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Abstract

The MediterranearBeais a region that presentsa high frequeng of cyclones. Marny of themarelee
depressionandso mesoscalandweak,but othersarestrongandcover awide area.In this studysome
characteristicsf surfacecyclonesin the WesternMediterraneamrepresentedFirsta databasevasbuilt
from handanalyse®f sealevel pressurdrom 1992to 1995. Next a similar databasevasobtainedfrom
theLAM-INM objectve analyse®f the 1000hPageopotentiafield. Resultsshav animportantincrease
in thenumberof cycloneswhena mesoscal@analysisis carriedout. Most of the WesternMediterranean
cyclonesaremesoscal@andweak,andthey arenot uniformly distributedin spaceandin time. On one
hand,thereare someareaswith a high concentratiorof cyclones. Thelocationof someof them,close
to the main mountainranges suggestsheir possibleorographicorigin. Onthe other in someareashe
cyclonesarepresentluringthewholeyear butin otherareasareseasonallgistributed. Finally astudyof
typologiesof the cycloneswasconductedy usingthe clusteranalysisechnique Theclassificationwas
performedfrom the intensity of the cyclonesandthe shapeof the sealevel pressurearoundthe centre.
Resultsaresimilar from bothdatabaseandsothe existenceof seventypologieshave beenidentified.
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1 Intr oduction

The MediterranearSealies betweer30° and46°N andbetween6®W and36°E. It canbedividedinto two main
basins(separatedby Sicily): the Westernandthe Easterrbasins.The WesternMediterranearbasin(Figurel) is
surroundedy high mountainrangegtopsfrom 1500to 4500 metres);to the north by the Pyreneesndthe Alps,
to thewestby the IberianPeninsulavith a complex orographyto the southby the Atlas (from the Haut Atlas in
Moroccoto the Massifdel’ Auresin Algeria) andto the eastby the Apenninemountainsandthe Dinaric Alps.
Theserangeday closeto the seaandareseparatedyy narrov gaps.

A consequencef the topographicakhapeof the Mediterranearis the frequentgenerationof lee depressions.
In general,the interactionof the air-flow with a mountainbarrier producesmary effects: windward blocking,
deviation of the flow, lee wave generation]ee warming, etc... (Bougeaultet al., 1990). The global effect is the
loosing of air-flow momentum,measuredy the mountaindrag. The mesoscalananifestationof the mountain
dragis a dipolar pressurestructure with high pressuran the windward andlow pressuran the lee of the range
(Bessemouliretal., 1993).

From a macroscalggeneralcirculation) point of view, dueto its latitudinal position, the Mediterranearregion
is affectedby both the PolarFront Jetand the SubtropicalJet. Besidesthe MediterranearSeaseparateswo
continentalair masseqthe Euro-Assiaticand the African), which implies the generationof baroclinic frontal
zones As it is well-known, thesetwo factors the presencef the Jetanda barocliniczone play animportantrole
in the extratropicalcyclogenesigReiter 1975)

As a direct result from the aforementionedharacteristicsthe Mediterranearis a region that presentsa high
frequeng of cyclonic centres.Many of themexhibit mesoscaléeaturesandweakintensity (GenwésandJans,
1989;Radinwic, 1978)but someof themarestrongandcover a wide area(Radinorvic, 1987;Alpert etal., 1990).
Even only consideringmacroscaleyclones,the Mediterraneamegion is one of the mostcyclogeneticregion in
theworld (Pettersser 956;Radinwic, 1987).1t canbe statedthatthe largenumberof cyclonesandcyclogenesis
in the WesternMediterranearis oneof the mainfeaturesof the meteorologyin thatregion.

Large scaledeepcyclonesmay be directly relatedto disturbedweather(strongwind and/orheavy rain). But also
somesmall,weakandshallov surfacedepressionmay have anindirectinfluencein locatingandtriggeringheary
rain (Jans et al., 1996and 1999)or in the generatiorof certainlocal winds (Campinset al., 1995). This is the
foundationof the practicalinterestof a studyorientedto obtaina betterknowledgeof thoseevents.It seemso be
necessaryo improve the understandingf the characteristicef the surfacecyclonesandtheir preferredareasof
appearancajot only deepcyclones but alsoweakandshallov depressions.
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Figure 1: WesternMediterranearorography(grey scaleeach500 m) andstudyareasof the subjectve
(dashline) andthe objectie (full line) cyclonedatabases.



To dothat, a catalogueanda classificationof the WesternMediterraneartycloneswere performed.First, a cata-
logueof cyclonesfor a four-yeardatabasewhich wasobtainedfrom hand-madesealevel pressureanalyseswas
carriedout. After that, a classificationof that databasen certaintypologiesby a clusteranalysismethodwas
performed.In orderto validatetheresultsanobjective catalogudrom the LAM-INM (Limited AreaModel of the
InstitutoNacionalde Meteorologiaof Spain)analysisdata(for the sameperiodandarea)anda classificatiorbased
onit, by usingthe samemethod,wascomparedwith thefirst one. The presenipaperis organisedasfollows. In
Section2, areview of previouscyclonecataloguegor the WesternMediterraneanaswell astheir mostimportant
resultsarepresentedln Section3, the subjectve catalogueaswell asthe spatialandseasonatlistributionsof the
WesternMediterranearcyclonesobtainedfrom it, aredescribed.The clusteranalysismethodandthe resultson
WesternMediterraneartycloneclassificatiorareshovn in Sectiond. In Section5 the catalogueandthe classific-
ation of the objective databasere comparedwith the subjectve one. Finally, Section6 containsthe conclusions
andfurtherremarks.

2 Previouscyclonecataloguesfor the Westem Mediterranean

Cycloneandcyclogenesiglimatologieshave beena continuoussubjectof interestin the Mediterraneameteoro-
logy. Thewide varietyof aspectgcyclone,cyclogenesi®r both), methodologiegsubjectve andobjective), study
areaqfrom thewhole Mediterranearto somespecificregions),scaleqlarge, synopticandmesoscale}time peri-

ods (from oneto forty years)andtime intervals (from 24 to 3 hours)make very difficult a comparatie study of

them. Evenso,andasit will be seenlater, the analysisof the differentclimatologiesproducessomeinteresting
results.

Thefirst studyis includedin the generalwork doneby Pettersself1956). Petterssembtainedthe cycloneand
cyclogenesidrequenciesover the NorthernHemisphere.lt was a large scaleanalysisover a forty-year period.
The frequenciesverepresentedn grid areasof 100,000kn?, andthey revealedthat the highestconcentratiorof
cyclogenesisn NorthernHemispherein winter, is the Mediterraneanin the grid squarethatincludesthe gulf of
GenoaRadinwic andLalic (1959)presentec climatologyof cyclogenesidor the WesternMediterraneanlt was
performedoveraten-yeaiseriesof seaevel pressureharts(every 6 hours).Theisobarcontourinterval was5 hPa.
The cycloneselectioncriteriawasbasedon the presencef alow pressurecentrewith at leastone closedisobar
in the studyarea.This wasa synopticscaleclimatologyandtheresultswerepresentedn 5°x5° latitude-longitude
squares.As well asin the study of Petterssenthe WesternMediterranearin generalandthe Gulf of Genoain
particularwererevealedasimportantcyclogenetiaegions. Anothersynopticscaleclimatologywasperformedby
Reiter(1975). He useda seven-yeardatabas®f sealevel pressurechartsin the Mediterranear{6é hourly). The
selectioncriteriaexcludedthe thermallows. The Gulf of Genoawasagainthe areawith highestconcentratiorof
cyclones,but otherregions,asthe Gulf of Lyon, the BalearicSea,North Africa andthe Algerian Sea,presented
secondarynaximain relationto thenumberof cyclones.

All the aforementionealimatologieswere performedwith a large or synopticpoint of view. The first attempt
to carry out a mesoscaleyclone climatology was performedby Radinosic (1978), andit was concernedwith
the WesternMediterranear(aroundthe Alpine mountainrange)andfor a one-yeamperiod (1975). The cyclone
selectioncriteriawasthe sameasthe usedin 1959, but with a 2 hPa contourinterval. The analysisof sealevel
pressurehartswascarriedout 3 hourly andtheresultswerepresentedh 1°x1° latitude-longitudesquaresBesides
resultsfrom a one-yeaiperiodcannot be consideredsa climatology it is importantto notea significantincrease
in the numberof cyclones(asregardsthe large or synopticscalecycloneclimatologies).The absolutemaximum
remainedn the Gulf of Genoajut otherzoneshadanimportantcycloneconcentration.

Radinwic (1978)pointedoutthe possibleorographigdueto the high frequeng of cyclonescloseto the mountain
ranges.especiallythe Alps) andthermal(dueto the heatingof the seaor land) characteof mary low pressure
centres.Moreover, mary of themwere stationaryand short-living (lessthan24 hours). Following the ideasof
Radinwic, GenwésandJans (1989)performeda cataloguef cyclonesfor theWesternMediterraneaifexcluding
the Alpine areabut including the Iberian Peninsula).The selectioncriteria of cycloneswasthe sameasthe used
by Radinwic (1978),andit wasappliedto thesealevel pressureharts,12 hourly, over 1987.They considereahot
only thelow pressureentregenclosedvithin a2 hPacontourinterval) but alsothe openedneswith ahighvalue
of positive geostrophiovorticity. The resultsagainpointedout to anincreaseof the numberof cycloneswhena
mesoscalanalysisis carriedout. It is interestingto underlinethe high numberof cyclonesdetectedn the south
of the PyreneesmainlandSpain,the Alboran Seaandthe westerrborderof the Algerian Sea.

All of the mentionedstudieswere basedon hand-madesealevel pressurecharts,generallycoming from daily



operationalanalysis. Thus, the detectionof low centreswas enterelysubjectie. The first climatology on the
activity in the whole Mediterranearperformedwith an objective methodwascarriedout by Alpert et al. (1990).
In this work, the analysisoutputsof the ECMWF numericalmodelat 00 and 12 GMT for a five- year period
were used. The objectve methodlooked for cyclonesin the geopotentiafield at 1000hPa. The gridlengthof
the analysiswas2.5°x2.5° latitude-longitude The resultswere presentedn 250x250kn? squaresandsowith a
synopticscalepoint of view. Concerningthe WesternMediterraneanthe resultsshav againa maximumin the
Gulf of Genoaduringthewhole year However, it is interestingto point out othermaximafor someperiods:the
Southof Italy from Januaryto July, Sahararom April to Octoberandthe north of Algeriain July (the Iberian
Peninsulavasnotincludedinto the studyarea).

3 A subijective catalogueof mesoscalecyclonesfor the Westen Mediter-
ranean. Spatial and seasonadistrib utions

Following the methodologiesliscussedn Radinwic (1978)andin Geno/ésandJans (1989), sinceDecember
1992 to November1995, the occurrenceof cyclonesin the WesternMediterranearbasinwas archived at the

MeteorologicalCentreof the Baleariclslands.Thedatabasevasbuilt from operationahand-madenalyse®f the

sealevel pressurehartsat 00 and12 GMT, usinga 2 hPa contourinterval. Thescaleof the mapwas1:5,000,000
andthe areaof studyis shavn in Figurel. In this casenot only low pressureentresnsidea closedisobarwere

recordedhut alsothoseopenisobarcentreswith a high positive geostrophiavorticity value.

Theuseof the manualsubjectve analysisechniqueo collectthe mesoscaleycloneswasjustifiedatthe moment
of beginning this cataloguedue to the impossibility of having an objectve methodof mesoscalenalysisthat

permittedthe automaticdetectionof the greatmajority of WesternMediterranearcyclonic centres. However

beforeidentifying andrecordingthe dataof a cyclonic centre the operatve analysesverereanalysed Thus,the

subjectvity andurgeng of the operationaknalystwerecompensatetly a reconsideratiomf the meteorological
situationand by a differentsubjectvity. Neverthelessa high subjectve componentwasstill presentduring the

wholeprocess.

Moreover, it canbe arguedthe existenceof someerrorsin detectingcyclonesin the sea,giventhe lack of data.
This errorremainsreducedo somemesoscaleyclonesonly accountablehroughthe introductionof conceptual
models.In this casethe assignmenérrorby this reasoris consideregmall,althoughit exists.

Eachcyclonewascharacterizedby the dateof occurrenceanassignectode,the characte(openor closedisobar
aroundthe lowestpressure)the coordinatesof the centre,the centraland eight surroundingpressurevalues(at
distance®f 200and400kmin theN, S, E andW directions)and,finally, two calculatednagnitudestheintensity
andthe geostrophicvorticity of thelow centre.

Accordingto Pettersserf1956) and Radinoric andLalic (1959),the intensity of a cyclonecanbe definedasthe
laplacianof the pressurdield aroundthe centre. Thereforeit canbe computedby meansof a finite differences
schemeln suchcasetheintensityof the cyclonewould have the expression

_ P1+ P2+ p3+pa—4po
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beingpi(i = 1to4) thepressurevaluesatfour pointsplacedalongtheprincipalaxis(i.e., E, N, W andS directions,
respectiely) separate@ distanced from the centreof the depressior{0), andpo the pressureat the centreitself
(Figure2).

In the cataloguewne definedtheintensityof a cycloneby the quantity

_ Pitp2+ps+ P4 —4po

|
4

thatis proportionalto the laplacianof the pressureandsoto the geostrophicvorticity, asthe following expression
shaws:



Both the intensityandthe geostrophiovorticity of the cyclonefor two gridlengthmeshesd = 200and400km (as
Figure2 shaws), werestoredin the catalogue.
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Figure2: Grid usedto calculatethevariablesusedin the clusteranalysis.The centreof the cyclonewas
locatedat point 0. The sealevel pressurevalueswererecordedat points0,1to 8. Theparameted is the
gridlength,andit wasequalto 2000r 400km (the units of theaxesarein kilometres).

Dueto the factthat the selectionof cycloneswassubjectve, cyclonic centresof differentscaleswererecorded,
includingsomecycloneswhosesizewaslessthantheshortesgridlengthused(200km). To avoid theseundesired
cycloneswe ignoredthe cycloneswith geostrophiovorticity lessthan0.810~*s~ (calculatedwith the 200 km

gridlength),which correspondso a 1 hPa/200km meanpressurggradient. More detailsaboutthe databasean
be encountereih the PEMMOC (Spanishacrorym for WesternMediterranearMeteorologicalStudiesProgram)
Bulletin (INM 1992,1993,1994,1995,1996and1998).

The main featuresaboutthe spatialand seasonadlistributions of the collecteddepressiongre presentedn this
paper The meannumberof cyclonesperyearis 1609. Their spatialdistribution is presentedn squareareasof
2°x2° latitude-longitude As Figure3ashaows, the principalmaximaarelocatedin the southof the Pyreneesindin
the Gulf of Genoa.Otherimportantareasof cycloneconcentratiorarethe Alboran Sea,the mainlandSpainand
the TyrrhenianSea.

FromFigure3ait canbe obsenedthat mary of the cyclonesare placedcloseto the main mountainranges.lt is
widely acceptedhatin theWesternrMediterranearthereis acloserelationbetweertheorographyandthecyclones.
Moreover, asit wasmentionedn Section2, Radinwic (1978)showved this relationfor an areaaroundthe Alps.
In arecentstudy (Genoréset al., 1997) basedon the samesubjectve databasethe role of the orographywas
guantitatvely calculatedby meansf anindex definedasthe productof thewind at 700hPaandthe gradientof the
terrainheight. The resultsindicatedthatin the WesternMediterranearhe cyclonesin which the orographyplays
adecisiverole arepredominant.

Howeverif the orographicorigin of agreathumberof cyclonesis assumedit seemsotoriousthe greatemumber
of detectedtyclonesin someareas|ik e aroundthe Pyrenneesn front of anothemountainougones)ik e the Gulf

of Genoa.Probablythe numberof cyclonesin this lastmaximumoughtto be greaterthat Figure 3ashaws, what
would meanthatthereis an underestimatiofn the numberof cyclonesin the databas€asresultsfrom objective

catalogueéndicate;seePicornelletal. 1994and1997).It couldbedueto thefactthatonly a partof the Alps (the
westernpart,nearGenoa)is includedin the areaof study Sotheabsolutenumberof detectedlepressionselated
to the Alps hasto be quantitatvely reduced.

Theseasonalistributionfor thewholedatabaseresentamaximumin summer(29.0%) andaminimumin winter
(21.9%), while in springandautumnthe frequeng of cyclonesis quite similar (25.0and 24.1% respectiely).
Although the differenceof the seasonafrequeng of cyclonesis not so high, a differentspatial distribution is
obsened in eachseasonFigure 4). For zonesthe seasonafrequeng of cyclonesin the Alboran Seashowvs
a maximumin winter and a minimum in summey while in the mainlandSpainand North Africa the seasonal
distributionis theoppositewith amaximumin summerandaminimumin winter. In thesouthof thePyreneeshe
Gulf of Genoaandthe TyrrhenianSea,althoughthereexists a maximumanda minimum, the seasonalrequengy
is nearlyuniform. In generalin the cold seasor{winter) thelow pressureentresare placedover the sea,whereas
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Figure3: (a) Meannumberof cyclonesperyearfor the subjectve databas€1992-1995). The values
were countedin 2°x2° squaresandinterpolatedwith the kriging method. Contoursod 10, 20, 40, 80,
120and160cyclonesperyearareshavn. (b) Sealevel pressuralistribution (relative to the centre hPa)
for themeancycloneof thesubjective databasePressur@aluesat points1to 8 interpolatedvith aradial
method.Contourinterval: 1 hPa. Grid distancesn hundredof kilometres.

in the hot seasor{summer)the cyclonesare placedover theland,asalsoRadinwic (1978)found. During spring
andautumnthereis notacleartendeng. Thereforeanimportantrole of theradiative heatingof theearthsurfacein

the generatiorof the WesternMediterranearmyclonesseemso beclear, especiallyin someareagmainlandSpain
andNorth Africa).

In short, this catalogueconfirmsthe southof the Pyreneessthe areawith the highestfrequeng of small low
pressurecentresin the WesternMediterraneanfollowed by the Alboran Sea,the Algerian Seaandthe Iberian
Peninsulaas pointedout by Genosésand Jans 1989). Also a prominentmaximumis obtainedin the Gulf of
Genoa(presentin all theaforementionedycloneclimatologiesfor the WesternMediterranean).

Although a completestudy aboutdurationand movementof cycloneshasnot beenincludedin this work, com-
paringtheresultswith Radinarics (1978),it canbeinferredthatmostof the WesternMediterraneartyclonesare
stationaryandshort-living (lessthan24 hours). Thenthe maximaof concentratiorof cyclonesmight alsobethe
areaswvherecyclonesappearsThe elongationof the areasof maximumcould give anindicationof the morefre-
guenttracksof the mobile cyclones.Therefore from Fig. 3asomepossiblecyclonetracksmight beinferred: (1)
theimportantcyclogeneticregion of the gulf of Genoaspansalongthe TyrrhenianSea,(2) from the maximumof
the Alboran-ArgelianSeaalongthe North- African coastor alongthe IberianPeninsulacoast.andfinally (3) from
the Catalonian-BaleariSeato thegulf of Genoa.Thesdrackscouldbepartially associatedvith otherwell-known
tracksof the WesternMediterranearmyclones(Reiter 1975;H.M.S.0.,1962).

4 Cluster analysis

4.1 Method and variables

The objective of the clusteranalysisis to classifythe elementscharacterisethy a setof variables,of a database
into somegroups,wherethe elementof the samegroupsaresimilar but differentfrom the elementsf the other
groups.Thealgorithmusedin this studywasthe corvergentk-meanswhichis a variantof MacQueers k-means
algorithm (Andenbeg, 1973; GongandRichman,1995). The measureof similarity wasthe euclideandistance.
For this methodthereis not an objective way to determinethe bestnumberof clusters,andthenthis electionis
stronglysubjectve.

The clusteranalysiswasappliedto the subjectve cyclonedatabaséSection3), andtwo testswere performedin
orderto obtainthe bestnumberof clusters(k). First, we plottedthe total sumof squaredntra- clusterdistances
asa functionof the numberof clusters(from 2 to 10). In the convergentk-meansmethod for a givenk, thetotal
sumof squaredntra-clusterdistancegE(k)) is aminimum, andit decreaseask increasesSo,we chosek when
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Figure4. As Figure 3afor (a) Winter, (b) Spring, (¢) Summerand (d) Autumn. Contourintenal 10
cyclonesperyear

the reductionof E(k)) wasnot significant(for the subjectve databasé wasachiezedwhenk = 7). And second,
we comparedhe maximumof theinter-clusterdistancesversugheminimumof theintra-clustedistancesin that
casethe bestnumberof clusterswould be k = 4 but for k = 7 the minimum of the intra-clusterdistanceis still

higherthanthe maximuminter-clusterdistanceIn orderto geta highervariety of typologies,we chose7 clusters.

The corvergentk-meansclustermethodis alsosensitie to the electionof the seed-points After sometests,the
seedpoints were formed as the centroidsof a partition of the databasen 7 groupswith the samenumberof
elements.

As it hasbeencommentedthe pressurestructuresn the surfacearecloselyrelatedto the orography Radinwic
(1978)shavedthatthe mesoscal@ressuresystemghigh andlow pressureentres)n the WesternMediterranean
hada shapemodelled,in mary caseshy the topography In this studywe pretendto classifythe Mediterranean
cyclonesby theirintensityandshapededucedrom the pressuralistribution aroundthe low pressureentre.

As measuref theintensityof the cyclonethe geostrophiaorticity canbeconsideredseeEg. (3) in Section3). In
this casetwo gridlengthswereused(200and400km). In orderto characteris¢he shapeof the pressurestructure
anothentwo variablesweredefined:the symmetryandthe eccentricity The symmetryrepresentshe variationof
the pressurggradientsaroundthe centreandthe eccentricitythe differencebetweenthe meanpressuregradient
alongthe north-south(N-S) axis andthe east-wes{E-W) axis. As the symmetryis calculatedby meansof the
standardleviation of the pressuralifferencesaroundthe centre thenalow valueindicatesa nearlycircularshape.
Theeccentricitymeanghedifferencebetweerthepressurgradientalongthe N-S andE-W axes,sothestretching
of thepressureshapealongoneof thoseaxes. Positive valuesmeanabiggerpressurgradientin the N-S direction
thanin the E-W direction,andthena stretchingn the E-W axis. Negative valuesmeana stretchingn the N-S axis
andfinally nearlyzerovaluesno stretchingin ary of bothaxes. As it hasbeencommentedthe shapevariablesas
the symmetryandthe eccentricityaredefinedasfollows:

s(9(i, 1))

Symmetry(i) = —=
a(i, j)

wheres(qg(i, j)) is thestandardieviation of the pressurdifferencest200km andg(i, j), themeanof the pressure



differencesat 200km (for i = cyclonesand j = 1to4; seeFigure2), and

Eccen(i) = Ons(i) — gew (D) _ .EW(i)
g(i, j)

with gEW(I) = g(lal) + g(laa)' gNS(I) = g(|,2) + g(|a4)

Beforeapplyingthe clusteranalysisthe four variablesgivenby Eq. (3), (4) and(5)) werestandardizeih orderto
obtainnondimensionaVariableswith zeromeanandunit standardleviation.

4.2 Results

Beforeanalysingheresultsof theclusteranalysisa descriptiorof thedistribution of thefour variablesusedin the
clusteranalysisis performed.In Figure5 the meannumberof cyclonesperyeardistribution for the geostrophic
vorticity (calculatedwith a200anda 400km gridlengths)the symmetryandthe eccentricityareshavn.

The geostrophiovorticity, calculatedwith a 200 km gridlengthshavs an positive asymmetriadistribution, with a
mean(2.02 10~%s~1) greaterthanthe median(1.8910-%s1). This is only partially dueto the lower threshold
(0.810~%s™1), thatcutstheleft tail of the distribution. The minimum andthe maximumvaluesrangesrom 0.80
(threshold}o 6.8010~%s™1, andthe standardieviationis 0.7310~4s™1.

In the sameway, the geostrophicvorticity, calculatedwith a 400 km gridlengthexhibits a positive asymmetric
shape althoughtwith a similar meanand median(0.72and0.68 10~%s™1). For this variableno thresholdwas
imposedandthennegative geostrophiwaluescanbe obtained.In this casetherangeof valuesis shorterthatin the

previous case(the minimumis -0.6410~%s~! andthe maximum?2.8810~*s~1) andalsothe standardieviation is

lower (0.3110~%s™1).
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Figure5: Frequeng histogram(meannumberof cyclonesperyear)of (a) Geostrophicsorticity calcu-
latedwith a 200km gridlength(10~*s~1) (b) Geostrophiaorticity calculatedvith a400km gridlength
(10~*s71) (c) Symmetryand(d) Eccentricity

Referringto the symmetry againthe distribution is positive asymmetricwith ameanequalsto 0.51andamedian



to 0.47,thatis, the mostof the cyclonesarenot exactly symmetric.Althoughthe symmetryvaluesrangefrom the
minimum 0.00valueto the maximumvalue2.71,mostof the valuesareplacedaroundthe mean.As aresult,the
standardieviation is small (0.28).

Finally the distribution of the eccentricityis nearly symmetric. The meanandthe medianare the same,0.14,
positive, thatmeandrequentelliptic shapewith E-W orientationof the majoraxis. Thevaluerangeis from - 2.97
to 2.35andthe standardleviationis 0.45.

In Figure 3b, the sealevel pressurdistribution for the meancyclonein the databasés presented.The pressure
gradientis nearly the samein threeof the four directions(around1 hPa/100km) and wealer to the east. Its
geostrophiovorticity is weak andthe pressurdistribution aroundthe centreis only partially symmetric,and a
little eccentriq(i.e. thelow pressureentreelongatedn the E-W direction).

Next the characteristicof the seventypologiesaredescribed.In Table1 the meanvalueof the variablesfor the
whole databas@ndfor eachoneof the obtainedcentroids.Figures3 and6 show the spatialdistribution andthe
meanpressuralistribution for thewhole databasendfor eachtypology.

Database Typel | Type2 | Type3 | Typed | Type5 | Type6 | Type7
Vorty* 2.02 151 1.56 1.65 2.60 1.62 3.61 2.38
Vorty* 0.72 0.43 0.55 0.60 0.79 0.56 1.39 0.95
Symm 0.51 1.10 0.54 0.73 0.68 0.30 0.52 0.32
Ecce 0.14 0.64 0.56 | -057 | 043 | -0.02 | 0.10 0.00

Table1: Meanvaluesof the variablesfor the subjectve databasandfor the 7 cyclonetypes. (*Units
104sh

Type 1 cyclonesareweakfor both gridlengths,asymmetricand eccentricin the E-W direction. They presenta
strongpressuragradientto the north (from the centre)anda very weakoneto the east(from thecentre). Typelis
thelessfrequentone,5.9 % of thetotal. Its seasonatlistribution shavs a maximumin winter anda minimumin
summen31.5and17.2% of type 1 cyclones).Most of thesecyclonesareplacedin thesouthof the PyreneesDue
to the proximity of the cyclonesto somemain mountainrangesandto the strongcyclonepressureyradientalong
thedirectionwherethe mountainrangeis placed this typology may consistof weakorographiccyclones.

Type2 cyclonespresentveakgeostrophiworticity for bothgridlengthsandthey arequasi-symmetriandeccentric
in the E-W direction. The pressurgradientis similar to thenorthandto the southon onehand,andto thewestand
to the eastin the other(aroundthe doublethe north-southithanthe east-wesgradients).This type representshe
18.6% of thetotal cyclones.lt is quite spreadn all seasonsyith amaximumin autumn(27.8%) anda minimum
in spring(21.7%). Thecyclonesof thistypologyarelocated preferablyin the southof the Pyreneesthe Alboran
Seathe Algerian Seaandthe Gulf of Genoa.As well astype 1, thesecyclonescould mainly be weakorographic
cyclones.

Type 3 cyclonesare weak for both gridlengths,asymmetricand eccentricin the N-S direction. The pressure
structureis nearlythe sameasthefor type 2, but rotated90 anticlockwise.Type 3 representshe 11.1% of the
total of cyclones.This type hasa maximumof frequeng in autumn(27.9%) anda minimumin winter (18.3%).
Thelow centresarelocatedin the southof the Pyreneesthe mainlandandatthe easterrcoastof Spain,in the Gulf
of Cadizandin the Gulf of Genoa.They couldberelatedto orographidnfluencegfor mountainrangesoriented
in the N-S direction),weakthermallows and/orfrontswhich crosseghe area(from westto east).

Type 4 cyclonespresentmoderategeostrophiovorticity in 200 km andweakin 400 km gridlengths,asymmetry
andareeccentricin the E-W direction. For thesecyclonesit mustbe pointedout the strongpressuregradientto
the northandwest(from the centre). This type representshe 13.4% of thetotal, with a maximumin springand
summer(27.9%) anda minimumin autumn(18.9%). Preferablythesecyclonesare placedin the southof the
Pyrenee$ut otherareaswith animportantconcentratiorof cyclonesarethe Gulf of Genoaandthe Alboran Sea.
As typesl and2, they couldbeorographiccyclones but moreintensethantypesl and2.

Type5 cyclonesareweakin both gridlengths symmetricandnon-eccentricThe pressureyradientis the samein

all thefour directions(from thecentre) sothesecycloneshave nearlycircularshape Thistypeis themostfrequent
type (24.9% of thetotal), with a maximumin summer(29.4%) anda minimumin winter (19.2%). Their centres
arewidespreadn all thezones standingoutthe Gulf of Genoathe TyrrhenianSeaandthe southof the Pyrenees.
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Figure6: Left columnasFigure3afor the7 typologiesobtainedrom the clusteranalysisonthe subject-
ive databaseContoursof 2, 4, 8, 16, 32 and64 cyclonesperyearareshavn. Right columnasFigure3b
for the7 typologiesobtainedrom theclusteranalysison thesubjectve databaseContourintenal 1 hPa.
(a) Typel, (b) Type2, (c) Type3, (d) Type4. Next page,(e) Typeb5, (f) Type6 and(g) Type?7.



Type 6 cyclonespresenttronggeostrophicsorticity in both gridlengths,quasi-symmetryandarenon- eccentric.
The pressurgradientis strongto the north, west(whereit is up to 2 hPa/100km) andto the southandwealer to
theeast. Thistypeis, togethemwith type 1, the lessfrequent(6.7 % of thetotal). It presents& maximumin spring
(31.2%) andaminimumin autumn(14.5%). Thelow centresarelocated preferablyin the Gulf of Genoaandin
the southof the PyreneesThey couldbeintenseorographidows andwell developedcyclones.

Type7 cyclonesaremoderatan bothgridlengths symmetricandnon-eccentricThe pressuralistribution around
the centreis regularin thefour directionsasin type5, but stronger Thistypeis formedby the 19.4% of thetotal.
It presentsa maximumin summen39.1%) anda minimumin winter (16.0%). They areplaced preferablyin the
Gulf of Genoaandin the mainlandSpainbut alsothoseplacedin the TyrrhenianSea,the southof the Pyrenees,
the easterrborderof the IberianPeninsulaandAlgeria andin Moroccomustbe pointedout. For this reasonthe
locationof mary of themon land, andthe outstandingmaximumin summersuggesthatthis typologyis mainly
composedy moderatehermallows.

From anotherpoint of view it is interestingto establishif thereis or not a dominanttypology in eachareaof
maximumconcentratiorof cyclones.In the southof the Pyreneeshe dominanttypesarel, 2 and4. Thesetypes
have a strongpressuregradientto the north (wherethe mountainsare), what reinforcesthe possibleorographic
characteof them. In the Gulf of Genoathe mostfrequenttypesare5, 6 and7, but almostall typesarefrequent.
Two typesare dominantin the Alboran Sea:type 2 andtype 4. Again it seemghatthe orography(the Iberian
Peninsulao the northandthe Atlas to the south)playsanimportantrole in the presencef cyclonesin thatarea.
Types3, 5 and7 arethe mostfrequenttypesin mainlandSpainandin the TyrrhenianSea.ln bothareast seems
thatthe orographydoesnot play animportantrole in the generatiorand shapeof the cyclones(exceptfor some
of the lows of type 3). In the easterredgeof the Iberian Peninsulathe dominanttypologiesare 2, 3 and5. For
thosecyclonesa certainorographiceffect couldbedueto the lberianPeninsulgfor westerncomponentlow). The
dominanttypologiesin the Gulf of Cadizare2, 3 and5. Finally, in the Algerian Seathe mostfrequenttypeis 2
(morethan50% of thecasesn thatarea) andagainthe possiblenfluenceof the Atlas mountainsn thegeneration
andshapeof themis suggested.

5 Objective cyclonedatabase:catalogueand classification

An objective cycloneclimatologyfor asix-yeameriod(1987-1992WwasperformedPicornelletal., 1994)by using
theold LAM-INM analysesat1000hPa(at00and12 GMT). TheLAM-INM analysisvasbasecbn anOptimum
InterpolationschemeDiaz-Pabbn, 1988). The horizontalresolutionwas0.91in latitude-longitudeandit had15
levelsin thevertical. Dueto the gridlengthof the analysis(around100 km) only a few mesoscaleycloneswere
included. This cataloguewvaslater extendeduntil 1995andso,in orderto comparethe catalogueof cyclonesand
a further classificatiorof themwith the subjectve one,a sub-databasevashbuilt. This new databasevasformed
with all the cyclonesincludedin a studyareasimilar to the subjectve one (from 33° to 45°N andfrom 10°W to
16°E, seeFigurel) from theold LAM-INM, andfor thesameperiodof time (1992-1995).

The meannumberof cyclonesperyearin the objective databasén the studyareais 946 (cyclones/year).Their
locationfrequeng shavs a prominentmaximumin the Gulf of Genoa. Secondarymaximaare locatedat the
northernand southernpart of the Pyreneesin the north-westandin the south-easbf Spain,the Algerian Sea,
the easterrborderof the IberianPeninsulathe Alboran SeaandMorocco(Figure 7). The seasonatlistribution is
similar asfrom the subjectve cataloguewith a maximumin summer(32 %) anda minimum in winter (19 %).
But againthe presencef cyclonesin eachareashows a big dependencen the season.The Gulf of Genoathe
northernpart of the Pyreneesthe north-westof Spainandthe Algerian Seapresenta maximumin summerand
a minimum in winter. By the contrary the southernpart of the Pyreneesindthe south-easbf Spainpresenta
maximumin winter anda minimumin summer Finally the cycloneslocatedin Moroccoandthe easterrborder
of the IberianPeninsulaare almostequallyfrequentduring the whole year In this casethethermaleffect on the
cycloneappearance/asnot soclearasit wasin the subjectve database.

In orderto obtaina classificatiorof cyclonesfrom the objective databaséhe next stepswerefollowed. First of all
for eachcyclonic centrethe 1000hPa geopotentialaluesat the centreandat distanceof 200and400 km from
it wereobtained(from thegrid pointsandby alinearinterpolation).Next the geostrophicsorticity wascalculated
from the valuesat 200 and 400 km aswell asthe symmetryandthe eccentricityin the sameway asdefinedin
Section4.1. Thus,theclusteranalysiswvasperformedn anidenticalway asfor the subjectve database,e. same
method numberof typologiesandseedpointscalculation.In Table2 themeanvalueof thevariablesor thewhole
databasandfor the sevenclustersobtainedrom the objective databasareshavn. In generakheresultsfrom the
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Figure 7. As Fig 3 for the objective cyclone database.(a) Contourintenal 10, 20, 40, 80 and 120
cyclonesperyear (b) Contourintenal 8 geopotentiaietres.

clusteranalysisfor the objective cyclonedatabasarequite similar to thoseobtainedfrom the subjectve cyclone
databasécompareTable1 and Table2). Thereforensteadof presentinghe characteristic®f all the typologies
of theobjectve databaseye preferto commenthe similaritiesanddifferencedetweerboth databases.

When comparingthe resultsof both database# mustbe taken into accountthe limitations of eachcyclonede-
tectionmethod.In the subjectve analysisthe analystusessomeadditionalinformationassatelliteimagineryand
conceptuamodels. It makes possiblethe detectionof mesoscaleyclonesbut it is impossibleto avoid the sub-
jectivity andso somebiasesareincludedinto the databaseThe differencedn datacoveragewill alsointroduce
clear differencedn the detectabilityof small cyclonesfrom subjectie analysis. On the contrary the objective
methodavoids the subjectvity, but the limitations of the analysisandthe gridlengthimposesomerestrictionson
thenumberandonthesizeof thecyclonesthatcanbedetectedA first comparisorbetweerthe subjectve andob-
jective databasewasperformedfor the periodof summerandautumnof 1995(Picornelletal., 1997).1t revealed
thatthe subjectve methodwasbetterthanthe objective onebecausenary of mesoscaleyclonesweredetectedy
hand-analysibut notby the LAM-INM analysis.

Databasg Typel | Type2 | Type3 | Type4d | Type5 | Type6 | Type7
Vorty* 1.33 1.07 1.11 1.10 1.74 1.11 2.81 1.76
Vortg* 0.59 0.44 0.48 0.49 0.82 0.47 1.36 0.82
Symm 0.62 1.04 0.60 0.82 0.76 0.38 0.47 0.40

Ecce 0.13 0.62 047 | -0.37 | 0.24 | -0.05 | 0.09 0.00

Table 2. Meanvaluesof the variablesfor the objectve databasendfor the 7 cyclonetypes. (*Units
1074s™

The comparisorbetweenboth databasesevealsa much more numberof cyclonesdetectedwith the subjectve
databas¢hanwith the objective one(1609versus946 cyclonesperyear).But this differences notgeographically
uniform. While in the Genoa-Liguriaareathe numberof cyclonesis nearlythe same,n otherareaswith a high
frequeng of cyclonesthe numberof cyclonesin the subjective databasés lower thanin the objective one(i.e. in
the southof the Pyreneesndin mainlandSpain). It canbe dueto the low resolutionof the objectve databaseas
regardsthe subjectie one. The meanvaluesof geostrophicvorticity arewealer for the objective databasehan
for the subjectve one, mainly the vorticity at 200km (1.33in front of 2.0210~*s~1) andlessat 400 km (0.59in
front of 0.7210-%s~1). On the contrarythe two adimensionalariables(the symmetryandthe eccentricity)are
similarfor eachdatabasesT he pressurgyradientdor the objective databasaresimilar to the subjectve ones,and
alsothe pressurdistribution of the centroidsare nearlythe same(compareFigures3b and7b). Concerningthe
seasonatlistribution (not shown) it canbe obsered that sometypologieshave differentseasonatlistribution for
eachdatabasdtypes1, 2, 3 and6) but the other (types4, 5 and7) have the same. Also the spatialdistribution
presentsmportantdifferences:mostof the objective cyclonesare placedin the Gulf of Genoa;for all typesthis



areahasthe highestfrequeng (speciallyfor type 7, with around50 %). It is interestingto notethe high frequeny

in the southof the Pyreneedor type 1, in the Alboran Seaand the Algerian Seafor type 2, the north of the
Pyreneestheeastof thelberianPeninsulandthe Gulf of Cadizfor type3, the Gulf of Cadizfor type4 andfinally

the north of the Pyreneesaaind the Alboran Seafor type 5. Another differencebetweenthe obtainedtypologies
of both databasess the percentag®f elementsof eachtype; the subjective databasdiasa higherfrequeng of

cyclonesof types4, 5, 6 and7 andlower of types1, 2 and3.

6 Conclusionsand further remarks

In this study we have presentedhe characteristicef the surfacecyclonesof the WesternMediterraneay means
of two differentdatabaseg¢basedon subjectve and objective analyses).Although the period of 4 yearsis too
shortfor obtaininga climatologyof cyclonesthe presentesultsarebelievedto give a usefuldescriptioraboutthe
Mediterranearmyclones.Fromthosedatasomeconclusionsanbe stressed:

(i) Thehigh numberof cyclonesin the WesternMediterraneanvhena subjectve mesoscalanalysiss performed.
Althoughtheinherenterrorsof the subjectve cyclonedatabasethe detectechumberof cycloneswith this method
is muchhigherthanthe detectedycloneswith arny synopticor macroscal®ne(asthe LAM-INM objective data-
baseor others).

(i) The WesternMediterraneartyclonesarenot uniformly distributed. Thereforesomeareaswith a high concen-
trationof cyclonesarefound. The highestconcentratiorof cyclonesis locatedcloseto the mountain-rangegqthe

maximaareplacedin the southof the Pyreneesindthe Alps) andthentheir possibleorographicorigin is sugges-
ted. Otherareaswith ahigh concentratiorof cyclonesasthe Alboran SeamainlandSpainandthe TyrrhenianSea
arealsoidentified.

(iii) Thereexist differencesn theseasonafrequeng of the WesternMediterranearyclones.Thus,in someareas
themaximumis reachedn summerandthe minimumin winter (mainlandSpain),while in othersthedistribution

is theopposite(the AlboranSea).In otherareaqthe southof the Pyrenneeshe Gulf of Genoaandthe Tyrrhenian
Sea)the seasonatlistributionis nearlyuniform. In generalatendeny to locatethe cyclonesover landduringthe

summerandover the seain winter canbe concluded.

Besidesthe catalogationof cyclonesin the WesternMediterranearcyclones,a classificationof both databases
by meansof a clusteranalysismethodwas carriedout. The classificationwas performedfrom the intensity of
the cyclonesandthe shapeof the pressurdield. Seventypologiesof cyclonesin the WesternMediterranearare
describedTheresultsobtainedrom thetwo databasepresensimilar meanvalues:spatial,seasonahndpressure
distributions. For thisreasonwe canconcludethatthesesevengroupsrepresentealtypologiesof cyclonesin the
WesternMediterraneankFurthermoreit canbe statedthat:

(iv) Most of the WesternMediterranearcyclonesare mesoscaleweak, asymmetricand eccentricin the E-W
direction (types1, 2 and4) or symmetricand circular (types5 and 7). Only a small part of them are weak,
asymmetri@ndeccentridn theN-Sdirection(type 3) or strong,symmetricandcircular(type6). In generabclear
relationshipbetweentypologiesandcyclonic origin could not be stablished.Neverthelessa traceof orographic
(for typesl, 2, 3 and4), thermal(for types3 and7) or baroclinic(for type 6) origin canbededuced.

Someof the differencesbetweenboth databasesanbe explainedfrom the differentorigin of them. It mustbe
takeninto accounthatthelimitationsof theanalysisof the LAM-INM andits resolutionimposesomerestrictions
on the size of the structureghat canbe detected.So, dueto the factthatthe LAM-INM analysissmootheghe
pressurestructuresthe manualanalysisdetectamorecyclonesthanthe objective one,especiallyin thesouthof the
Pyreneesandin the Alboran Sea.Thereforethe cyclonesin thoseareasandothers seento be of smallhorizontal
scaleg(mesoscaleandonly canbedetectedvith thesubjectve analysisor anobjectve mesoscalanalysis Besides,
the centresdetectedby the objective analysisarelessintensethatit could be expected.Moreover, the subjectve
analysisis potentiallythe bestanalysis but appliedto a large amountof datapresentsomedisadwantagesAs it
wasexplainedbeforethereareareaswith lack of dataandthe subjectvity of the analystintroducessomebiases
but alsoit is hardly appliedto long periodsof time andlarge areas.On the contrary the objective analysiswould
avoid mostof the commentegroblems but somerestrictionsareimposedby the analysis.Then,for the Western
Mediterraneartyclonesanobjective analysisbasedon a mesoscaleumericalmodel(with a gridlengthof around
50 km or less)andatimeinterval of 6 hoursis neededo performcycloneandcyclogenesiglimatologies.

The presentwork is a first attemptof characterisatiof the WesternMediterranearctyclones. Due to the fact



of usingonly sea-l&el pressuresalues,the obtainedclassificationgivesus an ideaon the shapeand strengthof
thisfield. But it is clearthata full descriptionof cyclonesrequiresothervariablesasthe temperaturehumidity,
wind, aswell asthe distribution of thesevariablesat differentlevelsin the vertical. Thatis a tridimensional
characterisatiomf the cyclones. It implies a hardwork that canbe only carriedout with an objective method.
Thena morecompletecataloguevould be available,andalsoa classificatiorof cyclonesbasedon this catalogue
couldbe performed.Thiswork is atthe momentat aninitial stageandsomevariableshave beenchoserin order
to describeridimensionallythe cyclones.Theusedanalysisis the HIRLAM-INM, with a horizontalresolutionof
0.5° latitude-longitudeln theverticalseven pressurdevels (from the earthsurfaceto 300hPa) areselected.
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