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Short abstratThe Mediterranean basin is regularly a�eted by severe weather assoiated with deep onve-tion. Even if they are usually tied to oastal orography, some severe thunderstorms develop andmature over the sea. A good and reent example is the severe thunderstorm that rossed theisland of Mallora in the afternoon of 4
th Otober 2007. Generated early in the morning o�shoreof Muria, this storm organized progressively into a squall line struture with a northeastwardsmovement. Arriving in Palma ity, this squall line was aompanied by severe gusts, heavy rainand several tornadoes, leading to signi�ant damages in the southwestern part of the island andeventually to one fatality.The triggering and evolution of onvetion in these maritime events depend on both synoptiand mesosale features. Representing suh interation is a real hallenge for numerial modelsused in weather forasting. The aim of this study is to determine the most in�uential fators in-volved in the initiation and evolution of the damaging squall line, thanks to several ombinationsof numerial models (Méso-NH, WRF and MM5) with di�erent initial and boundary onditions.This ensemble of simulations has allowed to gain insight on whih mehanisms are the mostrelevant to obtain an aurate spatiotemporal representation of the squall line. In addition, syn-thetially generated observations allow to on�rm the ruial role of a onvergene line o�shoreof Muria in the triggering and evolution of the squall line. Furthermore, a high sensitivity ofonvetive initiation to planetary boundary shemes was pointed out and the irulation induedby the Atlas mountain range was shown to a�et the onvetive triggering loation. Finally, thelak of observations over the Mediterranean sea hampers the simulations auray due to theabsene of important strutures in the initial and boundary onditions. Nevertheless, the bestsimulations show a very realisti representation of the squall line, inluding mesovorties aheadof the gust front, that on�rm the presene of a favourable environment for the genesis of smallvorties, inluding tornadoes.





Résumé ourtLe bassin méditerranéen est régulièrement a�eté par des épisodes dévastateurs de onvetionprofonde. Même si l'ourrene de tels phénomènes est souvent dépendante du relief du littoral,ertaines puissantes ellules orageuses se développent et évoluent sur la mer. La ligne de grainsqui traversa l'île de Majorque dans l'après-midi du 4 otobre 2007 en est un bon exemple réent.Après la formation d'une ellule onvetive t�t le matin au large de Muria, et orage s'est pro-gressivement organisé en ligne de grains au �l d'un parours maritime. En arrivant sur la villede Palma, les puissantes rafales, les pluies diluviennes et les tornades assoiées ont entrainé desérieux dégâts ainsi que la mort d'une personne.Le délenhement de la onvetion et son évolution lors de es épisodes maritimes dépendentà la fois d'éléments d'éhelle synoptique et de méso-éhelle. Représenter une telle interation estun enjeu important pour les modèles numériques de �ne résolution utilisés en prévision. Le butde e travail est d'étudier le as du 4 Otobre 2007 en ombinant plusieurs modèles numériques(Méso-NH, WRF et MM5) ave diverses onditions initiales et aux limites. Cet ensemble de sim-ulations a permis de omprendre quels méanismes étaient les plus importants pour obtenir unebonne représentation spatio-temporelle de la ligne de grains. De plus, l'assimilation de pseudo-observations subjetives a mis en évidene que la présene d'une ligne de onvergene au large deMuria avait un r�le important pour délenher la onvetion. Par ailleurs, une grande sensibilitéde l'initiation onvetive au shéma de ouhe limite employé par les modèles numériques a étédéouverte, et la irulation induite par le relief de l'Atlas tend à préiser la loalisation de laellule orageuse initiale. Le manque d'observations sur la Méditerranée se traduit dans ertainsas par l'absene de strutures importantes dans les onditions initiales et aux limites des mod-èles, e qui pénalise la qualité des résultats. Néanmoins, les meilleures simulations parviennent àune modélisation très réaliste de la ligne de grains, inluant la formation de mésovortex à l'avantdu ourant de densité, e qui on�rme la présene d'un environnement favorable à la naissanede tornades.





Extended abstratMediterranean oastal regions are often a�eted by severe onvetive storms, espeially dur-ing the fall when the sea is quite warm. The main part of these events are triggered by oastalorography present along the Mediterranean seashore. However, in some ases like the squall lineof 4
th Otober 2007 that a�eted the island of Mallora, mesosale onvetive systems developand mature over the sea. The aim of this study is to simulate this severe thunderstorm eventby means of several ombinations of three mesosale numerial models with di�erent initial andboundary onditions in order to understand the meteorologial environment that sustained thetriggering and evolution of suh devastating squall line.On 4

th Otober 2007 weather onditions were favourable to deep onvetion developments.Aloft, a old ut o� loated over mainland Spain (�gure 1-a) was assoiated with an anomaly ofpotential vortiity along a southerly and divergent jet streak. At low-levels, a barolini bound-ary spreading along Spanish oast (�gure 1-b) and haraterized by a katafront struture markedthe limit of a warm and moist air mass lying over the Mediterranean sea. In this environment, aonvetive ell triggered o�shore of Muria (southeast Spain) early in the morning (�gure 2-a).After a quasi-stationary stage in whih the thunderstorm presented a V-shaped struture, itorganized progressively into a squall line with a northeastwards movement (�gure 2-b). Arrivingin Palma ity, this squall line was aompanied by severe gusts, heavy rain and several F2-F3tornadoes on Fujita sale, leading to signi�ant damages in the southwestern part of the islandand eventually to one fatality.

(a) (b)Figure 1: Synopti patterns: ARPEGE analysis at 12 UTC, (a) geopotential and temperatureat 500 hPa, (b) mean sea level pressure and wet bulb potential temperature at 850 hPa.In order to better identify mehanisms responsible for the initiation and evolution of thissevere thunderstorm, three mesosale numerial models have been used (Méso-NH, WRF andMM5) to perform an ensemble of 9 ontrol simulations. In addition, these experiments have



(a) 9h UTC (b) 15 UTCFigure 2: Radar re�etivities at (a) 9 UTC and (b) 15 UTC.been arried out for the purpose of investigating on the one hand, in�uenes of models param-eterizations, and on the other hand, the role of initial and boundary onditions. This latterfator was analysed omparing simulations with and without grid nesting. All the experimentswere ahieved with a �ne resolution mesh (between 2 and 2.4 km) entered over Mallora andtherefore without deep onvetion parameterization. Analyses rather than foreasts were usedto provide the most realisti initial and boundary onditions.

(a) 9 UTC (b) 15 UTCFigure 3: Re�etivities at 800 hPa and winds at 925 hPa for WRF experiment fored by ECMWFanalysis at (a) 9 UTC, (b) 15 UTC.The analysis of the ensemble of experiments leads to the onlusion that the low-level onver-gene appears to be in this ase the key element to explain the triggering of deep onvetion. Theposition of a low pressure area to the south of the Baleari arhipelago in the lower troposphereis an important fator to enable a well loated triggering of the storm. The experiment per-formed with WRF fored by ECMWF analysis sueeds in reproduing the squall line evolutionwith the best spatiotemporal representation. Re�etivities and low-level winds are displayed in�gure 3 at 9 and 15 UTC. In the morning, this simulation triggers a onvetive ell to the southof Muria, over an area with signi�ant wind onvergene. This thunderstorm later organizesin a linear struture and rosses the Mediterranean sea along the thermal boundary to reah



Mallora around 16 UTC. The high sheared environment resulting from an easterly low-level�ow overlied by strong southerly winds appears to be neessary to sustain the squall line.Given the suessful results of the Méso-NH experiment fed with ECMWF analysis -whihsimulates the squall line in remarkable agreement with remote sensing observations, despite atime lag-, further experiments have been arried out. An analysis of the internal struture anddynamis of onvetion on�rms the squall line organization of the simulated onvetive sys-tem. In addition, a very high resolution simulation with a grid size of 600 meters, performedon a domain surrounding the squall line already formed, points out a bow-eho in re�etivitiesloated in the southern setor of the squall line (�gure 4-a). Near the bow apex and in otherundulations of the squall line leading edge, where the rear in�ow jet is severe, the highly detailedsimulation allows to highlight vertial mesovorties enhaned by updrafts ahead of the gust front(�gure 4-b). Even though the theory of suh vorties genesis is extremely reent, they are knownto be essential preursors of type II tornadoes, those assoiated with quasi-linear onvetive sys-tems.

(a) (b)Figure 4: Very high resolution simulation with Méso-NH and a 600 m grid size, at 12h30 UTC;(a) re�etivities with positive vertial vortiity at 200 m (ontoured in blak from 1.10−2 s−1 to
6.10−2 s−1 every 1.10−2 s−1) and indiation of (b) domain; (b) vertial vortiity and horizontalwind at 200 m.Méso-NH simulations have been performed with several initial onditions from ECMWF,ARPEGE and ALADIN, and on�rm the ruial e�ets of initial state on the numerial model-ing. Failure of experiments initialized with ALADIN data is learly due to a bad initial apturein analyses of the environment over the Mediterranean sea. Experiments fed with ECMWF andARPEGE present loser low-level �ows and ahieve simulations with more realisti evolutions.However, di�erenes in the low-level temperature �elds lead to a best onvetive triggering withARPEGE experiments, in whih the front is assoiated with a stronger onvergene of winds.In addition, the omparison of simulations performed with and without grid nesting indiatesthat on the whole, best results are obtained with a diret foring by oarser analyses. Indeed, inexperiments with grid nesting, stronger winds are simulated on the son domain as a onsequeneof a signi�ant low-level pressure gradient imposed by boundary onditions. This observationproves the essential role exerted on this ase by data assimilation to improve boundary onditionsquality. Moreover, di�erenes pointed out in experiments performed with Méso-NH, WRF and



MM5 with the same initial onditions indiate the bene�ts of a multi-model approah, sine eahone is haraterized by its own physial and dynamial parameterizations.Of partiular importane is that the MM5 model is not able to trigger a onvetive ello�shore of Muria, as opposed to the other models. In order to attempt to remedy this failure toorretly simulate the event, two di�erent approahes have been onsidered. Sine in the MM5experiment, the lak of low-levels onvergene seems to avoid an e�ient onvetive triggering(�gure 5-a), the �rst improvement was to assimilate pseudo-observations in order to synthetiallygenerate a onvergene line. Suh observations are inspired from an experiment with Méso-NHfored by ARPEGE analyses in whih initial stages of the onvetive ell are well aptured.Only wind pseudo-observations are provided in the morning, at several levels in the planetaryboundary layer, in order to initiate onvetion. Data assimilation of these pseudo-observationsby the nudging method results in a well loated onvetive triggering neessary to the furthergood evolution of the squall line (�gure 5-b). Although the simulated squall line is slightly o�to the west of Mallora, it is very similar to observed radar re�etivities.

(a) (b) ()Figure 5: Re�etivities at 800 hPa and winds at 925 hPa (same sales as in �gure 3) at 9 and 15UTC for, (a) MM5 referene simulation, (b) simulation with data assimilation, () simulationwith ETA planetary boundary layer sheme.The seond approah was to explore the sensitivity of the MM5 referene simulation to theplanetary boundary layer sheme, sine on the whole domain, the onvetion develops later thanwith other models. The substitution of MRF sheme daily used in UIB1 "operational" foreastby ETA sheme leads to signi�ant improvements in the simulation. With this later sheme,1UIB: Universitat de les Illes Balears



using an 1.5 order of losure and a prognosti equation to ompute TKE2, onvetion is favouredand the triggering of the squall line takes plae with rather aurate spatiotemporal features(�gure 5-). The lower di�usion of vertial veloity patterns and a better representation of themoisture vertial pro�le in the �rst levels are ruial fators to this suess.Even though the triggering and the evolution of the squall line ourred over the sea, asimulation in whih the Atlas orography is removed allows an interpretation of the e�ets of themountain range on the low-level �ow. This time, the referene was the experiment performedwith WRF using grid nesting, whih inludes all the Atlas and whose triggering is rather orret.Sine di�erenes are not large between the two experiments, the Atlas orography is not a deisivefator to explain the easterly �ow neessary to the onvetive triggering, more asribable to thedynami low over North Afria. However, the low pressure area downstream of Atlas mountainsintensi�es the onvergene o�shore of Muria and improves the loation of the simulated thun-derstorm.To onlude, the suess of a numerial simulation to apture a severe onvetive event witha maritime initiation losely depends on a onjuntion of fators from distint sales. On the 4
thOtober 2007 event, in a favourable synopti environment whih has been identi�ed, a mesosaleirulation was neessary to lead to the squall line triggering. Finally, the ability of mesosalenumerial models to reprodue suh maritime onvetive event is highly dependant on initialondition auray, an ever-present hallenge over the data-void Mediterranean basin.

2TKE: Turbulent Kineti Energy





Résumé longLes pays méditerranéens sont régulièrement onernés par des épisodes dévastateurs de on-vetion profonde, notamment en automne, période durant laquelle la température de la mer estélevée. La majorité de es orages sont initiés par le relief présent autour du bassin méditer-ranéen. Cependant, dans ertains as omme elui de la ligne de grains du 4 otobre 2007 quia�eta l'île de Majorque, des systèmes onvetifs de méso-éhelle se développent et évoluent surla mer. L'objetif de ette étude est de modéliser à �ne résolution et épisode onvetif grâeà une ombinaison de trois modèles numériques alimentés par di�érentes onditions initiales etaux limites, dans le but de omprendre l'environnement météorologique qui a permis de générerune telle ligne de grains.Le 4 otobre 2007, les onditions météorologiques étaient favorables à la formation d'oragesdans l'ouest du bassin méditerranéen. En altitude, une goutte froide située sur la péninsuleIbérique (�gure 1-a) était assoiée à une profonde anomalie de tropopause bordée par une branhede jet divergente. En basses ouhes, une zone de forte barolinie présentant une struture deatafront s'étendait le long de la �te est espagnole (�gure 1-b) et délimitait une masse d'airhaude et humide située au-dessus de la mer. Dans et environnement, un ellule onvetives'est formée en début de matinée au large de Muria, ville située au sud-est de l'Espagne (�g-ure 2-a). Après une phase quasi-stationnaire durant laquelle l'orage présentait une struture enforme de V, e dernier s'est progressivement organisé en ligne de grains en se déplaçant versle nord-est (�gure 2-b). En arrivant sur la ville de Palma, ette ligne de grains a engendré depuissantes rafales, des pluies torrentielles, et plusieurs tornades d'intensité F2-F3 sur l'éhelle deFujita, entraînant la mort d'une personne et d'importants dégâts dans la partie sud-ouest de l'île.

(a) (b)Figure 1: Conditions synoptiques : analyse ARPEGE à 12 UTC (a) géopotentiel et températureà 500 hPa, (b) Pmer et θ'w à 850 hPa.



(a) 9h UTC (b) 15 UTCFigure 2: Ré�étivités radar à (a) 9 UTC, (b) 15 UTC.A�n de pouvoir identi�er les méanismes responsables de l'initiation et de l'évolution de etteligne de grains, trois modèles numériques de méso-éhelle ont été utililisés (Méso-NH, WRF etMM5) et ont permis de réaliser un ensemble de 9 simulations de ontr�le. Ces expérienes avaientpour objetifs de déterminer d'une part l'in�uene des paramétrisations de haque modèle, etd'autre part l'importane des onditions initiales et aux limites. Ce dernier e�et a été analysé viaune omparaison de simulations ave et sans grid nesting. Toutes les expérienes ont été réaliséessur un domaine entré sur Majorque, ave une maille de haute résolution omprise entre 2 et2.4 km, don su�samment �ne pour résoudre expliitement la onvetion profonde. Dans uneon�guration d'étude de as, les analyses ont été utilisées pour fournir les onditions aux limitesles plus réalistes possibles.

(a) 9 UTC (b) 15 UTCFigure 3: Ré�étivités à 800 hPa et vents à 925 hPa pour l'expériene ave WRF foré par lesanalyses ECMWF, (a) à 9 UTC, (b) à 15 UTC.L'analyse de l'ensemble de simulations ainsi obtenu onduit à la onlusion que dans e as,la onvergene de basses ouhes est un fateur déterminant pour expliquer le délenhementde la onvetion profonde. La position d'une dépression relative en basses ouhes au sud desîles Baléares est un élément important pour permettre une bonne loalisation de l'initiationonvetive. L'expériene réalisée ave le modèle WRF foré par les analyses ECMWF parvient



à reproduire l'evolution de la ligne de grains dans les meilleures onditions spatio-temporelles.Les ré�étivités radar et les vents de basses ouhes sont présentés en �gure 3, à 9 et 15 UTC.Cette simulation génère un orage en début de matinéee grâe à la onvergene des vents au sudde Muria. Par la suite, et orage aquiert une struture linéaire qui se déplae au dessus dela Méditerranée le long de la frontière thermique, pour atteindre Majorque à 16 UTC. Le fortisaillement dans les premiers kilomètres de la troposphère entre le �ux d'est de basses ouheset les forts vents de dominante sud en altitude, apparait être néessaire pour maintenir la lignede grains.Grâe à la simulation ombinant Méso-NH ave les analyses ECMWF, qui parvient à réerun struture onvetive très prohe des observations radars et satellites malgré un déalage tem-porel, de investigations plus préises ont été menées. L'analyse des dynamiques internes dusystème onvetif démontre l'organisation en ligne de grains de la onvetion modélisée. De plus,une simulation réalisée à une résolution de 600 mètres sur un domaine entourant la ligne degrains déjà formée, met en évidene une struture de bow eho dans la partie sud du systèmeonvetif (�gure 4-a). Prohe de la pointe du bow eho, omme dans d'autres ondulations dubord d'attaque de la ligne de grains où les mouvements desendants sont puissants, le haut de-gré de détails de la simulation permet de déteter des mesovortex vertiaux engendrés par desasendanes à l'avant du front de rafales (�gure 4-b). Même si la théorie expliquant la naissanede tels vortex est très réente, ils sont onnus pour être des préurseurs essentiels de la naissanede tornades de type II, elles assoiées aux systèmes onvetifs quasi-linéaires.

(a) (b)Figure 4: Simulation à très haute résolution ave Méso-NH et une grille de 600 m de �té à 12h30UTC; (a) ré�étivités et vortiité vertiale positive à 200 m (ontours en noir de 1.10−2 s−1 à
6.10−2 s−1 haque 1.10−2 s−1) et indiation du domaine (b); (b) vortiité vertiale et venthorizontaux à 200 m.Les simluations ave Méso-NH ont été e�etuées ave plusieurs onditions initiales, provenantdes modèles ECMWF, ARPEGE et ALADIN, et démontrent l'importane de l'état initial surla modélisation numérique. L'ehe des simulations alimentées par les données ALADIN estlairement dû à une mauvaise représentation de l'environnement initial sur la mer Méditerranéedans les analyses. Les expérienes menéees ave ECMWF et ARPEGE présentent un �ux debasses ouhes assez onordant et aboutissent à des représentations plus �dèles de la situa-tion. Cependant, des di�érenes dans les hamps de températures potentielles onduisent à unemeilleure initiation dans les expérienes alimentées ave ARPEGE, dans lesquelles le front est



assoié à une onvergene des vents plus marquée. Par ailleurs, la omparaison des simulationsave et sans grid nesting indique que dans l'ensemble, les meilleurs résultats sont obtenus quandle domaine de haute résolution est diretement foré par les analyses. En e�et, dans les expéri-enes ave un domaine intermédiaire, l'intensité des vents est exessive dans le domaine �ls, enonséquene d'un trop fort gradient de pression imposé par les onditions aux limites en bassesouhes. Cette remarque prouve le r�le essentiel joué par l'assimilation de données dans e aspour améliorer la qualité des onditions aux limites. De plus, les di�érenes mises en évidenedans les modélisations réalisées par Méso-NH, WRF et MM5 ave les mêmes onditions initialesdémontrent les avantages d'une approhe multi-modèles, puisque haun est aratérisé par sespropres paramétrisations physiques et dynamiques.

(a) (b) ()Figure 5: Ré�étivités à 800 hPa et vents à 925 hPa (même éhelle qu'en �gure 3) à 9 et 15UTC pour (a) la simulation MM5 de référene , (b) la simulation ave assimilation de données,() la simulation ave le shéma de ouhe limite ETA.Un fait partiulièrement remarquable est que MM5 ne parvient pas initier une ellule on-vetive au large de Muria, omme le font les deux autres modèles. Dans le but de remédier àe défaut, deux di�érentes approhes ont été envisagées. Comme le manque de onvergene debasses ouhes semblait empêher la naissane de l'orage dans la matinée (�gure 5-a), la pre-mière piste d'amélioration a été d'assimiler des pseudo-observations dans le but de générer uneligne de onvergene. Ces observations sont inspirées de la simulation de Méso-NH foré parles analyses ARPEGE, dans laquelle la première phase de la naissane de la ligne de grains estbien représentée. Seulement des pseudo-observations de vents sont fournies le matin à plusieursniveaux dans la ouhe limite. L'assimilation de es pseudo-observations par une méthode denudging aboutit à un résultat très satisfaisant aratérisé par la présene de la ellule onvetiveinitiale au bon emplaement (�gure 5-b). Par la suite, bien que la ligne de grains simulée soitlégèrement trop à l'ouest de Majorque, elle présente une struture vraiment similaire aux ré�e-tivités radar observées.



La seonde approhe a été de déterminer la sensibilité de la simulation MM5 de référeneau shéma de ouhe limite, puisque dans l'ensemble du domaine, la onvetion se développeplus tard qu'ave les autres modèles. La substitution du shéma MRF utilisé quotidiennementdans la prévision "opérationnelle" de l'UIB3 par le shéma ETA onduit à une amélioration sig-ni�ative de la simulation. Ave e dernier shéma, utilisant une fermeture à l'ordre 1.5 et uneéquation pronostique pour aluler la TKE4, la onvetion est favorisée et le délenhement dela ligne de grains apparaît dans des onditions spatio-temporelles plut�t orretes, bien qu'il aitlieu légèrement trop au sud (�gure 5-). La plus faible di�usion de l'énergie de méso-éhelle versles proessus turbulents et une meilleure représentation du pro�le vertial d'humidité en bassesouhes sont les lés de ette amélioration.Même si l'initiation de la onvetion se passe dans une zone maritime, une expériene desensibilité dans laquelle l'orographie de l'Atlas est supprimée a permis d'interpréter l'in�uenede ette haîne de montagnes sur le �ux de basses ouhes. Dans e as, l'expériene de référeneest la simulation réalisée en grid nesting ave WRF, dont le domaine père inlut entièrementl'Atlas, et dont la représentation de l'initiation onvetive est plut�t satisfaisante. Finalement,les di�érenes sont relativement minimes une fois le relief afriain supprimé, e qui prouve quele �ux d'est néessaire au délenhement de la onvetion est majoritairement attribuable à unedépression dynamique entrée sur l'Afrique du nord. Cependant, la zone de basses pressionsen aval des montagnes de l'Atlas intensi�e la onvergene au large de Muria et détermine pluspréisément la loalisation de l'orage.En onlusion, le suès de la modélisation numérique d'un épisode fortement onvetif ayantune initiation maritime est étroitement lié à une intération de fateurs de di�érentes éhelles.Le 4 otobre 2007, sous une situation synopique favorable bien identi�ée, une irulation deméso-éhelle était néessaire pour parvenir à initier la ligne de grains. Finalement, la apaitédes modèles numériques à reproduire de tels épisodes onvetifs est fortement dépendante de lapréision des onditions intitiales, toujours di�ile à évaluer au-dessus du bassin Méditerranéen.

3UIB: Universitat de les Illes Balears4TKE: Turbulent Kineti Energy
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IntrodutionThe Mediterranean basin is regularly a�eted by severe weather assoiated with deep on-vetion. All western surrounding ountries have known atastrophi �ash-�ood events oftenharaterized by quasi stationary systems. The role played by the orography is usually funda-mental to explain the triggering and the sustainment of suh thunderstorms. However, someMediterranean severe thunderstorms develop and mature over the sea, without diret orographiforing. On their path, these mesosale onvetive systems an also a�et populated areas. Agood and reent example of this kind of onvetion is the severe thunderstorm that rossed theisland of Mallora on the afternoon of 4
th Otober 2007. Generated early in the morning o�shoreof Muria, this storm organized progressively into a squall line struture as it moved northeast-wards. Arriving in Palma ity, the squall line was aompanied by severe gusts, heavy rain andseveral tornadoes, leading to signi�ant damages in the southwestern part of the island, andeventually to one fatality.The initiation, mode and evolution of onvetion in these maritime events depend on bothsynopti and mesosale features, some of them onvetively generated. Representing suh inter-ation is a real hallenge for numerial models used in weather forasting. Mesosale numerialmodels have already shown their ability to loate heavy preipitating events, espeially in areaswhere orographi foring is important (Romero et al. 2001; Duroq et al. 2002; Nuissier et al.2008). Muh less studies have been foused on the intriate issue of onvetive initiation over theMediterranean sea, where only few observed data are available, resulting in large unertaintiesin models analyses.The aims of this researh projet is to simulate the ase of 4

th Otober 2007 with a om-bination of three numerial models using several initial and boundary onditions. This set ofsimulations will help identifying whih mehanisms are most relevant to obtain a good numerialspatiotemporal representation of the squall line. The best simulations are expeted to provideinteresting omprehensive elements of squall lines dynamis and struture. This study also allowsto assess initial and boundary onditions in�uenes as well as model parameterization impats onthe modeling framework. Another objetive is to test simulation improvements by assimilatingsynthetially generated observations orresponding to mesosale features, in order to remedy thelak of data over the sea. The idea is to assimilate pseudo-observations of plausible struturesthat are believed to be neessary to the onvetive initiation.This paper is organized as follows. In the �rst hapter, some elements of deep onvetion arereviewed with partiular attention paid to squall lines physis and dynamis. The seond hapterillustrates the ase of 4
th Otober 2007 with a study of observed data. Then, a hapter is devotedto explain methods used and parameterizations hosen in eah experiment with three mesosalenumerial models: Méso-NH, WRF and MM5. The fourth hapter details results of simulationsarried out with the three models. Numerial possibilities of eah one will be exploited toomplete this omparative study. Méso-NH, whih an be run with several initial and boundaryonditions available, will guide the analysis of the oupling impat in the simulation of thispartiular event. MM5, whih has its own data assimilation sheme will be used to improve1



simulations by means of additional pseudo-observations. Finally, some sensitivity experimentswill be performed with MM5 and WRF, with the aim of ompleting the event understanding.On the one hand, the impat of the planetary boundary layer sheme on onvetion triggeringwill be analysed, and on the other hand, the Atlas orography in�uene on the �ow irulationwill be determined.
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Chapter 1Mesosale onvetive systems andsquall lines1.1 Mediterranean mesosale onvetive systemsDepending on synopti and mesosale features, di�erent onvetive modes an develop in theatmosphere. When the instability is prounouned, spei� patterns an lead to several thun-derstorms organised in MCS1. Their strutures vary depending on the ombination of manyatmospheri and surfae features, whih must be taken into aount to explain these phenom-ena. MCS dynamis are more omplex than those of individual thunderstorms, espeially due tothe fat that these systems often ontain a large region of stratiform preipitation. Houze (1993)de�nes a MCS as a loud system that ours in onnetion with an ensemble of thunderstormsand produes a ontiguous preipitation area of 100 km or more in horizontal sale in at leastone diretion. However, their size an reah more than 1000 km in tropial latitudes. The mostfamous kind of MCS, whih presents a well organized struture is the squall line. A partiu-lar desription of favourable meteorologial onditions for squall lines development is disussedin setion 1.3, as well as a desription of their stuture and dynamis. Other MCS types arealso well doumented, as a V-shaped multiellular thunderstorm, easily identi�able with satelliteimagery. Most devastating �ash-�ood events an be attributed to quasi-stationary MCS. Alloastal areas of the western Mediterranean basin an be a�eted by extreme events like thoseof Vaison-la-Romaine in southern Frane on 22 September 1992, Gandia in Central Valenia on3 November 1987 where more than 800 mm were reorded in 24 hours, or like the atastrophi�oods of the Piedmont region in northwestern Italy on 5 November 1994.Western oastal Mediterranean regions are known to be partiularly favourable to MCS de-velopment often tied to heavy rainfall events espeially under a spei� type of weather regimes.Neessary onditions leading to these phenomena are on the one hand an important low-level�ow of moisture oming from the sea, and on the other hand a large sale trough over Frane andSpain assoiated with a divergent jet streak aloft. It is frequent that small MCS develop overthe Alboran Sea during the fall, as the sea is quite warm after the high insolation throughoutthe summer. Then they move towards the Spanish Mediterranean littoral staying for a long timelose to the oast line. To beome stationary, MCS require a mesosale mehanism whih releasesthe instability at the same loation during several hours. Mesosale ingredients neessary to trig-ger and sustain Mediterranean onvetion have been extensively analysed by means of numerialmodels. Partiularly, the orography plays a ruial role when a moist and onditionally unstablelow-level jet impinges against oastal mountains (Duroq et al. 2008). Moreover, Romero et al.(2001) demonstrate the prevailing role of onvetively indued old pools and out�ows to explainthe propagation of onvetive systems.1MCS: Mesosale Convetive System 3



1.2 Essential elements in deep onvetion1.2.1 Convetive instabilityIn order to foreast thunderstorms, it is fundamental to assess the atmospheri instability.Two thermodynamial parameters are ommonly used, the CAPE2 and the CIN3. The CAPEdesribes the potential buoyany available for an idealised rising of low-level air parels and thusdenotes the instability of the troposphere. This parameter is alulated by the following means:
CAPE =

∫ LNB

LFC
βdz with β = −g

ρp − ρenv

ρenv

(1.1)where LFC is the level of free onvetion, LNB the level of neutral bouyany, and β the parelbouyany depending on the di�erene between the parel and the environment density (respe-tively ρp and ρenv). Even if it often exeeds 1000 J.kg−1 in thunderstorm environments, inMediterranean regions a CAPE of only few hundreds J.kg−1 may be enough to support severeonvetion.Before using the energy available in the troposphere, the parel has to reah its level of freeonvetion. The CIN parameter desribes the amount of energy neessary for a rising parel tooverome a stable surfae layer. It is de�ned by the following formula:
CIN = −

∫ LFC

0

βdz (1.2)An environment with a strong CIN inhibits onvetive developments. However, if a synoptifeature or a mesosale element sueeds in breaking the low-level stable layer, it ats as a on-vetion triggering, releasing the aumulated CAPE. This kind of senario is known to lead tosevere onvetive ells formation.1.2.2 Vertial wind shearVertial wind shear refers to the variation of horizontal wind over vertial distanes, alulatedas a gradient. It an be seen as horizontal vortiity. It signi�antly in�uenes what onvetivemode is likely to develop. In deep onvetion, a sheared environment is prone to maintain thesystem as updrafts and downdrafts an be separated. On the ontrary, in unsheared environ-ment, rainfall redues steadily onvetive motions.If we onsider a bidimensional �ow (x-z), the Bousinesq invisid equation governig the vor-tiity beomes:
dη

dt
= −

δβ

δx
with η =

δu

δz
−

δw

δx
(1.3)This equation indiates that the horizontal vortiity η depends on the horizontal gradient ofbuoyany β. If there is an updraft in a �ow with no shear, as represented in �gure 1.1-a, thebuoyany distribution reates a positive vortiity on the right side and a negative on the leftside of the updraft, in equal amouts. Thus the axis of the updraft is vertial. If we add to thissenario a shear environment as in �gure 1.1-, it will lean the updraft downshear as the positivevortiity on the right side beome stronger. This tilt is modulated by the possible presene of aold pool generating negative vortiity at its nose due to the buoyany gradient (Eq. 1.3). Airrising is under the in�uene of this negative vortex, whih without shear auses updraft to leanover the old pool (�gure 1.1-b). The senario known as the optimal ase is obtained when the2CAPE: Convetive Available Potential Energy3CIN: Convetive Inhibition 4



positive vortiity assoiated with the low-level shear just balanes the generation of negativevortiity by the old pool as shown in �gure 1.1-d.

Figure 1.1: In�uene of wind shear and old pools on buoyant updraft, from Rotunno et al.(1988).The shear orientation is also relevant for ell organization in deep onvetion. Indeed, aunidiretional shear is favourable to multiellular thunderstorms as for example V-shaped stru-tures. A veering shear is known to inrease the likelihood of superells, the most dangerous kindof thunderstorm often able to generate tornadoes.1.3 Squall lines desription1.3.1 De�nitionProbably the most ommonly observed and studied form of mesosale onvetive system isthe squall line. Aording to the simplest de�nition, a squall line orresponds to any line ofonvetive ells. Its length an vary from few tens of kilometers to 1000 km, so there is nota preise size de�nition. Squall lines are usually omposed of a series of ordinary ells spreadalong and behind the leading edge of the system. However, a squall line may also be omposedof several superells and there may be bow-shaped segments of onvetive ells embedded in theline. Superells and bow ehoes are the most important ause of severe weather within squalllines, often aompanied by hail and tornadoes.Squall lines an form by several means. They often originate as a sattered line of onvetiveells merging during their evolution, but they also may be triggered diretly as a line. This lattersenario is espeially likely when there is a strong large-sale or mesosale foring, for examplewith a old front or a onvergene line. The following desriptions of squall lines physis anddynamis are mainly based on Hane (1986) and Houze (1993) studies, and inlude elementsexposed in the COMET4 program.4COMET: Cooperative Program for Operational Meteorology, Eduation and Training5



1.3.2 Synopti settings and mesosale ingredients1.3.2.1 Favourable environmentsSynopti onditions neessary for the formation of squall lines inlude those favorable to theformation of strong thunderstorms. However, there are spei� features whih in�uene the linearorganization of onvetion. The ideal vertial pro�le is well identi�ed, with a warm and moist airmass at low-levels, overlied by old air aloft, that reates onvetive instability. Moreover, a drylayer just above the low-level moist area favours the line development if this dry air overtakesas surfae front. The evaporation rate of rainfall raises into this dry air, leading to oolingand onsequently to stronger downdrafts. If the vertial pro�le presents a low-level inversion, itinreases the CIN and inhibits the formation of deep onvetion early in the morning, but whenthe onvetion begins, it provides an important amout of kineti energy to the squall line.1.3.2.2 Squall lines triggeringThe kind of pro�le previously desribed is however not su�ient to explain squall lines forma-tion, sine a way to release the instability must be present. Several mehanisms able to triggeronvetion an be underlined. A ommon initiating mehanism is the onvergene along a front,espeially along a old front often assoiated with synopti sale systems. As shown by Browning(1986), onvetive organization is favoured if the old front is a katafront sine the desendingmotion ahead of the front an produe a dry layer that enhanes deep onvetion. He also on-stated that almost all squall lines our in the warm setor, ahead of a old front. Anothermehanism able to release instability is the generation of vertial motion as a onsequene ofupper-level disturbanes orresponding to PV5 anomalies. Besides, we an point out the impor-tant role played by earlier onvetion, leaving perturbed areas of pressure and old pools nearthe ground. We an add to this list the orography, whih also have a relevant in�uene on thetrigerring of deep onvetion in mountainous regions, as it transforms horizontal wind into up-draft. In its mature stage, the squall line reates its own mehanism to lift the warm and moistair, with the onvergene area along the gust front.1.3.2.3 Squall lines longevitySquall lines display a harateristi lifeyle, starting as a narrow band of intense onvetiveells and evolving steadily to a broader and weaker system. Squall lines do not need vertialwind shear to be formed, but a sheared environment helps to sustain the line organization andonsequently to inrease the system longevity. The most useful parameter to estimate the shearenvironment ontrolling squall line struture and evolution is the omponent of low-level shearperpendiular to the line orientation.The magnitude of the low-levels vertial shear of horizontal wind plays a relevant role in thesquall line longevity. For mid latitudes environments, the line-normal shear magnitude betweenthe ground and 3 km an be lassi�ed in weak (less than 10 m.s−1), moderate (from 10 to 18

m.s−1) and strong shear (greater than 18 m.s−1). Weak shear environments produe squall linesthat spread quikly and weaken after few hours, whereas stronger shear environments, able tobalane the horizontal vortiity generated by the old pool, are favourable to more long-livedlines omposed of stronger ells and sometimes bow ehoes. The wind shear above 3 km havealso an in�uene on the squall line organization but weaker than at low-levels. Depending on itspartiular orientation, the impat of low-level shear may strengthen or derease.5PV: Potential Vortiity 6



1.3.3 Internal struture and dynamisA oneptual model based on many observational studies of squall lines has been establishedand is displayed in �gure 1.2, whih presents a ross setion perpendiular to the axis of the line.This sheme orresponds to the mature stage of a squall line. Two parts are learly identi�able,the onvetive and the stratiform regions. This latter strethes over a large area at the rear ofthe system whose size often reahes few hundreds kilometers.

Figure 1.2: Coneptual model of a squall line, from Houze (1993).The onvetive part is haraterized by powerful updrafts, leading to heavy rain showers.The arrangement of ells in a perpendiular setion is similar to the one present in multiellu-lar thunderstorm, with a onstant formation of new onvetive ells on the edge of the intenserainfall area, orresponding to the mature ell. In this ell, vertial updrafts are intense and anpenetrate in the stratosphere where overshoots are ommonly observed. Downdrafts assoiatedwith rainfall favour new ells development above the gustfront. Following the mature ell, oldells are steadily inorporated into the stratiform part.At the beginning of the squall line life yle, the stratiform part does not exist but progres-sively forms as the old ells get adveted rearwards. However, its presene is fundamental forthe squall line development and maintaining, allowing to link line ells. Indeed, the gust frontneessary to new ells formation is enhaned by a mesosale irulation guided by the stratiformpart, alled Rear In�ow Jet (RIJ). This organized dry air �ow between stratiform and onvetiveparts is absent in an isolated multiellular thunderstorm. The mehanism leading to preipita-tion in the stratiform region an be better explained with the �gure 1.3. Ie partiles produedby the onvetive part are spread aross the stratiform area. The fall of these partiles is sloweddown by weak updrafts, that allows their growth by Bergeron e�et. One melted, ie partilesfall to the ground as rain, partly evaporated in the dry air oming under the stratiform part. Ina transition area just at the rear of the onvetive region, strong downdrafts avoid the partilesgrowth, therefore rainfall is weaker in this area.The pressure �eld observed in squall lines is haraterized by several lows and highs notedas L and H in �gure 1.2. Below the onvetive part, a surfae high (H1) is a onsequene ofooling due to rainfall evaporation. A wake low (L1) is always observed on the trailing edge7



of the stratiform region and has also an hydrostati nature. There is a onsensus that thissurfae warmth results from subsidene, but there are di�erent ideas regarding the ause of thesubsidene. Aording to Haertel and Johnson (2000), the oneptual model of the squall linemesohigh�wake low ouplet is as a quasi linear response to low-level ooling assoiated withstratiform preipitation. Besides, a pre-squall mesolow (L2) is often noted as a response to adownwards �ow at mid and upper-levels ahead. Two other mesolows in mid tropospheri levelsare the onsequene of the positive buoyany in the onvetive part (L3) like in the stratiformregion (L4). Obviously, they interat with the RIJ loation. At least, a high (H2) due to theasending �ow is present at the top of the system.

Figure 1.3: Dynamis of the stratiform region of a squall line, from Houze (1993).1.3.4 Life yle of a squall lineThe life yle of a squall line has a variable length ranging from few hours to two days intropial latitudes. The shemati evolution of a typial mid-latitude squall line is shown in�gure 1.4, in whih radar re�etivities and low-level �ows are displayed. In this �gure the squallline is moving eastwards. During the early stages of the squall line evolution, several ells alreadyexist but have mostly independent behaviours. Steadily, with the merge of old pools, a linearstruture appears at the leading edge. At low-levels, the �ow is divergent below the ells sinedowndrafts spread at ground ontat. With an easterly low-level �ow, this mesosale irulationreates a onvergene area ahead of the line of ells, whih strengthens upward motions in theonvetive part.When the squall line beomes mature (t=2-6h), it sets up a mesosale organization allowingits long life. The stronger old pool enhanes asents in ells now able to reate heavy rains.But the mature stage is also haraterized by a strethed stratiform region at the rear of theonvetive region, responsible for weaker preipitation. A narrow region of very light preipita-tion, orresponding to the transition area, is usually observed between onvetive and stratiform8



Figure 1.4: Life yle of a squall line in a weak to moderate shear environment, from the COMETprogram.parts. At this stage of their evolution, relatively short squall lines (less than 200 km) oftendevelop regions of rotation at eah end. Next, the yloni vortex will be favoured omparedwith the antiyloni leading to an asymmetrial system.The end of this life yle (t=4-8h) is provoked when the old pool, beoming too widespread,surges well ahead of the onvetive line avoiding e�ient vertial motions. Although onvetiveells have weakened, the stratiform preipitation region may last for several hours.1.3.5 Tornadoes within squall linesMehanisms for tornadogenesis are lasi�ed in two ategories. The genesis of type I tornadoesis tied to superells dynamis and an lead to very powerful tornadoes. Although this kind offormation prevails, tornadoes are also observed in quasi-linear onvetive systems (QLCS) suhas bow-shaped radar ehoes. These tornadoes (type II) tend to be weaker and shorter-lived onaverage than those assoiated with superell thunderstorms. However, this seond type of genesisdo not have to be negleted. An observational study led by Tessendorf and Trapp (2000) showsthat it represents 20% of tornadi events in United States. Squall line tornadoes our in linesdevoid of superells as well as in superells embedded in a line. In United States where thistopi is an important issue, the non superells variety is known to be the most frequent form inonjuntion with bow ehoes.Bow eho strutureA bow eho is a luster of onvetive ells whih progressively evolves in an arhed line ofthunderstorms, under the in�uene of a low-level old pool. Bow ehoes tend to develop when amoderate to strong wind shear a�ets the lower 2 to 3 km of the atmosphere. In mature stage, abow eho ontains a RIJ and assoiated downbursts aount for a majority of damages resultingfrom onvetive non-tornadi winds. Light weak eho regions may be present on the leadingedge of the bow re�etivity gradient marking the loation of signi�ant storm-relative in�ow.As indiated in �gure 1.5, tornadoes may our on the yloni side of the jet of strong out�owwinds. 9



Figure 1.5: Tornado formation within a bow eho, from Fujita, 1985.Mesovorties genesisNumerial studies (Weisman and Trapp, 2003; Trapp and Weisman, 2003) demonstrate thatthe genesis of type II tornadoes are tied to an intensi�ation of low-level mesovorties as in su-perells tornadoes. Mosovortex genesis is initiated at low-levels by the titling of baroliniallygenerated horizontal vortiity. In mature QLCS, suh horizontal vortiity loated just rearwardof the gust front is the onsequene of the strong thermal gradient separating the old poolfrom surrounding environment. As demontrated in a reent study (Atkins and St. Laurent,2009-a), the strongest and therefore potentially most damaging mesovorties are those that de-velops where the gust front is loally enhaned by a desending RIJ. Mesovorties that formeprior to the RIJ produe weaker ground relative winds.Vertial mesovorties have typial diameters of few kilometers, and later their intensity mag-ni�es by means of a strehing e�et. Mesovortex strength depends upon the environmental shear,Coriolis foring, and old pool magnitude. Aording to Weisman and Trapp (2003), the Coriolisfore has a diret impat on the enhanement of low-level yloni mesovorties and also in theantiyloni mesovorties deline. However, all yloni mesovorties do not produe tornadoes,whih appear with a sudden inrease of low-level vortiity. Nowadays, this proess remains notutterly understood. A plausible explaination often suggested to haraterize bow eho tornadoesas well as superell ones is the transport of vortiity from the atmospheri layer between 1 and3 km to the surfae by strong downdrafts.The ommonly mentioned theory to explain mesovorties genesis in QLCS is desribed inTrapp and Weisman (2003). They onsider that ontrary to superell ases where mehanismsleading to the vertial vortiity tilting are asribable to updrafts, in bow ehoes, this role isplayed by downdrafts at the leading edge of the old pool. A syntheti sheme of mehanismsinvolved in mesovorties genesis is displayed in �gure 1.6. Other studies indorse this downdrafttheory. Partiularly, Wakimoto et al. (2006) attribute mesovorties ouplet formation to thetitling of horizintal vortex lines by mehanially fored downdraft in the gust front. Wheatleyand Trapp (2008) identify preipitation-indued downdrafts as the mehanism to tilt horizontalvortiity.However, the up-to-date investigations of Atkins and St. Laurent (2009-b) lead to the onlu-sion that there may be several proesses that produe mesovorties within bow ehoes. Indeed,they point out in a quasi-idealized numerial simulation a mesovorties ouplet genesis by theupward tilting of old pool vortex lines due to a loalized updraft maximum. The oneptualmodel of this mehanism is displayed in �gure 1.7. Suh mesovorties ouplet seems to appearin the early stages of a bow eho life yle. With a meridianal orientation of a bow eho movingeastwards, yloni vertial vortiity is generated to the north of the updraft and antiyloni10



Figure 1.6: Shemati showing a proposed mehanism for low-level mesovorties genesis by down-draft within a QLCS. The green barbed line indiates the gust front, vetors are of air motionin the vertial plane, blue hathing depits rain ore, bold blak lines are vortex lines in thevertial plane, and red (purple) areas indiate positive (negative) vertial vortiity in the vertialplane. Vortex lines are tilted vertially by the downdraft, resulting in a surfae vortex ouplet(red is yloni vortex; purple is antiyloni vortex). The future state of the vortex ouplet,whih results in part from the strething of planetary vortiity (f), is shown by the dashed redand purple irles. From Trapp and Weisman, (2003).vortiity to the south. The loalized updraft maximum is a onsequene of a onvetive-saledowndraft within the out�ow that loally aelerates the gust front outward. They also do-ument the genesis of single yloni mesovorties whih, on the opposite, a�ets all the stagesof bow ehoes life yle. This genesis mehanism onsiders that the parels desending withinthe downdraft aquires horizontal vortiity whih is subsequently tilted by the updraft along thegust front. It is the same mehanism whih leads to mesovorties in superell thunderstorms(Rotunno and Klemp, 1985). When the shear magnitude presents moderate values, ouplets ofmesovorties are more frequently observed, whereas single yloni mesovorties prevail as theshear inreases.The next hapters analyse the ase of 4
th Otober 2007, and allows to ompare all the theoriesabove mentionned with an observed ase of squall line.

11



Figure 1.7: Shemati showing a proposed mehanism for low-level mesovorties genesis by up-draft within a QLCS. Vortex lines (yellow), in�ow (blue) and updrafts (red) are depited. Thethik green arrows represent the mesovorties. From Atkins and St. Laurent, (2009-b).
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Chapter 2Case desription of the severethunderstorm of 4
th Otober 20072.1 The event1In the afternoon of 4

th Otober 2007, an exeptional thunderstorm rossed the island of Mal-lora. A squall line entered the island from the south and moved northwards at a speed of 80

km.h−1, aompanied with violent winds and torrential rain. Some videos of the event and theanalysis of damages prove the presene of at least one tornado embedded in the system, laterharaterized by an F2-F3 intensity on Fujita sale. The ity of Palma de Mallora, and espeiallyits industrial suburbs at the north, were the most a�eted areas and knew huge damages. Palmasaw unpreedented tra� perturbations due to exeptional rain and wind intensities. Windstore down hundreds of trees, tra� signs and lights, a�eting road onnetions in the entreand north of the island. Some streets of Palma were �ooded with more than 50 cm of water inplaes. This storm brought about 200 injured and even one fatality. Moreover, eonomi losseswere huge, assessed to several tens of M�, only in Palma industrial area.Let us see what were operational preditions for this event. On this day, INM2 operationalforeasters had been plaed Baleari Islands in a yellow level of alert for rainfall, that is to saythat it was expeted to reah 20 mm in an hour. Just before the arrival of the MCS on Mallora,helped by remote sensing data, they raised the alert at orange level for heavy preipitation,orresponding to 40 mm in an hour, and also broadast an orange alert for storm. The INMommented that it was impossible to aware people before, as numerial models used did notallow a preise foreast for this kind of events.2.2 Some observations2.2.1 Ground observationsBefore arriving over Mallora, the squall line a�eted Ibiza at 14 UTC where gusts reahed
80 km.h−1. One hour later, the sky beome utterly dark above Palma bay, as the system wasprogressing. Data registered in Mallora during this afternoon indiate that rain exeed 40 mmduring this severe event. The observatory of Palma reorded gusts reahing 109 km.h−1 and therain gauge measured 17.7 mm in only 10 minutes. Furthermore, this storm produed small-sizedhailstones. The eletri ativity was also exeptional as the INM reorded 160 bolts of lightningin only 10 minutes.1Event desriptions are partly based on a previous observational study of the ase (Ramis et al. 2009)2INM: Instituto Naional de Meteorología, Spanish weather institute13



The temperature graph of Santa Ponça in �gure 2.1-a, ity nearby Palma, shows a fall of 8degrees with the passage of the MCS, whih began one hour before the rain due to pre-squalllouds shrouding the sky, and whih deepened sharply later, as a onsequene of rain evaporationwhen the storm arrived. The pressure evolution during this day at Santa Ponça (�gure 2.1-b),like in other Baleari weather stations, shows the signature of a pre-squall mesolow just beforethe arrival of heavy rain, followed by a mesohigh and then a wake low when the squall linewas moving away. This kind of evolution mathes with what was desribed in previous asesof observed squall lines (Ramis et al. 1999). This pressure hart also indiates high frequenypressure osillations before the event, responsible of atmospherially fored seihes (quik sealevel osillations) at Ciutadella harbor in Menora. These observations on�rm the ourreneof high-amplitude gravity waves over the western Mediterranean in the morning of 4
th Otober2007. In addition, rainfall registered in Santa Ponça indiates the brevity and the strong intensityof rain assoiated with the squall line.

(a) (b)Figure 2.1: Observations at Santa Ponça weather station on 4
th Otober 2007 : (a) temperatureand relative humidity, (b) pressure and rainfall.2.2.2 Radar and satellite dataData from satellites and radars display more information about this storm, whih initiatedo�shore of Muria, at 06 UTC. It is interesting to note that during the night and the morning,two previous MCS evolved northeastwards over the sea. After the triggering of the third MCS,the thunderstorm stayed almost stationary from 7 to 10 UTC and HRV3 pitures (�gure 2.2-a)testify of a V-shaped struture of the thunderstorm. Later, this system began to progress slowlyeastwards during two hours, before aquiring a faster northeastwards movement whereas a linearstruture was forming in its south part. Even if it was loated at the limit of the radar ofValenia, it an be inferred from lightning bolts that the squall line of about 60 km length hadits more intense ativity approhing the bay of Palma at 15 UTC. In the time sequene shownin �gure 2.3, the progressive transformation of the V-shaped stuture into a squall line is learlyidenti�able. At this time, the overshooting loud tops were impressive, reahing 16 km of height,a very unusual feature at our latitudes. The resulting upper-troposphere perturbation is re�etedby gravity waves learly visible in HRV pitures (�gure 2.2-b). Assoiated with this squall line,a widespread stratiform part further west was shrouding the Baleari hannel.3HRV: High Resolution Visible 14



(a) (b)Figure 2.2: HRV images of the event at(a) 9h15 UTC and (b) 15 UTC.2.3 Analysis of synopti patterns2.3.1 Synopti hartsIn the upper levels, the synopti situation was haratarized by an upper-level trough overmainland Spain assoiated with old air aloft whih promoted the potential instability (�g-ure 2.4-a). This ut-o� enhanes a southwesterly �ow at mid and upper tropospheri levelswhih results in a divergent jet aloft strehing from North-Afria to Baleari Islands. The syn-opti senario at low-levels was dominated by a dynami low entered over the Sahara in themorning, moving as the hours go by towards Baleari arhipelago along the edge of the upper-level perturbation. This low pressure area indues an easterly �ow over southern Mediterraneansea. As shown by ARPEGE4 analysis in �gure 2.4-b, a strong barolini area along the Spanishoast separated a tongue of Afrian warm air, loated over the sea, from drier and older air overSpain. At the south of Baleari Islands this boundary an be quali�ed as a old front movingslowly eastwards. More to the north, it mathes to a warm front progressing westwards. Thisbarolini boundary also orresponds to a onvergene line of low-level winds and is harater-ized by a strong advetion of moisture. ARPEGE and ECMWF5 analyses indiate that the oldfront struture looks like a katafront, with a dry layer at mid levels above the western part ofthe warm tongue.Therefore, the synopti environment is haraterized by a well de�ned quasi-geostrophiforing favourable to upwards motions. Moreover, as usual in early fall, sea surfae temperaturewas high in this area, as testi�ed by the 23
◦C measured o�shore of Baleari islands. Conse-quently, a strong evaporation provides a large amount of moisture at low-levels. This kind ofsenario inreases onvetive instability induing deep onvetion with sometimes �ash-�ood nearMediterranean oasts of Spain and Frane.The presene of gravity waves has to be onneted with synopti patterns present on 4

thOtober 2007 favouring their genesis. First, a di�uent region aloft is bounded by a ridge axis tothe east and a trough axis to the west. Then, their presene has to be related with a southwesterlyupper-level jet streak propagating out of the mean trough and toward the downstream ridgeaxis. This on�guration produes a divergent ageostrophi �ow whih is in an unbalaned state.A warm front in low-levels is also an important feature favouring gravity waves development.Gravity waves are a well known mehanism often e�ient to initiate onvetion.4ARPEGE: Ation de Reherhe pour la Petite Ehelle et la Grande Ehelle, Frenh global model5ECMWF: European Centre for Medium-Range Weather Foreasts15



(a) 9 UTC (b) 12 UTC

() 13h30 UTC (d) 15 UTCFigure 2.3: Radar re�etivities from 9 UTC to 15 UTC.
2.3.2 Vertial pro�leThe sounding from Muria at 00 UTC presented in �gure 2.5-a, proximity sounding of the on-set of the thunderstorm, gives a good idea of the initialization environnement. The temperaturepro�le is lightly unsettled with a CAPE value at 62 J.kg−1. However, it an be assumed thatthe CAPE value is higher o�shore of Muria, as the surfae ooling during the night is weakerover the sea. This pro�le is dry enough, partiularly within the layer between 600 and 450 hPa.This on�rms the katafont theory above-mentioned. The unidiretional shear below 700 hPais remarquable and is supportive to explain the initial multiellular V-shaped struture of thethunderstorm.The analysis of the sounding from Palma at 12 UTC displayed in �gure 2.5-b indiatessome interesting features whih ontribute to explain the squall line organization. Even if theinstability is not very pronouned at this time with a CAPE at 38 J.kg−1, a dry layer between950 and 700 hPa is a lassial feature of pre-squall line environments and results in the reation ofsubstantial onvetive inibition energy (CIN = 355 J.kg−1) at low-levels. In addition, a strongsouthwesterly shear of about 20 m.s−1 in the three �rst kilometers of the troposphere is alsopresent over this area. 16



(a) (b)Figure 2.4: Synopti patterns: (a) ARPEGE analysis at 12 UTC of geopotential and temperatureat 500 hPa, (b) mean sea level pressure and wet bulb potential temperature at 850 hPa.

(a) (b)Figure 2.5: Soundings from: (a) Muria at 00UTC, and (b)Palma at 12 UTC, from Universityof Wyoming.2.3.3 Summary of meteorologial onditions favourable to the squall line for-mationOn 4
th Otober 2007, several spei� meteorologial patterns were favourable to deep onve-tion and others were indiative of a squall line organization. First, at low-levels a barolini areawas strehing over the western Mediterranean with a strong warm and moist easterly advetion.At mid-levels, a low was entered over Spain induing a southwesterly divergent �ow in the samearea, whih was assoiated with a strong PV anomaly. The dry layer apping the warm oneis also a ruial element to enhane deep onvetion sine it inreases the rainfall evaporationrate, therefore the ooling responsible of stronger downdrafts. In spite of the fat that therewas a strong inversion at low-levels, in Baleari Islands area, some elements were able to releaseinstability by breaking the dry layer. First an upper-level trough was moving northeastwards inthe morning along the barolini area produing dynami lifting. Then, the front is haraterizedby a severe onvergene of low-level winds. Next, the presene of earlier deep onvetion mayhave led perturbed areas of surfae pressure and winds. At least, gravity waves assoiated with17



the upper-level jet streak and the warm air at low-levels, are also able to trigger onvetion.Although it is intriate to identi�y whih one of these fators prevails, their ombination mayhad enabled a more e�ient triggering.Even if most of the time it is di�ult to distinguish development of squall line from de-velopment of an isolated storm, here some lues an indiate an important likelihood to seepreferentially this kind of struture among other MCS. First, the presene of a front whih anbe identi�ed as a katafront seems to be favourable to squall line development. In addition, thestrong shear of horizontal wind present along the oastal area is a ruial pattern for squalllines sustainment. In the next hapters, we will investigate if numerial models used with highresolution are able to simulate the squall line of 4
th Otober 2007 over western Mediterranean.
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Chapter 3Numerial simulations with three �neresolution models3.1 Models desriptions and parameterizationsSimulations are performed with three di�erent �ne resolution models to test their ability toapture the squall line event of 4
th Otober 2007. Thus, this study inludes results given bythe Frenh researh model Méso-NH, and by two Amerian models, MM5 and WRF. Althoughdomains and mesh on�gurations are akin, dynamial and physial shemes have been developedonly for their respetive models. Con�gurations hosen to run these models are thought to beoptimised to simulate deep onvetion events, and are desribed in the following paragraphs.3.1.1 Méso-NHMéso-NH is a Frenh 3D non-hydrostati model (Lafore et al. 1998) in whih the prognostivariables are the following: three dimensional wind omponents, potential temperature, turbu-lent kineti energy, mixing ratio of vapour and of �ve hydrometeors lasses. Its temporal shemeis hybrid using a 4

th order and entered sheme for momentum, and a PPM1 advetion sheme(Colella and Woodward, 1984) for salar variables. The model of loud mirophysis is a bulksheme (Caniaux et al. 1994; Pinty and Jabouille, 1998) using three ie ategories (primary ie,snow and graupel) ombined with a Kessler sheme for warm proess separating loud waterfrom rainwater. Contrary to other mesosales models, Méso-NH is based on the anelasti ap-proximation, whih means that aousti waves are �ltered. Méso-NH an be run with severalnested grids in two-way interative mode (Clark and Farely, 1984; Stein et al. 2000). In sev-eral experiments, two grids will be used to simulate the event. For the high resolution grid, noonvetion parameterization is used, whereas in the oarser domain, a deep onvetion shemeis ativated. The turbulene parameterization is founded on a 1.5 order losure (Cuxart et al.2000) with the Bougeault and Laarrère mixing length (1989). For the oarser grid, only vertialturbulent �uxes are taken into aount, whereas in the �ne grid all turbulent �uxes are omputed.In eah simulation with the three models, the �ne grid domain alled hereafter D1 will bethe approximately the same, a square of about 700 ∗ 700 km2 entered in the west of Mallora,and strehing from North Afria to south of Frane. As Méso-NH is used with grid-nesting,the loation of oarser grid depends on the boundary onditions. Indeed, with global analysesas those of ECMWF or ARPEGE, the oarser area (D2) an be plaed more south than withALADIN2 analyses (D3), as its domain is limited. All these domains are displayed in �gure 3.1-a.The simulation on the �ne grid is performed with a 2.4 km grid length and the one of the oarser1PPM: Pieewise Paraboli Method2ALADIN: Aire Limitée Adaptation dynamique Développement InterNational19



domain is four times larger, that is to say 9.6 km, the ALADIN resolution. On the vertial, 40levels are used, spaed with 75 m near the ground and up to 900 m in the model upper layers.

(a) (b)Figure 3.1: (a): Domains used for simulations, high resolution domain in green (D1), parentdomain for Méso-NH fed with ARPEGE and ECMWF (D2) in blue, and with ALADIN (D3) inbrown, parent domain for WRF fed with ECMWF in orange (D1); (b): geographi referenes in
D1.3.1.2 WRFThe Weather Researh and Foreasting (WRF) model is a mesoale numerial weather pre-dition system, mainly developed by the NCAR3 and the NCEP4, designed to be used in bothoperational foreasting and atmospheri researh. It is based on fully ompressible equations anduses a 5

th order advetion sheme on the horizontal and a 3
rd order sheme on the vertial, bothfor salar and momentum variables. To study the squall line ase, the non-hydrostati option ishosen and several physial parameterizations are used. First, owning to the �ne resolution ofthe simulations, no deep onvetion parameterization is employed. The mirophysial sheme,named WSM-6 is also based on 6 hydrometeors speies inluding graupel (Hong and Lim, 2006).Flux omputation in the surfae layer follows the Monin-Obukhov (1954) similarity theory inonjuntion with the Carlson-Boland (1978) visous sublayer.WRF simulations are also performed with and without grid nesting, on nearly the samedomain as D1 with a mesh of 2 km. In nested experiments, also performed in two way (Gill etal. 2004), the parent model is run with a resolution of 10 km on domain D4 more south thanMNH domains in order to later study Atlas in�uene. When only one grid is used, boundaryonditions of the �ne domain are diretly provided by ECMWF analyses, available every 6 hours.These experiments are omputed with 35 vertial sigma levels re�ned in the planetary boundarylayer, where the �rst levels are spaed by 40 m.3NCAR: National Center for Atmospheri Researh4NCEP: National Centers for Environmental Predition20



3.1.3 MM5The PSU5/NCAR mesosale model known as MM5 is a limited-area model based upon theset of primitive equations for a fully ompressible and nonhydrostati atmosphere, and designedto simulate or predit mesosale atmospheri irulations. Its temporal sheme is simpler thanthose of both other models, as it uses a 2
nd order advetion sheme. Physial parameterizationsavailable are also di�erent from those used in previous models, and the following hoies arethose used for the daily "operational" run of MM5 performed at the UIB 6. The mirophysialsheme alled Reisner 2 has the partiularity to add a superooled water speie to the six othersabove-mentioned (Reisner et al. 1998). In the planetary boundary layer, the Hong-Pan sheme(1996) adapted to high resolution preditions is applied. The sheme of deep onvetion is notativated as these proesses are thought to be resolved with the 2 km resolution used. Exper-iments are performed on the domain D1 with 30 unequally spaed sigma levels on the vertial,whose interval ranges from 40 m near the ground to about 2 km in upper layers.MM5 allows to realize four-dimensional data assimilation using the Newtonian-relaxationtehnique known as nudging. One way to introdue observations in MM5 foreasts is to performstation nudging. This method resorts to relaxation terms added to the prognosti equations forwind, temperature, and water vapor. Theses terms are based on the model error at observationalstations and are suh as to redue this error. Eah observation an be ompleted by three features,a radius of in�uene, a time window and a nudging fator to determine respetively where, whenand how muh it a�ets the model solution. If a model grid point is loated within the radius ofin�uene of several observations, their ontributions will be weighted aording to their distane.The nudging fator Gα for eah parameter α is based on saling arguments and must satisfy thenumerial stability riterion Gα ≤

1

∆t
. Typial values of Gα range from 10

−4 s−1 to 10
−3 s−1.A large value of Gα will fore the model state strongly towards observations.3.2 Experiments3.2.1 First experimentsSeveral experiments are made with the three mesosale models and their harateristis aresummarized in table 3.1. In order to test the sensitivity to initial onditions, di�erent analysesare available. Simulation are arried out in a ase study on�guration, that is to say with analyseswhih provide boundary onditions. The impat of models physis and dynamis will be deter-mined with simulations run with the same initial onditions. Some experiments omputed withan without grid nesting will be ompared to understand the in�uene of boundary onditions.All these experiments begin on 4

th Otober 2007 at 00 UTC and extend up to 24 hours. Thetime step hosen to ompute eah prognosti variable in the domain D1 is rather low, between4 and 8 s depending on the experiments, so as to guarantee stability onditions. The main on-traint is aused by vertial veloities whih are supposed to be very important in suh squall line.3.2.2 Complementary investigationsAt the end of the analysis of this ensemble of simulations, other experiments will be performedguided by the onlusions derived from �rst set of simulations.5PSU: Pennsylvania State University6UIB: Universitat de les Illes Balears 21



n◦ exp. name model initial/boudary onditions resolution nesting1 MNHep Méso-NH ECMWF analyses 2.4 km no2 MNHarp Méso-NH ARPEGE analyses 2.4 km no3 MNHala Méso-NH ALADIN analyses 2.4 km no4 MNHepN Méso-NH ECMWF analyses 2.4 km yes5 MNHarpN Méso-NH ARPEGE analyses 2.4 km yes6 MNHalaN Méso-NH ALADIN analyses 2.4 km yes7 WRFep WRF ECMWF analyses 2 km no8 WRFepN WRF ECMWF analyses 2 km yes9 MM5ep MM5 ECMWF analyses 2 km noTable 3.1: Simulations harateristis3.2.2.1 Assimilation of subjetive pseudo-observations with nudgingFirst, thanks to MM5, an attempt to improve MM5ep simulation using observational nudgingwill be arried out. This nudged experiment alled MM5nud is run with the same on�gurationthan MM5ep, and the only di�erene onsists in adding observations. As this subjetive methodis wholly dependent on previous results, pseudo-observations assimilated will be desribed in nexthapter, in setion 4.3.3.2.2.2 Planetary boundary layer sheme in�ueneIt would be interesting to test if simulations are sensitive to physial shemes used by numer-ial models. More preisely, in this squall line event, PBL7 parameterizations an be relevant totrigger deep onvetion, through their representation of low-level environment. Therefore, thisstudy fouses on the omparison of two PBL shemes ommonly used with MM5, the Hong-Pansheme also alled MRF8 and the Mellor-Yamada sheme (ETA) as used in the Eta model (Janji¢,1994). These two shemes mainly di�er by their representation of turbulene and following para-graphs present an overview of their features. Both �rst order (MRF) and TKE9 based losure(ETA) shemes are based on the onept of a mixing length, and require the omputation of aneddy oe�ient (K). The referene simulation performed with MRF (MM5ep) was previouslydesribed and the other run with ETA PBL sheme is alled MM5pbl.
• MRF shemeThis sheme has been developed to be used in NCEP operational foreasts with MRF model.It is a �rst-order sheme in whih the gradients of horizontally averaged, �rst-order �ow variables(suh as wind and temperature) are used to predit the eddy exhange oe�ients. It resortsto a non-loal vertial di�usion sheme to represent mixing in the boundary layer, taking intoaount larger turbulent eddies, that is thought to lead to a better representation of onvetivewell-mixed layers. Moreover, it has the partiularity to employ the ounter-gradient �ux termfor potential temperatures. The sheme uses Rihardson number and veloity saling riteria todiagnose the PBL depth and then alulates mixing oe�ients K for vertial di�usion aord-ing to a similar pro�le over the PBL depth. This diagnosis is arried out in the same way foronvetive, neutral, and stable PBL, even if the pro�le of eddy exhange oe�ients may di�erin eah ase. Parameterizations used are desribed in Hong and Pan, 1996.7PBL: Planetary Boundary Layer8MRF: Medium Range Forast model9TKE: Turbulent Kineti Energy 22



• ETA shemeThe Eta PBL parameterization in MM5 is based on the implementation of Mellor and Yamada(1974) theory in the NCEP Eta model (Janji¢, 1994). It is a loal, one-and-a-half order losurePBL sheme with a prognosti equation for TKE. It resorts to loal foreast of vertial mixing ofhorizontal wind, potential temperature, and mixing ratio to diagnose PBL depth. For this loaltype of losure, the turbulent �uxes of momentum, heat, and humidity at a point are determinedfrom mean atmospheri variables and their gradients at that point, using turbulene losure at1.5 order. The sheme inorporates parameterizations to take into aount e�ets of anisotropybut spei�ally arries a prognosti equation for TKE and uses suh TKE values to alulateeddy exhange oe�ients. Under unstable onditions, ertain onstraints are imposed to avoidthe development of too-large K oe�ients. In general PBL growth is slower with loal and TKEshemes beause of the slower di�usion and sine the predited TKE does not take into aounta deeper onvetive boundary layer.3.2.2.3 In�uene of the Atlas mountainsEven if the squall line triggering and evolution oured over the sea, the proximity with themountainous Afrian ontinent leads to the hypothesis of an indiret in�uene of Atlas moun-tains range in the initial onvetive loation. Indeed, the presene of an orography higher than
1000 m just south of the area of interest is thought to de�et the southerly �ow mentioned in se-tion 2.3.1. In order to better understand how it a�ets weather patterns, a drasti solution is toremove Atlas range. To be rigorous, this hange has to be made on a domain inluding the wholemountain hain. The simulation WRFepN o�ers this possibility as the parent model run on
D4 ontains all North Afria. Therefore, a sensitivity experiment alled WRFatlas is performedwith WRF fored by ECMWF analyses with the same parameterizations than WRFepN, butwith the Afrian orography removed in both D1 and D4 domains. All the other ground featuresremain unhanged.
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Chapter 4Results4.1 Initial onditions di�erenesAn interesting way to assess experiments representativity is to analyse initial ondition or-retness. This omparative approah is ommonly used by foreasters to haraterize preditionunertainties and to hose a referene senario. In this study, initial onditions used are providedby oarse analyses from ECMWF, ARPEGE and ALADIN and their di�erenes should have animpat on the squall line modeling. Although weather onditions are quite similar aloft betweenthe three analyses, an overview of low-level patterns of eah analysis at 00 UTC in �gure 4.1indiates some interesting elements whih are thought to be re�eted in model evolutions. First,as onerns winds at 925 hPa, ARPEGE and ECMWF harts are quite lose with an easterly �owgoing along the Afrian oastline. On the ALADIN analysis, this �ow is stronger and presents amore southeasterly diretion veering strongly over the south of Baleari Islands, along a thermalboundary. Thus a onvergene line is already present in ALADIN analysis within the low-levelwarm and moist air mass. In the ase of ALADIN experiments, it is noteworthy that the interestarea is not so far from the model south limit, probably haraterized by lateral e�ets. However,the problematial issue is the fat that there is not any observation that support more ARPEGEor ECMWF wind hart than the ALADIN one, sine di�erenes are mainly loated over theMediterranean sea.

ECMWF (a) ARPEGE (b) ALADIN ()Figure 4.1: Initial onditions at 925 hPa: equivalent potential temperature and winds from (a)ECMWF, (b) ARPEGE and () ALADIN.Although wind harts between AEPEGE and ECMWF analyses are rather similar, those ofEPT1 present more signi�ant di�erenes. Indeed, at 00 UTC a thermal front is already visible1EPT: equivalent potential temperature 25



in �gure 4.1-b whereas ECMWF hart presents more intriate features. It is interesting to notethat EPT in ECMWF analysis is higher along the Spanish oast. Consequently, this area will bemore favourable to onvetive developments. In addition, with ECMWF initial onditions, themain barolini boundary is loated to the southeast of the domain, whereas a tongue of warmair strethes near the oast. In this ase again, it is di�ult to know whih one of the initialonditions datasets abides the best analyses between ARPEGE and ECMWF. Nevertheless, thearea of e�etive triggering of the squall line is haraterized by quite similar thermal featuresin both analyses. Finally, the lak of observations over the Mediterranean sea seems to be themain reason for suh di�erenes between initial analyses. Numerial simulations are expeted toprovide elements to preise the basi role exerted by initial onditions.4.2 Experiments analysis4.2.1 Temporal evolutionThe main di�ulty to disuss the quality of an experiment is to ompare the results to thefew surfae observations available sine the event oured over the sea. In addition, oastalobservations indiate a weak and intriate low-level �ow, assoiated with a omplex distributionof sea level pressure. Consequently, a ruial tool to assess the auray of experiments will beremote sensing data like radar re�etivities and satellite imagery (�gures 2.2 and 2.3). So asto present harateristis of eah experiment, a mosai of re�etivities at 800 hPa and low-levelwinds at 925 hPa for the 9 experiments mentioned in table 3.1 is displayed in �gures 4.2, 4.3and 4.4 orresponding at 9, 12 and 15 UTC respetively. Results are desribed for eah one inthe following paragraphs.Méso-NH with ECMWF analyses (MNHep): In this experiment, a onvetive ell (A1)forms o�shore of Muria between 7 and 8 UTC in a good spatial orrespondene with satelliteobservations (not shown). On the opposite, at 9 UTC other onvetive systems apparent alongthe oast (A0) a�eted in reality Baleari Islands. The triggering of the ell o�shore of Muriais a response to the onvergene of low-level winds, between a well established easterly �ow andan area of very weak winds assoiated with a low entered over Muria. This area is espeiallyfavourable to the triggering as it is haraterized by a warm air tongue at low-levels and a poolof old air aloft. Nevertheless, even if the ell A1 is born in good spatiotemporal onditions,it does not stay at the same plae during few hours as seen in observations. It begins to movenortheastwards three hours earlier and a�ets Mallora at 13 UTC whereas it atually ouredat 15h30 UTC. In spite of the lak of initial stationarity, the positive aspet of this experimentis that later, Méso-NH sueeds in reproduing the squall line, well fed by a perpendiular low-level moist �ow. Re�etivities omputed in this experiment are very similar to those observed(�gure 2.3-d) although they present a three hours lag.Méso-NH with ARPEGE analyses (MNHarp): This experiment presents also a wellde�ned onvergene line early in the morning allowing the triggering of two main ells at 8 UTC(B1 and B2). At 9 UTC the situation is rather orretly represented by the model whih alsosueeds in reproduing mature thunderstorms over Baleari Islands (B0). The initial stationarityis aptured well enough, with the persistene of wind harateristis from 7 to 9 UTC in thetriggering area in the whole PBL. However, the two initial thunderstorms B1 and B2 do notmerge later to form a more powerful system, but evolve separately. Thanks to remote sensingdata, it is proved that several systems were present in the MCS and more preisely other weakerlinear organizations were loated to the north. But here, the �rst ell B1 is more developed andable to generate an out�ow boundary whih seems to prevent the good evolution of the seond26



(a) MNHep (b) MNHarp () MNHala

(d) MNHepN (e) MNHarpN (f) MNHalaN

(g) WRFep (h) WRFepN (i) MM5ep
Figure 4.2: Results at 9 UTC, re�etivities at 800 hPa and winds at 925 hPa for table 3.1simulations.
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(a) MNHep (b) MNHarp () MNHala

(d) MNHepN (e) MNHarpN (f) MNHalaN

(g) WRFep (h) WRFepN (i) MM5ep
Figure 4.3: Results at 12 UTC, re�etivities at 800 hPa and winds at 925 hPa for table 3.1simulations.

28



(a) MNHep (b) MNHarp () MNHala

(d) MNHepN (e) MNHarpN (f) MNHalaN

(g) WRFep (h) WRFepN (i) MM5ep
Figure 4.4: Results at 15 UTC, re�etivities at 800 hPa and winds at 925 hPa for table 3.1simulations.
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ell B2. Indeed, a perturbed divergent area avoids the easterly �ow to feed the thunderstorm,whih steadily weakens. In addition, a third system (B3), absent in the reality, is formed afterthe two previous ones and follows the same northeastwards evolution.Méso-NH with ALADIN analyses (MNHala): This experiment is the only one whihfails to reate any squall line. Simulation beginning is haraterized by a strong onvergeneline and a moist area over Baleari Islands. These features persist during the morning andseveral onvetive systems evolve along the onvergene line all the day long but no one enoughdevelops to reah the squall line stage. The low-level �ow a�eting the east of the domainpresents a southeasterly diretion whih avoids the reation of a linear organization of ells.Méso-NH with ECMWF analyses and grid nesting (MNHepN): This experimentfails to trigger a ell o�shore of Muria, and reates a onvergene line in the morning alongthe eastern oast of Spain whereas the �ow is very weak and disorganized around the e�etiveplae of triggering. The linear area of rainfall in the morning (D0) is loated too muh tothe west ompared with real preipitating strutures whih happened over Baleari Islands. Atsea level, the wind hart does not seem to be oherent with the few observations, partiularlyat 9 UTC where the northerly �ow omponent over Baleari arhipelago is not aptured. Aonvetive system presenting squall line features develops later to the north of Valenia (D1),where the strongest onvergene is observed, and evolves along the Spanish oast. To sum up,this simulation is haraterized by a spatial lag of the low pressure area at low-levels whih seemsto be loated too northwestwards, avoiding onvetion triggering o�shore of Muria.Méso-NH with ARPEGE analyses and grid nesting (MNHarpN): In this experiment,the triggering is rather orret, although it ours slightly too southwards. At 9 UTC theonvetive ell E1 is rather well loated but later, the model fails in reproduing the stageharaterized by a slowly eastwards motion assoiated to the V-shaped struture. As a result,the evolution of this main ell happens to the west of the real zone. On the �gure 4.3-e at 12UTC, despite the light western lag, there is a good agreement with the observed radar re�etivites(�gure 2.3-b), with two other short and linear onvetive systems (E0 and E2) along the Spanishoast. At this stage, the MCS has aquired a linear organization mainly favoured in its northernpart due to the presene of the easterly strong low-level �ow. At 15 UTC the squall line sweepsaross the east of Mallora with an exessive meridian orientation and a still more developedpart to the north. On the whole, this simulation is haraterized by a initial spatial lag whihavoids a further orret evolution of the squall line.Méso-NH with ALADIN analyses and grid nesting (MNHalaN): As in MNHala, fromthe �rst hours of the simulation Méso-NH reates a broad and fatiious onvetive system overBaleari Islands assoiated with a neighbouring subsidene area and therefore divergene at sealevel. Consequently this new feature interats with the easterly �ow to reate a strong onver-gene line, strehing from Mallora to Algeria, that is to say in the warm side of the baroliniarea. Several thunderstorms develop along this onvergene line and the main onvetive sys-tem (F1) rosses Mallora between 8 and 9 UTC, before getting a linear organization around 10UTC, when the MCS is really under the in�uene of the easterly �ow. Therefore, this experimentpresents inorret �ow features in the morning leading to a too early triggering and an evolutionsigni�antly far from reality.WRF with ECMWF analyses (WRFep): This experiment with WRF is the one whihprodues the best results, with good spatiotemporal features of the squall line. A more ompletestudy of the squall line environment will be done with these results in setion 4.2.2.1. Never-theless, although this simulation sueeds in reating a short squall line rossing Mallora at30



16 UTC, its representation of the event is not entirely satisfatory. First, as desribed in otherexperiments with these analyses, earlier onvetion (G0) is misplaed from Baleari arhipelagoto the Spanish oast. Then, the triggering of the ell G1 whih transforms later into the squallline takes plae almost in the southwest edge of the domain due to a weak low-level onvergeneat 7 UTC, therefore with a lag greater than 100 km. In addition the model fails in reproduinginitial stages of stationarity and slow eastwards movement, and the simulated squall line is ratherharaterized by a slowly and ontinuous northeastwards motion.WRF with ECMWF analyses and grid nesting (WRFepN): In this simulation theonvetive triggering of the ell H1 aused by a onvergene line in the Alboran sea oursaround 9 UTC, that is to say slightly too late and too south. Wind magnitudes omputed at thesouth of the Mediteranean basin seem very high and their veering around a pressure low o�shoreof Muria is learly visible. Then a linear organization forms after 11 UTC and aquires a hightranslational speed. However, strong winds over the sea drive the MCS too westwards and theline reahes only the western ape of Mallora with a satisfatory zonal orientation. Remarksmade on MNHep triggering are also valid in this experiment. In addition, further evolutionseems to be worse due to an overestimation of the steering winds.MM5 with ECMWF analyses (MM5ep): With the MM5 model, low-level �ow patternsdo not manage to sustain a ell (I1) present around 8 UTC. At 9 UTC no preipitating systemis apparent, even along the oast where onvetion only develops later, too westerwards as inother simulations fed with ECMWF analyses. The evolution of this simulation looks like the onedesribed in the experiment MNHepN. Indeed, a short squall line (I2) generated to the southof the oastal onvetion follows the Spanish seashore. Consequently, this system rosses theMediterranean sea to the west of Mallora with a inaurate hronology. In this experiment, thelak of onvergene at low-levels an be thought to be the reason for the impreise triggering andonsequently for the inorret evolution of the squall line.First onlusionsAfter ompletion of these experiments, some interesting onlusions an be already drawn.Analysing the di�erenes between Méso-NH simulations, the role played by initial onditionsseems to be relevant sine results are farly di�erent when ECMWF, ARPEGE, and espeiallyALADIN analyses are used. These distint behaviours will be preised in setion 4.2.3. Moreover,boundary onditions also in�uene the representation of the event, as inferred from simulationswith and without grid nesting. Their impat exerts an important role on the triggering of thesquall line and is latter disussed in setion 4.2.4. Finally, dynamial and physial parameteri-zations of the three models available have also a strong in�uene on the modeling of this ase,as shown by the di�erent results obtained with ECMWF analyses. It will be very di�ult todetermine whih parameterizations seem to be responsible for suh distint behaviours, sine forexample physial shemes are not interhangeable from one model to another. Setion 4.2.5 willrather point out physial di�erenes on meteorologial patterns whih an lead to these variousevolutions.With the previous analysis, some onlusions an be learnt from this set of experiments.First of all, among all mehanisms mentioned in setion 2.3.3, the low-level onvergene appearsto be in this ase the best element to explain the triggering of deep onvetion. In additiona onvergene line enables onvetion to organize in a linear struture. But low-level windsfeatures are also essential to sustain the linear organization. Indeed, it is when the �ow is quiteperpendiular to the squall line that onvetion is most e�ient. As a result, the sensitivity to31



the �ow in the �rst kilometers of the troposphere is relevant. Thus, the loation of the low-levelpressure meso-low has a strong impat on the event modeling.4.2.2 Physial study of the ase with numerial models4.2.2.1 Squall line environmentAll experiments previously analysed allow a better understanding of atmospheri featureswhih led to the severe squall line on 4
th Otober 2007. Next interpretations mainly lean onWRFep simulation in whih the squall line is rather well aptured, and whih enables to furtherexplore the squall line environment only brie�y desribed in setion 2.3.1. First stage will bedediated to the analysis of weather patterns at triggering time.

(a) (b)Figure 4.5: Weather patterns at 6 UTC with WRFep: (a) geopotential (kmgp) and temperature(◦C) at 500 hPa and winds (m.s−1) at 300 hPa, (b) EPT (◦C) and winds (m.s−1) at 925 hPaand mean sea level pressure (hPa).At 6 UTC, even though low-level patterns show ertain spread among experiments, thesituation aloft tends to show learly de�ned elements in a general agreement. Geopotential heightand temperature at 500 hPa, displayed in �gure 4.5-a, indiate a low entered over mainlandSpain a�eting also Alboran sea. In partiular, the maritime area between Muria region andAfria is a�eted by old air in mid-troposphere. In the upper troposphere, a strong southerlyjet streak goes along the eastern edge of this low. It an be infered from this �gure that, aloft,features were favourable to onvetive developments all along the Spanish oast as far as toTarragona. However, low-level patterns will de�ne the likely plae of the onvetive initiation.Figure 4.5-b presents the map of EPT at 925 hPa also at 6 UTC. The easterly �ow going alongAfrian seashore provides warm and moist air at low-levels whih reahes the Spanish oastabout the south of Muria. With this remark, the loation of potential onvetion triggeringis drastialy restrited to a small area haraterized by a strong CAPE (between 800 and 1000

J.kg−1) and mainly a very weak CIN. The sea level pressure shown in �gure 4.5-b indiates alow entered over northern Afria whih has to be assoiated to the strong upper-level foring.This low pressure area indues an easterly �ow over the southern Mediterranean, and therefore ithas an important in�uene on the winds onvergene along the thermal boundary. This e�et is32



thought to be magni�ed by the presene of the Atlas range whih an be supposed to ontributeto low just downstream of the mountains.

(a) (b)Figure 4.6: Front features at 12 UTC in WRFep experiment: (a) EPT and winds (m.s−1) at850 hPa, (b) vertial setion A-B of EPT (◦C) and relative humidity (ontinuous lines for valuesgreater than 70 %, dashed lines otherwise).After its triggering, the onvetive system evolves along the barolini boundary as shownat 12 UTC in �gure 4.6-a whih presents the equivalent potential temperature at 850 hPa. Theloation of the squall line an be easily identi�ed thanks to the old pool led at the rear. Sta-tionary in its southern part, the northern part of this front moves westwards in the morning. Itsvertial struture an be analysed with the �gure 4.6-b that displays EPT and relative humidity.At low-levels, the front is haraterized by a well-de�ned gradient of humidity and temperaturepresenting the lassial struture of a old front. However aloft, between 600 and 400 hPa, a dryand old layer aps the front. Consequently this setion looks like those obtained in katafronts,allowing onvetive developments in the warm area.The barolini boundary is also haraterized by a strong shear and espeially near theBaleari arhipelago as it is shown by �gure 4.7. Due to the di�erene between the low-leveleasterly �ow and strong southerly winds aloft, this sheared environment is favourable to sustainthe one formed squall line. Shear values are on the whole greater than 20 m.s−1 over thewestern Mediterranean and its diretion is almost perpendiular to the squall line orientation.Suh strong values allow to balane the vortiity reated by thermal gradient near the gust front,and bring about e�ient vertial updrafts. That is why the squall line life is quite long as thislinear organization disappears around 20 UTC in WRFep experiment, when it arrives in a lesssheared area and after a signi�ant weakening rossing the Mallora orography.4.2.2.2 Squall line internal featuresTo study the representation of the simulated MCS, we hoose the MNHep experiment whihhas the partiularity to organize onvetion in a linear struture very lose to radar observed33



Figure 4.7: Horizontal wind shear between 700 and 1000 hPa greather than 10 m.s−1 in WRFepexperiment at 11 UTC, with indiation of shear diretion.re�etivities even though this simulation presents a temporal lag. The following analyses aim atshowing that mesosale numerial models are able to reprodue a squall line with features verylose to the oneptual sheme presented in the �rst hapter.On the sea level pressure hart plotted in �gure 4.8-a, harateristis desribed in setion 1.3.3are well identi�able. Below the rainfall area, as a onsequene of ooling by evaporation, a sur-fae high is learly marked with a pressure inrease up to 5 hPa in some plaes in omparison tosurrounding environment. Ahead the most ative part of the squall line, a pre-squall meso-low ispresent. Indeed, vertial setion of vertial veloity in �gure 4.8-d indiates a subsident �ow atmid-levels in front of the onvetive part, able to generate a low ahead of the onvetive part. Inaddition, under the stratiform part, the wake-low is also well sinulated, with a weaker magnitudethan the pre-squall meso-low. Thus, pressure harateristis in this experiment are onsistentwith the squall line oneptual sheme and with observations registered at Santa Ponça station(�gure 2.1).Vertial setions easy the analysis of the simulated squall line. Re�etivites in �gure 4.8-bpoint out a multiellular organization, proper to squall lines, with ells in di�erent life ylestages. The mature ell haraterized by strong re�etivities in the whole troposphere is theplae of severe updrafts reahing more than 20 m.s−1 at mid-levels (�gure 4.8-d). Another ellis forming ahead as it an be infered from high re�etivities until 4 km in front of the matureell. At the rear, remains of old ells are identi�able, progressively inorporated in the stratiformpart as in a multiellular thunderstorm.Dynamis favouring the squall line sustainment an be understood with the EPT setiondisplayed in �gure 4.8-. The desending rear in�ow jet haraterized by old and dry air en-haned by rainfall evaporation is present under the stratiform part. Reahing the surfae, thisRIJ ontributes to reate the density urrent neessary to heighten updrafts in the onvetivepart as a result of low-level onvergene. Updrafts are loated just ahead of the boundary be-tween the old pool and the moist environment, where the thermal gradient is high. As seen inthe oneptual sheme presented in �gure 1.1, horizontal vortiity generated by the bouyanygradient is able to balane the opposed vortiity assoiated with the low-level shear.Moreover, stratiform region dynamis physially interpretable with vertial veloities (�g-ure 4.8-d) are in good agreement with the oneptual model exposed in �gure 1.3. Just at the34



(a) (b)

() (d)Figure 4.8: Squall line features in MNHep experiment at 12 UTC; (a): Sea level pressure andsurfae winds, (b), () and (d): vertial setions of re�etivities, EPT, and vertial veloitiesrespetively, with tangent winds, along the segment plotted on (a).rear of the onvetive part, a transition zone of downdrafts is present whereas mesosale updraftsonly appear in a more distant zone of the stratiform part. In addition, downdrafts are assoiatedwith preipitation below the stratiform region. Eventually, all previous remarks tend to provethat the MCS simulated in this experiment presents all the dynamial features haraterizing asquall line. These �ndings allow to investigate, with a higher resolution, signs of the presene ofa favourable environment for tornadogenesis.4.2.2.3 Traking tornadoesThe goal of this part is to see whether a so well simulated squall line is able to produemesovorties, essential tornado preursors. To trak mesorvorties, whih use to be harater-ized by a few kilometers size, the simulation MNHep is not enough �ne with its 2.4 km mesh.Therefore the idea is to run an experiment with a very high resolution, set to 600 meters, lateralled MNH600m. Due to omputational limits, this simulation has to be performed on a small35



(a) (b)

() (d)Figure 4.9: Very high resolution simulation MNH600m at 12h30 UTC; (a): re�etivities at 200 mand indiation of (b) domain, (b): zoom of (a) with positive vertial vortiity at 200 m (ontouredin blak from 1.10−2 s−1 to 6.10−2 s−1 every 1.10−2 s−1) and indiation of () domain, ():vertial vortiity and horizontal wind at 200 m, (d) ross setion aording to () of vertialvortiity with negative values of vertial veloity ontoured in blak from 0 m.s−1 to −5 m.s−1every 1 m.s−1.domain and during a short period. Consequently, it is initiated by MNHep output, when thesquall line is already formed at 12 UTC, on a small domain enlosed in D1 inluding the wholesquall line. Méso-NH is run during an hour and its boundary onditions are also provided byMNHep. Physial parametrizations are the same than in MNHep, thus the only di�erene isa four times higher resolution.From the beginning of the simulation a bow eho is onspiuous in radar re�etivities in thesouthern part of the line. This onvetive organization was already present in initial onditionsat 12 UTC, and it remains all the simulation long, urving progressively. In �gure 4.9-a, whihalso presents the geographial domain of the simulation MNH600m, it is learly visible that thebow eho has some undulations on its leading edge and espeially one develops just north of itsapex. Near the bow enter, a weak rainfall area must be linked to a strong RIJ bending thebow eho. Figure 4.9-b proves that eah one of these undulations, generated by di�erenes inout�ow magnitudes, is the area of enhaned yloni onvergene. Therefore, this high resolution36



simulation allows to point out mesovorties, and partiularly one is simulated on the yloniside of the bow apex.Partiular attention is paid to bow eho apex mesovorties whih appear 15 minutes afterMNH600m beginning. As it is shown in �gure 4.9- at 12h30 UTC, a ouplet of vorties with op-posite irulations evolves near the bow apex, exatly where the RIJ is strongest. Their radius ofabout 1 km demonstrate the neessity of a high resolution mesh to apture suh irulations. Thefat that the yloni mesovortex is loated to the north of the antiyloni one indiates thatthe genesis of mesovorties ouplet an not math with the lassial oneptual sheme proposedby Trapp and Weisman (2003) and displayed in �gure 1.6. This organization demonstrates thatthe transformation of horizontal vortiity born by barolini e�et (see the EPT gradient in �g-ure 4.8-) into vertial vortiity is produed by updrafts. The ross setion in �gure 4.9-d showsthat the area between the two vorties is haraterized by downwards motion. The interationof this downdraft with the surfae may have produed a loal updraft maximum just ahead ofthe gust front, neessary to tilt horizontal vortex lines. These results are a good illustation ofthe reent oneptual model of Atkins and St. Laurent (2009-b) presented in �gure 1.7.Life yles of suh simulated mesovorties are quite short. Positive and negative vortiesmagnitudes during the simulation MNH600m are plotted in the graph 4.10. The two vortiesdevelop at the same time and later the yloni vortex grows more to reah a magnitude threetimes greater than the antiyloni one. Suh evolution is thought to be aused by the Coriolisfore in�uene as mentioned in setion 1.3.5. One arrived in Mallora, mesovorties magnitudessigni�antly derease. However, the sudden enhanement of yloni mesovortex ours when thenorthern part of the bow eho ollides with the Mallora orography. A plausible hypothesis maybe that suh rubbing ould slow down the bow eho north part and thus inreases the ylonirotation just north of the appex. This theory an give a trak to explain mesovortex formationover the bay of Palma during the event.

Figure 4.10: Bow eho apex mesovorties magnitudes at 200 m, yloni vortex in red, antiy-loni vortex in blue.4.2.3 Initial onditions in�ueneWith the ensemble of Méso-NH experiments, it is possible to disuss the importane of a goodrepresentation of initial onditions to lead to a orret modeling of the event. With the threeavailable analyses, results are quite diverse and, partiularly, simulations run with ALADIN arerather inorret from the �rst hours. As expeted, di�erenes pointed out by �gure 4.1 in�u-ene the triggering and the loation of the onvetion. More preisely, the onvergene line37



present on ALADIN initial onditions explains the development of onvetive ells to the southof Baleari arhipelago during the �rst hours of the simulation. As a result, simulations MNHalaand MNHalaN failures are diretly asribable to initial impreise initial onditions. Consequently,no more investigations will be done with ALADIN analyses.As onerns the omparison between ECMWF and ARPEGE initial onditions in�uene, thetriggering of the ell whih later beomes the squall line di�ers. In simulations with ARPEGEanalyses, it is a lear response to a low-level onvergene line along the thermal boundary, witha tendeny to generate too many initial ells. However in ECMWF simulations, onvergenesare weaker and the triggering ours to the west, in the favourable area previously mentioned.Another element in favour of ARPEGE analyses an be the fat that the preipitating systempresent along the thermal boundary over Baleari Islands in the morning is in a good agreementwith radar observations (�gure 2.3-a). On the ontrary, simulations with ECMWF reate a lineof onvetive systems along the oast of mainland Spain as a onsequene of the tongue of warmerair mentioned in setion 4.1. Finally, a preise representation of weather patterns at initial timeis very important to sueed in modeling this kind of Mediterranean events. Besides, anothersoure of unertainties in suh simulations is due to boundary onditions, as it will be disussedin the next setion.4.2.4 Boundary onditions in�ueneComparing nested experiments with those diretly fored by analyses is a way to haraterizethe in�uene of boundary onditions. However, it must be remembered that this approah, in aase study on�guration whih uses analyses instead of foreasts, will not allow to fully investi-gate the grid nesting in�uene. In order to understand this later impat, it would be preferableto perform experiments substituting global analyses by foreasts of the same models.Analysing di�erenes between simulations MNHep and MNHepN allows to understand whyonly MNHep sueeds in reating a ell separated from the oastal preipitation area. As shownby �gure 4.2 (a) and (d), �ows between those two simulations are not onsistent espeially in thetriggering area. At 9 UTC, winds are signi�antly stronger in MNHepN in the whole domainand do not onverge o�shore of Muria as in MNHep. On the ontrary the southwest part ofthe domain is a�eted by weak winds. As these two experiments only di�er in their boundaryonditions, a study of meteorologial parameters out of domain D1 limits may explain suh dif-ferenes. In partiular, some ontraditions an be underlined on the geopotential height at 850hPa plotted at 12 UTC between ECMWF analysis (�g 4.11-a), whih are MNHep boundaryonditions, and parent model grid in MNHepN experiment (�g 4.11-b). The analysis of these�gures on�rms an observation already apparent six hours earlier. A low pressure area a�etingsoutheastern Spain is weaker in ECMWF analysis than in harts omputed by Méso-NH. Fur-thermore, the geopotential gradient is higher over the Mediterranean sea in MNHepN boundaryonditions. These low-level environments will be transmited into eah simulation respetively,and as a result, in MNHepN simulation the pressure hart at triggering time near the boundarylayer top is signi�antly di�erent from the hart of the MNHep experiment. Stronger windsomputed in this ase are onsequently a response to the higher gradient in boundary onditions.Shape and position of the low at 850 hPa prevent the triggering of a ell o�shore of Muria inMNHepN simulation, an area haraterized by a disorganized low-level �ow.The omparison between WRFep and WRFepN leads to the same onlusions: the pres-ene of stronger winds over the sea and a higher gradient of geopotential at 850 hPa. Howeverthis time the triggering takes plae but too late. Di�erenes between MNHarp and MNHarpNare less obvious, even if boundary onditions omputed by Méso-NH also present a tendeny to38



(a) MNHep (b) MNHepNFigure 4.11: Boundary onditions of the high resolution simulation: geopotential (mgp) at 850hPa at 12 UTC for CEP analysis (a) and MNHepN parent foreast (b).inrease the low-level pressure gradient. But here, with ARPEGE analyses, the onvetive initi-ation seems tied to a more marked onvergene line along the front, feature more asribable toinitial onditions. However, light di�erenes in wind hart at triggering time bring about higherdi�erenes in ells development along the onvergene line. In MNHarp experiment, two nearand independant ells evolve separately (B1 and B2) whereas they are more distant in MNHepN(E0 and E1). This allows the seond ell E1 to be out of the �rst one out�ow in�uene. Thisonstatation is a good illustration that the squall line modeling is highly sensitive to the initialenvironment.We an wonder what is the ause of suh di�erenes between these boundary onditions.Logially, a simulation using grid nesting would present a better transition between large saleanalyses and the �ne resolution simulation. However, analyses have the huge advantage to be theresult of a proess of data assimilation, whih improves the atmosphere representation. On theontrary, during the simulation with grid nesting, observations available in the parent domainare not used, and this damages those experiments. For example, geopotential height at 850 hPameasured by soundings at 12 UTC are summarized in table4.1, where they are ompared withdata of MNHep and MNHepN experiment. Observed data are loser to MNHep surroundingonditions, and even if values are slightly weaker, the gradient of pressure is nearly the same. Onthe opposite, in MNHepN this zonal gradient is too strong, as shown in partiular by Nîmes andSantander observations. The basi role played by observations over the Mediterranean regionsis again demonstrated.4.2.5 Model in�ueneSimulations run with Méso-NH, WRF and MM5 models on the domain D1 diretly foredby ECMWF analyses enable to ompare eah model performane to apture the squall line. A�rst analysis will onern the squall line triggering. In the three experiments, a onvetive elldevelops near the southwest orner of the domain at 8 UTC but then follows di�erent kindsof evolution. In WRFep simulation, it ontinues to grow and steadily aquires a squall linestruture, whereas in both other simulations, it dies before 10 UTC. In the MNHep experiment,39



City sounding MNHep MNHepNNimes 1554 1546 1562Santander 1536 1520 1481Palma 1527 1526 1525Madrid 1531 1519 1492Muria 1539 1506 1488Alger 1550 1530 1510Table 4.1: Geopotential height at 850 hPa (mgp) measured by several soundings at 12 UTC,ompared with data in MNHep and MNHepN experiments at the same time.another ell further developed to the north, prevents the easterly �ow to reah this ell. In thease of MM5ep, the model seems not to be able to sustain the initial ell, whereas the environ-mental features are very lose to those of both other experiments. Although di�erenes at about8 UTC are minor, they magnify later to lead to very di�erent evolutions.A blatant di�erene whih appears in �gure 4.2 for MM5 simulation is the absene of onve-tion along the oast at 9 UTC whereas it begins before 8 UTC in both other simulations. Thisarea orresponds to the boundary between an easterly low-level �ow to the south, due to a lowover Afria, and a southerly �ow a�eting regions out of this in�uene, more at the north andaloft. A plausible hypothesis is to attribute suh di�erenes to model physial shemes and morepreisely to PBL sheme used in MM5, whih seems less e�ient to trigger onvetion. Thishypothesis will be tested in setion 4.4.1.As it an be infered from �gures 4.2, 4.3 and 4.4, whih present di�erent realization of threeevolving senarios, a multi-model strategy is very useful to predit this kind of deep onvetion,evolving over the sea and where onvetion triggering an not be attributed to oastal orography.Eah model has its own physial and dynamial partiularities and resorting to several models isan interesting way to ope with the foreasting unertainties at this high resolution. Moreover,previous setions have shown that if a multi-model approah an be ombined with several initialonditions, simulations sample inrease and the more varied the simulations are, the higher isthe likelihood to enompass plausible solutions within the ensemble of foreasts.4.2.6 Conlusions of the omparative studyThe omparative analysis of partiularities of eah simulation has led to the following onlu-sions. First of all, the quality of an experiment is mainly dependent on its ability to trigger a ello�shore of Muria early in the morning. Suh triggering is losely tied with an area of low-levelwinds onvergene and its absene onduts to simulation failures. The best simulations showa very realisti representation of the squall line, inluding mesovorties ahead of the gust front,that on�rm the presene of a favourable environment for the genesis of small vorties, inludingtornadoes. They have also allowed a better understanding of weather patterns able to generatesuh devastating squall line, showing partiularly the importane of the onvetive instabilityassoiated with a katafront, and the relevant in�uene of low-level shear to sustain the linearorganization.Study of initial onditions from several analyses has demonstrated their importane in on-vetive initiation through the loation of a onvergene line. In addition, simulations tend toprodue better results with a diret foring by oarser analyses. This observation shows theessential role played on this ase by data assimilation to improve boundary onditions quality.Di�erenes pointed out in experiments performed with the three mesosale numerial models40



indiate the bene�ts of a multi-model strategy, as eah one is haraterized by its own physialand dynamial parameterizations. Next setions are devoted to present results of attempts toimprove the onvetive triggering of MM5ep experiment with two di�erent approahes. The�rst one resorts to pseudo-observations assimilation and the seond points out the role playedby PBL parameterizations in the onvetive initiation. Finally, the Atlas range in�uene on thetriggering loation of the squall line is studied.4.3 Initialization of onvetion with subjetive data assimilation4.3.1 Desription of the method usedSine the experiment MM5ep presents a bad initiation without low-level onvergene in themorning, the idea is to reate arti�ially a onvergene line to hek whether it an allow thetriggering of deep onvetion and improve the further evolution. As shown in the previous se-tion, the lak of observations over the sea an be the ause of a bad apture of weather patternsleading to a onvergene line. A solution an be to generate pseudo-observations using a simula-tion whih sueeds in triggering a ell with a onvergene line in good spatiotemporal agreementwith satellite and radar data. Sine MNHarp experiment reprodues the best modeling of thetriggering with a stationary stage, it will be interesting to add pseudo-observations in order totry to reonstitute a low-level environment similar to MNHarp.To reprodue suh mesosale struture, it is planned to assimilate several wind observationsa�eting the low-levels, with a small radius of in�uene set to 30 km. In order to take thetemporal dimension into aount, eah observation will be nudged over a time window of 40minutes before and after the observation. On the vertial, observations will be added in levelsspaed by 0.04 sigma units in the PBL (approximatively 40 hPa) with a vertial radius of in�u-ene orresponding to 0.025 sigma units. The wind nudging oe�ient G−→v is set to 10
−2, a veryhigh value whih allows to really drive the model solution towards observations. Among variableswhih an be assimilated, only wind data will be provided as pseudo-observations in this exerise.The experiment with nudging (MM5nud) is performed with ECMWF analyses using thesame parameterizations than in MM5ep. In addition, pseudo-observations are supplied at 8 and9 UTC, therefore assimilated between 7h20 and 9h40 UTC, in order to reate the onvetiontriggering whih is absent in MM5ep. Wind data provided to the model are inspired fromMNHarp simulation results at 8 and 9 UTC in the PBL, where di�erenes are important betweensimulations. Pseudo-observations provided at 8 UTC are summarized in �gure 4.12. Blue arrowsorrespond to observations assimilated at three sigma levels, approximately between the surfaeand 900 hPa, to reprodue an homogeneous pro�le in suh layer. Red arrows are data suppliedat 866 hPa, in agreement with MNHarp winds hart near the PBL top. Pseudo-observations areonly added in the southwestern part of D1, sine elsewhere wind diretions and speeds are losein MM5ep and MNHarp. As illustrates �gure 4.12, the low pressure area loation is aimed tobe orreted thanks to suh pseudo-observations, that allow to introdue a new irulation whihgenerates a well de�ned onvergene line in the whole PBL at 8 UTC. In order to try to initiatethe stage of slow eastwards moving of the onvetion, pseudo-observations provided at 9 UTCare exatly the same, but displaed 30 km eastwards.4.3.2 ResultsRe�etivities and low-level winds are plotted for MM5nud simulation in �gure 4.13 at 9 UTC(a) and 15 UTC (b). These harts have to be ompared with those of MM5ep simulation (�g-ures 4.2-i and 4.4-i). At 9 UTC an already well developed ell is present just over the areawhere the onvergene is the strongest. The stationarity stage is orretly reprodued from 841



Figure 4.12: Pseudo-observations assimilated at 8 UTC in MM5nud experiment, blue arrows aredata provided at sigma levels orresponding to 982, 942 and 906 hPa, red arrows at 866 hPa.
to 9 UTC with a light eastwards moving, whih remains however less important than in remotesensing observations. Winds features are nearly the same as in MNHarp simulation at triggeringtime, thanks to the high value set to the nudging oe�ient. Thus, the objetive to fore theonvetion triggering in the aurate plae is aomplished. Afterwards, the orret evolutionof this ell and its progressive transformation into a squall line prove the importane of a goodinitiation. On �gure 4.13-b, the situation obtained at 15 UTC is very lose to observations,with a lear squall line whih reahes Mallora around this time. Although it remains slightly tothe north, re�etivities hart at 15 UTC is very similar to those observed by the Spanish radarnetwork (�gure 2.3-d). This slight spatial lag an be interpreted as a onsequene of the failureto orretly apture the initial eastwards movement assoiated with the V-shaped thunderstorm.Nevertheless, results obtained in this simulation are very satisfatory.The omparison between MM5ep and MM5nud experiments leads to interesting onlusionseven though some questions remain. First, it learly shows that the onvetive initiation is basito later sueed in reproduing the squall line with orret spatiotemporal features. Therefore,sare observations over the sea are ruial for numerial models to apture mesosale featuressuh as onvergene lines. However in this ase, many observations are assimilated at severallevels. From an operational point of view, we an wonder whether a few additional surfaedata assimilated in oarse resolution analyses ould be enough to signi�antly improve mesosaleforeasts. Although it was shown in the previous setion that it is possible to obtain a orretsimulation with good initial an boundary onditions, it ould be interesting, in addition, to resortto an assimilation tehnique suh as observational nudging to omplete the ommonly used yleof assimilation whih improves the analyses. Indeed, if we onsider a foreast beginning at t0, atime windows until t1 is used to produe t0 analysis. Thus, all the observations available between
t0 and t1 ould be assimilated by observational nudging.42



(a) 9 UTC (b) 15 UTCFigure 4.13: Re�etivities at 800 hPa and winds at 925 hPa for MM5nud experiment at (a) 9UTC, (b) 15 UTC.4.4 Sensitivity experiments4.4.1 In�uene of planetary boundary layer shemeRe�etivities and low-level winds simulated in the experiment MM5pbl arried out with ETAsheme are displayed in �gure 4.14, after the onvetive triggering and at the mature stage.These harts are learly di�erent from those obtained with MRF sheme presented in �gures 4.2-iand 4.4-i. Unlike the unorret evolution of the referene simulation MM5ep, this simulationwith the new PBL sheme is signi�antly better. The onvetive initiation takes plae at 7 UTCo�shore of Muria, but slightly too south. Other onvetive ells are also present along theSpanish eastern oast. Consequently, the ETA sheme appears to be more favourable to triggeronvetion in this ase. After a rather orret initiation, the model reates a squall line present-ing a good evolution despite a light delay whih seems to be the onsequene of the onvetivetriggering spatial lag. Next paragraph will fous on the di�erenes in the PBL struture betweenthe two simulations, in order to understand why MRF sheme does not enable early onvetiveinitiation.The omparison of vertial pro�les averaged over the maritime triggering area D5, displayedin �gure 4.14, shows light di�erenes in the PBL, but su�ient to lead to distint onvetiveinitiations. The moisture with ETA sheme is higher in the layer below 950 hPa, whereas in theupper PBL the environment is drier than with MRF sheme (�gures 4.15 and 4.16). In the lowerPBL the MRF pro�le is more mixed, presenting a mixing ratio of water vapor approximatelyonstant. On the ontrary, with ETA sheme, this ratio is higher nearby the surfae and linearlydereases with height. Other omparative elements are indiated in table 4.2. The potential tem-perature gradient between 1000 and 950 hPa on�rms the well-mixed layer in MRF ase. Themoister layer above the surfae with ETA dereases the free onvetion level and onsequentlythe CAPE for a surfae parel is higher in the pro�le 4.15-b. In addition, the CIN in the domain
D5 remains very weak. Winds simulated with ETA sheme near the surfae are slightly strongerand present a more northerly diretion. These two elements are favourable to generate an en-haned onvergene in the triggering area. Moreover, stronger winds allow higher evaporationfrom the sea, as shown by the di�erene of latent heat �ux between the two PBL shemes. This43



(a) 9 UTC (b) 15 UTCFigure 4.14: Re�etivities at 800 hPa and winds at 925 hPa for MM5pbl experiment; (a) at 9UTC and domain D5 later used, (b) at 15 UTC.evaporation an ontribute to the older and moister environment in the onvetive boundarylayer.Finally, this sensitivity experiment proves the relevant in�uene of the PBL sheme on thedeep onvetion initiation, whose pameterizations are essential to well simulate severe weathermaritime events. In the ase of 4
th Otober 2007, ETA sheme leads to a better modeling ofthe squall line thanks to a rather orret onvetive initiation, absent in the simulation withMRF sheme. The loal approah used in ETA sheme assoiated with an 1.5 order prognostiTKE losure, as in Méso-NH and WRF PBL shemes, is favourable in this squall line ase totrigger onvetion. On the opposite, a sheme as MRF, using an 1 order losure and K-pro�les torepresent eddy oe�ients leads to a well mixed onvetive boundary layer whih dereases theonvetive instability. The earlier onvetive development with ETA sheme an be attributedto the slower di�usion of mesosale energy to subgrid turbulent strutures. This allows to retainan amount of energy to initiate onvetion. On the ontrary, MRF sheme provides too muhenergy to its turbulent sheme, were it is dissipated by visosity. It will be interesting to ompletethis sensitivity experiment with other ases of maritime deep onvetion to see whether this tendis on�rmed. PBL sheme MRF ETAPotential temperature at 1000 hPa (◦C) 20.6 20.3Potential temperature at 950 hPa (◦C) 21 21.2CAPE (J.kg−1) 1138 1344CIN (J.kg−1) 4 6wind diretion at 1000 hPa (◦) 66 59wind speed at 1000 hPa (km.h−1) 12.9 13.4Latent heat �ux (W.m−2) 66.8 75.1Table 4.2: Comparison of some parameters averaged in the triggering area D5 at 6 UTC forMRF and ETA sheme. 44



(a) MRF (b) ETAFigure 4.15: Comparison of vertial pro�les for simulation with MRF and ETA PBL shemes at6 UTC in the triggering area D5: (a) Vertial pro�le of MM5ep simulation averaged on D5, (b)idem for MM5pbl.
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4.4.2 Atlas in�ueneThe simulation WRFatlas without Afrian orography sueeds in initiating a onvetive ellnear the loation of squall line triggering in WRFepN, but slightly to the west (�gure 4.17). Inaddition, the oastal onvetion also presents a similar evolution. In both experiments, there isa line of onvergene along the thermal front, but low-level winds in the south of the domain arelogially stronger in WRFatlas experiment due to the absene of mountain drag.

Figure 4.17: Re�etivities and winds at 925 hPa for WRFatlas experiment at 9 UTC.Atlas in�uene is brought to light by �gure 4.18. The di�erene between wind harts ofthe two simulations represents the role exerted by the Afrian orography. In the southeasternpart of the domain, it redues wind speed and does not hange signi�antly the �ow diretion.However, D1 southwestern part is more in�uened by the orography whih onstitutes an im-portant obstale to the souteasterly low-level �ow. In the simulation WRFepN, a relative lowpressure area (-15 mgp approximately) present downstream of the mountains over the southernMediterranean Sea, is the onsequene of the Atlas mountains. It a�ets wind distribution inthe triggering area. Indeed, the low-level �ow in the �gure 4.2-h orresponding to the referenesimulation WRFepN has a more established easterly diretion than in the simulation withoutAfrian orography. Figure 4.18 learly shows that the Atlas range alters the irulation, addingwind onvergene o�shore of Muria. Suh e�et tends to misplae the onvetive triggering tothe east.Finally the presene of the Atlas mountain range is not a deisive fator to explain theonvetive triggering. The general easterly �ow is the onsequene of the dynami low pressurearea over Afria assoiated to the upper-level foring. However, the e�et of Atlas mountains isharaterized by a zonal deviation of the low-level �ow and an inrease of the onvergene whihslightly improves the onvetive triggering loation. Even though in this ase, di�erenes are notlarge omparing squall lines evolutions, it an be assumed that in simulations performed withMéso-NH fored by ARPEGE analyses, in whih the low-level onvergene is stronger and playsa more relevant role in the onvetive initiation, the irulation indued by the Atlas range hasa prevailing e�et on the onvetion triggering.46



Figure 4.18: In�uene of Atlas mountains on wind and geopotentiel height at 925 hPa, di�ereneWRFepN minus WRFatlas at 8 UTC.4.5 Conlusions of omplementary investigationsThe �rst objetive of these further investigations was to attempt an improvement of MM5epwhih does not sueed in orretly initiating the squall line. In order to remedy this failure, twodi�erent approahes have been onsidered. The assimilation of pseudo-observations sueeds inreating a onvergene line o�shore of Muria, whih is enough to trigger the squall line in agood agreement with remote sensing data. The substitution of the PBL sheme indiates that an1.5 order prognosti TKE losure sheme seems more adapted to initiate onvetion in maritimeonvetive events. In summary, a dynami and a thermodynami way to trigger the onvetionhave been ahieved. Another objetive was to understand Atlas mountain range in�uene on theirulation over the southern Mediterranean Sea. Although the irulation indued by the lowpressure area downstream of the orography is not deisive to trigger the onvetion, it a�etsthe onvetive initiation loation.
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Conlusions and outlooks
The aims of this study was to analyse the severe onvetive event of 4

th Otober 2007 thata�eted and strongly damaged the island of Mallora. An observational study provided luesto onsider the responsible mesosale onvetive system as a short squall line with a maritimeinitiation early in the morning o�shore of Muria. The synopti situation was haraterizedaloft by a ut-o� over mainland Spain assoiated with old air oupled with a jet streak and apronouned positive potential vortiity anomaly. Its e�et reahed the surfae, reating a lowpressure area over North Afria induing an esterly �ow over the southern Mediterranean Sea.This area was also a�eted by a barolini boundary separating a moist and warm air mass overthe sea from a drier and older environment over mainland Spain.An ensemble of numerial simulations performed at high resolution through a ombinationof three mesosale models with di�erent initial and boundary onditions has shown the ruialrole exerted by a low-level onvergene line to trigger and loate the onvetion. Its position isgoverned by an orographially-indued low pressure area over the southern Mediterranean basin.In addition, the low-level esterly �ow is neessary to guarantee the squall line organization as it isproved by an unsuessful simulation in whih a previous out�ow boundary perturbs the general�ow. Best experiments indiate that the squall line evolves along the barolini boundary whosestruture mathes with a katafront. The old and dry layer above its surfae boundary enhanesthe preipitation evaporation rate, whih strenghtens the squall line rear in�ow jet. Moreover,the strong sheared environment appears to be deisive to sustain the squall line.In this favourable environment, mesosale models have shown their ability to reprodue asquall line onvetive organization, even though its spatiotemporal evolution is not always wellaptured. Partiularly, the multiellular struture assoiated with the well-identi�ed internaldynamis of a squall line is orretly simulated. A realisti experiment ontaining a bow-ehoin the southern part of the squall line allowed to initiate a very high resolution simulation witha grid size of 600 meters entered on the onvetive system. This experiment indiates that aouplet of mesovorties develop in eah undulation of the squall line gust front. Contrary tothe widepsread oneptual model in whih a downdraft tilts the tubes of horizontal vortiitybarolinially generated, in this ase, mesovorties ouplet genesis is due to updrafts.Simulations whih sueed in triggering a onvetive ell in orret onditions later developa squall line. This analysis demonstrates the importane of a good onvetive initiation, loselyrelated to a preise apture of the environment in the initial onditions. In partiular, AL-ADIN analysis presents inaurate initial �ow features, that leads to simulation failures. Suhdi�erenes in initial onditions over the sea are attributed to the lak of observations over theMediterranean basin. In addition, experiments tend to produe better results with a diretforing by oarse analyses than with grid nesting method. This onlusion demonstrates theruial role played by data assimilation of the few observations available near the MediterraneanSea, in order to improve global model analyses, used here as boundary onditions. Moreover, a49



multi-model approah has shown its interest to ope with the foreasting unertainties at highresolution. When it is ombined with several initial onditions, it inreases the likelihood toemompass the plausible solution among the ensemble of foreasts.Two di�erent methods have been planned to remedy the failure of a simulation with MM5fored by ECMWF analyses. The introdution of a synthetially generated onvergene line bymeans of nudging data assimilation of wind pseudo-observations led to an aurate triggeringo�shore of Muria and to a orret evolution of the squall line. This result proves the impor-tane of the onvergene line to initiate the onvetion in the 4
th Otober 2007 event. It alsodemonstrates, one again, the neessity of meteorologial observations over the Mediterraneanbasin. Our ase study illustrates that observational nudging method an be ombined with theommonly used yle of assimilation to improve not only initial onditions, but also model solu-tion during the �rst steps of a foreast.The seond approah was to substitute the PBL sheme used in the daily "operational" runsat the UIB by a sheme using an 1.5 order losure and TKE equation. It allowed to initiate theonvetion earlier and onsequently, it led to a better squall line modeling. This new shemereates more onvetive instability due to a di�erent vertial distribution of water vapor in theonvetive boundary layer. A sheme as MRF, produing a well-mixed layer, is less favourableto trigger onvetion in this maritime event. A too rapid di�usion of available mesosale energyto the subgrid-sale turbulent eddies seems responsible for the delay of MRF sheme to initiateonvetion.Finally, the role of Atlas range of mountains on the onvetive initiation has been analysed.Even though the �ow perturbation downstream of this Afrian orography is not a deisive fa-tor to initiate onvetion, it inreases wind onvergene o�shore of Muria and thus slightlyimproves the triggering loation. However, it is assumed that in events where the dynami low-level southeasterly �ow is not so pronouned, the Atlas in�uene an be essential to generate theonvergene line and to trigger maritime onvetion.To onlude, the suess of a numerial simulation to apture a severe onvetive event witha maritime initiation losely depends on a onjuntion of fators from distint sales. On the 4

thOtober 2007 event, in a favourable synopti environment whih has been identi�ed, a mesosaleirulation was neessary to lead to a preise triggering of the squall line. Lastly, the ability ofmesosale numerial models to reprodue suh maritime onvetive event is highly dependant oninitial ondition auray.OutlooksThis numerial study points to several interesting outlooks. First of all, the ability shown bymesosale models to reprodue onvetive strutures as squall lines fosters the idea of using anoperational limited area model over the western Mediterranean basin. This would be pro�tablefor all surrounding ountries. The diversity of results obtained through the three mesosale mod-els also tends to enourage an ensemble foreasting strategy based on several models or variousinitial onditions. A probabilisti approah ould be onsidered to omplete individual modelsolutions. This strategy will help foreasters in their daily work. However, as demonstrated bythis study, a sine qua non ondition for aurate mesosale foreasts in this area will requireto mitigate the lak of observations over the sea. The development of a maritime observationalnetwork over the Mediterranean basin with buoys and equiped boats is thought to signi�antlyimprove severe weather foreasts in this area through a better quality of initial onditions.50



After ompletion of previous investigations, other omplementary studies an be planned.First, to omplete this ase study, it would be interesting to simulate the ase with a foreastapproah, i.e. without resorting to analysis to provide boundary onditions. Furthermore, itwould enable a better understanding of nesting in�uene on simulations. Another point thatis worth onsidering is the impat of Mallora orography on mesovorties growth and loation.More general studies an also be envisaged. First, a feasibility study ould be arried out toassess the interest to adapt observational nudging of real or synthetial data to operational fore-asts. Next, a systemati omparison performed on several onvetive ases, both maritime andontinental, ould lead to the onlusion to substitute MRF PBL sheme by ETA in the UIBdaily "operational" foreasts. Finally, as onerns mesovorties, future investigations that fouson olleting high resolution observations with mobile Doppler radars should provide interestingelements to better understand whih dynamial mehanisms prevail in mesovorties genesis.
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