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ABSTRACT
Observed proximity soundings from Europe are used to highlight how well environmental parameters
discriminate different kind of severe thunderstorm hazards. In addition, the skill of parameters in predicting
lightning and waterspouts is also tested. The research area concentrates on central and western European
countries and the years 2009–15. In total, 45 677 soundings are analyzed including 169 associated with extremely severe thunderstorms, 1754 with severe thunderstorms, 8361 with nonsevere thunderstorms, and
35 393 cases with nonzero convective available potential energy (CAPE) that had no thunderstorms. Results
indicate that the occurrence of lightning is mainly a function of CAPE and is more likely when the temperature of the equilibrium level drops below 2108C. The probability for large hail is maximized with high
values of boundary layer moisture, steep mid- and low-level lapse rates, and high lifting condensation level.
The size of hail is mainly dependent on the deep layer shear (DLS) in a moderate to high CAPE environment.
The likelihood of tornadoes increases along with increasing CAPE, DLS, and 0–1-km storm-relative helicity.
Severe wind events are the most common in high vertical wind shear and steep low-level lapse rates. The
probability for waterspouts is maximized in weak vertical wind shear and steep low-level lapse rates. Wind
shear in the 0–3-km layer is the best at distinguishing between severe and extremely severe thunderstorms
producing tornadoes and convective wind gusts. A parameter WMAXSHEAR multiplying square root of
2 times CAPE (WMAX) and DLS turned out to be the best in distinguishing between nonsevere and severe
thunderstorms, and for assessing the severity of convective phenomena.

1. Introduction
Each year in Europe, severe thunderstorms pose a
direct threat to human life and create an impact on
critical infrastructure and personal property. From 2010,
according to the European Severe Weather Database
(ESWD; Dotzek et al. 2009), around 9000 severe
weather incidents associated with severe thunderstorms
are reported each year in Europe (Groenemeijer and
Kühne 2014). These result in an annual average of 100
fatalities and 500 injures due to tornadoes, large hail,
severe wind gusts, and lightning. Bearing in mind the
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prevalence of the thunderstorms across Europe
(Anderson and Klugmann 2014) and the threat they
pose (Brooks 2013), it is vital to effectively predict them
and warn people in advance.
To predict deep moist convection (DMC) and severe
thunderstorms, weather forecasters commonly use a set
of a thermodynamic and kinematic parameters derived
from numerical weather prediction (NWP) models.
Numerous studies have assessed the value of such parameters in predicting thunderstorms and individual
severe convective weather phenomena such as tornadoes, large hail, and severe wind gusts. Johns and
Doswell (1992) defined three main ingredients that
are necessary for DMC: 1) boundary layer moisture,
2) conditional instability, and 3) a lifting mechanism that
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initiates convection. The studies of Weisman and Klemp
(1982), Doswell and Evans (2003), and Thompson et al.
(2003, 2012, 2013) indicated an additional fourth ingredient, vertical wind shear, that is responsible for organizing convection to make it more capable of producing
severe weather phenomena. Except for the lift, three
of these ingredients can be examined in atmospheric
soundings.
Pioneering studies on sounding-derived parameters
associated with severe convective storms originated in
the United States in the 1950s and 1960s (Fawbush and
Miller 1952, 1954; Beebe 1955, 1958; Darkow 1969).
In later years, of relevance to us, Rasmussen and
Wilhelmson (1983) found that thunderstorms with
tornadoes appear to form in high shear, high convective
available potential energy (CAPE) environments, while
thunderstorms without tornadoes form in low CAPE,
low shear environments. Using soundings from a global
reanalysis dataset, Brooks et al. (2003) found that high
CAPE, high shear environments were associated with
thunderstorms producing severe weather. Increased
severe thunderstorm probability in high CAPE, high
deep layer shear (DLS) environments was also found in
the studies of Rasmussen and Blanchard (1998), Craven
and Brooks (2004), Groenemeijer and van Delden
(2007), Brooks (2009, 2013), Taszarek and Kolendowicz
(2013), and Púcik et al. (2015).
The analysis of environmental parameters for particular weather phenomena revealed that in addition to
CAPE and DLS, each severe thunderstorm phenomenon has specific accompanying conditions that make
them more likely to occur. A low lifting condensation
level (LCL) together with an increased low-level wind
shear (LLS) and storm-relative helicity (SRH), was
found to be favorable for tornadic supercells and for
estimating tornado intensity (Rasmussen and Blanchard
1998; Thompson et al. 2003; Craven and Brooks 2004;
Groenemeijer and van Delden 2007; Kaltenböck et al.
2009; Grünwald and Brooks 2011; Taszarek and
Kolendowicz 2013; Púcik et al. 2015). Grünwald and
Brooks (2011) found also that tornadoes in Europe
usually form in a lower LCL and CAPE environments
than those occurring in the United States, probably due
to LCL and CAPE being on average lower in Europe
from the climatological point of view.
Tornadoes occurring over water surface (waterspouts),
which usually form without a deep mesocyclonic circulation, were found to be mostly associated with weak
low-level wind shear, steep low-level lapse rates,
preexisting low-level vertical vorticity, and thermodynamic instability strong enough to sustain updrafts
and convection (Markowski and Richardson 2009;
Szilagyi 2009; Keul et al. 2009; Renko et al. 2016).
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However, as Renko et al. (2016) suggested, waterspouts can occur in a wide variety of meteorological
conditions making their forecasting very difficult.
To produce large hailstones (12 cm), an updraft in the
convective cloud must be strong enough to sustain a
mass of the hailstones in their most efficient hailformation layer (above 08C isotherm height). According
to recent studies on large hail occurrence, such conditions are most often found in a significant CAPE,
moderate shear, or moderate CAPE, high shear environments (Edwards and Thompson 1998; Craven and
Brooks 2004; Groenemeijer and van Delden 2007;
Kaltenböck et al. 2009; Smith et al. 2012; Berthet et al.
2013; Púcik et al. 2015). The updrafts in supercell
thunderstorms can be enhanced because of the interaction with the updraft and the environmental wind
shear (Brooks and Wilhelmson 1993). Thus, these are
the most prone for producing large and very large
(15 cm) hailstones. Groenemeijer and van Delden
(2007) and Púcik et al. (2015) also showed that a high
LCL may be contributing to the occurrence of the
large hail.
Although parameters for large hail and tornadoes are
associated with relatively consistent environments, this
is not true for severe convective wind gusts, which can
occur in a wide variety of environments. These can be
associated with high shear, high CAPE supercells and
long-lived squall lines producing widespread damaging
wind gusts (Coniglio et al. 2004; Celi
nski-Mysław and
Matuszko 2014), but also with weak shear local downbursts and microbursts (Fujita 1990). Numerous severe
wind gusts may also appear within a high shear, low
CAPE windstorms with strong horizontal pressure gradients and synoptic-scale forcing where wind gusts are
amplified by convection (Przybylinski 1995; Evans and
Doswell 2001; Clark 2009; Evans 2010; Gatzen 2011;
Gatzen et al. 2011; Púcik et al. 2015).
In this study, we examine a set of parameters and test
their skill in predicting particular severe weather phenomena. We consider the ingredients associated with
tornadoes, large hail, and severe wind gusts, and estimate their likelihood in a given set of parameters. This
information may be valuable to forecasters that use
thermodynamic and kinematic parameters to predict
severe thunderstorms in NWP models. Thanks to
probability plots with a given combination of parameters, it is possible to better estimate threat for the occurrence of severe thunderstorms. Numerous studies
from the United States using radiosonde and reanalysis dataset addressed similar research questions. In
Europe, a similar study has been recently performed by
Púcik et al. (2015) with sounding measurements and
Kaltenböck et al. (2009) with ECMWF simulated
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this area (Wapler 2013; Anderson and Klugmann 2014;
Taszarek et al. 2015) thunderstorm high-season falls on
summertime and extends from May to August with a
peak in July. However, some thunderstorms also occur
in transitional months in March/April and September/
October. They are the least likely during wintertime
from November to February.
Severe weather reports (tornadoes, large hail, severe
convective wind gusts) derived from ESWD for the
years 2009–15 indicate that their highest density fall on
central Europe, northern Italy, and parts of France
(Fig. 1a)—thus, the same area is chosen for our study.
Although basing on ESWD data this place seems to be
the most favorable European area for the occurrence of
severe and extremely severe thunderstorms, it must be
taken into account that due to spatial inhomogeneities
in reporting, which correspond mainly to unequal distribution of severe weather observers, unequal population
density, and language diversity, the true distribution of
severe weather frequency may be unknown (Antonescu
et al. 2016). According to Groenemeijer and Kühne
(2014), the area of central Europe has a more uniform
and reliable reporting in ESWD than the rest of Europe.
Therefore, focusing on this region reduces a risk that
analyzed soundings will be incorrectly considered as a
nonsevere category.

b. Severe weather reports database
FIG. 1. (a) Kernel density estimation of March–October ESWD
severe weather reports (tornadoes, large hail, convective severe
wind gusts) in 2009–15 (sigma 5 125 km), and (b) location of radiosonde stations with 125-km buffer zones and ESWD severe
weather reports used in this study for analysis.

soundings. We use a different computational methodology, domain, and dataset timeframe, but with similar
parameters allowing for comparison of our results. The
main aims of our study cover two main aspects. First we
want to highlight the parameters that discriminate best
between nonsevere and severe thunderstorms. Second,
we estimate how the intensity of the tornadoes, large
hail, and severe convective wind gusts changes with a
given set of parameters across the central and western
European domain. In addition, we also test the skill of
parameters in predicting lightning by comparing them
with nonthunderstorm soundings.

2. Dataset and methodology
a. Area of the study
The research area covers parts of western and central
Europe. According to lightning climatology studies for

Severe weather reports were derived from ESWD for
the years 2009–15. We started in 2009 for a variety of
reasons. First, in this year quality control levels were
incorporated by the European Severe Storms Laboratory (ESSL); therefore, it was possible to rate the credibility of the reports on a four-level scale: as received
(QC0), plausibility check passed (QC01), report confirmed (QC1), and event fully verified (QC2). Second,
most of the national cooperating partners joined ESWD
after 2010, thus increasing the number and a quality of
the reports (Mr. Kühne 2015, personal communication).
Third, the development of social media and an increase in people interested in severe weather that took
place in recent years (e.g., the foundation of the Polish
Stormchasing Society, Polscy Łowcy Burz) significantly
increased the number of reports (often accompanied
by a photograph of the event) as well.
For the purposes of this study we used only reports of
large hail, tornadoes, and severe wind gusts with quality
control levels QC1 and QC2. In addition, we also excluded hail reports with unknown hail diameter (or
less than 2 cm), and severe wind gusts marked as
nonconvective. Among tornado reports we included
waterspouts as a separate category (a tornado reported over a water surface). Hail reports with diameter
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TABLE 1. Sounding stations and the number of nonzero CAPE soundings used in the study.
WMO ID

Name

Country

0000 UTC

1200 UTC

1800 UTC

03882
06260
06458
06610
07145
07510
07645
10035
10113
10184
10200
10238
10393
10410
10548
10618
10739
10771
10868
11035
11520
11747
11952
12120
12374
12425
12843
12982
14240
16044
16080
26702

Herstmonceux
De Blit
Beauvechain
Payerne
Trappes
Bordeaux Merginac
Nimex-Courbessac
Schleswig
Norderney
Greifswald
Emden
Bergen
Lindenberg
Essen
Meiningen
Idar-Oberstein
Stuttgart
Kuemmersbruck
Muenchen
Wien
Praha-Libus
Prostejov
Poprad
Łeba
Legionowo
Wrocław
Budapest
Szeged
Zagreb
Udine
Milano
Kaliningrad

United Kingdom
Netherlands
Belgium
Switzerland
France
France
France
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Austria
Czech Republic
Czech Republic
Slovakia
Poland
Poland
Poland
Hungary
Hungary
Croatia
Italy
Italy
Kaliningrad Oblast
Total

583
5
293
693
655
599
438
628
550
591
0
575
680
690
671
690
714
694
708
619
674
388
533
605
601
548
526
569
626
836
894
1
17 877

288
19
25
1055
952
825
582
875
625
876
14
936
962
938
1032
967
1037
991
1016
964
1086
809
907
743
940
910
641
136
982
969
972
23
24 097

0
0
0
0
0
0
0
0
0
0
0
993
1036
0
0
1033
0
0
0
0
540
0
0
0
0
0
0
0
0
101
0
0
3703

between 2 and 4.9 cm along with severe wind gusts with
measured wind speed below 33 m s21 and F0–F1 tornadoes (estimated in an original F scale; Fujita 1971) were
assigned to a severe thunderstorm category. Hailstones
equal to or larger than 5 cm, severe wind speed gusts
equal to or stronger than 33 m s21, and tornadoes equal
to or stronger than F2 were assigned to the extremely
severe thunderstorm category.

c. Sounding database and parameter computation
The rawinsonde measurements were derived from the
sounding database of University of Wyoming. For the
years 2009–15 all available measurements for 0000,
1200, and 1800 UTC were downloaded for the stations
from the area discussed in section 2a (Table 1, Fig. 1b).
For each sounding we interpolated temperature, dewpoint,
U and V wind vectors, and computed parameters listed
in Table 2. For thermodynamic calculations, we used
a mixed layer (ML) parcel through 0–500 m above
ground level (AGL). This approach has some advantages and disadvantages compared to a surface-based

(SB) parcel. ML parcel parameters are less variable in
time and space and in general have lower values of
CAPE than the SB version. However, in situations
during the nighttime hours, especially when a shallow
surface-based inversion exists, ML CAPE can be higher
while SB version amounts zero. As suggested by Bunkers
et al. (2002), ML CAPE was the most often used version
in a previous studies investigating thunderstorm environments. Craven et al. (2002) also showed that mixed
layer parcels more accurately estimated the cloud-base
height. In addition to the choice of the parcel type, a
virtual temperature correction was incorporated in our
computations (for further details see Doswell and
Rasmussen 1994). To compute storm relative helicity for
the right-moving supercells (Davies and Johns 1993) we
applied a Bunkers’s storm motion vector (Bunkers
et al. 2000).

d. Thunderstorm database
The information about thunderstorm occurrence
as reported in SYNOP data was derived from the
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TABLE 2. Parameters used in the study.
Parameter

Parcel parameters
0–500-m AGL mixed layer convective available potential energy
0–500-m AGL mixed layer CAPE up to 3 km AGL
Parcel’s max vertical velocity (square root of 2 3 CAPE)
0–500-m AGL mixed layer lifted condensation level
0–500-m AGL mixed layer equilibrium level
0–500-m AGL mixed layer equilibrium level temperature
Moisture parameter
0–500-m AGL mixed layer mixing ratio
Temperature gradients
800–500-hPa temperature lapse rate
0–3-km AGL temperature lapse rate
Kinematic parameters
0–6-km AGL bulk shear (deep layer shear)
0–3-km AGL bulk shear (midlevel shear)
0–1-km AGL bulk shear (low-level shear)
0–1-km AGL storm-relative helicity
Composite parameter
DLS 3 WMAX

NOAA/National Climatic Data Center (NCDC) database. We took into account any indicators for the thunderstorm occurrence, including past hour and current
observation report. For the each sounding site, we included SYNOP reports from three meteorological stations that fully covered the timeframe of 2009–15 and
were within 125 km of a sounding station. We have chosen
the assumption of three stations per sounding station because in many cases it was difficult to find a higher number
of available proximity stations with a good continuity
of measurements. Because we wanted to obtain unbiased results for the whole domain (so the thunderstorm
‘‘capture rate’’ remained the same for each sounding site)
we did not use a higher amount of meteorological stations
where it was possible. We aimed to choose meteorological
stations distributed evenly in space and not being too
close to each other. In a few cases (e.g., Łeba, Wrocław),
SYNOP reports were derived from the same meteorological station as a sounding site. If any of the meteorological stations reported a thunderstorm within the
proximity range, the appropriate sounding was considered
to be associated with a thunderstorm. If no thunderstorm
report was available but a sounding had positive CAPE, it
was assigned to a nonthunderstorm positive CAPE category and included in the study. All zero CAPE soundings
were excluded from the study. We did this in order to
focus only on environments that are conditionally unstable and eliminate possibly nonrepresentative soundings.
Removal of zero CAPE soundings was often practiced
in a proximity sounding studies in the United States (e.g.,
Rasmussen and Blanchard 1998; Craven and Brooks 2004;
Brooks et al. 2003; Brooks 2009).

Abbreviation

Units

CAPE
0–3-km CAPE
WMAX
LCL
EL
EL temperature

J kg21
J kg21
m s21
m AGL
m AGL
8C

MIXR

g kg21

LR85
LR03

K km21
K km21

DLS
MLS
LLS
0–1-km SRH

m s21
m s21
m s21
m2 s22

WMAXSHEAR

m2 s22

e. The definition of proximity
Previous studies have used a variety of proximity
sounding distance thresholds. Because we had a large
dataset of more than 10 000 reports, we decided to use a
relatively strict assumption of 125 km. Initially, we
tested our dataset within the thresholds of 200, 175, 150,
125, 100, and 75 km, and found that the best compromise
between sample size and a quality of obtained results
(differences between severe weather categories were better pronounced) led to a distance threshold of 125 km. In
higher distances, differences between particular categories
were less apparent.
In the temporal sense, we assigned soundings to particular weather phenomena if the event took place up
to 2 h prior to 4 h after the sounding time (0000, 1200,
1800 UTC). These numbers were chosen as a compromise
between the representativeness of the sounding measurements and the number of proximity soundings that
would result for each category in our study.

f. Quality control
We were aware that in some cases, the sounding
contained errors in measurement or the sounding
would not be representative of the atmosphere in which
the phenomenon occurred (this problem was discussed
by Brooks et al. 1994). Therefore, in order to minimize
issues related to unrepresentative soundings, and exclude soundings with erroneous unrealistic values,
quality control was applied to the soundings. In the first
step, we discarded all soundings that contained measurements of temperature, dewpoint, and wind on
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g. Probability plots
To assess the probability for particular severe weather
phenomenon given a combination of two environmental
parameters, density distributions were produced. The
distributions are estimated using a kernel density estimation technique (KDE; Silverman 1986) in a 100 3 100
grid matrix. The smoothing allows us to obtain a signal
that is consistent with the underlying hypothetical true
distribution of event for a given set of parameters
(Grünwald and Brooks 2011). The sigma parameter for
the Gaussian was chosen to be a one-third of the difference between minimum and maximum value of the
given parameter. For example, if the distribution of
mixing ratio values extended from 0 to 18 g kg21, the
sigma value associated with the Gaussian smoother was
set on 6 g kg21. This means that the overall distribution
should be representative of the true distribution, but
details have been smoothed out. Final probability plots
were limited to the values of KDE for particular category higher than 1024. In this way we wanted to show
only the results from the areas on the chart where the
density of a sounding reports was sufficient enough to
show meaningful results for relatively large sample sizes.

h. Limitations of the approach

FIG. 2. Examples of erroneous sounding measurements derived
in a quality control phase: (a) 800–600-hPa wind speed and (b)
600–400-hPa temperature lapse rate.

fewer than 10 pressure levels between ground and
10 km AGL. Next, we performed a manual quality
control of the soundings with values of the computed
parameters, and discarded those that resulted from
obvious errors (e.g., Fig. 2). These corresponded
mainly to checking soundings with LR85 . 9 K km21,
LR03 . 10 K km21, DLS . 70 m s21, MLS . 40 m s21,
LLS . 30 m s21, CAPE . 5000 J kg21, and MIXR .
18 g kg21. In addition, in order to remove severe wind
reports that might have been not associated with DMC,
we limited our database only from March to October and
excluded wintertime in which thunderstorms in our study
area are the least likely (Wapler 2013; Anderson and
Klugmann 2014; Taszarek et al. 2015). In total, the final
database consisted of 45 677 soundings: 169 associated with
extremely severe thunderstorms, 1754 with severe thunderstorms, 8361 with nonsevere thunderstorms, and 35 393
with no thunderstorms but nonzero CAPE (Table 3). The
highest number of soundings occurred in July, August, and
June, respectively (Table 4).

The main limitation is related to the methodology in
which nonsevere thunderstorm events were obtained.
The use of SYNOP reports provides measurement only
in certain points, in the observational range of around
17 km away from the meteorological station (Czernecki
et al. 2016). However, when thunderstorms form, they
usually cover much larger areas and move, thus significantly increasing the chances of capturing a thunderstorm event by the meteorological station. By
comparing our thunderstorm events with lightning climatology (e.g., Taszarek et al. 2015), we estimate that
around 30%–40% of thunderstorm events may be
missed by using only human observations of thunderstorms. As a result, some part of soundings associated with nonsevere thunderstorm may be wrongly
assigned to a nonthunderstorm category. A similar
situation occurs in the case of severe weather events.
Underreporting issues of ESWD [discussed by
Groenemeijer and Kühne (2014)] may result in soundings
being erroneously classified as a nonthunderstorm. However, with a relatively large dataset of nonthunderstorm
soundings (35 393), erroneous nonsevere thunderstorm
and severe weather soundings apply only to a small
fraction of this category and should have negligible
impact on the results.
Further limitations influencing the results relate to
the spatial and temporal unrepresentativeness of the
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TABLE 3. Number of nonzero CAPE soundings used in the study, according to year and associated weather phenomena.
Year

Nonthunderstorm
Thunderstorm nonsevere
Large hail
Very large hail
Severe wind gust
Extremely severe wind gust
Waterspout
Weak tornado
Significant tornado
Total

2009

2010

2011

2012

2013

2014

2015

Total

4965
1257
99
12
36
4
11
19
5
6408

4960
1061
66
17
53
4
14
38
6
6219

4515
1214
84
18
56
1
4
26
3
5921

4846
1200
116
17
153
2
16
32
3
6385

5113
954
72
22
150
2
16
25
4
6358

5848
1743
108
15
175
3
20
35
5
7952

5146
932
93
16
205
7
7
25
3
6434

35 393
8361
638
117
828
23
88
200
29
45 677

soundings associated with the mesoscale variability of
the atmosphere. Thanks to this, incorrectly assigned
soundings may occur in the nonsevere thunderstorm and
severe weather categories. It is difficult to estimate the
number of such soundings, but it is possible that results
obtained within categories of smaller samples (e.g.,
significant tornadoes, extremely severe wind gusts) may
be influenced. Another limitation is also related to the
lack of information on the convective initiation and
mode (e.g., supercells, squall lines, multicells), which
would allow us to better discriminate between environments that vary depending on the mode (e.g., severe
wind events).

3. Results
a. Lightning
The occurrence of thunderstorms and thus lightning is
mainly a function of CAPE (Fig. 3a). CAPE is determined by two main factors: boundary layer moisture and
temperature lapse rates aloft (Figs. 3c and 3d). Thus, the
probability for lightning depends heavily on both MIXR
and LR85 (Fig. 4a). High lightning probability is associated with a range of environments, with steep lapse

rates frequently compensating for poor low-level
moisture and vice versa. Thunderstorms are much
less likely when MIXR drops to 2–3 g kg21 and LR85 is
below 5 K km21.
The temperature of the equilibrium level (EL) also
shows skill in assessing the potential for lightning occurrence (Fig. 3e). Lower EL temperature and high
WMAX (maximum vertical velocity derived from parcel theory computed as the square root of 2 times
CAPE) have higher lightning probabilities (Fig. 4b). The
75th percentile of EL temperature of nonsevere thunderstorms was below the median of a nonthunderstorm
cases at 2108C (Fig. 3e). Almost all severe categories had their 75th percentile values below 2108C
with the lowest EL temperatures associated with
hail events.

b. Thunderstorm severity in general
The severity of thunderstorm increases with increasing CAPE (Fig. 3a). Large and very large hail events had
considerably higher CAPE than nonsevere thunderstorms. In the severe convective wind gust category,
CAPE was slightly higher when compared with the
nonsevere thunderstorm category, but showed little

TABLE 4. Number of nonzero CAPE soundings used in the study, according to month and associated weather phenomena.
Month

Nonthunderstorm
Thunderstorm nonsevere
Large hail
Very large hail
Severe wind gust
Extremely severe wind gust
Waterspout
Weak tornado
Significant tornado
Total

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Total

2419
109
5
0
53
7
0
3
0
2596

3333
553
31
0
27
0
1
7
1
3953

4569
1242
166
18
102
1
6
37
5
6146

5092
1576
148
36
126
2
6
43
7
7036

5463
2279
151
36
268
11
14
36
7
8265

5887
1660
112
22
158
2
42
44
8
7935

5094
742
15
5
38
0
18
21
0
5933

3536
200
10
0
56
0
1
9
1
3813

35 393
8361
638
117
828
23
88
200
29
45 677
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FIG. 3. Box-and-whisker plots of (a) CAPE, (b) DLS, (c) MIXR, (d) LR85, (e) EL temperature, and
(f) WMAXSHEAR. The median is represented as a horizontal line inside the box, the edges of the box represent
the 25th and 75th percentiles, while whiskers represent the 10th and 90th percentiles.
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FIG. 4. Probability for thunderstorm given nonzero CAPE sounding as a function of (a) LR85 and MIXR, and
(b) EL temperature and WMAX. Contour fields are limited to values of kernel density estimation of nonzero
CAPE sounding higher than 1023. Contour lines denote constant values.

discrimination between different wind magnitudes. In
tornado events, CAPE increased with increasing severity, but the overall values overlapped with nonsevere
thunderstorms. Waterspouts demonstrated a lower CAPE
than most nonsevere thunderstorms indicating that only
a little CAPE is necessary to their formation.
In contrast to CAPE, DLS shows discrimination between the severity of convective wind gusts. The median
value for extremely severe wind gusts was approximately at the level of the 75th percentile of severe wind
gusts (Fig. 3b). DLS turned out to be an excellent discriminator between weak and significant tornadic environments. Although DLS for weak tornadoes was
similar to nonthunderstorm and nonsevere thunderstorm datasets, significant tornadoes had considerably
higher DLS than all other categories. Increases in DLS
were also associated with an increase in hail severity,
although less significant than in tornadoes. The lowest
average DLS values were associated with waterspouts,
suggesting that these are associated mainly with weakly
sheared environments.
Since both CAPE and DLS appear to show discrimination in forecasting severe thunderstorms, we created
two-dimensional probability plots using the KDE technique applying these two parameters. Instead of CAPE
we used the WMAX to have the same units (m s21) as a
shear term. The most common combination of WMAX
and DLS is in relatively low shear and low WMAX (both
less than 20 m s21) (Fig. 5a), that are unlikely to produce
severe thunderstorms (Brooks 2013; Púcik et al. 2015).
The distribution for nonsevere thunderstorms indicates
that the occurrence of thunderstorm is almost entirely a
function of an available WMAX (Fig. 5b). For severe
thunderstorms, however, the probability increases with
both the increasing DLS and WMAX (Fig. 5c). In the
case of extremely severe, the presence of WMAX was
important, but the increase in probability was mainly a

function of increasing DLS (Fig. 5d). Thus, it can be
concluded that WMAX is mainly responsible for the
occurrence of thunderstorms, but the severity is strongly
dependent on the amount of vertical wind shear.
The product of WMAX and DLS (hereafter
WMAXSHEAR) proved to be the most effective
among all analyzed parameters in discriminating between nonsevere and severe categories, and also between the intensity of each phenomena (Fig. 3f). The
median of the nonsevere thunderstorm category was at
the 25th percentile of severe weather events while the
75th percentile was at the 25th percentile of extremely
severe cases, thus showing a great potential in forecasting severe thunderstorms.

c. Large hail
Hail occurrence is greater with higher WMAX
(Fig. 6a). However, when we look at the largest hail
category (equal or greater than 5-cm diameter), the
probability is more dependent on DLS for moderate to
high WMAX environments rather than on WMAX itself
(Fig. 6b). The probability is maximized with DLS between 20 and 30 m s21, which has been previously found
to be conducive for the occurrence of supercell thunderstorms (Doswell and Evans 2003).
When considering LR85 and MIXR, 12-cm hail is
mainly a function of LR85 rather than MIXR (Fig. 6c).
However, it was unlikely to see large hail in environments with MIXR lower than 5 g kg21. The analysis
of 15-cm cases indicated that except for the presence of
steep lapse rates, boundary layer moisture is equally
important in producing very large hail (Fig. 6d). The
highest probability for extreme hail is maximized when
LR85 exceeds 7 K km21 and MIXR is around 15 g kg21.
The analysis of both parameters in box plot charts also
revealed that hail severity increases with increasing
values of MIXR and LR85 (Figs. 3c and 3d).
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FIG. 5. (a) Kernel density estimation of nonzero CAPE soundings, and probability for (b) thunderstorm given
nonzero CAPE sounding, (c) severe thunderstorm given thunderstorm, and (d) extremely severe thunderstorm
given severe thunderstorm as a function of DLS and WMAX. Contour fields are limited to values of kernel density
estimation of a particular category higher than 1024. Contour lines denote constant values.

LCL, known as one of the good tornado forecasting
ingredient (Rasmussen and Blanchard 1998; Thompson
et al. 2003; Craven and Brooks 2004; Groenemeijer and
van Delden 2007; Kaltenböck et al. 2009; Taszarek and
Kolendowicz 2013; Púcik et al. 2015), turned out to be
also useful in defining large hail environments. Large
and very large hail occur in higher cloud bases than the
nonsevere thunderstorm category (Fig. 7b). Since the
combination of WMAX and DLS (WMAXSHEAR)
turned out to be a good tool in distinguishing between hail environments (Fig. 3f), we combined
WMAXSHEAR with LCL. The results indicate that
the probability for large hail increases along with increasing WMAXSHEAR and LCL values (Fig. 6e).
However, considering only very large hail cases with
WMAXSHEAR values higher than 300 m2 s22, it is almost entirely a function of the WMAXSHEAR (Fig. 6f).
This may be explained by the fact that very large hailstones occur almost exclusively within supercell thunderstorms and these are favored by high WMAXSHEAR
values. In LCL below 1000 m AGL and WMAXSHEAR
below 300 m2 s22 probability for large hail significantly
drops. In addition, large hail is more likely to occur in

environments with high and cold EL (Figs. 3e and 7c) and
high values of LR03 (Fig. 7a).

d. Tornadoes
Tornadoes occur in high DLS environments and their
intensity increases with increasing vertical wind shear
(Fig. 3b). As shown in Fig. 8, LLS, MLS, 0–1-km SRH,
and 0–3-km CAPE show utility in predicting tornadic
thunderstorms. Among all shear parameters, MLS turns
out to be the best in distinguishing between weak and
significant tornadic environments (the 75th percentile
for weak tornadoes is approximately the 25th percentile
for significant tornadoes).
An analysis of WMAX and DLS shows that peak
probability for tornadoes occur in a high DLS and
moderate WMAX environment, especially when DLS
exceeded 20 m s21 (Fig. 9a). In the case of significant
tornadoes, it was noted that the increase in thermodynamic instability in a highly sheared environment increases the chances that the tornado will become
significant if it forms (Fig. 9b).
The median values of 0–3-km CAPE in weak and
significant tornado cases were higher compared to
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FIG. 6. Probability for large hail given thunderstorm and very large hail given hail as a function of (a),(b) DLS and
WMAX; (c),(d) LR85 and MIXR; and (e),(f) LCL and WMAXSHEAR. Contour fields are limited to values of
kernel density estimation of a particular category higher than 1024. Contour lines denote constant values.

nonsevere thunderstorm category, thus showing a skill
as a predictor (Fig. 8d). A combination of this parameter
with 0–1-km SRH indicated that although 1F0 tornado
probability maximizes when 0–3-km CAPE falls between 100 and 150 J kg21 and 0–1-km SRH exceeds
100 m2 s22 (Fig. 9c), the occurrence of significant tornadoes is almost entirely a function of increasing 0–1-km
SRH (Fig. 9d).
The median value for LCL was below 1000 m AGL in
all tornadic categories, lower than in other severe and
nonsevere categories (Fig. 7b). LCL height turned out
to influence the chances for any tornado, rather than

distinguishing its intensity. Since MLS turned out to be
the best parameter in distinguishing between tornado
intensity (Fig. 8a), we combined it with LCL. The
highest chances for any tornado occurred in LCL of
around 500 m AGL and MLS of 15 m s21 (Fig. 9e). When
considering only significant tornado cases, the importance of LCL decreased and the probability was mostly a
function of MLS (Fig. 9f), confirming that LCL is a poor
parameter in distinguishing tornado intensity. In addition, significant tornadoes were also more likely to form
in a high MIXR environment (Fig. 3c) distinguishing
them well from weak tornadic environments.
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e. Severe wind gusts
The peak probability for wind gusts of at least 25 m s21
falls on a low WMAX, high DLS environment (Fig. 10a).
However, a signal of increased probability also exists
in a moderate to high WMAX and moderate DLS.
Considering only extremely severe wind gusts with
wind speeds equal or exceeding 33 m s21, peak probability is located in the same area. However, considerable probability is also distributed in a higher WMAX
environments and it seems to be mainly a function of an
available vertical wind shear rather than thermodynamic instability (Fig. 10b). This is also seen when the
vertical wind shear is considered as a single variable
(Figs. 3b and 8a,b).
Low-level lapse rates, 0–1-km SRH, and LCL were also
found to be higher in severe wind gusts cases compared
to nonsevere thunderstorm and nonthunderstorm categories (Figs. 7a,b and 8c). MLS, DLS, and a parameter of
WMAXSHEAR turned out to be the most useful in
distinguishing between intensity of the wind gusts
(Figs. 3b,f and 8a).

f. Waterspouts
The probability that a waterspout will occur given a
thunderstorm maximizes when the vertical wind shear is
very low (Figs. 3b, 8a,b, and 11a). Waterspouts usually
form in a weakly unstable environment (Fig. 3a) with a
shallow free convective layer (Fig. 7c). Most of the
CAPE in such days is located in low levels (Fig. 8d) and
is associated with steep low-level lapse rates (Fig. 7a)
and relatively low LCL (Fig. 7b). Waterspouts were
most likely in the environments with around 500 m AGL
LCL and LR03 exceeding 8 K km21 (Fig. 11b).

4. Conclusions and discussion

FIG. 7. As in Fig. 3, but for (a) LR03, (b) LCL, and (c) EL.

In this study we investigated more than 45 000 proximity
soundings from central and western Europe including 169
associated with extremely severe thunderstorms, 1754
with severe thunderstorms, 8361 with nonsevere thunderstorms, and 35 393 with nonthunderstorm nonzero
CAPE for years 2009–15. An analysis helped us to define
which thermodynamic and kinematic parameters show
value in distinguishing between severe and nonsevere
environments, and between intensity of large hail, severe
wind gusts, and tornadoes. In addition, we also determined
predictors for lightning and waterspouts. Below, the most
important conclusions and their relationship to previous
studies are highlighted.

a. Lightning
The occurrence of lightning is mainly a function
of CAPE that consists of low-level moisture and
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FIG. 8. As in Fig. 3, but for (a) MLS, (b) LLS, (c) 0–1-km SRH, and (d) 0–3-km CAPE.

midtropospheric lapse rates. This agrees with Craven
and Brooks (2004) on discriminating between thunderstorm and nonthunderstorm environments. Our distribution of CAPE values in the thunderstorm category is
also similar to that obtained by Kaltenböck et al. (2009)
within the use of ECMWF reanalysis soundings. High
lightning probability is associated with environments
with poor lapse rates and high low-level moisture, and
steep lapse rates with poor low-level moisture. Thunderstorms are unlikely when MIXR is less than 3 g kg21
and LR85 is less than 5 K km21. Occurrence of lightning
is more likely when the temperature of EL drops
below 2108C. Similiar finding was also denoted in the
study of Petersen et al. (1996).

The occurrence of extremely severe thunderstorms is
entirely dependent on available DLS for small to moderate CAPE environments. Among all analyzed parameters, WMAXSHEAR, combining both instability and
shear turned out to be the best not only in discriminating
between nonsevere and severe environments, but also in
assessing the severity of convective phenomena. A similar parameter presented as a ‘‘significant severe parameter’’ in the study of Craven and Brooks (2004) and
Brooks (2009), also showed skill in distinguishing between severe and nonsevere environments. In addition to
WMAXSHEAR, MLS also discriminated well between
severe and extremely severe thunderstorms producing
tornadoes and severe wind gusts.

b. Thunderstorm severity in general

c. Large hail

While the presence of nonsevere thunderstorms is
almost entirely a function of CAPE, a presence of severe
thunderstorms is dependent on both CAPE and DLS.

The probability for large hail maximizes with high
boundary layer moisture, steep mid- and low-level lapse
rates (thus high CAPE), and a high LCL height.
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FIG. 9. Probability for tornado given thunderstorm and significant tornado given tornado as a function of (a),(b) DLS
and WMAX; (c),(d) 0–1-km SRH and 0–3-km CAPE; and (e),(f) MLS and LCL. Contour fields are limited to values of
kernel density estimation of a particular category higher than 1024. Contour lines denote constant values.

Rasmussen and Blanchard (1998), Groenemeijer and
van Delden (2007), Kaltenböck et al. (2009), Grams
et al. (2012), and Púcik et al. (2015) also noted that LCL
during hail days was higher compared with nonsevere
thunderstorms. Although the occurrence of 12-cm hail
depends mostly on the available thermodynamic
instability, 15-cm hailstones depend mainly on the
available DLS in the presence of moderate to high
CAPE and moist low levels. Good discriminators between large hail and nonsevere thunderstorms consider
also temperature and height of EL, and a parameter of
WMAXSHEAR. The combination of DLS and CAPE

as a good large hail forecasting tool was also indicated by
Craven and Brooks (2004) and Púcik et al. (2015).

d. Tornadoes
The highest chances for tornadoes exist when both
vertical wind shear and CAPE are high. This agrees with
Rasmussen and Wilhelmson (1983), Brooks et al. (2003),
and Thompson et al. (2003). We find MLS as one of the
most skillful parameters in distinguishing between
thunderstorms producing significant tornadoes and
nonsevere thunderstorms. This contrasts with Púcik
et al. (2015) who found DLS as a better discriminator.
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FIG. 10. Probability for (a) severe wind gust given thunderstorm and (b) extremely severe wind gust given severe
wind gust as a function of DLS and WMAX. Contour fields are limited to values of kernel density estimation of
particular category higher than 1024. Contour lines denote constant values.

Chances for significant tornadoes increase also along
with increasing values of MIXR, DLS, LLS, and 0–1-km
SRH. Parameters of 0–3-km CAPE and LCL discriminate between tornadic cases and the nonsevere thunderstorm category. The median value for LCL is below
1000 m AGL in all tornadic categories, lower than in
other categories. Similar results were obtained by
Craven and Brooks (2004), Groenemeijer and van
Delden (2007), and Kaltenböck et al. (2009). Unlike
some previous work (Grünwald and Brooks 2011;
Taszarek and Kolendowicz 2013; Púcik et al. 2015) we
did not find an increase of LCL when going from weak to
significant tornado events in Europe. In the United
States, Thompson et al. (2003, 2012) found that significant tornadoes tend to form in lower LCL than weak
tornadoes, similar to our results.

e. Severe wind gusts
Severe convective wind gusts occur in a variety of
meteorological conditions, making it difficult to define
straightforward parameters useful in their forecasting

(e.g., Corfidi et al. 2006; Evans and Doswell 2001; Púcik
et al. 2015). At least three different environments responsible for their occurrence can be found. One relates
to widespread events associated with strong large-scale
horizontal pressure gradient and a marginal thermodynamic instability. Such setups are associated with deep
synoptic lows and very strong airflow. Gusts in this mode
are produced mainly within bowing segments of convective lines that originate in areas with strong synopticscale lift (Gatzen 2011). A second mechanism with large
CAPE, low shear conditions can be related to local
downbursts in deep and dry boundary layers (Wakimoto
1985; Holmes and Oliver 2000). The third mechanism refers to a high CAPE, high shear environment
in which organized long-lived squall lines including
derechos with widespread damaging wind gusts can
occur (Doswell and Evans 2003; Celi
nski-Mysław and
Matuszko 2014).
In our study, severe wind events were the most common in a high shear, marginal CAPE conditions, in
contrast to Brooks (2013), who found that severe wind

FIG. 11. Probability for waterspout given thunderstorm as a function of (a) DLS and WMAX, and (b) LR03 and
LCL. Contour fields are limited to values of kernel density estimation of a particular category higher than 1024.
Contour lines denote constant values.
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events in the United States are most frequent in high
CAPE, low shear conditions. Similar to our results,
Sherburn and Parker (2014) found that LR03 and MLS
are valuable in differentiating the threat for severe convective winds and tornadoes. Except for low CAPE, high
shear setups, our study is similar to Púcik et al. (2015) who
denote a secondary signal of increased probability for
severe wind in a moderate to high CAPE and moderate
DLS environment. In addition, as Kaltenböck et al.
(2009) noted, severe wind events occur in Europe with
increased 0–1-km SRH and the same thing was observed
also in our dataset. As with tornadoes, MLS turned out to
be the best parameter in distinguishing between severe
and extremely severe wind events.

f. Waterspouts
The probability for waterspouts is maximized in a
weak vertical wind shear, shallow free convective
layer (low EL), and small thermodynamic instability.
This is in accordance with Szilagyi (2009), Keul et al.
(2009), and Sioutas et al. (2013). Low LCL and increased 0–3-km CAPE with steep low-level lapse rates
are also conducive to waterspout occurrence. Our
study agrees with Renko et al. (2013) that thermodynamic instability indexes alone (e.g., CAPE) are
usually insufficient in forecasting waterspout activity
due to their strong similarity with the nonsevere
thunderstorm category.

g. Severe thunderstorms and climate change
As Brooks (2013) denoted, as climate changes, the
magnitude of CAPE and shear is also changing. Given
that different combinations of CAPE and shear favor
the occurrence of different convective phenomena, this
may provide insight into expected future changes in
the distribution and nature of convective hazards. For
example, if in the future days both CAPE and shear
increase, tornadoes and hailstorms will likely become
more common. If low CAPE, high shear days will
be more frequent, the number of severe convective
wind gust events may increase. Bearing in mind these
issues, we recommend that future studies address the
question of how the distribution of severe thunderstorm ingredients will change, particularly in the context of the complex European topography. Preliminary
results from climate projections for Europe indicate
that an increase in CAPE and a slight increase in
shear are expected in the next 100 years (Púcik 2016).
Because of this, the number of unstable, strongly
sheared environments is projected to increase as well.
As a result, thunderstorms capable of producing severe and extremely severe phenomena may become
more frequent.
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