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Abstract

As mary studiesreveal, the WesternMediterranearexhibits a high frequeng of cyclone centres. Most
of themare smallandweak, but in somecaseshey arerelatedto heary rain and/orstrongwind events.
The climatologicalstudy of Mediterraneartyclonesis afirst, crucial stepto the betterunderstandingnd

forecastingof suchevents.

In thepresenpaperamethodto objectively detectandtrackmeansealevel (MSL) cyclonesfor theWestern
Mediterraneans described.Furthermorethe three-dimensionatharacterizatiorf eachMSL cycloneis

performedby meansof several parameters.This includesthe vorticity, thermaland humidity fields at
different pressurdevels wherethe cycloneis detectedaswell asthe wind speedprofile and the moist
stability overthe MSL cyclone.Both methodologiesreillustratedandvalidatedby areal case:anintense
eventof the well-known Genoacyclone. Detection,tracking and three-dimensionatharacterizatiorare
appliedto an 8-year(from Junel1995to May 2003)databas@f numericalanalyses.Theresultis a MSL

cyclonedatabaséor the WesternMediterraneanvith a descriptiorof theirthree-dimensionatructure.For

abetteranalysisgyclonesaregroupedn threedifferentways: by thicknessseasorandregion of detection.
Resultsshav that WesternMediterraneartyclonesarelocatedin specificgeographicategions,andtheir
location dependson the season. Several cyclonesare weak and shallov, mainly due to thermaland/or
orographiccausesOn the contrary othercyclonesarelarge andintenseandextendthroughouthe whole

troposphereDifferencesn cyclonestructuredependingnthelocationandseasorarealsodiscussed.
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1 Introduction

The climate of the Mediterranearis characterizedby hot, dry summersandwarm, relatively wet winters.
This is dueto the factthat the Mediterranearis locatedbetweenthe subtropicalanticyclone belt andthe
midlatitudewesterlies.This specialgeographicatonfiguration,a warm seasurroundedy high mountain
ranges resultsin significantlarge regional variations. So, in spite of the generallypleasantweatherthe
Mediterraneamegionis frequentlyaffectedby suddereventsof severeweatherespeciallyheavy rainand/or

strongwinds.

It is well known that Mediterraneartyclonesexert a large influenceon the weatherand climate of their
own andneighbouringegions(Radinoric, 1987). Thus,in the Mediterraneanlocal winds andrain distri-
bution arein mary casegelatedto cyclones. The relationshipbetweenrheary rain andcycloneshasbeen
demostratedn mary casestudies(e.g. Ramisetal. , 1994; Ramisetal. , 1998;Jan& etal. , 2000),and

alsofor large setsof caseqJansietal. , 2001;Romeroetal. , 1999).

The spatialandtemporaldistribution of extra-tropicalcyclonesaswell asthe mechanismsf cyclogenesis
and cyclone life-cycle have been,and still are, a major concernin dynamicalmeteorology Petterssen
(1956) shaved that the Mediterranearin general,andthe Gulf of Genoain particular are regionsthat
present high densityof cyclonesandcyclogenesisn winter for the NorthernHemisphereMore recently
Alpert etal. (1990)andMaherasetal. (2001)revealedtwo major cycloneregions,the Gulf of Genoaand
Cyprus,aswell asothersecondarypnessuchas Southernitaly, North Africa, the IberianPeninsulaand
the AegeanSea.Moreover, significantseasonatlifferencesandimportantdiurnal variationswerefoundin
thoseareas.The aforementionedtudiesfocusedon a synopticalpoint of view. Otherstudies performed
with high resolutiondataand thus able to detectmeso-scalestructures suchas Picornell et al. (2001),
Trigo et al. (1999)and Campinset al. (2000), offereda more detailedvision of the spatialandtemporal
distribution of Mediterranearcyclones,identifying regionswith a high frequeny of meso-scaleyclones

(suchastheregionto the southof the Pyrenee®r the Alboran Sea)notfoundin earlierstudies.

Althoughthe spatial,seasonaanddiurnal distribution of Mediterraneartyclonesalonecould suggesthe
mechanisménvolvedin how cyclonesoriginateandare maintainedthe systematicstudy of a large setof

casesprovidesa betterinsight into thosemechanisms.Trigo et al. (2002) shoved that the cyclogenesis



mechanismgor winter on the one hand,andfor summerandspringon the other, aredifferent. Thus,in
winter cyclogenesisnainly occursin thenorthernMediterraneacoast(the Gulf of GenoaAegeanSeaand
Black Sea),andis relatedto upperlevel synoptictroughs,the orographyandlow-level baroclinity. Onthe
contraryin spring,andespeciallyin summer cyclogenesioccursover land (the IberianPeninsulaNorth
Africa andtheMiddle East)dueto thermaleffects.In theseregionscyclogenesigxhibitsacleardependence
onthediurnalcycle. Moreover, cyclogenesisn the Saharaduring springis alsoaffectedby orographyand
by theincreasén low-level thermalgradients.A similar studywasperformedby Flocaset al. (2001),but
adoptechdifferentperspectie. In thatpaperthehorizontalandverticaldistribution of geostrophiaorticity
over the Mediterranearbasin,aswell asseasonahnddiurnal variations,wereanalysed.The studyof the
verticalvorticity structurefor thetwo majorcyclonic vorticity maximaover the Mediterraneamegion (one
in the Gulf of Genoaand Southernltaly andthe otherin the AegeanSeaand Cyprusarea)revealedthe
different cyclogenesisnechanismsactingin the westernand easterrbasin. Anotherway to analysethe
mechanismgvolvedin Mediterranearmyclogenesiss basedn the diagnosisandnumericalsimulationof
selecteccasesThecyclogeneticole of orographywasinvestigatedor majormountainrangessuchasthe
Alps or the Atlas (e.g. BuzziandTibaldi, 1978;Alpert etal. , 1996). Othercyclogeneticafactorssuchas
sea-surdicesensible]atentheatfluxes,latentheatreleasedueto the corvectionor upperlevel forcing may
alsobe mentioned(e.g. Alpert etal. , 1996; Romeroet al. , 1997; Romero,2001; Homaretal. , 2002;

Homaretal. , 2003).

A betterunderstandin@f spatialandseasonaVariability of Mediterraneartyclonesaswell asthe mech-
anismdeadingto cyclogenesiglysis) area majorconcernfor the meteorologyof theregion, especiallyfor
thosecyclonesrelatedto severeweather MEDEX (MEDiterranearEXperimenton cyclonesthat produce
highimpactweatherin the Mediterraneanjs a Researcland DevelopmentProject,framedinto the World
WeatheResearchProgramof the World MeteorologicalOrganizationwhosemainobjectiveis to increase
knowledgeandimprove forecastingof cycloneswhich producehigh impactweatherin the Mediterranean.
To achieve this aim, amongother specificobjecties, to elaboratea dynamicalclimatology of Mediter
raneancycloneswas proposedseeMEDEX SciencePlan Phasel at http://mede&.inm.uib.esfor further
information). To advancetowardsthis objective, in the presetpaperthe study of a large setof meansea

level (MSL) cyclonesfor the WesternMediterraneafWM) is performed.First, cycloneswill be detected



andtrackedby anobjective way by usingan extendedperiodof 8 yearsof numericalanalysesLater, each
cyclonewill bethree-dimensionallgescribedy a setof variables suchastheverticalextension yvorticity,
thermalandhumidity structure yverticalstability, wind sheayetc. As aresult,aWM cyclonedatabaseyith
a completedescriptionof themis obtained. Finally, spatialand seasonavariations,aswell asthe main
featuresof the three-dimensionastructureof WM cyclonesare explored, paying specialattentionto the

enhancedayclonic actvity regions.

The presentpaperis structuredas follows: in section2 the dataand the algorithm usedto detectand
track WM cyclonesaredescribed.In section3 the methodologyto three-dimensionallgharacterizéVM
cyclonesis presented.The ability to detectand describeWM cycloneswill be discussedy meansof
an examplein section4. Resultsarediscussedn section5. Finally, section6 containssomeconcluding

remarks.

2 Data and cyclone detection algorithm

The primarydatausedin this studyarethe operative analyse®f the High ResolutionLimited AreaModel
(HIRLAM) fromthelnstitutoNacionaldeMeteorologiaINM) ataresolutionof 0.5°x0.5° latitude-longitude
(theso-calledHIRLAM-INM-0 .5°). Theanalysisdomainis boundedetweer65° N-15.5° N and66.5° W-
30° E. Theanalysiss basedntheoptimuminterpolatiorschemewhichis multivariatein threedimensions
for themassandwind fieldsandunivariatefor therelative humidity. As afirst guesgsheH+6 modelforecast
is used(Gustafsson1991). An 8-yearperiod,from June1998to May 2003, of 6-hourly (00, 06, 12 and
18 UTC) analyse®f meansealevel pressurédMSLP), geopotentia(Z), temperaturdT), relative humidity

(RH) andhorizontalwind componentareused.

Mediterraneartyclonesspreadfrom synoptic-scaleyclones(Alpert et al. , 1990; Maherasetal. , 2001)
to meso-scalmnes(Campinset al. , 2000; Picornellet al. , 2001). Somerecentstudies(Trigo et al. ,

1999;HoskinsandHodges2002)have revealedthatMediterranearyclonesaresmallerin scalethantheir
Atlantic counterparts As is well-known, meteorologicaphenomenaxhibit a large variety of spatialand
temporalscales. The resolutionof a NumericalWeatherPrediction(NWP) modeldetermineghe scales

that are detectable. Thus, for gridded NWP modelsthe horizontalscaleis determinedby the grid-size,



andthe vertical resolutionby the numberof levels. Therefore,in orderto preciselydescribesmall-scale
cyclonesthe useof high resolutionoriginal fields is best. However, someproblemsarisewhen calcula-
tions are made. Somederived fields, obtainedby meansof derivatives (suchas vorticity) could be very
noisy, andsmall-scaldeaturescanmaskhigherscales.Consisteng betweenspatial(horizontal)andtem-
poral scalesis desirableif cyclonetrackingis performed(Blenderand Schubert,2000). When looking
for three-dimensionatyclonefeaturesjt seemdogical to demanda similar consisteng betweenthe ho-
rizontal, vertical andtemporalcoordinates. The temporalresolutionof HIRLAM-INM-0 .5° analysess 6
hours. Sevenlevels (MSL and1000,925, 850, 700,500 and 300 hPa) are chosenfor the vertical resolu-
tion. Thereforea horizontalscaleof a few hundredkm seemsadequateAs theresolutionof the original
HIRLAM-INM-0 .5° fieldsis around50 km filtering of the small scaless necessaryfFor the presenstudy
the Cressmarfilter wasused(asin Picornellet al. , 2001 and Sinclair, 1997). This scheme(Cressman,
1959)is adistance-weightedlgorithmwidely usedfor objective spatialanalyseswhich averagesachgrid
pointwith all the neighbouringgrid pointsat a distancer < ro usingweightsof (ro? —r2)/(ro? +r?). The
selectiorof rq is obviously subjectve anda certainnumberof valuesweretested Finally it wasdetermined

thatavalueof ro = 200km s consideredo provide anaccuratedescriptionof WM cyclones.

As mentionedabore, we are interestedn the main featuresof MSL cyclones,aswell asin their three-
dimensionalstructure. For that reasona methodfor detectingcyclonesthroughoutthe tropospheras

neededNext, amethodfor detectingcyclonesatMSL andatthepressurdevelsis describedlt isimportant
to remarkthatthe presenprocedurds basedon MSL cyclonesthatarethree-dimensionallgharacterized

andit is notacycloneclimatologyfor 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;Lefevre andNielsen-Gammornl 995). To definea cyclone,MSLP or Z
(Alpertetal., 1990;Trigo etal. , 1999;Maherasetal. , 2001;Bell andBosart,1989)andvorticity (Sinclair,

1997;Lefevre andNielsen-Gammonl995)areused.In Murray andSimmondg1991),MSL cyclonesare



detectedasclosedcentregminimumof MSLP)andalsoasopenones(maximumof Laplacianof MSLP).In
HoskinsandHodges(2002)bothapproachedpw andupperlevelsandMSLP or Z andvorticity (amongst
otherparametersiireusedto characterizavinter NorthernHemispherestormtracks. Theseauthorsfound
small differencesbetweenMSLP (or Z) andvorticity, althoughsmallerscalefeaturesweredetectedwith

vorticity.

211 Cyclonesat MSL

The objective detectionmethodof cyclonesfrom MSLP is basedon Picornelletal. (2001). In thatstudy
WM cyclonesweredetectedasa relative MSLP minimumfor a4-yearsetof HIRLAM-INM-0 .5° analyses.
As the study was focusedon small-scalecyclones,low pressurecentreswere detectedrom the original
fields,althoughto avoid very weakcentresathresholdvasimposed0.5 hPa/100km) onthemeanpressure
gradientaroundthecyclonecentre. Howeverin thepresenstudy we areinterestedn thethree-dimensional
descriptionof WM cyclones,andthenas previously mentionedMSLP are smoothedusingthe Cressman
filter (with ro = 200km). Thusa cyclonecentreis detectecasa minimumin the smoothedVSLP field,

overcomingthe samepressurgradientthreshold.

Finally, eachcyclonecentreis trackedthroughoultts life-cycle. A wide variety of proceduresreavailable
for the tracking of cyclones. Fromthe 'simple’ nearesheighboursearchprocedurg(Trigo etal. , 1999;
Blenderet al. , 1997 and Serrezeet al. , 1995)to more sophisticatedechniquedasedon the synoptics
and physicsof the cyclones. An exampleof the latter approachis the schemeproposedn Murray and
Simmondg1991),andsubsequentefinementgSimmondsandMurray, 1999;Simmondsetal. , 1999).In

thatschemeathreestageprocesds proposedIn thefirst stagethe next positionof the cycloneis predicted
by meanf steering Next, theprobability of identificationbetweerthe projectedcycloneandeachcyclone
atthe new time is calculated.Finally matchingis performedto maximisethe calculatedprobabilities. In

the presenpaperanintermediatgprocedurds used.lt is baseduponAlpert etal. (1990)with someof the
modificationsappliedin Picornelletal. (2001). Whena cyclonecentreis detectedat certaintime thenwe

searchor its presencén the next analysis(in this case6 hourslater)in anelliptical domain. This domain
extendsalongthewind directionat 700 hPa (consideredasthe steeringevel) over the cyclonecentre,and

spreadgiependingon the meanwind speedat this level. If a cyclonecentreis found insidethe elliptical



domain,thenit is assumedo be the samecyclone,if not, cyclolysis occurs(for moredetailsthe readeris

referredto Picornelletal. , 2001).

2.1.2 Cyclonesat isobaric levels

The detectionalgorithm of cyclone centresat a certainpressurdevel is similar to that usedfor MSL: a
minimum valueis requiredin the smoothedZ field, overcominga certainZ gradient(4 gpm/100 km).

However, in somecasesespeciallyat upperlevels andwith strongmeanflow, cyclonesare not closed.
Thus,thecyclonedefinitionatisobariclevelshasto beenlagedin orderto allow for opencentresor troughs.
An opencycloneis characterizedby a local maximumof geostrophiovorticity ({g ). However, although
smoothedields areused,alarge numberof (g maximaarefound,dueto the shearand/orcurvatureof the
Z field. Thus,to remove small-scalelg maxima,a criterion basedon geostrophiccirculation (hereafter
GC; seeAppendix)is adopted.As athreshold,a valueof 0.5 10’nm?s ! is imposed.Both thresholdsfor

closedandopencyclones,areempirically choserfor their ability to rejectweakcentres.

2.1.3 Connection of cyclone centres at different pressurelevels

Onceall the’potential’ cyclones(openor closed)areobtainedat MSL andat the differentpressurdevels,
the vertical connectionbetweenthemis performed. First of all, startingfrom the MSL, we look for the
presencef a cyclonein the uppernext level within a circular region aroundthe cyclonecentre,which is
calledthe’searchradius’. If acentreis foundthentheuppernext level is examined;if nottheverticaltop of
thecycloneis reached This level is the so-calledthe’top pressurdevel’ of the cycloneanddeterminests
thickness Whentwo or morecentresarefoundin the’searchradius’theonewhichis closesto thecyclone
centreis selected Furthermoreclosedcentresare prioritized althoughwhena centrechangedrom closed
to open,only opencentresarethenlookedfor. This procedurds repeatedif necessaryup to the 300hPa

level.

The 'searchradius’ hasto take into accountthe tilt of the cyclone’s vertical axis, and shouldnot be ex-
cessvely large, asthatwould allow differentcyclonecentresto be connected.The 'searchradius’is not

constantandincreasewith height. From the analysisof several casestudies(not shaovn) the valuesin



Tablel areadopted.

2.2 Study area

To determinethe studyareato detectcyclonesin the WM, somefactorshave to betakeninto account:i)
theareaof HIRLAM-INM-0 .5° , especiallyits easterrborder(at30° E), ii) theverticaltilt of thecyclone’s
axisandiii) theneedfor anadditionalareaaroundthe studyareain orderto calculatethe cyclonedomain.
Undertheserestrictions the study areafor the detectionof cyclonesat MSL extendsbetween29® N and
49° N andbetweerl2’° W and18° E. To detectcyclonecentresatisobariclevels,the studyareais extended
5° latitude/longitudebeyond the MSL area,exceptfor the easterrborder which remainsat 18° E. The
areathus extendsbetween24® N and54° N, and between17° W and 18° E (seeFigure 1). Obviously,
someproblemscouldarisefor cycloneslocatedcloseto theboundariesbut this only affectsaveryreduced
numberof centres. Although a clear limit betweenthe westernand easternbasinsdoesnot exist, it is

assumedhatthe studyareacompriseghe so-calledWM.

3 Three-dimensional cyclone characterization

OnceMSL cyclone centresare detectedandtracked in the vertical (at successie isobariclevels) andin

time (at successie analyses)the next stepis to characterizeéhem. An initial groupof parametersiescribe
generafeaturef cyclonesfor instanceshedateof appearancgndthesearelistedin Table2. Anotherset
of parameterslescribethe vertical structureof MSL cyclonecentreswhich arethencalculatecat MSL, as
well asatisobariclevels. Althougha completdlist is presentedn Table3, next amoredetaileddescription

is providedfor someof theseparameters.

A key parameteiis the cyclone domain,asthis allow oneto calculatenot just the size of cyclones,but
also the domainwhere meanvaluesof several parametersare calculated. As in Picornell et al. (2001)
the cyclonedomainis definedasthe region aroundthe cyclone centrewith cyclonic circulation, thatis
with {g > 0. Thus, startingfrom the cyclone centre,a searchis maderadially outward looking for the

locationwhere{g = 0. In contrastto Picornell et al. (2001), whereonly 4 directionswere explored,



this proceduresearchesadially in 16 directionsarounda completecircle (thuswith a radialincrementof
22.59). The cyclonedomainis composedoining the endsof successie radii R; (i=1,16). Theincreasén
radialdirectionsfrom 4 to 16 signifiesanincreasen theaccurag of the calculationof the cyclonedomain.
Finally, two parametersre calculated:the areaenclosedoy the cyclonedomain(A) andthe meanradius

(R), whichis the meanvalueof the 16 R;.

However, in somecaseghe cyclonedomaincanincludemorethanonecyclonecentre.In thesecaseshe
mostintensecentreis consideredo be the principal centreandthe other(s)is (are) catgyorisedasbeing
as secondary(ries) For secondarycyclonesthe cyclone domainis obtainedby searchingradially in 16

directionsuntil {g = 0 or until theradial{g gradientchangesign(whicheveroccursfirst).

Anotherkey parameteis the cyclone strength. The MSLP at the low centre,the MSLP deepeningate,
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).1n contrastSinclair(1997)andPicornelletal. , (2001)usedcirculation,whichcombines
local valuesof vorticity andthesizeof thecyclone.In the presenstudythegeostrophiaalueof circulation

(GC)is used althoughMSLP and{q arealsorecorded.

Someparameterdisted in Table 3 are obtainedas grid-point valuesat the cyclone centre(e.g. MSLP),
andothersasthe meanvaluearoundthe cyclonecentre(e.g. RH). Initially, meanvaluesinto the cyclone
domainwereobtainedput for largedomainghe outlying valuessmoothedheresult. For thatreasonmean
valuesarefinally calculatedor the setof grid-pointvaluesincludedin aninnercyclonedomain,definedas

thedomainresultingfrom 16 shorterradii R (= R;/2).

To determinghepresencef thermaldiscontinuitiessuchasfrontswithin the cyclonedomainthetemperat-
ureandequialenttemperaturgradient§|0JT| and|OTe| ) arecalculatedIn addition,theLaplacianof tem-
peraturg(J2T ) is recordedo discriminatebetweenwarm-corecyclones(e.g. thermalor orographidows)
andcold-corecyclones(cut-off lows). A warm (cold)-corecycloneis characterizedy warmer(colder)air

nearits centrethanaroundits periphery andthusby negative (positive) J°T values.

The aforementionegharameterare calculatedor eachisobariclevel wherethe cyclonecentreis present;

thatis, from MSL (or 1000 hPa for thermaland humidity parametersjo the cyclonetop pressurdevel.



It hasto betakeninto accountthat vertical profilesare not performedover the MSL cyclonecentre,asa
certaintilt usuallyis present.However, by meansof summarya meanvalue of thoseparametersat some
layersarealsoobtained.Thus,a shallov-layervalueis obtainedby averagingvaluesfrom MSL (or 1000
hPa) to 850hPa, anda medium-layewvaluefrom 700 hPato 500hPa. At the upperlayerthe 300hPavalue
is consideredAs anexamplethetemporalevolution of GC for low (GCy ), medium(GCy) andupper(GCy)

levelsis presentedn Figure3.

Finally, in orderto characterizéhe air columnoverthe MSL cyclone,andin spiteof its verticalthickness,
two moreparameterarecalculatecvereachMSL cyclonecentre:moiststaticstability (o) andthevertical
profile of the horizontalwind speed(V). Moist static stability is calculatedusing equivalent potential
temperatureé, for threedifferentlayers: 1000-850hPa, 850-500hPa and925-500hPa. CorverselyV is
obtainedfor all theisobariclevels,from 1000hPato 300 hPa. In addition,thewind speedshearof the air

columnoverthe MSL cyclonecentrecanbe obtained andmayberegardedasa measuraf baroclinity.

4 Example. Intense Genoa cyclone

To illustratethe applicationof the aforementionednethodologies real casewill be analyzed:anintense
Genoacyclone, which took place from the 6th to the 9th of November1999. It is a well studiedand
documentedaseasit wasselectedasthe IOP 15 of MAP (Buzzietal. , 2003)andasamainMEDEX case

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

The Genoacyclogenesideganon the southsideof the Alps andmovedsouth-eastards,alongthe Tyrrhe-
nian Sea(seeFigure2). The procedurecorrectlydetectedhe cyclonefrom the beginning,onthe 6that 12
UTC, andtrackedit up to the9th at06 UTC whenit left the studyarea(althoughit seemghatthe cyclone

continuedmoving towardsthe EasterrMediterranean).

In the beginning (6th at 12 UTC) the cyclone centrewas composeddy a closedcentrefrom MSL up to
850hPa (theleecyclone),connectedvith a maximumof g , relatedto anupperlevel troughreachingthe
Alps. As a consequencet thatmomentthe cyclonecentreexhibited a certainvertical axistilt. Six hours

later (the 6th at 18 UTC) the upperlevel troughevolvedto a cut-off centreandthe cyclonewasclosedat
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all levels,but axistilt remained Fromthis momentup to the endof theeventthecyclonecentrewasclosed
at all levels, andpracticallyvertically aligned. During the first 18 hours(the intensifingphase)MSLP at
thecyclonecentre(seeFigure3(a)) rapidly decreasedaccompaniedy anintenseincreaseof thelow-level

(g , cyclonesizeandthe GC. Thefilling phaseof the cyclonewasmoregradual with a slow increasen

the MSLP centreand a decreasén the (g , cyclonesizeandthe GC. This evolution resembleghe two

phasegor Genoacyclogenesiglescribedn BuzziandTibaldi, 1978andAlpert etal. ., 1996,which area
rapid’trigger’ phasedueto the interactionof the Alps with the frontal layer anda more usual’baroclinic
development’phase.At upperlevels (500 and 300 hPa) the GC increasedo its maximum30 hoursafter
the cyclogenesigand 12 hoursfrom the minimum MSLP). Thethermalstructurerevealeda warm-core(a
leecyclone)atlow levels,decreasingo neutralor cold-coreasthe episodeprogressedThis wasprobably
dueto the warm anomalyon the lee side of the rangeand the subsequenspreadingof cold air into the
Mediterranearalthoughstrongthermalgradientsverenotdetected At upperlevelsthe cyclonecentrewas
cold-core(a cut-off), with intensethermalgradientgprobablydueto the jet streak) decreasingvith time.

Theevolution overtime of severalparameteratlow, middle andupperlevelsarepresentedn Figure3.

5 Reaults

As maybe seenin panela) of Figure7, cyclonecentresspreadacrosghewhole WM area,althoughsome
areasexhibit higherfrequeng, with the outstandingnaximumbeingaroundthe Gulf of Genoa.A large
numberof cyclonecentresarealsodetectedn the IberianPeninsulaPalos,inland Algeria andthe Atlantic

coastof Morocco. With an appreciablenumberof centres,but to a lesserextent, the Balearicand the
Adriatic Seasmay alsobe mentioned.The aforementionedegionswith a high densityof cyclonecentres
agreewith otherstudies performedat a similar or lower resolution(e.g. Alpert etal. , 1990;Trigo etal. ,

1999;Maherasetal. , 2001). Corversely someregionswith a high densityof small-scalecyclonecentres,
suchastheregion at the southof the Pyreneege.g. Campinsetal. , 2000;Picornelletal. , 2001)arenot

detectedat the presenspatialresolutionasthey have beenfilteredout.

Summer(winter) exhibits the highest(lowest) frequeng of cyclone centreg(33.3% and 18.2% respect-

ively). In springthefrequeng is similarto summen(27.5%) andin autumnsimilar to winter (21.0%). In

11



termsof vertical extension, WM cyclonesare mainly shallav (51.1%), althoughanimportantportion of

themoccupieghewholetropospheré37.8%).

A more detailedexploration of the objective cyclone databaseevealsconsiderablevariability. Cyclone
centresarelocatedin somepreferredregions,but this is seasordependantFurthermoresomecyclonesare
intenseandoccuypy the whole tropospherewhile othersareweakandshallav. For a betterunderstanding
of the cyclonedatabasegspeciallyof the cyclones’'three-dimensionadtructure the cyclonesaregrouped
in threedifferent,yet complementaryways: by thicknessseasorandregion of detection.Next, the mean

featuresof eachgroupingarestudied.

5.1 Grouping by thickness

Shallov cyclonesare consideredo be thosethat extend from MSL up to 850 hPa, middle-depthup to
500 hPa anddeepup to 300 hPa. Somecautionsshouldbe takenwith very shallav cyclones,especially
thoseoverland,asdueto interpolationthey couldin factbefalse,andshouldperhapseremovedfrom the

database.

5.1.1 Seasonal distribution

The seasonatlistribution of cyclone centresfor eachthicknessgroupis clearly different(seeTable 4).
Thus,shallav cyclonesdevelopmainly in summerwhile only asmallporcentagef themappeain winter.
Corversely deepcentresare presentin all seasonsbut to a lesserextentin summer Finally middle-
depthcentresare predominantn summerand autumn. Thesedistributions are obviously relatedto the
maincyclogeneticamechanisnactingin eachseasonbut alsoto generalatmosphericirculation. During
summeyantigyclonic circulationdominateshe WM at upperlevelsandonly the Gulf of Genoaregion and
thewesterncoastof the IberianPeninsulareinfluencedby cyclonic vorticity. So,althoughmary shallov
cyclonesaregeneratedhey cannotextendvertically (neitherclosednor opencyclonecentres) Corversely
in winter, andalsoto a lesserextentin autumnand spring, cyclonic circulationdominatesdueto upper
level troughsmoving from westto east(seeFlocasetal. , 2001)andsomary MSL cyclonescanreachthe

300hPalevel.
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5.1.2 Mean three-dimensional structure

Mean vertical profiles of somevariablesare calculatedfor all the cyclone centresgroupedby thickness
(shallaw, middle-depthanddeep).exceptfor V, which vertical profilesareobtainedfrom 1000to 300hPa.
Comparisondetweengroupsmay only be performedfor variablescalculatedat commonisobariclevels:
for instancesit is not possibleto comparghe GC at 700hPafor deepandshallon cyclones becausén the
latter caseno value canbe obtained. Meanvertical profilesare displayedin Figure4 andsummarizedn

Table6.

Meanvaluesof (g arelarger ascyclonethicknessincreasesgxceptat low levels wheremeanvaluesare
similar for the threegroups. Clearerdifferencesare obsenedfor R andGC. Thus, on average,shallov
cyclonesaresmallerandlessintensethandeeponesatall levels. This reflectsthe consisteng betweerthe

horizontalandverticalscales.

Shallov centresexhibit a strongerwarm-corecharactethanmiddle-depthanddeepones.At 700and500
hPa middle-depthcentresarewarm-corewhile deeponesare cold-core especiallyat 500 hPa. Also mean
valuesof |OT| and|OTg| (notshown) arelargerat low levelsfor shallav andmiddle-depthcyclonesthan
for deepones,exceptat 500 hPawheredeepcyclonegradientsarelargerthanmiddle-deptiones;however

thedifferencesaresmall.

Thebalancébetweergeostrophyandhidrostaty(thermalwind) is usefulto find somerelationshipdetween
pressureandtemperaturdields. Thus,warm-core(cold-core)cyclone strengthdecrease@increasesyith
height. As such,mosttypical warm-corecyclonessuchasthermallows or lee depressiongre shallow.
On the contrary cold-corecyclones,suchasthosefoundin mid-latitudesin winter, extendthroughouthe

wholetroposphergBluestein,1992).

Shallov andmiddle-depthcyclonespresentower RH atall levelsthandeepones exceptat 500hPawhere
meanvaluesarethe same. The differencesarelarger at low levels. This is probablydueto the fact that

mary shallov (deep)cyclonecentresarelocatedover land (sea).

Whencomparinghemeanverticalprofilesof V, smalldifferencedetweergroupsmaybeobsened. How-

ever, shallav cyclonespresenaweakermearV verticalprofile thanmiddle-depttanddeepcyclones.Mean
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wind speedsheaiis alsosmallerfor shallav cyclonesthanfor middle-depthanddeepcyclones.

Finally, a differentvertical stratificationis obtainedfor shallov centreson the onehandandmiddle-depth
anddeeponesonthe other(seeTable6). Thus,on average shallov centrespresentow o (for both 1000-
850 and850-500hPa layers). Corversely middle-depthanddeepcentrespresenta stablevertical profile.

In thelatercasethis is dueto the high stability of the 850-500hPalayer. In the 1000-850hPalayercentres

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

5.2 Seasonal grouping

Temporalgroupingis performedby separatinghe cyclonecentresnto seasonsPerhapsa moreaccurate
visionwould beobtainedf groupingby monthswereto beused butin thatcasethe high numberof groups
would hinderthe analysis. Otherpossibletemporarygroupingcriteria, suchasyearsand hours,may be

consideredn laterstudies.

In the presenstudysummeltis composedy June July andAugust;autumnconsistsn SeptembeiOctober

andNovemberwinterin DecemberJanuaranFebruaryandfinally springincludesMarch, April andMay.

5.2.1 Spatial distribution

From Figure5 it is clearthat WM cyclonesarelocatesin differentregionsdependingon the season.In
summercyclonecentresendto concentrat@ver land: the Iberian Peninsulajnland Algeria andthe Mo-
roccancoast.However, a high densityof centreds alsodetectedn the Gulf of Genoathe Gulf of Venice,
andPalos,andto alesserextentin the BalearicSea.Corwverselyin winter, cyclonecentregendto befound
over the sea,with anoutstandingnaximumin the Gulf of Genoa.In springspatialcyclonedistribution is

similarto summerandin autumnspatialcyclonedistribution is similar to winter .

If we focuson the areasof maximumfrequeng, the aforementionedeasonalitys evenmoreevident(see
Table 4). Thus,in the Gulf of Genoamary cyclonesare detectedalongthe whole year but especially
duringthe summer Thelarge numberof Genoacyclonesin summercontrastaith previousstudiegbased
on synoptic-scalecyclones)and further supportsthe importanceof dataresolutionin the Mediterranean

region. On the contrary the Iberian Peninsulaexhibits a high concentratiorof cyclone centresonly in
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summer In winter andspringa maximumis alsodetectedbut shiftedto the SE. Thepresencef athermal
low in the IberianPeninsuladuring summey but alsoduring the late springand early autumniis frequent
(Portelaand Castro,1996; Hoinka and Castro,2003). In inland Algeria cyclonesare mostly detected
in summey andto a lesserextentin spring. However in autumnand especiallyin winter cyclonesare
practicallyabsentFinally, in Paloscyclonespredominantén summeybut anappreciabldrequeng is also

detectedn autumn.

Thesedistributionsonceagaindemostratehe thermalcharacteiof mary WM cyclones. During summey
andto alesserextentspring,the differentresponsef land andseato the strongthermalheatingproduces
relative low pressureover the mainland. On the contrary during winter the MediterranearSeaforms a
warm pool againsthe cold continentaland anda depressionaryendeng over the seais produced.Both
thermalcontrastsjn winter andsummey arein factobsenedin MSLP charts(for a generaldiscussiorof

MSLP andmeansurfacetemperatur@ver the MediterranearasinseeRadinwic, 1987).

5.2.2 Mean three-dimensional structure

As Figure 6 shows thereareclear differencesbetweensummerandwinter meanvertical profiles. Spring
andautumnprofiles (not shown) fall in betweensummerandwinter ones. Table 6 summarizeghe main

results.

For both seasonwertical profiles of {g exhibit high valuesat lower and upperlevels, where{g maxima
sourcesarelocated,andsmall valuesin middle ones. However, the meanprofile of {4 is largerin winter
thatin summey exceptat MSL and1000hPa. Also R increasesvith heightin both seasongndis larger
in winter thanin summerat all levels. As GC is basedon {4 andcyclonesize, the vertical profile of GC
presentdeaturesof both the aforementionedariables;thatis, a smalldecreasérom MSL up to 850 hPa
andfrom 850hPalevel up to 300 hPa a clearincreasds obtained.Cyclonesaremoreintenseat all levels

in winter thanin summer

For a certainparamete(for instanceGC) andfor a certaingroup (for instancesummercyclone centres),
meanvertical profile is obtainedby averagingfor eachisobariclevel the valuesof all the centresdetected

atthatlevel. Then,in generaltheaveragefor lower levelsis determineconsideringalmostall the elements
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of the group,while for upperlevelsonly someof themareused.In the presenttase,in summenessthan
20 % of cyclonecentreseachthe 300 hPa level, andsothe meanvalueat this level is calculatedusinga
smallpartof thetotal numberof cyclones.This doesnotreflectthatin summerthe majority of centresare
shallaw, with no cyclonecentreat upperlevels. To 'correct’ this, the valuesof (g andGC at eachpressure
level areweightedto the relative numberof cyclonesthatreachthis level (seeTable7). Thus,while values
atlow levelsarevery similar (but lower), weightedvaluesat upperlevelsareconsiderablyjower (compare
Tables6 and7). Thus,in summeycyclonesarevery weakcomparedvith winter ones,especiallyat upper

levels.

Mean 0?T exhibits negative (warm-core)for low levels and positive (cold-core)for upperones. The
separatior(0°T = 0) is locatedat 700 hPaandalsoat 300 hPa, wherethe presencef the tropopaus&an
be obsened (on averagein winter the tropopauses below the 300 hPa level andin summerit is above
thatisobariclevel). Meanprofilesof 02T aresimilar throughouthe wholeyearexceptat low levels (925
and 850 hPa) wherethe warm characteiis greaterfor summerandat 500 hPa wherethe cold characteiis
strongerin winter. A clearerseparatiorbetweerseasonss obtainedfor the meanvertical profile of |OT]|

(not shawn). Cyclonesexhibit largervaluesat the low levels (1000and 925 hPa) in summerandat upper

levels(500and300hPa) in winter.

Meanseasonaprofilesof RH arealsoclearly different,especiallyat low levels, with the highestonesin
winter andthe lowestin summer Again this is probablydueto the maritime(continental)ocationof most

of thewinter (summer)cyclonecentres.

The meanvertical profile of V shavs anincreasewith height. Meanvaluesof wind speedandwind speed

sheararevery similarin all seasongxceptin summeimwherethey arethelowest.

Finally vertical stratificationover MSL cyclone centresis considered. When the 925-500hPa layer is
analysedseeTable 6), summercentrespresenton average the loweststability, while winter centresthe
highest.In moredetail(notshavn), the 1000-85thPalayeris potentiallyunstablen summerandespecially

soin autumn.For the 850-500nPalayer, in summerstability is still low but in winter thisis very high.
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5.3 Grouping by regions

As mentionedbefore,althoughcyclonesare spreadalongthe whole WM basinin someregionstheir fre-
gueng is heightened.Theseregionsarethe well-known cyclogeneticakegionsandit may be interesting
to investigatetheir main characteristicsTo do thatfour regionshave beenselectedthe Gulf of Genoathe
IberianPeninsulaPalosandinland Algeria. For simplicity 2°x2° lat/lon squaredegionsareselectedsee
Figure 1), which may be consideredasrepresentatie of their surroundingareas.Theseregionsrepresent

morethan12 % of thetotal numberof cyclonecentres.

5.3.1 Distribution by thickness

The spatialdistribution of cyclonecentresdependingon their vertical thicknessagainshaws relevant dif-
ferencegor the WM in generabndfor the selectedegionsin particular(seeFigure7 andTable5). Onone
hand,mary cyclonesin the Gulf of Genoaaredeep,althougha high frequeng of themarealsoshallow.
Howeverontheotherhandcyclonesocatedin thelberianPeninsulaPalosandAlgeriaaremainly (> 75%)
shallawv or evenvery shallov andonly very few of themoccupy thewholetroposphereThe frequeny of

middle-depticyclonesis appreciablén the Gulf of Genoaandto alesserextentin Algeria.

In theGulf of Genoabothorographyandthermal-forcingespeciallyin winterwhenthedifferencebetween
seasurfaceandsurroundingcontinentalair temperaturare higher) suggesthe existenceof shallov lows
throughoutthe whole year Also, but to a lesserextent, deepandintensecyclonesare obsered, usually
relatedto upperlevel troughs(for a generalreview see”Cyclogenesidn the lee of the Alps”, Buzzi and
Speranza,1983Basedon profilesof negative geopotentiaknomaliesand{y , Maheraset al. (2002) have
shawn thatin winter synoptic-scaléGenoacyclonesare very intenseand connectedo thermalcontrast
betweerseaandair. In addition,the upperlevel dynamicsseento be moreimportantin springandautumn
while the orographiceffect seemgo contritute more significantlyin winter and spring. However, in the
presenstudymary deepcyclonesarenotintenseasthey arecomposedy shallov cyclonesthatconnect

with upperlevel {; maxima.As a consequencadeepcycloneis not equivalentto anintenseone.

Corverselyin thelberianPeninsulahermallow is mainly a shallov cycloneasHoinkaandCastro(2003)

shaved. They found a meandepthcloseto 2800 m above MSL (between850 and 700 hPa) whenthe
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Laplacianof potentialtemperaturavasconsiderecasa measuref the cyclonethicknessandaround2300
m abovre MSL whenthe divergenceof thewind wasused.In the presenstudythe meanverticalthickness

for IberianPeninsuldows is alittle smallerthanin the HoinkaandCastro(2003)results.

5.3.2 Mean three-dimensional structure

As in the othercasesmeanvertical profilesfor differentvariablesareobtainedfor eachoneof the selected
regions. Theseprofilesdeterminethe three-dimensionadtateof the 'meancyclone’ for eachregion. The

following commentsarebasedn Figure8 andsomeresultsarealsosummarizedn Table6.

Meanverticalprofilesof {g arevery similar for all regions,exceptat 300hPafor Algeriancycloneswhere
(g is lower. With regardto meanvertical profilesof R andGC cleardifferencesbetweenAlgeria andthe
otherregionsappearln Algeria, atlow levels,cyclonesarelargerandmoreintensethatin theotherregions.

Onthecontrary atupperlevels,thesecentresarethe smallesandwealest.

Although 0°T valuesarenegative (thatis warm-corecyclones)at low levels (exceptat 1000hPa for those
from Palos)and positive (cold-corecyclones)at upperlevelsin the four regions,somedifferencesanbe
underlined,notablyat low levels. Cycloneslocatedin the Iberian Peninsulgpresentthe strongestwarm-
corecharacterOn the contrary althoughpositive valuesareobtainedat 500 hPain all regions,in the Gulf
of Genoastrongercold-corefeaturesstandout. Thermalgradients(not shavn) arevery similar in all the

regions:largeatlow levelsandsmallat upperlevels,exceptin the Gulf of Genoawherethereverseis true.

As we mentionedbefore,at low andmiddle levels the meanvertical profilesof RH mainly dependon the
areawherecyclonesare detected. Thus, cyclonesin the Gulf of Genoa(over the sea)exhibit the largest
valuesandthosein Algeria (inland) the lowest. In betweenwe have cyclonesin the IberianPeninsulaand
Palos(althoughat 1000hPavaluesarelargerin Palosthanin Iberiabecauséhey arelocatedover seaand

land). At upperlevelsmeanvaluesaresimilar for all theregions.

Themeanverticalprofile of V is similar for all regionsexceptin the Gulf of Genoawherevaluesarelarger,
especiallyat upperlevels. Wind speedshearis smallin Palos,the IberianPeninsulaand Algeria but large

in the Gulf of Genoa.
And finally o alsopresentspn average cleardifferencesdetweerregions(seeTable6). Thus,thecentres
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in boththe IberianPeninsulaandAlgeria presentweakstability, especiallyfor the 850-500hPa layer (not
shavn). On the contrary for centresin the Gulf of Genoaandin Palos, cyclonespresentiarger ge, but
the contritution from lower andupperlevelsis different. For the Gulf of Genoacyclonecentresthereis
potentialinstability for the 1000-850hPa layer andhigh stability for the 850-500hPa layer but for centres

locatedin Palos,thereis stability at the lower layerandweakstability in the upperone.

6 Concluding remarks

A methodto objectively detectandtrackMSL cycloneshasbeenpresentediFurthermorethis methodology
hasbeenextendedto isobariclevels, wherenot only closedcentres(minimum of Z) but also openones
(maximumof ¢y ) areallowed. From MSL, the presencef a cyclonecentreis searchedor in the upper
next level, upto 300hPa. ThenMSL cyclonesarevertically connectedip to theirtop pressurdevel andas
aresultthecyclonethicknesds obtained BesidesMSL cyclonesarethree-dimensionallgharacterizety
asetof variables.Thesealgorithmshave beentestedfor arealcaseandareintendedo provide acomplete

descriptionof the evolution of WM cyclonesaswell astheir three-dimensionadtructure.

The aforementionedlgorithms(detectiontrackingandthree-dimensionatharacterizationhave beenap-
plied to an8-yearHIRLAM-INM-0 .5° analysisdatasetAs aresulta WM cyclonedatabaséasbeenbuilt.
TheWM exhibits a high frequeng of cyclonecentresput cyclonecentresarelocatedat preferredregions,
dependingon the season Furthermoremostof the cyclonecentresareshallow, but animportantnumber
of deepcyclonesarefoundin certainregionsduring certainseasonsA threefoldgroupingis proposedo

explore cyclonecentrecharacteristicenoredeeply:by thicknessseasorandregions.

Shallov cyclonesare smaller with wealer intensity and wealker wind speedprofile thandeepones. In
addition,shallov centresexhibit astrongemwarm-corecharacterhigherthermalgradientaandlowerrelative

humidity thandeepones.

In summerandto alesserextentin spring,cyclonesaremostlyfoundoverland. Most of themareshallov
andwarm-core andseento berelatedto thermaleffects. Corversely in winter andautumn,cyclonesare

found preferablyover the seaand mary of themextendthroughoutthe whole troposphere Furthermore,
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althoughthe thermaleffect at low levels is alsoappreciablejt is wealer. At upperlevels the cold-core

charactepof cyclonesis presenthroughouthewholeyear, butis moreapparentn winter.

Cycloneslocatedin the Iberian PeninsulaPalosandAlgeria are,in general,shallov cyclones,relatedto
thermaleffects. Corversely cyclonesin the Gulf of Genoaexhibit amorewidespreadariety of typologies:
from shallov andwarm-corecyclones relatedto thermalheatfluxesandlee conditions,to deepandwell-

developedones relatedto upperlevel troughs.

Many WM cyclone centresconcentratecloseto main mountainranges. In addition, most of theseare
shallov andwarm-core Althoughthesefactsdo notdemostratéherole of orographyin thegeneratiorand
maintenancef thatcyclones,t doesseento berelevant. This suppositioris supportedy mary theoretical

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

In principle, thermalgradienty|OT| and|OTe| ) wereintroducedto distinguishbetweerfrontal andnon-
frontal (barotropic)cyclones.In thefirst casehigh valuesof the temperaturgradientwereexpectedwhile
for barotropiccyclones(suchas heator shallov orographiclows) small valuesof the thermalgradient
wereanticipated.However this generalpatternis not obsenedfor WM cyclones. This is probablydueto
the methodologyused. Indeeda frontal region, if it exists, occupiesa small portion of the total cyclone
domain. Thenwhena front is presenin the cyclonedomain,the associatedigh |CT| (or |OTg| ) values
are averagedwith lower ones. On the contrary barotropiccyclonesexhibit low valuesof |OT| around
the cyclonecentre,but thesesmall valuesare’'increased’'whenaveragedwith highervalueslocatedat the
peripheryof the cyclonedomain,wherestrongemgradientsareobsened. Thefinal resultis thatfor frontal
cyclonesmean|OT| and|OTe| decreasandfor barotropiclows they increase As a consequenceeither
|OT| nor|OTe| discriminatebetweenfrontal and barotropiclows andfor future studiesothervariables,

suchasthethermalwind, could betested.

To explorethe WM cyclonecentredatabasethreedifferentgroupingwayswere selected However, other
groupingcriteria could be utilised. Thus, a clusteranalysisbasedon variablesthat describethe three-
dimensionaktructureof cyclonescouldrevealseveralcyclone’typologies’andcouldallow oneto investig-
atetherelationshipbetweerthosetypologiesandheavy rain andstrongwind events.Othermethodologies

suchasprincipalcomponentanalysiscouldbe alsoinvestigated.
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The WM cyclonedatabaseouldalsobe usedto studyandanalyseselectetyclogenesisasestheir three-
dimensionaktructureandlife cycles(in a similar way to the exampleseenin Section4). In theframework
of the MEDEX projecta list of cyclonesthat producedhazardousveatherwas conducted.The detailed
analysisof sucheventscould revealthe importanceof the involved cyclogeneticaimechanismsndallow
themto be classifiedin well-known scheme®r allow new schemeso be formulated(similar to Baehret

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

Thepresentyclonedatabasés for theWM basin.AnotherMEDEX goalis to extendthecyclonedatabase
for thewhole MediterraneanThen,the samemethodologyhasbeenappliedfor the whole Mediterranean
to a 5-yearperiod (from Junel998to May 2003)of the operationalanalysesf the EuropeanCentrefor
Medium-RangeNeatherForecas{ECMWF). Preliminaryresultsof comparisorbetweencyclonesin the
westernandeasterrbasin(Gil etal. , 2003a)aswell asa comparisorbetweenHIRLAM-INM-0 .5° and
ECMWF analysedor the westernbasin(Gil etal. , 2003b)have beenperformed.Furthermorewne intend
to apply the samemethodologyfor the whole Mediterranearbasinto a large analysisdatasetsuchasthe
ERA-40. Thiswill allow usto extendthepresenstudyandgiveto theresultsamorerealisticclimatological
basis.In additionthe evolution of the numberof Mediterraneartyclonesandtheir mainfeaturescould be

studiedover alarge periodalongwith the possibleimpactof climatechange.
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Appendix

Geostrophic vorticity and geostrophic circulation

In isobariccoordinatesthe vertical componentof the geostrophicvorticity ({g ) is proportionalto the

Laplacianof thegeopotential

lg =0xV, :%DZZ

wheref is the Coriolis paramete(= 2Qsin¢), Q is the earthangularvelocity (= 7.292107° s%) and¢

thelatitude.

In generalthecirculationC is definedastheline integral of thetangentiacomponenbf thevelocity around

aclosedpath(Holton, 1972),thatis

czﬁ\*/-dl”
|

Applying the Stolkestheoremthe pathintegralbecomesndareaintegral of thevorticity vector whereA is

theareaof theenclosedath.

c:/A/(va)-dﬁlz/A/Z-dZ{

For smallareasthef-planeapproximatiorcanbe performed.Furthermoreijf thevorticity (in factits third

component)s replacedoy its geostrophicsalue,the geostrophicirculation(GC) is

GC:/A/ZQ dAm T -A

Thus,GC is roughly equalto the areaencloseddy the curve (A) timesthe meangeostrophicvorticity over
the area(g). Then,CG measureshe strength(by meansof theg) andthe size (by meansof theareaA)

of thecycloneandit couldbe usedasa measuref theintensity(Sincalir, 1997;Picornelletal. , 2001).
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Level (hPa) | Radius(km)
1000 200
925 200
850 250
700 350
500 400
300 500

Tablel: 'Searchradius’ (in km) for cyclonecentresfor eachpressurdevel (in hPa)

Parameter Description Units
Date year monthandday of the cyclonecentreappearance
Time of thecycloneappearancéd0, 06,12 or 18 UTC) hours
Code anarbitrarynumberwhichidentifies
eachcyclonealongits life-cycle
Top pressure | highestpressurdevel atwhich the cyclone hPa
level centreis detected
Shift distance| distancerom thecyclonecentreatMSL and km
thecyclonecentreat thetop pressurédevel
Shiftangle directionbetweerthe cyclonecentreatMSL and in degrees

thecyclonecentreat thetop pressurédevel

0° is thenorthdirection

Table2: Parametershatdescribegenerakyclonefeatures.
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Parameter Description Units
Latitude-longitude | coordinate®f thecyclonecentre degrees
MSLPorZz atthecyclonecentre hPaor gpm
Open/Closed if thecycloneis a MSLP/Z minimumor a{g maximum
Principal/Secondary if thecycloneis principalor secondaryseetext)
R meanradiusof the cyclonedomain km
A areaof the cyclonedomain 10% km?
g geostrophicorticity 10°s1
GC geostrophiirculation 10° P st
aT| absolutevalueof thetemperaturgradient °C (100km)~1
OTe| absolutevalueof the equivalenttemperaturgradient °C (100km)~1
0°T Laplacianof temperature 107% °Ckm—2
RH relative humidity %
Oe moiststaticstability 107" nf* s kg~?
Vv horizontalwind speed ms1

Table3: Parametershatdescribeheverticalcyclonestructure.

Summer| Autumn | Winter | Spring
Shallov 457 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
| WesternMediterraneanl 333 | 210 | 182 | 275 |

Table4: Seasonafrequeng (in %) of cyclone centresfor thicknessgroups(shallov, middle-depthand
deep).the selectedegions(Gulf of Genoa |berianPeninsulaPalosandAlgeria) andthewhole studyarea
(WesternMediterranean).

Shallov | 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: Frequeng (in %) of cyclonecentreerthicknesdor the selectedegions(Gulf of GenoaJberian
PeninsulaPalosandAlgeria) andthe whole studyarea(WesternMediterranean).
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4 GGG R R [[O?T [O°T [RH[RH] V | V | oe

Ll u fclujclull L | ™ML |M[L| U/ o
Shallov 51.2 ~ 25 - 38| - | -69.0 -'52| - [[58]208] 38
Middle-depth || 56.7 .|| 33| -|425| - | -505| -6.3| 58 | 47 | 7.2|24.7| 53
Deep 58.2 | 104.0|| 4.0 | 11.1 | 465| 556 || -30.3| 19.9| 72 | 54 || 7.9| 24.6 || 5.0
Summer 533| 98.1| 26| 8.8 393|512 -51.9| 148 52 | 44 | 58] 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 | 245 7.4
Spring 56.9 | 100.7|| 3.4 | 11.0|| 430| 561 || -55.6 | 15.5| 59 | 52 || 7.2| 255 5.2
Palos 53.4| 936 21| 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| 12| 23| 42 || 6.3|17.4|| 35
G.Genoa || 58.7| 100.8| 2.5 | 10.2| 366 | 549 | -62.1| 145| 71 | 52 | 6.4 | 28.1| 5.1
IberianP. 47.0|100.4| 25| 9.7 404|521 | -955| 158 49 | 44 | 42| 16.3| 0.9

Table6: Meanvaluesof someparameterst low (L) and medium(M) or upper(U) levelsfor different

cyclonegroupings.

Table7: Meanvalues(weightedto the relative numberof cyclonecentreshatreacheachlevel) of (g and

(g (g GC | GC

L U L U
Shallov 42.4 - 2.0 -
Middle-depth || 56.7 - 3.3 -
Deep 58.2| 104.0|| 40| 11.1
Summer 46.0| 196 2.2 | 1.8
Autumn 496| 4841 3.1 | 4.9
Winter 53.9| 617 3.8 7.3
Spring 525| 4141 31| 45
Palos 478 13.2| 19| 1.2
Algeria 44.4 7.2) 29| 05
G.Genoa 56.7| 446 24| 4.5
IberianP. 40.1| 109 20| 11

GC atlow (L) andupper(U) levelsfor differentcyclonegroupings.
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List of Figures

Figure 1: WesternMediterranearareawith mostof the geographicahamesreferredto in the text, the
topographyusedby HIRLAM-INM-0 .5° model(contourinterval 500 m), the studyareasfor detectionof
cyclonesat MSL (inner square)and at pressurdevels (outer square)and 2°x2° lat/lon squaredselected

regions(seetext).

Figure 2: MSLP (contourinterval 2 hPa) andcyclonecentre(*) for a) 6th Novemberl999at12 UTC and

b) 9th November1999at 06 UTC.

Figure3: Temporakvolution (from 6thNovemberl999at12 UTC andevery 6 hours)of differentvariables
for anintenseGenoacyclone eventat low (solid with dots), medium(dashedwith dots)andupperlevels

(solidwith squares)a) MSLP, b) {g , ¢) GC, d) O?T , €) RH andf) V.

Figure 4: Meanvertical profile of differentvariablesfor cyclonesgroupedby thickness.Shallov cyclones
representedly solidlineswith dots,middle-depticyclonesby dashedineswith dotsandanddeepcyclones

by solid lineswith triangles.Panelsa) {g , b) R, ¢) GC, d) V, e) 02T andf) RH.

Figure 5: Total numberof cyclone centresfor a) summey b) autumn,c) winter andd) spring. Contour

interval 25.

Figure6: SameasFigure4 for cyclonesdetectedn summei(solid lineswith dots)andwinter (dashedines

with triangles).

Figure 7: Total numberof cyclonecentredor a) all thedatabaseh) shallav , ¢) middle-depthandd) deep

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

Figure8: SameasFigure4 for cyclonesfrom theselectedegions.Cyclonesn the Gulf of Genoarepresen-
tedby solid lineswith dots,Palosby dashedineswith dots,IberianPeninsulaby solid lineswith triangles

andAlgeria by dashedineswith triangles.
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Figure 1: WesternMediterranearareawith mostof the geographicahamesreferredto in the text, the

topographyusedby HIRLAM-INM-0 .5° model(contourinterval 500 m), the studyareasfor detectionof

cyclonesat MSL (inner square)and at pressurdevels (outer square)and 2°x2° lat/lon squaredselected
regions(seetext).
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Figure2: MSLP (contourinterval 2 hPa) andcyclonecentre(*) for a) 6th Novemberl999at 12 UTC and
b) 9th Novemberl999at06 UTC.
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Figure3: Temporalkevolution (from 6th Novemberl999at12 UTC andevery 6 hours)of differentvariables

for anintenseGenoacycloneeventat low (solid with dots), medium(dashedwith dots)andupperlevels
(solidwith squares)a) MSLP, b) {g , ¢) GC, d) 0?T , €) RH andf) V.
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Figure4: Meanvertical profile of differentvariablesfor cyclonesgroupedby thickness.Shallav cyclones
representedly solidlineswith dots,middle-depticyclonesby dashedineswith dotsandanddeepcyclones
by solidlineswith triangles.Panelsa) (g, b) R, c) GC, d) V, e) 0°T andf) RH.
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Figure5: Total numberof cyclone centresfor a) summey b) autumn,c) winter andd) spring. Contour
interval 25.
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Figure6: SameasFigure4 for cyclonesdetectedn summei(solid lineswith dots)andwinter (dashedines
with triangles).
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Figure7: Total numberof cyclonecentredor a) all the databaseb) shallov , ¢) middle-depthandd) deep
ones.Contourinterval 50 (25 for middle-depttcentres).
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Figure8: SameasFigure4 for cyclonesfrom theselectedegions.Cyclonesn the Gulf of Genoarepresen-
ted by solid lineswith dots,Palosby dashedineswith dots,lberianPeninsulaby solid lineswith triangles
andAlgeria by dashedineswith triangles.
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