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Abstract. The FLASH EU funded project aims to observe,
analyze and model lightning activity in thunderstorms for use
in short term forecasting of flash floods in the Mediterranean
region. Two new indices, aimed to assess the potential for
heavy precipitation and flash-floods, are proposed and eval-
uated. The first is a lightning index – the MKI, which is a
modified version of the KI-index. The applied index gives
more weight to the lower- and mid-level relative humidity.
The second is a new rain index, the RDI, which is the in-
tegrated product of specific humidity and vertical velocity.
With the aim to contribute to the aforementioned objectives,
3 flash flood events, two in Israel and one in Greece are ana-
lyzed in the present study, using the 2 proposed indices.

The NCEP/NCAR reanalysis database, of 2.5◦
×2.5◦ res-

olution, failed to resolve the meso-scale features of the ob-
served flash flood events. Therefore, the ECWMF database,
of 0.5◦

×0.5◦ resolution, was used for calculating and dis-
playing the two indices. Comparison between the observed
rain and lightning and the respective indices for the two
pieces of data was performed for the flash flood events. The
results show good concordance of both indices with timing
and spatial distribution in 2 of them, while in one of them
is displaced by more than 50 km. The good agreement in
locating the maximum between the MKI and RDI suggests
that the proposed indices are good predictors for both in-
tense lightning activity and torrential rain and consequently,
for potential flash floods.
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1 Introduction

Among the FLASH project objectives are to observe, ana-
lyze and model lightning activity in thunderstorms for use as
a tool for short term forecasting of flash floods in the Mediter-
ranean region. This study aims to develop two indices; one
to predict the potential for lightning activity and a second for
predicting heavy precipitation generating flash-floods for the
Mediterranean region.

The occurrence of torrential rains and thunderstorms and
their intensity depends on a combination of factors, such
as temperature profiles and implied instability, atmospheric
moisture, lower-level convergence etc. In order to estimate
the probability and intensity of the rain and lightning activ-
ity, various predictors were combined to estimate the neces-
sary conditions for their occurrence (Foster, 1953; Doswell
et al., 1996; Doswell, 2001; Brooks et al., 2007; and Ziv et
al., 2009). In each experiment, a set of variables was tailored
for the specific region, season and phenomena (flash flood,
thunderstorm, tornado etc.).

For the eastern Mediterranean, Rosenfeld and Farb-
stein (1989) derived a prediction scheme for the daily rainfall
depths in Israel based on four predictors: the 1000–500 hPa
thickness, the product of the 900 hPa wind speed and the pre-
cipitable water in the 1000–600 hPa layer, the southerly wind
component and the average Relative Humidity (RH) over the
900–600 hPa layer. Ziv et al. (2009) developed a prediction
scheme for the lightning rate over central Israel. The pre-
dictors were the temperature difference between the sea sur-
face and 500 hPa level and between 850 and 700 hPa levels,
the RH at 850 hPa, the 700–500 hPa wind shear, the vertical
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velocity at 700 hPa, the u-wind component at 500 hPa and
the sea surface temperature. The variables that compose the
lightning and rain predictors demonstrate that for thunder-
storms, instability is the major factor, whereas for rainfall
the moisture supply is the most essential.

Meteorological indices, developed mainly for forecasting
severe weather, are combinations of variables, taking into
account mainly the instability, based on vertical tempera-
ture differences. The most common instability indices used
to predict the potential for lightning activity are the CAPE
(Convective Available Potential Energy), the LI (Lifted In-
dex) and the Showalter index (e.g., Doswell, 2001). None
of them is used in this study, due to their high sensitivity to
small differences in the temperature profile (e.g., Ziv et al.,
2009), which limit their effectiveness when applied to grid-
ded data used in this study.

Another well known index is the K-Index (KI; Geer,
1996), which combines instability and moisture availability
and it is defined as

KI = (T500 − T850) + T d850 − (T700 − T d700), (1)

whereT andTdare the dry bulb and dew point temperatures,
respectively, and the subscripts refer to the respective pres-
sure level (hPa). The 1st term reflects the lapse rate through-
out the lower- and mid-troposphere (the lapse-rate term), the
2nd represents the lower-level moisture and the 3rd the sat-
uration deficit in the mid-troposphere. When 15<KI<19
there is 20% likelihood for thunderstorms and when it ex-
ceeds 30 the probability for thunderstorms is greater than
85%. The KI, when applied to the average upper-level data of
Israel for July–August, yielded a value of 21, corresponding
to moderate chance for thunderstorms. Actually, the sum-
mer in Israel is rainless and thunderstorms are extremely rare
(Ziv et al., 2004). The failure of the KI to represent ade-
quately the summer conditions over the study region can be
attributed to the permanent seasonal marine inversion (Dayan
and Rodnizki, 1999; Dayan et al., 2002; Bitan and Saaroni,
1992). This inversion is normally below the 850 hPa level
and it capes the lower-level moisture within the underlying
marine air, while the Relative Humidity (RH) above it (in-
cluding 850 and 700 hPa levels) varies around 30%. This
low RH suppresses potential convection in spite of the large
temperature difference between 850 and 500 hPa levels, be-
ing ∼25◦C.

The use of universal indices, as predictors of rain, is less
common than for lightning activity. However, the vertically
integrated convergence of the moisture flux is often used as
an estimate for evaluating rainfall (e.g., Zangvil et al., 2001).
Here two indices are adopted; one for lightning activity and
another for rain rate. They are applied for the three flash
flood events included in the FLASH project database. The
indices are presented in Sect. 2, together with the data used.
Section 3 compares the spatial distribution of the indices and
their sensitivity to the data resolution and presents the re-
sults for the selected flash events. Section 4 summarizes

the results and their implications for the rain regime of the
Mediterranean and for operational forecasting.

2 Data and methodology

2.1 Regional indices for lightning and rain

2.1.1 Lightning index – Modified K-index

In order to adjust the KI to the study region and to circumvent
the overestimation of the lightning probability in the summer
season there, a modified version, MKI, hereafter is proposed.

MKI = (T500−T850)×RH850,700+T d850−(T700−T d700) (2)

The MKI is identical to the KI, except for the lapse-rate term,
which is multiplied by the average RH of the 850 and 700 hPa
levels, so that multiplication of the lapse rate term by the av-
erage RH of the 850 and 700 hPa levels reflects the modu-
lating effect of the humidity factor under conditional insta-
bility. The MKI is smaller than the KI due to the saturation
deficit in the lower- and mid-levels. The result is that under
dry conditions MKI falls in lower categories than the orig-
inal KI. When the air is almost saturated, MKI practically
equals KI, but when part of the lower- or the mid-troposphere
is dry it becomes considerably lower. When applied to the
long-term mean July–August temperature and RH in Israel,
it yields 0.5, implying no thunderstorm conditions. The in-
volvement of the RH in the three terms of the RHs of Eq. (2),
explicitly in the first and implicitly (throughTd) in the rest,
suggests that it could be reduced. Several performed sensitiv-
ity examinations have shown that the 2nd and the 3rd terms
should better remain intact.

2.1.2 Rain dynamic index

The Rain Dynamic Index (RDI, hereafter) is the vertically
integrated upward moisture flux throughout the troposphere
(excluding the planetary boundary layer) according to:

RDI =

∫ Z(300 hPa)

Z(925 hPa)

wqdz, (3)

wherew is vertical velocity, andq is specific humidity andz
is elevation. Since the data are referring to preset pressure-
levels, the vertical integration was done with respect to pres-
sure. The RDI comprises the precipitable water and the dy-
namic conditions necessary to convert it to rain. Derivation
of its spatial distribution based on a∼100 km resolution data
reflects synoptic scale forcing, while derivation from data
of tens of kilometers resolution resolves meso-scale factors,
such as orography, fronts, squall-lines etc., which are more
relevant to flash floods.
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2.2 Data

The synoptic maps are based on the NCEP/NCAR reanaly-
sis database, of 2.5◦

×2.5◦ spatial resolution (Kalnay et al.,
1996; Kistler et al., 2001), and 6-h intervals. Initially, this
data set was used for drawing the distribution of the in-
dices used. Since it failed to resolve the meso-scale features
of the observed flash-flood events (Sect. 3.1), the ECMWF
database, with 0.5◦×0.5◦ resolution (Unisys Corp. 2005),
was used for calculating and displaying them. The synoptic
maps, including sea level pressure (slp) and 500 hPa geopo-
tential height (gph) and the spatial distribution of MKI and
DRI, were derived using GRADS software (Doty, 1988).

The radar imagery for Israel was taken from the Mekorot
Shacham (Morin and Gabella, 2007). This radar is situated
at Ben-Gurion airport, in central Israel (31◦59′ N, 34◦52′ E),
and has a good coverage of most of the country and the ad-
jacent Mediterranean Sea. Radar data resolutions are 5 min
in time and 1 km in space (polar coordinates). The relevant
scans are at the three lowest elevation angles, where the first
angle is at the range of 0.6–1◦, the second at 1.4–1.7◦ and the
third at 2.3–2.5◦. The radar data presented is in the form of
uncalibrated rain totals derived from the radar reflectivity and
are used to illustrate qualitatively the rain spatial distribution.

The lightning data for Israel are extracted from The
Lightning Position And Tracking System (LPATS) of the Is-
raeli Electrical Corporation. The system is composed of an
array of detectors that includes 8 VLF antennas, dispersed
over the country. The system is using the time-of-arrival,
with time accuracy of 10 µs, a technique for locating light-
ning strokes. It also provides real time information on timing
and location of every Cloud-to-Ground (CG) lightning flash
that occurs in Israel and up to 500 km from its borders, but
intra-cloud lightning discharges are discarded. The LAPTS
stations are synchronized by receiving the timing signal from
the GPS satellite network. The temporal resolution of the
LPATS is about 15 ms and the position accuracy inside the
network is about 500 m (Katz and Segev, 1995).

The lightning data for Greece are based on the ZEUS sys-
tem operated by the National Observatory of Athens. ZEUS
is a long-range lightning detection network manufactured by
Resolution Displays Inc with receivers located at six sites
over Europe (in UK, Denmark, Romania, Cyprus, Greece
and Portugal). It receives and records the radio noise (sferic)
emitted by cloud-to-ground lightning discharges in the very-
low-frequency (7–15 kHz). At each receiving station, an
identification algorithm is executed that detects sferic can-
didates and excludes weak signals and noise. It is capable to
capture up to 70 sferics (atmospheric pulses associated with
electric discharges) per second. The lightning location is re-
trieved using the arrival time difference triangulation tech-
nique. As it concerns the location accuracy of ZEUS, com-
parison with the LINET lightning detection network (Betz et
al., 2004) over Central Europe has shown that the location
accuracy of ZEUS is of the order of 4–5 km over the study

area (Lagouvardos et al., 2008). Further details on ZEUS
network can be found in Kotroni and Lagouvardos (2008).

3 Results

3.1 Comparison between data of two different spatial
resolutions

In order to choose the optimal data base for the analysis, the
maps of the two indices based concurrently on the coarse
version (synoptic-scale) of the NCEP/NCAR data and the
fine version (meso-scale) of the ECMWF data were derived.
The synoptic-scale data (Fig. 1a) does not reveal the main
feature, i.e., an elongated band of highly developed and ac-
tive cloudiness appearing in the satellite image (Fig. 1c). In
contrast, the meso-scale resolution data (Fig. 1b) captures it
quite well.

3.2 Case 1: Wadi-Ara event, 1–2 April 2006, Israel

The case of Wadi-Ara event has been studied and published
earlier by Morin et al. (2007). The synoptic background
is shown in Fig. 2 by the geopotential heights at 1000 and
500 hPa for 2 April 2006, 00:00 UTC. It reflects the stage at
which the torrential rains started. A pronounced upper-level
trough has just crossed Israel, and the vorticity advection (not
shown) has already become negative, implying that the syn-
optic background did not support upward motion and rain
formation (Holton, 1992). However, the lower level flow im-
plied by the pressure gradient (contours) indicates onshore
cyclonic flow associated with the surface cyclone located to
the east. This situation was shown by Kahana et al. (2002)
as being favorable for flash-floods in the south of Israel due
to the combination of moisture transport inland combined
with sea-land convergence by the onshore winds and, later
on, with forced orographic convection.

The event can be divided into two phases:

– Phase I (1 April 2006, 23:00 UTC–2 April 2006,
01:00 UTC) started with torrential rain along a
northwest-southeast orientated line extending from the
central coast to the northern of the Dead-Sea (Fig. 1c),
shown by the temporally integrated radar reflectiv-
ity during the storm peak hours (Fig. 3c). The rain
produced all time record intensities, especially for
Jerusalem (over 120 mm in 8 h).

– Phase II (2 April 2006, 06:00–12:00 UTC). Shortly after
the decay of phase I, a newly rain system developed over
northwestern Israel. It produced a 3-h rain record, i.e.,
total rain depth of more than 200 mm covered an area
of 17 km2 with a maximum value of 263 mm in Wadi-
Ara (∼32.5◦ N, 35◦ E), resulting in a record flash-flood
(Morin et al., 2007). The respective radar imagery is
shown in Fig. 4c.
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Fig. 1. Spatial distribution of MKI for 2 April 2006, 06:00 UTC, based on(a) NCEP/NCAR with 2.5◦×2.5◦ resolution and(b) ECMWF
with 0.5◦×0.5◦ resolution.(c) Concurrent MSG imagery for the same time, showing the street of clouds (red) that produced the rain.

Fig. 2. Geopotential height (gph) at 1000 hPa (contours) and
500 hPa (shading) for 2 April 2006, 00:00 UTC.

The spatial distribution of the two indices for phase I
(Fig. 3) portrays results which fully agree with the struc-
ture of the main rain cloud system. The picture is less clear
in phase II (Fig. 4), presumably due to a time gap of 3 h
between the data and the time of the maximum rain inten-
sity. However, the maximum of both indices falls closer
to the core of the rain system of Phase I, which had ended
by that time. It is worth noting that while meso-scale data
captured well the meso-scale features of the two rain sys-
tems, the synoptic-scale data could not resolve them, pre-
sumably due to the adverse conditions associated with the

upper-level negative vorticity advection over the region. A
comparison between the amplitude and spatial distribution
of the two indices shows that the locations of their maxima
overlap, though minor differences in their structures can be
identified.

3.3 Case 2: Nahal Alexander flood, 8–9 February 2006,
Israel

The second Israeli case presented in this study occurred in the
morning of 9 February 2006 in Nahal Alexander, central Is-
rael (∼32.2◦ N, 35◦ E), as a result of torrential rain over west-
ern Samaria toward the end of a rain event that took place
on the 8 and 9 February 2006. The region was dominated
by a Cyprus low, accompanied by an upper-level trough (not
shown). As in case 1, the rain intensity reached its maximum
intensity after the upper-trough has crossed the pertinent re-
gion, so that positive vorticity advection has ceased already,
and lower-level moisture was transported inland.

The spatial distributions of the two indices, and the cor-
responding radar composite, are shown in Fig. 5. The max-
imum values of both indices, as well as the rain intensity,
were much lower than in case 1, as was the rain, though still
high enough to explain heavy rain and intense thunderstorms.
Nevertheless, the maxima of both indices were found over
northern Israel whereas the heaviest rain (and the resulting
flash-flood) was observed over 50 km southeast of it.

3.4 Case 3: Volos flood, 9–11 October 2006, Greece

Heavy rainfall and floods were observed on 9 October over
eastern Greece, mainly over Volos area (∼39.2◦ N, 23◦ E).
On the following day, heavy rainfall was recorded over the
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Fig. 3. Spatial distribution of(a) MKI, (b) RDI, both for 2 April, 00:00 UTC,(c) uncalibrated rain totals derived from the radar reflectivity
over the period 1 April 2006, 23:00 UTC–2 April 2006, 01:00 UTC and(d) distribution of cloud-to-ground flashes observed by LPATS for
1 April, 00:00 UTC–2 April, 00:00 UTC, representing the 1st phase of the Wadi-Ara event. The bold ellipses in(a) and(b) represent the core
of the rain system.

Fig. 4. As in Fig. 3, but for the second phase, 2 April 2006, 06:00 UTC. The radar derived rainfall is integrated over the period 2 April 2006,
06:00–12:00 UTC and the lightning distribution – 2 April, 00:00 UTC–3 April, 00:00 UTC. The bold ellipses in(a) and (b) denote the
maximum rain.

Greater Athens Area. A low pressure system of 1008 hPa,
centered over the Aegean Sea which was associated with a
cold front affected the area of Greece on 9 October 2006.
The surface system was associated with a 500 hPa cut-off
low over the Ionian Sea which was moving very slowly to
the southeast without further deepening (Fig. 6). The easterly
lower-level flow transported moisture and unstable air from
the Aegean Sea toward the eastern parts of Greece. Conse-
quently, heavy and continuous rain, accompanied with thun-
derstorms, caused flooding in Volos, where 232 mm rainfall
was recorded from 06:00 to 18:00 UTC on 9 October 2006.
The convective character of this event is manifested by in-
tense lightning activity recorded on 9 October 2006 (Fig. 7c)
over western Peloponnesus (where high MKI values, but low

RDI values were observed) and along the east coast, espe-
cially over the area of Volos, where both indices were high.

Since radar imagery was not available, 2-h composite
lightning maps based on ZEUS lightning detection network
for validation were used. The index maps for the 9 Octo-
ber 2006, along with the corresponding lightning map, are
shown in Fig. 7. Comparison between the MKI and RDI dis-
tribution (Fig. 7a and b, respectively) show that RDI is more
intense and concentrated over the region of Volos, where the
maximum of rainfall was recorded. The lightning map for
the same day of the storm (Fig. 7c) reflects the intense light-
ning activity over the target region that correlates spatially
well with the RDI maxima, though lightning were observed
in other locations.
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Fig. 5. Same as Fig. 3. The MKI and RDI are for 8 February 2006, 18:00 UTC. The radar derived rainfall and the lightning locations are
integrated over 17:20–19:20 UTC. The bold ellipses in(a) and(b) denote the location of the heaviest rain.

Fig. 6. The synoptic situation, averaged over 9–11 October 2006.(a) 500 hPa and(b) slp.

Fig. 7. Spatial distribution of MKI(a) and RDI(b) for 9 October 2006 12:00 UTC and integrated lightning activity for 12:00–14:00 UTC(c).
The X signs for Volos area.

4 Concluding remarks

Two new indices, aimed to assess the potential for heavy
precipitation and flash-floods, are proposed and evaluated.
The first is a lightning index – the MKI, which is a modified

version of the KI-index that gives more weight to the lower-
and mid-level relative humidity. The second is a new rain
index, the RDI, which is the integrated moisture flux within
the free troposphere. The present study explores the spatio-
temporal distribution of the two indices for three major
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flash-floods that occurred in the Mediterranean region, two
in Israel and one in Greece, studied in the framework of the
FLASH project.

A preliminary experiment showed that the NCEP-NCAR
coarse grid data of 2.5◦×2.5◦ resolution fail to resolve the
spatial distribution of the storms activity. When derived from
0.5◦

×0.5◦ resolution data of the ECMWF, the two indices
showed high values in the location and timing of the floods
themselves. The best accordance was found in the Wadi-Ara
(Israel) flood and the weakest – in the Nahal Alexander (Is-
rael) flood, in which the maximum in both indices was over
50km apart from the location of the flood. This shift may
result from a weakness of the data, which did not resolve a
sub-synoptic dynamic evolution at Nahal Alexander area. As
for the Volos (Greece) flood the meso-scale spatial distribu-
tion matching of the indices and the storm was satisfactory,
and coincided with the lightning activity peaks.

At this stage the results are qualitative and further study is
on its way in order to define quantitative thresholds for both
indices as alarming. However, following the cases studied
here tentative values of 25 for the MKI and of 20 for the RDI
can be referred as thresholds for potential flash-flood in the
Mediterranean. The agreement in the location and timing of
the extreme values between the lightning and the rain indices
suggests that the factors are correlated. Of course, the light-
ning factors are not expected to fit perfectly the rain factors,
but when torrential rain is concerned, the results indicate that
they tend to overlap. This implies that intense lightning ac-
tivity might serve as good predictor for flash-floods, which
supports the underlying hypothesis of the FLASH project.

The synoptic background for the cases analyzed has three
features in common: onshore wind, conditional instability
and synoptic-scale dynamical conditions which are neutral
or even adverse for rain formation. It indicates that the on-
shore flow of unstable air, when encounters the coasts of the
Mediterranean, especially when mountain ridges exist (as
is the case in Volos) offer favorable conditions for torren-
tial rains. The major contribution of onshore unstable flow
for torrential rains found here is identical to that of Ziv et
al. (2010) for Mediterranean cyclones in general. It may also
be hypothesized that the absence of synoptic-scale supportive
dynamic does not suppress the development of sub-synoptic
features which supply the necessary conditions for torrential
rains over small areas, in the order of tens of kilometers.

The results obtained from the three cases analyzed here
suggest that the indices developed have the potential to serve
as a future forecasting tool when applied to the output of
regional forecasting model. The results are still prelimi-
nary and MKI and RDI values might still reach values cor-
responding to flash-flood even for moderate rain, causing a
false alarm. An extension of the analysis is planned, as well
as the application of the methodology on other parts of the
Mediterranean region. Elaboration of the meso-scale fea-
tures that may be found in other studies of Mediterranean
storms and their categorization along these indices might

further improve our understanding of the sub-synoptic dy-
namics characterizing this region. The variations from case
to case of the ratio between the lightning and rain indices
may yield a tool for calculating the rainfall-lightning rela-
tionship.
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