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ABSTRACT

The vertical structure of surface cyclonic trackecting the eastern Mediterranean region is
studied on a climatological basis for the cold perf the year. The dataset used is the 1°x1°
ERA-40 Reanalysis, for a 40-year period (1962-200%)e vertical tracking of surface
cyclonic tracks was performed with the aid of thelbburne University Vertical Tracking
Algorithm. It was found that about 83% of the cyws were extended up to the 500 hPa level
and almost 65% up to 200 hPa level, implying thatdyclones are in general well organised.
The surface tracks that originate within the exadirarea exhibit the smallest vertical
extension, intensity, radius and depth, comparedhéo cyclones originating in the other
sectors. Moreover, the 500hPa counterparts foalltze cyclones are mainly located to the
north-west or south-west of the surface cycloneitipos consistent with the baroclinic
character of the Mediterranean cyclones. The zdpaktward) component of motion

predominates at both surface and 500 hPa.



1. Introduction

The eastern Mediterranean, extending between 26°38E and including the lonian,
Aegean and Levantine Seas (see Fig. 1), is anddrgeeat interest with respect to cyclone
behaviour, due to its location between subtropickraidlatitudes and also due to its complex
topography (HMSO 1962).

Studies related to the cyclonic tracks in the eadtéediterranean refer to specific types
of cyclones, such as frontal cyclones (Flocas 1988 to specific areas, such as the Aegean
Sea and Cyprus (Maheras 1983; Nicolaides et alh)2@dnploying synoptic analyses of mean
sea level pressure. Furthermore, Alpert et al (1990 Trigo et al. (1999) depicted
characteristics of surface tracks in the easterdifdieanean, as part of a climatology for the
whole Mediterranean region, by employing objectivethods.

Recently, Flocas et al. (2010) presented an upddiethtology of surface cyclonic
tracks passing over the eastern Mediterranean mpldred their trends for a period of 40
years with the aid of the Melbourne University oyet identification and tracking scheme,
employing the 2.5°x2.5° ERA-40 Reanalysis dataset.

The vertical structure of surface cyclones in thestern Mediterranean has been
examined by Maheras et al. (2002) and Trigo e(2002), in their attempt to investigate
characteristics of Mediterranean cyclones in regiofienhanced cyclonic activity, without
performing vertical tracking. More recently, Canwpirt al. (2011) examined vertical
characteristics of Mediterranean cyclones with dige of a tracking scheme and 1.125° X
1.125° resolution datasets, including the eastesditdrranean.

Despite the considerable research that has beéormped on surface cyclonic tracks in
the Mediterranean, to our knowledge, there are thalies referring to the vertical
characteristics of surface tracks passing over gbstern Mediterranean, using a fully
objective method. In line with these consideratijdhe aim of this study is: a) to perform a
climatology of the vertical profile and organizatioof cyclonic tracks in the eastern

Mediterranean during the cold period of the yeanpkying an automated vertical tracing



software with resolution 1°x1°, and b) to investegéhe spatial distribution of dynamic and
kinematic characteristics at each isobaric levelcpélonic tracks, such as cyclogenesis,

system density, depth, cyclone propagation.

2. Data and M ethodology

The employed datasets include 6-hourly analysesedn sea level pressure (MSLP) and
geopotential (GH) for 850,700,500,300 and 200hPa bfx1° regular grid (interpolated from

the respective 1.125° x 1.125° grid through the BXIR for the months of the cold months

(January, February, March, October, November Deegmtif each year for the period from

1962 to 2001, as derived from the ERA-40 Reanalyisise ECMWF (Uppala et al. 2005).

The identification and tracking procedure of thefate cyclonic tracks was performed
with the aid of the Melbourne University cyclonading and tracking scheme (hereafter, MS
scheme), which is developed in Melbourne Universitycording to the Lagrangian
perspective (Murray and Simmonds 1991a; 1991b; Sind® and Murray 1999; Simmonds
et al. 1999). In the MS scheme, a detected sudadene is characterized as a closed one if a
local maximum of the quasi-geostrophic relative tieity can be related to a pressure
minimum in the vicinity of the laplacian maximum @nder to associate the latter with a real
low pressure core (Simmonds and Murray 1999). @tiser the surface cyclone is recorded
as an open one with its centre located at theipogif the laplacian maximum.

In the Mediterranean, the MS algorithm was receaihployed to study surface cyclones
in the eastern basin (Flocas et al. 2010) and si@ayclones (Kouroutzoglou et al. 2011a;
2011b). In these studies the control parametetheMS algorithm have been modified in
order to better capture the individual charactiessbf cyclones in a closed basin with
complex topography (see Appendix 1).

The cyclonic tracks are examined during the colchtim® of each year, because they
appear their maximum frequency during this periédhe year (Flocas et al. 2010). The

eastern Mediterranean is represented by the staéedin Fig. 1. An eastern Mediterranean



track is considered as every surface track enteéhiegastern Mediterranean basin having the
form of a closed cyclone for at least one time st@phours). For each cold month, the
frequency of tracks entering the eastern Mediteaanwas determined. Then, the frequency
of tracks for each month was calculated accordiagtheir origin domain, which is
represented by the first step of the track. Speadifi, six sectors were defined (see Fig. 1): a)
the North-western (NW) sector, b) the Western (@btar, c) the South-western (SW) sector,
d) the North-eastern (NE) sector, €) the northeart jpf the examined area of eastern
Mediterranean (EM1), f) the southern part of themeed area (EMZ2). Based on this
classification, the examined area for the easteedlitdrranean is represented by the sectors
EM1 and EM2, and hereafter will be referred to BELE area.

After the identification of the surface cyclonekeit vertical extension is defined by
applying an updated and improved version of thdiva@rTracing Software (hereafter, VTS)
of the MS algorithm (see Kouroutzoglou et al. 2012dllowing a two-step procedure,
initially cyclone centres are separately detectedagh selected isobaric level and for each
track step from ordinary surface cyclogenesis @atysis. The specification of the set of the
algorithm parameters at each isobaric level is saris®d in Appendix 1. The next step of the
VTS is the connection between a pair of neighbautéavels starting from the surface. It is
convenient to regard the initial lower level in thequence as the ‘base’ set of tracks. Each
track point of a track in the base set is attempbede matched to a track point at the next
upper level. The output from this process is acttdile that contains the matching status of
each track point in the base set. A flag is sehdfe is no match i.e. the cyclone does not
extend to the upper level, otherwise the trackrmfion for the matched cyclone will be
listed. This procedure is repeated until the higleael is processed i.e. 200 hPa in our study.

The output trace file contains information on tlestical matching of cyclones from the
base level to the highest level, i.e. from meanleea to 200 hPa. If a cyclone appears at the
highest level, it is implied that it has been matththrough each one of the intermediate

levels. At each tracing stage, the output tra@ddntains the new link in the matching chain



which has a one-to-one correspondence with th&dratthe initial lower level. Hence, each
trace file contains the characteristics of the ayek at the new (upper) level.

The search for the connection between a cyclonieealower level and a cyclone at the
upper level is performed inside a circular domaéntced at the lower level cyclone centre. A
fixed search radius is preferred and the valuethefradius were selected, following the
synoptic experience on the vertical separation efli#érranean cyclones (see Appendix 1). If
more than one candidate is found within the seagchdomain of an isobaric level, a
weighting is given to the factors controlling theparation, i.e. the depth difference and the
type difference (closed-open) between the lowerthadipper level cyclone, according to the

equation:

MIN[C e (PAIT)] = (W, TPy +w, [h)w @
wherep; is the ranked pair separation (< search radpssy the ranked pair depth difference,
w; andw, are the weighting factors controlling the impodarof the pair separation depth
difference imposing the constramt + w, = 1, w is the weighting factor for the difference in
cyclone type: if the upper and lower cyclones hthessame type, i.e. both closed or open,
thenw = 14ws, otherwisew = ws. All factors vy, Wy, ws) take values in the range [0, 1]. In our
case, sensitivity tests resulted in employing eseaghting to all factorsv, = w,=w;= 0.5.

It should be noted that although the VTS identiftes counterpart of the surface cyclone
after the initiation of the surface cyclogenedig tomplete track of the upper level cyclone is
constructed from its cyclogenesis track point ® dficlolysis point, allowing the examination
of the “history” of the upper level cyclone, evdnthie cyclogenesis initiates at the upper
levels. The tilting of the surface cyclones witsgect to the 500 hPa counterpart is calculated
in terms of the compass direction and the respectiistance. More specifically, the
calculation of the tilting comprises grid point pentages of 500hPa cyclones, representing
eight compass bins (NNE, ENE, ESE, SSE, SSW, WSWWAnd NNW) in relation to the
surface cyclone location (Fig. 2), taking into amabonly the period that the respective tracks

remain in the target area EM12 or accordingly Uméase track steps within the EM12.



For each sector, the mean values of the followiyrgachic and kinematic parameters of
the surface cyclonic tracks are calculated forghdod that they remain within the EM12

area and for each isobaric level: a) the cyclomBusR (in degrees of latitude) (Lim and

Simmonds 2007), b) the laplacian of the centrasguee P (in hPa deg.lat for the surface
cyclones and m deg.lafor the upper level cyclones), representing aeatife measure of
cyclone intensity (Petterssen 1956), c) the cyclbeethD (in hPa and m for the surface and
upper level cyclones, respectively) that combitesdyclone size and intensity (Simmonds et

al. 1999; Simmonds and Keay 2000; Simmonds and Réag).

3. Surfacetrack variations

The classification of the tracks passing through EM12 area, according to the origin
domain during the cold period of the year (Fig.r&eals that the greatest number (31%)
originate in the northern part of the examined 4Fed1), that is, the Aegean Sea, northern
and central Greece, Balkans and Black Sea (see 1ffigA remarkable portion (28%)
originates in the EM2 (e.g. the lonian Sea, thdlseastern Aegean Sea, Crete, Cyprus, and
the Levantine Sea).

Apart from these tracks that originate within themined area (EM1 and EM2), the
next most frequent cyclonic tracks originate in tkiéestern sector (16.1%), which
incorporates the Adriatic Sea and parts of the evasiMediterranean and the Atlantic. The
tracks from North Africa and the Alboran Sea, beaigibuted to the SW origin sector,
comprise the percentage of 14%. A limited numbetratks (5.6%) originate in the NW
sector, since the NW and EM12 sectors share aliraited border and the NW tracks are
found to enter the target area mainly through theastor. The tracks originating in the NE
sector are also limited in number (4.4%), beingtesl with cyclones, forming mainly in the
northern part of the Balkan Peninsula, eastern fiuamd part of the Black Sea.

This frequency distribution of surface cyclone ksaccording to their origin domain for

the cold period is consistent with the respectesults of Flocas et al. (2010) on annual basis



employing the same datasets, but for lower resmiuflhe only difference is that the greatest
number of cyclonic tracks originate in EM2 on amaal basis rather than in EM1, being
attributed to the high frequency of cyclonic traddk thermal character in EM2 during
summer and autumn.

From Fig. 4, it can be seen that the maximum nundfecyclonic tracks over the
examined area during the cold period is observeianch (17.9%) and the minimum in
February (15.6%). More specifically, it was fourtt for EM1 and SW tracks, the greatest
number of tracks is favoured in March, for EM2 k®an October, for NE in January, for NW
in November and December, for W in February (notst).

The geographical distribution of the density (exgrage number of surface cyclones per
unit area) over EM12 (Fig. 5) displays a remarkabi&ximum over northern Aegean Sea, in
accordance with the frequency maximum of trackgioating in EM1 (see Fig. 3). Secondary
maximum can be found over south-eastern Aegeant®daeen Rhodes and Cyprus, an area
that lies in the main branch of the winter cyclotiest generate in the Gulf of Genoa and
follow a southerly route (Alpert et al. 1990) amdthe path of the cyclones that generate in
northern Aegean Sea (Campins et al. 2011). Moredngh Cyprus and the SE Aegean Sea
are not only influenced by the passage of mobileanes, but also constitute centres of
cyclogenetic activity, due to enhanced sea fluxethe lee of Turkish mountains (Shay-El
and Alpert 1991; Lolis et al. 2004). The systemdilgnis increased over lonian Sea, which
lies along the south-eastward path of cyclonesrgéing in the western Mediterranean, South

Italy and along easterly route of the Saharan dspyes (Flocas et al. 2010).

4, Vertical sructure

The VTS examines the vertical extension at eaclk step of surface cyclonic tracks, from
cyclogenesis to cyclolysis. A cyclonic system issidered to extend vertically to an isobaric
level, if one, at least, of its track steps wastidied at the respective level. All cyclonic

systems that can be traced in the vertical, upeB00hPa level, were considered as vertically



“well organized” (or deep) systems, contrary to rineell organized” (or shallow) systems
that reach up to 700 hPa (Campins et al. 2011).

The calculation of the percentage of surface systieeng traced at each one of the five
selected isobaric levels (Table 1), showed tha&8%2f the cyclones were extended up to the
500 hPa and 64.8% up to 200 hPa. As can be sérabie 2, the vertical structure of surface
cyclones does not present remarkable inter-montahlations during the cold period. In
January, the greatest percentages of surface @glextend up 500 hPa (86.7%), 300 hPa
(75.6%) and 200 hPa (64.4%), as compared to ther atbnths.

Table 3 presents the percentage of the surfacermgglthat reach each isobaric level,
according to their origin domain. It can be seeat tihe EM1 and EM2 tracks exhibit the
smallest vertical extension, compared to thoseiratmg in the other sectors, since 64.7%
and 67.9%, respectively, reach up to 300 hPa. Thidd be attributed to the fact that
cyclogenesis in the EM12 during winter is a subegfit scale phenomenon that is mainly
related with the orographic effect and sea flu¥dedqas and Karacostas 1996; Maheras et al.
2002). On the contrary, the cyclones originatinghia NW and W sectors are characterised
by the largest highest extension, since 80.4% ah@%, respectively, reach 200 hPa.
Consequently, the frequency of organised systenerger for sectors NW (86.7%) and W
(82.6%) and smaller for EM1 (64.7%) and EM2 (67.9%)

It is noteworthy that about 20% of the cyclonegyioidting in the SW sector develop
only at the surface and do not even reach the 820 These are relatively shallow systems
that generate near the western boundaries of theed¥gr with the EM12, between the south
lonian Sea and the Gulf of Syrte, as was demomestray the spatial distribution of the SW
sector cyclones (not shown). However, the majaritysW cyclones extend throughout the
troposphere. More specifically, the 65% of SW cyel® reach the level of 200 hPa. These
mainly include extended closed cyclones that geéeena the northwest Africa, being

supported by upper level cold outbreak and voytiadvection (Prezerakos et al. 1990).



The construction of the 500hPa ‘full tracks’ (frahe cyclogenesis to cyclolysis of the
500 hPa cyclone) can result in the calculationheftemporal difference between the time of
surface maximum depth and the time of 500hPa maxirdapth (see Table 4). It becomes
evident that for the majority of the surface cy@srand for all sectors, the surface maximum
depth is attained before the 500 hPa counterpaglying that the deepening is forced not
only by the upper levels, rather by the surfaceegsses. This is more evident for cyclones
originating in the W sector and can be possiblgikatted to the fact that cyclones originating
in the western Mediterranean are mainly relatetbwolevel cold outbreaks from north-west
during the cold period of the year or sea surféizeet, leading to large cyclonic deepening
inside EM12 (Campins et al. 2011; KouroutzogloaleP011a; 2011b).

According to Table 5, for the vast majority (86.2&6)cyclones passing over EM12, the
500hPa counterparts are mainly located to the reetst (NNW or WNW) or south-west
(SSW or WSW) of the surface cyclone position. Mepecifically, almost 16.8 % of the
surface cyclones are associated with 500 hPa aganmte in the WNW sector, 31.7% in the
NNW sector, 16.8% in the WSW sector and 9.2% inSB8&V sector. These results support
the baroclinic character of EM cyclones and aregéod accordance to the findings of
Maheras et al. (2002), who found a negative sldpéhe vertical profile of the negative
geopotential anomalies for South Italy and Cypnyudanes during winter. The cyclones that
exhibit an eastward tilt with height (13.7%) areimhalocated in the area of Cyprus and can
be explained by the fact that this area is theesasedge of the preferable paths of
Mediterranean cyclones penetrating EM12 from thetwalpert et al. 1990), where surface

cyclones lose their westward tilting and weakertdddas et al. 2010).

5. Dynamic and kinematic parameters
Figure 6 presents the vertical profile of meanrnsity, radius and depth of cyclones for the
part of each relevant track within the target d£d412 and for each origin sector. It can be

seen that for all sectors the mean intensity deeeavith height up to 700 hPa and then



increases up to 300 hPa, where it peaks and th@eases again (Fig. 6a), implying that the
cyclones are more intense at upper levels as cadparthe lower ones. The mean radius
increases with height up to 300 hPa, attainingrisximum value and then decreases (Fig.
6b). Consequently, Fig. 6¢ shows the mean deptfilgrdeing characterized by almost
constant values in the lower troposphere up toh®® At 500 hPa, the mean depth increases
substantially and peaks at 300 hPa and then deseas

In general, it becomes evident that the cyclonegirmting within EM12 are
characterized by smaller intensity, radius and ldeps compared with those originating
outside the target area. Furthermore, the EM1 agd@re more intense and deeper than EM2
cyclones at all levels, despite their smaller scaimilarly to Flocas et al. (2010), the SW, W,
NW tracks are characterized by maximum depth atawer levels (Fig. 6¢). However, it is
demonstrated that at the upper levels these tdiffiesentiate with respect to their depth. The
north-westerly (NW) tracks are characterized by highest intensity at all levels (Fig. 6a)
and the highest depth at the upper levels (Fig. Bleg south-westerly (SW) tracks appear
larger mean radius at the lower levels (Fig. 6lt) emnsequently increased depth while their
depth decreases notably at higher levels (Fig. Ba).the NE tracks, the depth increases
considerably above 500 hPa, reaching the depthesabf the NW and W tracks and
exceeding those of SW tracks, following similarfpes of intensity and radius.

From the geographical distribution of the mean dpt the tracks passing over EM12
at surface and 500 hPa becomes evident that thecsuracks have higher depth outside the
examined area, and especially over the westerntbteainean and south Italy (Fig. 7). Within
the target area, peak values form over the soudtegaAegean Sea, being associated with
increased sea surface fluxes (Shay-El and Alpeé3iL 1At 500 hPa, higher depth values are
found compared to the surface, in accordance to 66gHowever, the maximum depth of
cyclonic tracks is observed within the examinedared in its western boundary, i.e. in south

Italy and the lonian Sea.
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The geographical distribution of the average cyetaspis, namely the number of new
systems appearing per unit area and per unit titealfle et al. 2002), in the examined area
shows that a clear surface maximum is formed olier Aegean Sea (Fig. 8a), further
confirming that the majority of tracks generate hivit EM12, as previously discussed.
Although the surface cyclones originate in thega@yea, their 500hPa counterparts generate
mainly outside it and specifically in the westerrditerranean, with peak frequency in the
Gulf of Genoa (Fig. 8b), suggesting the baroclicti@racter of the EM cyclones, consistent
with Trigo et al. (2002). Moreover, this findingroplies with Prezerakos and Flocas (1997)
for cyclones forming over the Aegean Sea. A secgnodaximum of 500 hPa cyclogenesis
can be found over the northern Aegean and Turkeyentikely associated with surface
Cyprus cyclones (Maheras et al. 2002).

The average zonal (meridional) cyclone fluxes repnéthe average number of cyclones
crossing eastwards (northwards) across a nortirgadst-east) area. Positive values denote
a northward and eastward motion, respectively. Atiog to Fig. 9a, surface cyclones in the
whole examined area EM12 prefer to move eastwartts maximum zonal fluxes over the
southern Aegean and the Black Sea. Moreover, fram I0a it can be seen that they are
characterized by a substantial southward compoimei®M2 and the whole Aegean Sea,
peaking over Crete. On the contrary, in the EMlghward component predominates with
maximum over the Black Sea (Fig. 10a). In addititng relative importance of zonal and
meridional fluxes is further investigated througie absolute ratio of the meridional to the
zonal fluxes (Fig. 11a), denoting the areas wheeedional or zonal fluxes are greater. As
can be seen zonal fluxes predominate in the whetammed area, except the northern
boundaries (Balkans) and southern boundaries (@wrtAfrican coast), where the meridional
component is stronger.

At 500 hPa, the eastward component prevails silyitarthe surface, which, however,
extends in the northwest of the examined area, twerAdriatic Sea and ltaly (Fig. 9b),

consistent with the above mentioned baroclinic ati@r of the cyclones. Maximum zonal
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fluxes form over the Adriatic Sea and the eastevonbary of EM2. From Fig. 11b, it

becomes evident that the zonal component is predomiover the meridional in the whole
area. On the other hand, the distribution of meridi fluxes at 500 hPa (Fig. 10b) is
completely different as compared to the surface (Sig. 10a): the southward component
prevails in the whole examined area, extendindnéowtest where they maximized over lItaly,
confirming the movement of 500 hPa cyclones from tiorthwest (Karacostas and Flocas

1983; Prezerakos and Flocas 1996; PrezerakosX94).

6. Conclusions

In this study the main features of the verticalfioof the cold period cyclonic tracks
affecting the eastern Mediterranean region hava bgplored for a period of 40 years (1962—
2001) with the aid of the Melbourne University ey tracking algorithm and axi°
resolution dataset.

The classification of the tracks according to thaiigin domain has shown that the
majority (59%) originate within the examined artself, as was also found in previous study
for the cyclonic tracks on an annual basis but \Wathker resolution. However, contrasting to
the results of that study, the cyclonic tracks wigirihe cold period originate mainly in the
northern part of the EM, including Greece, the Amyg8ea, Turkey and the Black Sea.

The next most common cyclonic tracks originate e tWestern sector, which
incorporates the Adriatic Sea and parts of the evasiMediterranean and the Atlantic. The
maximum number of surface cyclonic tracks is obsérin March (17.9%). The maximum
number for each origin sector occurs in differeiths, reflecting different vertical structure
and mechanisms of cyclones according to their mdgimain.

The vertical tracing demonstrated that 83% of f@anes extend up to the 500 hPa and
65% up to 200 hPa, implying that the cyclones aeegally well organised. This vertical

structure does not present remarkable inter-monguliations during the cold period.
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With respect to their origin sector, the surfagchs that originate in EM1 and EM2
areas exhibit the smallest vertical extension, @mexgb to the cyclones originating in the other
sectors, and therefore comprise the greater fregyuainshallow cyclones.

For the majority of the surface cyclones and foisattors, the surface maximum depth
is attained before the 500 hPa counterpart. Thisoie evident for cyclones originating in the
W sector. It was found that in the vast majorithdiat 86%) of cyclones passing over eastern
Mediterraneanthe 500hPa counterparts are mainly located to thrthswest (NNW or
WNW) or south-west (SSW or WSW) of the surface ogel position.

In general, it can be seen that for all sectorscifitones are more intense at the upper
levels compared to the lower ones. Furthermore cltbones originating within EM12 are
characterized by smaller intensity, radius andldegimpared to those originating outside the
target area. More specifically, the EM1 cyclones mrore intense and deeper than EM2
cyclones at all levels, despite their smaller scdlee north-westerly (NW) tracks are
characterized by the highest intensity at all Is\ald the highest depth at the upper levels.

Although the surface cyclones originate in EM12itl500 hPa counterparts generate
mainly outside the target area and specificallythe western Mediterranean, with peak
frequency in the Gulf of Genoa, suggesting the ddama character of the EM cyclones.

The surface cyclones passing over eastern Mediegiraprefer to move eastwards, with
a southward component in the southern part of ¥zenened area and a northward in the
northern part. At 500 hpa, the zonal componentgredates over the meridional, while the
cyclones prefer to move south-eastwards.

The vertical tracking algorithm of the MS has prvwe be a very valuable tool for
examining the vertical structure of cyclonic tracksa smaller scale inland sea with complex
topography, such as the Mediterranean. Moreovédrastbeen used to generate an extended
climatology of vertical characteristics of the eastMediterranean cyclonic tracks that has
not been performed in the past. The results ofgtudy verified results obtained in previous

studies based on limited number of cyclones inghstern Mediterranean or on composite



anomalies of the Mediterranean cyclones in specyiclogenetic areas. In this sense, the
study has revealed valuable additional insightateel to cyclone structure, kinematics and
dynamics and will help in investigating the phys$ipeocesses associated with climate of the

eastern Mediterranean.
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List of Figures

Fig. 1. Geographical chart of the Mediterranean region restthe sectors are displayed
corresponding to the origin of the tracks (see fextmore details). The target area of the
eastern Mediterranean is covered by the sectors BMILEMZ2, being referred as EM12
(shaded area).

Fig. 2. Sectors for the searching radius relative to thiéasa cyclonic centre, according to the
tilting routine of the VTS

Fig. 3. Relative frequency (%) of tracks passing througbabarea EM12, according to their
origin sector

Fig. 4. Relative frequency of the surface tracks passingutih the target area EM12 in the
cold months of the period 1962-2001.

Fig. 5. Spatial distribution of system densityr the cyclonic tracks passing over the eastern
Mediterranean at surface and 500 hPa; contourviaités 1 and 0.2 cyclones (deg.lator
surface and 500 hPa, respectively.

Fig. 6. Vertical profile of mean (a) intensity, (b) radius and (c) depthcgélonic tracks
passing over the eastern Mediterranean for eagin@éctor. The mean values are calculated
for the part of each relevant track within the &drgrea EM12.

Fig. 7. Spatial distribution of deptHor the cyclonic tracks passing over the eastern
Mediterranean at surface and 500 hPa; contounvaites 0.2 hPa for surface and 5 m for 500
hPa.

Fig. 8. Spatial distribution of cyclogenesi®r cyclonic tracks passing over eastern
Mediterranean at surface and 500 hPa; contounaites 0.2 1Gcyclones deg.|&day”.

Fig. 9. Spatial distribution of the average zonal fluxésyclones at surface and 500 hPa;
contour interval is 0.0005 and 0.0002 cyclones (d8g day’, for the upper levels and the
surface, respectively. Positive (negative) fluthis eastward (westward) flux of cyclones.

Fig. 10. Spatial distribution of the average meridional #&xof cyclonic tracks passing over

the eastern Mediterranean at surface and 500hR#puwointerval is 0.0002 cyclones
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(deg.lat)* day'. Positive (negative) flux is the northward (sousind) flux of cyclones,
respectively.

Fig. 11. Spatial distribution of the absolute ratio of awgraneridional fluxes over average
zonal fluxes of cyclones passing over the eastezditdrranean at surface and 500hPa. Open

(full) circles indicate absolute ratio values sraallgreater) than one.
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Table 1 Relative frequency (%) of the surface cyclonesipasover the eastern
Mediterranean reaching each isobaric level

Level 850 hPa 700 hPa 500 hPa 300 hPa 200 hPa
Relativefrequency (%)  92.7 89.8 82.8 75.1 64.8

Table 2 Relative frequency (%) per month of the cold pgab surface cyclones
passing over the eastern Mediterranean reachirgisalsaric level

Level (mbar) January February March October November December

850 98.1 97.3 94.4 94.2 92.7 95.8
700 94.1 93.6 90.7 87.6 90.3 90.7
500 86.7 83.5 80.8 80.1 81.3 81.3
300 75.6 74.3 73.0 71.8 71.6 73.0
200 64.4 61.5 59.7 62.9 62.2 62.2

Table 3 Relative frequency (%) per origin sector of suefagclones passing over the
eastern Mediterranean reaching each isobaric level

Origin Domain 850 mbar 700 mbar 500 mbar 300 mbar 200 mbar

EM1 94.0 88.8 74.8 64.7 51.4
EM2 95.1 88.8 79.5 67.9 56.2
NE 97.3 95.2 85.0 76.5 61.5
NW 93.7 93.3 91.7 86.7 80.4
SW 78.9 78.3 76.0 71.9 65.0
w 97.5 94.5 89.7 82.6 74.3

Table 4 Relative frequency (%) of surface cyclones for \hig) the surface
maximum deepening precedes the 500 hPa countetpathe surface maximum
deepening follows the 500hPa counterpart and c)nthgmum deepening occurs

simultaneously at both levels, according to thginrsector

surface preceding 500  surfacefollowing 500  simultaneous maximum

hPa hPa deepening
EM1 545 344 11
EM2 53.8 319 143
NE 52.2 38.9 8.8
NW 50.9 37.2 11.8
SwW 57.6 30.1 12.2
w 64.4 279 7.6
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Table 5 Relative frequency (%) of 500 hPa counterpartshef EM surface tracks

being located at each one of the tilting sectansing the period that the tracks remain
within the target area EM12

SSw WSW  WNW NNW NNE ENE ESE SSE
9.2 16.8 28.5 31.7 8.1 4 0.8 0.8

APPENDIX 1

Parametersof the vertical tracking algorithm specified for each isobaric level

SFC 850hPa 700hPa 500hPa 300hPa 200 hPa

0 0 0 0 0 0

1457 3012 5574 9163 11774

ZSmax— 1500 2457 4012 6574 10163 12774

zsrc 200 1657 3212 5774 9363 11974

ry 4 4 4 4 4 4
fs 225 1.9 15 1 1 1
c 0.1 1 1 1 1 1
C 0.1 1 1 1 1 1
Cu 0.1 5 5 5 5 5
r 1.2 1 0.9 0.7 0.46 0.34
R search* 30¢ 40¢ 50C 50C 50C

a: orography gradient condition

z (in m): nominal/standard height

zsmax (in m): maximum topographic height for retaining tthetected cyclones (zsmax =z +
1000 for the isobaric levels, while zsmax = 1500siarface cyclones)

zsrc (in m): topographic height for phasing down cyclmedocities from geopotential data
(zsrc = z + 200 for the isobaric levels, while zsr200m for surface cyclones)

rq (in deg.lat): averaging radius for the calculatidrsteering velocities

fs scaling factor for steering velocities
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¢, (in hPa or m deg.l3tfor surface and upper level cyclones, respectjveljnimum area
averaged laplacian for closed cyclones

¢, (in hPa or m deg.latfor surface and upper level cyclones, respectjveljnimum area
averaged laplacian for open cyclones

¢y (in hPa or m deg.latfor surface and upper level cyclones, respectjvétyeshold of the
area averaged laplacian for the characterizati@ayiclone as strong

r (in kg ni®): air density characteristic of level

R search (in Km): searching radiu¢* the displayed values are referred to pairs otle

MSLP-850 hPa, 850-700 hPa, 700-500 hPa, 500-30@Ghé&00-200 hPa).
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