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Abstract
Nowcasting of hailstorms still poses a major challenge to weather services,
because of the limited availability of reliable large datasets and the short
spatio-temporal scales involved. Two novel Eulerian and Lagrangian hail clima-
tologies for the Alps are applied to address important aspects of hailstorms in
the Alps: the diurnal cycle, their spatio-temporal development and the lightning
properties. The database contains more than 100,000 ordinary and 30,000 hail
storms (2002–2017). Based on that large sample of storms, the diurnal cycle of
storm initiation and evolution is studied in the context of orographic forcing
and cold-front occurrence statistics. Results show that, during daytime, storms
mainly initiate over the foothills (Prealps) and move towards areas with higher
terrain elevations. During night-time, the storms preferably move from the
foothills to the plains. Five out of 16 years of the radar-derived convective storms
show a significant yearly positive hail anomaly, from which two years show rel-
ative hail-initiation maxima evenly distributed over the 24 hour without a char-
acteristic diurnal cycle. Relative hail maxima during night-time cannot always
be explained with a higher occurrence of cold fronts. Time series of storm verti-
cally integrated liquid water content are used to separate ordinary and hail storm
development. Differences are found between vertically integrated liquid and its
density in cold air-mass storms. Finally, lightning data from a ground-based
network are combined with the radar-derived hailstreaks and evaluated with
respect to their prediction skill as a function of lead time (flash rate, density, peak
current, lightning jumps). Results show that lightning data provide only mod-
est skill-scores in nowcasting hailstorms. Only the sudden increase in lightning
rate (referred to as lightning jump) may be used as additional data for hail-
storm nowcasting. However, their application in automatic nowcasting systems
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remains challenging as the lightning jumps occurs at various lead times in the
series.
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nowcasting, VIL, VILD, weather radar

1 INTRODUCTION

Long-term, climatological knowledge constitutes essen-
tial complementary information to weather model data in
order to provide and improve precise and accurate weather
forecasts and nowcasts. Climatological studies on severe
convective weather events are still rare, but can reveal
important information relevant to forecasting, such as
their substantial contribution to total losses (e.g. Schroeer
and Tye, 2019). For severe convective weather and hail-
storms in particular, radar data provide one of the most
important and reliable sources of observational data. In
the last years, growing radar archives allowed us to com-
pile new hail climatologies in different areas of the world.
Usually, single-polarization radar-based hail algorithms
were employed providing gridded hail frequencies (e.g.
Kunz and Puskeiler, 2010; Cintineo et al., 2012; Junghänel
et al., 2016; Nisi et al., 2016; Puskeiler et al., 2016;
Lukach et al., 2017; Soderholm et al., 2017; Warren
et al., 2020). At present, hail climatologies based on
polarimetric measurements are not available for two rea-
sons. First, dual-polarization radar networks in Europe
have been established in most countries only recently
(e.g. Saxion and Ice, 2012; Huuskonen et al., 2014; Ger-
mann et al., 2015). In the USA, dual-polarization algo-
rithms have been used for several decades to study hail
in storms (e.g. Balakrishnan and Zrnić, 1990; Heinselman
and Ryzhkov, 2006), but at present it is still difficult to
use these algorithms for hail mapping at the ground. Sec-
ond, dual-polarization hail algorithms have been deployed
mainly for S-band and not for C-band radars, which show
significant resonance effects (Ryzhkov et al., 2013). These
systems, however, are installed by preference in Europe
and several other regions.

The combination of single-polarization radar-based
hail algorithms with thunderstorm radar tracking algo-
rithms provides new insights into the characteristics
of hailstorms. Gridded hail climatologies already pro-
vide information about the spatio-temporal distribution
and occurrence frequency of hail signals. Object-based
approaches such as cell tracking yield further details on
individual hailstorms, such as time and location of the
first signal detected by radar (hereinafter referred to as

initialization), streak characteristics such as width, length,
or propagation angle, and information about the life cycle
including intensification and decay stages. In the last
decades, object-based approaches were successfully used
for the analysis of severe convective storms (e.g. Höller
et al., 1994; Schmidt et al., 2012; Wapler et al., 2015; Tre-
falt et al., 2018) and for nowcasting applications (e.g. Dixon
and Wiener, 1993; Johnson et al., 1998; Handwerker, 2002;
Roberts and Rutledge, 2003; Mecikalski and Bedka, 2006;
Hering et al., 2008; Zinner et al., 2008; Lakshmanan
and Smith, 2009; Rotach et al., 2009; Nisi et al., 2014).
Recent studies presented solid statistical analyses based
on large storm datasets created with automated tracking
algorithms (e.g. Goudenhoofdt and Delobbe, 2013; Wapler
et al., 2016; Wapler, 2017; Nisi et al., 2018). These datasets
allow the determination of typical storm characteristics
and behaviours such as the repetitive patterns of storm
initiation and precipitation that were found to be more
frequent over complex terrain (e.g. Foresti et al., 2018).

The simultaneous use of large datasets of convective
storms by a multi-sensor methodology, e.g. radar data
combined with satellite retrievals and/or lightning detec-
tions, enables us to estimate in addition the temporal
evolution of various storm characteristics, which basi-
cally can be used for nowcasting purposes. In an ear-
lier study, Nisi et al. (2018) reconstructed several thou-
sands of convective storms over the Alpine area based on
three-dimensional (3D) radar data and an automatic radar
tracking algorithm, assuring homogeneity and objectivity
over the whole dataset. In our study, we will employ an
exceptional large event set consisting of more than 130,000
convective storms that were detected with the same auto-
matic tracking algorithm (Hering et al., 2008; Rotach
et al., 2009; Nisi et al., 2014) from 4D radar measurements
(x, y, z, t) between 2002 and 2017. The radar-based tracks
are further combined with lightning detections and terrain
height from a digital elevation model (DEM) to investigate
thunderstorm and hailstorm properties and characteristics
that have a potential to be used for nowcasting purposes.

The diurnal cycle of hail is strongly related to that of
convective precipitation in general (Kühnlein et al., 2014;
Keil et al., 2019). Whereas only a few studies so far have
investigated the diurnal cycle of hailfall in Europe (Punge
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and Kunz, 2016; Fluck, 2017), the diurnal cycle of con-
vective precipitation has been extensively investigated for
different areas of the world using rain-gauges (e.g. Wal-
lace, 1975), satellite-based radar observations (e.g. Nesbitt
and Zipser, 2003; Hirose et al., 2008; Biasutti et al., 2011),
high-resolution ground-based radar observations (e.g. Car-
bone and Tuttle, 2008; Surcel et al., 2010), a multi-sensor
approach (e.g. Matsui et al., 2010), or in combination with
numerical weather prediction (NWP) modelling (Kühn-
lein et al., 2014; Keil et al., 2019). Mandapaka et al. (2013),
who analysed the diurnal cycle of precipitation around the
Swiss Alpine area using volumetric ground-based radar
data, found a much stronger diurnal cycle when convec-
tive precipitation occurs (i.e. spring and summer). This
is confirmed by a recent study presented by Panziera
et al. (2018), where combined radar and rain-gauge data
(Sideris et al., 2014) were used to analyse sub-daily pre-
cipitation extremes over the Swiss Alps. Similar sub-daily
variations are expected to be present also for hailfall.

The complex nature of orographic triggering suggests
that no single index or semi-empirical rule can be directly
used for nowcasting storm initiation and precipitation in
general (Faulkner and Prudhomme, 1998). Previous stud-
ies found that over areas in the midlatitudes, where oro-
graphic triggering is not the main convection initiation
mechanism, the diurnal cycle of storms with its typical
afternoon peak is driven mainly by cold fronts as well as
by air-mass convection in polar maritime air (e.g. Twar-
dosz, 2010). The relation between hail and synoptic cold
fronts was previously investigated over Switzerland by
Schemm et al. (2016), who found that up to 45% of all
radar-detected hail cells formed in pre-frontal zones. It was
also found that the percentage of front-related hail initi-
ation is highest in regions where hail is statistically less
frequent – especially in northern Switzerland. This is an
indication that suggests the hail maxima in the Prealps
(Nisi et al., 2016) to be related to orographic forcing and
air-mass convection, which is probably more affected by
differential heating and resulting thermal circulation as
triggering mechanism.

Further parameters that could be of potential interest
for nowcasting are gradients of specific storm parameters
(e.g. rates of changes or jumps in radar reflectivity, water
content, or lightning) prior to the occurrence of hail on
the ground as well as signals that enable us to distinguish
between non-severe convective cells (i.e. without hail)
and hailstorms. The temporal evolution of the Vertically
Integrated Liquid (hereafter VIL) and its Density (normal-
ized using the echo top, hereafter VILD), for example,
can be used to analyse 3D storm characteristics. Earlier
studies (e.g. Treloar, 1996; 1998; Amburn and Wolf, 1997;
Edwards and Thompson, 1998) demonstrated how VIL
and VILD can be used to identify convective storms and

hail cores. VILD is particularly important during spring-
time, when cold air-mass thunderstorms (including the
severe ones) tend to have a low top (6–8 km in the Alps).
A low top in combination with high VIL values give rise
to high-intensity storms since a high amount of water con-
tent is distributed in a smaller volume. Thus, VILD enables
us to better discriminate the storms. Furthermore, as with
increasing VILD the hail cores tend to be deeper and more
intense thus producing larger hailstones, VILD can also be
used as a proxy for hail (e.g. Amburn and Wolf, 1997).

Lightning data are often used for storm verification or
classification purposes (e.g. Kaltenböck et al., 2009; Wapler
et al., 2012), for climatological analyses (e.g. Wapler, 2013;
Piper and Kunz, 2017) or for nowcasting applications (e.g.
Kohn et al., 2011; Nisi et al., 2014). The relation between
microphysics and storm electrification is the subject of
numerous studies (e.g. Carey and Rutledge, 1996; Dotzek
et al., 2001; Yair et al., 2010; Yuan et al., 2011; Schultz
et al., 2017; and many others). For nowcasting purposes,
the relation between storm intensity and lightning flash
rate has been investigated as well, and according to sev-
eral studies, the updraught seems to be the main factor
driving the lightning flash rate (e.g. Shackford, 1960; Mac-
Gorman et al., 1989; Williams et al., 1989; 1999; Lang
and Rutledge, 2002; Goodman et al., 2005; Deierling and
Petersen, 2008). As suggested for example by Gatlin and
Goodman (2010), a stronger updraught is associated with
a higher content of water vapour, more condensation and
more glaciation and therefore with an increased probabil-
ity of collision among frozen hydrometeors. This leads to
a stronger charge separation and higher lightning occur-
rence. Lightning Jumps (hereafter LJs), a sudden increase
in the lightning rate, are commonly used as precursors for
severe storms and hail. The drivers of LJs are found to be
the fast increase of graupel mass within the thunderstorm
cloud in a layer between around −10 and −40 ◦C in com-
bination with enhanced updraught intensity. This param-
eter has been deeply investigated for some decades and
is currently applied for predicting severe surface weather
and cell life cycle (e.g. Williams et al., 1999; Schultz
et al., 2009; 2011; 2015; 2017; Darden et al., 2010; Gatlin
and Goodman, 2010; Chronis et al., 2015; Miller et al., 2015;
Wapler, 2017). Although not all studies are based on a large
database, they have shown that LJs have a certain skill for
identifying and nowcasting severe convection (e.g. Farnell
et al., 2017; 2018). With new and incoming satellite-based
lightning imagers (e.g. Stuhlmann et al., 2005; Schultz
et al., 2016), LJs have the potential to become a common
parameter for nowcasting.

The overall objective of our study is to investigate
mean characteristics and properties of convective storms
including hailstorms that basically can be employed in
nowcasting systems. This includes the investigation of the
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spatial and temporal variability of convective storms ini-
tiation, their typical diurnal cycle, and to identify reliable
precursors based on VIL, VILD and LJs that enable us to
discriminate severe storms from the ordinary ones with
useful lead time.

Summarizing, the aims of this study are to
characterize:

1. The diurnal cycle of hail and its multi-year variability.
2. The differences in the evolution of ordinary and hail

storms in space and time considering the storm verti-
cally integrated liquid and its density.

3. The lightning properties of ordinary and hail storms,
including the occurrence of LJs.

This article is organized into the following sections.
Section 2 describes the investigation area and the datasets
used. Because the single-polarization hail-detection algo-
rithms as well as the tracking method are the same
as used in Nisi et al. (2018), Section 3 provides only a
brief summary of the algorithms. Section 4 presents these
results of this unified study in terms of hailstorms’ diurnal
cycles, 4D storm characteristics using VIL-VILD during
the observed storm life cycle and the storm electrical prop-
erties. Section 5 and 6 presents the discussion of these
results and the conclusions, respectively.

2 STUDY DOMAIN AND DATA

The investigation area is identical to that in Nisi
et al. (2018) and is located in central Europe (∼44.6–48.4◦N
and 4.8–10.1◦E). It includes the complex orography of the
central and western Alps and is currently covered by five
new dual-polarization C-band Doppler radars.

2.1 Radar observations

For this long-term study, we used three radars that are
available over the entire 16-year period from 2002 to 2017,
located at Albis, La Dôle and Monte Lema, in the north-
eastern, western, and southern parts of Switzerland with
a spatio-temporal resolution of 1 km2 and 5 min. To avoid
areas where beam-widening effects and other undesired
radar issues become substantial (e.g. Nisi et al., 2016), the
maximum range between the location of the storms and
the radar sites is limited to 160 km.

Three radar-based algorithms are used:

1. A 3D multiple-radar tracking algorithm (referred to
as Thunderstorms Radar Tracking, hereafter TRT) to
reconstruct entire thunderstorm tracks and to identify

initiation locations (location of the first 35 dBZ radar
echo).

2. Two single-polarization radar-based hail detection
algorithms, namely the Probability Of Hail (hereafter
POH) and the Maximum Expected Severe Hail Size
(hereafter MESHS), to identify hailstreaks.
More details on the radar data are summarized in Nisi

et al. (2016) and presented in Joss et al. (1998) and in
Germann et al. (2006; 2016; 2017).

2.2 Digital elevation model (DEM)
and NWP data

The analysis includes data from a DEM with a horizon-
tal resolution of 25 m (Swisstopo, 2004) to identify terrain
altitudes at the location of the storm as well as hailstreak
initiations and maxima.

The single polarization radar-based hail detection
algorithms require information on the freezing-level
height (hereafter H0). This information is extracted from
analyses of the COnsortium for Small-scale MOdelling
(COSMO-CH; http://cosmo-model.org/). COSMO-CH
is a non-hydrostatic, regional, high-resolution NWP
model operated by MeteoSwiss. Due to model changes
in the investigation period, the horizontal resolutions
employed in this study are 6.6× 6.6 km2 (COSMO-7;
April 2002–March 2008), 2.2× 2.2 km2 (COSMO-2; April
2008–August 2016) and 1× 1 km2 (COSMO-1, since
September 2016) with a temporal resolution of 1 hr. These
changes and other model modifications have no signifi-
cant effects on the H0 fields (see Nisi et al. (2016) for more
details).

Finally, ERA-Interim reanalysis (Dee et al., 2011) is
used in this study to identify and compute 6-hourly
frequencies of synoptic cold fronts over central Europe
(Sprenger et al., 2017).

2.3 Lightning data

Lightning data provided by the Météorage – European Cor-
poration for Lightning Detection (EUCLID, www.euclid.
org) network were used for the examination of specific
lightning characteristics such as LJs. An evaluation of
the performance characteristics of the EUCLID lightning
detections in the Alpine region is provided by Azadi-
far et al. (2016). The overall pulse detection efficiency
for upward flashes was found to be 73%. For stronger
pulses (peak currents higher than 5 kA) the detection effi-
ciency for upward flashes was about 83%. The median
of the absolute distance error was found to be 186 m on
average.

http://cosmo-model.org/
http://www.euclid.org
http://www.euclid.org
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The dataset includes positive and negative
cloud-to-ground (CG) lightning as well as cloud-to-cloud
(CC) and intra-cloud (IC) lightning over the Alpine
area, the latter two classes combined to IC. A distinction
between IC and CC lightning (inside the same convective
cloud and between two distinct clouds, respectively, e.g.
Uman and Krider, 1982) is not provided, but is also not
relevant for this study.

The lightning dataset is available for the same 16-year
study period (2002–2017) with a high spatial resolution
and accuracy (median error 100–200 m according to Azad-
ifar et al. (2016) and Schulz et al. (2016)). However, through
the years, mainly in the year of 2014, the antennas and
processing algorithms have been updated allowing a bet-
ter detection/separation of IC lightning. Between 2002
and 2013 the average fraction of CG versus IC lightning
is 70.2± 13.9%, between 2014 and 2017 it is 26.6± 9.7%.
The predominance of IC lightning in storms have been
confirmed by several authors (e.g. Price and Rind, 1993;
Soriano and De Pablo, 2007). A large fraction of CG light-
ning indicates that the old sensors had problems prior
to 2014 with the detection efficiency for IC lightning As
a consequence, all analyses that include lightning data
were limited to a 4-year period (2014–2017). This time
span includes a total of 36,743 ordinary storms and 5,517
hailstorms, thus is still sufficient to obtain robust results.

3 METHODS

3.1 Radar-derived hail proxies

POH is derived from the vertical distance between the 45
dBZ echo top height (i.e. the highest altitude at which a
radar reflectivity of 45 dBZ is detected; hereafter ET45) and
H0 (Waldvogel et al., 1979). This quantity provides a prob-
ability estimate for hail of any size on the ground, with a
scale ranging from 0% (no hail; ET45 – H0 < 1.65 km) to
100% (hail; ET45 – H0 > 5.5 km). MESHS estimates the
maximum size of hailstones on the ground for diameters
equal to or larger than 2 cm. It is derived from the differ-
ence between the 50 dBZ echo top height (hereafter ET50)
and H0 (Treloar, 1998).

The POH and MESHS versions of Foote et al. (2005)
and Joe et al. (2004), respectively, have been implemented
operationally at MeteoSwiss since 2009 and are used in
this study to reprocess radar data between 2002 and 2017.
POH and MESHS should not be confused with other
single-polarization radar-based hail detection algorithms
like the Probability of Severe Hail (POSH) or the Maxi-
mum Estimated Size of Hail (MESH), both derived from
the Severe Hail Index Parameter (Witt et al., 1998) and
commonly used, for example, in the United States.

POH and MESHS are empirical, radar-based hail detec-
tion algorithms. Since radar-based hail signals are only
indirect measurements, statistical verification of the hail
detection algorithms is crucial. A first verification based
on independent damage reports from an automobile insur-
ance company was presented in Nisi et al. (2016). Dam-
ages recorded in the 25 most populated urban areas in
Switzerland were considered in the study. Despite sev-
eral uncertainties related to the insurance claim reports
(which result in a high FAR), POH values greater than
80% (threshold used in this study) provides POD around
90% and FAR decreases rapidly to almost 50%. More
recently, Barras et al. (2019) presented a new verifica-
tion based on several thousand of crowdsourced hail
reports collected by MeteoSwiss. The verification sug-
gests that POH and MESHS are defined too restrictively
and that some hail events were missed by the algo-
rithms. However, a positive correlation was found between
the reported hail size and the radar-based size estimates
(MESHS).

3.2 Vertically integrated liquid
and vertically integrated liquid density

VIL is quantified from radar columnar reflectivity,
which is converted into liquid water equivalent (Greene
et al., 1972). In this study, VIL is obtained from three
C-band Doppler radars performing volume scans at 20
elevations between −0.2◦ and 40◦. It represents the 3D
characteristics of precipitation and emphasizes con-
vective processes in a precipitation field. Therefore,
VIL is commonly used in nowcasting systems (e.g.
Dixon and Wiener, 1993; Johnson et al., 1998; Roberts
et al., 2006; Rotach et al., 2009; Nisi et al., 2014; Heng-
stebeck et al., 2018). Using VIL alone for diagnosing the
severity of storms can be misleading, especially in case of
cold air mass and lower-top thunderstorms (e.g. Amburn
and Wolf, 1997). In these cases, VILD is considered as
a more homogeneous severity discriminant for different
types of storms (e.g. Paxton and Shepherd, 1993). VILD
is the grid-based VIL divided by the vertical extension of
the storm:

VILD = VIL
ET15

, (1)

usually given in g⋅m−3; the 15 dBZ echo top height ET15
is used here as storm-top approximation.

To evaluate the relation between VIL and VILD
we calculated Spearman’s Rank Correlation coeffi-
cient at the time and location of maximum VIL (1× 1
km2 grid) individually and independently for each
storm.
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3.3 Ordinary and hail storm detection

Operational thunderstorm nowcasting is performed at
MeteoSwiss using TRT (Hering et al., 2008; Rotach
et al., 2009; Nisi et al., 2014) and the Context and
Scale Oriented Thunderstorm Satellite Predictors Devel-
opment (Nisi et al., 2014; Hamann et al., 2017). Recently,
TRT has been additionally integrated into “NowPAL”, a
semi-automatic operational expert system for severe storm
warnings (Panziera et al., 2016). The purpose of TRT is (a)
to detect the position of thunderstorms, (b) to rank their
severity according to thresholds of radar-based parameters
(VIL, ET45, area≥57 dBZ and EchoMax), and (c) to extrap-
olate the position for the next 60 min based on Lagrangian
persistence rules. TRT is a two-step algorithm: the first
part provides 2D storm-objects and related geographical
and geometric information (“tracking”). The second part
estimates the severity of the detected storms with a numer-
ical value by including 3D radar data (“ranking”). Thun-
derstorms are classified in the four categories of weak,
moderate, severe and very severe, depending on the rank
value.

For this study, the TRT output from the first step is
used. “Geometrical” track information is then combined
with POH and MESHS data.

A number of terms like storm path, hailstreak, hail-
swath, storm- and hail initiation are used throughout this
article (cf. section 3.4 in Nisi et al., 2018). For reasons of
readability, a short summary of the most important terms
and definitions used in this study is provided in the list
below:

• Storm path (SPA): the spatio-temporal trajectory of the
storm’s centre of mass.

• Hailstreak (HST): the “hail footprints” of storms. In this
study, an HST is detected when a thunderstorm contains
POH values greater than or equal to 80% over an area of
at least 5 km2.

• Hailswath (HSW): a sequence of two or more HSTs
defining an HSW. In this study, two HSTs must show
a minimum time difference of 15 min to be consid-
ered independently. If a SPA has only one HST, the two
are identical. According to Nisi et al. (2018), the large
majority of hailstorms (>96%) contain only one HST.

• Storm initiation: the spatio-temporal reference of a
thunderstorm detected for the first time by TRT with
35 dBZ as the minimum detection threshold of the
algorithm. Thus, our storm initiation definition differs
from the widely used definition of the first convective
signs that occur after the formation of clouds. To mini-
mize TRT misdetections, only storms with a minimum
duration of 15 min were included in the analysis.

• Hail initiation: the spatio-temporal reference of a thun-
derstorm detected by TRT and showing POH values
greater than or equal to 80% over an area of at least
5 km2.

• Hail maximum: the spatio-temporal reference of a thun-
derstorm detected by TRT that shows the hailstorm
maximum intensity. In this study, for storms with POH
≥80% over an area of ≥5 km2, a hailstorm intensity
index (hereafter HII) is calculated for each 5 min time
step considering POH and MESHS and their spatial
extension at the time t.

HIIt =
n∑

i=1

(
POHi +

MESHSi [mm]

1[mm]

)
, (2)

where n is the total number of pixels of a TRT storm
cell. The HII is unitless. The time of the hail maximum
along a storm path, TM, is then given by:

TM = max
1≤t≤F

(HIIt), (3)

where F is the time of storm dissipation.
Similarly to the previous study (Nisi et al., 2018), storms

are divided into two main classes:

1. Ordinary storms: thunderstorms with POH < 80% or an
area of less than 4 km2 with POH = 80% during the
entire storm life cycle of ≥30 min (shorter-lived storms
are discarded from the analyses).

2. Hailstorms: thunderstorms with an HSW of at least
5 km2 with POH ≥80% or with MESHS ≥2 cm and a
life-cycle duration of ≥30 min.

3.4 Synoptic-scale front detection

This study uses a synoptic front climatology to analyse dif-
ferences in the diurnal cycle of radar-derived hailstorms.
Front features are extracted from ERA-Interim reanalysis
(Sprenger et al., 2017). An automated detection algorithm
based on the horizontal gradient of equivalent potential
temperature at 850 hPa level, 𝜃e, is used. If the 𝜃e gradi-
ent exceeds 4 K⋅(100 km)−1, a frontal zone is detected. The
thermal front parameter (TFP: Hewson, 1998) is:

TFP = −𝛻|𝛻𝜃e| ∗ 𝛻𝜃e|𝛻𝜃e| . (4)

A detailed description of TFP is provided by
Schemm et al. (2016). Previous studies used this
automated detection of synoptic-scale fronts in
global reanalysis (Schemm et al., 2015; Schemm
and Sprenger, 2015) and in regional high-resolution
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COSMO-7 and COSMO-2 reanalysis (Jenker et al., 2010;
Schemm et al., 2016).

3.5 Lightning jump detection

LJs can be computed with IC, CG or the total lightning
(the sum of positive and negative CG and IC lightning;
TOTLI hereafter). Schultz et al. (2011) demonstrated that
TOTLI rather than CG temporal trends robustly correlates
with severe thunderstorms. This study uses TOTLI with
a temporal aggregation of 5 min to calculate LJ. Light-
ning is selected and aggregated over the thunderstorm
area provided by TRT. In this study the “sigma” algorithm
proposed by Schultz et al. (2011) is used for detecting
LJs. It is based on the Gatlin algorithm (Gatlin, 2006;
Gatlin and Goodman, 2010), which relies on the time
rate of changes of the total flash rate within a thunder-
storm. This article reports only the main formulae of the
three-step algorithm, following Schultz et al. (2011; 2017).
First, seven consecutive average lightning rates over a
5 min time period are computed by f (t0−x), where x = 0, 5,
10, … 30:

f (t) = FRavg(t) =
FR(t) + FR(t − 2.5)

5
, (5)

where FR(t) denotes the 2.5 min total lightning counts
of a thunderstorm and FRavg(t) is the resulting average
lightning rate. The algorithm calculates FRavg in 5 min
intervals. The second step computes the six rates of change
of the total flash rate DFRDT(t0−x), where x = 0, 5,
10, … 30:

DFRDTt =
d
dt

f (t) =
f (t) − f (t − 5)

t − (t − 5)
. (6)

The third step calculates the standard deviation 𝜎 using
the five most recent rates of change of the total flash rate:

𝜎(DFRDTt0−10,DFRDTt0−15,DFRDTt0−20,DFRDTt0−25,

DFRDTt0−30), (7)

where DFRDT(t0) is the most recent rate of change.
Finally, the sigma-level, which represents the LJ

threshold value, is calculated:

sigma level = DFRDTt0

𝜎(DFRDTt0−10,t0−15,t0−20,t0−25,t0−30)
. (8)

This means that a sudden increase in lightning is con-
sidered a jump when DFRDT of the most recent time step
exceeds the calculated standard deviation 𝜎 by a certain
sigma-level. Each step is constantly updated with the most
recent rate of change.

Several studies are based on this methodology using
the 2*(sigma-level) as LJ threshold (e.g. Schultz et al., 2017;
Wapler, 2017; Farnell et al., 2018). Thresholds are set for
the minimum lightning rate to activate the algorithm and
for the sigma value. A minimum lightning rate threshold
is used to avoid taking into account non-significant incre-
ments (jumps) of TOTLI. According to a sensitivity study,
we set the TOTLI rate threshold to 15 flash counts in 5 min.
This means that if a thunderstorm shows a smaller rate, the
algorithm is not activated. With our dataset, lower thresh-
olds increase the noise. This may not be the case with
other datasets. For example Schultz et al. (2009) used a
higher threshold corresponding to 10 flashes per minute
and sigma-level = 2.

4 RESULTS

4.1 Diurnal cycle of storm initiation

Since precipitation in the Alps is strongly modulated by
the diurnal cycle, especially during the warm season (e.g.
Mandapaka et al., 2013), it is expected that the frequency
of hailstorm initiation also shows a distinct diurnal distri-
bution.

Results show that both the frequency and the preferred
locations of hailstorm initiation (POH >80%) are strongly
controlled by the time of the day. Most of the events occur
after noon and last until the early evening hours (Figure 1).
Over the Alpine main ridge, storm initiations are rare
at any time. North of the Alps the initiation locations
are almost homogenously distributed with a very low fre-
quency between night-time and the mid-morning hours
(0000–0900 UTC). South of the Alps the spatial distribu-
tion is more heterogeneous with several clusters present
along the southern foothills.

Between 0900 and 1500 UTC clusters of initiation loca-
tions occur along the Jura Mountains and over the hilly
terrain in southern Germany and western France. In the
afternoon and early evening hours (1500–2100 UTC), initi-
ation locations are preferably found at higher altitudes on
both sides of the Alps: initiation hotspots during that time
frame are mainly located over the rough terrain along the
southern and northern slopes of the Alpine chain. During
late evening (2100–2400 UTC), a storm initiation cluster
remains along the southern foothills comparable to the sit-
uation at 0000–0300 UTC, whereas the pattern elsewhere
becomes again more homogeneous.

To statistically relate hailstorm initiation location and
terrain height, we calculated for all 3 hr time slices dis-
played in Figure 1 median altitudes of storm initiation
locations. The lowest height (521 m) is found between
0000 and 0300 UTC, the highest between 1200 and 1500
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F I G U R E 1 Hailstorm initiation
locations (red circles) by 3-hourly
intervals. h̃ is the average terrain
altitude at storm initiation locations;
<n > is the number of individual storms
considered. Local time = UTC+ 2 hr

UTC (730 m). The results show that at night hailstorms
tend to initiate over lower altitude mainly close to the
foothills, whereas during daytime, especially in the after-
noon, storms tend to initiate over higher altitudes, which
correspond to areas with a rough terrain. The distribution
of the altitudes of hailstorm initiation location is presented
in Figure A1 (Appendix A).

This relation is further examined by the diurnal distri-
butions of the median storm initiation location altitudes
h̃ and the respective interquartile range 25–75% shown in
Figure 2. Two locations along each storm trajectory are
considered in this analysis: the location of storm initiation
(recall: radar echo reaching 35 dBZ) and the location of the
hail maxima according to the combination POH / MESHS
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F I G U R E 2 Diurnal cycle of the terrain altitude (median) of
two positions along storm trajectories: (1) location of storm
initiation (hailstorm only, light grey boxes) and (2) location of
maximum hail intensity (dark grey boxes). The bottom and top of
the black bar show the 25th and 75th percentiles

(cf. Section 3.3). For both locations, the median value is
lower in the evening and in the night and higher in the
afternoon. During night-time, the median altitude of initi-
ation locations is higher compared to the median altitude
of hail maxima. The spread of the interquartile range is
slightly larger during daytime.

In the next step, we investigate the annual variabil-
ity of the radar-detected hailstorms motivated by the fact
that convective activity or predisposition has been shown
to have a very large annual and multi-annual variabil-
ity across Europe, partly related to large-scale flow con-
ditions teleconnection patterns, or sea-surface tempera-
ture (e.g. Mohr et al., 2015; Rädler et al., 2018; Piper
et al., 2019). The hypothesis here is that when large-scale
mechanisms become more dominant in certain years
and in others not, also the daily cycle of convective
activity or hailstorm frequency, respectively, should be
affected. The overall hailstorm frequency (Nisi et al., 2018)
was used to calculate the annual variability of the diur-
nal cycle of hailfall. Between 2002 and 2017, five years
show positive hail anomalies, namely the years of 2003,
2006, 2008–2009, and 2017 (Figure 3). Surprisingly, the
year of 2003 with the highest hailstorm frequency in
Switzerland is that of the most severe European heat-
wave associated with a persistent long-wave Rossby pat-
tern (so-called omega-pattern), which usually suppresses
convective activity as observed in several European coun-
tries (e.g. Mohr et al., 2015). Even in Switzerland the
overall number of storms in 2003 was lower compared to
the average frequency. However, a higher percentage of

F I G U R E 3 Hail (POH >80%) annual hail anomalies. To
capture the year-to-year variability, standardized annual anomalies
(Wilks, 2006; Nisi et al., 2016) are calculated. Years showing a
positive hail anomaly (>+0.5 standard deviations) are highlighted
with colours

F I G U R E 4 Seasonal average and standard deviation of
cold-front frequency. Five warm seasons (April–September) with
positive hail anomaly are considered. The domain is 44–48◦N,
5–11◦E, including the entire radar domain used in this study.
Spatial resolution is 1◦

severe hailstorms (∼40%) was observed compared to the
15-year mean (∼17%: Nisi et al., 2018). The other years
show hail frequencies around the mean or with negative
anomalies.

Thermo-topographical flow together with synoptic
forcing (e.g. Schemm et al., 2016) are the main trig-
gering mechanism of convection in the Alps. Therefore,
the cold-front frequency of years showing a positive hail
anomaly is analysed (Figure 4) and the location of hail-
storm initiation is investigated with a DEM. In general, it is
expected that years which show a non-typical diurnal cycle
(without afternoon maximum) show a higher frequency of
cold fronts.
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F I G U R E 5 Yearly distribution of the median terrain altitude
of locations of hailstorm initiations (cf. Figure 1). Coloured bars
show years with positive hail anomaly (same colours as Figure 3).
The bottom and top of the black bar show the 25th and 75th
percentiles

The annual distribution of the mean terrain altitude
of locations affected by hail initiations is presented in
Figure 5. The hail-rich years are highlighted with colours.
The years 2006, 2008 and 2017 show higher median alti-
tude values than the also hail-rich years 2003 and 2009.
These higher median altitudes are paralleled by a pro-
nounced diurnal cycle as can be seen in the standardized
hailstorm initiation anomalies in Figure 6. Here the years
of 2006, 2008 and 2017 show strong positive anomalies
during afternoon hours only. The diurnal cycles of 2006
and 2008 are almost similar. The diurnal cycle of 2003
is contrary to that of 2009: the former show two relative
maxima, one in the night and one in the afternoon. The
year 2009 shows a small increase in the frequency around
midday.

4.2 Vertically integrated liquid

The frequency distributions of VIL and VILD values for
ordinary and hail storms differ significantly (Figure 7).
Ordinary storms with moderate or high VIL values
(>10 kg⋅m−2) and hailstorms with low VIL values are rel-
atively rare. Ordinary storms show a low median VIL and
VILD of about 3 kg⋅m−2 and 0.2 g⋅m−3, respectively. Hail-
storms show a more Gaussian frequency distribution with
high standard deviations (STDEVs): median VIL and VILD
values of about 19 kg⋅m−2 (25th percentile: 13 kg⋅m−2;
75th percentile: 26 kg⋅m−2) and 0.9 g⋅m−3 (25th percentile:
0.6 g⋅m−3; 75th percentile: 1.2 g⋅m−3), respectively.

F I G U R E 6 Diurnal pattern of the number of hail initiation
locations (standardized anomaly) by year. Each anomaly is
calculated independently for the respective time interval of 3 hr.
Years showing a global seasonal positive hail anomaly are
highlighted with colours (same colours as in Figure 3). To capture
the 3-hourly variability, standardized anomalies (Wilks, 2006; Nisi
et al., 2016) are calculated

The VIL-VILD Spearman’s Rank Correlation coeffi-
cients are calculated using a database of 102,927 ordi-
nary storms and 31,823 hailstorms (Table 1). The overall
correlation scores between 2002 and 2017 are 0.69 (signifi-
cance level 0.05, t = 169, p = 2.2*10–16) for ordinary storms
and 0.77 (significance level of 0.05, t = 577, p = 2.2*10–16)
for hailstorms. Overall, correlation scores are higher for
hail- than for ordinary storms. Lowest correlations are
found in low-topped cold air-mass storms, which are usu-
ally classified as “ordinary” storms. A seasonal cycle is
found in the correlation scores with minimum in April
(0.64 ordinary storms and 0.68 hailstorms) and maximum
in July (0.81 and 0.89, respectively).

VIL-VILD time series have been calculated for testing
their potential as nowcasting precursor of hail (VIL time
series are presented in Figure 8; VILD time series show
no significant differences and therefore are not presented
in this article). For this purpose, storm cells with different
life-cycle durations have been investigated. For ordinary
storms, VIL values are substantially lower compared to
hailstorms. They also peak at the time of EchoMax or 5
to 10 min earlier or later, respectively. For hailstorms, VIL
peaks at the time of both hail initiation and maximum hail-
fall (cf. Section 3.3), for the former with a slight delay of
5 min. Further, whereas VIL after reaching the hail maxi-
mum drops to values prior to that point, that is, having the
form of a Gaussian distribution, it remains for the location
of hail initiation over a longer period of time at higher
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F I G U R E 7 VIL and VILD
frequency distribution for ordinary
and hail storms. Histograms refers to
individual storms. ṼIL and ṼILD are
the median and the number above
the highest bar of the histogram
corresponds to its frequency

values. In addition, the interquartile range also increases
at this point, which is not the case when considering the
hail maximum.

4.3 Hailstorm lightning properties

To assess the skill of lightning characteristics such as LJ
to be used as a predictor for hail, we restrict the analy-
ses to the years between 2014 and 2017, for which the
EUCLID lightning network reliably registered IC in addi-
tion to CG flashes. During that period, the applied radar
algorithms detected 36,743 ordinary and 5,517 hailstorms
with different life-cycle durations (Figure 9).

Overall, for both storm types, IC flashes dominate both
CG- and CG+, thus the histograms of TOTLI are similar
to that of IC strokes. In addition, median values confirm
that CG+ are relatively rare for both storm categories.
The frequency distributions of CG- and IC are similar for
both ordinary and hail storms, whereas the distribution
of CG+ is significantly skewed to the right. Hailstorms
show both a higher number of lightning flashes (Figure 10)
and higher peak currents (Figure 13) compared to ordi-
nary storms. The median of the number of all flash types
for ordinary storms is low (≤6), but with a maximum
value of more than 100 flashes per storm. By contrast, hail-
storms show higher median number of flashes: 39 (CG-),
6 (CG+) and 127 (IC). For this storm class, single storm
maximum values are significantly higher: 2953 (CG-), 752
(CG+) and 18019 (IC). Considering median values, the dif-
ference between hail- and ordinary storms is very high for
CG- (+1300%) and IC (+2116%), but less significant for
CG+ (+300%).

The fraction of flash types, taking into account each
time step of the entire storm’s life cycle, remains almost

T A B L E 1 Storm-based VIL-VILD correlation at the
moment of maximum VIL

Period

Ordinary storms
(>30 min)
Spearman’s rank
correlation
coefficient
(No. of storms)

Hailstorms
(POH >80%)
Spearman’s rank
correlation
coefficient
(No. of storms)

April 0.64 (5,667) 0.68 (684)

May 0.72 (13,920) 0.78 (3,692)

June 0.74 (21,799) 0.84 (9,323)

July 0.81 (25,363) 0.89 (10,491)

August 0.69 (23,621) 0.78 (5,988)

September 0.56 (12,557) 0.67 (1,645)

Apr–Sep 0.69 (102,927) 0.77 (31,823)

constant for both storm categories (not shown). The frac-
tion of IC is between 60 and 79%, of CG- between 12
and 38% and of CG+ between 2 and 11%. The large
predominance of IC is present throughout the entire
storms’ life cycles. No substantial difference is visible when
comparing ordinary with hail storms. Furthermore, no
substantial difference in the lightning type fraction is vis-
ible at the moment of EchoMax, hail initiation and hail
maximum for the different storm groups.

In the next step, we investigate whether the time series
of lightning frequency, lightning density and peak current
show any systematic differences among the storm types
related to EchoMax, hail initiation, and hail maximum (cf.
Section 3.3).

The distinction between ordinary and hail storms is
evident if comparing time series of flash rates and densi-
ties (Figures 11 and 12). Increases of lightning rates and
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F I G U R E 8 VIL time series for ordinary and hail storms.
Reference time (t = 0) refers to the moment of EchoMax for
ordinary storms and for hail initiation and hail maximum for
hailstorms, respectively

densities are present 10 min before hail initiations. These
increases are visible for IC, CG- and TOTLI rates and den-
sities. IC and TOTLI time series are very similar because IC
represents the large majority of flash types at all lead times.
CG+ is a relatively rare flash type and values are close to 0.

Overall, the peak current of ordinary storms is weaker
than that of hailstorms (Figure 13). For ordinary storms
median values are close to 0 for all lead times, 75th per-
centiles are around 1 kA for CG+ and 1–2.5 kA for CG-
(Figure 13). An increase in the peak current of CG- is found
at the time of EchoMax (time = 0). A more evident sig-
nal of change over time is visible in the peak current time
series of hailstorms. Median values of CG+ peak currents
show an increase starting 15 min before hail initiation. The
increase of CG- peak currents starts earlier (40 min before
hail initiation) and becomes abrupt in close proximity to
hail initiations. For both CG+ and CG- maximum peak

F I G U R E 9 Number of storms for different lead times
considered in the lightning analysis. Reference time t = 0
corresponds to MaxEcho, hail initiation or hail maximum. Similar to
Figure 8, but here only storms between 2014 and 2017 are considered

currents are reached 10–15 min after hail maximum, with
median values ranging from 7 to 11 kA. In later stages
of hailstorm life cycles, lightning peak currents decrease
slowly.

As we have seen in the previous analyses, there are
some robust signals in the lightning data either prior
to Or directly at the time of maximum radar echo in
case of ordinary storms, or at the time of hail initia-
tion and hail maximum estimated from the radar. This
leads to the next question: whether LJ used by some
authors as hail proxy also provides robust signals, that
is, signals that can be assigned uniquely to the highest
radar intensities. Time series of LJs occurrence for dif-
ferent sigma-level magnitudes (cf. Section 3.5) are shown
in Figure 14. Overall, the following statements can be
inferred from the time series. First, weaker LJs (i.e. LJs
with a lower sigma-level) are more frequent. Second, the
stronger the storms are (i.e. larger MESHS values), the
more frequent are the LJs. Third, ordinary storms show
a very low relative frequency of LJs throughout their life
cycle. These frequencies (0–0.05) are low and constant for
all lead times. Only sigma-level magnitudes of 1.0 show
a slight frequency increase for lead times between −50
and −20 min. Hailstorms by contrast have a relative LJs
frequency maximum with weak sigma-level magnitude
(1.0) around 20 min prior to hail initiation. For higher
sigma-level magnitudes, LJ frequencies are more constant
and the occurrence is shifted more and more after the time
and location of hail initiation.

Isolated discontinuities and maximum values in the
time series must be interpreted with care as they are
a statistical consequence of the reduced sample size
and increased uncertainty. For example, hailstorms with
MESHS ≥6 cm show an isolated maximum with relative
frequency of about 0.3 for a lead time of −60 min (1 hr
before hail initiation). Storms producing severe hail sizes
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F I G U R E 10 Frequency histogram for different
flash types (CG−, CG+, IC; all peak currents) for both
ordinary and hail storms. The distribution of TOTLI is
also provided. Histograms refers to individual storms.
ñ is the median, max is the maximum number of
lightning flashes in a storm and the number above the
highest bar of the histogram corresponds to its
frequency

F I G U R E 11 Lightning rate
time series (median, 25th and 75th
percentile) for ordinary and hail
storms. IC, CG+ and CG- rates are
calculated separately. TOTLI is
substantially dominated by IC and
therefore is not visualized. Reference
time (t = 0) refers to the moment of
EchoMax for ordinary storms (left
column) and for hail initiation (centre
column) and hail maximum for hail
storms (right column), respectively. ‘#’
here means ‘number’

are quite rare and, as reported in Nisi et al. (2018), they
tend to be explosive at early stages, reducing drastically
the time span between storm initiation and hail initia-
tion (e.g. Kunz et al., 2018). For these reasons, only seven

storms that have produced very large hailstones (≥6 cm) in
their lifetime already existed 60 min before hail initiation,
and those storms increase the normalized frequency in the
time series dramatically.
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F I G U R E 12 Same as Figure 11,
but for lightning density

F I G U R E 13 CG lightning
peak current time series for
ordinary and hail storms. The
distribution (median, the 25th
and 75th percentiles) of negative
or positive peak currents are
shown. Reference time (t = 0)
refers to the moment of EchoMax
for ordinary storms (left) and for
hail initiation (centre) and hail
maximum (right) for hailstorms,
respectively

With the aim of investigating the potential of LJs
as precursor of hail, the relative occurrence of LJs are
investigated and shown in Figure 15. The weakest LJs
(sigma-level magnitude 1.0) were considered in this anal-
ysis. The histogram (a) shows LJ occurrence before
EchoMax for ordinary storms and before hail initiation for
hailstorms. The very small relative frequency reveals that
ordinary storms only rarely produce LJs before EchoMax,
which is also in line with the perception that LJs are
due to large graupel masses. Hailstorms, on the other
hand, may produce a single LJ before hail initiation
with a frequency of about 0.43–0.47, depending of the
storm’s intensity. Multiple LJs (two or more) are less fre-
quent with relative frequencies between 0.2 and 0.25.
These relative frequencies remain almost constant for all
hailstorm types.

Considering entire storm life cycles (Figure 15b), ordi-
nary storms do not show substantial differences as already
discussed above. Only a small minority of storms produce
one or more LJs. However, hailstorms show a different
behaviour of the frequencies: by increasing the hailstorm
intensity, frequencies of single LJs increase from 0.49 to
0.77, and frequencies of multiple LJs from 0.33 to 0.61.

Table 2 summarizes different skill scores computed
from the contingency table of categorical verification
(Wilks, 2006) using LJs (sigma-level magnitude 1.0) for
nowcasting hailstorms and for discriminating hail from
ordinary storms (see Table B1 in Appendix B). In the first
case, only the storm life cycle before hail initiation is con-
sidered. A POD of about 0.45 and an FAR of about 0.3 are
obtained for a median lead time of 20 min. In the second
case, the entire storm life cycle is considered. LJs perform
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F I G U R E 14 LJs normalized frequency time series for
ordinary and hail storms. According to Schultz et al. (2009), TOTLI
has been used to calculate the jumps. Three LJ sigma-level
magnitudes 1.0, 2.0 and 3.0 are shown. Reference time t0 is
EchoMax for ordinary storms and hail initiation for hailstorms

slightly better in discriminating hail from ordinary storms
rather than nowcasting hail initiation. Despite the compar-
atively low values of the skill score, these first results show
some potential for real-time nowcasting applications.

5 DISCUSSION

The results presented in Section 4.1 show that during
daytime the median altitude of locations where storm initi-
ation occurs is lower than the median altitude of locations
where the first hail signal is recorded. Therefore, storms
predominantly move upslope during intensification and
mature stages, from the plain to the foothills and to the
higher mountain chains (e.g. Prealps toward the Alps).
During night-time, on the contrary, storms tend to initiate
over areas with a slightly higher terrain altitude as com-
pared to where they produce hail, suggesting a propaga-
tion from the foothills to the plains. The Alpine pumping,
a larger-scale thermal circulation caused by differential

F I G U R E 15 Relative frequency of LJs for ordinary and hail
storms. The lowest sigma-level magnitude used in this study (1.0) is
taken. Different hailstorm intensities are considered (POH >80%,
MESHS >2, 4 or 6 cm). Panel (a) only considers LJs before hail
initiation, (b) considers the entire storm life cycle (i.e. the lead time
could be negative compared to the hail initialization). Blue bars
indicate single LJs, red bars multiple events with two or more LJs

heating (Bica et al., 2007), may play a major role in this
pattern.

Especially in the warm season, Alpine pumping leads
to a horizontal transport of air from the plains to the
Alps during daytime and vice versa during night-time (e.g.
Weissmann et al., 2005; Bica et al., 2007). Alpine pumping
can produce local convergences and thermal fronts (e.g.
Schemm et al., 2016) as well as enhance vertical wind shear
(e.g. Trefalt et al., 2018) and orographic lifting (e.g. Lugauer
and Winkler, 2005). All these elements can promote con-
vection initiation and sustain the storm intensification.
During daytime, the horizontal transport of air towards the
mountains (valley winds and upslope wind system) results

Storm phase: POD FAR CSI Bias HSS

Before hail initiation only 0.45 0.30 0.38 0.65 0.50

Entire life cycle 0.55 0.30 0.44 0.78 0.56

T A B L E 2 Probability of detection, false
alarm rate, critical success index and bias of LJ
(sigma-level 1.0) as a predictor for hailstorms
with an average lead time of 20 min
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in horizontal flow convergences at low levels and result-
ing uplifts assuming incompressibility. This mechanism
may be considered as major trigger for convection. During
night-time, the inverse mode of Alpine pumping produces
thermal fronts and convergences due to katabatic wind
systems. These effects may be in addition enforced by the
outflow of earlier storms in the mountains. It can thus be
speculated that the Alpine pumping drives the movement
of the storms especially in the case of air-mass convection
at their initiation and intensification stages. Alpine pump-
ing and daily subsidence over the plains may also be the
reason for later convection initiation over the plains (e.g.
in the Po Valley, figure 10 in Nisi et al., 2016). However, the
patterns of hailstorm occurrence under Alpine pumping
conditions and in particular, how these patterns are mod-
ulated by large-scale flow over the study domain needs
further investigation.

Years with a strong positive anomaly in the number
of hailstorms show different distributions of hail occur-
rence during the day. The years of 2006, 2008 and 2017
show an intensified diurnal cycle of hail as compared
to the multi-year average with a distinct maximum in
the late afternoon hours. Furthermore, hailstorms initi-
ated at higher terrain altitudes, where orographic trig-
gering may be stronger. The years of 2003 and 2009
do not show such a distinct diurnal cycle in hailstorm
anomaly, and storms initiated preferably at lower terrain
altitude. The main storm trigger in years with a pro-
nounced diurnal cycle in the hail anomaly most likely is
related to thermo-topographic forcing. In the Alps, roughly
half of hailstorms are produced by air-mass instability,
while approximately 45% of all storms have been asso-
ciated with frontal forcing (Schemm et al., 2016). The
years 2006 and 2008 show a lower than average cold-front
frequency as compared to the other hail-intensive years
(Figure 4). The pronounced diurnal cycle with maximum
hail occurrence in the afternoon suggests that in these
years the fraction of air-mass storms without a front as
trigger was higher. Hail occurrences in 2003 and 2009
show relative maxima even during night-time (Figure 6).
The maxima in 2009 can be at least partly explained by a
slightly higher average cold-front frequency (68% of hail-
storms triggered by synoptic forcing). The features in 2003,
a summer with unusually hot weather conditions over
Europe, are characterized by a lower number of ordi-
nary thunderstorms but a high fraction of hailstorms (Nisi
et al., 2018). Despite the relatively low cold-front occur-
rences, the very high potential instability may explain the
relative maximum during night-time in 2003. The year
2017 shows a pronounced diurnal cycle and a higher
cold-front frequency which is comparable with 2009. For
these reasons, the frequency of synoptic forcing alone
(i.e. low-level moisture advection and capping inversion

reduction through upper-level cold air advection) can
only marginally explain the differences in hail occurrence
behaviours for different years. Preconditioning environ-
ments, including the availability of low-level moisture,
steeper lapse-rates and high wind-shear conditions are
predominant factors for the occurrence of severe convec-
tion (e.g. Brooks, 2009) and should be considered in future
studies.

Hailstorms show VIL and VILD values that are sig-
nificantly higher than the ordinary, non-hail-producing
storms. To support the formation of hail cores, the storms
must satisfy some ambient conditions like high wind shear
and strong and persistent updraughts (e.g. Foote, 1984;
Lombardo and Colle, 2011). Strong updraughts ingest
large amounts of humidity into the storms, thereby
increasing VIL. Distributions of VIL and VILD are similar,
indicating that the two parameters are not independent.
The correlation between VIL and VILD is higher for hail-
storms than for ordinary storms. Considering median val-
ues, the difference between the two storm types is higher
for VIL (633%), than for VILD (450%). VILD considers
the vertical extend of the storm: large amounts of water
content in hailstorms are compensated by a greater ver-
tical extent, which reduces the density. The utilization of
VIL or VILD for hail diagnosis and nowcasting has been
proposed by several authors (e.g. Amburn and Wolf, 1997;
Billet et al., 1997). However, the correlation between VILD
and hail and severe storms was also debated (Edwards
and Thompson, 1998; Maddox et al., 1999). According to
Edwards and Thompson (1998), the added value of VILD
compared to VIL for inferring the presence of severe hail is
limited. Correlation scores between storm-based VIL and
VILD show a seasonal cycle. Higher VIL-VILD correla-
tion scores for both ordinary- and hailstorms are found
in July. Larger differences are found especially in cold
air mass, low-topped storms. In these cases VILD pro-
vides a robust proxy for the severity of storms and can
be used to better discriminate hail-bearing storms. How-
ever, these two parameters cannot be used as hailfall
precursors. Time series show strong gradients (i.e. rapid
increase in VIL or VILD) only shortly before hail initia-
tion, and usually VILmax and VILDmax are reached only at
the time of maximum hail intensity. For t reasons, the two
parameters may be used to diagnose the initiation of hail-
fall, but not as precursors in the nowcasting algorithms.
Despite being challenging, a VIL or VILD forecast (e.g.
Nisi et al., 2014) would be more promising for nowcasting
applications.

Lightning characteristics and properties are
radar-independent parameters and often used as precur-
sors for severe convection (e.g. Knapp, 1994; Williams
et al., 1999; Kohn et al., 2011; Schultz et al., 2011). Over-
all, ordinary storms show a weaker electrical activity
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compared to hailstorms. The difference is evident for
CG- and IC, but not for CG+, which occur significantly
less frequently. According to Lang and Rutledge (2002),
the updraught volume and related greater amounts
of liquid and solid precipitation was the only signif-
icant difference found between CG+ producing and
non-producing storms. Since ordinary storms selected
in this study may produce large amounts of rain with-
out hail, it is possible that in this case the occurrence
of CG+ cannot be a discriminant for separating cor-
rectly hail storms from the ordinary ones. Even the
ratios between the flash types remain almost constant
over a long period of time and show no significant
changes at the time of EchoMax, hail initiation or hail
maximum.

Spatial and temporal flash occurrences, represented
by flash density and rate, show an increase on approach-
ing the moment of hail initiation and hail maximum.
For ordinary storms, no significant increase is visible,
even at the time of EchoMax. This suggests that with
an increasing quantity of frozen hydrometeors in the
updraught volume, the friction among supercooled and
solid particles and therefore the transfer of charge from
small to larger particles in the storms tends to increase.
These results are in accordance with previous literature,
where the storms’ electrical activity was analysed and dis-
cussed in detail (e.g. Illingworth, 1985; Saunders, 1993).
However, due to the large uncertainty and the lim-
ited time between the moment of lightning density and
rate increases and the moment of hail initiation, it is
questionable to use these parameters as precursors for hail
and therefore for nowcasting purposes. These gradients
have a slightly higher skill for the discrimination of poten-
tially hail-bearing storms in areas where lightning data
are available but not radar imagery. Considering satellite
data with thunderstorm tracking algorithms and current
(e.g. Goodman et al., 2013) and future (e.g. Stuhlmann
et al., 2005) satellite-based lightning imagers or large
extended ground-based lightning detection networks, it
will be possible to obtain regional- or continental-scale
hail climatologies based on these hail proxies. Punge
et al. (2017) already used storm overshooting tops in com-
bination with reanalysis data as proxies for hail hazard
estimations, while Mroz et al. (2017), Ni et al. (2017) or
Bang and Cecil (2019) rely on satellite passive microwave
radiometers.

As expected, LJs provide some more skill for differ-
ent lead times for hail nowcasting if compared with other
lightning characteristics. The maximum in LJ detected
around 20 min before hail initiation for all hailstorm cate-
gories is promising. However, LJs are detected even in the
mature stage of the storms and not only in the initiation
and intensification stage. The frequency of the LJs shows

a certain relation to the hailstorm intensity. If we consider
the LJs only in the phases before hail initiation, it can be
noticed that the frequency does not change for the differ-
ent hailstorm classes. But if we consider LJs throughout
the storm life cycle, their frequency becomes higher as the
size of hailstones increases. However, the relation between
LJs and storm microphysics is not really obvious, even
though some hypotheses exist (Schultz et al., 2017). It must
be considered that storms producing large hailstones on
average are longer lasting (Nisi et al., 2018). The relative
increase of LJs could also be explained by a longer life
cycle.

Preliminary skill score quantifications obtained for
nowcasting hail initiation with LJs are only partially
encouraging. Despite a low FAR, the POD, and conse-
quently the CSI, are low. Only when considering the entire
life cycle of the storms in the statistics are increased skill
scores obtained. However, in the latter case, LJs are then
used more as discriminators between ordinary storms and
hailstorms than as a precursor of hail. This potential for
discrimination among storms’ intensities, however, should
not be underestimated. Several studies demonstrated that
for storm nowcasting purposes both lightning rates and
sigma-level amplitudes should be considered together.
According to Chronis et al. (2015) and Schultz et al. (2015),
both parameters must be analysed together in order to
assess the storm intensity using lightning data; there is
a large tendency that higher lightning rates and high
sigma-level jumps produce stronger and longer-lasting
storms. For this purpose, Wapler (2017) proposes an “LJs
intensity matrix”, which is a function of total lightning rate
and LJ intensity (figure 12 in Wapler, 2017). If a sufficiently
large dataset of ordinary and severe storms and homo-
geneous lightning data is available, such matrices may
help in better discriminating the most severe storms taking
into account the local climatological information about LJ
occurrences and intensities as well as lightning detection
network characteristics. Unfortunately, because of some
homogeneity issues in the lightning data and the result-
ing smaller dataset, the computed matrices (not shown in
this article) are statistically not representative and at the
current stage cannot be used as a basis for nowcasting
algorithms.

6 SUMMARY AND CONCLUSIONS

In the present study, raster-based analyses of hail fre-
quency (Nisi et al., 2016) and an object-based approach
to detect hailstorm initiation (Nisi et al., 2018) are com-
bined to investigate the diurnal cycle, spatio-temporal
characteristics and lightning properties of convective
storms. For this, more than 100,000 ordinary and 30,000
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hail storms observed between 2002 and 2017 are consid-
ered. A multi-source analysis is performed including 4D
radar data, lightning data, a cold-front climatology and a
digital elevation model.

We find a distinct diurnal cycle in the median altitude
of storm initiation locations. During daytime the average
movement of the storms during intensification and mature
stages is upslope, indicating that the Alpine pumping may
play a major role. During night-time, the storms show an
average opposite movement: thermal fronts and conver-
gences due to katabatic wind systems and cold outflows
supposedly are the main trigger and steer the storm during
intensification stages.

The fact that large-scale cold fronts can only
marginally explain the variability in extreme hail years
underlines the importance of better understanding the
regional-to-local patterns of hailstorm variability. Five
years that all have an overall positive hail anomaly over
the study area nevertheless show diverging distributions
of the diurnal hail occurrence. Three out of the five years
(2006, 2008 and 2017) show a typical diurnal cycle with
hail maximum occurrence during the late afternoon. The
other two years (2003 and 2009) show a more homoge-
nous diurnal behaviour with relative maxima occurring
even during night-time (2003). When related to cold fronts
over the region, it is demonstrated that the cold-front
frequency alone only marginally explains the large
differences between pronounced diurnal cycles in some
extreme years versus night-time maxima in other years.
Convection-relevant parameters like instability, low-level
moisture availability and wind shear play important roles,
but data are often less straightforward to interpret in
complex and high Alpine terrain, since models and obser-
vations both come with considerable uncertainties in
databases. Further study is needed to better understand
how these regional circulation systems, which are distinct
in the mountainous region of the Alps, affect the vari-
ability of hailstorm occurrence on different temporal and
spatial scales.

The 4D radar characteristics of ordinary and hail
storms are analysed by means of VIL and VILD time
series. As expected, hailstorms show higher values com-
pared to ordinary storms. However, a rapid increase of
these values is only found shortly before hail initiation.
Consequently, observations of VIL and VILD may be use-
ful for discriminating ordinary from hailstorms but the
use for nowcasting purposes is challenging. Thanks to a
stronger dependence on the air-mass characteristics, VILD
outperforms VIL in estimating the storm intensity, espe-
cially during cold air-mass conditions. Correlation scores
between storms based on VIL and VILD show a seasonal
cycle. Considering more than 130,000 storms, VIL-VILD
correlations are low in April–September (0.56–0.6) and

high in July (0.81–0.89). The correlation is particularly low
in cold air masses and low-topped storms.

Lightning analyses show a certain relation between
lightning parameter changes and hail occurrence.
However, the relation between lightning and storm micro-
physics is not obvious. Overall, hailstorms show a higher
number of positive and negative CG and IC flashes than
ordinary storms. The fraction of flash types taking into
account the entire life cycle of storms shows no significant
changes for all storm types. The large predominance of IC
is present throughout the entire storm life cycles. The frac-
tion of IC is between 60 and 79%, that of CG- between 12
and 38% and of CG+ between 2 and 11%. The peak current
of ordinary storms is weaker (median: 0.1–2.5 kA) than
that of hailstorms (median: 7–11 kA). Fifteen minutes
prior to hail initiation a rapid increase of the peak current
occurs. The increase of peak currents of CG- strikes starts
earlier (40 min before hail initiation) and becomes abrupt
in close proximity to hail initiation. For both CG+ and
CG-, maximum peak current is reached 10–15 min after
hail maximum.

The distinction between ordinary cells and hailstorms
is evident if comparing time series of flash rates and den-
sities. These two parameters show an increase in close
proximity to hail initiations. These increases are visible
considering all IC, CG- and TOTLI rates and densities.
According to the literature, one of the most promising
lightning parameters for nowcasting is represented by LJs.
Considering LJs prior to hail initiation only, an average
lead time of about 20 min is obtained. However, LJs are
detected in the mature phase of the storms and in ordinary
storms as well. LJs can be used as hail precursors with a
POD of about 0.45 and an FAR of about 0.30. LJs show
some more skills for the discrimination between ordinary
and hail storms with a POD of 0.55 and an FAR of 0.3. Con-
sequently even though LJs provide in some cases valuable
information, the limited lead time and skill scores make
the real-time application challenging.

In summary, the analysis showed that there is poten-
tial to derive meaningful information on hailstorm
initiation and evolution from climatological datasets of
radar-derived hail data and additional convection-relevant
variables. At the Swiss national weather service
MeteoSwiss, a first prototype working with the conven-
tional low-frequency and very-low-frequency lightning
detection network is running in real-time to detect LJs.
Efforts are put into the discrimination between ordinary
and hail storms based on combined thresholds on both
sigma-level intensity and lightning rate.

Furthermore, efforts are underway to better
understand patterns of hailstorm occurrence from
a climatological perspective and machine learning
algorithms will be used to predict storm motion,
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intensifications and hail occurrence on the nowcasting
time-scale.
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APPENDIX A.
F I G U R E A1 Three-hourly distribution of
altitudes of hailstorm initiation locations. h̃ is the
median altitude

APPENDIX B.

T A B L E B1 Contingency table (Wilks, 2006) used to calculate LJs skill scores

Observation (entire storm life cycle)

Hail No hail

Forecast

Before hail initiation for hailstorms or maxecho for ordinary storms) LJ 2,506 1,070

No LJ 3,011 35,673

Entire storm life cycle LJ 3,013 1,266

No LJ 2,504 34,602
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APPENDIX C.

LIST OF ACRONYMS
COSMO: COnsortium for Small-scale Modelling
COSMO-CH: COSMO Switzerland
COSMO-1: COSMO 1.0×1.0 km2 resolution
COSMO-2: COSMO 2.2×2.2 km2 resolution
COSMO-7: COSMO 6.6×6.6 km2 resolution
CSI: Critical Success Index
DEM: Digital Elevation Model
DFRDT: “time rate of change of the total flash rate

within a thunderstorm”
ET15/ET45/ET50: 15 dBZ etc. Echo Top height
CG+: Positive Cloud to Ground lightning
CG-: Negative Cloud to Ground lightning
EUCLID: European Corporation for Lightning

Detection
FAR: False Alarm Rate
H0: Freezing Level Height
HII: Hailstorm Intensity Index
HST: Hailstreaks
HSW: Hailswath
IC: Intracloud lightning
LJ: Lightning Jump
MESH: Maximum Estimated Size of Hail
MESHS: Maximum Expected Severe Hail Size
NowPAL: Nowcasting of Precipitation AccumuLation
NWP: Numerical Weather Prediction
POD: Probability Of Detection
POH: Probability Of Hail
POSH: Probability of Severe Hail
SPA: Storm Path
STDEV: Standard Deviation
TFP: Thermal Front Parameter
TOTLI: Total Lightning
TRT: Thunderstorm Radar Tracking
UTC: Universal Time Coordinated
VIL: Vertically Integrated Liquid
VILD: Vertically Integrated Liquid Density


