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Abstract

As many studiesreveal, the WesternMediterraneanexhibits a high frequency of cyclonecentres. Most

of themaresmall andweak,but in somecasesthey arerelatedto heavy rain and/orstrongwind events.

Theclimatologicalstudyof Mediterraneancyclonesis a first, crucialstepto thebetterunderstandingand

forecastingof suchevents.

In thepresentpaperamethodto objectively detectandtrackmeansealevel (MSL) cyclonesfor theWestern

Mediterraneanis described.Furthermorethe three-dimensionalcharacterizationof eachMSL cycloneis

performedby meansof several parameters.This includesthe vorticity, thermaland humidity fields at

differentpressurelevels wherethe cyclone is detected,aswell as the wind speedprofile and the moist

stability over theMSL cyclone.Bothmethodologiesareillustratedandvalidatedby a realcase:anintense

event of the well-known Genoacyclone. Detection,trackingand three-dimensionalcharacterizationare

appliedto an8-year(from June1995to May 2003)databaseof numericalanalyses.The result is a MSL

cyclonedatabasefor theWesternMediterraneanwith adescriptionof their three-dimensionalstructure.For

abetteranalysis,cyclonesaregroupedin threedifferentways:by thickness,seasonandregionof detection.

Resultsshow thatWesternMediterraneancyclonesarelocatedin specificgeographicalregions,andtheir

location dependson the season.Several cyclonesare weak and shallow, mainly due to thermaland/or

orographiccauses.On thecontrary, othercyclonesarelargeandintenseandextendthroughoutthewhole

troposphere.Differencesin cyclonestructuredependingon thelocationandseasonarealsodiscussed.

KEYWORDS:WesternMediterranean,Cyclones,Three-dimensionalstructure
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1 Introduction

Theclimateof theMediterraneanis characterizedby hot, dry summersandwarm, relatively wet winters.

This is dueto the fact that the Mediterraneanis locatedbetweenthe subtropicalanticyclonebelt andthe

midlatitudewesterlies.This specialgeographicalconfiguration,a warmseasurroundedby high mountain

ranges,resultsin significantlarge regional variations. So, in spiteof the generallypleasantweatherthe

Mediterraneanregionis frequentlyaffectedby suddeneventsof severeweather, especiallyheavy rainand/or

strongwinds.

It is well known that Mediterraneancyclonesexert a large influenceon the weatherandclimateof their

own andneighbouringregions(Radinovic, 1987).Thus,in theMediterranean,local windsandrain distri-

bution arein many casesrelatedto cyclones.The relationshipbetweenheavy rain andcycloneshasbeen

demostratedin many casestudies(e.g. Ramiset al. , 1994;Ramiset al. , 1998;Jans̀a et al. , 2000),and

alsofor largesetsof cases(Jans̀aetal. , 2001;Romeroet al. , 1999).

Thespatialandtemporaldistributionof extra-tropicalcyclones,aswell asthemechanismsof cyclogenesis

and cyclone life-cycle have been,and still are, a major concernin dynamicalmeteorology. Petterssen

(1956) showed that the Mediterraneanin general,and the Gulf of Genoain particular, are regions that

presenta highdensityof cyclonesandcyclogenesisin winter for theNorthernHemisphere.More recently,

Alpert et al. (1990)andMaheraset al. (2001)revealedtwo majorcycloneregions,theGulf of Genoaand

Cyprus,aswell asothersecondaryonessuchasSouthernItaly, North Africa, the IberianPeninsula,and

theAegeanSea.Moreover, significantseasonaldifferencesandimportantdiurnalvariationswerefoundin

thoseareas.Theaforementionedstudiesfocusedon a synopticalpoint of view. Otherstudies,performed

with high resolutiondataand thus able to detectmeso-scalestructures,suchas Picornell et al. (2001),

Trigo et al. (1999)andCampinset al. (2000),offereda moredetailedvision of the spatialandtemporal

distribution of Mediterraneancyclones,identifying regionswith a high frequency of meso-scalecyclones

(suchastheregion to thesouthof thePyreneesor theAlboranSea)not foundin earlierstudies.

Althoughthespatial,seasonalanddiurnaldistribution of Mediterraneancyclonesalonecouldsuggestthe

mechanismsinvolvedin how cyclonesoriginateandaremaintained,thesystematicstudyof a largesetof

casesprovidesa betterinsight into thosemechanisms.Trigo et al. (2002)showed that the cyclogenesis
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mechanismsfor winter on the onehand,andfor summerandspringon the other, aredifferent. Thus,in

wintercyclogenesismainlyoccursin thenorthernMediterraneancoast(theGulf of Genoa,AegeanSeaand

Black Sea),andis relatedto upper-level synoptictroughs,theorographyandlow-level baroclinity. On the

contraryin spring,andespeciallyin summer, cyclogenesisoccursover land(the IberianPeninsula,North

Africa andtheMiddleEast)dueto thermaleffects.In theseregionscyclogenesisexhibitsacleardependence

on thediurnalcycle. Moreover, cyclogenesisin theSaharaduringspringis alsoaffectedby orographyand

by theincreasein low-level thermalgradients.A similar studywasperformedby Flocaset al. (2001),but

adoptedadifferentperspective. In thatpaperthehorizontalandverticaldistributionof geostrophicvorticity

over theMediterraneanbasin,aswell asseasonalanddiurnalvariations,wereanalysed.Thestudyof the

verticalvorticity structurefor thetwo majorcyclonicvorticity maximaover theMediterraneanregion (one

in the Gulf of GenoaandSouthernItaly andthe other in the AegeanSeaandCyprusarea)revealedthe

differentcyclogenesismechanismsacting in the westernandeasternbasin. Anotherway to analysethe

mechanismsinvolvedin Mediterraneancyclogenesisis basedon thediagnosisandnumericalsimulationof

selectedcases.Thecyclogeneticrole of orographywasinvestigatedfor majormountainrangessuchasthe

Alps or theAtlas (e.g. Buzzi andTibaldi, 1978;Alpert et al. , 1996).Othercyclogeneticalfactorssuchas

sea-surfacesensible,latentheatfluxes,latentheatreleasedueto theconvectionor upper-level forcingmay

alsobe mentioned(e.g. Alpert et al. , 1996; Romeroet al. , 1997; Romero,2001; Homaret al. , 2002;

Homaret al. , 2003).

A betterunderstandingof spatialandseasonalvariability of Mediterraneancyclonesaswell asthemech-

anismsleadingto cyclogenesis(lysis)area majorconcernfor themeteorologyof theregion,especiallyfor

thosecyclonesrelatedto severeweather. MEDEX (MEDiterraneanEXperimenton cyclonesthatproduce

high impactweatherin theMediterranean)is a ResearchandDevelopmentProject,framedinto theWorld

WeatherResearchProgramof theWorld MeteorologicalOrganization,whosemainobjective is to increase

knowledgeandimproveforecastingof cycloneswhich producehigh impactweatherin theMediterranean.

To achieve this aim, amongother specificobjectives, to elaboratea dynamicalclimatology of Mediter-

raneancycloneswasproposed(seeMEDEX SciencePlanPhase1 at http://medex.inm.uib.esfor further

information). To advancetowardsthis objective, in the presetpaperthe studyof a large setof meansea

level (MSL) cyclonesfor theWesternMediterranean(WM) is performed.First, cycloneswill bedetected
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andtrackedby anobjectiveway by usinganextendedperiodof 8 yearsof numericalanalyses.Later, each

cyclonewill bethree-dimensionallydescribedby asetof variables,suchastheverticalextension,vorticity,

thermalandhumiditystructure,verticalstability, wind shear, etc.As a result,aWM cyclonedatabase,with

a completedescriptionof themis obtained. Finally, spatialandseasonalvariations,aswell as the main

featuresof the three-dimensionalstructureof WM cyclonesareexplored,payingspecialattentionto the

enhancedcyclonicactivity regions.

The presentpaperis structuredas follows: in section2 the dataand the algorithm usedto detectand

trackWM cyclonesaredescribed.In section3 themethodologyto three-dimensionallycharacterizeWM

cyclonesis presented.The ability to detectand describeWM cycloneswill be discussedby meansof

an examplein section4. Resultsarediscussedin section5. Finally, section6 containssomeconcluding

remarks.

2 Data and cyclone detection algorithm

Theprimarydatausedin this studyaretheoperativeanalysesof theHigh ResolutionLimited AreaModel

(HIRLAM) fromtheInstitutoNacionaldeMeteorologia(INM) ataresolutionof 0 � 5ox0 � 5o latitude-longitude

(theso-calledHIRLAM-INM-0 � 5o ). Theanalysisdomainis boundedbetween65o N-15� 5o N and66� 5o W-

30o E. Theanalysisisbasedontheoptimuminterpolationscheme,whichis multivariatein threedimensions

for themassandwind fieldsandunivariatefor therelativehumidity. As afirst guesstheH+6modelforecast

is used(Gustafsson,1991). An 8-yearperiod,from June1998to May 2003,of 6-hourly (00, 06, 12 and

18 UTC) analysesof meansealevel pressure(MSLP),geopotential(Z), temperature(T), relativehumidity

(RH) andhorizontalwind componentsareused.

Mediterraneancyclonesspreadfrom synoptic-scalecyclones(Alpert et al. , 1990;Maheraset al. , 2001)

to meso-scaleones(Campinset al. , 2000; Picornell et al. , 2001). Somerecentstudies(Trigo et al. ,

1999;HoskinsandHodges,2002)haverevealedthatMediterraneancyclonesaresmallerin scalethantheir

Atlantic counterparts.As is well-known, meteorologicalphenomenaexhibit a largevarietyof spatialand

temporalscales.The resolutionof a NumericalWeatherPrediction(NWP) modeldeterminesthe scales

that aredetectable.Thus, for griddedNWP modelsthe horizontalscaleis determinedby the grid-size,
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andthe vertical resolutionby the numberof levels. Therefore,in orderto preciselydescribesmall-scale

cyclonesthe useof high resolutionoriginal fields is best. However, someproblemsarisewhencalcula-

tions aremade. Somederived fields, obtainedby meansof derivatives(suchasvorticity) could be very

noisy, andsmall-scalefeaturescanmaskhigherscales.Consistency betweenspatial(horizontal)andtem-

poral scalesis desirableif cyclone tracking is performed(BlenderandSchubert,2000). When looking

for three-dimensionalcyclonefeatures,it seemslogical to demanda similar consistency betweenthe ho-

rizontal, verticalandtemporalcoordinates.The temporalresolutionof HIRLAM-INM-0 � 5o analysesis 6

hours. Seven levels (MSL and1000,925,850,700,500and300hPa) arechosenfor the vertical resolu-

tion. Therefore,a horizontalscaleof a few hundredkm seemsadequate.As theresolutionof theoriginal

HIRLAM-INM-0 � 5o fieldsis around50 km filtering of thesmallscalesis necessary. For thepresentstudy

the Cressmanfilter wasused(as in Picornellet al. , 2001andSinclair, 1997). This scheme(Cressman,

1959)is adistance-weightedalgorithmwidely usedfor objectivespatialanalyses,whichaverageseachgrid

point with all theneighbouringgrid pointsat a distancer � r0 usingweightsof � r0
2 � r2 ��� � r0

2 � r2 � . The

selectionof r0 is obviouslysubjectiveandacertainnumberof valuesweretested.Finally it wasdetermined

thata valueof r0 � 200km is consideredto provideanaccuratedescriptionof WM cyclones.

As mentionedabove, we are interestedin the main featuresof MSL cyclones,aswell as in their three-

dimensionalstructure. For that reasona methodfor detectingcyclonesthroughoutthe troposphereis

needed.Next, amethodfor detectingcyclonesatMSL andat thepressurelevelsis described.It is important

to remarkthat thepresentprocedureis basedon MSL cyclonesthatarethree-dimensionallycharacterized

andit is not acycloneclimatologyfor differentisobariclevels.

2.1 Three-dimensional detection of MSL cyclones

In general,cyclone climatologiesare performedat a single level, mainly MSL or 1000 hPa (Alpert et

al. , 1990;Sinclair, 1997;Trigo et al. , 1999;Maheraset al. , 2001),but they may alsobe conductedat

upperlevels(Bell andBosart,1989;LefevreandNielsen-Gammon,1995).To defineacyclone,MSLPor Z

(Alpert etal. , 1990;Trigo etal. , 1999;Maherasetal. , 2001;Bell andBosart,1989)andvorticity (Sinclair,

1997;LefevreandNielsen-Gammon,1995)areused.In Murray andSimmonds(1991),MSL cyclonesare
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detectedasclosedcentres(minimumof MSLP)andalsoasopenones(maximumof Laplacianof MSLP).In

HoskinsandHodges(2002)bothapproaches,low andupperlevelsandMSLP or Z andvorticity (amongst

otherparameters)areusedto characterizewinter NorthernHemispherestormtracks.Theseauthorsfound

small differencesbetweenMSLP (or Z) andvorticity, althoughsmaller-scalefeaturesweredetectedwith

vorticity.

2.1.1 Cyclones at MSL

Theobjective detectionmethodof cyclonesfrom MSLP is basedon Picornellet al. (2001). In thatstudy,

WM cyclonesweredetectedasarelativeMSLPminimumfor a4-yearsetof HIRLAM-INM-0 � 5o analyses.

As the studywasfocusedon small-scalecyclones,low pressurecentresweredetectedfrom the original

fields,althoughto avoid veryweakcentresathresholdwasimposed(0 � 5 hPa� 100km) onthemeanpressure

gradientaroundthecyclonecentre.Howeverin thepresentstudy, weareinterestedin thethree-dimensional

descriptionof WM cyclones,andthenaspreviously mentionedMSLP aresmoothedusingthe Cressman

filter (with r0 � 200 km). Thusa cyclonecentreis detectedasa minimum in the smoothedMSLP field,

overcomingthesamepressuregradientthreshold.

Finally, eachcyclonecentreis trackedthroughoutits life-cycle. A wide varietyof proceduresareavailable

for the trackingof cyclones. From the ’simple’ nearestneighboursearchprocedure(Trigo et al. , 1999;

Blenderet al. , 1997andSerrezeet al. , 1995) to moresophisticatedtechniquesbasedon the synoptics

andphysicsof the cyclones. An exampleof the latter approachis the schemeproposedin Murray and

Simmonds(1991),andsubsequentrefinements(SimmondsandMurray, 1999;Simmondset al. , 1999).In

thatschemea threestageprocessis proposed.In thefirst stagethenext positionof thecycloneis predicted

by meansof steering.Next, theprobabilityof identificationbetweentheprojectedcycloneandeachcyclone

at the new time is calculated.Finally matchingis performedto maximisethe calculatedprobabilities. In

thepresentpaperanintermediateprocedureis used.It is baseduponAlpert et al. (1990)with someof the

modificationsappliedin Picornellet al. (2001).Whena cyclonecentreis detectedat certaintime thenwe

searchfor its presencein thenext analysis(in this case6 hourslater) in anelliptical domain.This domain

extendsalongthewind directionat 700hPa (consideredasthesteeringlevel) over thecyclonecentre,and

spreadsdependingon the meanwind speedat this level. If a cyclonecentreis found insidethe elliptical
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domain,thenit is assumedto bethesamecyclone,if not, cyclolysisoccurs(for moredetailsthereaderis

referredto Picornellet al. , 2001).

2.1.2 Cyclones at isobaric levels

The detectionalgorithmof cyclonecentresat a certainpressurelevel is similar to that usedfor MSL: a

minimum value is requiredin the smoothedZ field, overcominga certainZ gradient(4 gpm� 100 km).

However, in somecases,especiallyat upperlevels andwith strongmeanflow, cyclonesarenot closed.

Thus,thecyclonedefinitionatisobariclevelshasto beenlargedin ordertoallow for opencentresor troughs.

An opencycloneis characterizedby a local maximumof geostrophicvorticity (ζg ). However, although

smoothedfieldsareused,a largenumberof ζg maximaarefound,dueto theshearand/orcurvatureof the

Z field. Thus,to remove small-scaleζg maxima,a criterion basedon geostrophiccirculation(hereafter

GC; seeAppendix)is adopted.As a threshold,a valueof 0 � 5 107m2s	 1 is imposed.Both thresholds,for

closedandopencyclones,areempiricallychosenfor their ability to rejectweakcentres.

2.1.3 Connection of cyclone centres at different pressure levels

Onceall the’potential’ cyclones(openor closed)areobtainedat MSL andat thedifferentpressurelevels,

the vertical connectionbetweenthemis performed. First of all, startingfrom the MSL, we look for the

presenceof a cyclonein theupper-next level within a circular region aroundthe cyclonecentre,which is

calledthe’searchradius’. If acentreis foundthentheupper-next level is examined;if not theverticaltopof

thecycloneis reached.This level is theso-calledthe’ top pressurelevel’ of thecycloneanddeterminesits

thickness.Whentwo or morecentresarefoundin the’searchradius’theonewhichis closestto thecyclone

centreis selected.Furthermore,closedcentresareprioritizedalthoughwhena centrechangesfrom closed

to open,only opencentresarethenlookedfor. This procedureis repeated,if necessary, up to the300hPa

level.

The ’searchradius’ hasto take into accountthe tilt of the cyclone’s vertical axis, andshouldnot be ex-

cessively large,asthat would allow differentcyclonecentresto be connected.The ’searchradius’ is not

constant,and increaseswith height. From the analysisof several casestudies(not shown) the valuesin
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Table1 areadopted.

2.2 Study area

To determinethestudyareato detectcyclonesin theWM, somefactorshave to be taken into account:i)

theareaof HIRLAM-INM-0 � 5o , especiallyits easternborder(at30o E), ii) theverticaltilt of thecyclone’s

axisandiii) theneedfor anadditionalareaaroundthestudyareain orderto calculatethecyclonedomain.

Undertheserestrictions,the studyareafor the detectionof cyclonesat MSL extendsbetween29o N and

49o N andbetween12o W and18o E. To detectcyclonecentresat isobariclevels,thestudyareais extended

5o latitude/longitudebeyond the MSL area,except for the easternborder, which remainsat 18o E. The

areathusextendsbetween24o N and54o N, andbetween17o W and18o E (seeFigure1). Obviously,

someproblemscouldarisefor cycloneslocatedcloseto theboundaries,but thisonly affectsaveryreduced

numberof centres. Although a clear limit betweenthe westernand easternbasinsdoesnot exist, it is

assumedthatthestudyareacomprisestheso-calledWM.

3 Three-dimensional cyclone characterization

OnceMSL cyclonecentresaredetectedandtracked in the vertical (at successive isobariclevels) and in

time (at successiveanalyses),thenext stepis to characterizethem.An initial groupof parametersdescribe

generalfeaturesof cyclones,for instancesthedateof appearance,andthesearelistedin Table2. Anotherset

of parametersdescribetheverticalstructureof MSL cyclonecentres,which arethencalculatedat MSL, as

well asat isobariclevels.Althoughacompletelist is presentedin Table3, next a moredetaileddescription

is providedfor someof theseparameters.

A key parameteris the cyclonedomain,as this allow one to calculatenot just the sizeof cyclones,but

also the domainwheremeanvaluesof several parametersare calculated. As in Picornell et al. (2001)

the cyclonedomainis definedas the region aroundthe cyclonecentrewith cyclonic circulation, that is

with ζg 
 0. Thus,startingfrom the cyclonecentre,a searchis maderadially outward looking for the

location whereζg � 0. In contrastto Picornell et al. (2001), whereonly 4 directionswere explored,
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this proceduresearchesradially in 16 directionsarounda completecircle (thuswith a radial incrementof

22� 5o). Thecyclonedomainis composedjoining theendsof successive radii Ri (i=1,16). Theincreasein

radialdirectionsfrom 4 to 16signifiesanincreasein theaccuracy of thecalculationof thecyclonedomain.

Finally, two parametersarecalculated:the areaenclosedby thecyclonedomain(A) andthe meanradius

(R), which is themeanvalueof the16 Ri .

However, in somecasesthecyclonedomaincanincludemorethanonecyclonecentre.In thesecasesthe

most intensecentreis consideredto be the principal centreandthe other(s)is (are)categorisedasbeing

as secondary(ries).For secondarycyclonesthe cyclone domainis obtainedby searchingradially in 16

directionsuntil ζg � 0 or until theradialζg gradientchangessign(whicheveroccursfirst).

Anotherkey parameteris the cyclonestrength. The MSLP at the low centre,the MSLP deepeningrate,

the vorticity or the MSLP Laplacianaveragedover aroundthe cyclonecentrehave beenusedto measure

the cycloneintensity (e.g. Maheraset al. , 2001; Serrezeet al. , 1997; Trigo et al. , 1999; Murray and

Simmonds,1991).In contrast,Sinclair(1997)andPicornelletal. , (2001)usedcirculation,whichcombines

localvaluesof vorticity andthesizeof thecyclone.In thepresentstudythegeostrophicvalueof circulation

(GC) is used,althoughMSLPandζg arealsorecorded.

Someparameterslisted in Table3 areobtainedasgrid-point valuesat the cyclonecentre(e.g. MSLP),

andothersasthemeanvaluearoundthecyclonecentre(e.g. RH). Initially, meanvaluesinto thecyclone

domainwereobtained,but for largedomainstheoutlyingvaluessmoothedtheresult.For thatreason,mean

valuesarefinally calculatedfor thesetof grid-pointvaluesincludedin aninnercyclonedomain,definedas

thedomainresultingfrom 16shorterradii R�i ( � Ri
� 2).

To determinethepresenceof thermaldiscontinuities,suchasfrontswithin thecyclonedomainthetemperat-

ureandequivalenttemperaturegradients( �∇T � and �∇Te � ) arecalculated.In addition,theLaplacianof tem-

perature(∇2T ) is recordedto discriminatebetweenwarm-corecyclones(e.g. thermalor orographiclows)

andcold-corecyclones(cut-off lows). A warm(cold)-corecycloneis characterizedby warmer(colder)air

nearits centrethanaroundits periphery, andthusby negative(positive)∇2T values.

Theaforementionedparametersarecalculatedfor eachisobariclevel wherethecyclonecentreis present;

that is, from MSL (or 1000hPa for thermalandhumidity parameters)to the cyclonetop pressurelevel.
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It hasto be taken into accountthat vertical profilesarenot performedover the MSL cyclonecentre,asa

certaintilt usuallyis present.However, by meansof summary, a meanvalueof thoseparametersat some

layersarealsoobtained.Thus,a shallow-layervalueis obtainedby averagingvaluesfrom MSL (or 1000

hPa) to 850hPa,anda medium-layervaluefrom 700hPa to 500hPa. At theupper-layerthe300hPa value

is considered.As anexamplethetemporalevolutionof GC for low (GCL), medium(GCM) andupper(GCU )

levelsis presentedin Figure3.

Finally, in orderto characterizetheair columnover theMSL cyclone,andin spiteof its verticalthickness,

two moreparametersarecalculatedovereachMSL cyclonecentre:moiststaticstability(σe) andthevertical

profile of the horizontalwind speed(V). Moist static stability is calculatedusing equivalent potential

temperatureθe for threedifferentlayers:1000-850hPa, 850-500hPa and925-500hPa. Conversely, V is

obtainedfor all the isobariclevels,from 1000hPa to 300hPa. In addition,thewind speedshearof theair

columnover theMSL cyclonecentrecanbeobtained,andmayberegardedasa measureof baroclinity.

4 Example. Intense Genoa cyclone

To illustratetheapplicationof theaforementionedmethodologiesa realcasewill beanalyzed:an intense

Genoacyclone, which took placefrom the 6th to the 9th of November1999. It is a well studiedand

documentedcaseasit wasselectedastheIOP15of MAP (Buzzietal. , 2003)andasamainMEDEX case

(http://medex.inm.uib.es),sinceit producedstrongwind andheavy precipitationin Italy andCroatia.

TheGenoacyclogenesisbeganon thesouthsideof theAlps andmovedsouth-eastwards,alongtheTyrrhe-

nianSea(seeFigure2). Theprocedurecorrectlydetectedthecyclonefrom thebeginning,on the6th at 12

UTC, andtrackedit up to the9th at 06 UTC whenit left thestudyarea(althoughit seemsthatthecyclone

continuedmoving towardstheEasternMediterranean).

In the beginning (6th at 12 UTC) the cyclonecentrewascomposedby a closedcentrefrom MSL up to

850hPa (theleecyclone),connectedwith a maximumof ζg , relatedto anupper-level troughreachingthe

Alps. As a consequence,at thatmomentthecyclonecentreexhibiteda certainverticalaxis tilt. Six hours

later (the6th at 18 UTC) theupper-level troughevolvedto a cut-off centreandthecyclonewasclosedat
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all levels,but axistilt remained.Fromthismomentup to theendof theeventthecyclonecentrewasclosed

at all levels,andpracticallyvertically aligned. During the first 18 hours(the intensifingphase)MSLP at

thecyclonecentre(seeFigure3(a))rapidlydecreased,accompaniedby anintenseincreaseof thelow-level

ζg , cyclonesizeandthe GC. Thefilling phaseof thecyclonewasmoregradual,with a slow increasein

the MSLP centreanda decreasein the ζg , cyclonesizeandthe GC. This evolution resemblesthe two

phasesfor Genoacyclogenesisdescribedin Buzzi andTibaldi, 1978andAlpert et al. ., 1996,which area

rapid ’ trigger’ phasedueto the interactionof theAlps with the frontal layeranda moreusual’baroclinic

development’phase.At upperlevels (500and300hPa) the GC increasedto its maximum30 hoursafter

thecyclogenesis(and12 hoursfrom theminimumMSLP).Thethermalstructurerevealeda warm-core(a

leecyclone)at low levels,decreasingto neutralor cold-coreastheepisodeprogressed.This wasprobably

dueto the warm anomalyon the lee sideof the rangeandthe subsequentspreadingof cold air into the

Mediterranean,althoughstrongthermalgradientswerenotdetected.At upperlevelsthecyclonecentrewas

cold-core(a cut-off), with intensethermalgradients(probablydueto thejet streak),decreasingwith time.

Theevolutionover time of severalparametersat low, middleandupperlevelsarepresentedin Figure3.

5 Results

As maybeseenin panela) of Figure7, cyclonecentresspreadacrossthewholeWM area,althoughsome

areasexhibit higherfrequency, with the outstandingmaximumbeingaroundthe Gulf of Genoa.A large

numberof cyclonecentresarealsodetectedin theIberianPeninsula,Palos,inlandAlgeria andtheAtlantic

coastof Morocco. With an appreciablenumberof centres,but to a lesserextent, the Balearicand the

Adriatic Seasmayalsobementioned.Theaforementionedregionswith a high densityof cyclonecentres

agreewith otherstudies,performedat a similar or lower resolution(e.g. Alpert et al. , 1990;Trigo et al. ,

1999;Maheraset al. , 2001).Conversely, someregionswith a high densityof small-scalecyclonecentres,

suchastheregion at thesouthof thePyrenees(e.g. Campinset al. , 2000;Picornellet al. , 2001)arenot

detectedat thepresentspatialresolutionasthey havebeenfilteredout.

Summer(winter) exhibits the highest(lowest)frequency of cyclonecentres(33.3% and18.2% respect-

ively). In springthefrequency is similar to summer(27.5%) andin autumnsimilar to winter (21.0%). In
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termsof verticalextension,WM cyclonesaremainly shallow (51.1%), althoughan importantportionof

themoccupiesthewholetroposphere(37.8%).

A moredetailedexplorationof the objective cyclonedatabaserevealsconsiderablevariability. Cyclone

centresarelocatedin somepreferredregions,but this is seasondependant.Furthermoresomecyclonesare

intenseandoccupy thewhole troposphere,while othersareweakandshallow. For a betterunderstanding

of thecyclonedatabase,especiallyof thecyclones’three-dimensionalstructure,thecyclonesaregrouped

in threedifferent,yet complementary, ways:by thickness,seasonandregion of detection.Next, themean

featuresof eachgroupingarestudied.

5.1 Grouping by thickness

Shallow cyclonesare consideredto be thosethat extend from MSL up to 850 hPa, middle-depthup to

500 hPa anddeepup to 300 hPa. Somecautionsshouldbe taken with very shallow cyclones,especially

thoseover land,asdueto interpolationthey couldin factbefalse,andshouldperhapsberemovedfrom the

database.

5.1.1 Seasonal distribution

The seasonaldistribution of cyclone centresfor eachthicknessgroup is clearly different (seeTable 4).

Thus,shallow cyclonesdevelopmainly in summer, while only asmallporcentageof themappearin winter.

Conversely, deepcentresare presentin all seasons,but to a lesserextent in summer. Finally middle-

depthcentresare predominantin summerandautumn. Thesedistributionsare obviously relatedto the

maincyclogeneticalmechanismactingin eachseason,but alsoto generalatmosphericcirculation.During

summer, anticycloniccirculationdominatestheWM at upperlevelsandonly theGulf of Genoaregionand

thewesterncoastof theIberianPeninsulaareinfluencedby cyclonic vorticity. So,althoughmany shallow

cyclonesaregeneratedthey cannotextendvertically(neitherclosednoropencyclonecentres).Conversely

in winter, andalsoto a lesserextent in autumnandspring,cyclonic circulationdominates,dueto upper-

level troughsmoving from westto east(seeFlocaset al. , 2001)andsomany MSL cyclonescanreachthe

300hPa level.
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5.1.2 Mean three-dimensional structure

Meanvertical profilesof somevariablesarecalculatedfor all the cyclonecentresgroupedby thickness

(shallow, middle-depthanddeep),exceptfor V, which verticalprofilesareobtainedfrom 1000to 300hPa.

Comparisonsbetweengroupsmayonly be performedfor variablescalculatedat commonisobariclevels:

for instances,it is notpossibleto comparetheGC at700hPa for deepandshallow cyclones,becausein the

latter caseno valuecanbe obtained.Meanvertical profilesaredisplayedin Figure4 andsummarizedin

Table6.

Meanvaluesof ζg arelarger ascyclonethicknessincreases,exceptat low levels wheremeanvaluesare

similar for the threegroups. Clearerdifferencesareobserved for R andGC. Thus,on average,shallow

cyclonesaresmallerandlessintensethandeeponesat all levels.This reflectstheconsistency betweenthe

horizontalandverticalscales.

Shallow centresexhibit a strongerwarm-corecharacterthanmiddle-depthanddeepones.At 700and500

hPa middle-depthcentresarewarm-corewhile deeponesarecold-core,especiallyat 500hPa. Also mean

valuesof �∇T � and �∇Te � (not shown) arelargerat low levelsfor shallow andmiddle-depthcyclonesthan

for deepones,exceptat 500hPa wheredeepcyclonegradientsarelargerthanmiddle-depthones;however

thedifferencesaresmall.

Thebalancebetweengeostrophyandhidrostaty(thermalwind) is usefulto find somerelationshipsbetween

pressureandtemperaturefields. Thus,warm-core(cold-core)cyclonestrengthdecreases(increases)with

height. As such,most typical warm-corecyclonessuchas thermallows or lee depressionsareshallow.

On thecontrary, cold-corecyclones,suchasthosefoundin mid-latitudesin winter, extendthroughoutthe

wholetroposphere(Bluestein,1992).

Shallow andmiddle-depthcyclonespresentlowerRH atall levelsthandeepones,exceptat500hPawhere

meanvaluesarethe same.The differencesarelarger at low levels. This is probablydueto the fact that

many shallow (deep)cyclonecentresarelocatedover land(sea).

Whencomparingthemeanverticalprofilesof V, smalldifferencesbetweengroupsmaybeobserved.How-

ever, shallow cyclonespresentaweakermeanV verticalprofilethanmiddle-depthanddeepcyclones.Mean
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wind speedshearis alsosmallerfor shallow cyclonesthanfor middle-depthanddeepcyclones.

Finally, a differentverticalstratificationis obtainedfor shallow centreson theonehandandmiddle-depth

anddeeponeson theother(seeTable6). Thus,on average,shallow centrespresentlow σe (for both1000-

850and850-500hPa layers).Conversely, middle-depthanddeepcentrespresenta stableverticalprofile.

In thelatercasethis is dueto thehighstabilityof the850-500hPa layer. In the1000-850hPa layercentres

exhibit weakstability (for middle-depthcentres)or evenpotentialinstability (for deepcentres).

5.2 Seasonal grouping

Temporalgroupingis performedby separatingthecyclonecentresinto seasons.Perhaps,a moreaccurate

visionwouldbeobtainedif groupingby monthswereto beused,but in thatcasethehighnumberof groups

would hinder the analysis.Otherpossibletemporarygroupingcriteria, suchasyearsandhours,may be

consideredin laterstudies.

In thepresentstudysummeris composedby June,JulyandAugust;autumnconsistsin September, October

andNovember;winter in December, JanuaryanFebruaryandfinally springincludesMarch,April andMay.

5.2.1 Spatial distribution

From Figure5 it is clearthat WM cyclonesarelocatesin differentregionsdependingon the season.In

summercyclonecentrestendto concentrateover land: the IberianPeninsula,inlandAlgeria andtheMo-

roccancoast.However, a high densityof centresis alsodetectedin theGulf of Genoa,theGulf of Venice,

andPalos,andto a lesserextentin theBalearicSea.Converselyin winter, cyclonecentrestendto befound

over thesea,with anoutstandingmaximumin theGulf of Genoa.In springspatialcyclonedistribution is

similar to summerandin autumnspatialcyclonedistribution is similar to winter .

If we focuson theareasof maximumfrequency, theaforementionedseasonalityis evenmoreevident(see

Table 4). Thus, in the Gulf of Genoamany cyclonesare detectedalong the whole year, but especially

duringthesummer. Thelargenumberof Genoacyclonesin summercontrastswith previousstudies(based

on synoptic-scalecyclones)and further supportsthe importanceof dataresolutionin the Mediterranean

region. On the contrary, the Iberian Peninsulaexhibits a high concentrationof cyclone centresonly in
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summer. In winter andspringamaximumis alsodetected,but shiftedto theSE.Thepresenceof a thermal

low in the IberianPeninsuladuringsummer, but alsoduring the latespringandearlyautumn,is frequent

(Portelaand Castro,1996; Hoinka and Castro,2003). In inland Algeria cyclonesare mostly detected

in summer, and to a lesserextent in spring. However in autumnand especiallyin winter cyclonesare

practicallyabsent.Finally, in Paloscyclonespredominantein summer, but anappreciablefrequency is also

detectedin autumn.

Thesedistributionsonceagaindemostratethe thermalcharacterof many WM cyclones.During summer,

andto a lesserextentspring,thedifferentresponseof landandseato thestrongthermalheatingproduces

relative low pressureover the mainland. On the contrary, during winter the MediterraneanSeaforms a

warmpool againstthecold continentallandanda depressionarytendency over theseais produced.Both

thermalcontrasts,in winter andsummer, arein factobservedin MSLP charts(for a generaldiscussionof

MSLP andmeansurfacetemperatureover theMediterraneanbasinseeRadinovic, 1987).

5.2.2 Mean three-dimensional structure

As Figure6 shows therearecleardifferencesbetweensummerandwinter meanverticalprofiles. Spring

andautumnprofiles(not shown) fall in betweensummerandwinter ones. Table6 summarizesthe main

results.

For both seasonsvertical profilesof ζg exhibit high valuesat lower andupperlevels, whereζg maxima

sourcesarelocated,andsmall valuesin middleones.However, the meanprofile of ζg is larger in winter

that in summer, exceptat MSL and1000hPa. Also R increaseswith heightin bothseasonsandis larger

in winter thanin summerat all levels. As GC is basedon ζg andcyclonesize,the verticalprofile of GC

presentsfeaturesof both theaforementionedvariables;that is, a small decreasefrom MSL up to 850hPa

andfrom 850hPa level up to 300hPa a clearincreaseis obtained.Cyclonesaremoreintenseat all levels

in winter thanin summer.

For a certainparameter(for instanceGC) andfor a certaingroup(for instancesummercyclonecentres),

meanverticalprofile is obtainedby averagingfor eachisobariclevel thevaluesof all thecentresdetected

at thatlevel. Then,in general,theaveragefor lower levelsis determineconsideringalmostall theelements

15



of thegroup,while for upperlevelsonly someof themareused.In thepresentcase,in summerlessthan

20 % of cyclonecentresreachthe 300hPa level, andso themeanvalueat this level is calculatedusinga

smallpartof thetotal numberof cyclones.This doesnot reflectthatin summerthemajority of centresare

shallow, with no cyclonecentreat upperlevels. To ’correct’ this, thevaluesof ζg andGC at eachpressure

level areweightedto therelativenumberof cyclonesthatreachthis level (seeTable7). Thus,while values

at low levelsarevery similar (but lower),weightedvaluesat upperlevelsareconsiderablylower (compare

Tables6 and7). Thus,in summer, cyclonesarevery weakcomparedwith winter ones,especiallyat upper

levels.

Mean ∇2T exhibits negative (warm-core)for low levels and positive (cold-core)for upperones. The

separation(∇2T � 0) is locatedat 700hPa andalsoat 300hPa,wherethepresenceof thetropopausecan

be observed (on averagein winter the tropopauseis below the 300 hPa level and in summerit is above

that isobariclevel). Meanprofilesof ∇2T aresimilar throughoutthewholeyearexceptat low levels(925

and850hPa) wherethewarmcharacteris greaterfor summerandat 500hPa wherethecold characteris

strongerin winter. A clearerseparationbetweenseasonsis obtainedfor themeanverticalprofile of �∇T �
(not shown). Cyclonesexhibit largervaluesat the low levels(1000and925hPa) in summerandat upper

levels(500and300hPa) in winter.

Meanseasonalprofilesof RH arealsoclearly different,especiallyat low levels,with the highestonesin

winter andthelowestin summer. Again this is probablydueto themaritime(continental)locationof most

of thewinter (summer)cyclonecentres.

Themeanverticalprofile of V shows anincreasewith height.Meanvaluesof wind speedandwind speed

shearareverysimilar in all seasonsexceptin summerwherethey arethelowest.

Finally vertical stratificationover MSL cyclone centresis considered. When the 925-500hPa layer is

analysed(seeTable6), summercentrespresent,on average,the loweststability, while winter centresthe

highest.In moredetail(notshown), the1000-850hPalayeris potentiallyunstablein summerandespecially

soin autumn.For the850-500hPa layer, in summerstability is still low but in winter this is veryhigh.
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5.3 Grouping by regions

As mentionedbefore,althoughcyclonesarespreadalongthewholeWM basinin someregionstheir fre-

quency is heightened.Theseregionsarethewell-known cyclogeneticalregionsandit maybe interesting

to investigatetheirmaincharacteristics.To do thatfour regionshavebeenselected:theGulf of Genoa,the

IberianPeninsula,PalosandinlandAlgeria. For simplicity 2ox2o lat/lon squaredregionsareselected(see

Figure1), which maybeconsideredasrepresentative of their surroundingareas.Theseregionsrepresent

morethan12 % of thetotalnumberof cyclonecentres.

5.3.1 Distribution by thickness

Thespatialdistribution of cyclonecentresdependingon their vertical thicknessagainshows relevantdif-

ferencesfor theWM in generalandfor theselectedregionsin particular(seeFigure7 andTable5). Onone

hand,many cyclonesin the Gulf of Genoaaredeep,althougha high frequency of themarealsoshallow.

Howeverontheotherhandcycloneslocatedin theIberianPeninsula,PalosandAlgeriaaremainly( 
 75%)

shallow or evenvery shallow andonly very few of themoccupy thewholetroposphere.Thefrequency of

middle-depthcyclonesis appreciablein theGulf of Genoaandto a lesserextentin Algeria.

In theGulf of Genoabothorographyandthermal-forcing(especiallyin winterwhenthedifferencesbetween

seasurfaceandsurroundingcontinentalair temperaturearehigher)suggesttheexistenceof shallow lows

throughoutthe whole year. Also, but to a lesserextent, deepandintensecyclonesareobserved, usually

relatedto upper-level troughs(for a generalreview see”Cyclogenesisin the lee of the Alps”, Buzzi and

Speranza,1983).Basedon profilesof negativegeopotentialanomaliesandζg , Maheraset al. (2002)have

shown that in winter synoptic-scaleGenoacyclonesare very intenseandconnectedto thermalcontrast

betweenseaandair. In addition,theupper-level dynamicsseemto bemoreimportantin springandautumn

while the orographiceffect seemsto contributemoresignificantly in winter andspring. However, in the

presentstudymany deepcyclonesarenot intense,asthey arecomposedby shallow cyclonesthatconnect

with upper-level ζg maxima.As a consequencea deepcycloneis not equivalentto anintenseone.

Conversely, in theIberianPeninsulathermallow is mainly a shallow cycloneasHoinkaandCastro(2003)

showed. They found a meandepthcloseto 2800m above MSL (between850 and700 hPa) when the
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Laplacianof potentialtemperaturewasconsideredasa measureof thecyclonethicknessandaround2300

m aboveMSL whenthedivergenceof thewind wasused.In thepresentstudythemeanverticalthickness

for IberianPeninsulalows is a little smallerthanin theHoinkaandCastro(2003)results.

5.3.2 Mean three-dimensional structure

As in theothercases,meanverticalprofilesfor differentvariablesareobtainedfor eachoneof theselected

regions. Theseprofilesdeterminethe three-dimensionalstateof the ’meancyclone’ for eachregion. The

following commentsarebasedonFigure8 andsomeresultsarealsosummarizedin Table6.

Meanverticalprofilesof ζg areverysimilar for all regions,exceptat300hPa for Algeriancyclones,where

ζg is lower. With regardto meanverticalprofilesof R andGC cleardifferencesbetweenAlgeria andthe

otherregionsappear. In Algeria,at low levels,cyclonesarelargerandmoreintensethatin theotherregions.

On thecontrary, at upperlevels,thesecentresarethesmallestandweakest.

Although∇2T valuesarenegative(that is warm-corecyclones)at low levels(exceptat 1000hPa for those

from Palos)andpositive (cold-corecyclones)at upperlevels in the four regions,somedifferencescanbe

underlined,notablyat low levels. Cycloneslocatedin the IberianPeninsulapresentthe strongestwarm-

corecharacter. On thecontrary, althoughpositivevaluesareobtainedat 500hPa in all regions,in theGulf

of Genoastrongercold-corefeaturesstandout. Thermalgradients(not shown) arevery similar in all the

regions:largeat low levelsandsmallatupperlevels,exceptin theGulf of Genoawherethereverseis true.

As we mentionedbefore,at low andmiddle levels themeanverticalprofilesof RH mainly dependon the

areawherecyclonesaredetected.Thus,cyclonesin the Gulf of Genoa(over the sea)exhibit the largest

valuesandthosein Algeria (inland) thelowest. In betweenwe have cyclonesin theIberianPeninsulaand

Palos(althoughat 1000hPa valuesarelargerin Palosthanin Iberiabecausethey arelocatedover seaand

land).At upperlevelsmeanvaluesaresimilar for all theregions.

Themeanverticalprofileof V is similar for all regionsexceptin theGulf of Genoa,wherevaluesarelarger,

especiallyat upperlevels. Wind speedshearis small in Palos,theIberianPeninsulaandAlgeria but large

in theGulf of Genoa.

And finally σe alsopresents,on average,cleardifferencesbetweenregions(seeTable6). Thus,thecentres
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in both theIberianPeninsulaandAlgeria presentweakstability, especiallyfor the850-500hPa layer (not

shown). On the contrary, for centresin the Gulf of Genoaandin Palos,cyclonespresentlarger σe, but

the contribution from lower andupperlevels is different. For theGulf of Genoacyclonecentres,thereis

potentialinstability for the1000-850hPa layerandhigh stability for the850-500hPa layerbut for centres

locatedin Palos,thereis stabilityat thelower layerandweakstability in theupperone.

6 Concluding remarks

A methodto objectivelydetectandtrackMSL cycloneshasbeenpresented.Furthermore,thismethodology

hasbeenextendedto isobariclevels, wherenot only closedcentres(minimum of Z) but alsoopenones

(maximumof ζg ) areallowed. FromMSL, thepresenceof a cyclonecentreis searchedfor in theupper-

next level, up to 300hPa. ThenMSL cyclonesareverticallyconnectedup to their top pressurelevel andas

aresultthecyclonethicknessis obtained.Besides,MSL cyclonesarethree-dimensionallycharacterizedby

a setof variables.Thesealgorithmshavebeentestedfor a realcaseandareintendedto providea complete

descriptionof theevolutionof WM cyclonesaswell astheir three-dimensionalstructure.

Theaforementionedalgorithms(detection,trackingandthree-dimensionalcharacterization)have beenap-

plied to an8-yearHIRLAM-INM-0 � 5o analysisdataset.As a resulta WM cyclonedatabasehasbeenbuilt.

TheWM exhibitsa high frequency of cyclonecentres,but cyclonecentresarelocatedat preferredregions,

dependingon theseason.Furthermore,mostof thecyclonecentresareshallow, but an importantnumber

of deepcyclonesarefound in certainregionsduringcertainseasons.A threefoldgroupingis proposedto

explorecyclonecentrecharacteristicsmoredeeply:by thickness,seasonandregions.

Shallow cyclonesare smaller, with weaker intensityandweaker wind speedprofile thandeepones. In

addition,shallow centresexhibit astrongerwarm-corecharacter, higherthermalgradientsandlowerrelative

humidity thandeepones.

In summer, andto a lesserextentin spring,cyclonesaremostlyfoundover land.Most of themareshallow

andwarm-core,andseemto berelatedto thermaleffects. Conversely, in winter andautumn,cyclonesare

found preferablyover the seaandmany of themextendthroughoutthe whole troposphere.Furthermore,
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althoughthe thermaleffect at low levels is alsoappreciable,it is weaker. At upperlevels the cold-core

characterof cyclonesis presentthroughoutthewholeyear, but is moreapparentin winter.

Cycloneslocatedin the IberianPeninsula,PalosandAlgeria are,in general,shallow cyclones,relatedto

thermaleffects.Conversely, cyclonesin theGulf of Genoaexhibit amorewidespreadvarietyof typologies:

from shallow andwarm-corecyclones,relatedto thermalheatfluxesandleeconditions,to deepandwell-

developedones,relatedto upper-level troughs.

Many WM cyclone centresconcentratecloseto main mountainranges. In addition, most of theseare

shallow andwarm-core.Althoughthesefactsdonotdemostratetheroleof orographyin thegenerationand

maintenanceof thatcyclones,it doesseemto berelevant.Thissuppositionis supportedby many theoretical

andpracticalstudies(e.g.BuzziandTibaldi, 1978;Homaretal. , 2002;Genovéset al. , 1997).

In principle,thermalgradients( �∇T � and �∇Te � ) wereintroducedto distinguishbetweenfrontal andnon-

frontal (barotropic)cyclones.In thefirst casehighvaluesof thetemperaturegradientwereexpected,while

for barotropiccyclones(suchas heator shallow orographiclows) small valuesof the thermalgradient

wereanticipated.However this generalpatternis not observedfor WM cyclones.This is probablydueto

the methodologyused. Indeeda frontal region, if it exists, occupiesa small portion of the total cyclone

domain.Thenwhena front is presentin thecyclonedomain,theassociatedhigh �∇T � (or �∇Te � ) values

areaveragedwith lower ones. On the contrary, barotropiccyclonesexhibit low valuesof �∇T � around

thecyclonecentre,but thesesmall valuesare’increased’whenaveragedwith highervalueslocatedat the

peripheryof thecyclonedomain,wherestrongergradientsareobserved. Thefinal resultis that for frontal

cyclonesmean �∇T � and �∇Te � decreaseandfor barotropiclows they increase.As a consequence,neither

�∇T � nor �∇Te � discriminatebetweenfrontal andbarotropiclows andfor future studiesothervariables,

suchasthethermalwind, couldbetested.

To exploretheWM cyclonecentredatabase,threedifferentgroupingwayswereselected.However, other

groupingcriteria could be utilised. Thus, a clusteranalysisbasedon variablesthat describethe three-

dimensionalstructureof cyclonescouldrevealseveralcyclone’ typologies’andcouldallow oneto investig-

atetherelationshipbetweenthosetypologiesandheavy rain andstrongwind events.Othermethodologies

suchasprincipalcomponentsanalysiscouldbealsoinvestigated.
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TheWM cyclonedatabasecouldalsobeusedto studyandanalyseselectedcyclogenesiscases,their three-

dimensionalstructureandlife cycles(in asimilar way to theexampleseenin Section4). In theframework

of the MEDEX projecta list of cyclonesthat producedhazardousweatherwasconducted.The detailed

analysisof sucheventscould reveal the importanceof the involvedcyclogeneticalmechanismsandallow

themto be classifiedin well-known schemesor allow new schemesto be formulated(similar to Baehret

al. , 1999;Devesonetal. , 2002;Plantet al. , 2003for FASTEX cases).

Thepresentcyclonedatabaseis for theWM basin.AnotherMEDEX goalis to extendthecyclonedatabase

for thewholeMediterranean.Then,thesamemethodologyhasbeenappliedfor thewholeMediterranean

to a 5-yearperiod(from June1998to May 2003)of the operationalanalysesof the EuropeanCentrefor

Medium-RangeWeatherForecast(ECMWF). Preliminaryresultsof comparisonbetweencyclonesin the

westernandeasternbasin(Gil et al. , 2003a)aswell asa comparisonbetweenHIRLAM-INM-0 � 5o and

ECMWF analysesfor thewesternbasin(Gil et al. , 2003b)have beenperformed.Furthermorewe intend

to apply thesamemethodologyfor thewholeMediterraneanbasinto a largeanalysisdataset,suchasthe

ERA-40.Thiswill allow usto extendthepresentstudyandgiveto theresultsamorerealisticclimatological

basis.In additiontheevolution of thenumberof Mediterraneancyclonesandtheir mainfeaturescouldbe

studiedovera largeperiodalongwith thepossibleimpactof climatechange.

Acknowledgements

Theauthorsaregratefulto theanonymousreviewers,whosesuggestionshelpedto improvethemanuscript.

21



Appendix

Geostrophic vorticity and geostrophic circulation

In isobariccoordinates,the vertical componentof the geostrophicvorticity (ζg ) is proportionalto the

Laplacianof thegeopotentialZ

ζg � ∇ ��Vg � 1
f

∇2Z

where f is the Coriolis parameter( � 2Ωsinϕ), Ω is the earthangularvelocity ( � 7 � 29210	 5 s	 1) andϕ

thelatitude.

In general,thecirculationC is definedastheline integralof thetangentialcomponentof thevelocityaround

a closedpath(Holton,1972),thatis

C � ���
l
�V � d �l

Applying theStokestheorem,thepathintegralbecomesandareaintegralof thevorticity vector, whereA is

theareaof theenclosedpath.

C ���
A
� � ∇  �V � � d �A ���

A
� �ζ � d �A

For smallareas,thef-planeapproximationcanbeperformed.Furthermore,if thevorticity (in factits third

component)is replacedby its geostrophicvalue,thegeostrophiccirculation(GC) is

GC ���
A
� ζg � dA � ζg � A

Thus,GC is roughlyequalto theareaenclosedby thecurve (A) timesthemeangeostrophicvorticity over

thearea(ζg ). Then,CG measuresthestrength(by meansof theζg ) andthesize(by meansof theareaA)

of thecycloneandit couldbeusedasameasureof theintensity(Sincalir, 1997;Picornellet al. , 2001).

22



References

Alpert, P., Neeman,B.U. andShay-El,Y. 1990.Climatologicalanalysisof Mediterraneancyclonesusing

ECMWFdata.Tellus, 42A, 65–77.

Alpert, P., Tsidulko, M., Krichak, S. andStein,U. 1996.A multi-stageevolution of an ALPEX cyclone.

Tellus, 48A, 209–220.

Baehr, C., Pouponneau,B., Ayrault, F. and Joly, A. 1999. Dynamicalcharacterizationof the FASTEX

cyclogenesiscases.Q. J. R.Meteorol. Soc., 125, 3469–3494.DOI: 10.1256/smsqj.56115.

Bell, G.D.andBosart,L.F. 1989.A 15-YearClimatologyof NorthernHemisphere500mbClosedCyclone

andAnticycloneCenters.Mon. WeatherRev., 117, 2142–2164.

Blender, R. Fraedrich,K. andLunkeit, F. 1997.Identificationof cyclone-trackregimesin the North At-

lantic.. Q. J. R.Meteorol. Soc., 123, 727–741.

Blender, R. andSchubert,M. 2000.CycloneTrackingin DifferentSpatialandTemporalResolutions.Mon.

WeatherRev., 128, 337–384.

Bluestein,H.B. 1992. Synoptic-DynamicMeteorology in Midlatitudes. Vol I. Oxford University Press,

431pp.

Buzzi, A., D’Isidoro, M. andDavolio, S. 2003.A casestudyof an orographiccyclonesouthof the Alps

duringtheMAP-SOP. Q. J. R.Meteorol. Soc., 129, 1795–1818.DOI: 10.1256/qj.02.112.

Buzzi, A., Speranza,A. 1983.”Cyclogenesisin the leeof theAlps” in MesoscaleMeteorology-Theories,

ObservationsandModels. Editedby D.K. Lilly andT. Gal-Chen,NATO ASI Series.D. Reidelpublishing

Company.

Buzzi, A. andTibaldi, S. 1978.Cyclogenesisin the leeof theAlps: a casestudy. Q. J. R. Meteorol. Soc.,

104, 271–287.DOI: 10.1256/smsqj.44003.

Campins,J.,Genovés,A., Jans̀a,A., Guijarro,J.A.andRamis,C. 2000.A catalogueandaclassificationof

surfacecyclonesfor theWesternMediterranean.Int. J. Climatol., 20, 969–984.

Cressman,G.P. 1959.An operationalobjectiveanalysissystem.Mon. WeatherRev., 87, 367–374.

23



Deveson,A.C.L., Browning,K,A. andHewson,T.D. 2002.A classificationof FASTEX cyclonesby using

a height-attributablequasi-geostrophicvertical-motiondiagnostic.Q. J. R.Meteorol. Soc., 128, 93–118.

Flocas,H.A., Maheras,P., Karakostas,T.S.,Patrikas,I. andAnagnostopoulou,C. 2001.A 40-yearclima-

tologicalstudyof relative vorticity distribution over theMediterranean.Int. J. Climatol., 21, 1759–1778.

DOI: 10.1002/joc.705.

Genovés,A., Jans̀a, A. and Estarellas,C. 1997.First Evaluationof OrographicFactor for the Western

MediterraneanCyclogenesis.INM/WMO InternationalSymposiumon CyclonesandHazardousWeather

in theMediterranean,MMA-INM, UIB, Palma,ISBN:84-7632-392-8,pp 273-282.

Gil, V., Genovés,A. Picornell,M.A. andJans̀a,A. 2003a.Automateddatabaseof cyclonesfrom ECMWF

model: PreliminarycomparisonbetweenWestandEastMediterraneanbasins. ”MediterraneanStorms”,

4th EGSPliniusConference2002,CD-ROM ISBN:84-7632-792-7.

Gil, V., Genovés,A. Picornell,M.A., Jans̀a, A. andNavascúes,B. 2003b.HIRLAM-INM andECMWF
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Level (hPa) Radius(km)
1000 200
925 200
850 250
700 350
500 400
300 500

Table1: ’Searchradius’(in km) for cyclonecentresfor eachpressurelevel (in hPa)

Parameter Description Units
Date year, monthanddayof thecyclonecentreappearance
Time of thecycloneappearance(00,06,12 or 18 UTC) hours
Code anarbitrarynumberwhich identifies

eachcyclonealongits life-cycle
Top pressure highestpressurelevel atwhich thecyclone hPa
level centreis detected
Shift distance distancefrom thecyclonecentreat MSL and km

thecyclonecentreat thetop pressurelevel
Shift angle directionbetweenthecyclonecentreatMSL and in degrees

thecyclonecentreat thetop pressurelevel 0o is thenorthdirection

Table2: Parametersthatdescribegeneralcyclonefeatures.
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Parameter Description Units
Latitude-longitude coordinatesof thecyclonecentre degrees
MSLP or Z at thecyclonecentre hPaor gpm
Open/Closed if thecycloneis a MSLP/Zminimumor a ζg maximum
Principal/Secondary if thecycloneis principalor secondary(seetext)
R meanradiusof thecyclonedomain km
A areaof thecyclonedomain 104 km2

ζg geostrophicvorticity 10	 6 s	 1

GC geostrophiccirculation 107 m2 s	 1�∇T � absolutevalueof thetemperaturegradient � C � 100km� 	 1�∇Te � absolutevalueof theequivalenttemperaturegradient � C � 100km� 	 1

∇2T Laplacianof temperature 10	 6 � C km	 2

RH relativehumidity %
σe moiststaticstability 10	 7 m4 s2 kg	 2

V horizontalwind speed ms	 1

Table3: Parametersthatdescribetheverticalcyclonestructure.

Summer Autumn Winter Spring
Shallow 45.7 17.9 11.0 25.4
Middle-depth 29.5 22.8 18.7 29.0
Deep 17.6 24.6 27.7 29.9

Gulf of Genoa 31.2 22.8 20.4 25.6
IberianPeninsula 66.5 6.2 5.6 21.7
Palos 54.5 23.5 9.3 12.7
Algeria 65.4 10.7 2.9 20.9

WesternMediterranean 33.3 21.0 18.2 27.5

Table4: Seasonalfrequency (in %) of cyclonecentresfor thicknessgroups(shallow, middle-depthand
deep),theselectedregions(Gulf of Genoa,IberianPeninsula,PalosandAlgeria) andthewholestudyarea
(WesternMediterranean).

Shallow Middle-depth Deep
Gulf of Genoa 41.6 14.1 44.3
IberianPeninsula 81.5 7.6 10.9
Palos 80.2 5.7 14.1
Algeria 79.3 10.2 10.5
WesternMediterranean 51.1 11.1 37.8

Table5: Frequency (in %) of cyclonecentresperthicknessfor theselectedregions(Gulf of Genoa,Iberian
Peninsula,PalosandAlgeria)andthewholestudyarea(WesternMediterranean).
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ζg ζg GC GC R R ∇2T ∇2T RH RH V V σe

L U L U L U L M L M L U 925-500

Shallow 51.2 - 2.5 - 386 - -69.0 - 52 - 5.8 20.8 3.8
Middle-depth 56.7 - 3.3 - 425 - -50.5 -6.3 58 47 7.2 24.7 5.3
Deep 58.2 104.0 4.0 11.1 465 556 -30.3 19.9 72 54 7.9 24.6 5.0
Summer 53.3 98.1 2.6 8.8 393 512 -51.9 14.8 52 44 5.8 19.0 2.3
Autumn 54.3 108.7 3.4 11.1 438 549 -37.9 16.1 67 54 7.1 23.4 4.3
Winter 57.0 107.1 4.0 12.6 464 586 -41.5 19.4 75 57 7.8 24.5 7.4
Spring 56.9 100.7 3.4 11.0 430 561 -55.6 15.5 59 52 7.2 25.5 5.2
Palos 53.4 93.6 2.1 8.7 353 505 -28.6 18.6 56 46 5.8 17.8 5.8
Algeria 55.4 68.8 3.6 5.1 450 450 -62.5 1.2 23 42 6.3 17.4 3.5
G. Genoa 58.7 100.8 2.5 10.2 366 549 -62.1 14.5 71 52 6.4 28.1 5.1
IberianP. 47.0 100.4 2.5 9.7 404 521 -95.5 15.8 49 44 4.2 16.3 0.9

Table6: Meanvaluesof someparametersat low (L) andmedium(M) or upper(U) levels for different
cyclonegroupings.

ζg ζg GC GC
L U L U

Shallow 42.4 - 2.0 -
Middle-depth 56.7 - 3.3 -
Deep 58.2 104.0 4.0 11.1
Summer 46.0 19.6 2.2 1.8
Autumn 49.6 48.4 3.1 4.9
Winter 53.9 61.7 3.8 7.3
Spring 52.5 41.4 3.1 4.5
Palos 47.8 13.2 1.9 1.2
Algeria 44.4 7.2 2.9 0.5
G. Genoa 56.7 44.6 2.4 4.5
IberianP. 40.1 10.9 2.0 1.1

Table7: Meanvalues(weightedto therelative numberof cyclonecentresthat reacheachlevel) of ζg and
GC at low (L) andupper(U) levelsfor differentcyclonegroupings.
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List of Figures

Figure 1: WesternMediterraneanareawith most of the geographicalnamesreferredto in the text, the

topographyusedby HIRLAM-INM-0 � 5o model(contourinterval 500m), thestudyareasfor detectionof

cyclonesat MSL (inner square)andat pressurelevels (outersquare)and2ox2o lat/lon squaredselected

regions(seetext).

Figure 2: MSLP (contourinterval 2 hPa) andcyclonecentre(*) for a) 6th November1999at 12 UTC and

b) 9th November1999at 06 UTC.

Figure 3: Temporalevolution(from 6thNovember1999at12UTC andevery6 hours)of differentvariables

for an intenseGenoacycloneeventat low (solid with dots),medium(dashedwith dots)andupperlevels

(solid with squares):a)MSLP, b) ζg , c) GC, d) ∇2T , e)RH andf) V.

Figure 4: Meanverticalprofile of differentvariablesfor cyclonesgroupedby thickness.Shallow cyclones

representedby solid lineswith dots,middle-depthcyclonesby dashedlineswith dotsandanddeepcyclones

by solid lineswith triangles.Panelsa) ζg , b) R, c) GC, d) V, e) ∇2T andf) RH.

Figure 5: Total numberof cyclonecentresfor a) summer, b) autumn,c) winter andd) spring. Contour

interval 25.

Figure 6: SameasFigure4 for cyclonesdetectedin summer(solid lineswith dots)andwinter(dashedlines

with triangles).

Figure 7: Total numberof cyclonecentresfor a) all thedatabase,b) shallow , c) middle-depthandd) deep

ones.Contourinterval 50 (25 for middle-depthcentres).

Figure 8: SameasFigure4 for cyclonesfrom theselectedregions.Cyclonesin theGulf of Genoarepresen-

tedby solid lineswith dots,Palosby dashedlineswith dots,IberianPeninsulaby solid lineswith triangles

andAlgeriaby dashedlineswith triangles.
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Figure 1: WesternMediterraneanareawith most of the geographicalnamesreferredto in the text, the
topographyusedby HIRLAM-INM-0 � 5o model(contourinterval 500m), thestudyareasfor detectionof
cyclonesat MSL (inner square)andat pressurelevels (outersquare)and2ox2o lat/lon squaredselected
regions(seetext).
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a) b)

Figure2: MSLP (contourinterval 2 hPa) andcyclonecentre(*) for a) 6th November1999at 12 UTC and
b) 9th November1999at 06 UTC.
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Figure3: Temporalevolution(from 6thNovember1999at12UTC andevery6 hours)of differentvariables
for an intenseGenoacycloneeventat low (solid with dots),medium(dashedwith dots)andupperlevels
(solid with squares):a)MSLP, b) ζg , c) GC, d) ∇2T , e)RH andf) V.
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Figure4: Meanverticalprofile of differentvariablesfor cyclonesgroupedby thickness.Shallow cyclones
representedby solid lineswith dots,middle-depthcyclonesby dashedlineswith dotsandanddeepcyclones
by solid lineswith triangles.Panelsa) ζg , b) R, c) GC, d) V, e) ∇2T andf) RH.
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a) b)

c) d)

Figure5: Total numberof cyclonecentresfor a) summer, b) autumn,c) winter andd) spring. Contour
interval 25.
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Figure6: SameasFigure4 for cyclonesdetectedin summer(solid lineswith dots)andwinter (dashedlines
with triangles).
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a) b)

c) d)

Figure7: Total numberof cyclonecentresfor a) all thedatabase,b) shallow , c) middle-depthandd) deep
ones.Contourinterval 50 (25 for middle-depthcentres).
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Figure8: SameasFigure4 for cyclonesfrom theselectedregions.Cyclonesin theGulf of Genoarepresen-
tedby solid lineswith dots,Palosby dashedlineswith dots,IberianPeninsulaby solid lineswith triangles
andAlgeriaby dashedlineswith triangles.
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