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ABSTRACT: As lightning-detection records lengthen and the efficiency of severe weather reporting increases, more
accurate climatologies of convective hazards can be constructed. In this study we aggregate flashes from the National
Lightning Detection Network (NLDN) and Arrival Time Difference long-range lightning detection network (ATDnet)
with severe weather reports from the European Severe Weather Database (ESWD) and Storm Prediction Center (SPC)
Storm Data on a common grid of 0.25° and 1-h steps. Each year approximately 75-200 thunderstorm hours occur over the
southwestern, central, and eastern United States, with a peak over Florida (200-250 h). The activity over the majority of
Europe ranges from 15 to 100 h, with peaks over Italy and mountains (Pyrenees, Alps, Carpathians, Dinaric Alps; 100—
150 h). The highest convective activity over continental Europe occurs during summer and over the Mediterranean during
autumn. The United States peak for tornadoes and large hail reports is in spring, preceding the maximum of lightning and
severe wind reports by 1-2 months. Convective hazards occur typically in the late afternoon, with the exception of the
Midwest and Great Plains, where mesoscale convective systems shift the peak lightning threat to the night. The severe wind
threat is delayed by 1-2 h compared to hail and tornadoes. The fraction of nocturnal lightning over land ranges from 15% to
30% with the lowest values observed over Florida and mountains (~10%). Wintertime lightning shares the highest fraction
of severe weather. Compared to Europe, extreme events are considerably more frequent over the United States, with
maximum activity over the Great Plains. However, the threat over Europe should not be underestimated, as severe weather
outbreaks with damaging winds, very large hail, and significant tornadoes occasionally occur over densely populated areas.
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1. Introduction

a. Overview

Convective storms are common phenomena during spring
and summer across both Europe and the United States, and
frequently produce severe weather and societal impacts
(Brooks et al. 2018). Each year, hundreds of lightning, large
hail, damaging wind, tornado, and flash flood events occur over
both continents, causing fatalities and considerable damage to
infrastructure (Doswell 2003; Ashley 2007; Ashley and Black
2008; Piper et al. 2016; Terti et al. 2017). Knowledge of the
spatiotemporal variability of severe thunderstorms is therefore
valuable not only for national weather services, but also for risk
modeling and the insurance industry.

Thunderstorms can be detected efficiently using automatic
ground-based or satellite lightning detection systems (Cecil
et al. 2015; Albrecht et al. 2016; Bedka et al. 2018; Galanaki
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et al. 2018), but severe local events, such as large hail or tor-
nadoes, still require a reporting observer. The reliance on ob-
servers creates a spatial bias toward more populated areas, and
introduces temporal inhomogeneity driven by a consistently
increasing reporting efficacy (Verbout et al. 2006; Groenemeijer
et al. 2017; Edwards et al. 2018; Allen 2018). Changes in re-
porting can be linked to the transition toward a so-called digital
society that results from improvements to technology (e.g.,
mobile phone cameras and the widespread access to the Internet
that allows severe weather to be documented and rapidly shared
with others; Krennert et al. 2018; Graham and Dutton 2019).
Social media have also promoted sharing of weather-related
information and increased the interest in thunderstorms (Edwards
et al. 2013; Elmore et al. 2014; Seimon et al. 2016; Holzer et al.
2017). As a result, more data describing the occurrence and im-
pact of convective storms have been collected than ever before.
This remarkable increase in storm reports and rapid devel-
opment of lightning detection networks has enabled the construc-
tion of more accurate climatologies of (severe) thunderstorms,
and allowed analyses that over Europe were not possible at the
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beginning of the twenty-first century (Dotzek et al. 2009;
Groenemeijer et al. 2017; Taszarek et al. 2019a). United States
Storm Data has greater consistency over time, but even so the
increasing reporting efficiency of weak tornadoes, large hail,
and severe wind events can be observed over the last 20 years
(e.g., Allen and Tippett 2015; Edwards et al. 2018). Although
multiple attempts have been made to study the spatiotemporal
variability of convective events across both Europe and the
United States (including comparisons; Brooks 2009; Griinwald
and Brooks 2011; Groenemeijer et al. 2017), no study has
combined all observational datasets to compare the climatol-
ogies of lightning and storm observations across both continents.

b. Observations of severe convective storms over Europe
and the United States

Severe storms have been recorded throughout history in
both Europe and North America, starting in the classical pe-
riod, and with a renewed interest arising in the nineteenth and
early twentieth century (Dotzek 2003; Groenemeijer and
Kiihne 2014; Antonescu et al. 2016, 2019). During the socialist
period in central and eastern parts of Europe from 1945 to
1989, information on catastrophic events was difficult to find,
which has resulted in relatively few severe weather reports
(Antonescu and Bell 2015; Taszarek and Gromadzki 2017
Brézdil et al. 2019). For the United States, regular climato-
logical studies have appeared interspersed with case studies
from a variety of observational data sources for hail, tornadoes,
and damaging winds (e.g., Kelly et al. 1985; Grazulis 1991;
Bentley and Mote 1998; Changnon 1999; Doswell et al. 2005).
In recent years, the interest in severe storms has increased
across Europe, with a large number of studies on severe wind
events (Hamid 2012; Celinski-Mystaw and Matuszko 2014;
Mohr et al. 2017; Mathias et al. 2017, 2019; Taszarek et al.
2019b; Gatzen et al. 2020), hailstorms (Mohr et al. 2015; Nisi
et al. 2016; Kahraman et al. 2016; Kunz et al. 2018; Trefalt et al.
2018; Kunz et al. 2020), and tornadoes (Chernokulsky and
Shikhov 2018; Miglietta and Matsangouras 2018; Antonescu
et al. 2018; Avgoustoglou et al. 2018; Pilguj et al. 2019;
Chernokulsky et al. 2020). The first continuous pan-European
data collection effort began with the operation of the European
Severe Weather Database (ESWD) by the European Severe
Storms Laboratory in 2006 (Dotzek et al. 2009; Groenemeijer
et al. 2017). The ESWD integrated previously existing national
datasets, and has since relied on a network of voluntary severe
weather reporters spread across Europe. ESWD observations
have seen a variety of applications, including developing pan-
European climatologies of severe thunderstorms (Taszarek et al.
2019a), tornadoes (Groenemeijer and Kiihne 2014; Antonescu
et al. 2016), and hail (Punge et al. 2014, 2017; Punge and Kunz
2016; Pucik et al. 2019).

Data collection efforts for severe storms for the United
States have been based on several datasets, the largest pres-
ently being the Storm Prediction Center Storm Data (SPCSD),
spanning 1950 to the present (Schaefer and Edwards 1999).
Like the ESWD, SPCSD is highly reliant on observer density
and availability, with a number of biases and inhomogeneities,
which can generate challenges in constructing climatologies of
convective hazards (Doswell et al. 2005; Verbout et al. 2006;

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 09/02/21 05:26 PM UTC

JOURNAL OF CLIMATE

VOLUME 33

Blair et al. 2017; Allen et al. 2017; Edwards et al. 2018; Potvin
et al. 2019). Nonetheless, the large size of this dataset has
proven attractive in deriving severe thunderstorm climatol-
ogies and other operational applications (e.g., Thompson et al.
2003; Thompson et al. 2012; Johnson and Sugden 2014; Allen
and Tippett 2015; Gropp and Davenport 2018; Coffer et al.
2019; Murillo and Homeyer 2019; Gensini et al. 2020).

Other observational records have been derived from insur-
ance records and agricultural crop losses, but these records
have been less commonly used, and are temporally incomplete
(Changnon 1999; Kunz and Puskeiler 2010). Remote sensing
data from both satellite and radar have become increasingly
available in recent years, but not without the limitations of
being indirect proxies, or being temporally or spatially limited
due to coverage (Cintineo et al. 2012; Cecil and Blankenship
2012; Kunz and Kugel 2015; Puskeiler et al. 2016; Wapler 2017;
Bedka et al. 2018; Schlie et al. 2019; Bang and Cecil 2019; Fluck
et al. 2020). Nonetheless, while climatological information is
plentiful, few efforts look at the distribution of severe thun-
derstorm hazards and lightning holistically.

c. Aim of the study

In this study we combine lightning data and severe weather
reports over the period 1979-2018 for both Europe and the
United States. By standardizing all datasets to a 0.25° grid
and 1-h step, we can derive and compare annual, diurnal, and
spatial distributions of lightning, large hail, severe wind, and
tornadoes across both domains. This approach allows deriva-
tion of conditional probabilities of specific severe weather
types (given the occurrence of lightning) and better assessment
of spatial reporting biases. A comparison of ESWD with the
more complete SPCSD also allows a better evaluation of un-
derreporting issues in European data. In addition, similarities
and limitations of all datasets are discussed for both continents.

This study is divided into two parts. In this part we focus
purely on the synthesis of observational datasets, while in the
second part we combine these data with their reanalysis-
derived environments to evaluate the underlying relation-
ships between severe weather and convective parameters
(Taszarek et al. 2020). Jointly, the studies enable a better as-
sessment of the threat for convective hazards across Europe
and the United States and explain differences between those
domains.

2. Dataset and methodology

Severe convective storms are studied over 40 years (1979-
2018) over the continental United States and Europe. Lightning
and severe weather data are gridded to 0.25° horizontal spacing
and 1-h temporal resolution. This grid spacing is motivated by
the resolution of ERAS, which is used with the same obser-
vational data in the second part of the study (Taszarek et al.
2020). For statistical analysis we define four subdomains over
each continent that present distinct climatological distribu-
tions (Fig. 1).

a. United States lightning data
Lightning-flash counts for the United States were derived
from the National Lightning Detection Network (NLDN;
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FIG. 1. Definition of regions used in the study. (left) United States: Southeast (SE; 29.25°-36.00°N, 83.00°-93.25°W),
Midwest (MW; 39.00°45.50°N, 89.50°-103.00°E), Southern Plains (SP; 30.00°-38.00°N, 94.25°-102.50°W), and
Mountains (M; 32.25°-40.50°N, 105.00°-112.50°W). (right) Europe: Northwest (NW; 47.25°-58.75°N, 10.25°W-
7.25°E), South (S; 34.75°-41.50°N, 8.25°-29.50°E), Central (CN; 45.75°-53.75°N, 9.00°-24.50°E), and East (E; 49.50°-

60.50°N 30.00°—46.00°E).

Fleenor et al. 2009; Cummins and Murphy 2009; Koehler 2020)
for 1989-2018, and aggregated to the common grid of 0.25° at
hourly steps. During this time period, NLDN has undergone
several upgrades, causing discontinuities. GPS timing data
were added in 1995 to the magnetic-field direction-finder sta-
tions, while cloud-to-ground (CG) detection efficiency during
this time period was between 60% and 90% (Cummins et al.
1998). More sensors were installed and upgraded in 2002-03 to
improve the CG detection efficiency to 90%-95% (Cummins
and Murphy 2009) and again in 2013 to over 95% (Nag
et al. 2014).

Here we use the archive of the quality-controlled NLDN
flash data maintained by the National Severe Storms Laboratory.
While network detection efficiency undoubtedly results in year-
to-year inhomogeneities, the driving motivation here is to ex-
plore the largest possible sample size. Furthermore, since metrics
used here are thunderstorm hours instead of flash counts, our
estimates are less susceptible to spatial and year-to-year

variations in the data quality, and by this virtue are more
comparable with the European dataset. To ensure consistency
with the European dataset, which includes both CG and
intracloud (IC) flashes, we do not remove low peak-current
discharges, with the understanding that many of them result
from IC flashes (Kingfield et al. 2017; Medici et al. 2017).
Evaluating the impact of this distinction on our results, the
difference in the mean annual number of thunderstorm hours
(at least two flashes) for any given location, based on 1) all
flashes and 2) flashes with a peak current filter (>15 kA), ex-
tends from around 8% to 16% depending on the year.

In total, 868335173 flashes detected over a 30-yr period
were used in the analysis (Table 1). During 1989-92, the
number of detections was lower compared to other years
(Fig. 2b), related to lower detection efficiency. Seasonally, the
highest number of flashes on average unsurprisingly occurs
during summer, followed by spring, autumn, and the winter
minima (Fig. 2b).

TABLE 1. Datasets used in the study.

Category Database Sample size Grid/step  Time domain Additional note

Lightning United States-NLDN?® 868335173 flashes  0.25°/1h 1989-2018 A thunderstorm hour is defined when at

Europe-ATDnet" 180508 624 flashes ~ 0.25°/1h 2006-2018 least two flashes per hour per grid are
detected.

Tornado United States-SPC® 45 062 reports 0.25°/1h 1979-2018 Waterspouts rated FO excluded.
Europe-ESWD* 4876 reports 0.25°1h 1979-2018

Large hail United States—SPC® 239947 reports 0.25°/1h 1979-2018 Hailstones with diameter < 2cm
Europe-ESWD* 13743 reports 0.25°1h 1979-2018 excluded.

Severe wind United States-SPC* 382252 reports 0.25°/1h 1989-2018 Only cases with 45 km spatial and =1-h
Europe-ESWD* 27115 reports 0.25°1h 2006-2018 temporal proximity of lightning

were used.

#National Lightning Detection Network (Koehler 2020)
® Arrival Time Difference lightning-detection network (Enno et al. 2020)
¢ Storm Prediction Center Severe Weather Database (Schaefer and Edwards 1999)
4 European Severe Weather Database (Dotzek et al. 2009)
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a Severe weather reports over the years
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FIG. 2. Frequency of (a) tornado (red), large hail (green), and severe wind (blue) reports, and (b) flashes
(thousands) in spring (yellow), summer (red), autumn (green), and winter (blue) for (left) Europe and (right) the
United States over the years. Mean values (indicated as horizontal lines) for Europe are derived for years 2010-18

and for 2005-18 for the United States.Values over the vertical axis are presented in a square root scale.

b. European lightning data

For Europe, lightning flash counts for the period 2006-18
were used from the Arrival Time Difference lightning-
detection network (ATDnet; Anderson and Klugmann 2014;
Enno et al. 2020) operated by the Met Office. ATDnet is a very
low-frequency (VLF) long-range system that locates lightning
discharges using the arrival time difference (ATD) method
(Lee 1986). ATDnet sensors detect sferics, which are VLF
electromagnetic waves propagating in the Earth-ionosphere
waveguide, and can be generated by CG lightning return
strokes or high-current cloud-lightning pulses (Rakov and
Uman 2003). Sferics can propagate thousands of kilometers,
which makes it possible to cover large areas with a limited
number of sensors. During the study period, ATDnet consisted
of 10 sensors operating at the central frequency of 13.733 kHz
(Enno et al. 2020). The effective range of ATDnet encom-
passes Europe, northern Africa, and part of the northern
Atlantic Ocean.

ATDnet is capable of detecting up to 90% of CG flashes and
25% of IC flashes during the day (Enno et al. 2016). A lower
nighttime detection efficiency has been reported (Poelman
et al. 2013a), as ATDnet is tuned for optimal performance
under the daytime ionosphere. Evaluating locational accuracy
compared to short-range lightning systems, spatial precision of
ATDnet is ranging over 1-2km over western Europe and
around 5-10km in the remaining part of the studied domain
(Bennett et al. 2010; Poelman et al. 2013a,b).

In total, 180 508 624 flashes in 13 years were aggregated on
the common grid of 0.25°, at hourly steps (Table 1). Due to the
network upgrade in 2007 (Enno et al. 2020) the number of
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detections in 2006 was lower compared to other years
(Fig. 2b). The annual cycle of flashes is similar to that of the
United States, except for less distinction between the fall and
spring (Fig. 2b).

c. United States severe weather reports

Severe weather data in the United States are collected from
storm reports submitted by local NWS offices, with local
quality-control and removal of duplicate records. Specific re-
ports are also updated with damage-survey data (e.g., tornado
ratings). The final quality-controlled dataset consisting of large
hail, tornado, and severe wind reports, called Storm Data, is
then collated by the Storm Prediction Center (available at
www.spc.noaa.gov/wem; Schaefer and Edwards 1999).

Tornadoes in the United States were rated on the original
Fujita (F) scale before February 2007 and on the enhanced
Fujita (EF) scale since (Doswell et al. 2009; Edwards et al.
2013). For this paper we consider F-scale ratings to be equiv-
alent to EF-scale ratings. Since the nationwide deployment of
the Weather Surveillance Radar-1988 Doppler (WSR-88D;
Weber et al. 2007) network and the modernization of the NWS
warning and data-gathering practices that occurred in the mid
1990s, around 1200 tornadoes are reported each year on av-
erage (Fig. 2a). Increasing photo and video documentation of
tornadoes through spotting and storm chasing (Edwards et al.
2013) and improvements in technology have also led to more
reports of the weakest (FO) tornadoes over the last few de-
cades. Meanwhile, the frequency of tornadoes rated at least
F1 has remained relatively constant (Verbout et al. 2006).
Long-term increases in the variability and intensity of tornado
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outbreaks since the 1970s have been described by Brooks et al.
(2014), Elsner et al. (2015), and Tippett et al. (2016).

Severe convective winds are recorded when their measured
or estimated speed is =50kt (25ms~'). However, estimated
speeds should be treated with caution, as considerable sub-
jectivity is involved (Doswell et al. 2005; Trapp et al. 2006;
Edwards et al. 2018). The ratio of estimated to measured fre-
quency of convective wind reports over the United States is
nearly 9:1, and is the highest over the East and the lowest over
the Great Plains and Midwest. Estimates are often remotely
and arbitrarily assigned after the event, and typically have a
high bias (Agdas et al. 2012; Edwards et al. 2018). For consis-
tency with European wind data, a lightning filter is applied to
all severe wind reports in SPCSD (Table 1). The annual mean
number of wind reports in the United States is 14 492 over the
period 2005-18 (Fig. 2a).

Large hail events in SPCSD are measured or estimated, but
before 2011 they must have had a diameter = 0.75 in. (2cm;
Doswell et al. 2005). At the end of 2010, this threshold was
increased to 1 in. (2.5 cm), which introduced a discontinuity,
despite some portion of 0.75 in. hail still being reported after
2010 (Allen and Tippett 2015). For consistency with ESWD
data, we use only hail with a diameter = 2 cm (Table 1). Since
2005, a mean of 9742 such reports have entered SPCSD each
year (Fig. 2a). The hail data feature a typical bias toward
densely populated areas (Dobur 2005; Cecil 2009), but some-
times even significant events are not reported over urban areas
(Blair and Leighton 2012). During the 2011-15 HailSTONE
field research campaign, the maximum diameter of around
80% of hail reports that entered Storm Data was under-
estimated (especially for supercellular hail), while around 30%
of events were not reported (Blair et al. 2017). Amburn and
Wolf (1997) and Blair et al. (2011) also indicated that around
25%-30% of the examined hailstorms from Storm Data did
not coincide with radar reflectivity at the time of the report.
Reporting efficiency is also typically reduced during nocturnal
severe weather events, because of limited visibility and sleep-
ing observers (Ashley et al. 2008; Blair et al. 2017). Due to
these limitations, hail data should be used with caution, espe-
cially when considering trends of =5cm events (Allen and
Tippett 2015). Further reading on the limitations of hail data is
available in Marzban and Witt (2001), Ortega et al. (2009),
Allen et al. (2017), and Allen et al. (2020).

During 1979-2018, in total 45062 tornadoes, 239 947 halil,
and 382 252 convective wind reports were used in this analysis
for the United States domain (Table 1).

d. European severe weather reports

For Europe, large hail, tornado, and severe wind reports
were taken from the ESWD (available at www.eswd.eu;
Dotzek et al. 2009). ESWD defines a severe wind gust as re-
quiring measured gusts ““to have a speed of at least 25ms ™" or
one doing such damage that a wind speed of 25 ms~! or higher
is likely to have occurred.” This contrasts with the SPCSD, in
which around 90% of reports are estimates (Edwards et al.
2018), as no estimates are used in the ESWD. According to
ESWD reporting criteria a tornado is defined as ‘“‘a vortex
extending between a convective cloud and the Earth’s surface,
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in which the wind is strong enough to cause damage to objects.”
For the majority of large hail events, a peak hailstone diameter is
derived from a measurement or an estimate based on a picture. In
this study, we considered only hailstones with diameters = 2 cm.

The ESWD is characterized by both spatial and temporal
inhomogeneity, with a bias toward western and central Europe
(Groenemeijer et al. 2017; Taszarek et al. 2019a). However, in
recent years this bias has decreased, with a growing number of
reports from southern and eastern Europe (Shikhov and
Chernokulsky 2018; Chernokulsky et al. 2020). Since 2010
when the report frequency stabilized, a mean of 232 tornadoes,
1208 large hail, and 2625 severe convective wind reports occur
each year (Fig. 2a). However, the frequency of wind reports
has consistently increased through the record, in contrast to the
relatively stable number of tornado and hail reports.

The ESWD uses a system of quality flags to rate report ac-
curacy. For this study, only reports with a credibility status of
QCO0+ (plausibility check passed), QC1 (report confirmed),
and QC2 (scientific case study), with an accuracy of at least 3 h,
were included in the analysis. Since the ESWD also contains
severe nonconvective wind reports, all events were cross-
referenced with lightning data from the ATDnet (Table 1). If
no lightning was detected within 45 km or *1 h of the reporting
time, the report was considered to be nonconvective and thus
excluded. Since lightning data are only available from 2006
onward, severe wind reports before 2006 were not included.

Tornadoes in ESWD are rated using the F scale (Fujita
1971), taking into account the guidelines by Feuerstein et al.
(2011). For consistency with the SPCSD, where tornadoes
occurring purely over water surface (waterspouts) are not re-
ported, all such cases were also removed from the European
dataset. However, waterspouts making landfall, rated at least
F1, were retained. Such tornadoes can have significant societal
impacts, particularly along the densely populated Mediterranean
coasts (Sioutas 2011; Kahraman and Markowski 2014; Miglietta
and Rotunno 2016; Renko et al. 2016; Matsangouras et al. 2016,
2017; Miglietta et al. 2017; Rodriguez and Bech 2018, 2020). In
total, 4876 tornadoes, 13 743 large hail, and 27 115 severe wind
reports from ESWD were included (Table 1).

e. Smoothing techniques

To reduce the spatiotemporal limitations in convective reports,
smoothing was necessary. Following Taszarek et al. (2019a), annual
and diurnal cycles presented in this study are smoothed by applying
30-day and 3-h moving windows, respectively. The peak day of the
year (DOY) and hour of the day (HOD) for a specific convective
phenomenon are determined using a running mean. For spatial
analyses we apply 3 X 3 or 5 X 5 grid moving windows. In estimates
of DOY and HOD we use circular statistics (Pewsey et al. 2013) that
allow a continuous transition between 31 December and 1 January,
and between 2300 and 0000 UTC, respectively. Duplicated records
on the aggregate grid were not taken into account in deriving these
estimates.

f- Limitations

The main limitations arise from inhomogeneities of the
observational datasets, although this is offset by the large
sample size considered. The ESWD dataset is approximately
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Annual mean number of hours with lightning, tornado, large hail and severe wind
(0.25° grid, based on years 2006-2018)
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FIG. 3. Annual mean number of hours with (a) lightning, (b) tornadoes, (c) large hail, and (d) severe wind within 0.25° boxes with a 1.25° X
1.25° spatial smoother over Europe for years 2006-18. Duplicated records (more than one report of the same type occurring in the same box

and date) were not taken into account.

15 times smaller than SPCSD and features stronger biases
(section 2d). Although SPCSD is larger, it is also not free of
biases (section 2c). The relationship of population density
to report density and building-construction practices can also
influence recording of damage, especially for tornadoes
(Edwards et al. 2013; Potvin et al. 2019). The consistently in-
creasing number of severe weather reports over the recent
years may also have a statistical effect on DOY and HOD
estimates, as more weight is placed on data from recent years
compared to the early record.
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The difference in the way lightning is detected by the
ATDnet and NLDN networks (sections 2a and 2b) may also
introduce small differences when comparing climatological
aspects of thunderstorms between Europe and the United
States. This also extends to year-to-year and spatial changes in
detection efficiency. Although these issues imply some results
must be interpreted with some caution, we believe that the
majority of biases are mitigated by the large size of the dataset,
careful selection of temporal window, and smoothing into cli-
matological frequency.
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Annual mean number of hours with lightning, tornado, large hail and severe wind
(0.25° grid, based on years 1989-2018)
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FIG. 4. Annual mean number of hours with (a) lightning, (b) tornadoes, (c) large hail, and (d) severe wind within 0.25° boxes with a 1.25°
X1.25° spatial smoother over the United States for years 1989-2018. Duplicated records (more than one report of the same type occurring

in the same box and date) were not taken into account.

3. Results

a. Spatial variability

The spatial distribution of annual mean number of hours
with lightning over Europe indicates a peak activity during
summer with 30-40h in a corridor from the northeastern
Iberian Peninsula, through central Europe and the Balkans,
and into western Russia (Fig. 3a). Local peaks of lightning
frequency exceeding 60 thunderstorm hours are observed over
mountain ranges such as the Alps, Carpathians, and Dinaric
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Alps. During autumn, the convective activity (around 20 h with
thunderstorms per year) shifts toward southern Europe and
the warm waters of the Mediterranean Sea. In winter, storms
occur mainly over the eastern Mediterranean but occasionally
over western portions of Europe as well, typically linked to
extratropical cyclones (van Delden 2001; Kolendowicz 2012;
Wapler and James 2015; Piper et al. 2019). During spring, in-
tensifying boundary layer warming aids thunderstorm forma-
tion over the majority of continental Europe with peaks over
Italy, the Balkan Peninsula, and Turkey.
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TABLE 2. Day of year and time of the day with peak probability for convective events over selected regions (Fig. 1).

Lightning Tornado Large hail Severe wind
Region Day Hour Day Hour Day Hour Day Hour
United States
Southern Plains (SP) 4 Jun 1900 CST 13 May 1800 CST 12 May 1900 CST 4 Jun 1900 CST
Midwest (MW) 29 Jun 2300 CST 9 Jun 1800 CST 9 Jun 1900 CST 30 Jun 2000 CST
Southeast (SE) 16 Jul 1600 CST 17 Apr 1700 CST 16 Apr 1700 CST 27 Jun 1700 CST
Mountains (M) 3 Aug 1700 CST 4 Aug 1600 CST 2 Jul 1700 CST 1 Aug 1900 CST
Europe
Northwest (NW) 12 Jul 1600 UTC 2 Aug 1600 UTC 15 Jun 1700 UTC 14 Jul 1600 UTC
Central (CN) 5Jul 1600 UTC 27 Jun 1600 UTC 26 Jun 1600 UTC 13 Jul 1700 UTC
South (S) 23 Oct 1500 UTC 4 Nov 1300 UTC 3 Jun 1500 UTC 24 Oct 1500 UTC
East (E) 7 Jul 1400 UTC 25 Jun 1500 UTC 10 Jun 1400 UTC 17 Jun 1500 UTC

Severe weather reports follow a similar annual cycle with the
highest frequency during summer; however, they are biased
toward central Europe. The peak density of tornado reports
coincides with the high population density over Belgium, the
Netherlands, and northern Germany (Fig. 3b). Large hail fre-
quency peaks over portions of central Europe, especially the
eastern Alps (Fig. 3c). Severe wind, which is the dominant
hazard in each season, has the most reports over Germany,
Poland, the Czech Republic, and Austria where reporting ef-
ficiency is the highest (Fig. 3d). During winter, severe weather
reports are mainly limited to western Europe and portions of
Italy, Greece, and Turkey, which is consistent with the distri-
bution of lightning frequency.

Compared to Europe, thunderstorms are twice as frequent
over the United States, with as many as 4 times more storm
reports. Lightning frequency is the highest during summer over
the central and eastern part of the country east of the Rocky
Mountains (60-80 thunderstorm hours) with a local peak over
Florida (100-150 thunderstorm hours; Fig. 4a). Tornadoes and
hail are more common during spring over the southern Great
Plains when lightning occurrence is high, but still below the
annual lightning maximum in summer. This implies that
springtime thunderstorms in the United States have a high
conditional probability of severe weather. During summer, the
highest frequency of large hail and tornadoes shifts to the
northern portions of the Great Plains and the Midwest. Wind
events have different spatial patterns and are reported most
often during spring and summer over the more densely popu-
lated eastern United States (Fig. 4d). During autumn and
winter, lightning activity decreases and shifts with the tornado
and wind threat to the southeastern United States, which can
experience storm activity all year round.

b. Annual variability

Over the southeast United States, the large hail threat peaks
in mid-April, and then decreases during the remainder of the
year (Table 2; Figs. 5¢c and 6b). Maxima shift with westward and
northward extent, with an early May maximum over the
southern Great Plains, early June in the Midwest, and late June
over the Rocky Mountains. The tornado threat is similar to
large hail, with the exception of the Southeast, where a bimodal
distribution can be observed, featuring a secondary smaller
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peak during late autumn and winter (Fig. 6d). Severe wind
reports, in contrast, are similar to lightning, having maxima in
June and July across most of the country, coinciding with the
climatology of mesoscale convective systems (MCSs; Haberlie
and Ashley 2018, 2019). A notable exception is Texas and
Louisiana, which peak in May (Fig. 5d). Over the southwest the
North American monsoon (Adam and Comrie 1997) induces the
most frequent thunderstorms during August and September.

Thanks to a diversified coastline, complex orography, and a
strong influence of extratropical cyclones (Kolendowicz 2012;
Piper et al. 2019) and blocking patterns (Mohr et al. 2019,
2020), Europe has a strongly varying annual pattern of con-
vective hazards. The peak probability for European lightning
occurs in late May over the Iberian Peninsula and Turkey, in
July within a corridor from the British Isles to western Russia,
and in August over northern Europe (Table 2, Figs. Sa and 6a).
Over the warmer waters of the east Atlantic and Mediterranean,
the persistently warm surface temperatures lead to a maximum
during the late autumn and winter. Contrasting the spring peak
over the United States, large hail across most of Europe is the
most frequent in June and July, with the exception of southern
Italy and Greece, where the maximum occurs in winter. The
severe wind and tornado occurrences have similar annual cycle
patterns over central and eastern Europe (Figs. 5b,d and 6¢,d).
The tornado and severe wind threat over the Mediterranean
basin resemble the lightning distribution with a maximum in
autumn, in agreement with Groenemeijer and Kiihne (2014).
Tornadoes over northwestern Europe, and particularly the
British Isles, are the most frequent during late summer, typi-
cally from linear systems (Mulder and Schultz 2015; Apsley
et al. 2016). Northwestern Europe has also a clear bimodal
distribution of severe winds associated with summertime con-
vection and wintertime cyclones (Figs. 5d and 6c¢).

c¢. Diurnal variability

Diurnal variability has greater regional consistency com-
pared to the annual cycles. The strong correlation of diurnal
heating with convective activity implies that the peak proba-
bility for severe thunderstorms occurs in the late afternoon.
Tornado and large hail threats peak around 1600-1700 CST in
the eastern United States (1500-1600 CST over Florida) and
later (1800-1900 CST) across the Great Plains (Table 2;
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Day of the year with peak probability for lightning, tornado, large hail and severe wind
(30-day running window, based on years 1989-2018 for USA and 2006-2018 for EU)
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FIG. 5. Day of the year with peak probability for (a) lightning, (b) tornados, (c) large hail, and (d) severe wind over the United States
(1989-2018) and Europe (2006-18), derived from a 30-day running window over hourly resolution. Data are presented in 0.25° boxes with
1.25° X 1.25° spatial smoother based on circular statistics. Duplicated records (more than one report of the same type occurring in the same

box and date) were not taken into account.

Figs. 7b,c and 8b,d). The Southeast has the highest fraction of
nighttime tornadoes compared to other areas, although it still
maintains a late afternoon peak (Fig. 8d). These results are
broadly consistent with Krocak and Brooks (2018). Compared
to large hail and tornadoes, the peak for severe wind has a lag
of approximately 1 h (Table 2; Fig. 7d). Lightning probabilities
typically follow the patterns in severe weather reports with the
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exception of the Great Plains and the Midwest, where the
highest fraction occurs during night (2200-0400 CST; Fig. 7a).
This is best explained by the frequent occurrence of MCSs that
under the support of a low-level jet persist through the night
and, occasionally, early morning (Shapiro et al. 2016; Geerts
et al. 2017; Reif and Bluestein 2017; Haberlie and Ashley 2018,
2019). Conversely, western mountain convection initiates
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Fractional annual variability of convective events*
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FIG. 6. Fractional annual variability of (a) lightning, (b) large hail,
(c) severe wind, and (d) tornadoes over (left) the United States
(red-Mountains, blue-Midwest, orange-southern Great Plains, green—
Southeast) and (right) Europe (red-South, blue-Northwest, orange—
Central, green—East), derived from a 30-day running window. Regions
are defined in Fig. 1. Duplicated records (more than one report of the
same type occurring in the same box and date) were not taken into
account. Vertical dashed lines indicate day of year with peak value for a
given region.

earlier, with a well-defined peak around 1700 CST and little
nocturnal lightning activity (Fig. 8a). Convection over warm
waters of the Gulf of Mexico is the most frequent in the
morning (0800-1200 CST), and over Gulf Stream during the
night (0000-0600 CST; Fig. 7a).

Over Europe, the peak in lightning activity shifts from
around 1300-1400 UTC over eastern and southeastern Europe
to 1500-1600 UTC over central, southern, and western Europe,
and to 1700-1800 UTC over the Southwest (Table 2; Figs. 7a
and 8a). Similar patterns appear for large hail, severe wind, and
tornado data, but with a lag of 1-2h. Over the south and
southeast of Europe, tornadoes peak diurnally earlier, around
1100-1300 UTC. Southern Europe also has the highest fraction
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of nocturnal tornadoes (Fig. 8d). MCSs most commonly occur
over Europe during summer (Morel and Sensei 2002; Punkka
and Bister 2015; Surowiecki and Taszarek 2020). However, this
does not correspond to a nocturnal lightning peak (similar to
the Great Plains), suggesting a stronger relationship to diabatic
heating. The highest fraction of nocturnal activity is observed
over the Mediterranean basin, where storms are the most likely
to occur between 2300 and 0500 UTC (Fig. 7a).

d. Other characteristics of lightning data

Annual mean lightning statistics over Europe show that the
lowest overall storm activity is observed over Scandinavia,
British Isles, and northern Atlantic (below 25 thunderstorm
hours per year), while the highest exceeds 100 h over Italy, the
Balkan Peninsula, and mountain ranges (Fig. 9a). The central
and eastern United States generally experience more than
75h with a thunderstorm per year. The highest values are
found over Florida, reaching 200-250h. However, these
storms are almost exclusively tied to diabatic heating with
the fraction of nocturnal lightning below 10% (Fig. 9b).
Fractions exceeding 50% encompass the northern Great
Plains related to nocturnal MCS activity, a pattern not seen
over Europe. The remaining part of the country has frac-
tions ranging from 20% to 30%, which is similar to the
continental Europe. The highest fraction of European
nocturnal lightning is over eastern Mediterranean (60%-—
80%) and the lowest (below 10%) over Spain, central Italy,
the Balkan Peninsula, and Turkey (Fig. 9b).

Mean number of hours with lightning per thunderstorm day
(Fig. 9¢) indicate that storms over the central United States
(Oklahoma, Kansas, Missouri) and along European mountain
ranges (Pyrenees, Alps, Carpathians, Dinaric Alps) usually
have the longest duration, or are associated with repeated
convective events. This parameter ranges from 1.25 within
areas where thunderstorms are rare (Scandinavia, British Isles)
up to 3h over regions with frequent MCS occurrences (e.g.,
eastern Kansas; Fig. 9c). The mean number of flashes per
thunderstorm hour is approximately twice as high over the
United States compared to Europe (Fig. 9d), reflecting stron-
ger buoyancy (further explored in the second part of the study;
Taszarek et al. 2020). Storms with the highest mean flash rates
are the most frequent over southern Great Plains, Florida, and
portions of the Midwest. Although storms developing under
the North American monsoon over southwest are relatively
frequent (100-150h with thunderstorms per year), they pro-
duce very low flash rates (a mean of 10-18 h™1; Fig. 9d). Over
Europe, a spatial distribution of thunderstorm frequency is
inconsistent with mean flash rates. Although thunderstorms
over Italy are more common, similar flash rates can be ob-
served over France, Germany, or Poland, even though storms
are less frequent. However, these patterns may be driven by
the spatially varying lightning-detection efficiency of ATDnet
and NLDN networks, and thus should be interpreted with
caution.

Combining lightning with severe weather reports allows
assessment of the percentage of lightning hours associated with
convective hazards. This parameter is strongly biased toward
more densely populated areas, especially considering large
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Hour* of the day with peak probability for lightning, tornado, large hail and severe wind
(3-hour running window, based on years 1989-2018 for USA and 2006-2018 for EU)
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FI1G. 7. Hour of the day with peak probability for (a) lightning, (b) tornadoes, (c) large hail, and (d) severe wind over the United States
(1989-2018) and Europe (2006-18), derived from a 3-h running window (UTC for Europe and CST for the United States). Data are
presented in 0.25° boxes with a 1.25° X 1.25° spatial smoother based on circular statistics. Duplicated records (more than one report of the
same type occurring in the same box and date) were not taken into account.

metropolitan areas (Fig. 10a). The majority of the United
States east of the Rockies has severe weather fractions ex-
ceeding 1%—-2%, with tornadoes only occupying a tenth of the
time compared to large and severe wind reports. Peak fractions
for tornadoes and large hail are observed over the Great
Plains, including sparsely populated western Kansas, with
0.3% and 3% for tornadoes and large hail respectively
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(Figs. 10b,c). Severe wind reports are again distinct from
other hazards, with the highest fraction (4%-5%) concen-
trating in densely populated areas over east and northeastern
United States, consistent with geographic biases for esti-
mated convective wind in Edwards et al. (2018).

In Europe, the fraction of severe weather reports ranges
from 1% to 5% over areas with high reporting efficiency



10250

Fractional diurnal variability of convective events*
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FI1G. 8. Fractional diurnal variability of (a) lightning, (b) large
hail, (c) severe wind, and (d) tornadoes over (left) the United
States and (right) Europe. Colors as in Fig. 6. Derived from a 3-h
running window (UTC for Europe and CST for the United States).
Regions are defined in Fig. 1. Duplicated records (more than one
report of the same type occurring in the same box and date) were
not taken into account. Vertical dashed lines indicate the hour of
the day with peak value for a given region.

(Belgium, Netherlands, Germany, the Czech Republic, Austria,
Poland; Fig. 10a). Outside this area, a notable drop in these
fractions can be observed, which suggests underreporting in the
ESWD (e.g., the clear cutoff along the border of Poland and
Ukraine). Surprisingly, for tornado reports, the peak fraction
over the densely populated Belgium and Netherlands (only 25h
with thunderstorms per year) matches tornado fractions over
Kansas (Fig. 10b). However, tornadoes over this region are
typically weak and short-lived (Antonescu et al. 2016) in con-
trast to stronger supercell tornadoes over Kansas (Smith et al.
2012). Fractional occurrences peak for hailstorms over Germany
and Austria (around 1%) but are still notably lower than across
the Great Plains (2%-3%; Fig. 10c). For severe winds, the
fractions of convective hazards over Poland, Germany, and the
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Czech Republic are more similar to the United States (1%-2%;
Fig. 10d). However, peak values observed in Berlin (3%) are
still lower than the northeastern United States (e.g., Boston,
Massachusetts; 5%).

Annual variability of these fractions also offer interesting
insights (Fig. 11). Over the United States, and specifically the
Great Plains, the fraction of storms with severe weather is
highest during spring (5%-7%). This signature subsequently
decreases over the summer (3%-5%) and autumn (1%-2%) to
increase again to 6%-8% over the southeastern United States
during winter. Over Europe, the fraction of severe storms
ranges between 1% and 3% over central Europe during the
spring and summer, and increases to 3%—-4% in autumn and
8%-12% during winter (Fig. 11d). The frequency of thunder-
storms over Europe significantly drops in winter, but due to
climatologically strong vertical wind shear during that period
(Taszarek et al. 2020), any convection that develops has an
enhanced potential of producing severe wind. These systems
are usually associated with (deep) extratropical cyclones and
narrow-cold-frontal rainbands (Gatzen 2011; Surowiecki and
Taszarek 2020). A similar pattern during wintertime storms is
also observed over the United States.

e. Extreme convective events

The regional frequency of high-end events may not neces-
sarily follow the same spatial and temporal patterns as lightning
climatologies (e.g., Florida). Here we divide each phenomenon
into three intensity categories and display their contribution to
frequency for various regions (Fig. 12). Lightning events are
divided into low, medium, and high activity, based on whether
1-25, 25-100, or more than 100 flashes were detected per hour
and grid cell, respectively. Over Europe, the highest share of
medium (9.5%) and high (1.8%) categories was found over
central Europe, while for other regions medium and high have
6% and 1%, respectively (Fig. 12a). Over the United States only
the mountainous areas have percentages similar to Europe.
Across the southern Great Plains, Midwest, and Southeast,
medium activity typically has a share of 13% and high activity
between 3.5% and 4.5% (which is almost 4 times higher than
Europe), reflecting greater availability of instability.

Among tornadoes, 80%-90% of all tornado cases are weak,
FO-F1 (Fig. 12b). Strong F2-F3 events comprise 7.8 % and 21%
over southern and central Europe, respectively. Interestingly,
this exceeds the highest fraction across the United States,
where the share of strong tornadoes is 18%. Two potential
explanations for this signal may be the underreporting of
weaker tornadoes in Europe as compared to the United States,
or potentially the higher likelihood of damage in densely
populated Europe. Over the southern Great Plains and the
Midwest, strong tornadoes consist of 11.6% and 13.1% re-
spectively, which is similar to the 15% fraction over eastern
Europe (Fig. 12b). Violent tornadoes (F4-F5) are very rare
events (~0.1%) with few cases reported over Europe in the
entire 40-yr period. Over the United States, that frequency is
higher and ranges from 0.8 % in the Midwest to 1.1% across the
Southeast.

Reported hail diameters are divided into three categories,
2-5cm (large), 5-8 cm (very large), and =8 cm (giant; Fig. 12c).
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Selected characteristics of lightning data
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FIG. 9. (a) Annual mean number of hours with lightning, (b) fraction of nocturnal lightning, (c) mean number of hours with lightning per
thunderstorm day, and (d) mean number of flashes per thunderstorm hour over the United States (1989-2018) and Europe (2006-18).
Data are presented in 0.25° boxes with a 0.75° X 0.75° spatial smoother. Nocturnal lightning is defined when a sun angle for a specific grid

and date is below 0°.

The share of very large hail events ranges from 5% over the
Midwest up to almost 10% over the southern Great Plains,
which also has the highest share of giant hail (1.2%). Every
analyzed region over Europe except the south has a higher
share of very large and giant hail than the United States,
suggesting a significant underreporting of small hail events in
Europe. The highest share of very large hail is observed over
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eastern Europe (20%), while a peak for giant hail occurs over
the northwest (1.9%).

In contrast to the ESWD, SPCSD provides estimated wind
gusts in addition to measured peak wind gusts, leading to
substantial differences (Fig. 12d). Over Europe the largest
share of severe (25-32ms ') and extremely severe (=32ms ™)
wind gusts is over the northwest (27.7% and 6%, respectively).
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Fraction of hours with lightning associated with severe weather report
(based on 1989-2018 for USA and 2006-2018 for EU)
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FIG. 10. Fraction of hours with lightning associated with (a) all reports, (b) tornadoes, (c) large hail, and (d) severe wind reports over the
United States (1989-2018) and Europe (2006-18). Data are presented in 0.25° boxes with a 0.75° X 0.75° spatial smoother.

A lower share of severe and extremely severe wind gusts is ob-
served over southern (13% and 4.6%, respectively), central
(7.3% and 1.7%), and eastern Europe (3.2% and 0.2%). Over
the United States the share of severe and extremely severe wind
gusts is much higher, likely driven by 10%-30% of cases being
derived from measurements (compared to 65%-95% over
Europe), a result highlighted by Edwards et al. (2018). Severe
wind gusts have the highest percentage over the Midwest (76 %)
while the lowest is over the Southeast (63%). As many as 13.8%
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of all extremely severe wind gusts are reported over mountains,
mostly during the North American monsoon period in the late
summer. Conversely, extremely severe wind gusts contribute
only 3.7% of those reported over the southeastern United States.

Finally, we also assess the spatial distribution of the most
extreme convective events (Fig. 13). The maximum hourly
flash count highlights that in the corridor from southern Texas
to Indiana storms may produce as many as 3000 flashes per
hour in one grid cell. Conversely, European storms reach a
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Fraction of hours with lightning associated with severe weather report
(based on 1989-2018 for USA and 2006-2018 for EU)
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FIG. 11. Fraction of hours with lightning associated with tornadoes, large hail, and severe wind over the seasons in
the United States (1989-2018) and Europe (2006-18). Data are presented in 0.25° boxes with a 0.75° X 0.75° spatial
smoother.
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Fractional distribution of intensity categories
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FI1G. 12. Fractional distribution (%) of intensity categories for (a) lightning, (b) tornadoes, (c) large hail, and (d) severe wind in division
for hourly flash count per 0.25° grid (lightning), F-scale rating (tornadoes), hailstone diameter (cm; large hail), and peak wind (ms™!;
severe wind). The UR category denotes severe wind reports with peak wind gusts not provided.

maximum of 500-1000 flashes per hour, mostly over Mediterranean  less frequency compared to the United States (Fig. 13c).
basin, and locally within central Europe (Fig. 13a). Comparing F3+  High-end convective wind reports (=36ms~!) in Europe
tornado reports unsurprisingly highlights the substantial dif- have almost exclusively occurred over the western and cen-
ference in their frequency between the continents. Over the tral part of the continent. This may be related to spatial re-
United States, F3+ tornadoes have occurred with some reg-  porting biases and a lack of information regarding measured
ularity east of the Rocky Mountains, while over Europe most  peak wind gusts from other regions in ESWD. A much higher
such reports have been reported in a corridor from central number of such events is reported over the United States,
France to western Russia (Fig. 13b). Giant hail events which may be due to the practice of estimating peak wind
(=8cm) over the United States are confined mainly to the gusts, which often leads to overestimation (Edwards et al.
Great Plains, with a lower frequency over the East and un-  2018). The reporting of extremely severe thunderstorms over
common in the West. Over Europe, giant hail has been re- the western United States is very low compared to the Great
ported in almost every region of the continent, but with substantially ~ Plains or the Southeast.
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Spatial distribution of selected extreme convective events
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FIG. 13. Spatial distribution of selected extreme convective events consisting of (a) maximum hourly flash count per 0.25° grid,
(b) tornadoes (F3-orange, F4-red, F5-black), (c) large hail (8-12 cm-orange, 12-15 cm-red, =15 cm-black), and (d) severe wind (36—
42ms~ '—orange, 42-50ms~'-red, = 50 ms™ '-black). Based on 1979-2018 data with exception for severe wind, which due to lightning
filters applied for ESWD is limited to 2006-18 for Europe and for consistency also for the United States.

Among days (considered as 0600-0600 UTC for Europe and  Shikov 2018) on 9 June 1984. In comparison, there were 68
0600-0600 CST for the United States) with the most notable significant tornadoes during the “2011 Super Outbreak” oc-
thunderstorm activity we can list 17 July 2010 for Europe and  curring over the United States on 27 April 2011 (Knupp et al.
3 August 2004 for the United States with the highest number of ~ 2014). Lower differences between both continents are ob-
detected flashes (214412 and 819724 respectively; Table 3).  served for very large hail (=5cm) events. A severe hailstorm
The highest daily number of significant (F2+) tornadoes in  on 30 August 2016 near Moscow yielded 51 such reports
Europe (a total of 8) was reported during the “Ivanovo tor- compared to 53 during a widespread major severe weather
nado outbreak” (Finch and Bikos 2012; Chernokulsky and outbreak over eastern United States on 2 March 2012. However,
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TABLE 3. Days with the peak frequency of specific hazards. A day is considered as 0600-0600 UTC for Europe and 0600-0600 CST for the
United States.

Highest daily number of detected flashes
Europe: 214412 (17 Jul 2010)
United States: 819 724 (3 Aug 2004)
Highest daily number of F2+ tornadoes

Europe: 8 (9 Jun 1984, the “Ivanovo tornado outbreak’; Finch and Bikos 2012; Chernokulsky and Shikhov 2018)
United States: 68 (27 Apr 2011, the ‘2011 Super Outbreak”; Knupp et al. 2014)

Highest daily number of =5-cm hail reports

Europe: 51 (30 Aug 2016, severe weather outbreak near Moscow)

United States: 53 (2 Mar 2012, major severe weather outbreak over the eastern United States)

Highest daily number of severe wind reports

Europe: 1214 (11 Aug 2017, major derecho over the central Europe; Taszarek et al. 2019b)
United States: 1004 (29 Jun 2012, major derecho over the northeastern United States; Fierro et al. 2014)

this metric may be somewhat misleading given the filtering of
storm data to remove duplicates, which are prevalent near highly
populated areas. The highest daily numbers of wind reports over
both continents were a result of derechoes (Corfidi et al. 2016).
More than 1200 reports were associated with a derecho event
over central Europe on 11 August 2017 (Taszarek et al. 2019b)
and more than 1000 during a derecho over northeastern United
States on 29 June 2012 (Fierro et al. 2014).

4. Concluding remarks

Thanks to the longer period for which lightning data have
become available, and the continuing efforts to collect severe
storm reports across both Europe and the United States, we
could combine a large sample size of 1048 843 797 flashes from
the NLDN and ATDnet lightning detection networks with
712995 severe weather reports from ESWD and SPCSD on a
common grid of 0.25° in 1-h steps. Although prior work ad-
dressed climatological aspects of severe thunderstorms over
Europe and the United States, no study has yet interlinked
climatologies of lightning and severe storm data across both
continents at hourly resolution. In prior studies, severe weather
reports and lightning data were typically evaluated separately,
and often with differing spatial and temporal resolutions,
making direct comparisons and evaluations of the fractional
likelihood troublesome. Here, we derive the spatiotemporal
relationship between lightning and storm data and compare
results between both continents. The evaluation of the annual,
diurnal, and spatial distributions of lightning, tornado, large
hail, and severe wind hazards led to many findings among
which the most important are listed below.

e Each year between 75-200 h with thunderstorms occur over
the central and eastern United States with a peak over
Florida (200-250h). Lightning activity over Europe ranges
from 15 to 100 h with peaks over Italy and mountain ranges
(Pyrenees, Alps, Carpathians, Dinaric Alps; 100-150 h).

o The highest activity over Europe occurs during summer over
land, and during autumn across the Mediterranean. Over
most of the central and eastern United States the peak time
for tornadoes and large hail is in spring, and precedes the
peak of lightning and severe wind by 1-2 months. Over the
southwestern United States, the American monsoon induces
thunderstorm activity in the late summer. A bimodal distri-
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bution with a secondary cool-season peak is observed for
tornadoes over the southeastern United States, and for se-
vere wind events over northwestern Europe.

e Convective hazards occur typically in the late afternoon,
with the exception of the Midwest and Great Plains, where
nocturnal MCSs shift the maximum lightning threat to the
night. Severe wind is typically delayed by 1-2h relative to
large hail and tornadoes. The highest fraction of nocturnal
tornadoes occurs over the southeastern United States.

e The fraction of nocturnal lightning ranges typically from
15% to 30% over the land surface. The lowest values, below
10%, are observed over Florida and mountain ranges, where
diabatic heating is the primary mechanism. Nocturnal light-
ning is the most frequent over the Great Plains and the
eastern Mediterranean (60%-80%).

e The highest fraction of lightning hours associated with tornado
and large hail occurs in spring over the Great Plains. Convective
wind reports peak over the eastern United States during winter.
Over Europe, the highest fraction of thunderstorms with torna-
does are over the northwest, while with large hail and severe
wind maximized across central Europe. Over both domains,
wintertime lightning has the highest fraction of severe weather.

¢ Extreme convective events are considerably more frequent

over the United States compared to Europe. The highest threat
is across the Great Plains and Midwest, but violent tornadoes
and extremely severe wind gusts are also reported over the

East and Southeast. Significant severe storms over Europe are

most often reported over western, central, and eastern parts of

the continent. Underreporting across southern Europe may
result in an underestimation of extreme events in this region.

The results demonstrate a strong bias toward densely pop-

ulated areas (especially considering large agglomerations)

and therefore should be interpreted with caution.

Although spatial and temporal biases in severe weather
reporting may be responsible for the large differences between
Europe and the United States (not equivalent to the differ-
ences in the number of thunderstorm hours), a crucial factor is
also the climatology of convective environments. The second
part of the study (Taszarek et al. 2020) explores the environ-
mental relationship to these hazards. More favorable overlap
of instability and vertical wind shear over the United States
promotes better organization of convection and thus more
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frequent severe weather. This leads to a conclusion that
thunderstorms over Europe are not only less frequent, but they
also have a lower potential in producing severe weather.
However, as evident here, Europe is also vulnerable to the
occurrence of high-end convective events such as 15 cm hail,
50ms~! severe wind, or F4-F5 tornadoes. Although these
events are relatively rare, their potential should not be under-
estimated, especially considering high European population
density, low societal severe weather awareness, and lack of ad-
vanced warning systems similar to those operating over the
United States (Rauhala and Schulz 2009; Antonescu et al. 2017,
2018; Anderson-Frey et al. 2019).
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