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Abstract. Tornadoes have been reported in Greece duringl Introduction

the last few decades and recent studies have given evidence

that western Greece is an area vulnerable to tornadoes, water- ]

spouts and funnel clouds In this study, the composite mean§onvective weather related to tornadoes (TRs), waterspouts
and anomalies of synoptic conditions for tornadic events (tor-("WSS) and funnel cloud (FC) development could be char-

nadoes, waterspouts and funnel clouds) over western Gree@terized as one of the most violent of all small-scale nat-
are analyzed and discussed. ural phenomena. They are associated with extremely high

The daily composite means of synoptic conditions wereWinds, inside and arpund the tornado’s fupnel, causing ex-
based on the National Centers for Environmental Predictiontended damage and in many cases loss of life. Tornadoes and
National Center for Atmospheric Research (NCEP-NCAR)Waterspouts have always k_Jeen fascinating to mankind; they
reanalysis data sets, for the period 12 August 1953 to 31Vvere well known to the ancients (Matsangouras et al., 2014);
December 2012. The daily composite anomalies were calcu@ctually, all of the classical philosophers have provided pos-
lated with respect to 30 years of climatological study (1981_S|ble explanations _of these extreme events, while during the
2010) of the synoptic conditions. The analysis was carriedast 40 years, stuo!les have been motivated in order to under-
out in terms of seasonal and monthly variability of compos- Stand the mechanisms that produced these phenomena.
ite means and anomalies of synoptic conditions for specific AS tornadoes occur in many parts of the world (Fujita,
isobaric levels of 500, 700, 850, 925hPa and the sea level973), there have been several studies during recent decades
pressure (SLP). In addition, an analysis and discussion abodf“'?‘t have prgsented historical records concerning tornadic ac-
the dynamic lifted index from NCEP—NCAR reanalysis data Vity worldwide (e.g., Meaden, 1976; Peterson, 1982, 1992,
sets is presented. 1995, 1998; Grazulis, 1993; Tarran_t, 1995; Tooming et _al.,

The daily composite mean analysis of 500 hPa revealed &995; Reynolds, 1999a, b). Tornadic events and associated
trough line across the northern Adriatic Sea and central ItalyPheénomena in Ireland have been a continuing feature of the
associated with a SW upper-air stream over western Greecdlish climate for an unknown, but very long, period of time

The maximum composite anomalies were depicted at the isotTYell, 2001). Setvak et al. (2003), presented that the old-
baric level of 500 hPa during autumn, spring and summer€st records of tornado occurrence within the Czech Repub-

against winter when the anomaly appeared at 925 hPa isdic can be found in chronicles from the firs_t half of the 12th
baric level. In addition, 48 % of tornado events during the C€Ntury and several other cases of possible tornadoes and
autumn season occurred in pre-frontal weather conditiondvaterspouts can be found in chronicles from the 12th and
(cold fronts) and 27 % developed after the passage of the cold3th centurle§. Moreover Brazdil et al. (20.12) showed that
front. Furthermore, the main difference in synoptic patternsthe tornado history of the Czech lands consisted of a total of
between tornado and waterspout days along western Gree@®4 tornado days and more than 307 tornadoes were doc-

during the autumn season is the maximum daily composité/mented within 1119-2010. According to the data of the
anomaly over the Gulf of Taranto. Lithuanian Hydrometeorological Service, there were 23 tor-

nadoes recorded in Lithuania in the period of 1950-2002
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(Marcinoniene, 2003). Nastos and Matsangouras (2010) preand climatology (Sioutas, 2003; Nastos and Matsangouras,
sented that during the 20th century, more than 33 whirlwind2010; Matsangouras et al., 2011a, 2014) and waterspout oc-
phenomena caused 4 fatalities, injuries to more than 40 peccurrences and forecasting (Sioutas and Keul, 2007; Keul et
ple, as well as numerous damage on human constructions arad., 2009). In addition to these climatological studies, re-
cultivations were reported. Gaya et al. (2011) constructed gorts and analyses of some important tornado and waterspout
database containing 97 tornadoes and 62 waterspouts thafse studies have been performed (Matsangouras and Nastos,
affected Catalonia over the period 1950-2009. Rahuala €2010; Matsangouras et al., 2010, 2011b, 2012; Nastos and
al. (2012), described the process of collecting and evaluatinglatsangouras, 2012).
tornado reports, thus 298 Finnish tornado cases composed The knowledge of spatiotemporal distribution of tornadic
the climatology: 129 from the historical data set and 169events along with the awareness of the synoptic conditions
from the recent data set. Similar, Matsangouras et al. (2014dhat favour tornadic storms could be characterized as the first
presented a tornado climatology based on historical data settage to set up an effective tornado warning process. This
(1709-1999) and recent data sets (2000-2012), thus moris of high concern in order to help local forecasters to de-
than 612 Greek tornadic events were recorded: 171 tornatermine the synoptic conditions, which are associated with
does, 374 waterspouts and 67 funnel clouds, within the pethe development of tornadic events across the different large-
riod 1709-2012. scale terrain features of western Greece. Thus, the objective
In spite of these historical publications, several researchersf this study is on one hand to compile a 60-year clima-
have presented/analyzed tornado occurrences and climatalelogy (1953—-2012) of tornadoes/waterspouts across west-
ogy for many European countries describing the spatiotemern Greece in order to examine the mean synoptic patterns
poral distribution of these tornadic phenomena (e.g. Dessensglated to these phenomena, and on the other hand to inter-
1984; Dessens and Snow, 1987; Paul, 1999; Gaya et alpret the daily composite anomalies of the synoptic conditions
2000). Dotzek (2001) suggested a conservative estimate ofiith respect to specific isobaric levels. Recognized synoptic
tornadic activity in Germany, a number of four to seven tor- weather patterns could be considered by forecasters to de-
nadoes per year and a recurrence density of about 0.1 ttect the potential of tornadic occurrence and a detailed now-
0.2x 10~* events year! km—2. Dotzek (2003) showed a casting procedure could be set up for that day, in contrast to
total of 329412 tornadoes over land and water per yearradar severe storm signature or tornado spotter reports that
based on observations, and more than twice as many casese used in short time.
(6974 36) for an estimate of the expected true climatologi- Several studies during recent years have presented synop-
cal number over Europe. Holzer (2001) based on a databad# environmental conditions that produce tornadic develop-
consisted of 89 tornadoes suggested that the overall averagaent over United States, Finland and Greece. Rauhala and
for Austria is 0.3x 10~ tornadoes per yeat km—2. Schultz (2009), based on a climatology containing 253 tor-
Bertato et al. (2003) presented an interesting casenadoes and 184 tornado days in Finland (1948-2007), an-
of tornado on the Friuli plain (Northeastern ltaly) on alyzed and characterized the environment of each tornado
26 March 2001 while radar and mesonetwork data revealediay in four synoptic types. These four patterns classify 73 %
the presence of a supercell mesocyclone. Regarding Italy22) of the 30 significant-tornado days in Finland since 1948.
numerous tornadoes have traversed southern Apulia (Italy)n addition, a comparison between those four patterns and
in the course of the last 5 centuries, causing severe damaglose patterns observed in the United States (Miller, 1972),
and a significant loss of life, thus, 24 small towns and vil- revealed that most US patterns showed a much clearer wind
lages of southern Apulia suffered on at least one occasiowveering with height than patterns over Finland. Tornado cases
the disastrous effects of being hit by a tornado (Gianfredaof Finland categorized in pattern A and C, occurred in an
et al., 2005). Giaiotti et al. (2007) presented that tornadoesipper-level south-westerly flow in front of an approaching
and waterspouts over lItaly are more frequent in late sum500 hPa trough (Rauhala and Schultz, 2009). Similarly, a
mer and autumn than in the other seasons. Keul et al. (20099outh-westerly flow of an approaching trough was evident
showed the geographical distribution and frequency of 110on synoptic analysis of a tornadic event in northern Greece
waterspouts, for the years 2002-2006, over the central eas{Matsangouras et al., 2011b). Sioutas (2011) presented that a
ern Mediterranean. Sioutas (2011) based on 10 years of dathort wave trough is found as the most relevant synoptic cir-
(2000-2009), suggested a mean annual number of 1.1 tornaulation pattern for tornadic activity over Greece. Moreover,
does per unit area of $&m? for Greece. Moreover, Mat- the composite mean of synoptic conditions at 500 hPa iso-
sangouras et al. (2014) based on 13 years of data (2000karic level for tornadic days during autumn over NW Greece
2012) revealed that Greece is experienced an annual meaevealed a long wave trough from NW lItaly to Sicily, caus-
of more than 42.15 tornadic events, while the maximum tor-ing a SW upper air flow over the northern lonian Sea. Mat-
nado frequency is evident over NW Peloponnese (westersangouras et al. (2014) showed the composite daily synop-
Greece). tic conditions at 500 hPa isobaric level and sea level pres-
In Greece, significant research has been carried out duringure (SLP) for specific regions favourable for tornadogene-
the last decade, including tornado and waterspout overviewsis (NW lonian Sea, NW Peloponnese and southern Aegean
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Sea). In all synoptic patterns, SW air flow at 500 hPa isobaridrom several sources (newspaper, Hellenic National Meteo-
level was the dominant feature associated with a long waveological Service (HNMS), internet, TV, etc.), is stored in the
trough. database. Furthermore, the attached media files, and the lia-

The analysis of composite means and anomalies of synbility of the user are also taken into consideration during the
optic conditions was carried out with respect to the tornadicverification process. A detailed flowchart of LACAE’s veri-
type: (a) tornadoes and (b) waterspouts, as it is commonlfication project is presented by Matsangouras et al. (2014).
accepted that different potential processes guide these phe- In this study, the authors have used a tornadic climatol-
nomena. Tornado is known as a rapidly rotating column of airogy, containing 79 tornadoes and 156 waterspouts in 59
that occurs in association to a cumuliform cloud. The mostand 105 days respectively, in western Greece (1953-2012).
intense type of tornado arises within a special type of thisThe daily composite mean and anomaly of synoptic days
cloud, known as a super-cell thunderstorm. Most of what isfor tornadoes and waterspouts over western Greece were
known in fluid dynamics about tornadoes comes from labora-analyzed and discussed based on the aforementioned cli-
tory and numerical model simulations of the super-cell thun-matology. Funnel clouds that were spotted over the wa-
derstorm. It is modelled as a circular updraft fed by air pos-ter body of the lonian Sea were characterized as water-
sessing angular momentum with respect to the updraft centrepouts. The atmospheric environment of each tornado day
axis experiments, simulating vortices that share similaritieswas identified by data sets acquired from the National Cen-
with what can be observed in a tornado in nature (e.g., Roters for Environmental Prediction—National Center for Atmo-
tunno, 1977, 1978, 1979, 1980, 1984, Fiedler and Rotunnospheric Research (NCEP-NCAR) reanalyses (Kalnay et al.,
1986; Wilson and Rotunno, 1986; Klemp, 1987; Howells et 1996), for the period 12 August 1953 to 31 December 2012.
al., 1988; Fiedler, 2009; Rottuno, 2013). Fundamental pro-The daily composite anomalies of the synoptic conditions
cesses of waterspout formation and detailed structural analere calculated with respect to 30 years climatology (1981—
yses have been examined by Golden (1973, 1974a, b, 19772010).
describing the five stages of waterspout: (1) the dark spot, The analysis of composite means and anomalies of syn-
(2) the spiral pattern, (3) the spray ring, (4) the mature wa-optic conditions was carried out in terms of seasonal and
terspout and 5) the decay stage. Golden (1974b) introducethonthly variability for specific isobaric levels of 500, 700,
waterspout association with energy and angular momentun850, 925 hPa and the sea level pressure (SLP). In addition,
fluxes among five scales of circulation: (1) the funnel scalean analysis and discussion is presented based on the dynamic
(3—150 m), (b) the spiral scale (150-1000 m), (c) the individ- lifted index (LI) from NCEP—NCAR reanalysis data sets.
ual cumulus-cloud scale (from less than 2 to 10 km), (4) the
cumulus cloud-line scale (10—200 km) and (5) the synoptic
scale. 3 Results and discussion

The structure of the paper consists of Data and methodol-
ogy in Sect. 2, Results and discussion in Sect. 3 and finally3.1 Spatiotemporal variability of tornadoes and
Conclusions are presented in Sect. 4. waterspouts over western Greece

Our analysis concerns the period 1953-2012, as the first
2 Data and methodology event was recorded on 12 August 1953 at Zante Island (cen-

tral lonian Sea, Fig. 1), and the latest event on 27 Decem-
The Laboratory of Climatology and Atmospheric Environ- ber 2012 at Corfu Island (NW Greece, Fig. 1). A total of
ment, University of Athens (LACAEhttp://lacae.geol.uoa. 235 events have been recorded and catalogued in 165 days,
gn has undertaken a systematic effort in recording torna-as there were several days with multiple events. During this
does, waterspouts, and funnel clouds in Greece, since 200period (1953—-2012), the 235 recorded events consisted of 79
LACAE developed in 2009 an open-ended online tornado retornadoes, 135 waterspouts and 21 funnel clouds.
port database web systeinttp://tornado.geol.uoa.grcon- Figure 1a shows that tornadoes are more prominent over
tributing to the compilation of a climatology of these extreme specific sub geographical regions along western Greece.
weather events. LACAE is in close collaboration with Euro- Moreover, it is evident that tornadoes maximum appear-
pean Severe Storm Laboratory (ESSL) and submit in regulaence is over western Greece, as maximum frequency ap-
basis reports to European Severe Weather Database (ESWD)ears over NW Peloponnese, central and southern parts of

The main goal of the Greek tornado report system is to col-Corfu Island, Zante Island and around the Messinian Gulf

lect, verify and provide detailed and quality-controlled infor- of southern Peloponnese. Over those geographic areas it is
mation of tornadic activity over Greece, using a web-basedhoticed that the atmosphere—land synergies provide unsta-
geographical user interface application and homogeneouble weather conditions, which are favourable to tornado-
data reports. Regarding the verification process of this sysgenesis, especially during autumn (the dominant season)
tem, the submitted tornado report, after passing a plausibilitywhen sea surface temperature is getting its maximum over
check by a quality control manager based on confirmationthe lonian Sea. Thus, several cold fronts develop significant

www.nat-hazards-earth-syst-sci.net/14/2409/2014/ Nat. Hazards Earth Syst. Sci., 14, 240821, 2014


http://lacae.geol.uoa.gr
http://lacae.geol.uoa.gr
http://tornado.geol.uoa.gr

2412 P. T. Nastos and I. T. Matsangouras: Synoptic conditions for tornadic days over western Greece

9; 9 Aegean 5 Aegean
@gq Sea Sea
Gortu GREECE e GREECE
lonian g lonian
Sea 0% 6 & 5 Sea g 4
Célefaloniavf =, Cheglonia-()‘
69
o g
Peloponnesus 9 %QQ Peloponnesus
Zanti Znte o
g L]
6 e
Legend Legend
a) © Tornado b) 9  Waterspout
° °
< . Aegean %; B2 Aegean
?‘o Sea l%‘ Sea
e GREECE cork GREECE
e
lonian o lonian
Sea ® o G Sea 8% q
ia ia®
O:efaloma e P chefalonia $
0 oo o
ofty, Peloponnesus o °°0Q Peloponnesus
Zante . Zinte
Legend Legend L]
.
Type, Season ° ®og Type, Season g
® Tornado, Autumn L e Waterspout, Autumn P
® Tornado, Winter ® Waterspout, Winter
© Tornado, Summer ©  Waterspout, Summer
C) o Tornado, Spring d) ©  Waterspout, Spring

Figure 1. Annual spatial distribution of tornadoéa) and waterspouté), along with the seasonal spatial distribution of tornadggand
waterspoutgd) over Western Greece for the period 12 August 1953—-31 December 2012.

unstable conditions. Significant convective weather appearthat the spatial density over the northern lonian area and
over western Greece during autumn, as more than 7 flashedW Peloponnese equals to 0.36 and O0B0~* events
per kn? are calculated based on Lightning Detection Net-year! km~2, respectively. Taking into consideration the
work of HNMS (Nastos et al., 2014). period 2001-2010, Nastos and Matsangouras (2012) sug-
Similarly to the spatial distribution tornadoes , waterspoutsgested that the density over the northern lonian Sea area in-
can occur anywhere over the lonian Sea, but they appeatreases rapidly to 9.42 10~ events year! km~2, that is
more frequently around Corfu Island (Fig. 1b). Fifty-six per- 1.16x 10~* TR events year' km—2and 7.56x 10~% WS
cent of waterspout occurrence in western Greece concernsvents year: km~2. Moreover, studying the last 13 years
waterspouts located between the east coasts of Corfu an@000-2012), these values over the northern lonian Sea could
west coasts of the Greek mainland. Additionally, waterspoutse considered constants, as they only slightly changed to
are favoured along the coasts of NW Peloponnese, over th8.52, 1.03 and 7.78 10~ events year! km~2, respectively
Messinian Gulf and around Zante’s and Cefalonia’s coasts(Matsangouras et al., 2014). During the same studied period
Although the majority of waterspout events have been re-(2000-2012), the TR and WS density over NW Peloponnese
ported close to the coasts, there are several cases of watappears to be 1.38 and 1.46.0~* events year! km=2,
spouts in open seas, reported by sailors. Several waterspoutsspectively, against decreased densities, over the southern
have come offshore causing significant damage (these casg@arts of Peloponnese, that is 0.7 and 6B~ events
have been characterized as tornadoes). An example of suchy@ar! km~2, respectively (Matsangouras et al., 2014).
case is the waterspout that came offshore in Vlychos Bay, in The mean annual tornadic events frequency, based on 300
the marine of Lefkada Island, causing significant damage toyears of climatology (1709-2010), is 0.31 for the northern
several moored boats and one fatality, on 20 September 2011onian Sea, 0.23 for NW Peloponnese and 0.08 over the
Matsangouras et al. (2011a), studying the occurrence ofouthern parts of Peloponnese (Matsangouras et al., 2011a).
tornadic events within the period 1709-2010, suggested-urthermore, the mean annual tornadic activity over western
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Figure 2. Annual (upper graph) and seasonal (lower graph) distri-
bution of tornadic events over western Greece for 2000—-2012.
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Greece during the last 13 years (2000-2012) has been as?

sessed to be 19.09 events (Matsangouras et al., 2014). Magigyre 3. Seasonal daily composite means (left column) and
sangouras et al. (2014) estimated that the mean annual tognomalies (right column) of geopotential heights at 500 hPa isobaric
nadic activity over the northern lonian Sea corresponds tdevel for tornado days over western Greece for the period 12 Au-
8.53 events (6.92 WS and 0.92 TR), 5.54 events (2.38 WSyust 1953-31 December 2012.
and 2.85 TR) for NW Peloponnese, and 1.54 events (0.77
WS and 0.85 TR) over southern parts of Peloponnese. Au-
tumn favours the development of tornadic events, as moreer, September and December. November is the month with
than 45 % of these events have been recorded during autumthe highest TR frequency, followed by October. Similarly,
followed by winter (20 %) and summer (16 %). WSs are frequent during November, followed by October,
Tornadoes are more frequent during autumn over cenSeptember. This monthly TR distribution over Greece is
tral and the southern parts of Corfu Island. Similarly, tor- more different than the respective distribution over central
nadoes are dominant during autumn over NW Peloponnesguropean countries. The maximum monthly TR frequency
and Zante Island, in contrast to the Messinian Gulf areaappears during the warm season (from June to August) over
where tornadoes are equally distributed within all seasonshe continental region of central Europe, as already stated by
(Fig. 1c). On the other hand, waterspout frequency exhibits anegener (1917), Dotzek (2001) and Rahuala et al. (2012).
maximum during autumn over the northern lonian Sea, fol-
lowed by less frequency of occurrence during summer and3.2 Synoptic conditions associated with tornado
winter (Fig. 1d). Waterspouts along the rest western Greece development over western Greece
(apart from the northern lonian Sea) occur during all sea-
sons. Figure 2 illustrates the annual and seasonal distributiofihe synoptic-scale conditions associated with the develop-
of tornadic events over western Greece for 2000-2012. Thisnent of tornadoes, in terms of seasonal and monthly com-
seasonal pattern is in agreement with the aforementionegosite analyses, are discussed in this section. Figure 3 shows
seasonal variability of tornado events and with the findingsthe daily composite means (left column) and daily compos-
derived by recent studies (Matsangouras et al., 2011, 2014te anomalies (right column) of geopotential heights (m) at
Sioutas, 2011; Nastos and Matsangouras, 2012). 500 hPa isobaric level for TR days during autumn (the most
It has been found that tornadoes and waterspouts occuactive season), winter, spring and summer. Further, Fig. 4
during all months over western Greece (not shown). Theshows the daily composite means (left column) and daily
monthly variability of events within the period 1953-2012, composite anomalies (right column) of SLP for the afore-
depicts a maximum during November, followed by Octo- mentioned seasonal periods. The daily composite means (left
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Figure 5. Seasonal daily composite means (left column) and

column) and anomalies (right column) of LI for the afore- anomalies (right (.:olumn) of LI for tornado days over western
mentioned seasonal periods are illustrated on Fig. 5. Greece for the period 12 August 1953-31 December2012.

Over western Greece, the daily composite mean synop-
tic conditions at 500 hPa level for TR days, during autumn,
are characterized by a broad trough along central and soutt825 hPa), a minor trough is located over Corsica (not shown),
ern ltaly, associated with a SW upper-air stream over thewhile a shallow cyclonic circulation is evident over central
study area (Fig. 3). At 700 hPa level (not shown) a longthe Mediterranean Sea (Corsica—Italy) against to the east-
trough is oriented from the northern Adriatic Sea to Sicily ern Mediterranean Sea, where high geopotential heights over
in contrast to the lower pressure levels of 850 and 925 hPdhe Balkans are combined to a shallow trough over east
(not shown), where a closed cyclonic circulation is evidentMediterranean Sea, establishing an E-SE air flow over west-
over central Italy. The centre of the cyclonic circulation ern Greece and lonian Sea.
at the surface (1008 hPa) is located over central Italy and Daily composite means of synoptic conditions at 500 and
the Gulf of Taranto (Fig. 3). The daily composite anomaly 700 hPa isobaric levels (not shown) for TR days during win-
of geopotential heights (m) at 500 hPa level appears to béer, are characterized by a broad trough along north Italy
more than—120 m centered over the central Italy (Fig. 4). and over the sea body area between Corsica and southern
The maximum composite anomaly (not shown) at 700—-850italy, associated with a SW upper-air stream over western
and 925 hPa lower isobaric levels of the troposphere appearGreece (Fig. 3). A broad cyclonic circulation is evident from
southeasterly, covering a more broad area over the southemastern Corsica to the central Adriatic Sea at 700 hPa level
Adriatic Sea, with values equal t690, —70 and—50m, re-  (not shown) in contrast to SLP at 925 hPa level (not shown),
spectively. Over central Italy, the daily composite anomaly where the cyclonic circulation is limited over central Italy,
of SLP during TR days is assessed to-b&hPa (Fig. 4). causing a S—SW air flow pattern over western Greece. The
Long-term means (clino) during autumn(not shown), baseddaily composite anomaly at 500 hPa isobaric level reveals
on NCEP-NCAR reanalysis 1981-2010 period, at 500 andvalues greater thar160 m over northern Italy and a range
700 hPa isobaric levels (not shown), and revealed a zondrom —40 and—90 m over western Greece. The aforemen-
flow over southern Europe. At lower isobaric levels (850- tioned maximum anomaly of geopotential heights at 500 hPa
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level is relocated from NW ltaly to central Italy and over the composite maps (500 and 700 hPa levels; not shown), a ridge
Gulf of Taranto, as we are studying the lower isobaric le-line is evident along Algeria, western Mediterranean Sea, im-
vels of troposphere (700-850-925 hPa; not shown) and SLBIlying a NW upper air stream over western Greece. Studying
(Fig. 4). Based on NCEP-NCAR long-term climatology (not the isobaric levels of 850 hPa (not shown), a minor trough
shown) of geopotential heights at 500 and 700 hPa levelsis located along north Italy—Corsica, negatively tilted and
a long trough is located over the central Adriatic Sea. Atoriented south of the Gulf of Genoa at 925 hPa level (not
925 hPa level (not shown) and SLP, a broad shallow low censhown). At both these levels, the upper air stream over the
tre appears between Corsica and Italy. area of interest is from north directions implying a cold dry
During the spring season, the daily composite means reair mass advection.
veal a closed cyclonic circulation from middle (500 hPa) to In the process, the synoptic-scale conditions associ-
lower isobaric levels of troposphere (Fig. 3). As far as SLP isated with TR development over western Greece, based on
concerned, the low centre (1009 hPa) is located over centrahonthly composite analyses, are presented. Daily compos-
Italy, around the Gulf of Taranto. These synoptic conditionsite means of SLP (not shown) during cold months (Decem-
implied a SW air flow over the southern lonian Sea and aber and January) reveal a closed cyclonic circulation over the
S—SW air flow pattern over the rest parts of western Greecenorthern lonian Sea and the Gulf of Taranto, with isobar lines
The maximum daily composite anomaly at 500 hPa isobaricof 1009 and 996 hPa, respectively. A south—southwest sur-
level (=110 m) appears at the north of Sicily (Fig. 3) and face air stream is established over western Greece as a low
it is relocated smoothly over SE Sicily at lower isobaric le- pressure system appears over Corsica (1005 hPa) during TR
vels of 700-850 and 925 hPa (not shown). At SLP, a broaddays in February. During March and April, a broad closed
daily composite anomaly is found between Italy and westernow pressure system (1011 and 1010 hPa, respectively) is
Greece (Fig. 4). Clino synoptic conditions at 500 and 700 hParesent over the lonian Sea and southern Italy, in contrast to
levels (not shown) present a trough line westwards of Italya shallow cyclonic circulation over the Gulf of Genova dur-
and a shallow ridge line over southern Greece. Regarding theng TR days in May. During the months of the hot season
925 hPa level and the SLP (not shown), the cyclonic circula-(June, July and August), a shallow, unclosed cyclonic circu-
tion is closed between north Sicily and the Gulf of Genoa. lation is evident over the northern lonian Sea and the Gulf of
Tornadoes during summer days over northern parts offaranto, as high pressure system over central Europe is com-
Greece are associated with convective weather conditionbined to low pressure system over east Mediterranean Sea.
(unstable atmospheric environment), mainly caused by loweDuring the autumn months (September, October and Novem-
atmospheric heating procedure during summer hot days. Totber) a closed cyclonic circulation is identified over central
nadoes over the western parts of Greece are related to tHéaly and is relocated further SE from the Gulf of Taranto
aforementioned heating—instability procedure, and they arevith a steady 1009 hPa pressure centre, implying a surface
also enhanced by a thermo-dynamically unstable environwind from south directions over the northern lonian Sea and
ment to the west of Greece. At 500 hPa level, a long troughS—SW winds over the south lonian Sea and Peloponnese.
appears over eastern Europe tilting to the southern parts of As described in Sect. 3.1, TR intra annual variability re-
Italy, causing a western upper air stream (Fig. 3). This troughvealed that during November and October tornadoes are
line at 700 hPa level (not shown) could be described as twanore frequent. During TR days in November, a long wave
separate trough lines: the northern trough line, located alongrough at 500 hPa level is oriented from NE ltaly to the
eastern Europe and the southern trough line along the centralorth coasts of Africa, implying a SW upper air stream. This
Adriatic Sea and Corsica. At 850 and 925 hPa isobaric levelgrough line persists also at 700 hPa level in contrast to 850
(not shown), the northern part of the aforementioned troughand 925 hPa, where a closed cyclonic circulation is located
line is tilted, causing a meridian air flow pattern. The daily over central Italy. Concerning SLP, a low pressure centre ap-
composite mean of SLP reveals a shallow cyclonic circula-pears over central Italy with a mean pressure of 1004 hPa.
tion over the lonian Sea, implying a light S—-SW surface air During TR days in October, at 500 hPa level, a long trough
stream over the western Greek mainland (Fig. 4). Maximumis identified along the northern Balkans and eastern coasts
daily composite anomaly of geopotential heights at 500 hPaof Italy and a second one between south France and north
during summer days, is identified over the central and southef Corsica. At 700 hPa level, the trough is along the Gulf
ern parts of Italy with values lower than60 and—40 hPam,  of Taranto and eastern Sicily. Closed cyclonic circulation is
over western Greece (Fig. 3). The composite anomalies obbserved over central Italy and south Adriatic Sea, indicat-
geopotential heights over western Greece vary frof to ing a W-SW air flow stream. At SLP, the low pressure cen-
—20 hPam at lower isobaric levels of 700, 850 and 925 hPare (1008 hPa) is located over the Gulf of Taranto. The daily
(not shown). Regarding SLP the anomaly is centred over th&eomposite anomaly of geopotential heights at 500 hPa level
Gulf of Taranto with values from-4 to —3 hPa (Fig. 4). SLP  during November TR days depicts a maximum140 m)
clino depicts a combination of high pressures over centralbver central Italy, which is relocated over the central Adriatic
Europe with a low pressure system over the Middle East,Sea as we descend to the lower levels of troposphere. On the
causing a NE surface air stream. In the upper air clino dailycontrary, in October, the daily composite anomaly appears
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Figure 7. Seasonal daily composite means (left column) and
anomalies (right column) of sea level pressure for waterspout days

over western Greece for the period 12 August 1953-31 Decem-
Figure 6. Seasonal daily composite means (left column) and pgr 2012.

anomalies (right column) of geopotential heights at 500 hPa isobaric
level for waterspout days over western Greece for the period 12 Au-
gust 1953-31 December 2012.

means (left column) and anomalies (right column) of LI for
over the southern Adriatic Sea and is relocated further SE athe aforementioned seasonal periods are illustrated on Fig. 8.
lower isobaric levels. Moreover, the anomalies of geopoten- Over the western Greece, the daily composite mean synop-
tial heights appearing in October TR days are almost 50 %gic conditions at 500 hPa level for autumn WS days, are char-
weaker (-80m at 500 hPa level) at all barometric levels of acterized by a broad trough along central and southern Italy,
lower troposphere, against the respective anomalies appea®ssociated with a SW upper-air stream over western Greece
ing in November. The daily composite anomaly of SLP dur- (Fig. 6). At 700 hPa level (not shown), a trough is oriented
ing November is higher over NW Greece, compared to thefrom the north Adriatic Sea to Sicily in contrast to the lower

anomaly of SLP in October. isobaric levels of 850 and 925hPa (not shown), where a
closed cyclonic circulation is identified over central Italy and
3.3 Synoptic conditions associated with waterspout the central Adriatic Sea. Regarding SLP, (Fig. 7), a closed
development over western Greece cyclonic circulation appears over central Italy (1011 hPa).

During winter WS days, the daily composite mean of syn-
Synoptic-scale conditions associated with the developmenbptic conditions at the tropospheric levels of 500 hPa (Fig. 6)
of waterspouts, based on seasonal and monthly compositend 700 hPa (not shown), are characterised by a through
analyses, are discussed in this section. Figure 6 depicts th@long the Adriatic Sea and southern parts of Italy, implying
daily composite means (left column) and anomalies (righta SW—W upper air stream. At lower levels of troposphere
column) of the geopotential heights (m) at 500 hPa for WS(850 and 925hPa, not shown), a closed cyclonic circula-
days during autumn (the most active season), winter, springion is observed over the southern Adriatic Sea and over the
and summer. Besides, Fig. 7 shows the daily compositeGulf of Taranto, respectively. A closed low pressure centre
means (left column) and anomalies (right column) of SLP for (1008 hPa) is located over the Gulf of Taranto with respect to
the aforementioned seasonal periods. The daily compositthe sea level pressure (Fig. 7).
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The maximum daily anomalies of geopotential heights at
500 hPa level, for WS days during cold seasons (autumn and
winter) (Fig. 6) appear over central Italy-{0 and—130m,
respectively). During spring WS days, the daily composite
anomaly of geopotential heights at 500 hPa level is higher
(—80m) over the southern parts of Italy and lonian Sea, in
contrast to lower summer anomalies50 m) appearing over
central Italy, the northern lonian Sea and southern parts of
the Adriatic Sea (Fig. 6). The daily composite anomaly of
SLP during autumn WS days is maximum over central Italy
and southern parts of the BalkansShPa). During winter
WS days, the daily composite anomaly of SLP appears to
be higher £8hPa) over northern Greece and the Gulf of
Taranto, against weaker anomalies within sprirgl HPa)
and summer WS days-@ hPa) (Fig. 7).

The WS intra annual variability of synoptic conditions
(not shown) is discussed further below. The daily compos-
ite mean of geopotential heights at 500 hPa level during De-
cember WS days reveals a SW air flow over western Greece
as a long trough is highlighted along the central the Adriatic
Sea and southern parts of Italy. During January and February
WS days, the trough line over central Italy maintains the SW
upper air flow stream over western Greece. From March to
April the upper air stream at 500 hPa level is slightly shifted
to westerly flow, as the trough is located over the Balkans,
against a closed cyclonic circulation over Albania during
May WS days. Within June and July WS days, the daily com-
posite mean of geopotential heights at 500 hPa level presents
a long trough along eastern parts of Europe and southern

Figure 8. Seasonal daily composite means (left column) and parts of ltaly. The zonal upper air flow within August WS

anomalies (right column) of LI for waterspout days over western 42y$ i shifted towards SW directions during September, Oc-
Greece for the period 12 August 1953-31 December 2012. tober and November, as the trough is established eastwards

over Italy. Taking into consideration the surface synoptic
conditions, the daily composite mean of SLP, during De-
cember to March WS days, depicts a closed cyclonic cir-
Analyzing the isobaric levels of middle troposphere (500 culation over the Gulf of Taranto, with the lower value of
and 700 hPa) for spring WS days, it is found that a trough1004 hPa in February. The combination of high pressure sys-
appears over the lonian Sea (between Italy and Greece), sugem over central Europe with low pressure system over the
gesting a SW upper air stream over western Greece (Fig. 4eastern Mediterranean Sea implies a shallow cyclonic circu-
Taking into consideration the isobaric levels of 925 andlation over the lonian Sea during April, June, July and Au-
850 hPa (not shown), a closed cyclonic circulation is evi- gust. During October and November a closed cyclonic circu-
dent over NW Greece. The daily composite mean of SLP forlation is located over the Gulf of Taranto and central parts of
spring WS days, is identified by an extended low pressurdtaly, suggesting a SW surface airflow.
system (1010 hPa) from central Italy to the eastern parts of
the Aegean Sea (Fig. 7). 3.4 Seasonal composite anomalies of synoptic
During summer WS days, the daily composite means of conditions and lifted index for tornadic events
geopotential heights at 500 hPa (Fig. 6) and 700 hPa (not over western Greece
shown) isobaric levels reveal a W-SW upper air stream over
western Greece as a trough is established along the lonialhe performed analysis demonstrated that tornadoes are
Sea. The combination of high geopotential heights over cenmore frequent over western Greece during autumn. The daily
tral Europe and low geopotential heights over the easterrtomposite mean of geopotential heights at 500 hPa isobaric
Mediterranean causes a NW upper air stream at 850 antével reveals a trough line across the northern Adriatic Sea
925 hPa (not shown). The same combination is also evidenand central Italy, associated with a SW upper-air stream over
at SLP, implying a NW surface stream over western Greecavestern Greece. During autumn, the maximum daily com-
(Fig. 7). posite anomaly of geopotential heights at 500 hPa isobaric

Autumn

Winter

Spring

Summer
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stream is the main characteristic of daily composite mean of o a - ma o

synoptic conditions for TR days within autumn and winter . L - -

season, as the centre of low pressure system is identified nee I )
80

the Gulf of Taranto. November favours mostly the develop- \ 100

ment of tornadoes, followed by October. During November ** Auumn 2 At
TR days, a long wave trough line at 500 hPa level is oriented
from NE lItaly to the north coasts of Africa. This trough line =, ™" ™7 e v o MR TOOWe BN Snee

is also distinguished at 700 hPa level, compared to lower iso- ,

baric levels (850 and 925 hPa), where a closed cyclonic cir- #—‘Lf 0 =] .

culation appears over central Italy. Besides, at SLP, a low T ‘T # ) T—

pressure centre is identified over central Italy with a mean v

pressure of 1004 hPa.
The southwestern upper air stream at 500 hPa isobaric  wow:  roms  esows  25wea swiPa  T0OWa  0WPa S25hPa

level accompanied with a long wave along central and south- ™
ern Italy are the common characteristics of the prevailed syn- * | m

Winter Winter

optic patterns during autumn, that provide favourable con- T :80 .

dition for the development of tornadoes and waterspouts. .

The daily composite anomaly at 500 hPa isobaric level in - spring a2 o
autumn is maximum against to that of winter. Furthermore,

the closed cyclonic circulation depicted from the daily com- = sowe  wowe  ssowe szsie g SO s e st
posite anomaly of SLP over the Gulf of Taranto during tor- - = o =

nado days is deeper compared to waterspout days. During thi T . ©

spring season the daily composite anomaly at 500 hPa iso- )

baric level, during tornado days, is characterized by a closed * 100

cyclonic circulation against a long wave trough located along - Summer 120 Summer

the lonian Sea, for waterspout days. ) ) . )
Figure 9 (left column) depicts the TR seasonal box and:;'g“re 9. ?O’i, aln: ,WE'tSker p"t)FS (l))f S,eallsonlal (?rl,l())/oagggmé?g of d
whisker plots of daily anomalies of the geopotential heights € geopotential heights (m) at isobaric levels o ' ' an

. . 25hPa, for tornadoes (left column) and waterspouts (right col-
atisobaric levels of 500, 700, 850 and 925 hPa, calculated mn), calculated at the location of each event in western Greece,

the location of each event in western Greecg, from 12 Au'from 12 August 1953 to 31 December 2012. The horizontal line in
gust 1953 to 31 December 2012. The maximum of dailyhe hox represents the median, the box represents the 25th and 75th
anomalies of the geopotential heights (m) appears in autumgpercentile and the whiskers refer to maximum and minimum daily
season at the isobaric level of 500 hPa. During autumn, thenomalies.
median of the daily anomalies of the geopotential heights
at isobaric levels of 500, 700, 850 and 925 hPa ranges from
—65 to —55 m. Higher anomalies (high negative median) of dian values of-21 hPa during January;12 hPa during May
the geopotential heights at 500 hPa level have been identiand —10 hPa during November. Similar findings have been
fied for spring and summer against winter when the higherfound with respect to the seasonal box and whisker plots of
anomalies (high negative median) of the geopotential heightshe daily anomalies of SLP (hPa) for WS days (Fig. 10).
appear at the lowest isobaric level of 925 hPa. Compared to The monthly variability of the dynamic lifted index (LI)
tornadoes, waterspouts reveal similar box and whisker plotfor TR days is also examined based on NCEP-NCAR re-
of daily anomalies of geopotential heights at the aforemen-analysis data sets. Box and whisker plots of the daily means
tioned isobaric levels (Fig. 9, right column), during spring, and anomalies of LI for TR days over western Greece are
summer and autumn (high negative median at upper levelsjepicted in Fig. 10 (lower graphs). The median of the daily
low negative median at lower levels). An opposite patternmeans of LI (box and whisker plots) remains beled from
is identified during winter, when the higher anomalies (high June to November and thereafter slightly changes with values
negative median) of geopotential heights appear at 500 hPanear to 0 from December to March (Fig. 10, lower left graph).
The seasonal box and whisker plots of the daily anoma-As far as the box and whisker plots of the daily anomalies of
lies of SLP (hPa) for TR and WS days (calculated at the lo-LI are concerned, the median presents the highest negative
cation of the event) are depicted in Fig. 10 (upper graphs)value in January followed by December, November and Oc-
The maximum the daily anomalies (hPa) for TR days ap-tober (Fig. 10, lower right graph).
pear during winter, followed by autumn, spring and summer Apart from the analysis of the daily means and anoma-
(Fig. 10). The intra-annual variability of SLP daily anoma- lies of LI and synoptic conditions at specific isobaric le-
lies (not shown) over western Greece shows the highest mevels, along western Greece, the authors investigated the
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Figure 10.Box and whisker plots of seasonal daily anomalies of the —A— Cold Front
sea level pressure (hPa) for tornadoes (upper left graph) and water- ¢ 1o Damage:
spouts (upper right graph) calculated at the location of each event in i FLs & crops
western Greece, from 12 August 1953-31 December 2012. Lower! ' L Structures

graphs depict box and whisker plots of monthly (June to March)
daily means (lower left graph) and anomalies (lower right) of lifted

I Crops & Structures

index (LI), based on NCEP-NCAR reanalysis data sets during tor-gjgre 11. Cold front activity associated with pre-frontal tornado

nado days over western Greece for the period 12 August 19534 ccyrence during autumn from 2006 to 2012. Flag symbols corre-

31 December 2012. The horizontal line in the box represents th%pond to impacts on crops (green flag), structures (orange flag) and

median, the box represents the 25th and 75th percentile and thgrops with structures (red flag) during tornado days over western
whiskers refer to maximum and minimum daily anomalies. Greece the period 12 August 1953-31 December 2012.

association of tornado occurrence to frontal waves during theses resulted that tornadoes are more frequent over western
most favourable season (autumn). The association of tornasreece during autumn.

does to frontal waves has been considered in recent studies According to the performed analysis, the main findings are
(Clark, 2008; Smart and Browning, 2009; Groenemeijer etthe following:

al., 2010). Markowski et al. (1998) found that nearly 70 %
of tornadoes during the Verification of the Origins of Rota-
tion in Tornadoes EXperiment (VORTEX) occurred near a
pre-existing baroclinic boundary, most of them within 30 km
distance on its cold side.

All examined frontal waves along the lonian Sea, during
autumn TR events from 2006 to 2012, based on UK Met
Office analysis, have been digitized using Geographical In-
formation System (GIS, ArcGiS). Based on this analysis, the
48 % of autumn TR events occur in pre-frontal weather con-
ditions (cold fronts) and 27 % appear after the passage of the
cold front. Figure 11 illustrates the digitized cold fronts from
UK Met Office analysis, as well as TR damage along western
Greece, indicating the great impact on the local society, as
numerous damage to crops and structures have been recorded
(Fig. 11).

4 Conclusions

The purpose of this work was to analyze in terms of seasonal
the daily composite means and anomalies of synoptic con-
ditions favour for tornado and waterspout development over
western Greece from 1953 to 2012. The performed analy-

www.nat-hazards-earth-syst-sci.net/14/2409/2014/

The daily composite mean of geopotential heights at
500 hPa isobaric level revealed a trough line across the
northern Adriatic Sea and central Italy, associated with
a SW upper-air stream over western Greece.

SW surface air stream is the main characteristic of daily
composite mean of synoptic conditions for TR days

within the autumn and winter seasons, as the centre
of low pressure system is identified near the Gulf of

Taranto.

The common synoptic characteristic of synoptic pat-

tern between tornado and waterspout days along west-
ern Greece during autumn are the SW upper air stream
at 500 hPa and a long wave trough along southern Italy.

The main difference concerning synoptic pattern be-
tween tornado and waterspout days along western
Greece during autumn is the maximum daily compos-
ite anomaly over the Gulf of Taranto.

Tornado days revealed that the maximum of daily com-
posite anomalies of the geopotential heights (m) oc-
curred during autumn, spring and summer at the iso-
baric level of 500 hPa, in contrast to winter season when

Nat. Hazards Earth Syst. Sci., 14, 240821, 2014
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the maximum anomaly was illustrated at the isobaric Fiedler, B. H. and Rotunno, R.: A theory for the maximum wind-
level of 925 hPa. speeds in tornado-like vortices, J. Atmos. Sci., 43, 2328-2340,
1986.
— During waterspout days the maximum daily composite Fuijita, T. T.: Tornadoes around the world, Weatherwise, 26, 56-83,
anomaly during all seasons was depicted at the isobaric 1973.
level of 500 hPa. Gaya, M., Homar, V., Romero, R., and Ramis, C.: Tornadoes and
waterspouts in the Balearic Islands: Phenomena and environment
— The maximum daily anomalies for TR and WS days characterization, Atmos. Res., 56, 253-267, 2000.
appeared during winter, followed by autumn. Similarly, Gaya, M., Llasat, M.-C., and Ar(s, J.: Tornadoes and waterspouts in

ing cold season. 1883, doi10.5194/nhess-11-1875-202D11,

Giaiotti, D. B., Giovannoni, M., Pucillo, A., and Stel, F.: The cli-
— 48% of TR events during autumn occurred in pre- Matology of tornadoes and waterspouts in ltaly, Atmos. Res., 83,

frontal weather conditions (cold fronts) and 27 % ap- G'53f4_341|,=2(|)\;|)'7.|' tta. M. M d Sanso. P Tornad in South
peared after the passage of the cold front. 'antreda, ., Vigieta, M. V., and 5anso, v.. 1omadoes in South-

ern Apulia (Italy), Nat. Hazards, 34, 71-89, 2005.

Regarding our future work, it is planned to extend the presenpolden,hJ. H Some statistical aspects of waterspout formation,
research to further investigation of synoptic types that asso-_ Veatherwise, 26, 108-117, 1973.

. . . . . . Golden, J.: The life-cycle of Florida Keys’ waterspouts |, J. Appl.
ciated with tornadogenesis. Concerning this direction, Mat- Meteor.. 13, 676692, 1974a.

sfangour_a_s et_ al. (2013) suggested a seasonal ObJeCt“_/e Syno(EbIden, J.: Scale-interaction implications for the waterspout life cy-
tic classification for western Greece (D10) per tornadic type, e 11, 3. Appl. Meteor., 13, 693-709, 1974b.
and recognized specific synoptic weather patterns favourablggiden, J.: An assessment of waterspout frequencies along the U.S.
for tornado and waterspout occurrence. East and Gulf Coasts, J. Appl. Meteorol., 16, 231-236, 1977.
Grazulis, T. P.: Significant Tornadoes, 1680-1991, Environmental
Films, St. Johnsbury, VT, 1326 pp., 1993.
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