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Barcelona, Spain A dataset of 907 tornado and waterspout events recorded from 1980 to 2018

was built to study convective environments in the Iberian Peninsula and Bal-
earic Islands (western Mediterranean). The events were grouped into different
categories, distinguishing waterspouts and tornadoes that were stratified by
intensity according to the Fujita (F) scale and the Enhanced Fujita (EF) scale.
The analysis separated the north-east (NE) and south-west (SW) subareas in
the region of study, which present different seasonal cycles. For each event,
atmospheric profiles from the ERAS reanalysis data were used to determine
convective available potential energy (CAPE), storm-relative helicity (SRH),
vertical wind-shear (WS), the Universal Tornadic Index (UTI), and the product
of wind-shear and the square root of two times CAPE (WMAXSHEAR).
Results showed that the NE events are mostly associated with higher CAPE
and lower helicity and wind-shear than the SW events. Thus, a significant
number of SW tornadoes are associated with high-shear, low-CAPE environ-
ments. Moreover, the low-shear, high-LCL tornado environment, which is
common inland during warm-season, is more usual in the NE subarea. Com-
posite parameters such as the UTI and WMAXSHEARs are good discrimina-
tors between significant and weak tornado events, although WMAXSHEAR¢s
presents some limitations for the SW events due to low CAPE and weak differ-
ences in the WS (0-6 km) between the (E)F1 and (E)F2+ events. This weak-
ness was resolved by using the 0-3 km WS instead of the 0-6 km WS when
calculating the WMAXSHEAR. A new threshold for WMAXSHEARy3 is pro-
posed (500 m2-s7) to distinguish between significant and non-significant tor-
nado environments. Finally, the Szilagyi Waterspout Nomogram, originally
developed for the Great Lakes of North America, was successfully tested in the
forecasting of waterspout formation for the first time in the western Mediterra-
nean area, although the technique should be adapted to correctly detect cool-
season mid-latitude waterspouts.
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1 | INTRODUCTION

Tornadoes are meteorological phenomena that can pro-
duce the strongest natural surface winds on Earth. They
are classified at the micro-a or micro-f scale
(i.e., characteristic time and horizontal length scales rang-
ing from 1 min to 1 hr and 20 m to 2 km; Orlanski, 1975).
Thus, they typically affect small areas and their socioeco-
nomic impact is relatively lower than that of other damag-
ing larger-scale weather events such as floods and
windstorms (Gall et al., 2008; Jahn, 2015; Antonescu
et al., 2017). Nevertheless, tornado winds can occasionally
surpass 100 m-s™! (Fujita, 1971; Wakimoto et al., 2015),
causing severe damage, injuries and fatalities along their
path. Despite recent progress, the precise prediction of their
timing and location is still a challenge for operational fore-
casting systems (Weisman et al., 2015). Due to their high
impact and low predictability and given the expected
increase in the frequency of severe convective storm envi-
ronments in the present century (Allen ef al., 2014; Seeley
and Romps, 2015; Puc ik etal., 2017; Viceto et al., 2017), it
is necessary to increase our understanding of the environ-
mental conditions that favour tornadogenesis.

During the last decades, several studies have analysed
upper-air conditions that favour the development of tornadic
storms using proximity sounding data (e.g., Maddox, 1976;
Rasmussen and Blanchard, 1998; Groenemeijer and van
Delden, 2007; Renko et al., 2016). Finding the most repre-
sentative sounding for each tornadic event through

proximity criteria (Potvin ef al., 2010) enables the calculation
of thermodynamic, kinematic and their composite parame-
ters, which can be used to characterize the events depending
on their intensity or convective mode.

Some studies have also used numerical model analy-
sis (the Rapid Update Cycle, Rasmussen, 2003) and
reanalysis data (ERA-40, Romero et al., 2007; ERA-
Interim, Chernokulsky et al., 2019; ERAS, Ingrosso
et al., 2020). Results from those studies provide valuable
thresholds for different severe weather parameters, which
may be useful for weather forecasters to identify potential
tornadic storm environments. However, there are some
limitations to this approach (i.e., threshold exceedance
provides guidance, but must be examined in a global con-
text, considering the presence of all the necessary factors
or ‘ingredients’; Doswell and Schultz, 2006).

The use of reanalysis data instead of real atmospheric
sounding measurements increases the temporal resolution
(normally, only two soundings per day are launched at
radiosonde stations) and spatial resolution (the horizontal
grid scale of recent reanalysis data such as from ERAS
[C3S, 2017] is around one order of magnitude smaller than
the network density of sounding stations in Europe). There-
fore, atmospheric profiles from reanalysis usually provide
data from a point (latitude, longitude and time) that is
closer to the event of interest than a sounding station does.
Nevertheless, direct measurements from soundings provide
greater vertical resolution than reanalysis and present a
more realistic depiction of the atmospheric boundary layer.
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FIGU RE 1 (a) Location of the 907 analysed events from 1980 to 2018 on the Iberian Peninsula and Balearic Islands. The dashed line

separates the so-called north-east (NE) area, where tornadoes and waterspouts typically occur during warm-season (May—October) and the
south-west (SW) area, where they predominate during cool-season (November—April). Relative frequency of tornado and waterspout events
in the NE area (b), and the SW area (c) are also shown



These directly affect the calculation of quantities, which are
very sensitive to vertical temperature, dew point and wind
profile, especially at low levels (Taszarek et al., 2018).

In this article, convective environments prior to tor-
nado formation from events reported in the Iberian Pen-
insula and Balearic Islands (Figure 1) are characterized.
Tornado climatologies of the study area (Leit~ao, 2003;
Gaya, 2011, 2018) show that it is regularly affected by tor-
nadoes and waterspouts (i.e., a tornado occurring over a
body of water; Glickman and Zenk, 2000). Moreover, it
contains some of the spots where tornadoes occur the
most frequently in southern Europe (Figure la in Anto-
nescu et al., 2017): Balearic Islands, Catalonia (NE Iberia)
and the Gulf of Cadiz (SW Iberia). Around 55 million
people currently live in this region measuring
630,000 km? where significant tornadic storms occasion-
ally have a substantial social impact, with injuries or
even fatalities as well as considerable economic losses
(Homar et al., 2003; Bech et al., 2007, 2011; Ramis
et al., 2009; Sanchez-Laulhé, 2009; Belo-Pereira
etal., 2017; Rodriguez and Bech, 2020).

Despite the scientific literature containing studies
on both the tornado climatologies of Spain and Portu-
gal and also a number of detailed tornadic and water-
spout case studies, there have been none to date
examining the upper-air environments associated with
tornadic storms in this region as a whole. Here, we
used ERAS data (C3S, 2017; Hersbach et al., 2020), the
latest available reanalysis from the European Centre
for Medium-Range Weather Forecasts (ECMWF),
which includes tornado and waterspout records occur-
ring in the area from 1980 to 2018. Several thermody-
namic, kinematic and composite sounding-derived
parameters were calculated from the most representa-
tive atmospheric vertical profile for each event. More-
over, we analysed the waterspout distribution in the
Szilagyi Waterspout Nomogram (Szilagyi, 2009), which
was developed in North America and has already been
tested in some European seas, such as the Baltic and
the central and eastern Mediterranean (Keul
et al., 2009; Sioutas et al., 2013; Renko et al., 2018), but
not the western Mediterranean.

The structure of the rest of the article is as follows. In
Section 2, tornado and waterspout datasets and the ERAS
reanalysis data are presented, while the parameters cal-
culated from the atmospheric profiles that will be used
for further analysis are introduced. In Section 3, results
derived from the comparison of the parameter values
between the tornado and waterspout events in relation to
their intensity are shown and discussed. Finally, in Sec-
tion 4, conclusions and final remarks are provided,
including comments about the potential use of the results
in weather surveillance.

2 | DATA AND METHODOLOGY
2.1 | Tornado and waterspout events
database

The tornado and waterspout database used to conduct
this study consists of 465 individual tornadoes and
637 individual waterspouts that occurred between 1980
and 2018 in the Iberian Peninsula and Balearic Islands.
For all of them, the location (latitude and longitude), date
and time of occurrence were considered. If available, the
intensity according to the Fujita scale (F-scale;
Fujita, 1971) or the Enhanced Fuyjita scale (EF-scale,
WSEC, 2006; Doswell ef al., 2009) was also used. If the
intensity was unknown, they were recorded as unrated
(UR). In this dataset, a waterspout that moved onshore
was considered a tornado and was classified according to
its damage rating. This accounted for 34% of the torna-
does analysed.

The database was built by merging data from previous
publications (Gaya, 2018; Rodriguez and Bech, 2018,
hereafter referred to as RB18) and incorporating informa-
tion from citizen collaborative platforms. These platforms
included the European Severe Weather Database (ESWD,
from the European Severe Storm Laboratory, ESSL;
Dotzek etal., 2009), the Reporting System of Singular
Atmospheric Observations (SINOBAS, from the Spanish
Meteorological Agency, AEMET; Gutiérrez et al., 2015)
and the Meteorological Spotters Network (XOM, from
the Meteorological Service of Catalonia, SMC; Ripoll
et al., 2016). Only confirmed cases, according to quality
control from the original databases (i.e., QC1 and QC2
for the ESWD reports, Groenemeijer et al., 2017), were
considered. These data were also complemented with
other tornado and waterspout reports from the media
and social networks, which have become increasingly
important in recent years (Hyvarinen and
Saltikoff, 2010). Thus, a sample of 1,102 individual cases
was collected, after discarding 320 cases due to quality
control.

It is well known that on some occasions, several tor-
nadoes or waterspouts (here referred to simply as vorti-
ces) may form in a relatively short time window from the
same convective storm or cloud system (Dowell and
Bluestein, 2002; Bech et al., 2007; Sioutas et al., 2013). As
mentioned above, the main goal of this study was to ana-
lyse environmental conditions from individual cases.
However, to avoid the overrepresentation of specific
meteorological situations, an event was considered
unique when:

1. two or more vortices occurred within 50 km.
2. the time elapsed among them was less than 2 hours.



Moreover, in the case of multiple vortices that formed
offshore and inland, they were considered as only one
tornado event. As a result, 426 tornado and 481 water-
spout events were analysed.

Tornadoes can be formed in different environments
depending on the convective mode (e.g., supercells or
mesoscale convective systems; see, for example, Agee and
Jones (2009), Grams et al. (2012), Markowski and Rich-
ardson, (2009), Thompson et al. (2012, 2013)). For
instance, mesocyclonic tornadoes require high-shear
environments, whereas those spawned by multicells are
usually associated with low-shear environments. There-
fore, it would be ideal to classify the analysed events
according to the parent-convective cell type to avoid com-
pensations in the parameter values. However, there are
several limitations to the radar data collected from the
region of study (see Quirantes et al., 2014 for further
details), specifically with the data concerning the first
half of the analysed period. The Spanish radar network
was not completed until late 2007, with the radar on the
Balearic Islands the last one to be put into operation. As
these islands are where tornadoes occur the most fre-
quently in the study region (together with Catalonia), it
would not be possible to make the complete convective
mode analysis for a substantial number of the tornado
events studied here. Following similar previous studies
(Craven and Brooks, 2004; Pucik et al., 2015; Ingrosso
et al., 2020), the 426 tornadic events were clustered
according to their intensity, which was estimated using
the F-scale or the EF-scale, into the categories (E)FO, (E)
F1, (E)F2+ (i.e., F2/EF2 or stronger) and UR (unrated).
In these categories, (E) indicates the use of the EF-scale
and F the F-scale. On the other hand, waterspout events
were grouped into a single category (WAT) (Table 1).

When analysing the monthly distributions of the tor-
nadoes and waterspouts, two different subregions became
apparent (Figure 1): the north-east of the Iberian Penin-
sula and the Balearic Islands (NE), and the south-west of
the Iberian Peninsula (SW). In the NE, events occur more
frequently during the warm-season (72.9% from May to
October), similar to other Mediterranean countries such

TABLE 1

as Italy (Miglietta and Matsangouras, 2018), while in the
SW, the events are more common during the cool-season
(73.3% from November to April). These differences in sea-
sonal distribution are a consequence of synoptic configu-
rations that favour deep moist convection and tornado
formation in both areas. Tornadoes in the SW are mostly
associated with cool-season Atlantic fronts, whereas the
tornadic synoptic situations in the NE are usually associ-
ated with the inland diurnal heating cycle during the
warm-season and the Mediterranean thermodynamic
instability that is typical from late summer and autumn
(Riesco et al., 2015). Therefore, in this paper, these two
different areas were studied separately.

The number of reported events is significantly higher
in the NE than in the SW (Figure 1 and Table 1).
Gaya (2018) and Antonescu et al. (2017) pointed out that
the Mediterranean slope of the Iberian Peninsula and the
Balearic [slands are the most frequently affected by tor-
nadoes in the study region. The moister and relatively
warm marine boundary layer of that area increases low-
tropospheric instability and makes environmental condi-
tions more favourable to deep convection (Miglietta
et al., 2017), which is also consistent with the spatial and
temporal distribution of lightning events (Taszarek
et al., 2019). This has been highlighted by the exhaustive
monitoring of tornadoes and waterspouts in Catalonia
and the Balearic [slands during the last three decades by
several studies (Gaya et al., 2001; Gaya, 2011; Arus, 2018;
Rodriguez et al., 2020). This may explain the higher
detection of non-damaging or weakly-damaging events
such as waterspouts and (E)FO tornadoes in this subarea,
in contrast to the rest of the Iberian Peninsula where the
ratio of these types of events is much lower.

22 | ERA5
Vertical temperature, dew point and wind profiles from
each tornado and waterspout event contained in the data-
base were retrieved from the ECMWF ERAS reanalysis
(C3S, 2017), whose spatial and temporal resolution are

Number of individual vortices (tornadoes and waterspouts), number of atmospheric profiles and number of NE and SW

profiles analysed for each category considering (Enhanced) Fujita scale intensities (E)FO, (E)F1, (E)F2+, unrated tornadoes (UR) and

waterspouts (WAT)

Category Number of individual vortices Number of profiles Number of NE profiles Number of SW profiles
(E)FO 211 196 128 68
(E)F1 185 166 64 102
(E)F2+ 47 44 30 14
UR 22 20 10 10
WAT 637 481 424 57
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FIGU RE 2 Skew T - logp diagram for 1'Espluga de Francoli (Catalonia) tornado of 31st August 1994 at 1445 UTC (41.39°N, 1.11°E).
ERAS reanalysis data from 14 UTC August 31, 1994 and 41.50°N, 1.00°E grid point has been used to analyse this case and Sounding and
Hodograph Analysis and Research Program in Python (SHARPpy), from Blumberg ef al. (2017), has been used to plot the diagram. Profiles
plotted include dew point (solid line (i)), wet-bulb temperature (solid line (ii)) and temperature (solid line (iii))

0.25° and 1 hr, respectively, with data available on
37 pressure levels and surface. The most representative
sounding of an event was considered, that is, the vertical
profile from the closest grid point and immediately prior
to touchdown of the analysed case, with this point being
offshore for waterspouts even if there was landfall.
Figure 2 shows the sounding selected to describe the
1994 tornado in I'Espluga de Francoli in Catalonia
(Ramis ef al., 1997) as an example. Therefore, 907 sound-
ings were analysed (Table 1).

2.3 | Parameters analysed

The selection of the thermodynamic and kinematic
parameters to be analysed was based on similar previous
studies (e.g., Craven and Brooks, 2004; Groenemeijer and
van Delden, 2007; Kaltenbdck et al., 2009). Therefore,
convective available potential energy (CAPE), convective
inhibition (CIN), storm-relative helicity (SRH) and wind-
shear (WS) were studied to characterize severe storm
environments (Table Al in Appendix A). Moreover, com-
posite parameters (i.e., a combination of the above-
mentioned parameters) were also investigated to assess

favourable environments for tornadic storms. Taszarek
and Kolendowicz (2013) proposed the Universal Torna-
dic Index (UTI) to distinguish between tornadic and
non-tornadic environments in Poland. As shown in
Table Al, the UTI takes into account low-level humid-
ity, instability and shear, which are required for torna-
dic storms, as discussed previously (Rasmussen and
Blanchard, 1998; Grams et al., 2012). RB18 demon-
strated that the UTI could distinguish non-tornadic
thunderstorms from EF1 or stronger cases in Catalonia.
Several studies have recently assessed the behaviour of
the product of WS and the square root of two times
CAPE (WMAXSHEAR) to identify significant tornado
environments (Taszarek et al., 2017; Chernokulsky
et al., 2019). Therefore, these two composite parameters
were also analysed in this study, with the aim of testing
them with data from the Iberian Peninsula and Balearic
Islands.

Calculations of the thermodynamic and kinematic
parameters were carried out using Sounding and
Hodograph Analysis and Research Program in Python
(SHARPpy; Blumberg et al., 2017). CAPE and CIN were
calculated using the virtual temperature correction
(Doswell and Rasmussen, 1994) and the most-unstable



air parcel. This parcel allows the assessment of convection
when it does not develop from near-surface air, but from a
higher level. This is common in nocturnal convection,
where the surface-air is cooler than at higher altitudes
(Groenemeijer et al., 2019). Moreover, most-unstable CAPE
has been used in other studies to investigate environments
favourable to tornadic storms (Puc ik et al., 2015; Renko
etal., 2016; Ingrosso et al., 2020).

SRH was calculated for the 0-3 km (SRHo3) and
0-1 km (SRHoi) layers. Storm-motion vector, which is
required to calculate SRH (Table Al), was estimated with
the Bunkers method (Bunkers ef al., 2000), which is used
by SHARPpy. WS was calculated for the deep (0-6 km,
WSgs), middle (0-3 km, WSp3) and low (0—1 km, WSq;)
layers, and WMAXSHEAR for the 0-6 km
(WMAXSHEARp) and 0-3 km (WMAXSHEARo3) layers.
All these layers are defined as above ground level (AGL).

The Kolmogorov—Smirnov (KS) test was carried out
to assess significant differences among the categories for
each parameter and to compare the distributions of each
parameter between the NE and SW events. The results of
this test are shown in Tables B1 and B2 (Appendix B).

Finally, the convective cloud depth (CCD) was calcu-
lated for waterspout events, that is, the difference between
the equilibrium level (EL) and the lifting condensation level

(LCL), also using the most-unstable air parcel. Data on the
sea surface temperature (SST), and the 850 hPa temperature
(T850) and wind speed (W850) for each waterspout event
were directly provided by the ERAS reanalysis. All these
data were used to analyse waterspout distribution on the
Szilagyi Waterspout Nomogram (Szilagyi, 2009).

3 | RESULTS AND DISCUSSION

In this section, results from the parameter analysis are
presented and discussed in three subsections: thermody-
namic parameters (CAPE and CIN), kinematic parame-
ters (SRH and WS) and composite parameters (UTI,
WMAXSHEAR, the relationship between CAPE and
WSo3, and the Szilagyi Waterspout Nomogram).

3.1 | Thermodynamic parameters
3.1.1 | Convective available potential
energy

CAPE presents substantial differences for each category
between the NE and SW regions (Figure 3a,b). CAPE has
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a wide range of values for the NE events, usually being
higher than those for the SW events. As explained in Sec-
tion 2.1, most of the SW cases occur during the cool-sea-
son, when surface specific humidity is lower than in the
warm-season, thereby favouring low CAPE (as discussed
by Riemann-Campe et al., 2009). The small number of
warm-season tornadic events in the SW favour low CAPE
and a smaller CAPE range, which is consistent with the
findings of previous studies (Matsangouras et al., 2017;
Childs et al., 2018).

Weak tornadic events (i.e., (E)FO and (E)F1) present
similar CAPE, with a median of around 950 J kg! for
the NE events and 370 J kg! for the SW events. On the
other hand, significant tornadic events ((E)F2+) tend to
present higher values than the rest of the sounding types,
with statistically significant differences for the NE events
(Table B1). By contrast, the differences are not statisti-
cally significant for the events in the SW subregion,
although the median for the (E)F2+ events is slightly
higher than that for the weak cases.

WAT are associated with similar or slightly lower
CAPE compared to that for weak tornadoes in both
regions, as reported previously (Gaya et al., 2001;
Kahraman et al., 2017). However, the 50th percentile
for the NE WAT is 618 J-kg'!, comparable to that
reported by Renko et al. (2016), and 321 J-kg™! for the
SW, which is similar to the results from other colder
seawaters (e.g., Groenemeijer and van Delden [2007],
who studied tornadic upper-air conditions in the
Netherlands).

Here, CAPE values are generally smaller than those
presented in the studies on US tornadic events
(Thompson et al., 2012), but similar to those reported in
studies performed in Europe (Groenemeijer and van
Delden, 2007; Puc ik etal., 2015). The combination of
steep lapse rates developing over the Rocky Mountains
and very low-level moist-air from the Gulf of Mexico pro-
duces higher-CAPE environments in the United States
than in Europe. Therefore, whereas tornadoes can be
associated with a large range of CAPE in the United
States, they are usually related to lower CAPE values in
Europe (Griinwald and Brooks, 2011).

3.1.2 | Convective inhibition

WAT events in both the NE and SW regions present the
largest CIN (more negative), despite the UR events in the
NE, probably due to the small sample size (Figure 3c,d).
The 25th percentile is -8 J-kg™! for the NE WAT, sur-
passing -200 J kg'! in several cases, and -11 J-kg™! for
the SW WAT. These results are similar to those presented
in Renko et al. (2016). It is remarkable that whereas only

1-4% of the (E)FO, (E)F1 and (E)F2+ tornado events are
associated with CIN surpassing -100 J-kg!, this percent-
age rises up to 6-7% for WAT. Nevertheless, there is a
considerable overlap between the distributions. In sum-
mary, CIN does not exhibit statistically significant differ-
ences between the categories (Table B1) or between the
NE and SW subregions (Table B2).

The greater CIN associated with WAT events might
be related to the shallow stable layer that forms just over
the sea surface when a warm air mass is advected. Thus,
the dew point approaches the SST, resulting in high
CAPE that is often highly capped with high CIN
(Groenemeijer ef al., 2019). A mechanism to force the
lifting to initiate convection is required, particularly in
these cases.

3.2 | Kinematic parameters

3.2.1 | Storm-relative helicity

SRH quantifies the potential for cyclonic updraft rotation
in right-moving supercells (Davies-Jones et al., 1990).
Thus, environments characterized by high SRH usually
support the formation of mesocyclones and tornadoes
(Rasmussen and Blanchard, 1998; Thompson
et al., 2003). More specifically, SRHo: accounts for the
possible existence of large low-level horizontal vorticity,
which plays a very important role in tornadogenesis
(Wade et al., 2018).

As shown in Figure 4, SRH presents higher values for
all the SW tornado categories (Figure 4b,d) than for the
NE ones (Figure 4a,c). This is consistent with the occur-
rence of SW tornadoes during the cool-season, which
usually presents high-shear, low-CAPE (HSLC) environ-
ments (Sherburn and Parker, 2014), as shown in Table 2.
This is also in accordance with the low CAPE mentioned
above. In these situations, tornadoes are usually formed
within low-topped mini-supercells or in quasi-linear con-
vective system mesovortices (Thompson et al., 2012;
Davis and Parker, 2014).

Tornado formation has been observed occasionally in
environments with low helicity (SRHo: < 75 m2s™)
and/or high LCL (>1,300 m), the so-called LHHLCL
environments (Davies, 2006). These conditions, which
are more usual inland during the warm-season and are
therefore more common in the NE atmospheric profile
samples (Table 2), may contribute to the decreased SRH
percentiles for the NE events. As an example, the vertical
profile shown in Figure 2, which corresponds to the
I'Espluga de Francoli (Catalonia) tornado of 31st August
1994, presents similarities to the high-based tornadic
environments reported in Davies (2006).
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TABLE 2 Number of warm-season, cool-season, high-shear, low-CAPE (HSLC) and low-helicity, high-LCL (LHHLCL) soundings for
NE tornado (NE-TOR), NE waterspout (NE-WAT), SW tornado (SW-TOR) and SW waterspout (SW-WAT) sounding groups

HSLC LHHLCL LHHLCL LHHLCL
Sounding Warm-season Cool-season (over HSLC (over HSLC (over (over (over warm-  (over
group (over total) (over total)  total) warm-season) cool-season) total) season) cool-season)
NE-TOR 169 (73%) 63 (27%) 31 (13%) 14 (8%) 17 (27%) 31 (13%) 29 (17%) 2 (3%)
NE-WAT 309 (73%) 115 (27%) 75 (18%) 39 (13%) 36 (31%) 7 (2%) 4 (1%) 3 (3%)
SW-TOR 55 (28%) 139 (72%) 85 (44%) 9 (16%) 76 (55%) 11 (6%) 10 (18%) 1 (1%)
SW-WAT 12 (21%) 45 (79%) 15 (26%) 2 (17%) 13 (29%) 1 (2%) 1 (8%) 0 (0%)

Note: In brackets, the percentage over the sample data indicated is shown. Note that HSLC environment is defined by SBCAPE <500 J-kg,
MUCAPE < 1,000 J-kg?, and WSo6 2 18 m-s~!, and LHHLCL is defined by SRHo: < 75 m?-s2 and LCL > 1,300 m.

In Figure 4, a clear positive correlation can be seen
between helicity and tornado intensity: the higher the
SRH, the stronger the tornado can be. This is consistent
with previous studies such as Groenemeijer and van
Delden (2007) and Taszarek and Kolendowicz (2013). How-
ever, the helicity values found here are smaller than those
reported in the other two studies, especially for the NE cases.
This could be due to a higher fraction of non-mesocyclonic
tornadoes (Markowski and Richardson, 2009; Thompson
etal., 2012), given that 34% of the tornadoes analysed in this
study were formed offshore.

WAT events are commonly associated with weak
environmental helicity, as explained in Sioutas and
Keul (2007) and Renko et al. (2016). SRHos is usually
between 35 and 110 m2-s2, and SRHy; between 10 and
85 m2-s™2.

It is remarkable that for the NE tornado events, the
SRH values of the UR cases overlap with those of the (E)
FO and (E)F1 tornadoes, but are smaller than those of the
(E)F2+ cases, which is consistent with the observations
of Grinwald and Brooks (2011). By contrast, for the SW
tornado events, the SRHos and SRHy; of the UR events



are comparable to those of all the other categories,
including the (E)F2+ cases. This suggests the possible
presence of significant tornadoes in the SW UR class.

In RB18, the thresholds SRHp; > 150 m?2 s2 and
SRHy; > 70 m2-s™ were proposed to distinguish between
(E)F1+ tornadoes and non-tornadic storms. Here, 40% of
the NE (E)F1+ tornadoes and 58% of the SW (E)F1+
events surpass the SRHys threshold, while 47% of the NE
(E)F1+ tornadoes and 76% of the SW (E)F1+ events
exceed the SRHo; threshold. These values were also sur-
passed by the majority of the tornadic events analysed in
Thompson et al. (2003), which were supercell-related.

Nevertheless, it should be noted that these SRH thresh-
olds can generate a high number of false alarms when
used to detect tornadic environments. Furthermore, most
of the non-severe events studied in Groenemeijer and
van Delden (2007) had an SRHo: between 11 and
97 m2-s2.

3.2.2 | Wind-shear

WS presents similar trends as the SRH, showing a posi-
tive correlation with tornado intensity. This is consistent

a b
@ )
40 . 40
H
T | T
» 30 @ 30
E E
S S
& 20 & 20
- . -
10 10 ‘
0 0
EF0 (EF1  (E)Fz+  UR  WAT (EF0 (EJF1  (E)F2+  UR  WAT
(128)  (64)  (30)  (10)  (424) ©8) (102 (14 (0)  (57)
(c) (d)
30 30
D ool 22
£ 20 £ 0
3 3
(%2} [72]
’ . - .
10] 10
o] 0
(EfF0 (EF1  (EJF2+  UR  WAT (EF0  (EFF1  (EJF2+  UR  WAT
(128) (64  (30)  (10)  (424) ©8) (102 (14 (10  (57)
€] () .
201 20-
' 15! ‘v 15
£ E
S S
o 107 o) 10-
= l = ‘
51 5
FIGU RE 5 As Figure 3, but for |
WSos for NE (a) and SW (b), for WSos | | | |
for NE (c) and SW (d), and for WSo: for (EJF0 (EF1  (E)F2+  UR  WAT (EJF0 (E)F1  (E)F2+  UR  WAT

(128) (64)

NE (e) and SW (f)

(30)

(10) (424) (68) (102) (14) (10) (57)



with the fact that WS and SRH are dependent on each
other (see Weisman and Rotunno, 2000 for further dis-
cussion). Therefore, the significant tornadoes in our
dataset are usually associated with stronger WS com-
pared to weak tornadoes and WAT (Figure 5), which is
consistent with previous studies (e.g., Monteverdi
et al., 2003; Groenemeijer and van Delden, 2007). How-
ever, although the median WS of the (E)F2+ SW events
is higher than that of the (E)F1 tornadoes (Figure Sb,d,f),
there are no statistically significant differences between
these two categories (Table B1). By contrast, the NE
events (Figure S5a,c,e) show significant differences
between the (E)F1 and (E)F2+ tornadoes for WSps and
WSo3, but not for WSp;. The WS for UR events follows a
similar pattern as the helicity. Thus, whereas the UR and
weak tornadoes have comparable WS in the NE, the WS
for the UR events is also similar to that of the (E)F2+ tor-
nadoes in the SW.
There are statistically significant differences in WS
between the NE and SW subregions for all the analysed
layers due to the monthly distribution of the tornado
events. WS is higher for the SW events than the NE ones,
which is consistent with the helicity and CAPE results.
This shows the predominance of HSLC environments for
the events occurring during the cool-season and, there-
fore, in the south-west of the Iberian Peninsula (Table 2).
Previous studies have indicated that environments
with WSps > 20 m-s™! are associated with the occurrence
of significant tornadoes (Weisman and Klemp, 1982;
Thompson et al., 2003, 2012; Grams et al., 2012; Ingrosso
et al., 2020). These tornadoes usually have a mes-
ocyclonic origin (Markowski and Richardson, 2009).
Almost 63% of the NE and 71% of the SW (E)F2+ events

surpass the above-mentioned WSps threshold (Figure Sa,

b). The S0th percentile is 21.6 m-s™! for the NE events
and 24.2 m-s™! for the SW cases, which are similar to
those reported by Taszarek and Kolendowicz (2013) and

Chernokulsky et al. (2019).

Taszarek et al. (2017) and RB18 pointed out that WSp3
is a good discriminator between (E)F1+ tornadoes and
non-tornadic storms (see Appendix C). WSps greater than
15 m-s! is usually associated with environments that
favour tornadoes, especially the significant ones. Here,
48% of the NE and 66% of the SW (E)F1+ events exceed
this value, although the percentage is higher for the (E)
F2+ cases from both subregions (more than 70% of all
the significant events), as shown in Figure Sc,d.

WSo: presents the most significant differences
between the NE and SW subregions (Figure Se,f). In the
NE, the median WSy; is 4.6 m-s™! for weak events (con-
sidering the (E)FO and (E)F1 categories together) and
6.4 m-s’! for significant events. In the SW, the
corresponding medians are 10.6 and 13.0 m-s7,

respectively. The values for the SW tornado environ-
ments are similar to those of the other studies performed
in Europe (Groenemeijer and van Delden, 2007; Taszarek
and Kolendowicz, 2013). By contrast, the values for the
NE tornado profiles are 30-50% smaller, probably due to
the monthly distribution of the tornadic events. In fact,
only 40% of the significant tornado environments in the
NE exceed 8 m s71, a threshold proposed in RB18,
whereas 79% of the SW (E)F2+ events surpass this
threshold. The seasonal dependence of WS observed for
the significant events is also reported in Ingrosso
et al. (2020), where the lowest values for (E)F2+ torna-
does in Italy occur during the spring and summer, and
the highest in autumn.

Waterspouts are commonly associated with weak-
shear environments (Keul er al., 2009; Sioutas
etal., 2013). For all the atmospheric layers analysed,
WAT category presents the lowest medians, with the dif-
ferences between the NE and SW events not being statis-
tically significant for the 0—6 km and the 0-3 km layers
(Table B2). Similar results have been reported for other
European regions (Groenemeijer and van Delden, 2007;
Renko et al., 2016) and the Florida Keys in the USA
(Devanas and Stefanova, 2018).

3.3 | Composite parameters
3.3.1 | Universal tornadic index
The UTI, originally proposed by Taszarek and

Kolendowicz (2013), was used in Catalonia by RB18 to
successfully distinguish between non-tornadic thunder-
storms and (E)F1+ tornado-related environments, with
the UTI exceeding 0.3 for the latter. In the present study,
21% of the (E)FO events, 40% of the (E)F1 cases, 66% of
the (E)F2+ tornadoes, 40% of the UR cases and 9% of the
WAT events from the whole dataset surpass this
threshold.

According to its definition (see Table Al), UTI = O
when LCL > 1,500 m. Therefore, for LHHLCL environ-
ments (such as the example shown in Figure 2, where the
LCL is 1,950 m), this parameter is not useful in detecting
a potential tornado environment. Thus, as explained in
detail in Davies (2006), other elements have to be exam-
ined to assess the potential of tornado formation in
LHHLCL environments, such as high low-level lapse-
rates, high CAPE in the 0-3 km layer, and small CIN
(not shown).

Significant tornadoes are usually associated with a
higher UTI than weak tornadic events (see Figure 6a,b).
A positive correlation between the UTI and tornado
intensity can be inferred from the percentiles of this
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parameter for each category. The median is around 0.05
for (E)FO cases (in both the NE and SW subregions), 0.20
for (E)F1 tornadoes and 0.50 for (E)F2+ events. These
values are smaller than those presented in Taszarek and
Kolendowicz (2013), mainly because kinematic low-level
parameters (i.e., WSp; and SRHoi) are also smaller in the
study area. Nevertheless, our results are similar to the
median UTI reported by RB18.

There are no significant differences in the UTI
between the NE and SW events, except for the (E)FO

cases (Table B2). Therefore, this parameter can also
detect warm-season and cool-season tornadic events, in
contrast to the parameters analysed previously. More-
over, the UTI can distinguish between the (E)FO, (E)F1,
(E)F2+ and WAT sounding types (p < .080), although the
KS-test results show that the differences between the (E)
F1 and (E)F2+ tornadoes for the SW are not statistically
significant (Table B1). Furthermore, whereas the UR and
weak events have a similar UTI in the NE cases, the UTI
for the UR events is also comparable to that of the



significant events in the SW data, similar to that found
for the kinematic parameters.

3.3.2 | WMAXSHEAR

WMAXSHEARp¢ was used in Taszarek et al. (2017) to
assess thunderstorm severity and in Chernokulsky
et al. (2019) to discriminate between significant tornadoes
and weaker events. Both studies showed the efficiency of
this composite parameter in discriminating between (E)
FO/(E)F1 and (E)F2+ cases. As shown in Figure 6c¢,d,
both the (E)FO and (E)F1 categories exhibit similar
WMAXSHEARes, presenting smaller values for the SW
than for the NE as a consequence of the lower CAPE. Sig-
nificant tornadic events are usually associated with
higher WMAXSHEARes, which is significantly different
to that of the weak cases (p < .030), except that between
the (E)F1 and (E)F2+ cases for the SW.

Chernokulsky et al. (2019) proposed the threshold of
940 m2-s72 to distinguish between significant and weak
tornadic environments. This value is too high for the SW
events in our study (only 36% surpass it) and for those
analysed in Taszarek et al. (2017), where less than 25%
surpassed this threshold. The strong dependence of this
parameter on CAPE, which is generally lower in the SW
than in the NE, and the weak differences in the WS¢
between the SW and NE (E)F2+ events are the reasons
for the lower WMAXSHEAR(s among the SW events. In
addition, the similar WSps of the (E)F1 and (E)F2+ cases
in the SW subregion makes WMAXSHEARp¢ less useful
in discriminating between significant and weak tornadic
events in high-shear, low-CAPE environments. By con-
trast, 63% of the NE (E)F2+ events surpass the above-
mentioned threshold.

To increase the difference in the WMAXSHEAR
between the weak and significant tornadic events in HSLC
environments, WSz instead of WSpe has been proposed
for the calculation of this parameter. Whereas the WSos3
presents significant differences between weak (grouping
the (E)FO and (E)F1 categories, not shown) and significant
events for both the NE and SW subregions, the differences
in the WSgs between these vertical profile types are not
statistically significant for the SW events.

Using WSp3, the differences in the WMAXSHEAR
between the (E)FO, (E)F1 and WAT events with respect
to (E)F2+ tornadoes are statistically significant for both
the NE and SW subregions (Figure 6e,f). Although the
50th percentile for significant events is greater for the NE
than the SW events, the KS-test results show that the dis-
tributions are not different, even for the other tornado
categories (Table B2). Therefore, WMAXSHEARy3, like
the UTI, is unaffected by seasonal variations, that is, the

TABLE 3 WMAXSHEARo; 25th, 50th and 75th percentiles (in
m?-s72) for weak ((E)FO and (E)F1) and significant ((E)F2+) events,
merging NE and SW subregions

Percentile Weak Significant
P25 231 531
P50 380 811
P75 575 1,117

ability to distinguish between the tornado categories is
invariant with seasonal changes.

Interestingly, the 25th percentile for WMAXSHEAR(3
of all the (E)F2+ soundings (500 m2-s72) is comparable to
the 75th percentile of the weak tornado environments
(Table 3). Therefore, this value could act as a threshold to
distinguish between significant and weak tornado envi-
ronments. Whereas only 29% of the (E)FO cases and 35%
of the (E)F1 events surpass this threshold, 84% of the (E)
F2+ events exceed it.

3.3.3 | CAPE versus WSo3

The results from the previous sections indicate that SW
tornadic events (more frequent during the cool-season)
are usually associated with lower CAPE and higher
helicity and WS than the NE events. Sherburn and Par-
ker (2014) defined the criteria for HSLC environments as
surface-based parcel CAPE <500 J-kg™!, most-unstable
parcel CAPE < 1,000 J-kg™!, and WSpe 2 18 m-sL. In our
study, 45% of the SW tornadoes meet these conditions
compared to only 15% of the NE tornadoes (Table 2). This
is consistent with the fact that cool-season severe weather
events, including tornadoes, are usually associated with
HSLC environments, as found in previous studies
(Hanstrum et al., 2002; Childs et al., 2018; Gatzen
etal., 2019; Celinski-Mystaw et al., 2020).

Figure 7 shows the tornado and waterspout scatter
plots of CAPE and WSp3 values overlaid onto
WMAXSHEARo3 contour lines. It is apparent that signifi-
cant tornadoes associated with low CAPE are usually
related to high WSqs, typically well above 15 m-s™. By
contrast, when CAPE increases, significant tornadoes can
occur even when WSp3 < 15 m-s7L. (E)F2+ events in the
NE exhibit a wide range of CAPE and WSo3 values
(Figure 7a), unlike the SW cases, which usually have
CAPE <1,000 J-kg! and WSp3 > 15 m-s™! and only occa-
sionally present high-CAPE and low-to-moderate WSos3
conditions (Figure 7b). Despite this apparent inverse cor-
relation between CAPE and WSo3, as stated in Sec-
tion 3.2.2, more than 75% of significant events from both
subregions exhibit WMAXSHEARy3 > 500 m2-s2.



FIGURE 7 NE (a) and SW

(b) tornado and waterspout CAPE
versus WSos scatter plots overlaid
with WMAXSHEARs contour lines
(labels expressed in m2-s72).
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WAT and (E)FO events are less restrictive than EF1+
events and are therefore associated with a wide range of
CAPE and WS. However, they are more common when
CAPE <1,500 J-kg! and WSo3 is around 10 m-s! or even
less, presenting WMAXSHEAR3 smaller than 500 m2-s2.

3.3.4 | Szilagyi Waterspout Nomogram

The Szilagyi Waterspout Nomogram (Szilagyi, 2009) is an
empirical graphical technique used to forecast water-
spouts that was originally developed in the Great Lakes
region of North America. It is based on two thermody-
namic parameters: the difference between the SST and
T850 (x-axis, AT) and the CCD (y-axis). Additionally, the
850 hPa wind speed must be lower than 40 kt
(20.6 m-s7!). Depending on the AT and CCD, the nomo-
gram classifies events into two broad areas: favourable
conditions for waterspout formation (distinguishing four
environments, that is, thunder-related, upper-low, land-

Warm-season event
S &y ¢ Cool-season event

30 40
SST - Tgso (°C)

breeze and winter waterspouts; Figure 8) and
unfavourable conditions (labelled 'No WAT’ in Figure 8).
According to Szilagyi (2009), the area of favourable con-
ditions is limited by two threshold lines (thick-solid and
thick-dashed lines in Figure 8), which are the upper and
lower boundaries of the two areas of unfavourable condi-
tions for waterspout formation.

We found that 81% of WAT events from the analysed
dataset fit in the area where waterspout conditions are
favourable. Here, the vast majority of warm-season
events are associated with thunderstorm-related water-
spout environments, similar to that reported by Keul
et al. (2009). They are characterized by deep convective
clouds (CCD exceeding 8.5 km) and low-to-moderate AT
(below 16°C).

Unsurprisingly, the so-called winter waterspout con-
ditions in the Szilagyi nomogram (Winter WAT in
Figure 8), characterized by a high AT and low CCD, are
not met in the study region, which is consistent with the
findings of previous studies using the nomogram in other



parts of the Mediterranean (Sioutas ef al., 2013; Renko
et al., 2016). In our dataset, there was no waterspout case
where AT > 25°C, with only two cases exceeding 20°C. It
should be noted that this forecasting method was devel-
oped for the Great Lakes, where very cold low- and mid-
level air advections in winter are common and, therefore,
the difference between the surface temperature of the
lake and T850 can reach large values. By contrast, in the
Mediterranean basin and the south-western European
Atlantic slope, cold air advections are weaker than at
higher latitudes; thus, the AT in winter is not so extreme
(Chandra et al., 1990; Reynolds and Smith, 1995). In this
sense, Keul ef al. (2009) proposed a modification of the
nomogram, excluding winter events where AT > 20°C
for the Mediterranean.

Most waterspout events that are not in the nomogram
area of favourable conditions are characterized by a CCD
between 1.5 and 6 km and a AT between 10 and 15°C. Of
these, 63% are related to cool-season events, which are con-
sistent with previous findings (Renko et al., 2018) that have
detected some winter Mediterranean waterspouts in this
area of the nomogram. Therefore, this region should also
be considered a potential area that is prone to mid-latitude
winter waterspouts. Hence, the original nomogram should
be modified when used for studies in southern Europe.

Apart from cool-season cases, the nomogram is a reli-
able source to identify conditions that are favourable for
waterspouts in the study region. However, as pointed out
by Szilagyi (2009), the nomogram is a complementary
tool that should be used alongside the identification of
additional factors such as lateral boundaries, frontal sur-
faces or low-level convergence lines. All of these can pro-
duce horizontal WS and generate low-level vertical
vorticity, which can be stretched by updrafts, favouring
waterspout formation (Brady and Szoke, 1989;
Markowski and Richardson, 2009; Miglietta, 2019).

4 | SUMMARY AND
CONCLUSIONS

A dataset including 907 tornado and waterspout events
recorded from 1980 to 2018 in the Iberian Peninsula and
Balearic Islands was analysed. Events were grouped
depending on their intensity and type, with five catego-
ries considered ((E)FO, (E)F1, (E)F2+, UR and WAT).
Data on the vertical temperature, dew point and wind
profile of each event were retrieved from the ERAS
reanalysis. Thermodynamic (CAPE and CIN), kinematic
(SRH and WS) and composite (UTI, WMAXSHEAR and
the relationship between CAPE and WSp3) sounding-
derived parameters were determined to characterize con-
vective environments. Moreover, the Szilagyi Waterspout

Nomogram was tested for waterspout events in the
dataset. We observed that there are substantial differ-
ences in the monthly distributions of tornadoes and
waterspouts between the NE and SW parts of the study
region. The events are more common during the warm-
season (May to October) in the NE and during the cool-
season (November to April) in the SW.

The NE tornado and waterspout environments are
characterized by higher CAPE and lower WS and helicity
(especially at low levels) compared to the SW events. In
fact, 44% of the SW tornado atmospheric profiles are
associated with high-shear, low-CAPE environments, in
contrast to 13% for the NE events. Low-shear, high-LCL
tornado environments occur in both areas, being more
frequent inland during the warm-season. For this reason,
they are more common in the NE (13% of the tornado
events) than in the SW (6%).

There is a positive correlation between helicity and
WS with respect to the intensity of the event. Generally,
the higher the SRH and WS, the stronger the tornadoes
can be. The majority of the (E)F2+ soundings in our
dataset exceed the thresholds proposed by previous stud-
ies for significant tornadoes: SRHoz > 180 m?2-s72 (57%);
SRHp; > 70 m2-s2 (64%); WSos > 20 m-s™! (66%);
WSz > 15 m-s7! (75%); and WSp1 > 8 m-s™! (52%). More-
over, the ratio of threshold exceedance is higher for the
SW events than for the NE cases due to differences in the
monthly distribution.

There is a weak inverse correlation between CAPE
and WSp3. Whereas significant tornado environments
with low CAPE (<1,000 J-kg!) usually present
WSz > 15 m-s7}, increasing CAPE makes it possible for
EF2+ tornadoes to occur with smaller WSg3. This behav-
iour is similar for all the tornado and WAT categories.

Composite parameters such as the UTI (>0.3) and
WMAXSHEARps (>940 m2-s2) are also generally good
discriminators between weak and significant torna-
does. However, the WMAXSHEAR(s for SW (E)F2+
events is not as high as that for the NE ones due to the
lower CAPE. Furthermore, the differences between
the (E)FO/(E)F1 and (E)F2+ tornadoes are not statisti-
cally significant, making this parameter less useful in
identifying significant tornado environments in HSLC
conditions. This led us to apply a variant of
WMAXSHEAR that uses WSy instead of WSps, and
presents greater differences between the significant
and weak tornadoes. Our results, which are also con-
sistent with the inverse correlation between CAPE and
WSos3, show that (E)F2+ environments are usually
associated with WMAXSHEARy; > 500 m2-s2. In this
study, 80% of the significant tornado cases exceed this
threshold, whereas only 29% of the weak tornadoes
surpass it.



Neither the UTI nor WMAXSHEAR(3 presents signifi-
cant differences between the NE and SW subregions for
each category. This makes them useful in distinguishing
between significant and weak tornado events, indepen-
dently of their association with HSLC environments.
However, there are some limitations in using the UTI for
LHHLCL environments as, according to its definition,
the UTI is zero when LCL > 1,500 m, which often occurs
in LHHLCL cases.

It is remarkable that the UR and weak tornado events
have similar values in the NE, while the UR and significant
tornado events have comparable values for the kinematic
parameters and UTI in the SW. This indicates that the UR
events could be mostly weak in the NE, while some of the
UR tornado cases might be significant in the SW.

By contrast, WAT are associated with low-to-
moderate CAPE and low helicity and shear. Composite
parameters also present low values for WAT compared to
tornadoes, even the weak ones. Thus, the environmental
conditions for waterspout formation are less restrictive
than those for the formation of inland tornadoes.

The Szilagyi Waterspout Nomogram is a useful tool
for forecasting waterspouts in our study area. The vast
majority of the events (81%) fit into the nomogram area
delimited by waterspout threshold lines, most of them
being characterized by CCD > 8.5 km and AT < 16°C.
However, the nomogram could be adapted to mid-
latitudes by removing the AT > 25°C winter waterspout
area, as already discussed in previous studies, and defin-
ing a new cool-season waterspout area, with the CCD
between 1.5 and 6 km and the AT between 10 and 15°C.

Our results might have been improved if the tornadic
database used could distinguish between mesocyclonic
and non-mesocyclonic cases. Therefore, future work
should include an analysis of radar data to assess the con-
vective mode (e.g., multicell, supercell, mesoscale convec-
tive system) of tornadic storms (Smith et al., 2012),
preferably over a larger region (i.e., Europe). Our analysis
should be replicated, but through classifying tornadic
events according to the type of parent-convective system,
similar to that of Grams et al. (2012) or Thompson
et al. (2012, 2013) in the USA. Moreover, it would be use-
ful to determine the ratio of mesocyclonic tornadoes in
non-typical supercell environments (i.e., WSps smaller
than 20 m-s7!). Finally, the SRH for the 0-500 m layer
could also be analysed, as this parameter has been
reported to be good at distinguishing between tornadic
and non-tornadic supercell environments (Coffer
etal., 2019).
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APPENDIX A.

In this Appendix, the equations for all the parameters
analysed are shown (Table Al).

TABLE A1 Equation, units and reference for the parameters analysed. Variables used are g (acceleration of gravity), LFC (level of free
convection), EL (equilibrium level), Tv,, (lifting parcel temperature), Tv, (environmental temperature), / (height of the upper-limit of an air
layer above ground level), v (horizontal wind vector), k (upward unit vector), ¢ (storm motion vector), SBCAPE (surface-based CAPE),
SBLCL (surface-based lifting condensation level), SBCAPEos (surface-based CAPE integrated up to 3 km) and AMRsoo (mixing ratio average
in the lowest 500 m). Note that UTI is a dimensionless (d.l.) magnitude and that it is imposed that UTI = 0 if SBCAPE = 0 J-kg-1 and/or
LCL> 1,500 m, whereas if SRHo1 < 0 m2-s2, then it is considered that SRHo: = 0 m2-s~2

Parameter equation Units Reference
CAPE= gD EL  Typ0eb-T 02 g Jkgt Moncrieff and Miller (1976)
LFC Ty 0z
CIN= ngJFC LypOepoT o O2b g J-kg! Moncrieff and Miller (1976)
Ty 8P .
i
SRH, = —ng- Bv-chx & dz m’s” Davies-Jones ef al. (1990)
WSon ﬁthh - Voj i o m-s! Weisman and Klemp (1982)
SBCAPE-SRHO01 50WSog -20p+2000-SBLALD SRHO1 d. L Taszarek and
5 — +SBCAPE 3 +—— .
UTl=— 1000 _%@L _Mll;@ Kolendowicz (2013)
pififl fifififi fifif ffiff fiff P

Taszarek et al. (2017), this study
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APPENDIX B. relation to the event classes ((E)FO, (E)F1, (E)F2+, UR

and WAT) for both subregions of the study (NE and SW).
Table B1 presents the results of the Kolmogorov-Smirnov ~ Table B2 shows the p-values of the KS-test performed to
(KS) test assessing the statistical significance of differ-  determine how different the distributions of each param-
ences between the values of the analysed parameters in eter are, comparing the NE and SW subregions.

TABLE B 1 p-values of the Kolmogorov—Smirnov test for all the parameters analysed for both NE and SW subregions, comparing
among the different event classes. p-values over .100 are not shown and p-values equal to or lower than .010 are in bold

(E)FO (E)FO (E)FO (E)FO (E)F1 (E)F1 (E)F1 (E)F2+ (E)F2+ UR
VS. VS. vs. VS. VS. vs. VS. vs. VS. vs.
Parameter (E)F1 (E)F2+ UR WAT (E)F2+ UR WAT UR WAT WAT
CAPE (NE) - .024 - .012 .030 - .038 - .000 -
CAPE (SW) - - - - - - - - - -
CIN (NE) - - - - - - - - - -
CIN (SW) - - - - - - - - - -
SRHos (NE) .045 .000 - - .027 - .000 - .000 -
SRHos (SW) .001 .005 .070 .002 - - .000 - .000 .006
SRHo: (NE) .001 .001 - .055 - - .000 - .000 .066
SRHo: (SW) .001 .003 - .001 - - .000 - .000 .017
WSos (NE) - .001 - - .001 - - - .000 -
WSos (SW) .001 .006 - .023 - - .000 - .000 .086
WSos (NE) .059 .000 - - .002 - .001 .076 .000 -
WSos (SW) .003 .007 .056 .003 - - .000 - .000 .006
WSo: (NE) .018 .021 - .018 - - .000 - .000 -
WSo:1 (SW) .000 .026 .084 .003 - - .000 - .000 .006
UTI (NE) .005 .000 - .016 .013 - .000 .047 .000 -
UTI (SW) .074 .010 - .006 - - .000 - .000 -
WMAXSHEARos (NE) - .000 - .006 .000 - .001 .021 .000 .018
WMAXSHEARos (SW) .053 .029 = .069 = = .000 .076 .000 -
WMAXSHEARos (NE) .100 .000 - .018 .000 - .000 .012 .000 -
WMAXSHEARo; (SW) - .006 - .002 .030 - .000 - .000 -
Parameter (E)FO (E)F1 (E)F2-+ UR WAT TABLE B2 AsTableBl1 ‘F)ut for p-
values of the Kolmogorov—Smirnov test
CAPE :000 :000 .002 - -000 for each parameter analysed, comparing
CIN = = = = = NE and SW values distribution
SRHos .002 .003 - - -
SRHo1 .000 .000 .007 - .008
WSoe .047 .000 - - -
WSos .022 .000 - - -
WSo1 .000 .000 .012 - .002
UTI .035 - - - -
WMAXSHEARo6 .097 .055 .018 - .025

WMAXSHEARo3 = = = = .022



APPENDIX C.

Tornadic events recorded in Catalonia between 2000 and
2016, which are included in the dataset used in this
study, are analysed in this Appendix. ERAS reanalysis
data and real sounding observations previously used in
RB18 are compared. In RB18, pre-convective environ-
ments were analysed by selecting the most representative
sounding for each event, using the proximity-inflow
method (Rasmussen and Blanchard, 1998). Values of the
thermodynamic (CAPE), kinematic (WSp3) and compos-
ite (WMAXSHEAR(3) parameters from both datasets are
presented and compared

Table C1 shows some of the differences in the 25th,
50th and 75th percentiles. CAPE ERAS values are generally
higher than those derived from the sounding data, except
for the upper bound. This is consistent with the findings of
Potvin et al. (2010), who reported that increasing the

TABLE C1

spatio-temporal distance between the sounding data and
the tornadic event analysed produced lower CAPE environ-
ments. By contrast, reanalysis-derived WSp3 and
WMAXSHEARg3 percentiles are similar or slightly lower
than those derived from soundings. These differences could
be explained by the:

* Data used: Here, ERAS reanalysis data are employed,
whereas real sounding data were used in RB18 (see
Taszarek et al., 2018 for further details on this issue).

* Profile selection method: We selected the closest spatio-
temporal grid point to analyse convective environ-
ments, whereas the proximity-inflow method was used
in RB18 (profiles could be at ranges farther than
200 km and several hours earlier than the event).

In any case, all these differences are not statistically sig-
nificant (p > .200, according to the KS test, not shown).

25th, 50th and 75th percentiles for CAPE, WSos and WMAXSHEARo; for ERAS (in bold, left columns) and radiosounding

(right columns) data for (E)FO, (E)F1+ and WAT Catalonia (2000-2016) events analysed in Rodriguez and Bech (2018)

(E)FO (E)F1+ WAT
CAPE (J-kg)
P25 429 266 478 330 224
P50 766 757 1,018 702 669 539
P75 1,367 1,609 1,359 1701 1,350 1,209
WSo3 (m-s71)
P25 6.6 7.9 9.4 12.9 6.7 6.5
P50 9.8 11.8 14.7 16.0 9.8 9.0
P75 13.4 14.0 21.2 18.5 12.9 13.2
WMAXSHEARes (m?-s?)
P25 156 255 437 167 147
P50 354 389 527 331 283
P75 461 744 830 573 517
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