and

the Mistral are stronger than for the other events. It is also the longer Mistral event,

and it is the only case when the Mistral blows longer than the Tramontana.

With the observations used, the difference between the events E4 and E3, initially

defined during the HyMeX SOP2, was not visible. In fact, it appears that E4 seems to

be the very end of the event E3. The Mistral has thus weaken significantly.

Table 4 summarizes the characteristics of the Genoa cyclone at the beginning and

at the end of each balloon flight. Unorm is given to be compared to the winds given in

table 3.
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The pressure minimum have been derived from maps of the 10m pressure during

the balloon flight, provided by AROME-WMED, and its position is interpolated on

the time grid of the balloon flight. The distance travelled by this pressure minimum is

calculated during the balloon flight and the maximum distance from the initial position

of the pressure minimum is given.

Mistral balloon Unorm Flight Start Flight end Max distance

Event ID Min Pressure Position Min Pressure Position from initial position

- - (m.s−1) (hPa) (lat/lon) (hPa) (lat/lon) (km)

E1 B34 24.0 995.6 41.4/11.7 997.1 41.2/12.0 51.6

B36 24.9 997.2 41.5/12.3 998.9 41.0/12.6 62.5

E2 B33 17.5 1005.3 40.5/14.5 1005.2 39.5/15.9 162.9

B35 20.7 1005.4 40.3/14.7 1006.1 39.8/15.8 114.2

E3 B38 20.4 1004.0 41.4/12.5 1004.2 41.3/13.3 80.0

B41 19.3 1004.0 41.1/13.4 1005.7 41.3/13.2 34.6

E4 B42 12.4 1009.0 39.2/14.4 1013.9 40.4/14.4 135.2

E5 B43 16.3 1012.4 43.0/8.1 1013.5 40.9/11.1 341.8

E6 B44 18.7 990.8 41.8/9.6 990.3 43.0/10.4 140.7

B39 12.2 1009.7 42.3/6.7 1012.3 41.5/6.8 99.7

E7 B46 12.9 - - - - -

E8 B40 24.5 - - - - -

B48 27.0 985.3 40.5/13.8 985.1 41.1/13.5 66.5

B47 26.2 985.3 40.5/13.8 985.0 41.2/13.4 78.0

Table 4. Table gathering for each balloon the value of the pressure minimum

corresponding to the Geoa cyclone and its position at the flight start and at the flight

end. The maximum distance from its initial position is given.

Unorm seems to agree well with the strength of the events as it scales approximately

with the offshore wind (table 3). Unorm is indeed stronger than the offshore wind of

table 3 as it corresponds to a wind at 925hPa, when the observed wind comes from

observations at 2m. Balloons flying at the end of Mistral events display a Unorm much

lower because the Mistral weakens (e.g. balloons B42 (E4), B39 (E6)) Those values

does not scale with the observed offshore wind.

Table 4 highlight the fact that for some balloons flights, the Genoa cyclone stays

close to its initial position (e.g B34, B36, B38, B41, B39, B48, B47), showing the

stationnarity of the Genoa cyclone position. In some other cases, this approximation

might not be valid as it moves more significantly (e.g more than a 100km: B33, B35,

B42,B43, B44) most of the time from northwest to southeast.

In most of the cases, the pressure minimum increases (in average of 100Pa), showing

the weakening of the Genoa cyclone. The pressure minimum of the Genoa cyclone is

not less than 985hPa. For events E1 and E8, which are the strongests, the value of

the pressure minimum is below 1000hPa, The strength of the Mistral wind seems to be

linked to the value of the pressure minimum of the Genoa depression. From balloon

B44 to balloon B39, the pressure minimum has increased very significantly, when Unorm
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has decreased of 6.5m.s−1, showing again the link between the strength of the wind and

the pressure minimum.

During the flight of the balloon B46, three pressure minima of about the same value

are found above the Mediterranean sea. One above Sicilia, one above the Sardinia, and

the last close to the Baleares. The balloon during its flight turns around the pressure

minimum located the more on its west, so that its trajectory diplays a curvature to the

west. In the following, we will not take into account this balloon in our analysis.

Balloon B40 did not fly more than 150km. Its flight took place in the very beginning

of the event E8. The pressure minimum above the Mediterranean sea is not well defined

at this time. Indeed, there are several pressure minima, which is not the case for

balloons B48 and B47. For those reasons, we will not take into account this balloon in

the following.

4. Results and discussion

4.1. Methodology

As balloons can be seen as air parcels moving in their own referential, measures of the

wind speed are Lagrangian. So, the wind components measured by BLPB obey to the

Navier-Stokes Lagrangian equations:

du

dt
= fv − 1

ρ
∂xP + Tx (3)

dv

dt
= −fu− 1

ρ
∂yP + Ty (4)

In the following, the AROME-WMED simulations are used to compute the various

terms of the equations 3 and 4. Those terms are calculated along the trajectory of

the balloon as followed. As the simulated interpolated wind is very variable at short

scale, it has been smoothed by calculating the running average of this wind on 50 values

along the trajectory. This smoothed wind has been used for all terms calculation in the

following.

First term of the equation will be called the EVOL term because it describes the

evolution of the wind along the balloon trajectory. It has been calculated as the simple

gradient of the simulated interpolated wind speed regarding to time. At the time t, the

derivative is:

EV OLx =
dut
dt

=
ut+1 − ut−1

2δt
(5)

EV OLy =
dvt
dt

=
vt+1 − vt−1

2δt
(6)

Second term will be called FCOR because it refers to the Coriolis force (one

might call it Coriolis acceleration). The quantity f is the Coriolis parameter defined

by f = 2Ωsinλ where Ω is the Earth rotation and λ is the latitude. The FCOR term is
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the product between the interpolated simulated wind and the Coriolis parameter f. At

the time t of the flight, this term is:

FCORx = fvt (7)

FCORy = −fut (8)

Third term will be called PRES because it is the pressure gradient force. It is

calculated as the product between the interpolated geostrophic wind and the Coriolis

parameter f. At the time t of the flight, this term is:

PRESx = −1

ρ
∂xP = −fvgt (9)

PRESy = −1

ρ
∂yP = fugt (10)

Where ug and vg are the zonal and meridional components of the geostrophic wind.

To obtain the geostrophic wind on the trajectory of the balloon, we first calculated

the geostrophic wind on the grid of the model AROME-WMED using the geopotential

at 925hPa. The geostrophic wind at longitude i and latitude j is:

vgi,j =
1

f

∂φi,j
∂x

=
φi+1,j − φi−1,j

2δx
(11)

ugi,j = − 1

f

∂φi,j
∂y

= −φi,j+1 − φi,j−1

2δy
(12)

Because of the high resolution of the model, the geopotential at 925hPa have been

filtered by a running average on 50 values in latitude and longitude in order to remove

small-scale change of this variable.

The geostrophic wind calculated on the grid at 925hPa derived from this calculation

has been compared to the wind at 500hPa which must be very close to geostrophism even

above high mountains, in order to verify the validity of the filter and of the calculation.

As for the simulated wind, we interpolated the geostrophic wind in space and time

along the balloon trajectory. For some balloons (e.g. B34, B44, B48, B47 and B41) the

interpolated geostrophic wind is significantly different from the interpolated model wind

on the entire balloon flight, and for all of them but B41, the interpolated geostrophic

wind is above the interpolated model wind.

The fourth term will be called TURB as it refers to the turbulent forces and friction

acting on the parcel. It is defined as the residue of the conservation equations:

TURBx = EV OLx − FCORx − PRESx (13)

TURBy = EV OLy − FCORy − PRESy (14)
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4.2. Lagrangian description

In this section, we describe the Lagrangian structure precisely according to the

interpolated wind of the AROME model along the balloon trajectory.

Figure 9 displays the wind speed measured by the balloon (blue line), the simulated

interpolated wind speed (green line), and the interpolated geostrophic wind speed

(red line) from the model, calculated as explained in section 4.1, for balloons B39,

corresponding to the end of the Mistral event E6, and B48, corresponding to the strong

Mistral event E8. The wind speed (Fig 9 (a) and (d), in blue and green) shows a first

zone where the parcel is accelerated until it reaches a second zone where the wind seems

to be steady, and finally is decelerated in a third zone.
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Figure 9. Wind speed (top), zonal wind component (middle) and meridional wind

component (bottom) as a function of the distance from the launched location for

the balloon B39 (a,b,c) and the balloon B48 (d,e,f), in blue: wind measured by the

balloon, in green: the interpolated simulated wind, in red: the interpolated simulated

geostrophic wind. Black dots indicate zones delimitations discussed in the text
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In the first zone, the acceleration is found on both components and is of the same

order of magnitude on a horizontal range of about 150km: from 2 to 7m.s−1 in the zonal

direction, and from -10 to -15m.s−1 in the meridional direction for balloon B39; from 8

to 18m.s−1 in the zonal direction, and from -15 to -25m.s−1 in the meridional direction

for balloon B48. In this zone, the geostrophic wind speed is significantly different

from the simulated interpolated wind speed. Zone 1 corresponds to the Massif Central

wake, region where the wind field is ageostrophic, especially because of the presence of

orographic waves and the creation of turbulence when they break. The ageostrophism

can be found more clearly on the meridional component of the wind than on the zonal,

so it seems that turbulence and/or friction is created in a preferential direction.

In zone 2, the parcel velocity is constant. The simulated interpolated wind speed

and the geostrophic wind are very close in this zone. Indeed, the parcel is out of the

MC wake and the wind seems to adjust to geostrophy but is still subgeostrophic. The

geostrophic wind is oriented more southward than the real wind.

When the balloon enters in this zone, its speed is oriented southeastward, with a

stronger component to the south. The geostrophic wind is on its right.

When looking at the zonal and meridional component of the wind, both are constant

in zone 2 for the balloon B39, and for most of the balloons, so that the constant wind

speed does not come from a compensation effect of zonal and meridional component

of the wind. As the wind speed is constant in both directions, the balloon has a

straight trajectory. But for balloon B48, the zonal wind speed increases slightly when

the meridional wind speed decreases, so there is a compensation effect between the two

components of the wind in this case. As the two component of the wind compensate,

the balloon has a cyclonic trajectory.

We define the third zone by the decrease of the wind speed after it reaches a constant

maximum in zone 2. The decrease of the wind speed is due to the decreasing meridional

wind as the zonal wind is constant in this zone. Steadiness of the zonal wind is more

obvious on balloon B48 than on the balloon B39 and it can be found on most of the

balloons. Balloons B39 and B48 reflect the most general case when the wind decelerates

and stay close to the geostrophic wind..

For balloon B36 (not shown) a strong ageostrophy is clearly seen on the same

curve in zone 3, and the geostrophic wind is very unsteady, oscilating around 25 and

35m.s−1. This balloon flew longer and further than the others (Figure 1 - blue line)

so that it almost reaches Tunisian coasts, and passes behind the southwest of Sardinia,

The upstream effects of the Sardinia and/or Tunisian coast may be the cause of this

ageostrophism.
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4.3. NS equation terms on the trajectory

After defining for each balloon the three zones described above, we calculate each term

of the NS Lagrangian equation (3 and 4), as described in section 4.1.

Figure 10 shows the calculated terms of the NS Lagrangian equations 3 and 4

along the trajectory for balloons B48 and B39. Even if the wind velocities have been

smoothed, terms EVOL and TURB are still very variable.

In order to quantify every terms and to see whether their contribution is significant,

tables 5 and 6 give the mean value of each term in each zone, in the x and y directions,

for every balloons having reliable data.

The significance of the values in tables 5 and 6 can be derived from the TURB term.

Indeed, this term corresponds to the friction and turbulent force acting on the parcel,

and thus, should always decelerate the parcel. So, it has to be positive in x direction

and negative in y direction. Some values of those tables do not satisfy this obligation.

For balloon B34, in y direction, in zone 2, TURB term is 0.04 ×10−2m.s−2. It gives

us a good idea of the maximum error of this calculation. The average uncertainty is

0.02×10−2m.s−2.
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Figure 10. NS Lagragian equation terms (m.s−2) calculated along the trajectory of

the balloons B39 in direction x (a) and y (b) and balloon B48 in direction x (c) and

y (d). in yellow: EVOL, in green: FCOR, in blue: PRES, in red: TURB. Black dots

indicate zones delimitations
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In zone 1, as said before, the balloon is in the MC wake where the wind field is

ageostrophic. In this zone, the acceleration is of the same order of magnitude in the x

and y direction (tables 5 and 6).

In the x direction (table 5, figure 10a and 10c), the acceleration term is positive,

the zonal wind accelerates. The accross valley pressure gradient is the dominant term

(-0.16×10−2m.s−2 for B39 and -0.42×10−2m.s−2 for B48) and is the cause of the

acceleration of the parcel along the x direction. Indeed, the Coriolis force together

with the turbulence are not sufficient to balance PRES so that the parcel is accelerated

in this direction. FCOR increases slightly when PRES remains constant (Fig 10 (a)) or

decreases (Fig 10 (c)). So the parcel gets closer to geostrophy as it moves out of the MC

wake. However, at the end of zone 1, PRES is still stronger than FCOR. This pattern is

found for all balloon, but B42 for which the FCOR and PRES terms in the x direction

are of the same order at the beginning of the flight.

In the y direction (table 6, figure 10b and 10d), the acceleration term is negative,

the meridional wind accelerates. The force accelerating the parcel is the Coriolis force.

Indeed, TURB is not significant and PRES is significant only in some cases, but still

weaker than the Coriolis force.

As in the y direction PRES is vanishing in most of the cases, the isohypses are

oriented along a constant longitude. The parcel being accelerated by the pressure force

in the x direction, crosses the isohypses in zone 1.

The TURB term being significant only in the x direction, it confirms the idea of

turbulence and/or friction creation in a preferential direction.

So, in zone 1:

→ the pressure force is zonal only, oriented to the east;

→ the turbulence is zonal only, oriented to the west;

→ the Coriolis force is oriented southwestward;

→ the resulting acceleration is oriented southeastward.

In zone 2, the balloon is out of the MC wake. In this zone, two cases have to be

described.

On the one hand, most of the balloons have a vanishing acceleration in both x

and y directions. On figure 10 (a) and (b), the pressure force decreases slightly in the

x direction and increases in the y direction, when the Coriolis force remains constant.

This is consistent with the fact that the wind speed is constant and subgeostrophic. The

trajectories of the balloons are straight, when the isohypses are curved. One can notice

that in the y direction, for all balloons (but B34), TURB is negative. Even if values are

not always significant, it seems that friction plays a role in this zone.

If the friction was the only force causing the departure from geostrophy, the balloon

would be in a 3 forces equilibrium in which the wind is deviated on the inside of the

depression. A parcel in such equilibrium should follow a spiral trajectory and gets closer

and closer to the center of the depression. As we observe a straight trajectory for those

balloons, there must be another force acting on the parcel.
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In Jiang et al. (2003), a comparison between the geostrophic wind and the

measured wind along a flight track from MAP experiment, together with COAMPS

simulations is done. It is shown that the geostrophic wind is stronger than the measured

wind indicating a departure from geostrophy. It is said that in order to analyse the

ageostrophy, the Mistral displaying a cyclonic curvature, the friction and the inertial

acceleration have to be considered.

Indeed, the balloon must then be seen in a cylindrical referential in order to take

the inertial term out of the EVOL term. In this referential the NS Lagrangian equation

can be written :

dvr
dt
− fvθ = −1

ρ
∂rP +

v2θ
r

+ Tr (15)

dvθ
dt

+ fvr = −1

ρ
∂θP −

vrvθ
r

+ Tθ (16)

where vr is the radial velocity, and vθ the tangential velocity, Tr and Tθ are terms

of friction and turbulence, and r the radius between the center of the depression to the

isohypses lines.

Let’s consider that the isohypses lines are perfectly circle. The pressure gradient

along the tangential direction is null. In this configuration, it is very usual to neglect

the radial velocity. For a steady flow, with no friction, we have only one equation left :

−fvθ = −1

ρ
∂rP +

v2θ
r

(17)

In this configuration, the geostrophic equilibrium can be written :

−vgθ = − 1

ρf
∂rP (18)

By combining equations 18 and 17 we find :

f(vgθ − vθ) =
v2θ
r

(19)

The resulting wind vθ is then subgeostrophic, and the wind is deviated on the

outside the cyclonic circulation.

The effect of the friction is to deviate the wind into the inside of the cyclonic

circulation because the Coriolis force must equilibrate both the pressure gradient (radial)

and the friction (tangential). This equilibrium is known as the three forces equilibrium,

and the resulting wind speed is subgeostrophic too. The effects of those two forces are

opposed, and may compensate, at least partly to give the straight trajectory found for

almost all balloons.

In our case, we can assume that the center of the depression of the gulf of Genoa

is the center of the rotation of our parcel, which can be valid especially in zone 2 and

3, according to the trajectory of the balloon and the location of the pressure minimum.

So, we estimate r as the distance between the balloon and the pressure minimum of the

Genoa cyclone.
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The center of the depression is not further than 500km from the balloon. We can

assume that the tangential wind speed would be of about 20m.s−1. By doing a simple

scaling analysis, between the inertial term and the Coriolis term, we would obtain

values of the same order of magnitude especially in radial direction, as expected in first

approximation we believe that the radial wind speed is much weaker than the tangential

wind speed.

|v
2
θ

r
| ' 0.8× 10−3m.s−2 (20)

|fvθ| ' 2× 10−3m.s−2 (21)

So, in zone 2 and 3 especially, the inertial term might not be negligible. This term

should be opposed to the friction as it deviates the wind outside the Genoa depression,

and could balance it, at least partly.

We calculated each terms of the NS equation in cylindrical coordinate in order

to verify whether the inertial term has an impact in the NS equation. In zone 2 and

3, the radial wind is negative, and the tangential is positive. The inertial term in

both directions is about a third of the Coriolis force and has the same orientation (not

shown). So this term is not negligible. As it has the same effect as the Coriolis force, it

can balance the friction term in the radial and in the tangential direction.

On the other hand, some balloons (B36, B47 and B48), corresponding to strong

Mistral events, display an acceleration in the x direction and a deceleration in the y

direction. The deceleration in the y direction is due to a significant TURB term. As

in zone 2, the wind speed is constant, it means that the zonal wind speed increases.

This is what we see in figure 9 (e) and (f) for balloon B48. If the zonal wind speed

increases and the meridional wind speed decreases, the Coriolis force increases in the y

direction and decreases in the x direction. The pressure force increases in y direction

and decreases in x direction because the parcel turns around the depression, but the

pressure gradient is in average stronger than the Coriolis force in the x direction. The

trajectory being curved for those balloon does not mean that the inertial term has no

impact on the equilibrium. On the contrary, the inertial term is proportional to the

wind speed.

So in zone 2 :

→ The parcel arrives with a trajectory southeastward crossing the isohypses

→ Its trajectory is straight which is not consistent with a wind in the three forces equi-

librium that would have a spiral trajectory. The inertial term is not negligible, and it

is opposed to the effect of the friction.

→ Balloons flying during severe Mistral events have a cyclonic trajectory and are under

a friction force along the y direction. The inertial term is not negligible either, but does

not balance the effect of friction as much.

→ Those balloons are accelerated along x and decelerated along y, the acceleration is

oriented southeastward;
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In zone 3, in the y direction, PRES and FCOR remain constant, and in the x

direction, PRES and FCOR decrease with the same slope. This evidences that the wind

is turning along an isohypse. The balloon is decelerated along the y direction only,

because of a significant TURB term in this direction. In most cases, in the x direction,

the meridional wind is in geostrophic equilibrium. But for balloons B48, B47 there is a

significant term TURB. In any cases, as the friction is not null and the balloons remain

along the isohypse, the inertia has to balance the effect of friction in this zone too.

The presence of a friction term in the y direction only is difficult to explain. Indeed,

the 2 components of the wind have the same order of magnitude so that a term of friction

is expected in both directions. In zone 3, the balloon is approaching the Sardinia, so

that the upstream effects of the Sardinia might have an impact on the incoming flow.

Another hypothesis would be that the balloon is passing the zone of maximum shear, so

that the friction would come from the shear between a fast flow (west) and a relatively

calm flow (east).

zone 1 - - - zone 2 - - - zone 3 - - -
balloon EVOL FCOR PRES TURB EVOL FCOR PRES TURB EVOL FCOR PRES TURB
B34 0.06 0.18 -0.31 0.07 0.01 0.20 -0.25 0.04 0.02 0.16 -0.21 0.03
B36 0.05 0.20 -0.30 0.05 0.03 0.22 -0.24 -0.01 0.04 0.19 -0.24 0.02
B33 0.07 0.13 -0.24 0.04 -0.01 0.16 -0.16 0.00 - - - -
B35 0.06 0.12 -0.22 0.05 0.01 0.17 -0.19 0.01 - - - -
B38 0.09 0.13 -0.27 0.06 -0.03 0.19 -0.19 0.02 0.01 0.16 -0.16 -0.01
B39 0.03 0.11 -0.16 0.03 0.03 0.14 -0.16 -0.01 0.01 0.06 -0.06 -0.01
B41 0.05 0.12 -0.25 0.07 -0.02 0.20 -0.16 -0.02 0.02 0.16 -0.20 0.02
B42 0.01 0.12 -0.16 0.02 0.01 0.12 -0.11 -0.01 0.02 0.08 -0.09 -0.00
B43 0.05 0.10 -0.19 0.03 -0.02 0.15 -0.13 0.00 0.01 0.11 -0.10 -0.00
B44 0.09 0.12 -0.23 0.01 0.02 0.15 -0.22 0.05 -0.01 0.11 -0.12 0.03
B47 0.12 0.20 -0.42 0.10 0.09 0.21 -0.28 -0.02 -0.00 0.16 -0.21 0.06
B48 0.14 0.20 -0.42 0.08 0.09 0.21 -0.28 -0.02 0.01 0.17 -0.22 0.05

Table 5. mean value of the NS equation terms (×100 m.s−2), for each zone, in x

direction

zone 1 - - - zone 2 - - - zone 3 - - -
balloon EVOL FCOR PRES TURB EVOL FCOR PRES TURB EVOL FCOR PRES TURB
B34 -0.04 0.09 -0.04 -0.01 -0.00 0.14 -0.10 0.04 0.08 0.13 -0.13 -0.08
B36 -0.09 0.08 0.01 -0.00 0.06 0.09 -0.07 -0.08 0.01 0.13 -0.13 -0.01
B33 -0.05 0.05 -0.01 0.01 0.03 0.09 -0.10 -0.02 - - - -
B35 -0.08 0.07 -0.02 0.03 0.00 0.10 -0.08 -0.02 - - - -
B38 -0.07 0.07 -0.02 0.02 -0.00 0.10 -0.07 -0.03 0.02 0.09 -0.07 -0.05
B39 -0.04 0.04 -0.01 0.00 0.01 0.07 -0.05 -0.03 0.06 0.08 -0.10 -0.04
B41 -0.11 0.06 0.04 -0.01 -0.01 0.07 -0.03 -0.03 0.02 0.06 -0.05 -0.03
B42 -0.01 0.02 -0.01 0.00 0.02 0.05 -0.06 -0.01 0.01 0.07 -0.07 -0.02
B43 -0.05 0.06 -0.02 0.02 -0.00 0.10 -0.08 -0.01 0.04 0.07 -0.07 -0.05
B44 -0.05 0.07 -0.01 -0.01 0.02 0.13 -0.11 -0.04 0.08 0.13 -0.18 -0.04
B47 -0.06 0.10 -0.05 0.02 0.08 0.18 -0.21 -0.05 0.06 0.19 -0.18 -0.07
B48 -0.07 0.10 -0.06 0.03 0.08 0.18 -0.21 -0.05 0.08 0.19 -0.19 -0.07

Table 6. mean value of the NS equation terms (×100 m.s−2), for each zone, in y

direction
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5. Conclusion

In this paper, data from the 15 BLPB launched during the HyMex SOP2 have

highlighted a reproducible structure of the Mistral (figure 2 (top)). The AROME-

WMED model is able to reproduce the balloon flights in most of the cases. From this

reproducible pattern can be derived three zones. A first zone in which the wind speed

increases, a second zone where the wind speed is constant, and a third zone where the

wind speed decreases.

In the first zone, the wind speed is strongly ageostrophic because the balloon is in

the wake of the Massif Central, where the wind field is ageostrophic. In this zone, the

isohypses are oriented southward, so that the pressure force is oriented to the west. A

turbulent and/or friction term is opposed to the pressure force. The wind is oriented

southeastward, and accelereted in the same direction. The turbulence (and/or friction)

is found in the zonal direction only.

In the second zone, the wind speed is constant and slightly subgeostrophic. The

trajectory of the balloons are straight when the isohypses are curved. So the friction

alone cannot explain this departure from geostrophy. Another way for the wind to be

subgeostrophic is to be subject to the inertia. This pseudo-force is opposed to the effect

of the friction as it deviates the wind outside the cyclone. The effect of the friction is

then partly compensated.

In the third zone, the balloon follows the isohypses. The Coriolis force balances the

pressure force, but the wind speed decreases. Indeed, a friction term is found along the

y direction only. Again, the inertia acts on the balloon and is opposed to this friction,

so that the balloon trajectory remains along an isohypse.

This study suggests different further works. Indeed, some phenomenon are still to

be investigated.

In the first zone, we highlight the fact that the turbulence and/or friction is created

in the zonal direction only. Orographic waves are found directly downstream of the

mountain ridge and are known to spread along the lee slope of the mountain and to

break in this direction (Wells et al. - 2008). As the Massif central is oriented in a

northeast to southwest axis, turbulence should be created perpendicular to it, so that

it does not match with our result. It has been shown that the wake formed behind an

orographic ridge is composed of two vortices (Schar and Smith - 1993). This pattern

creates a zone of recirculation of the flow behind the moutain. Moreover, Olafsson

and Bougeault (1996) explain that this zone of recirculation extends further from the

mountain ridge than the turbulence created by waves breaking. This recirculated flow

might be a source of shear and thus friction. Again, the orientation of the recirculated

flow in an idealized configuration would be perpendicular to the mountain, so that it

could not explain the turbulence creation in a zonal direction only. In any cases, the

complexity of the mountain ridge, the direction of the upstream flow, and the Coriolis

effect can create an asymmetry in this recirculated flow (Petersen et al. - 2005, Wells

et al. - 2008) which could be a start for a further investigation.
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The strength of the Genoa cyclone seem to be linked to the strength of the Mistral

over the sea. Its position can be related to the orientation of the isohypses. So this

synoptic structure and its evolution have to be investigated as it surely plays a role in

the way the Mistral behaves.

The Sardinia, Corsica, and maybe the North African coast may have an effect on

the Mistral too. Indeed, this flow can reach those coastal zones, and be affected by

them.
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