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Abstract

The MediterraneanSeais a region that presentsa high frequency of cyclones. Many of themare lee
depressionsandsomesoscaleandweak,but othersarestrongandcover a wide area.In this studysome
characteristicsof surfacecyclonesin theWesternMediterraneanarepresented.Firstadatabasewasbuilt
from handanalysesof sealevel pressurefrom 1992to 1995.Next a similar databasewasobtainedfrom
theLAM-INM objectiveanalysesof the1000hPageopotentialfield. Resultsshow animportantincrease
in thenumberof cycloneswhena mesoscaleanalysisis carriedout. Most of theWesternMediterranean
cyclonesaremesoscaleandweak,andthey arenot uniformly distributedin spaceandin time. On one
hand,therearesomeareaswith a high concentrationof cyclones.The locationof someof them,close
to themainmountainranges,suggeststheir possibleorographicorigin. On theother, in someareasthe
cyclonesarepresentduringthewholeyear, but in otherareasareseasonallydistributed.Finally astudyof
typologiesof thecycloneswasconductedby usingtheclusteranalysistechnique.Theclassificationwas
performedfrom the intensityof thecyclonesandtheshapeof thesealevel pressurearoundthecentre.
Resultsaresimilar from bothdatabasesandsotheexistenceof seventypologieshave beenidentified.
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1 Intr oduction

TheMediterraneanSealies between30o and46oN andbetween6oW and36oE. It canbedivided into two main
basins(separatedby Sicily): theWesternandtheEasternbasins.TheWesternMediterraneanbasin(Figure1) is
surroundedby high mountainranges(topsfrom 1500to 4500metres);to thenorthby thePyreneesandtheAlps,
to thewestby theIberianPeninsulawith a complex orography, to thesouthby theAtlas (from theHautAtlas in
Moroccoto theMassif de l’ Auresin Algeria) andto the eastby theApenninemountainsandthe Dinaric Alps.
Theserangeslay closeto theseaandareseparatedby narrow gaps.

A consequenceof the topographicalshapeof the Mediterraneanis the frequentgenerationof lee depressions.
In general,the interactionof the air-flow with a mountainbarrier producesmany effects: windward blocking,
deviation of the flow, lee wave generation,lee warming,etc... (Bougeaultet al., 1990). The global effect is the
loosingof air-flow momentum,measuredby the mountaindrag. The mesoscalemanifestationof the mountain
dragis a dipolar pressurestructure,with high pressurein the windwardandlow pressurein the lee of the range
(Bessemoulinet al., 1993).

From a macroscale(generalcirculation)point of view, dueto its latitudinal position, the Mediterraneanregion
is affectedby both the Polar-Front Jet and the SubtropicalJet. Besides,the MediterraneanSeaseparatestwo
continentalair masses(the Euro-Assiaticand the African), which implies the generationof baroclinic frontal
zones.As it is well-known, thesetwo factors,thepresenceof theJetanda barocliniczone,play animportantrole
in theextratropicalcyclogenesis(Reiter, 1975)

As a direct result from the aforementionedcharacteristics,the Mediterraneanis a region that presentsa high
frequency of cyclonic centres.Many of themexhibit mesoscalefeaturesandweakintensity(GenovésandJans̀a,
1989;Radinovic, 1978)but someof themarestrongandcovera wide area(Radinovic, 1987;Alpert et al., 1990).
Even only consideringmacroscalecyclones,the Mediterraneanregion is oneof the mostcyclogeneticregion in
theworld (Petterssen,1956;Radinovic, 1987).It canbestatedthatthelargenumberof cyclonesandcyclogenesis
in theWesternMediterraneanis oneof themainfeaturesof themeteorologyin thatregion.

Largescaledeepcyclonesmaybedirectly relatedto disturbedweather(strongwind and/orheavy rain). But also
somesmall,weakandshallow surfacedepressionsmayhaveanindirectinfluencein locatingandtriggeringheavy
rain (Jans̀a et al., 1996and1999)or in the generationof certainlocal winds (Campinset al., 1995). This is the
foundationof thepracticalinterestof a studyorientedto obtaina betterknowledgeof thoseevents.It seemsto be
necessaryto improve theunderstandingof thecharacteristicsof thesurfacecyclonesandtheir preferredareasof
appearance,not only deepcyclones,but alsoweakandshallow depressions.

Figure1: WesternMediterraneanorography(grey scaleeach500m) andstudyareasof thesubjective
(dashline) andtheobjective (full line) cyclonedatabases.



To do that,a catalogueanda classificationof theWesternMediterraneancycloneswereperformed.First, a cata-
logueof cyclonesfor a four-yeardatabase,which wasobtainedfrom hand-madesealevel pressureanalyses,was
carriedout. After that, a classificationof that databasein certaintypologiesby a clusteranalysismethodwas
performed.In orderto validatetheresultsanobjectivecataloguefrom theLAM-INM (Limited AreaModel of the
InstitutoNacionaldeMeteorologiaof Spain)analysisdata(for thesameperiodandarea)andaclassificationbased
on it, by usingthesamemethod,wascomparedwith thefirst one. Thepresentpaperis organisedasfollows. In
Section2, a review of previouscyclonecataloguesfor theWesternMediterranean,aswell astheirmostimportant
results,arepresented.In Section3, thesubjectivecatalogue,aswell asthespatialandseasonaldistributionsof the
WesternMediterraneancyclonesobtainedfrom it, aredescribed.Theclusteranalysismethodandthe resultson
WesternMediterraneancycloneclassificationareshown in Section4. In Section5 thecatalogueandtheclassific-
ationof theobjective databasearecomparedwith thesubjective one. Finally, Section6 containstheconclusions
andfurtherremarks.

2 Previous cyclonecataloguesfor the Western Mediterranean

Cycloneandcyclogenesisclimatologieshave beena continuoussubjectof interestin theMediterraneanmeteoro-
logy. Thewidevarietyof aspects(cyclone,cyclogenesisor both),methodologies(subjectiveandobjective),study
areas(from thewholeMediterraneanto somespecificregions),scales(large,synopticandmesoscale),time peri-
ods(from oneto forty years)andtime intervals (from 24 to 3 hours)make very difficult a comparative studyof
them. Evenso,andasit will be seenlater, the analysisof the differentclimatologiesproducessomeinteresting
results.

The first study is includedin the generalwork doneby Petterssen(1956). Petterssenobtainedthe cycloneand
cyclogenesisfrequenciesover the NorthernHemisphere.It wasa large scaleanalysisover a forty-yearperiod.
Thefrequencieswerepresentedin grid areasof 100,000km2, andthey revealedthat thehighestconcentrationof
cyclogenesisin NorthernHemisphere,in winter, is theMediterranean,in thegrid squarethat includesthegulf of
Genoa.Radinovic andLalic (1959)presentedaclimatologyof cyclogenesisfor theWesternMediterranean.It was
performedoveraten-yearseriesof sealevel pressurecharts(every6 hours).Theisobarcontourinterval was5 hPa.
Thecycloneselectioncriteriawasbasedon thepresenceof a low pressurecentrewith at leastoneclosedisobar
in thestudyarea.This wasasynopticscaleclimatologyandtheresultswerepresentedin 5ox5o latitude-longitude
squares.As well as in the studyof Petterssen,the WesternMediterraneanin generalandthe Gulf of Genoain
particularwererevealedasimportantcyclogeneticregions.Anothersynopticscaleclimatologywasperformedby
Reiter(1975). He useda seven-yeardatabaseof sealevel pressurechartsin the Mediterranean(6 hourly). The
selectioncriteriaexcludedthethermallows. TheGulf of Genoawasagaintheareawith highestconcentrationof
cyclones,but otherregions,asthe Gulf of Lyon, theBalearicSea,North Africa andthe AlgerianSea,presented
secondarymaximain relationto thenumberof cyclones.

All the aforementionedclimatologieswereperformedwith a large or synopticpoint of view. The first attempt
to carry out a mesoscalecycloneclimatology wasperformedby Radinovic (1978), and it was concernedwith
the WesternMediterranean(aroundthe Alpine mountainrange)andfor a one-yearperiod(1975). The cyclone
selectioncriteria wasthe sameasthe usedin 1959,but with a 2 hPa contourinterval. The analysisof sealevel
pressurechartswascarriedout3 hourlyandtheresultswerepresentedin 1ox1o latitude-longitudesquares.Besides
resultsfrom a one-yearperiodcannot beconsideredasa climatology, it is importantto notea significantincrease
in thenumberof cyclones(asregardsthe largeor synopticscalecycloneclimatologies).Theabsolutemaximum
remainedin theGulf of Genoa,but otherzoneshadanimportantcycloneconcentration.

Radinovic (1978)pointedout thepossibleorographic(dueto thehigh frequency of cyclonescloseto themountain
ranges,especiallythe Alps) andthermal(dueto the heatingof the seaor land) characterof many low pressure
centres.Moreover, many of themwerestationaryandshort-living (lessthan24 hours). Following the ideasof
Radinovic, GenovésandJans̀a(1989)performedacatalogueof cyclonesfor theWesternMediterranean(excluding
theAlpine areabut including theIberianPeninsula).Theselectioncriteriaof cycloneswasthesameastheused
by Radinovic (1978),andit wasappliedto thesealevel pressurecharts,12hourly, over1987.They considerednot
only thelow pressurecentres(enclosedwithin a2 hPacontourinterval) but alsotheopenedones,with ahighvalue
of positive geostrophicvorticity. The resultsagainpointedout to an increaseof the numberof cycloneswhena
mesoscaleanalysisis carriedout. It is interestingto underlinethehigh numberof cyclonesdetectedin thesouth
of thePyrenees,mainlandSpain,theAlboranSeaandthewesternborderof theAlgerianSea.

All of the mentionedstudieswerebasedon hand-madesealevel pressurecharts,generallycoming from daily



operationalanalysis. Thus, the detectionof low centreswas enterelysubjective. The first climatology on the
activity in thewholeMediterraneanperformedwith anobjective methodwascarriedout by Alpert et al. (1990).
In this work, the analysisoutputsof the ECMWF numericalmodel at 00 and12 GMT for a five- yearperiod
wereused. The objective methodlooked for cyclonesin the geopotentialfield at 1000hPa. The gridlengthof
theanalysiswas2 � 5ox2 � 5o latitude-longitude.Theresultswerepresentedin 250x250km2 squares,andsowith a
synopticscalepoint of view. Concerningthe WesternMediterranean,the resultsshow againa maximumin the
Gulf of Genoaduring thewholeyear. However, it is interestingto point out othermaximafor someperiods:the
Southof Italy from Januaryto July, Saharafrom April to Octoberandthe north of Algeria in July (the Iberian
Peninsulawasnot includedinto thestudyarea).

3 A subjective catalogueof mesoscalecyclonesfor the Western Mediter-
ranean. Spatial and seasonaldistrib utions

Following the methodologiesdiscussedin Radinovic (1978)andin GenovésandJans̀a (1989),sinceDecember
1992 to November1995, the occurrenceof cyclonesin the WesternMediterraneanbasinwas archived at the
MeteorologicalCentreof theBalearicIslands.Thedatabasewasbuilt from operationalhand-madeanalysesof the
sealevel pressurechartsat 00 and12 GMT, usinga 2 hPa contourinterval. Thescaleof themapwas1:5,000,000
andtheareaof studyis shown in Figure1. In this casenot only low pressurecentresinsidea closedisobarwere
recorded,but alsothoseopenisobarcentreswith ahigh positivegeostrophicvorticity value.

Theuseof themanualsubjectiveanalysistechniqueto collectthemesoscalecycloneswasjustifiedat themoment
of beginning this cataloguedue to the impossibility of having an objective methodof mesoscaleanalysisthat
permittedthe automaticdetectionof the greatmajority of WesternMediterraneancyclonic centres. However
beforeidentifying andrecordingthedataof a cyclonic centre,theoperative analyseswerereanalysed.Thus,the
subjectivity andurgency of theoperationalanalystwerecompensatedby a reconsiderationof themeteorological
situationandby a differentsubjectivity. Nevertheless,a high subjective componentwasstill presentduring the
wholeprocess.

Moreover, it canbe arguedthe existenceof someerrorsin detectingcyclonesin the sea,given the lack of data.
This error remainsreducedto somemesoscalecyclonesonly accountablethroughthe introductionof conceptual
models.In this casetheassignmenterrorby this reasonis consideredsmall,althoughit exists.

Eachcyclonewascharacterizedby thedateof occurrence,anassignedcode,thecharacter(openor closedisobar
aroundthe lowestpressure),the coordinatesof the centre,the centralandeight surroundingpressurevalues(at
distancesof 200and400km in theN, S,E andW directions)and,finally, two calculatedmagnitudes,theintensity
andthegeostrophicvorticity of thelow centre.

Accordingto Petterssen(1956)andRadinovic andLalic (1959),the intensityof a cyclonecanbe definedasthe
laplacianof the pressurefield aroundthe centre. Thereforeit canbe computedby meansof a finite differences
scheme.In suchcasetheintensityof thecyclonewouldhave theexpression

I � p1
�
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�
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�

p4 � 4p0

d2

beingpi
�
i � 1to4� thepressurevaluesat four pointsplacedalongtheprincipalaxis(i.e.,E, N, W andSdirections,

respectively) separateda distanced from thecentreof the depression(0), andpo thepressureat thecentreitself
(Figure2).

In thecataloguewe definedtheintensityof acycloneby thequantity
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thatis proportionalto thelaplacianof thepressureandsoto thegeostrophicvorticity, asthefollowing expression
shows:
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Both the intensityandthegeostrophicvorticity of thecyclonefor two gridlengthmeshes,d � 200and400km (as
Figure2 shows),werestoredin thecatalogue.

Figure2: Grid usedto calculatethevariablesusedin theclusteranalysis.Thecentreof thecyclonewas
locatedatpoint 0. Thesealevel pressurevalueswererecordedat points0,1to 8. Theparameterd is the
gridlength,andit wasequalto 200or 400km (theunitsof theaxesarein kilometres).

Due to the fact that the selectionof cycloneswassubjective, cyclonic centresof differentscaleswererecorded,
includingsomecycloneswhosesizewaslessthantheshortestgridlengthused(200km). To avoid theseundesired
cycloneswe ignoredthe cycloneswith geostrophicvorticity lessthan0 � 810� 4s � 1 (calculatedwith the 200 km
gridlength),which correspondsto a 1 hPa/200km meanpressuregradient.More detailsaboutthe databasecan
beencounteredin thePEMMOC(Spanishacronym for WesternMediterraneanMeteorologicalStudiesProgram)
Bulletin (INM 1992,1993,1994,1995,1996and1998).

The main featuresaboutthe spatialandseasonaldistributionsof the collecteddepressionsarepresentedin this
paper. The meannumberof cyclonesper yearis 1609. Their spatialdistribution is presentedin squareareasof
2ox2o latitude-longitude.As Figure3ashows,theprincipalmaximaarelocatedin thesouthof thePyreneesandin
theGulf of Genoa.Otherimportantareasof cycloneconcentrationaretheAlboranSea,themainlandSpainand
theTyrrhenianSea.

FromFigure3a it canbeobservedthatmany of thecyclonesareplacedcloseto themainmountainranges.It is
widely acceptedthatin theWesternMediterraneanthereis acloserelationbetweentheorographyandthecyclones.
Moreover, asit wasmentionedin Section2, Radinovic (1978)showed this relationfor an areaaroundthe Alps.
In a recentstudy (Genovéset al., 1997)basedon the samesubjective database,the role of the orographywas
quantitatively calculatedby meansof anindex definedastheproductof thewind at700hPaandthegradientof the
terrainheight.Theresultsindicatedthat in theWesternMediterraneanthecyclonesin which theorographyplays
a decisiverole arepredominant.

However if theorographicorigin of agreatnumberof cyclonesis assumed,it seemsnotoriousthegreaternumber
of detectedcyclonesin someareas,likearoundthePyrennees,in front of anothermountainouszones,liketheGulf
of Genoa.Probablythenumberof cyclonesin this lastmaximumoughtto begreaterthatFigure3ashows,what
would meanthat thereis anunderestimationin thenumberof cyclonesin thedatabase(asresultsfrom objective
cataloguesindicate;seePicornelletal. 1994and1997).It couldbedueto thefactthatonly a partof theAlps (the
westernpart,nearGenoa)is includedin theareaof study. Sotheabsolutenumberof detecteddepressionsrelated
to theAlps hasto bequantitatively reduced.

Theseasonaldistributionfor thewholedatabasepresentsamaximumin summer(29.0%)andaminimumin winter
(21.9%), while in springandautumnthe frequency of cyclonesis quite similar (25.0and24.1% respectively).
Although the differenceof the seasonalfrequency of cyclonesis not so high, a differentspatialdistribution is
observed in eachseason(Figure 4). For zonesthe seasonalfrequency of cyclonesin the Alboran Seashows
a maximumin winter anda minimum in summer, while in the mainlandSpainandNorth Africa the seasonal
distributionis theopposite,with amaximumin summerandaminimumin winter. In thesouthof thePyrenees,the
Gulf of GenoaandtheTyrrhenianSea,althoughthereexistsa maximumanda minimum,theseasonalfrequency
is nearlyuniform. In generalin thecold season(winter) thelow pressurecentresareplacedover thesea,whereas



Figure3: (a) Meannumberof cyclonesper yearfor the subjective database(1992-1995).The values
werecountedin 2ox2o squaresandinterpolatedwith the kriging method. Contoursod 10, 20, 40, 80,
120and160cyclonesperyearareshown. (b) Sealevel pressuredistribution (relative to thecentre,hPa)
for themeancycloneof thesubjectivedatabase.Pressurevaluesatpoints1 to 8 interpolatedwith aradial
method.Contourinterval: 1 hPa. Grid distancesin hundredsof kilometres.

in thehot season(summer)thecyclonesareplacedover the land,asalsoRadinovic (1978)found. During spring
andautumnthereis notacleartendency. Thereforeanimportantroleof theradiativeheatingof theearthsurfacein
thegenerationof theWesternMediterraneancyclonesseemsto beclear, especiallyin someareas(mainlandSpain
andNorthAfrica).

In short, this catalogueconfirmsthe southof the Pyreneesas the areawith the highestfrequency of small low
pressurecentresin the WesternMediterranean,followed by the Alboran Sea,the Algerian Seaand the Iberian
Peninsula(aspointedout by GenovésandJans̀a 1989). Also a prominentmaximumis obtainedin the Gulf of
Genoa(presentin all theaforementionedcycloneclimatologiesfor theWesternMediterranean).

Although a completestudyaboutdurationandmovementof cycloneshasnot beenincludedin this work, com-
paringtheresultswith Radinovics (1978),it canbeinferredthatmostof theWesternMediterraneancyclonesare
stationaryandshort-living (lessthan24 hours).Thenthemaximaof concentrationof cyclonesmight alsobethe
areaswherecyclonesappears.Theelongationof theareasof maximumcouldgive anindicationof themorefre-
quenttracksof themobilecyclones.Therefore,from Fig. 3asomepossiblecyclonetracksmight beinferred: (1)
theimportantcyclogeneticregion of thegulf of GenoaspansalongtheTyrrhenianSea,(2) from themaximumof
theAlboran-ArgelianSeaalongtheNorth-African coastor alongtheIberianPeninsulacoast,andfinally (3) from
theCatalonian-BalearicSeato thegulf of Genoa.Thesetrackscouldbepartiallyassociatedwith otherwell-known
tracksof theWesternMediterraneancyclones(Reiter, 1975;H.M.S.O.,1962).

4 Cluster analysis

4.1 Method and variables

Theobjective of theclusteranalysisis to classifytheelements,characterisedby a setof variables,of a database
into somegroups,wheretheelementsof thesamegroupsaresimilar but differentfrom theelementsof theother
groups.Thealgorithmusedin this studywastheconvergentk-means,which is a variantof MacQueen’sk-means
algorithm(Andenberg, 1973;GongandRichman,1995). The measureof similarity wasthe euclideandistance.
For this methodthereis not an objective way to determinethe bestnumberof clusters,andthenthis electionis
stronglysubjective.

Theclusteranalysiswasappliedto thesubjective cyclonedatabase(Section3), andtwo testswereperformedin
orderto obtainthebestnumberof clusters(k). First, we plottedthe total sumof squaredintra- clusterdistances
asa functionof thenumberof clusters(from 2 to 10). In theconvergentk-meansmethod,for a givenk, thetotal
sumof squaredintra-clusterdistances(E(k)) is a minimum,andit decreasesask increases.So,we chosek when
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Figure4: As Figure3a for (a) Winter, (b) Spring, (c) Summerand(d) Autumn. Contourinterval 10
cyclonesperyear.

the reductionof E(k)) wasnot significant(for thesubjective databaseit wasachievedwhenk � 7). And second,
wecomparedthemaximumof theinter-clusterdistancesversustheminimumof theintra-clusterdistances.In that
casethe bestnumberof clusterswould be k � 4 but for k � 7 the minimum of the intra-clusterdistanceis still
higherthanthemaximuminter-clusterdistance.In orderto getahighervarietyof typologies,wechose7 clusters.

Theconvergentk-meansclustermethodis alsosensitive to the electionof theseed-points.After sometests,the
seedpoints were formed as the centroidsof a partition of the databasein 7 groupswith the samenumberof
elements.

As it hasbeencommented,thepressurestructuresin the surfacearecloselyrelatedto the orography. Radinovic
(1978)showedthatthemesoscalepressuresystems(high andlow pressurecentres)in theWesternMediterranean
hada shapemodelled,in many cases,by the topography. In this studywe pretendto classifytheMediterranean
cyclonesby their intensityandshapededucedfrom thepressuredistributionaroundthelow pressurecentre.

As measureof theintensityof thecyclonethegeostrophicvorticity canbeconsidered(seeEq. (3) in Section3). In
this casetwo gridlengthswereused(200and400km). In orderto characterisetheshapeof thepressurestructure
anothertwo variablesweredefined:thesymmetryandtheeccentricity. Thesymmetryrepresentsthevariationof
the pressuregradientsaroundthe centreandthe eccentricitythe differencebetweenthe meanpressuregradient
alongthe north-south(N-S) axis andthe east-west(E-W) axis. As the symmetryis calculatedby meansof the
standarddeviationof thepressuredifferencesaroundthecentre,thena low valueindicatesanearlycircularshape.
TheeccentricitymeansthedifferencebetweenthepressuregradientalongtheN-SandE-W axes,sothestretching
of thepressureshapealongoneof thoseaxes.Positivevaluesmeanabiggerpressuregradientin theN-Sdirection
thanin theE-W direction,andthenastretchingin theE-W axis.Negativevaluesmeanastretchingin theN-Saxis
andfinally nearlyzerovaluesno stretchingin any of bothaxes.As it hasbeencommented,theshapevariablesas
thesymmetryandtheeccentricityaredefinedasfollows:

Symmetry
�
i � � s

�
g
�
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g
�
i S j �

wheres
�
g
�
i S j �U� is thestandarddeviationof thepressuredifferencesat200km andg

�
i S j � , themeanof thepressure



differencesat 200km (for i � cyclonesand j � 1to4; seeFigure2), and
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Beforeapplyingtheclusteranalysisthefour variables(givenby Eq. (3), (4) and(5)) werestandardizedin orderto
obtainnondimensionalvariableswith zeromeanandunit standarddeviation.

4.2 Results

Beforeanalysingtheresultsof theclusteranalysis,adescriptionof thedistributionof thefour variablesusedin the
clusteranalysisis performed.In Figure5 themeannumberof cyclonesperyeardistribution for thegeostrophic
vorticity (calculatedwith a200anda 400km gridlengths),thesymmetryandtheeccentricityareshown.

Thegeostrophicvorticity, calculatedwith a 200km gridlengthshows anpositive asymmetricdistribution, with a
mean(2.02 10� 4s � 1) greaterthanthe median(1.8910� 4s � 1). This is only partially dueto the lower threshold
(0.8 10� 4s � 1), thatcutstheleft tail of thedistribution. Theminimumandthemaximumvaluesrangesfrom 0.80
(threshold)to 6.8010� 4s � 1, andthestandarddeviation is 0.7310� 4s � 1.

In the sameway, the geostrophicvorticity, calculatedwith a 400 km gridlengthexhibits a positive asymmetric
shape,althoughtwith a similar meanandmedian(0.72 and0.68 10� 4s � 1). For this variableno thresholdwas
imposedandthennegativegeostrophicvaluescanbeobtained.In thiscasetherangeof valuesis shorterthatin the
previouscase(theminimumis -0.6410� 4s � 1 andthemaximum2.8810� 4s � 1) andalsothestandarddeviation is
lower (0.3110� 4s � 1).
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Referringto thesymmetry, againthedistribution is positiveasymmetric,with ameanequalsto 0.51anda median



to 0.47,thatis, themostof thecyclonesarenot exactly symmetric.Althoughthesymmetryvaluesrangefrom the
minimum0.00valueto themaximumvalue2.71,mostof thevaluesareplacedaroundthemean.As a result,the
standarddeviation is small(0.28).

Finally the distribution of the eccentricityis nearlysymmetric. The meanand the medianare the same,0.14,
positive,thatmeansfrequentelliptic shape,with E-W orientationof themajoraxis.Thevaluerangeis from - 2.97
to 2.35andthestandarddeviation is 0.45.

In Figure3b, the sealevel pressuredistribution for the meancyclonein the databaseis presented.The pressure
gradientis nearly the samein threeof the four directions(around1 hPa/100km) and weaker to the east. Its
geostrophicvorticity is weakand the pressuredistribution aroundthe centreis only partially symmetric,anda
little eccentric(i.e. thelow pressurecentreelongatedin theE-W direction).

Next thecharacteristicsof the seventypologiesaredescribed.In Table1 themeanvalueof thevariablesfor the
wholedatabaseandfor eachoneof theobtainedcentroids.Figures3 and6 show thespatialdistribution andthe
meanpressuredistribution for thewholedatabaseandfor eachtypology.

Database Type1 Type2 Type3 Type4 Type5 Type6 Type7
Vort2* 2.02 1.51 1.56 1.65 2.60 1.62 3.61 2.38
Vort4* 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 -0.57 0.43 -0.02 0.10 0.00

Table1: Meanvaluesof thevariablesfor thesubjective databaseandfor the7 cyclonetypes. (*Units
10V 4 s V 1)

Type 1 cyclonesareweakfor both gridlengths,asymmetricandeccentricin the E-W direction. They presenta
strongpressuregradientto thenorth(from thecentre)anda veryweakoneto theeast(from thecentre).Type1 is
the lessfrequentone,5.9 % of thetotal. Its seasonaldistribution shows a maximumin winter anda minimumin
summer(31.5and17.2% of type1 cyclones).Mostof thesecyclonesareplacedin thesouthof thePyrenees.Due
to theproximity of thecyclonesto somemainmountainrangesandto thestrongcyclonepressuregradientalong
thedirectionwherethemountainrangeis placed,this typologymayconsistof weakorographiccyclones.

Type2 cyclonespresentweakgeostrophicvorticity for bothgridlengthsandthey arequasi-symmetricandeccentric
in theE-W direction.Thepressuregradientis similar to thenorthandto thesouthononehand,andto thewestand
to theeastin theother(aroundthedoublethenorth-souththantheeast-westgradients).This typerepresentsthe
18.6% of thetotal cyclones.It is quitespreadin all seasons,with amaximumin autumn(27.8%) andaminimum
in spring(21.7%). Thecyclonesof this typologyarelocated,preferably, in thesouthof thePyrenees,theAlboran
Sea,theAlgerianSeaandtheGulf of Genoa.As well astype1, thesecyclonescouldmainly beweakorographic
cyclones.

Type 3 cyclonesare weak for both gridlengths,asymmetricand eccentricin the N-S direction. The pressure
structureis nearlythe sameasthe for type2, but rotated90 anticlockwise.Type3 representsthe11.1% of the
total of cyclones.This typehasa maximumof frequency in autumn(27.9%) anda minimumin winter (18.3%).
Thelow centresarelocatedin thesouthof thePyrenees,themainlandandat theeasterncoastof Spain,in theGulf
of Cádizandin theGulf of Genoa.They couldberelatedto orographicinfluences(for mountainrangesoriented
in theN-Sdirection),weakthermallowsand/orfrontswhich crossesthearea(from westto east).

Type 4 cyclonespresentmoderategeostrophicvorticity in 200km andweakin 400km gridlengths,asymmetry
andareeccentricin the E-W direction. For thesecyclonesit mustbepointedout the strongpressuregradientto
thenorthandwest(from thecentre).This typerepresentsthe13.4% of thetotal, with a maximumin springand
summer(27.9%) anda minimum in autumn(18.9%). Preferably, thesecyclonesareplacedin the southof the
Pyreneesbut otherareaswith animportantconcentrationof cyclonesaretheGulf of GenoaandtheAlboranSea.
As types1 and2, they couldbeorographiccyclones,but moreintensethantypes1 and2.

Type5 cyclonesareweakin bothgridlengths,symmetricandnon-eccentric.Thepressuregradientis thesamein
all thefour directions(from thecentre),sothesecycloneshavenearlycircularshape.Thistypeis themostfrequent
type(24.9% of thetotal),with a maximumin summer(29.4%) anda minimumin winter (19.2%). Their centres
arewidespreadin all thezones,standingout theGulf of Genoa,theTyrrhenianSeaandthesouthof thePyrenees.



W X Y Z [ \ ] ^
_ `

a b

c d

e f

g h i j k l m n
o p

q r

s t

u v

w x y z { | } ~
� �

� �

� �

� �

� � � � � � � �
� �

� �

� �

� �

-4.0 -2.0 0.0 2.0 4.0

-4.0

-2.0

0.0

2.0

4.0

-4.0 -2.0 0.0 2.0 4.0

-4.0

-2.0

0.0

2.0

4.0

-4.0 -2.0 0.0 2.0 4.0

-4.0

-2.0

0.0

2.0

4.0

-4.0 -2.0 0.0 2.0 4.0

-4.0

-2.0

0.0

2.0

4.0

� � �

� � �

� � �

  ¡ ¢



£ ¤ ¥ ¦ § ¨ © ª
« ¬

­ ®

¯ °

± ²

³ ´ µ ¶ · ¸ ¹ º
» ¼

½ ¾

¿ À

Á Â

Ã Ä Å Æ Ç È É Ê
Ë Ì

Í Î

Ï Ð

Ñ Ò

-4.0 -2.0 0.0 2.0 4.0

-4.0

-2.0

0.0

2.0

4.0

-4.0 -2.0 0.0 2.0 4.0

-4.0

-2.0

0.0

2.0

4.0

-4.0 -2.0 0.0 2.0 4.0

-4.0

-2.0

0.0

2.0

4.0

Ó Ô Õ

Ö × Ø

Ù Ú Û

Figure6: Left columnasFigure3afor the7 typologiesobtainedfrom theclusteranalysisonthesubject-
ivedatabase.Contoursof 2, 4, 8, 16,32 and64 cyclonesperyearareshown. Right columnasFigure3b
for the7 typologiesobtainedfrom theclusteranalysisonthesubjectivedatabase.Contourinterval 1 hPa.
(a) Type1, (b) Type2, (c) Type3, (d) Type4. Next page,(e) Type5, (f) Type6 and(g) Type7.



Type6 cyclonespresentstronggeostrophicvorticity in bothgridlengths,quasi-symmetryandarenon-eccentric.
Thepressuregradientis strongto thenorth,west(whereit is up to 2 hPa/100km) andto thesouthandweaker to
theeast.This typeis, togetherwith type1, thelessfrequent(6.7% of thetotal). It presentsa maximumin spring
(31.2%) andaminimumin autumn(14.5%). Thelow centresarelocated,preferably, in theGulf of Genoaandin
thesouthof thePyrenees.They couldbeintenseorographiclowsandwell developedcyclones.

Type7 cyclonesaremoderatein bothgridlengths,symmetricandnon-eccentric.Thepressuredistribution around
thecentreis regularin thefour directionsasin type5, but stronger. This typeis formedby the19.4% of thetotal.
It presentsamaximumin summer(39.1%) andaminimumin winter (16.0%). They areplaced,preferably, in the
Gulf of Genoaandin themainlandSpainbut alsothoseplacedin theTyrrhenianSea,thesouthof thePyrenees,
theeasternborderof theIberianPeninsulaandAlgeria andin Moroccomustbepointedout. For this reason,the
locationof many of themon land,andtheoutstandingmaximumin summersuggestthat this typology is mainly
composedby moderatethermallows.

From anotherpoint of view it is interestingto establishif thereis or not a dominanttypology in eachareaof
maximumconcentrationof cyclones.In thesouthof thePyreneesthedominanttypesare1, 2 and4. Thesetypes
have a strongpressuregradientto the north (wherethe mountainsare),what reinforcesthe possibleorographic
characterof them. In theGulf of Genoa,themostfrequenttypesare5, 6 and7, but almostall typesarefrequent.
Two typesaredominantin the Alboran Sea: type 2 andtype 4. Again it seemsthat the orography(the Iberian
Peninsulato thenorthandtheAtlas to thesouth)playsanimportantrole in thepresenceof cyclonesin thatarea.
Types3, 5 and7 arethemostfrequenttypesin mainlandSpainandin theTyrrhenianSea.In bothareasit seems
that the orographydoesnot play an importantrole in the generationandshapeof the cyclones(exceptfor some
of the lows of type3). In theeasternedgeof the IberianPeninsula,thedominanttypologiesare2, 3 and5. For
thosecyclonesacertainorographiceffectcouldbedueto theIberianPeninsula(for westerncomponentflow). The
dominanttypologiesin theGulf of Cádizare2, 3 and5. Finally, in theAlgerianSeathemostfrequenttype is 2
(morethan50% of thecasesin thatarea),andagainthepossibleinfluenceof theAtlasmountainsin thegeneration
andshapeof themis suggested.

5 Objectivecyclonedatabase:catalogueand classification

An objectivecycloneclimatologyfor asix-yearperiod(1987-1992)wasperformed(Picornelletal.,1994)by using
theold LAM-INM analysesat 1000hPa(at00 and12GMT). TheLAM-INM analysiswasbasedon anOptimum
Interpolationscheme(Díaz-Pabón,1988). Thehorizontalresolutionwas0.91in latitude-longitudeandit had15
levels in thevertical. Dueto thegridlengthof theanalysis(around100km) only a few mesoscalecycloneswere
included.This cataloguewaslaterextendeduntil 1995andso,in orderto comparethecatalogueof cyclonesand
a furtherclassificationof themwith thesubjective one,a sub-databasewasbuilt. This new databasewasformed
with all thecyclonesincludedin a studyareasimilar to thesubjective one(from 33o to 45oN andfrom 10oW to
16oE, seeFigure1) from theold LAM-INM, andfor thesameperiodof time (1992-1995).

The meannumberof cyclonesper yearin the objective databasein the studyareais 946 (cyclones/year).Their
location frequency shows a prominentmaximumin the Gulf of Genoa. Secondarymaximaare locatedat the
northernandsouthernpart of the Pyrenees,in the north-westand in the south-eastof Spain,the Algerian Sea,
theeasternborderof theIberianPeninsula,theAlboranSeaandMorocco(Figure7). Theseasonaldistribution is
similar asfrom the subjective catalogue,with a maximumin summer(32 %) anda minimum in winter (19 %).
But againthepresenceof cyclonesin eachareashows a big dependenceon theseason.The Gulf of Genoa,the
northernpart of the Pyrenees,the north-westof Spainandthe AlgerianSeapresenta maximumin summerand
a minimum in winter. By the contrary, the southernpart of the Pyreneesandthe south-eastof Spainpresenta
maximumin winter anda minimumin summer. Finally thecycloneslocatedin Moroccoandtheeasternborder
of the IberianPeninsulaarealmostequallyfrequentduring thewholeyear. In this casethethermaleffect on the
cycloneappearancewasnot soclearasit wasin thesubjectivedatabase.

In orderto obtainaclassificationof cyclonesfrom theobjectivedatabasethenext stepswerefollowed.First of all
for eachcyclonic centrethe1000hPa geopotentialvaluesat thecentreandat distancesof 200and400km from
it wereobtained(from thegrid pointsandby a linearinterpolation).Next thegeostrophicvorticity wascalculated
from the valuesat 200 and400 km aswell asthe symmetryandthe eccentricityin the sameway asdefinedin
Section4.1. Thus,theclusteranalysiswasperformedin anidenticalway asfor thesubjective database,i.e. same
method,numberof typologiesandseedpointscalculation.In Table2 themeanvalueof thevariablesfor thewhole
databaseandfor thesevenclustersobtainedfrom theobjectivedatabaseareshown. In generaltheresultsfrom the



Ü Ý Þ ß à á â ã
ä å

æ ç

è é

ê ë

-4.0 -2.0 0.0 2.0 4.0

-4.0

-2.0

0.0

2.0

4.0

ì í î ï ð ñ

Figure 7: As Fig 3 for the objective cyclone database.(a) Contourinterval 10, 20, 40, 80 and 120
cyclonesperyear. (b) Contourinterval 8 geopotentialmetres.

clusteranalysisfor theobjective cyclonedatabasearequitesimilar to thoseobtainedfrom thesubjective cyclone
database(compareTable1 andTable2). Therefore,insteadof presentingthecharacteristicsof all the typologies
of theobjectivedatabase,we preferto commentthesimilaritiesanddifferencesbetweenbothdatabases.

Whencomparingthe resultsof both databasesit mustbe taken into accountthe limitations of eachcyclonede-
tectionmethod.In thesubjective analysistheanalystusessomeadditionalinformationassatelliteimagineryand
conceptualmodels. It makespossiblethe detectionof mesoscalecyclonesbut it is impossibleto avoid the sub-
jectivity andsosomebiasesareincludedinto the database.The differencesin datacoveragewill alsointroduce
cleardifferencesin the detectabilityof small cyclonesfrom subjective analysis. On the contrary, the objective
methodavoids thesubjectivity, but the limitationsof theanalysisandthegridlengthimposesomerestrictionson
thenumberandonthesizeof thecyclonesthatcanbedetected.A first comparisonbetweenthesubjectiveandob-
jectivedatabaseswasperformedfor theperiodof summerandautumnof 1995(Picornellet al., 1997).It revealed
thatthesubjectivemethodwasbetterthantheobjectiveonebecausemany of mesoscalecyclonesweredetectedby
hand-analysisbut not by theLAM-INM analysis.

Database Type1 Type2 Type3 Type4 Type5 Type6 Type7
Vort2* 1.33 1.07 1.11 1.10 1.74 1.11 2.81 1.76
Vort4* 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 0.47 -0.37 0.24 -0.05 0.09 0.00

Table2: Meanvaluesof the variablesfor the objective databaseandfor the 7 cyclonetypes. (*Units
10V 4 s V 1)

The comparisonbetweenboth databasesrevealsa muchmorenumberof cyclonesdetectedwith the subjective
databasethanwith theobjectiveone(1609versus946cyclonesperyear).But thisdifferenceis notgeographically
uniform. While in theGenoa-Liguriaareathe numberof cyclonesis nearlythe same,in otherareaswith a high
frequency of cyclonesthenumberof cyclonesin thesubjectivedatabaseis lower thanin theobjectiveone(i.e. in
thesouthof thePyreneesandin mainlandSpain).It canbedueto thelow resolutionof theobjective databaseas
regardsthe subjective one. The meanvaluesof geostrophicvorticity areweaker for the objective databasethan
for thesubjective one,mainly thevorticity at 200km (1.33in front of 2.0210� 4s � 1) andlessat 400km (0.59in
front of 0.7210� 4s � 1). On the contrarythe two adimensionalvariables(the symmetryandthe eccentricity)are
similar for eachdatabases.Thepressuregradientsfor theobjectivedatabasearesimilar to thesubjectiveones,and
alsothe pressuredistribution of the centroidsarenearlythe same(compareFigures3b and7b). Concerningthe
seasonaldistribution (not shown) it canbeobservedthatsometypologieshave differentseasonaldistribution for
eachdatabase(types1, 2, 3 and6) but the other(types4, 5 and7) have the same.Also the spatialdistribution
presentsimportantdifferences:mostof theobjective cyclonesareplacedin theGulf of Genoa;for all typesthis



areahasthehighestfrequency (speciallyfor type7, with around50%). It is interestingto notethehigh frequency
in the southof the Pyreneesfor type 1, in the Alboran Seaand the Algerian Seafor type 2, the north of the
Pyrenees,theeastof theIberianPeninsulaandtheGulf of Cádizfor type3, theGulf of Cádizfor type4 andfinally
the north of the Pyreneesand the Alboran Seafor type 5. Anotherdifferencebetweenthe obtainedtypologies
of both databasesis the percentageof elementsof eachtype; the subjective databasehasa higherfrequency of
cyclonesof types4, 5, 6 and7 andlowerof types1, 2 and3.

6 Conclusionsand further remarks

In thisstudy, wehavepresentedthecharacteristicsof thesurfacecyclonesof theWesternMediterraneanby means
of two differentdatabases(basedon subjective andobjective analyses).Although the periodof 4 yearsis too
shortfor obtainingaclimatologyof cyclones,thepresentresultsarebelievedto giveausefuldescriptionaboutthe
Mediterraneancyclones.Fromthosedatasomeconclusionscanbestressed:

(i) Thehighnumberof cyclonesin theWesternMediterraneanwhenasubjectivemesoscaleanalysisis performed.
Althoughtheinherenterrorsof thesubjectivecyclonedatabase,thedetectednumberof cycloneswith thismethod
is muchhigherthanthedetectedcycloneswith any synopticor macroscaleone(astheLAM-INM objectivedata-
baseor others).

(ii) TheWesternMediterraneancyclonesarenot uniformly distributed.Thereforesomeareaswith a high concen-
trationof cyclonesarefound. Thehighestconcentrationof cyclonesis locatedcloseto themountain-ranges(the
maximaareplacedin thesouthof thePyreneesandtheAlps) andthentheir possibleorographicorigin is sugges-
ted.Otherareaswith ahighconcentrationof cyclonesastheAlboranSea,mainlandSpainandtheTyrrhenianSea
arealsoidentified.

(iii) Thereexist differencesin theseasonalfrequency of theWesternMediterraneancyclones.Thus,in someareas
themaximumis reachedin summerandtheminimumin winter (mainlandSpain),while in othersthedistribution
is theopposite(theAlboranSea).In otherareas(thesouthof thePyrennees,theGulf of GenoaandtheTyrrhenian
Sea)theseasonaldistribution is nearlyuniform. In general,a tendency to locatethecyclonesover landduringthe
summerandover theseain winter canbeconcluded.

Besidesthe catalogationof cyclonesin the WesternMediterraneancyclones,a classificationof both databases
by meansof a clusteranalysismethodwascarriedout. The classificationwasperformedfrom the intensityof
thecyclonesandthe shapeof thepressurefield. Seventypologiesof cyclonesin theWesternMediterraneanare
described.Theresultsobtainedfrom thetwo databasespresentsimilarmeanvalues:spatial,seasonalandpressure
distributions.For this reason,we canconcludethatthesesevengroupsrepresentrealtypologiesof cyclonesin the
WesternMediterranean.Furthermore,it canbestatedthat:

(iv) Most of the WesternMediterraneancyclonesare mesoscale,weak, asymmetricand eccentricin the E-W
direction (types1, 2 and 4) or symmetricand circular (types5 and 7). Only a small part of them are weak,
asymmetricandeccentricin theN-Sdirection(type3) or strong,symmetricandcircular(type6). In generalaclear
relationshipbetweentypologiesandcyclonic origin couldnot be stablished.Nevertheless,a traceof orographic
(for types1, 2, 3 and4), thermal(for types3 and7) or baroclinic(for type6) origin canbededuced.

Someof the differencesbetweenboth databasescanbe explainedfrom the differentorigin of them. It mustbe
takeninto accountthatthelimitationsof theanalysisof theLAM-INM andits resolutionimposesomerestrictions
on the sizeof the structuresthat canbe detected.So, dueto the fact that the LAM-INM analysissmoothesthe
pressurestructures,themanualanalysisdetectsmorecyclonesthantheobjectiveone,especiallyin thesouthof the
Pyreneesandin theAlboranSea.Thereforethecyclonesin thoseareas,andothers,seemto beof smallhorizontal
scale(mesoscale)andonly canbedetectedwith thesubjectiveanalysisor anobjectivemesoscaleanalysis.Besides,
thecentresdetectedby theobjective analysisarelessintensethat it couldbeexpected.Moreover, thesubjective
analysisis potentiallythebestanalysis,but appliedto a largeamountof datapresentssomedisadvantages.As it
wasexplainedbeforethereareareaswith lack of dataandthesubjectivity of theanalystintroducessomebiases
but alsoit is hardlyappliedto long periodsof time andlargeareas.On thecontrary, theobjective analysiswould
avoid mostof thecommentedproblems,but somerestrictionsareimposedby theanalysis.Then,for theWestern
Mediterraneancyclonesanobjectiveanalysisbasedon a mesoscalenumericalmodel(with a gridlengthof around
50 km or less)anda time interval of 6 hoursis neededto performcycloneandcyclogenesisclimatologies.

The presentwork is a first attemptof characterisationof the WesternMediterraneancyclones. Due to the fact



of usingonly sea-level pressurevalues,the obtainedclassificationgivesusan ideaon the shapeandstrengthof
this field. But it is clearthata full descriptionof cyclonesrequiresothervariablesasthe temperature,humidity,
wind, as well as the distribution of thesevariablesat different levels in the vertical. That is a tridimensional
characterisationof the cyclones. It implies a hardwork that canbe only carriedout with an objective method.
Thena morecompletecataloguewould beavailable,andalsoa classificationof cyclonesbasedon this catalogue
couldbeperformed.This work is at themomentat aninitial stage,andsomevariableshave beenchosenin order
to describetridimensionallythecyclones.Theusedanalysisis theHIRLAM-INM, with a horizontalresolutionof
0 � 5o latitude-longitude.In theverticalsevenpressurelevels(from theearthsurfaceto 300hPa)areselected.
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