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Abstract. Thunderstorms and their ground effects, such asand its related phenomena at the ground may last for only an
flash floods, halil, lightning, strong winds, and tornadoes, areéhour locally (though the whole convective system can move
responsible for most weather damages in northern Italy, eshorizontally for several tens of kilometers and be dangerous
pecially in the warm season from May to September. A now-for some hours). Despite these relatively small space-time
casting and warning system focused on severe thunderstorgimensions, however, thunderstorms have a strong impact on
events would be useful to reduce risks for people involvedthe densely populated regions on the northern Italian plain,
in outside activities and for electric, telecommunication, andand, even more strongly, on the boundary region between
sensitive industrial business. C-band radar and Lighting Lo-the plain and the Alpine Chain, where the frequency and the
cation Systems provide useful, fast and high resolution datantensity of these events are very high due to the forced slope
for the detection of convective systems and for following lifting.

their dynamics. The whole of northern Italy is covered by Following these considerations, local authorities and elec-
radar with a resolution of 1km and by a lightning network trical utilities are interested in a system able to forecast and
with a mean accuracy of 0.5km on the single point of im- give warning when severe thunderstorm events are to occur,
pact. The authors present an algorithm developed for trackto reduce risks for people involved in outdoor activities, and
ing high intensity storm cells by means of radar and light- for electric, telecommunication, and sensitive industrial busi-
ning data. Application to northern Italy reveals that tracking ness. In addition, a documentation system that collects infor-
thunderstorm cells can be used as an alert system that mayation about when and where thunderstorms have occurred
help prevent damages from extreme weather, as well as ais very important for people seeking compensation for suf-
lowing for studying the correlation among lightning, rainfall fered damages when they need to legally demonstrate the
and tornado occurrence. Assessing the algorithm skill is alse@ause of these damages.

discussed, and a forecast verification method is described and |n general, forecasting thunderstorms for very short time
applied for the duration of a thunderstorm season. periods is possible using high resolution observation systems
that give a detailed description of some physical variables
related to convective clouds. For this reason the term “now-
casting” is often used. A status report of thunderstorms now-
casting is provided by Wilson (Wilson et al., 1998; Wilson,

1 Introduction

Thunderstorms and their ground effects, such as flash flood§,004)-

hail, lightning, strong wind, and tornadoes, are responsible The great variety of nowcasting operational radar systems

for most weather damages in northern Italy, especially in thefound in the scientific literature reflects the differences in ob-

warm season from May to September. On the other hand, i$€rvational facilities and meteorological organizations avail-

the rest of |ta|y, they occur mosﬂy in the cold season. able for the application area. Furthermore, the SpeCifiC needs
The immediate area affected by a single thunderstorm, in_Of the final users can force the choice of the method to be

the short time of its life cycle, may be only a few kilometers, implemented. . _ . o
Some automatic nowcasting techniques recognize high re-

) flectivity radar patterns, track them in time, and extrapolate
Correspondence td?. Bonelli them for the next short time period (e.g. half an hour), fol-
BY (pbonelli@cesiricerca.it) lowing a steady state assumption. Other methods introduce
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an evolution extrapolation as well. The tracking techniquescedure able to extrapolate the thunderstorm movement (now-
can be different too: cross correlation is used generally tocasting) for half an hour and to issue alert messages related
compute wide precipitation pattern advection (Poli et al.,to defined target areas.
2005), instead of mass centroid methods that are more accu- Furthermore, a method to assess the algorithm forecast
rate for following small strong cells (Johnson et al., 1998). A skill is needed in order to tune and improve the algorithm
third approach, recently proposed by Xu and Chandrasekhaitself. In the paper we describe such a method and how it
(2005), derives the whole motion field from spectral analysiswas tested over the duration of a thunderstorm season.
of the radar field. Finally, we present a case in which the combined use of
Generally, to detect, evaluate, track and forecast thunderradar and lightning data has been applied to study the con-
storms we need a very high resolution observation systemnection between positive polarity lightning and tornado for-
and automatic algorithms applied to these data, to obtaimmation.
gquantitative information on the position, size, path and ve-
locity of the cell. In northern Italy, the first need is satisfied
by the availability of some C-band radar operated by differ-2
ent regional met-services, and one radar operated by Mete?
Swiss, that cover essentially all the territory, although they
are not yet interconnected. Furthermore the ltalian Light- - rainfall rate (mm/h) from the M. Lema radar on a regular
ning Location System (LLS), named SIRF and operated by 1km mesh over a domain of 48@00 kn? and a time
CESI, is a very high resolution system for detecting cloud to step of 15min;
ground lightning in real time (Bernardi et al., 2004).
The second need, for algorithms, is the object of this pa-
per. This need can be satisfied by computer procedures that
perform the following tasks:

Cell detection

he main features of the data used in the present work are:

— CG lightning impact coordinates and time and current
polarity over the whole radar domain; the position of
each lightning strike is assumed to be correct within
0.5km and the time with a precision of less than 1s.

— Recognizing highest reflectivity areas (thunderstorm

. . . . The radar domain contains a large part of northern Italy, see
cells) or highest lightning density areas; gep y

Fig. 1.
— Tracking and extrapolating cell motion; In order to apply the tracking algorithm to both radar and
. . lightning data, a pre-processing procedure transforms the ir-
— Issuing alarm messages toward different users; regularly spaced lightning data set into a regular lat/long

dnesh 0.05wide, where each grid box is associated with the
number of lightning observations fallen inside it for a period
of 15min. This procedure allows one to treat the lightning
The choice of tracking individual small cells is justified by observations in the same way as the radar observations, sim-
the complexity of the mountainous area of interest (Heringply taking into account different mesh dimensions and coor-
et al., 2005) and the lack of a coordinated radar network indinate systems. In the following we will refer to the value
Italy able to detect larger systems. of radar or lightning data associated with each grid point as
At CESI RICERCA we started to approach the problem a “pixel.” We chose a mesh of about 5km for the lightning
by tracking small, strong thunderstorms and forecasting theidata, larger than for the radar, because the number of light-
motion for a short time, half an hour, without taking into ac- ning strikes falling in each radar grid box is very small.
count the growth/decay of a cell. We used the rainfall field A thunderstorm cell is located, on the radar or lightning
estimate (mm/h) from the Mount Lema Meteo Swiss C-bandgrid by means of a procedure starting from the maximum
radar (Joss et al., 1997), covering a large area on the soutpixel value in the whole grid and trying to find a continuous
of Alps, because of the consideration that the highest rainpixel structure around it. When the next pixel value found
fall rate areas (thunderstorm cell) are responsible also for thén the structure falls below a fixed threshold, then the cell is
highest risk of damage due to strong wind, as downburst odefined and all its attributes can be computed, as described
tornado. The time step of the rain field was 15min. Our later. Another cell can be detected in the same way, deleting
study area was Lombardia and a part of the Piemonte regiorpreviously all the pixels of the first cell from the grid. The
Considering the availability of lightning Cloud to Ground procedure stops when no structure of more then 4 pixels re-
(CG) data over the whole of Italy and the trans-boundarymains in the grid. A fixed threshold of 20 mm/h was set for
countries provided by the CESI-SIRF, we developed an althe application described in this paper. This threshold, corre-
gorithm able to independently track radar and lightning data,sponding to about 44 dBz, assures the location of only strong
taking into account that in the presence of thunderstormsgells, and of attributing to them small dimensions. A fixed
high reflectivity areas are usually the highest density light-threshold is also used in the TITAN algorithm (Dixon et al.,
ning areas. In this work we compared the trajectories com-1993); other algorithms, like TRT (Hering, 2004), use a vari-
puted by both systems. We also developed a real-time proable adaptive threshold instead. We chose the fixed threshold

— Computing scores, from a comparison among observe
and forecasted cell positions, after a period of operation.
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Fig. 1. Study area: 400400 km covered by the Monte Lema radar (red dot).

approach as a starting point, with future improvements to bei =1, ..N1; j = 1, ..No) 1)
decided on the basis of the application results. )

Cell centre is computed by averaging the pixel coordina’tesWhere (x;; y7) are the coordinate of the C,(,a,," qentre at
weighted by the pixel value (centre of mass). Cell radius istMe (¢ + A7) and(x;; ;) those of the cell " at time ().
defined as the maximum distance between the centre and tHéL: V2 are the numbers of the cells identified respectively in
cell pixels. In such a way, thunderstorm cells may have an)} e(H'A.t) af‘d(’) frame.
radius. As a consequence, the cell, so defined, may contain The direction angle:
more than one relative maximum that may be independent (i =)
cells. This is a limitation due to the fixed threshold method Di.; = tan = -——=(0° < D; ; < 360°) @)
that could be removed in a later version of the algorithm. (x’ i

i=1.Nyij=1.N2);(Vij = Vmin)

3 Tracking Where Viin represents a minimum velocity value for which

. ) : direction angle has a sense: it is set to 2m/s.
Cells detected as described in the previous paragraph must har variables complete the set computed for every cou-
be linked between two successive radar frames in order tq ..

build a story and a trajectory for each cell. The problem is™ 1o apsolute value of the difference between the velocity
complicated by the possibilities of a cell being born and dy- modules:

ing, moving on a different path from the others, and merging

with other cells. This can be handled in various ways. Forex-AV; ; = |Vi; — V;|; 3
ample, in the TITAN algorithm, the problem of optimization he absol | fthe diff b he directi
was resolved in order to find an optimal set of paths among"® absolute value of the difference between the direction an-

all the possible combinations of cells. The TRT algorithm gies.

uses overlapping area between successive cells to choose tQ\eDl.J = | Dij— D,-| 0° < AD; j < 18C; (4)
true couples. Our algorithm, every time step, computes a set
of variables for every couple of cells and then attempts towhereV; and D; are the velocity and direction of cel|
choose the best set of values among all the possibilities. ~ computed in the previous time step.

The most important variable computed between two cells  The shape similarity:
in different radar frames is the displacement of the cell centre

of gravity, i.e. the module and direction of the centre velocity. Cij = cc ({P}i ’ {P}j) 0<Cij=1L ®)
The velocity module for every couple of cells is: where{ P}; and{ P}; are respectively the series of pixel value
of the cellsi and ; (i.e. the rain intensity or the number of
\/(x,- - xj)z + (i — yj)z lightning strikes). The two series have the same number of
Vij= pixels and are extracted by a box containing the two cells (see

At
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Cell %" Cell 4" The score function for the quantity defined in Eq. (5) has
the following form;

S(X)=0 for X<0O

exp(—24X?)
exp(AX) + exp(—AX)

|| || S (X) = 100— 200 for X>0

whereX=C—Chin.
The function slope and its position can be modified

R max by varying only the parameteA and the reference val-
ues: AVmax; ADmax; Anmax, Cmin for the physical quanti-
{P}l— EP,-J:P,-,ZT--P,-,,, {P}j = Pj,ij,z,---Pj,,, ties. These values must be tuned by means of some case
studies.

Fig. 2. Computation of the shape similarity between two cells: A The algorithm works in the following way: first, it re-
box with a dimension equal to the maximum between the two cells’moves all the couples with velocities that are too high, which
diameters is defined around the centre of each cell. The pixel valrepresent remote cells that have a very low probability to be
ues inside each box contribute to the computation of the correlationhe same cells moving very fast; second, the score average
coefficient or the threat score. computed from the other variables is taken into account.

In many cases, when few cells are present in the domain,

Fig. 2). “cc’ indicates the correlation coefficient computed the E_rst step alone_ IS sufﬂmer?t to identify ;he couples f(l)lr the
among the correspondent pixels of the two cells. tracking computatloln. In otd%r cases,bw in many Ccells af:e
Alternatively to the correlation coefficient, the shape sim- PréSent, more couples, candidates to be the true ones, often

ilarity can be computed as a threat score applied to a binar?hare_ the same cells. In this situation the algorithm starts to
pixel matrix (“0” below a fixed threshold, “1” above). In the examine the score average for_each couple._ _
case study presented in this paper, the threat score method "€ resultant score matrix is anaI}‘/se_d in the f:)llowmg
with a threshold of 20 mm/h has been used. way. First, the algorithm attributes a “priority level” to ev-

Also, the change in the size variable has been computed: &Y couple, that is, the number of times the two cells in one
couple are present in the other couples too. Second, the algo-

|ni - nj| rithm deletes step by step the couples with a higher priority
n—j ) level and lower score.

) ) ) Looking at Fig. 4, we see an example of a score matrix
wheren;; n;jare the numbers of non-0 pixels in the cells iand 4t the previous time step, cells A to F, and the actual step,
j computed from the two series in Eg. (5). cells 1 to 5. After an initial removal of couples with veloci-

For each quantity defined in Egs. (3), (4), (5), and (6), ajjes that are too high (remote cells), the situation is that pre-
score from O to 100 has been computed by means of SCOrganted in the figure: every coloured box represents a possible
functions. These functions, as shown in Fig. 3, are stronglycouple with its velocity (first value) and its total score (sec-
non-linear (S-shaped). The main purpose of defining scorgynq value). Different colours identify different priority level.
functions is to allow for the subsequent combinations of sev-gqr instance, the red couple 4-C shares the cells 4 and C with
eral physical quantities. A score average is computed frompe couples 2-C and 4-A, and it has a priority level equal to
the single scores. 2. The green couple 2-C shares a cell only with 4-C (priority

The score functions are defined so as to cause the algqaye| = 1), while the yellow couple 3-E does not share any
rithm to choose the most conservative couples as the trugg (priority level = 0).

ones. A high score means that the couple has a high prob- 11 algorithm deletes, step by step, couples with the
ability to bg the true one. Figure 3 contains examples of thenigher priority level, updates, and stops only when all the
score functions. - o couples have priority level equal to 0. In the first removal
The functions for the quantities defined in Egs. (3), (4) and|qp, the algorithm chooses the highest priority level couples
(6) have a generalized form: (in the case shown in Fig. 4, only the red one) and removes

An,',j =

S(X)=100 for X <O the one with the minimum score (again only the red one in
- this example). In the second loop, the situation is the one

exp(—2AX2) shown in Fig. 5, where two previously green couples became

S(X) = Zooexp(AX) T exp(—AX) for X>0 yellow. The 1-F couple is removed because it has the lowest

score among the green ones. Finally, in the third loop, the
where X=AV—AVmax Of X=AD—ADmpax Or situation is as shown in Fig. 6. The remaining couples, 1-B,
X=An—Anmax 2-C, 3-E, 4-A and 5-D, are chosen because they do not share
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Fig. 3. Functions used to compute a score for every couple of cells on the basis of physical parameters (see text).

any cell with the others. Velocity values for these couples are

. Cells at time step (t
taken as the cell velocity between the two frames. PO

This method has the effect of identifying the maximum iy A B c D E F
number of cells that move alone without interacting with [~ cat |1 2/50 12/30
each other. If one cell in the previous time step doesn’t match|time step
any actual cell, it means that the cell has died. By contrast, if | (t+dt) 5 4/20
an actual cell cannot match any previous cell, it means that it
is born and its velocity starts from 0.

3 6/80

The velocity computed for the remaining couples are used
to compute the predicted cell positions after the desired time

interval. 4 | 8/80 .

5 4/49

4 Examples for radar and lightning data

Figure 7 shows a trajectory computed on 13 August 2006 Ofrig 4. Example of cell couple matrix at the first step of the selection
a single thunderstorm crossing Lombardia from Milano (M) procedure.

to Cremona (CR). Figure 8 contains two radar frames repre-

senting the tracked cell at different time steps. In this case,

the tracking algorithm has no difficulty following the thun- pendent small cells, like those near Biella (Bl), and some,

derstorm for a long time, without using any score functions. having irregular motion, such as the one near Varese (VA),
A more complex case is shown in Fig. 9, for the 29 Juneare difficult to track. However, sometimes, even in complex

2005, when many thunderstorms, moving in different direc-mountainous terrain, as near Trento (TN), a thunderstorm

tions, are caused by a cold front crossing northern Italy. Thismay follow a regular path. Figure 10 shows two radar frames

example shows how the algorithm creates many reasonableepresenting the situation described.

trajectories; those in the figure have starting times between The importance of tracking storms by means of lightning

16:00 and 17:00 UTC. Some of them represent single, indedata only has been pointed out by some authors, such as

www.nat-hazards-earth-syst-sci.net/8/1187/2008/ Nat. Hazards Earth Syst. Sci., 8 1932008
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| Cells at time step (1)
J
i r’ A B |C D E F 45.8
Cellsat |1 2/50 12/30
time step
(t+dt)
2 4/20 45.6-|
<) 6/80
4 8/80 45.4
5 4/49

45.2

Fig. 5. Example of cell couple matrix at the second step of the
selection procedure.

45.0 : : : : ‘ :
" [Cells at time step () 9.0 9.2 9.4 9.6 9.8 10.0 10.2
]
| A B @ D E F Fig. 7. Thunderstorm trajectory from 01:15 to 03:30 UTC of 13
! August 2006 (axis units are in long/lat degree; numbers represent
?ells ":‘t 1 2/30 time). The arrow lengths are proportional to the velocity; a refer-
Ime step ence value is reported on the top left.
(tra) 5 4/20
3 6/80 tories (red) are represented together with radar ones (blue).
The figure shows only trajectories that started since 10:00 to
4 | 880 12:00 UTC. ' . '
In some cases, the velocity vectors from lightning and
5 245 from radar are similar, but we can see that they can also be
very different, as at NW and E of Sondrio (SO) and W of
Bolzano (BZ). In addition, two stationary cells S of Trento

(TN) don't have any lightning.

It is easy to explain large differences in the vector direc-
tions when cells are slow, whereas differences both in direc-
tions and in velocities may be attributed to some uncertainty
, in determining the centre of cell with small numbers of light-
Bertram (e.g. Bertram et al., 2004), studying thunderstormpng strikes or large cells. From these few experiments we

climatology over the Alps, or Demetriades (Demetriades €t.,n conclude that lightning tracking works better when large
al., 2005), using these data for diagnosing the evolution of,o50scale system are to be tracked.

convective systems over oceanic areas far from the coast. In
the Mediterranean region, lightning data are often the only
high resolution data able to monitor convective activity ands | agrangian relations among thunderstorm variables
provide input to tracking algorithms. For this reason, the
comparison between radar and lightning trajectories, wher@ne important application of trajectory algorithms is the
radar data are available, is an important task for this researchstudy of the correlation between rainfall and lightning from
Therefore, some additional experiments have been carrieg |agrangian point of view; in other words, the identification
out using the same tracking algorithm described above.  of a convective cell during its whole life cycle is an important
As stated in the previous paragraph, a pre-processingtep in the study of the possible correlations among different
phase transforms irregularly spaced lightning data, provided/ariables related to the cell, such as lightning polarity and tor-
by the SIRF system, into a regular grid with a 0.Q&ide nado occurrence. The last topic is extensively treated in the
mesh and a 15 min interval. The same trajectory algorithmbook by MacGorman (MacGorman and Rust, 1998). Some
used for the radar data has been applied to the lightning gridexperimental evidence about tornadoes and positive lightning
producing what is shown in Fig. 11, where lightning trajec- can be found in the work of Tessendorf (Tessendorf et al.,

Fig. 6. Example of cell couple matrix at the third step of the selec-
tion. procedure.
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13/08/2006 01:30 UTC 13/08/2006 03:30 UTC

Fig. 8. The 13 August 2006 thunderstorm as shown by two radar frames.
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Fig. 9. Many thunderstorm trajectories with starting times between 16:00 and 17:00 UTC on the 29 June 2005; numbers above every arrow
refer to time. Different colours distinguish different trajectories located close to each other. The arrow lengths are proportional to the velocity;
a reference value is reported on the top left.

2005), who describes a supercell event on 29 June 2000, in A case of atornado in northern Italy can be seenin Fig. 12,
Kansas, during the STEPS 2000 campaign; they detected amhere the number of CG lightning strikes falling inside the
increase in positive CG flash rate during a tornado touch-cell radius is plotted versus time, separating the positive
down. lightning from the total; rainfall density is plotted as well.
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Fig. 10. Two radar frames from the 29 June 2005 showing a complex system of cells crossing the southern side of the Alps.

From 18:45 to 19:15UTC of the 29 June 2005, the
cell crossed the town of Montorso (near Vicenza) causing a

4707 mTws e 5 § tornado, probably category F1 on the Fujita scale; the roof
8 ‘*’.“‘%gd' s : of the main church in the town was lifted away. In Fig. 12,
1 o0 ° ot : i the label F1 marks the time period in which the tornado is
46'6f - y Bl 389 i thought to be occurred. The figure shows that the positive
. ot i ¥ I lightning density, i.e. the number of lightning strikes divided
A ) ' by the cell area, rises at the beginning of the period, together
46.27, | raa00 TR i with a rise in rainfall density. The maximum number of

positive CG lightning detected in 15min was 55, that is,

a

— 25% of the total (negative + positive).

45.8-] B We can state that the amount of positive lightning near
i Tradar (17 m/s) I Montorso should be considered high and rare, because if we
compare the values found in that case with the frequency
distribution for all the cells during the whole thunderstorm
day, as in Fig. 13, we can see that only 1-2% of all the cells
Fig. 11. Case study of 29 June 2005: trajectories starting from def[ected that day ha\_/e these numbgrs of po_SItlve lightning
10:00 till 12:00, computed from radar data (blue arrows) and light- Strikes. This result is in agreement with what is reported by
ning data (red arrows); numbers above the arrows indicate time irPther authors for northern Italy (Bertato et al., 2003) and over
UTC. The arrow lengths are proportional to the velocity; a referencethe Austrian Alps (Bluestein et al., 1998), allowing us sup-
value is reported on the bottom left. The circles indicates cells withposing that positive lightning can be a warning signal of high

0 velocity. intensity convection events, such as tornadoes. Of course,
more cases have to be analyzed before including this factor
in an automatic alarm system.

b T LLS (17 m/s)
454 T 1T T T 1 171 T T 1T 1 17
8.5 9.0 9.5 10.0
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lightning n/(1000*Km2)
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o

o]
Rainfall density mm/(h*Km2)

Fig. 12. Time plot with the total (red), positive (blue) lightning den- Fig. 13. Frequency distribution of positive lightning density inside
sity, and rainfall density (yellow) from radar along the cell trajec- & thunderstorm cell for all the cells tracked on 29 June 2005. The

tory for 29 June 2005 near the town of Montorso (Vicenza) where aP!u€ bars are related to lightning fallen inside an area with the same

tornado of probable F1 intensity lifted the roof of a church. cell radius; the red bars are related to a double radius. The intervals
on the x-axis represent the values of positive lightning density. The
Montorso tornado had a density between 16 and 20.

6 Alert system

47.00
As a test of our algorithm, we thought to include it in

an alarm system tailored for real Civil Protection users.

These persons usually rescue people attending outdoor puk
lic events if various types of adverse situations occur. In or-  46.35 .
der to reduce the minimum time needed to warn these user: @
in case of thunderstorm risk, we carried out an automatic pro-
cedure, issuing warning messages via GSM-SMS (mobile
telephone short message system) directly to the Civil Pro-
tection users. A collaboration with the Regione Lombardia
Civil Defence allowed us to test the alert system in the warm
season of 2007.

Radar maps were available at CESI RICERCA every
15 min. After few minutes of process time needed to detect
cells, to compare them with the earlier ones, and to extrap-
olate their position using the computed velocity, the system ., ‘ ‘ o Y
checks if a severe thunderstorm overlaps a pre-defined “tar- 8 L
get area”. If it does, an SMS is issued and transmitted to one rongitudine
or more users expected to be present on the site of the target, _ _

The SMS messages were sent when a thunderstorm ce'ﬁ'g' 14. Target areas (1Q km radius) around 12 towns in Lombardy,
with a maximum intensity of more than 40 mm/h was fore- used for the test campaign in the warm season of 2007.
casted to cross or partially overlap a target area within the
next 30min. The targets were identified as circle of 10 km7 A

. : . ssessment of the forecast
radius around every main town in Lombardy (12 towns), see

Fig. 14. The alarm messages included the_ p_OS“‘O’? sector OIt|ow is it possible to judge whether or not a tracking algo-
the cell respect to the town (N, NE, .. .), rain intensity, num- rithm is “good”? During the passage of a cold front, there

b;ehr of Ilghtnlr)g stnlkes msfu_jefthe c?all, velocity, and a few are different scales of motions involved: thunderstorm cells
othérmore minor pieces of information. have their own evolution, but they also move embedded in

'The forecast horizon of 30 min was cho'sen as a Comprog,semples and interact among themselves. So when we look
mise between the need to have enough time to manage t

: ) two subsequent radar frames, it is not easy to identify the
alarm and for a reliable forecast. The processing and SM d y fy

N ssion tak v af utes t h ell at the time {(+dt) as the same cell that existed at the time
ransmission takes only a few minutes to manage even a urt_t). This task is challenging for an automatic algorithm just
dred or more targets and contemporary SMS messages.

as for human eyes looking at animated radar images. Never-
theless, for a warning system the most important thing is the
final result; for this reason, in the context of the statement:

45.70 —

e @
|
R

Latitudine

45.05
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Table 1. Verification scores for observed intensitd0 mm/h and a target radius of 10 km.

Rain rate=40 mm/h 30trajectory forecast 3Persistence forecast
radius = 10 km

town alarms obs. alarmsforec. POD FAR CSI HSS POD FAR CSI HSS
Bergamo 142 137 055 043 039 055 053 047 036 0.52
Brescia 60 65 047 057 029 045 048 052 0.32 048
Como 145 137 052 045 036 053 052 048 0.36 0.52
Cremona 53 40 040 048 029 045 042 058 0.26 041
Lecco 162 152 044 053 029 045 044 056 0.29 044
Lodi 34 42 053 057 031 047 041 059 026 041

Mantova 39 29 036 052 026 041 038 062 0.24 0.38
Milano 83 68 0.46 044 034 050 0.42 058 0.27 042

Monza 126 124 054 045 037 054 050 050 0.33 049
Pavia 57 58 061 040 044 061 058 042 041 058
Sondrio 27 34 044 065 024 039 026 074 015 0.26
Varese 97 100 043 058 0.27 042 040 060 0.25 0.40

“the best tracking algorithm is the one giving the best fore-of a purely random forecast, is a little higher for trajectory
cast”, we have designed and tested a verification scheme iforecast than those obtained from persistence, except for the
order to assess the skill of the algorithm and its set of paramtown of Brescia. The False Alarm Rate (FAR) also shows
eters at forecasting the cell positions with half an hour leadan improvement for the trajectory forecast, again except for
time. Brescia, and similarly for the Critical Success Index (CSI).
During the test campaign of 2007, twelve main towns in Probability of Detection (POD) is lower for trajectory than
Lombardy were defined as target areas (specifically, circlegor persistence for Cremona and Mantova as well as Brescia.
with a radius of 10 km around every town). The test period |t must be noted that the Brescia area is not well covered
ran from the 23 April to the 31 August 2007. The test in- py radar due to some mountainous obstacles. This fact can
cluded the verification of SMS arrival time to the staff of Io- |ead to an under-estimate of the rain rate, sometimes caus-
cal Civil Defence users, the collection of subjective local ob-ing it to vary abruptly over even short paths around the area,
servations about the thunderstorms’ ground effects, and thgading to failure in the detection of cells. In confirmation of
verification of forecasted thunderstorm positions. The resultghijs fact we can see, from the table, that the number of cells
of these last verifications are reported here. observed for Brescia are roughly half of those for Bergamo,
We have checked only the forecasted and observed radatbout 40 km away.
cells with maximum intensity greater than 40 mm/h and that
overlap for more than one pixel any of the 12 target areas.
The presence/absence of a forecasted/observed cell in the .
area generates four possibilities for every 15min time step8 Conclusion
The time horizon of the forecast was 30 min. The most used
indexes to verify dichotomous forecasts have been computed? tracking algorithm, able to recognize heavy rainfall cells
A discussion of these indexes used for the forecast of severand to connect them between two radar time steps, has been
thunderstorms can be found in Kunz (Kunz, 2007). developed and tested. The algorithm allows one to compute
Table 1 reports the results, divided by different town areasthe velocity of the cells and to forecast their new positions
obtained from the test season for a 30 min trajectory fore-after half an hour or more. This tracking method is also able
cast and for a “persistence” forecast. The last was obtaine# detect thunderstorm cells and follow their path by means
from the same position of the observed cell in the target areaf lightning position data alone. This is particularly useful in
30 min before the forecast time, and was compared with théhose regions where radar is not available.
observed cells at the forecast time. The first and second col- Experiments of tracking cells, both from lightning data
umn after the town column in the table contain the total num-and from radar rainfall data, are carried out for northern ltaly
ber of observed and forecasted thunderstorms, respectivelysing a Meteo Swiss radar and the high resolution Lightning
The other columns contain the values of four skill indexes,Location System of CESI-SIRF. The radar trajectories ob-
either for the trajectory or persistence forecast. tained were quite satisfactory for those thunderstorm systems
It is easy to see in Table 1 that the Heidke Skill Score moving regularly. Of course, locally developed and short
(HSS), a generally used skill score that eliminates the effectived cells cannot be tracked as well. Lightning trajectories
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seem to be more irregular and suggest their use primarily foEdited by: A. Mugnai and C. Price
larger scale systems. Reviewed by: two anonymous referees
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