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Abstract. Thunderstorm tracks in the eastern Alps for the ers and other electronic devices have usually costlier con-
summers of 1993-1999 are investigated based on lightningequences.
data. The tracking method consists of three steps. Step one It comes as no surprise that the first lightning-detection
filters weak storms. Step two fixes the positions of the sin-systems were installed in the United States during the seven-
gle cells, which are then connected. The wind at 700 hPaties in order to locate forest fires after thunderstorms (Krider
which approximates the steering level of the thunderstormset al., 1980). Later other branches of industry realised the
is used to distinguish between six weather patterns. Map$enefits of lightning-detection systems. In Europe, several
including all discovered tracks are discussed for each flowsystems were installed in the late eighties, for example the
type. While locations from which thunderstorms originate systems Mteorage in France, BLIDS (BLitz Informations
are almost similar, the track patterns are distinct for each flowDienst von Siemens) in Germany and Switzerland, CESI-
type. Main initiation areas are mountain ranges of moderateSIRF (Centro Elettrotecnico Sperimentale Italiano — Sistema
altitude 2.5 km MSL) from where most of the tracks lead Italiano Rilevamento Fulmini) in Italy and ALDIS (Austrian
into flat areas. Lightning Detection & Information System) in Austria (Di-
endorfer et al., 1992).

Lightning-detection systems have been used to show the
impact of orography on thunderstorm initiation (Orville,
1 Introduction 1991; Orville, 1994; Finke, 1995; Orville and Silver, 1997;

Huffines and Orville, 1998) and to study the diurnal cycle of

At any time there are about 2000 active storms world-wideconvection (Lopez and Holle, 1986; Finke and Hauf, 1996).
(Dudhia, 1996). From parts of the tropics, where they mayA general result is that the lightning-density reaches max-
occur with a daily regularity to the midlatitudes, where they imum values above mountainous terrain early in the after-
are normally a seasonal phenomenon, they have a great ilmoon and flat areas in the evening. Some authors found that
pact on our lives. Flash floods, hail, wind gusts and tornadoeshunderstorms initiated above mountain ranges subsequently
are related to convection. move out into adjacent flat areas (Lopez and Holle, 1986;

In the United States alone, 85 people are killed each yeaBluestein, 1993; Finke and Hauf, 1996).
by lightning (Holle et al., 1999) — fewer than by floods In this paper we show that those assumptions are true for
but more than by tornadoes or hurricanes. Fires ignitedhe vicinity of the eastern Alps by using a climatology of
by flashes may cause considerable material damage whethunderstorm tracks based on lightning data. Since lightning
houses burn down or disastrous forest fires occur. There ardata show only the electrically active parts of thunderstorms,
about 10000 lightning-caused wildfires in the United Statesdetection in general starts later in the life cycle of a convec-
each year (Krider et al., 1980). They occur mainly in the tive cell and covers a smaller area than observable by radar.
western mountainous states, where almost 60% of fires oiNevertheless, lightning data alone can be used to study the
public land are ignited by flashes (Schmidt et al., 2002). Thetime and spatial distributions of thunderstorms (Lopez and
direct damage to buildings can often be prevented by a corHolle, 1986).
rectly installed lightning protection system. Indirect dam-  Section 2 will introduce the topography of the region un-
ages through power surges in radios, televisions, computeer investigation, the lightning-detection network, and its
data. Section 3 describes the weather pattern classification
Correspondence td. Bertram used to stratify the lightning events and discusses the differ-
(ingo.bertram@imk.fzk.de) ence in lightning activity between the different flow patterns.
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Fig. 3. Detection efficiency (in percent) for cloud-to-ground and
ground-to-cloud flashes of the Austrian lightning-detection net-
work. The positions of the 8 IMPACT-sensors are indicated and
the area of investigation is bounded by a grey box.

2.2 Lightning-detection network and data

The area of investigation was chosen to allow for a homoge-
neous and consistent coverage by a lightning detection net-
work. The data base of this survey are lightning-detection
data of ALDIS which consists of 8 IMPACT-sensors (IM-
Fig. 2. The area of investigation with topography and locations used™roved Accuracy from Combined Technology). The sensors
in the following sections. measure the polarity of the electric field in order to deter-
mine the polarity of the flash. Furthermore the wave angle
of the magnetic field as well as the precise time of the signal

Section 4 explains the specially developed algorithm to track@Tving by the sensor are recorded (Diendorfer et al., 1998).
thunderstorms by their lightning activity. An overview of ~ ALDIS assigns all strokes of a cloud-to-ground flash to a
typical tracks for all six weather patterns follows in Sect. 5. Single event. It deliberately excludes cloud-to-cloud flashes

The last section contains a summary and conclusions. since they are irrelevant for the main purpose of the network:
detection of strikes leading to damage and the evaluation of
lightning risk. This is disadvantageous for meteorological

) ] ) sciences since the main share of all flashes are cloud-to-cloud

2 Lightning data in the eastern Alps flashes and the flash activity of a thunderstorm cell often

_ _ _ o _ _ starts with cloud-to-cloud flashes (Williams et al., 1989).
In this section the area of investigation will be described. Its  The average distance between the sensors is only about

choice will be substantiated referring to the quality of the 160 km and allows an accuracy of lightning detection of bet-

1E 12°E 13°E 14°E 15°E 16 E 17E

lightning-detection data used. ter than 1km on average (Diendorfer et al., 1992). The de-
tection efficiency DE, the share of all flashes that is detected,
2.1 Topography is also relatively high and uniform over the main part of Aus-

tria. Figure 3 shows an estimate of the detection efficiency af-
The area of investigation extends from 46t6 48.5 N and  ter Schulz (1997). It was calculated combining a theoretical
from 11° to 17 E. It includes a large part of Austria as well model of the individual sensor’s DE with the measurements
as parts of Germany, Italy, Hungary and Slovenia (Fig. 1). Itof the lightning detection network. At first the sensor’s DE is
is situated in Central Europe at the border between Meditercalculated for different peak currents and distances of flashes.
ranean and temperate climate. The region of study contain¥he DE model accounts for e.g. the dependence of the sen-
varied topography (Fig. 2). In its western part, mountains atsor's dead time and sensitivity, the angle of incidence, the
the main Alpine crest are glaciated and reach up to 3500 nwave-form discrimination and the attenuation of the electro-
MSL. A part of the northern alpine foreland and more low magnetic field during propagation. Using the sensor's DE
level regions in the southeast are also included. a theoretical peak current network DE can be calculated. It
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refers to different classes of peak currents. To estimate the 0°
total network DE a frequency distribution of peak currents is
required. Itis measured by the network itself and corrected to

a “natural” lightning current distribution by the peak current
network DE. The total network DE is the ratio of the number

of detected flashes to the number contained in the “natural”
distribution.

At the edges of the map the detection efficiency decreases
as the distance to the nearest sensor increases. Thus, weak
flashes are not recorded. Due to the shape of the poIiticaI27Oo east
boundaries of Austria, the sensors in the western part are ap-
proximately collinear, which limits the positioning accuracy.
The area of investigation was chosen so that the detection ef-
ficiency remained better than 80% even at the corners of the247.5°
area to obtain a homogenous data set. The time period was
limited to the summer months June, July and August of the
years 1993-1999.

Until the year 2000 the diverse European lightning detec-
tion networks used different techniques and evaluation soft- 180°
ware. Thus, the data were badly comparable, a reason why
the data} set of t.h.|s study was l'm'ted to one detection SyStemFig. 4. Designations of the flow types and direction of wind used
Otherwise additional use of ltalian and German data wouldy, delimit the five flow types. Days of weak flow (wind speed less
have been interesting. than 15 Kn) constitute the sixth flow type, called “weak wind".

Since 2000 the most important European lightning de-
tection systems are combined to EUCLID (EUropean Co-
operation for Lightning Detection). The data are evalu- south-westerly directions ahead of the front. As frequent but
ated uniformly resulting in homogenous quality in terms of on average even more extended are widespread storms if a
detection efficiency and location accuracy, so that interestirough above the Alps is bounded by high pressure systems
ing research possibilities arise for the future. In 2004 EU-to the west and east. With this pattern cool northerly winds
CLID contained sensors in Switzerland, Germany, Austria,on the westside and hot southerly winds east of the low create
France, Belgium, Netherlands, Luxembourg, Czech Republarge temperature gradients.
lic, Slovakia, Slovenia, Italy, Hungary, Poland and Norway = Wakonigg (1978) examined the connection between
(http://www.euclid.org). weather pattern (after Lauscher) and thunderstorm activity in

the south-eastern state of Styria (Austria). He found that the

trough above the Alps (in German: “meridionale Tiefdruck-
3 Weather pattern classification rinne”) spawns the most thunderstorms. Also important, as

discussed for the whole of Austria before, are the low above
In complex terrain, thunderstorms and lightning characteristhe British Isles and the low above Central Europe. Only a

tics are eXpeCted to be a function of flow direction. Although few storms occur on days with advection of cold air or days
exactly the same flow pattern does not occur twice, a weathefinder the influence of high-pressure systems.

pattern classification is sensible because the mass and wind sjmijlar results were also reached by Fliri (1975) for the

fields exhibit similar structures time after time. Several clas-\yestern Austrian state of Tirol.

sifications tailored to the Alps exist: Lauscher’'s (1972) is

based on the surface pressure distributioni&pp’s (1968) 3.1 A flow type classification for the track-analysis

on the 500 hPa-level, and Steinacker’s (http://www.univie.

ac.at/IMG-Wien/weatherregime) on the flow direction at the For our purpose, we need a classification scheme that can

850 hPa-level. distinguish between situations leading to different kinds
Hader (1956) evaluated observations of thunderstorms irof storm movement. Therefore Steinacker’s classification,

Austria during the years 1947 and 1955 in order to checkwhich is based on flow direction, seems suitable. However,

which synoptic structures favour the formation of widespreadthe steering level of thunderstorms is not at the 850 hPa-level

storms. Widespread thunderstorms (when at least half of albut closer to the 700 hPa-level (Hagen et al., 1998).

observers reported a storm) occurred most frequently on days A new classification scheme patterned after Steinacker's

when a low was situated above the central European contiwas thus tailored for the purpose of studying thunderstorm

nent. The second most frequent scenario had the low certracks. It examines the wind direction and speed at the thun-

tred over the British Isles. Both weather patterns initiate se-derstorm steering level of 700 hPa (Fig. 4) and consists of five

vere storms along and ahead of cold fronts approaching fronflow types from different sectors plus one weak wind type of

the west when moist warm air is advected from southerly orspeeds not higher than 15 kn. This threshold of 15 kn, which

north-west
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300 60% Table 1. Mean daily flash rate for the different flow types during
266 June through August 1993-1999. “All” contains the mean flash rate
250 | 500 regardless of flow type.
All S SwW w NW E WwW
» 200 - 40%
& 1548 1573 3102 2798 874 625 1220
o 155 5
g 150 /N 305 3
2 / g
2 100 ,/ 93 | 20% frequent flow type was “northwest” while “south” and “east”
69 occurred most rarely.
T y Only days with 3000 and more flashes in the area of in-
50 I~ 32 N 24 | 10% vestigation will be used in the following track-analysis. The
s 23 18 ﬁ/ types “weak wind” and “west” produced most of these days,
0 J:L | 2 0% followed by the “southwest” and “northwest” flow patterns.
s SWwW NW Eww Although the type “weak wind” created most days with
3000 or more flashes, the relative frequency is only 13%. The
flow type

types “west” and “southwest” had the highest relative fre-
. . . _ quency: nearly 35% of such lightning-intense days. These
Fig. 5. Number of days with the different flow types during June flow types also stand out with the largest mean daily flash

to August in the years 1993-1999 (grey bars); number of days with

3000 or more flashes (black bars) and relative frequency of the Iat_rates: about 3000 flashes (Table 1). The mean of all 644

ter with respect to the former (black line and right ordinate). ww SUmmer-days is 1548 flashes per day. Little lightning hap-

stands for the flow type “weak wind”. pened for types “weak wind”, “northwest”, and especially
“east”.

Figure 6 shows that most days (430 days) had no more
is used in Steinacker's classification, successfully delineated?@n 1000 flashes. The next class already contains much
conditions with little storm movement. fewer days. The classes below 3000 flashes per day con-
tain together 82% (= 530 days) of all days but only 25% of

The reason for the uneven division of the wind directions is - o
the non-uniform frequency of the different directions of thun- all flashes. In the track-analysis only the remaining 114 days
with 75% of all flashes are considered.

derstorm movement. Storms moving from east to west oc-
curred so rarely that a more detailed division was not worth-
while. Most storms approached from south-westerly direc-
tions. Thus this sector was more finely divided.

The basis fgr the classif]i(catior;] vv“ere .yyear':her charts A hen one depicts all flashes of a day on a map, thunderstorm
00:00 UTC and 12:00 UTC from the “Eurascher Weiter- tracks become apparent. Apart from the larger-scale flow di-

bericht” published by Deutscher Wetterdienst DWD. _ rection the observed tracks depend on the mesoscale organ-
Many thunderstorms occurred along fronts where the windigation of the storms. Three basic types of thunderstorms

direction at the 700 hPa-level turned in the course of the day.5y pe identified (Foote, 1985; Dudhia, 1997). Short living
clockwise from southwest to northwest. These cases wergjngle cells are common in an environment of weak (or non-
classified with respect to the wind direction downstream of gyistent) vertical windshear. The complete cycle of precipi-

the accompanying trough, because most storms can be exation development and fall out takes place in one cell. The
pected in the area of upward motion downstream of thece|| moves with the wind at the steering level creating none

trough. or only very short tracks due to their short lifetime of up to
an hour.
3.2 Frequency distribution of the flow typeS and the flashes The Second type, tl‘mu|t|ce|| Storm, forms under Condi_
tions of moderate vertical wind shear. New cell growth can
A “day” in this paper is defined to start at 04:00 UTC, which be initiated at the cold outflow boundary of a decaying cell
is close to sunrise. The minimum of thunderstorm activity (Bluestein, 1993). The direction of a multicell storm track
in the region of study occurred around 04:00 UTC during thejs determined by the movement of the single cells with the
summer months of 1993-1999. Even long-lasting storms hagyind (at the steering level) and by the propagation of daugh-
mostly died by that time and no new storms had formed yet.ter cells. Both effects describe the motion of the system (Ha-
The most common flow type during June through Augustgen et al., 1998). The direction of propagation depends ba-
1993-1999 (total of 644 days) was “weak wind” on 266 dayssically on the shape of the hodograph. In an environment of
(Fig. 5). The frontal zone is often situated north of the areaclockwise curved hodographs, new cells develop preferen-
of investigation in the Central European summer. Anothertially on the right flank of the old storm. In an environment

4 Tracking thunderstorms
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of counterclockwise curved hodographs the cells develop on 500 100%
the left flank. Long tracks are possible as multicell systems /—/__/
can last for several hours. 450 a3 / 90%
The third type of thunderstorms, the supercell, occurs un- 400 | 80% fg‘
der conditions of strong vertical wind shear and very unstable / "
stratification. The storm is formed by a large quasi-stationary (,,350 1l / 0% E
cell, which persists for much longer than the time required §‘3oo A 60% o
for air to circulate through (Bluestein, 1993). It keeps alive / E;’
by continuous cell growth, mostly at the right flank. While 2250 1 / S0% 7
at least the single cells of a multicell system move with the € 590 | 40% =
wind, the supercell exhibits a motion deviant of the wind. 2 / IS
Supercells often develop from multicells or single cells. As 10 7] 30%
a result, they move with the wind of the steering level early 14 7F25% 20% g
in their life, to the right (or left) during their supercell phase, =
and with the wind when they decay. Houze et al. (1994) ex- 50 74 2 1 10%
amined 42 severe hailstorms in Switzerland. The departure ||| HhJ3 :‘1.0‘:3 A
between the midlevel winds and the motion of these storms TN TNeNT33823838583
was roughly 20to 30°. Storms and storm systems that travel N R LR TR
to the right of the mean winds are called “rightmovers” and class of daily flash-rate (10°)
storms that travel to the left are called “leftmovers”. Long
tracks are likely as supercells can exist for 12 h. Fig. 6. Number of days in different classes of daily flash rate during

Thunderstorm tracks are a result of the described effectsthe whole time series. Days with fewer than 3000 flashes (grey bars)

Therefore the wind at the steering level gives the most Iikelyand days with 3000 or more flashes (black bars). Relative number of
. flashes that occurred on all days of the corresponding class, adding
motion v r of rm (Hagen I, 1 .
otion vector of a storm (Hagen et al., 1998) the lower classes (line graph and right ordinate). The value of the

. . three first classes is marked by a black cross.
4.1 Tracking algorithm

While tracks are relatively obvious to the human eye, an au4.1.2 Step two: Identification of storm centres
tomatic objective tracking algorithm is harder to construct.

One method of automatic tracking is described by Based on the 'filte'rgd dqta the a!gori'thm looks for Ioc'al max-
Steinacker et al. (2000). Their algorithm consists of threeiM& The day is divided into 72 time intervals of 20 min each
major steps: At first lightning density data are smoothed witht© temporally average the data. During that time storms move
a Gaussian filter. Then isolated maxima of lightning activity ONly over very short distances. The computation of the posi-
are identified for 20-min time periods. The last step finds thetion of storm centres continues with a search for local max-

most likely displacement vectors between the time intervals/Ma. The area of investigation is divided into>984 boxes

The algorithm described here also consists of three majoP_f about 5km length. The number of flashes during the con-

steps but differs in detail, most significantly in the compu- tsrl]dered time |gter_\tlﬁltlhs cg ur:jt_ed mteach l?[oxf._ ETCh Ibox IS
tation of the displacement vectors. First the raw lightning en compared wi € © adjacent ones 1o find focal max-

data are filtered instead of the Gaussian smoothing of Iight-'ma' If one of the eight neighbours should contain as many

ning density in the Steinacker’s algorithm. Secondly isolatedﬂaSheS’ tthle celntral pox IS chEsen an;_l/_vr\]/ay. NO(\;Y aIItboxis;kt‘hgt
maxima of lightning density are identified. Then several cri- represent focal maxima are known. ihe coordinates ot their

teria are employed to find the most likely displacement vec-Centres are us_ed as prowsmnal_ I_ocal maxima.
tors. As a last refinement the position of the storm centres are

computed as the spatio-temporal mean of all lightning strikes
that occurred within 1.5 grid distances from the centres of the
provisional maximum boxes over the 20 min.

_ ) . The described computation of local maxima is conducted
The goal of this procedure is to eliminate all weak stormssq. a1 72 20-min time intervals.

and all flashes that appeared isolated. Only flashes are con-

sidered for the further steps that have at least 14 other ﬂasheslg Step three: Connecting storm centres between subse-
in close spatial (4 km) and temporal (20 min) vicinity. All quent times

other flashes are removed from the raw data. 14 was chosen

as an appropriate minimum number of “neighbours” from anThis last step consists in connecting the local maxima (storm
examination of the 7 years worth of data. This means thatcentres) to thunderstorm tracks in a sensible way. But what
there must have been at least 15 flashes over a circular areéasensible?

with a diameter of 8 km during 20 min for the storm to be  The case of only one moving storm is simple: all isolated
further considered by the tracking algorithm. maxima can be connected by noting their temporal sequence.

4.1.1 Step one: Filtering of the data
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However, if there are several cells moving in close proximity, vectors for individual storm centres are computed. Direction
the number of possible connections increases and with it thend distance of all possible connections between storm
difficulty in choosing the correct one. centres of successive time intervals are calculated. Then
Steinacker et al. (2000) demand in their tracking algorithmthe deviation from the regional displacement vector is
that the displacement vectors do not differ from the wind computed using the following weighted linear combination
velocity and direction at the 600 hPa-level (which they choseof directional and distance differences:
as the steering level) by more than a certain amount. They .
derived the 600 hPa wind from radio soundings. With only D = F(ld —d|) +
4 radiosonde stations in the area of investigation, of which
2 launch only one sonde per day and the other two twicewhered: direction of dominant regional displacement vec-
daily, the environmental conditions at the location and timetor, d: direction of the connection considered, distance
of convection are not always represented. Our algorithmof dominant regional displacement vector, andlistance of
finds the displacement from the lightning data itself in two the connection considered.
steps: First by computing a temporally averaged overall The weighting was chosen so that a directional difference
regional displacement, then using the regional displaceof 20° between storm centre displacement vector and the re-
ment as a guide to find the displacement of individual storms gional displacement vector produces the same devidias
a 5km distance difference. The connection with the small-
Determination of regional displacement vectors est deviationD is assigned to the displacement vector of the
storm centre provided it fulfils two more constraints: The di-
For many storm episodes the displacement vectors ofection differs at the most by 3Grom the regional displace-
the storms in a particular region and during one singlement vector and the distance is not more than twice distance
convective event are similar (Finke, 1999). Hence, it isof the regional displacement vector. These thresholds were
sensible to compute regionally- and temporally-averageddetermined subjectively from the data.
displacement vectors for each single case. The regions for Cases with small regional displacement distances (shorter
averaging were determined from inspection of the datathan 3km) were treated differently: the directional require-
It showed that the displacement often differs between thement was dropped and the distance of the storm centre con-
regions north and south of the Alpine crest, just as it oftennection constrained to be shorter than 5 km.
differs between the western part of the examination area and This process is repeated for the remaining combination of
the eastern part. Therefore the whole area was divided into 4onnections between subsequent storm centres until no con-
regions on both sides of the 47N latitudinal and the 1%E nection fulfils the thresholds any more. The tracks of storm
longitudinal lines. centres that do not have a valid connection to a subsequent
The first step of finding the averaged displacement vectorgentre are closed.
is to identify the dominant displacement for each of the four Finally all tracks are depicted on a map. A track is referred
regions between all consecutive 20-min time intervals. Eachto as a “hot spot”, if the average displacement between all
lightning centre is connected to the closest one in the nextonsecutive 20 min intervals when the cell was observed is
time interval. Distance and direction of that connection areless than 3km. Hot spots are marked by a dot on the fol-
binned into 3 km distance intervals (to a maximum of 27 km) lowing figures. Their coordinates are the spatial average of
and 30 direction intervals. The regional displacement vector all contained maxima. Since at least two maxima are neces-
is formed by choosing the most frequent distance bin and theary to show a track, hot spots are marked as well only if two
most frequent direction bin. or more maxima are included. Thus, a hot spot is a hardly-
Theoretically our temporal averaging uses the data of amoving storm lasting in all likelihood longer than 20 min.
whole day, a time period where a significant change of the Depending on the thunderstorm type the tracks identified
wind direction is possible. Since the storm activity in a lim- by our algorithm have different meanings: It is straightfor-
ited area lasts commonly only a few hours, the averaging peward for the tracks for a single cell or a supercell as they
riod is in practice much shorter and the resulting averagediescribe the motion of only one cell. On the other hand,
displacement is suitable as first guess for most cells. the propagation of multicells may be discrete or continu-
The computation of the tracks contains the possibility ous. Bluestein (1993) distinguishes that as follows: If the
of operator intervention by presetting the displacementtime interval between the appearance of successive cells is at
vectors, which makes the presented tracking algorithm deast 20 min then the propagation is discrete, otherwise con-
semi-automatic method. In a few cases the results of thdinuous. Since the time interval of our tracking algorithm
algorithm could be improved by changing the distances ofis 20 min the identified track of a continuously propagating

1
4km(|s _S|)v (1)

the regional displacement vectors. multicell storm is that of the whole storm system. Supercells
can be tracked only if the regional displacement vector devi-
Constructing individual tracks ates less than 3Grom its direction of motion. Note though,

that the wind direction may differ by larger amounts from the
Once the regional displacement vectors are known (validmotion of the cell since the regional displacement does not
for the convective event under consideration), displacementecessarily need to coincide with the local wind direction.
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The following situation is conceivable: A supercell moves
in a direction differing by more than 3Grom the regional Monich
displacement vector (determined by the movement of many :
single cells). In this case the operator can intervene and Set e
the regional displacement to a value between the two mov-|
ing directions. Differences of moving directions up t0°60 |5
are allowed in each of the 4 parts of the area of investigation. |
If a storm splits, the algorithm starts a new track close to
the originating storm. In the case of storm merging one of
the tracks ends. R e s ‘ _
Note that the use of a variable box size in fmdlng the storm .:4—5:”; ®7-8UTC  ®1011UTC ®1314UTC  1617UTC ®1920UTC =22-8UTC =1-2UTC
centres (Sect. 4.1.2) could improve the tracking results in 707 IS0 Thsuc e wmsure ssimutc soie sssurc
some cases. Adapting the boxes to each single case depend-
ing on the scale of the systems’ size a mesoscale convectiveig. 7. Example of tracking. Lightning positions (small color-
complex could be accounted by only one track as well as ashaded dots), tracks (grey lines) and hot spots (large grey dots) for
single cell. But in this study it was intended to treat each 27 July 1998. The direction of the dominant displacement (towards

storm event identically: each of the cells within a mesoscalevhich the storms travel) vector was 78 the whole area. Its dis-
convective complex should be tracked. tance was 7.5km in the western part and 13.5km in the eastern

part. Rivers are presented by thin blue lines and major orographic
4.2 Example 27 July 1998 features by thick blue lines.

. o
Innsbruck:. *

A day of severe thunderstorm activity in the eastern Alps will
showcase the workings of the tracking algorithm (Fig. 7).
On 27 July 1998 a depression moved eastward over Ge
many. Its cold front passed the Alps in the course of that . . .
day. West-south-westerly flow downstream of the accompa- Most likely the soundings were not representative for the

nying trough steered numerous frontal thunderstorms to thé:?.‘tmOSpherIC profiles at the tlme_of the thunderstorm Initia-
east-north-east. tion. Presumably CAPE at the time of thunderstorm initia-

The available soundings in the area of investigation (Mu-t'on exceeded the values calculated from the previous radio

nich, 00:00 UTC, HohenpeiBenberg, 06:00 UTC, Innsbruck soundings. Especially the sounding of Vienna had indicated

00:00 UTC, Linz, 06:00 UTC, Vienna, 00:00 UTC, Graz, >t ond 2CVeCtion of war 2 below 3\m and simytaneous
06:00 UTC) indicated a conditionally unstable stratification cooling above at Ju. - LiTing downstream lrom the

(temperature lapse rate between the dry and moist-adiabatféough activate'd the potent'ially unstable ;tratification and se-
lapse rate). Furthermore, the stratification was everywheré/ ere storms with many strikes occurred in the eastern parts
' f Austria during the evening hours.

more or less potentially unstable (layers with a decrease of . .

pseudopotential temperature with the height) as indicated by 45 tracks and 2 hot spots were _dlscovered mostly n the

negative values of the KO-index (not shown). The KO-index eastern part of the map (Fig. 7.)’ while the weak storms in the

is the difference of the average midtropospheric (500 anoweSt were filtered by the tracking algorithm.

700 hPa-levels) from lower tropospheric (850 and 1000 hPa-

levels) pseudopotential temperature. Therefore negative vals \yeather pattern dependence of thunderstorm tracks

ues indicate potential instability, which can be released, e.g.

by synoptic lifting. The largest potential instability was The tracking method was used for all days with 3000 or more

found in the sounding of Graz, where the pseudopotentiaflashes in the area of investigation. This condition was ful-

temperature decreased fronf@2near the surfaceto 48 at  filled on 114 days (25%) of the summer months of 1993—

about 4 km MSL. 1999. For most some tracks or hot spots were found. In a
In all soundings, air parcels above the nocturnal stablefew cases the lightning distribution was so chaotic, that nei-

boundary had convective available potential energy (CAPE)ther the algorithm nor the human eye could find tracks.

part of the map before 15:00 UTC so that the convective tem-
rperature was exceeded e.g. by 1K in Vienna and by 2K in
Graz.

The largest values were reached at Linz (913 J/kg). Subsequently maps including all discovered tracks will be
Hence, the required instability for thunderstorm develop-discussed, one for each of the 6 different flow types. The lo-
ment was given in the whole area of investigation. cation of the origin areas for the tracks will be named. It must

Nevertheless, the thunderstorm activity remained low inbe kept in mind that not the thunderstorm itself but its cloud-
the north-western part of Austria, where the early arrival of to-ground and ground-to-cloud lightning activity is tracked.
the cold front prevented that the triggering temperature forThere is a time shift between initiation of a storm and the
deep convection was reached. The temperature maxima dirst detectable flashes. As a result the storm initiation areas
Munich, Hohenpei3enberg and Innsbruck, where the frontare situated upstream from the starting points of the tracks.
passed before 11:00 UTC, remained about 5K below thisThis effect is increased as first flashes in the life cycle of a
convective temperature. The front did not reach the easterstorm are mostly cloud-to-cloud flashes. Furthermore some
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Fig. 8. Tracks (orange lines) and hot spots (large red dots) of theFig. 9. As Fig. 8 but for flow type “south west” with wind directions

flow type “south” during the summer months 1993-1999. The wind at the 700 hPa-level between 22&nd 247.8.

direction at the 700 hPa-level is between 1&hd 225. Rivers

are represented by thin blue lines and major orographic features by

thick blue lines. Dominating tracks are marked by black arrows.  diately downstream of the Alpine crest but fosters it fur-
ther downstream, especially where the northern ranges of

the Alps provide additional low-level orographically induced
lightning intense storms evolved from weak lightning storms Jifting.

which were filtered by the data evaluation. The latter effect

was accounted for by drawing the conclusions only after a5.2 Tracks of the flow type “southwest”

detailed inspection of all individual cases. Often storms oc-

curred within large systems. Then the mentioned origins re-The flow type “southwest” (225-247.58) spawned more

fer to the single cells and not to the whole systems, whichthan 3000 flashes on 23 days (=4%) in the summers 1993—
might have been advected from outside the study area, e.d.999 (Fig. 9). Advection of subtropical or Mediterranean

from France. warm and moist air creates favourable conditions of thunder-
storm evolution. Important are frontal thunderstorms down-
5.1 Tracks of the flow type “south” stream from short-wave troughs that approach from the west.

The arrangement of the tracks is not random. Preferred

Figure 8 contains the results of the 5 severe lightning dayssource regions and tracks exist. Above the higher elevations
(=0.8% of the 644 days in June to August 1993-1999) withof the Alps there are only short tracks. They are presumably
700 hPa winds between 18and 228 (cf. Fig. 5). Thetracks  often disrupted by lee effects downstream of high mountain
are all relatively short but within the 700 hPa wind direction ranges. Some tracks lead in west-easterly direction differ-
sector, which confirms that this level is indeed the steeringing from the wind in the 700 hPa-level. Possibly they are
level for the thunderstorms. The large number of tracks ininfluenced by the orientation of orographic features. Over
Salzburg forms a thunderstorm “alley” marked by the blackthe plains, long living storms are moving to the northeast.
arrow. In the lowlands, a higher mesoscale organisation marked by

Most tracks start downstream of the Alpine crest and otherdaughtercell growth may develop unhindered since the ad-
high mountain ranges. There are basically no tracks on the&ection of moist warm air in the lowest atmospheric layers
upstream side. Flow type “south” means flow perpendicularis not blocked by mountain ranges. At least some of these
to the mainly West-East oriented Alpine crest that often leadsstorms evolve above the mountains.
to foehn gravity waves in the lee. Peristeri et al. (1999) used |mportant origin areas of tracks are Karwendelgebirge,
two numerical models to investigate the thunderstorm initi- Steinernes Meer southwest of Salzburg, Niedere Tauern, and
ation in the northern alpine foreland. They used basic flowsHochschwab. Therefore preferred tracks (marked by black
from the south and the southwest. Immediately to the lee ofarrows) lead along Salzburg to Wels and after a short inter-
obstacles the thickness of isentropic layers decreased as th@ption further to Krems. Others originate above the Niedere
flow descended in the downward part of the gravity waves.Tauern and move past Wiener Neustadt to the Danube. The
Lower thickness means higher static stability and lower like-Dachstein, a prominently protruding region, is no source
lihood for thunderstorm initiation. Further downstream atthe area. That is why there is an alley devoid of tracks between
upward-part of the gravity wave the distance between isenDachstein and St.dken. A similar track-free alley is in the
tropes widens, which reduces static stability. Innviertel.

The lightning data confirm these numerical model find-
ings. All thunderstorm tracks near Salzburg start further5.3 Tracks of the flow type “west”
downstream from the highest mountains. Manual inspec-
tion of individual cases showed not even weak storms (whichFigure 10 contains the results of the track analysis for 32
were filtered by the data processing) at the large mountairdays (=5%) with more than 3000 flashes and a wind direc-
ranges. Foehn obstructs the thunderstorm genesis immeion between 247.5 and 270 at 700 hPa. Most storms of
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Fig. 10. As Fig. 8 but for flow type “west” with wind directions at  Fig. 11. As Fig. 8 but for flow type “north west” with wind direc-

the 700 hPa-level between 247 &nd 270. tions at the 700 hPa-level between 2°&hd 360.
this weather pattern occurred downstream from short-wave /i) o o
troughs - similar to the flow type “southwest”. Some ori- Murich . wgs T

gin areas are also similar to those of the flow type “south-
west”. Worth mentioning are the northern Kalkalpen, espe-
cially the Mangfallgebirge and Kaisergebirge where many
storms started or where lightning intensified. Some tracks
lead along the Salzach, possibly influenced by the orienta-
tion of the valley. Important source regions in the east are
Niedere Tauern and Hochschwab as for flow type “south-
west”. Again, no tracks originated from the Dachstein.

The decisive difference between this flow type and the type
“southwest” is that nearly no tracks lead into the northernrig. 12. As Fig. 8 but for flow type “east” with wind directions at
alpine foreland. Instead many tracks extend along the norththe 700 hPa-level betweefi @nd 180.
ern mountain ranges. A radar study by Hagen et al. (2000)
also found many storms travelling along the northern edge of

the Alps. _ _ ) . Since this flow type is very frequent (24% of the summers
Another obvious difference to the flow type “southwest 1993-1999) several tracks could be found (Fig. 11). They

is the multitude of tracks in the basin of Graz. They originate 3¢ the result of 18 days (=3%) with more than 3000 flashes.
above the Gurktaler Alpen, Koralpe, and Gleinalpe. Some of

these tracks moved to the right of the wind at the 700 hPh- N;)rtlh (;If the A:f:s otnly few Ifttorrgs ?CClIJ(r gut;m?hnor'l[h-
level. In the vicinity of Graz and to its east, a few tracks are Westerly Tlows, often too weak 1o be tracked Dy the aigo-

visible that lead in south-easterly directions. These are prob'-ro'\t?m' ;Sorrlle oftthterr: frt]rengtilﬁn as t(?ey r?&;ﬁh t:|e mour;:]alnfs.
ably the tracks of supercells or multicells with continuous S ﬁw rgc S S‘r?r at ethnord errt1 € ge(; it eh ps hort Io
propagation. Furthermore, the inspection of all individual chneeberg. The main thunhdersiorm activity, ROWEVer, 1S fo-
cases belonging to the flow type “west’ showed that mul_cated south of the Alpine crest. The lower parts of cold fronts

ticells with distinct propagation occur often in the basin of approaching irom the northwest are blocked by the moun-

Graz. Their single tracks depicted in Fig. 10 lead eastward.taln ranges while cold air abovg the mountain moves on apd
verruns the low-level warm air to the south of the crest in

Nevertheless, the thunderstorm activity often propagates gguerrun: . )
the southeast, also on those days. Carinthia and Styria (the areas around Villach, Klagenfurt

The orographical conditions in the southeast of Austriaand Graz). The static stability decreases and the storm prob-

promote the propagation type of rightmovers. As there areablllty Increases.

no mountain obstacles to the south, southerly winds can ad- A second mechanism may promote the storm genesis in
vect moist Mediterranean air in the lowest atmospheric lay-southern Austria during this flow type: North-westerly flow
ers. If the wind above blows from the west at the same time 0ften leads to foehn and a comparable dynamics to the one
a hodograph is curved in a clockwise manner. Then stormglescribed for the flow type “south” in Sect. 5.1. The isen-
with higher mesoscale organisation would be expected to b&opic layer thickness is reduced in the area of Alpine crest

algburg Neustadt
. .

—

.
Innsbruck

Vilgeh  Kiaggniurt

rightmovers (cf. Sect. 4). and increased further downstream. Immediately to the lee
of the largest mountain range (Niedere Tauern) only a few
5.4 Tracks of the flow type “northwest” tracks appeared. Many tracks originate further downstream,

corresponding to the beginning of lightning activity. The
The weather of this flow type is influenced by cooler air from dominating tracks start above the Gleinalpe and north of the
the Atlantic. Thus the thunderstorm activity is fairly low. Gurktaler Alpen and lead in south-easterly directions.
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Fig. 13. As Fig. 8 but for flow type “weak wind” with wind speed Fig. 14. Dominating tracks of the different flow types, which had

at the 700 hPa-level less than 15Kn. been marked by black arrows in Figs. 8 to 13. Those of the flow type
“south” (red arrow), the flow type “south west” (orange arrows),
the flow type “west” (green arrows) and the flow type “north west”

5.5 Tracks of the flow type “east” (blue arrows). The flow type “weak wind” was incorporated by

) ) ) ) ) ) marking areas in grey with more than 2 flashes/km92 days (all
Despite using an 18wind direction sector for this flow type  flashes of the summer months June, July and August detected in the
(0-180), only two days spawned enough flashes to be in-years 1993-1999 divided with 7).

cluded in the track analysis (Fig. 12). This is not enough to
Ipermlt brogder conclusions. Lightning data of a conS|deranywe" and many tracks start there during stronger flows. Many
onger period would be needed. . :
X : storms in the basin of Graz are advected from these moun-
Tracks occurred exclusively in the north-eastern forelands; . . .
tains. Remember that the storm origin areas may be situated
5.6 Tracks of the flow type “weak wind” somewhat upstream of the indicated tracks.
The most important source regions of thunderstorms are,
Figure 13 contains 34 (=5%) strong lightning days with wind independent of the weather conditions, mountain ranges of
speeds below 15kn at 700hPa. In such conditions stormgioderate altitude~(2.5km MSL). Depending on the wind
hardly move from their area of origin. The cell move- direction at the 700 hPa level the storms travel in different
ment with the wind is short and propagation due to higherdirections. The direction of storm movement is additionally
mesoscale organisation is unlikely due to a lack of verticalinfluenced by the mesoscale organisation of the storms as su-
wind shear. Accordingly, the track analysis identified many percells travel deviating from the wind. Using lightning data
hot spots. They indicate the impact of orography on stormalone supercell tracks cannot be identified unambiguously.
genesis. High incidence of storms in the centre of the area
of investigation and south of it suggests that orography is ]
favourable for storm development. Many hot spots are a® Summary and conclusions

source regions of tracks of other flow types, which supports

the statement that storms develop in mountains and move/ith the development of appropriate detection systems light-
away from them if the flow at the steering level is strong ning data have become a useful additional source of informa-

enough. Worth mentioning are again the mountain ranges 0ann for thunderstorm research. These data offer the possibil-

moderate altitude like the Sarntaler Alpen, Kitttter Alpen ity to track storms — at least their electrically active parts. In
Gurktaler Alpen, Saualpe, Gleinalpe and Hochschwab. Théhis paper lightning data were used in conjunction with a new

Dachstein region poses an exception: it often is a hot SpoYveather pattern classification and a new tracking algorithm.
on “weak wind” days, but no origin for tracks on the other The latter consists of three major steps. Step one filters the
weather patterns data in a way that only lightning intense storms are tracked.

Step two fixes the positions of the single cells, which are then
5.7 Overall view of the tracks connected. The track calculation is carried out for all days
with 3000 or more flashes in the area of investigation dur-
The results of the track analysis can be summarised as foling June—August 1993-1999. All days included in the track
lows: A source region of storms are the northern Kalkalpenanalysis are assigned to one of the 6 flow types. For each flow
south of Salzburg (Fig. 14). For the flow type “weak wind”, type all tracks are depicted on a map and discussed. Impor-
this is a region of high lightning densities. For the types tant results are that the tracks are not distributed randomly.
“south”, “southwest”, and “west” the dominating tracks lead- Rather, the source regions are similar for several different
ing past Salzburg start there. Further source regions are thigow types. The track patterns and directions, however, do
mountain ranges approximately at the centre of the eastermary depending on the flow type.
part of the map. The corresponding tracks lead to the west Knowledge of frequently occurring tracks is important for
and southwest. The mountains of southern Austria (west ohowcasting as well as for forecasting next day’s thunder-
Graz) have high flash rates during weak wind conditions asstorm activity. The expected mesoscale organisation can be
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determined referring to the environmental conditions such asdader, F.: Beitage zurosterreichischen Gewitterstatistik, Wetter
temperature stratification and vertical wind shear. Therefore und Leben, 8, 104-110, 1956.

days with long-living thunderstorms moving over long dis- Hagen, M., Bartenschlager, B., and Finke, U.: Propagation charac-
tances are predictable. Since the dominating tracks for the teristics of thunderstorms in Southern Germany, DLR Instiiut f
different flow types are known, it can be estimated in which Physik der Atmospére, Report No. 97, 12, 1998. o

areas there is a risk of lightning intense storms, which carf129¢": M., Schiesser, H.-H., and Doringer, M.. Monitoring of

. . . mesoscale precipitation systems in the Alps and northern alpine
be comecte_d with severe weather like hail, flash floods or foreland by radar and rain gauges, Meteorol. Atmos. Phys., 72,
damaging wind.

87-100, 2000.

Interesting extensions of the presented tracking analysigjgie, R. L., Lopez, R. E., and Zimmermann, C.: Updated rec-
could be the inclusion of weak storms, and a combination ommendations for lightning safety — 1998, Bull. Amer. Meteor.
with radar and satellite data. Thunderstorm tracks could be Soc., 80, 2, 2035-2041, 1999.
evaluated statistically yielding additional results for nowcast-Houze Jr., R. A., Schmid, W., Fovell, R. G., and Schiesser, H.-H.:
ing purposes. A possibility would be to examine the aver- Hailstorms in Switzerland: Left movers, right movers and false
age track length and the storms’ propagation speed in depen- hooks, Mon. Wea. Rev., 121, 3345-3370, 1994.
dence 10 the wind velocity. The knowledge of the typical M- C0S = B0 T i the contmental United States:
I|ghtn|ng |nten§|ty changes along a track could help to pre- 19891996, J. Appl. Meteor., 38, 10131019, 1998,
dict the behaviour of a single storm. Furthermore the resultsKrioler E p Pifer A E. and Vance. D. L.- Lightni N

. ) . , E. P, , A. E,, , D. L.: Lightning direction
of thunderstorm tracking could be used _to 'nV_eSt'gate the_de' finding systems for forest fire detection, Bull. Amer. Meteor.
pendence of storm movement on the wind direction, similar Soc., 61, 980—-986, 1980.
to Potts et al. (2000). Lauscher, F.: 25 Jahre méglicher Klassifikation der Wetterlage in

den Ostalperindern, Wetter und Leben, 24, 185-189, 1972.
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