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Abstract Hail and lightning, associated with severe convective storms, can cause extensive damage to
infrastructure, agriculture, and ecosystems. Because of the small scale of these storms and the complexity of the
involved processes, observing and modeling convective storms is challenging. The potential of online
diagnostics in convection‐permitting models to simulate hail and lightning, especially over climatic time scales
and extended regions, has not yet been fully exploited. To address this gap, we present a European‐wide hail and
lightning climatology (2011–2021) using the Consortium for Small Scale Modeling (COSMO) regional climate
model with a horizontal grid spacing of 2.2 km, coupled with a hail growth model (HAILCAST) and the
lightning potential index (LPI) diagnostics. We further developed a new European‐wide hail product based on
the Operational Program for the Exchange of Weather Radar Information (OPERA) composite. Model
validation against observations demonstrates an overall good performance in simulating hail and lightning on
spatial, seasonal, and diurnal scales. The highest hail frequencies occur during summer along the slopes of high
mountain ridges, such as the Alps, Pyrenees, and the Carpathians, aligning with observed lightning hotspots in
Europe. In autumn, hail and lightning occur predominantly over the Mediterranean and along the Adriatic coast.
Severe hail events with a maximum hail diameter larger than 20 mm mainly occur in the Po Valley, western
Spain, and Eastern Europe. This 11‐year simulation provides a European‐wide data set of severe convective
storms and their properties, serving as a basis for further studies of convective events and their impacts.

Plain Language Summary Severe convective storms often cause hail and lightning,which can lead to
significant damage. Such events are difficult to observe and model due to their small scale and complexity. To
address this, we performed an 11‐year long high‐resolution climate simulations (2.2 km) using COSMOwith hail
and lightning diagnostics. Additionally, we developed a European‐wide hail data set based on the Operational
Program for the Exchange of Weather Radar Information radar composite. The model was validated against
radar‐ and crowd‐sourced data, demonstrating good performance. Hail and lightning are most frequent along
mountain ranges such as theAlps and Pyrenees in summer, and in autumn, storms shift to theMediterranean. This
11‐year data set offers valuable insights into the characteristics of severe storms across Europe, supporting further
research on factors driving these events and their impact in the context of climate change.

1. Introduction
Severe convective storms, along with associated hazards such as hail and lightning, can have significant economic
and societal impacts, causing damage to infrastructure, agriculture, and ecosystems (e.g., Carver et al., 2017;
Dessens, 1986; Portmann et al., 2024; Schmid et al., 2024). Reanalysis data indicate a positive trend in the
occurrence frequency of environmental conditions favoring convective storms across central to eastern Europe in
the last decades (Taszarek et al., 2021). Moreover, the probability of convective storm‐related hazards such as hail
and lightning is likely to increase with climate change (Rädler et al., 2019). Understanding the distribution and
drivers of these events, as well as accurately representing them in climate models, is therefore crucial.

The observation and modeling of convective storms are challenging due to their small scale and the complex
processes involved. To overcome these challenges, studies often rely on proxies to assess storm‐prone envi-
ronments (e.g., Taszarek et al., 2019). Even more difficult than studying convective storm environments is the
task of observing and modeling storm‐related hazards such as hail and lightning. Convective events with hail and
lightning are rare and have limited spatial extent, making direct observations difficult. However, lightning can be
observed through the measurement of lightning‐induced radio frequency electromagnetic fields, which can
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pinpoint lightning occurrences from thousands of kilometers away with a horizontal resolution of a few kilo-
meters or less (Bennett et al., 2011). Lightning location systems, such as the Arrival Time Differencing network
(ATDnet), provide continuous, European‐wide observations using a network of very low frequency sferics
sensors (Anderson & Klugmann, 2014). The extensive spatial coverage of these lightning observations enables
the tracking of convective systems and serves as a valuable filtering criterion for identifying convective envi-
ronments (Fluck et al., 2021).

Direct hail observations primarily rely on crowd‐sourced reports (e.g., Wells et al., 2024), as well as hail pad and
sensor measurements. However, crowd‐sourced reports are skewed by population density and varying reporting
frequencies over time (Barras et al., 2019; Cifelli et al., 2005; Dotzek et al., 2009; Groenemeijer et al., 2017). Hail
pad and sensor observations, while valuable, are sparse and only represent small areas (Blašković et al., 2023;
Jelić et al., 2020; Löffler‐Mang et al., 2011; Manzato, Cicogna, et al., 2022; Nisi et al., 2016). To address these
limitations, radar‐ and satellite‐based remote sensing technologies are employed to continuously monitor hail
probability and occurrence. Radar‐based hail estimates rely on the vertical distance of high radar reflectivity
signals and the melting level height (e.g., Kunz & Kugel, 2015; Nisi et al., 2016; Waldvogel et al., 1979). The
radar reflectivity products needed for such hail estimates are often only available for specific regions provided by
national meteorological services. Satellite‐based data sets detect hail via overshooting cloud tops, although the
accuracy of these data sets is often compromised by the challenges of translating cloud top height into hail
occurrence frequency (Cecil, 2009). Moreover, these data sets typically offer only coarse resolutions. As a result,
hail climatologies based on observations across Europe are either biased due to hail sampling issues (Groene-
meijer et al., 2017; Punge & Kunz, 2016) or are limited to specific countries or regions (e.g., Barras et al., 2019;
Fluck et al., 2021; Giaiotti et al., 2003).

The Operational Program for the Exchange of Weather Radar Information (OPERA) provides a European‐wide
radar composite by combining radar products from national meteorological and hydrological services throughout
Europe (Huuskonen et al., 2014). However, the OPERA data set has not yet been used to produce a compre-
hensive hail product due to the lack of volumetric (3D) radar reflectivity information and the challenges of
processing heterogeneous radar networks with different technologies across regions. Consequently, despite the
clear need for a European‐wide, continuous hail observation data set to better characterize hail risk and validate
hail proxies and simulations, no such product is currently available.

To fill the spatial and temporal gaps in hail observations, model‐based hail climatologies have been developed to
provide European‐wide hail distributions. These climatologies are derived using various offline methods,
including empirical hail models (Hand & Cappelluti, 2011; Sanderson et al., 2015), stochastic or logistic models
(Mohr et al., 2015; Punge et al., 2014), and hail proxies based on environmental variables (Kahraman et al., 2024;
Prein & Holland, 2018). Except for the work by Kahraman et al. (2024), previous studies relied on reanalyzes or
climate model simulations with parameterized convection. However, these models often struggle to accurately
represent the strength and diurnal cycle of convective systems—a limitation that can be overcome by explicitly
resolving convection in high‐resolution climate model simulations (Leutwyler et al., 2017; Prein et al., 2015).
Over the past decade, kilometer‐scale regional climate simulations have become increasingly available (Coppola
et al., 2018; Leutwyler et al., 2017; Prein et al., 2015). These high‐resolution simulations with regional
convection‐permitting models (CPMs) explicitly resolve convection and have a better representation of orog-
raphy, leading to a more accurate representation of convective precipitation processes and associated phenomena.
In particular, using km‐scale simulations enabled for the first time an adequate simulation of short‐term heavy
precipitation events with durations of 10 min to 3 hr (Ban et al., 2014; Estermann et al., 2025; Fowler et al., 2021;
Kendon et al., 2014; Vergara‐Temprado et al., 2021). In addition, studies found better performance in repre-
senting surface winds and cloud cover (Belušić et al., 2018; Hentgen et al., 2019).

Hail and lightning diagnostics can be simulated online in numerical models, which is particularly effective with
CPM simulations that accurately represent convective storms. Online diagnostics utilize the full range of prog-
nostic fields at each model time step (usually less than 1 min) in contrast to offline diagnostics, which can only
access a limited set of output fields, typically available at hourly or coarser temporal resolutions. For the
simulation of hail, several approaches have been developed and applied, including a coupled 1D model that uses
vertical atmospheric profiles to simulate hailstone growth within updrafts and melting below the cloud base
(Brimelow et al., 2002; Jewell & Brimelow, 2009). Other approaches use either a combined graupel/hail hy-
drometeor category in a one‐moment bulk microphysics scheme (Trapp et al., 2019), or explicitly represent hail
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using a two‐moment bulk microphysics scheme (e.g., Labriola et al., 2019; Milbrandt & Yau, 2006; Noppel
et al., 2010; Toker et al., 2021; Yin et al., 2021). As high spatial resolution is required to accurately simulate
convective systems, hail simulations are computationally expensive. Although simulations using a two‐moment
bulk microphysics scheme are particularly resource‐intensive (Mansell et al., 2010), vertical column models such
as HAILCAST (Jewell & Brimelow, 2009) and the quasi‐Lagrangian “convection‐allowing model”—(CAM‐)
HAILCAST (Adams‐Selin & Ziegler, 2016; Adams‐Selin et al., 2019) are less computationally demanding.
CAM‐HAILCAST has shown good performance in case studies when integrated in high‐resolution CPMs, such
as the advanced research version of the Weather Research and Forecasting (WRF) model (Adams‐Selin &
Ziegler, 2016; Trefalt et al., 2018) or the Consortium for Small Scale Modeling (COSMO) model (Brennan
et al., 2024; Cui et al., 2023; Malečić et al., 2023). These promising results from simulating hail with CAM‐
HAILCAST in case studies indicate the potential for its use in longer, climatological CPM simulations,
enabling more comprehensive climatological analyses.

Simulating lightning in numerical models often relies on atmospheric stability and thermodynamics indices, such
as the K‐index (Sturtevant, 1995), lifted index (Galway, 1956), and the cloud physics thunder parameter (Bright
et al., 2005). More sophisticated approaches to modeling lightning have emerged, benefiting from the high‐
resolution models. For instance, McCaul et al. (2009) linked lightning flash rate to graupel flux and the inte-
gration of solid hydrometers within the column. Furthermore, the lightning potential index (LPI, Yair et al., 2010;
Brisson et al., 2021) considers the ratio of modeled solid and supercooled liquid hydrometeors within the charging
zone, along with the vertical velocity, to estimate lightning activity. These lightning diagnostics, when imple-
mented in CPMs, have demonstrated a good representation of lightning activity across Europe (Cui et al., 2023;
Kahraman et al., 2022; Yair et al., 2010).

The potential of CAM‐HAILCAST and LPI to simulate hail and lightning in CPMs has not yet been exploited on
climatological time scales and over extended regions. To address this gap, we present an 11‐year climatology of
hail and lightning based on a European‐wide CPM simulation, utilizing CAM‐HAILCAST and LPI integrated
into the COSMOmodel. We validate and compare these model‐based climatologies against a new European‐wide
data set of hail derived from OPERA radar composite and lightning observations from ATDnet.

Section 2 provides an overview of the COSMO model and diagnostics, and the observational data sets (tem-
perature, precipitation, hail, and lightning) used for the model validation. Section 3 evaluates the simulated
seasonal climatologies of temperature and precipitation. Sections 4 and 5 present the model‐based European
climatologies of hail and lightning, respectively. Conclusions and a brief outlook are given in Section 6.

2. Data and Methods
2.1. Model Description and Configuration

The simulation is performed with the non‐hydrostatic COSMO model (http://www.cosmo‐model.org). Specif-
ically, we use COSMO v6, a climate version of COSMO (Baldauf et al., 2011) with CAM‐HAILCAST and LPI
diagnostics. COSMO v6 is optimized for hybrid CPU‐GPU architectures (Leutwyler et al., 2017; Schär
et al., 2020). To this end, the dynamical core was rewritten in the domain‐specific language GridTools (Afanasyev
et al., 2021), and the parameterizations were ported via compiler directives (Lapillonne & Fuhrer, 2014). The
COSMO model has been used for more than 10 years by the Federal Office of Meteorology and Climatology
Meteoswiss (MeteoSwiss) as their numerical weather prediction model, until it was superseded by the Icosahedral
Nonhydrostatic Weather and Climate Model (ICON, Zängl et al., 2015) in June 2024. Hereafter, COSMO v6 is
referred to as COSMO for simplicity.

The model configuration follows a two‐step nesting approach, with a horizontal grid spacing of 12 km in the outer
domain and subsequently of 2.2 km in the inner domain (Figure 1). Boundary conditions for the 12 km simulation
are provided by 3‐hourly ERA5 reanalyzes (Hersbach et al., 2020). Both simulations feature 60 terrain‐following
hybrid vertical levels. Cloud microphysics is parametrized using the one‐moment bulk scheme after Reinhardt
and Seifert (2006), with prognostic cloud water, cloud ice, graupel, rain, and snow. In the outer‐domain 12 km
simulation, shallow and deep convection are parameterized using the Tiedtke (1989) convection scheme. For the
inner‐domain 2.2 km simulation, the convection parameterization schemes are switched off to treat convection
explicitly. This COSMO model setup, with km‐scale grid spacing, has been tested and applied in many climate
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studies over Europe (Ban et al., 2021; Brogli et al., 2023; Cui et al., 2023;
Leutwyler et al., 2017; Vergara‐Temprado et al., 2021). In this study, we
focus on the 2.2 km simulation, referred to as the COSMO simulation.

2.2. Hail and Lightning Diagnostics

The COSMO simulation is run with online hail and lightning diagnostics,
using the same setup as described in Cui et al. (2023). For hail, we use the one‐
dimensional hail growth model CAM‐HAILCAST (Adams‐Selin & Zie-
gler, 2016), which simulates the maximum hail diameter at the ground. CAM‐
HAILCAST simulates the growth of hail embryos with initial diameters of 5,
7.5, and 10 mm during the adiabatic ascent of an air parcel based on the
temperature, humidity, and pressure profile from the COSMO simulation. For
simplicity, we use the term HAILCAST in the following, when referring to
CAM‐HAILCAST. The hail diagnostic is activated at each grid point every
5 min if the updraft velocity is larger than 10 m s− 1 for more than 15 min. The
HAILCAST output of maximum hail diameter is saved at a temporal reso-
lution of 5 min. A post‐processing step is required to eliminate spurious hail
activation by HAILCAST. Since HAILCAST activation relies solely on
updraft velocity, up‐slope winds along steep topography can, on rare occa-
sions, falsely trigger the activation of hail. To mitigate this, HAILCAST
outputs that do not coincide with precipitation (available also every 5 min) in
the surrounding area and time are filtered out, as hail is expected to occur in
the vicinity of precipitation (Morgan et al., 1986). This method eliminates 4%
of hail occurrences in winter and less than 1% during summer. Overall, the
differences in the hail climatology are small between the raw and post‐
processed HAILCAST output. Further details of the post‐processing steps
are explained in Appendix A.

This HAILCAST setup has been validated in eight case studies over the
Alpine‐Adriatic region of severe convection showing that HAILCAST cap-
tures the main characteristic of the hail swaths well while underestimating the

occurrence of extra‐large hailstones, possibly due to an underestimation of updraft strength in a simulation with
2 km horizontal resolution (Cui et al., 2023). In this study, we further validate this HAILCAST setup focusing on
the climatological scale.

For lightning, the LPI diagnostic (Brisson et al., 2021; Yair et al., 2010) is employed, which estimates the po-
tential for charge generation and separation that leads to lightning strokes within the primary charging zone (0 and
− 20°C). LPI is based on the updraft velocity, which is scaled by the charge separation potential derived from the
hydrometeor content. Spurious or unrealistic LPI signals due to weak, isolated updrafts and deep orographic
gravity waves are filtered out. In our COSMO setup, LPI is calculated every 15 min of which the hourly maximum
LPI is saved to the output.

2.3. Simulation Description and Analysis Domain

We conducted an 11‐year COSMO simulation for the period 2011–2021. To ensure an adequate spin‐up period,
particularly for soil moisture, the outer 12 km domain was initialized in 2004, 7 years prior to the analysis period,
using the 12 km soil moisture field from Vergara‐Temprado et al. (2021) as initial conditions. The inner‐domain,
with a horizontal grid spacing of 2.2 km, was initialized on 19 October 2010, allowing for a spin‐up period of
2.5 months, with outputs analyzed from 1 January 2011. Both domains encompass Europe between 10°W–25°E
and 35°N–60°N using a rotated coordinate system. The 2.2 km domain employs a computational mesh of
1542 × 1542 grid points and a time step of 20 s. Maximum hail diameter and surface precipitation are stored
every 5 min, whereas LPI and other variables are saved at a 1 hr resolution. A detailed list of the stored output
variables is given in the Supporting Information (Tables S1 and S2 in Supporting Information S1).

The analysis is performed in predefined subdomains, depicted by the red boxes in Figure 1. These subdomains are
adapted and extended from the Prediction of Regional scenarios and Uncertainties for Defining EuropeaN

Figure 1. Model topography and domains, with ocean/sea indicated in blue.
The full outer domain with 12 km grid spacing is shown, with the bold black
box indicating the inner domain with 2.2 km grid spacing. The analysis
domain (thin black box) and nine subdomains (red boxes) are also depicted:
British Isles [BI], Baltic region [BA], France [FR], Middle Europe [ME],
Eastern Europe [EA], Northern Alps [NAL], Southern Alps [SAL], Iberian
Peninsula [IP], Mediterranean region [MD], and North Africa [NA].
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Climate change risks and Effects (PRUDENCE) project (Christensen et al., 2007), to facilitate comparisons with
previous regional climate modeling studies. The subdomains include the British Isles [BI], Baltic region [BA],
France [FR], Middle Europe [ME], Eastern Europe [EA], Northern Alps [NAL], Southern Alps [SAL], Iberian
Peninsula [IP], Mediterranean region [MD], and North Africa [NA]. For theMediterranean region, the subdomain
is further divided into land [MDL] and sea [MDS] regions, since the continent and the ocean exhibit different
seasonal and diurnal cycles. For all other subdomains, only land grid points within the defined boxes in Figure 1
are included in the analysis.

2.4. Temperature and Precipitation Observations

Multiple observational data sets are used to validate precipitation, accounting for observational uncertainties and
the large European domain.

The daily gridded observational data set E‐OBS (v30.0e, Cornes et al., 2018), which is based on station data,
provides daily precipitation and near‐surface temperature fields at a horizontal resolution of 0.1° (approximately
10 km) for the entire time period of the COSMO simulation. For comparison of near‐surface temperature, model
output has been bilinearly remapped to the E‐OBS grid and adjusted to account for topographical height dif-
ferences between the model and E‐OBS using a lapse rate of 0.65 K (100 m)− 1 (following, e.g., Ban et al., 2014;
Leutwyler et al., 2016).

The quality of the E‐OBS data set varies across Europe and is biased in regions of low station density and, thus,
shows too low precipitation amounts over the Alpine region compared to other data sets (Cornes et al., 2018;
Isotta et al., 2014). To address this limitation, we further use the Alpine Precipitation Grid Data set (APGD) based
on a high‐resolution Alpine rain‐gauge network with a lower uncertainty of the precipitation estimates due to
higher station density. The APGD data set provides daily precipitation from 2011 to 2019 in the European Alps at
a horizontal resolution of 5 km (Isotta et al., 2014).

In addition to in situ precipitation measurements, we use two remote‐sensing data sets. The first is the European
climatological high‐resolution gauge‐adjusted radar precipitation data set (EURADCLIM, Overeem et al., 2023)
based on OPERA (Huuskonen et al., 2014). We use EURADCLIM with a temporal resolution of 1 hr and a
horizontal resolution of 2 km, spanning the period from 2013 to 2021. The coverage of EURADCLIM depends on
the data contributed to OPERA by the participating countries, which allows it to cover most of our analysis
domain. However, this coverage excludes the Mediterranean Sea and several regions in Southern Europe. The
EURADCLIM data set is used in the post‐processing steps of the OPERA maximum reflectivity (see Sec-
tion 2.5.1) and the validation of daily and hourly precipitation.

We also include the Integrated Multi‐satellitE Retrievals for Global Precipitation Measurement (IMERG V07B,
Huffman et al., 2023), which provides a rain‐gauge adjusted satellite retrieval of surface precipitation. The
IMERG data set is used at a horizontal resolution of 0.1° at a half‐hourly time frequency. It encompasses our
analysis domain, including seas and oceans that lack in situ precipitation measurements. We use the IMERG data
set to analyze seasonal and diurnal cycles of precipitation from 2011 to 2021.

The fourth precipitation data set used is CombiPrecip (Germann et al., 2022; Sideris et al., 2014), which combines
radar data with automated rain‐gauge measurements across Switzerland. CombiPrecip provides a high‐resolution
data set with an hourly temporal resolution and a horizontal resolution of 1 km, providing detailed information
about precipitation patterns over the Swiss Alps. This data set will be used to validate simulated hourly heavy
precipitation events.

2.5. Hail Observations

2.5.1. Radar‐Based Hail Detection Algorithms

Two radar‐based hail detection algorithms are used to validate the COSMO hail climatology: one from an existing
data set over the Alpine region and a newly derived European‐wide data set.

The probability of hail (POH, Waldvogel et al., 1979) product is based on the MeteoSwiss network of C‐band
Doppler radars (Germann et al., 2015; Trefalt et al., 2023). It is available with a spatial resolution of 1 km and
a temporal resolution of 5 min. POH provides a probabilistic estimate of the presence of hail of any size at the
ground, and is calculated based on the vertical distance between the 45 dBZ radar echo top height and the freezing
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level height extracted from COSMO (Waldvogel et al., 1979; Witt et al., 1998). The first hail climatology for the
Alpine region using POH was developed by Nisi et al. (2016). POH has been evaluated against insurance car
damage data (Nisi et al., 2016) and crowd‐sourced reports (Barras et al., 2019), showing that a threshold of
POH>80% adequately identifies hail regions. POH is used here in the Alpine domain covered by the MeteoSwiss
radar network from 2011 to 2021.

To further evaluate the models' performance across Europe, we construct a European‐wide proxy of hail
occurrence using the 2D maximum radar reflectivity from the OPERA composite. OPERA provides post‐
processed radar reflectivity covering most of the continental regions within the domain of our COSMO simu-
lations. However, many radar clutter pixels remain in the data and have to be filtered out. The filtering process
involves five steps, first smaller‐scale clutter is filtered out in steps (a)–(c), followed by larger‐scale criteria in
steps (d) and (e) (schematic flowchart provided in Figure S4 in Supporting Information S1): (a)We remove clutter
from the OPERA radar data using the filter by Gabella and Notarpietro (2002). (b) Reflectivity values larger than
60 dBZ that persist only for one time step of 15 min are removed. (c) We filter out stationary non‐meteorological
echoes if the reflectivity value is larger than 50 dBZ and remains constant (i.e., changes less than or equal to 0.5
dBZ) for three consecutive time steps at the same grid point. (d) High reflectivity values larger than 50 dBZ are
removed if hourly precipitation, based on EURADCLIM, at the same grid point is smaller than 10 mm. (e) A
lightning filter is applied using ATDnet lightning observations to remove the remaining erroneous signals in the
radar data, similar to Fluck et al. (2021). High reflectivity values larger than 50 dBZ are removed if no lightning
occurred within a radius of 10 km in a 24 hr time window. This filtered OPERA reflectivity data set is then used to
derive a proxy for whether hail occurred or not, hereafter named EURADHAIL, by defining a reflectivity
threshold based on a comparison with POH over the Alpine region, see Section 2.7. This data set with binary mask
(0 or 1) has a horizontal resolution of 2 km and a temporal resolution of 1 hr, available for the years 2013–2021 for
evaluation. Details on the OPERA radar locations (2013–2021) are available in Figure S5 in Supporting Infor-
mation S1, and quality checks evaluating the distribution reflectivity of various radar types are provided in Figure
S6 in Supporting Information S1.

The main difference between the POH and EURADHAIL data sets is the vertical extent of information utilized.
POH is based on 3D radar reflectivity, which also incorporates the freezing level height, providing a more
comprehensive picture of hail formation. In contrast, EURADHAIL relies on 2D radar reflectivity, lacking in-
formation on the storm's vertical structure. Although EURADHAIL detects high radar reflectivity values often
associated with hail, it cannot determine whether this reflectivity extends vertically above the freezing level
height—an important indicator for determining actual hail intensity. Additionally, its reliance on 2D reflectivity
means it may also detect heavy precipitation events that are not necessarily hail‐related, despite the use of lighting
observations to filter out some non‐hail cases. Similarly, the absence of high reflectivity does not necessarily rule
out the occurrence of hail. Furthermore, due to an increase in the number of radars contributing to the OPERA
data set, the spatial coverage of EURADHAIL changes with time. These limitations highlight that EURADHAIL
should be interpreted as a best‐effort estimate of hail occurrence rather than a definitive hail product. Users should
be mindful of these constraints when interpreting hail occurrence using the EURADHAIL proxy.

2.5.2. Crowd‐Sourced ESWD Data Set

As direct European‐wide hail observations, we use the quality‐controlled severe weather reports operated by the
European Severe Weather Database (ESWD, European Weather Observer https://www.eswd.eu/ESWD/, Dotzek
et al., 2009), which was established in 2006 by the European Severe Storms Laboratory. We are using ESWD
crowd‐sourced reports of large hail from 2011 to 2021, gridded to the OPERA horizontal grid with approximately
2 km grid spacing. Large hail is defined as hailstones with a diameter exceeding 20 mm or as a layer of hail on a
flat surface thicker than 20 mm.

Crowd‐sourced reports have inherent limitations, such as spatial variations in reporting efficiency, biases related
to population density, and increasing report rates in recent years, all of which contribute to spatial and temporal
inconsistencies. For instance, the ESWD shows a reporting bias toward central Europe (Hulton & Schultz, 2024;
Taszarek et al., 2019). To cope with this issue, we concentrate our comparison on the seasonal and diurnal cycle of
hail reports for each grid cell. These measures can be considered as robust and not too strongly affected by the
aforementioned issues.
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2.5.3. Hailpad and Drone‐Based Photogrammetry Data Sets

For the evaluation of time‐aggregated hail size distributions, we use a hailpad data set over the plain of Friuli
Venezia Giulia (FVG), situated over the north‐easternmost part of Italy (Manzato, Cicogna, et al., 2022). This
network is coordinated by the regional meteorological service Osservatorio Meteorologico Regionale (OSMER)
and Restione Rischi Naturali (GRN)–Agenzia Regionale per la Protezione dell’Ambiente (ARPA FVG–
OSMER, 2021) and in operation since 1988. We analyze the daily hail database of four macro‐areas from April–
September between 1988 and 2016, where the daily maximum hail diameter is defined as the largest recorded
diameter among all hailpads on a given day.

We further use drone‐based surveys of hailstones from Argentina (Soderholm et al., 2020) and Switzerland
(Lainer et al., 2024). Following the HailPixel procedure by Soderholm et al. (2020), these data sets are based on a
machine learning technique to detect hailstones from drone images. Each data set provides the hail size distri-
bution from a single hail event, where the drone surveyed an area of approximately 1000 m2.

2.6. Lightning Observations

For the validation of simulated lightning, we use the ATDnet network operated by the UK Met Office, which is a
very low‐frequency long‐range lightning location system (Anderson & Klugmann, 2014). It detects lightning by
measuring the electromagnetic fields generated by lightning discharges and determining the location using the
time difference information from multiple antennas. The long‐range detection system can observe lightning in
remote areas and over bodies of water. However, it has larger location errors compared to short‐range systems. In
three case studies over the Mediterranean Sea, the ATDnet data set has been estimated to detect 89% of all cloud‐
to‐ground flashes and 24% of all in‐cloud flashes (Enno et al., 2016). Over Belgium, a flash detection efficiency of
88% has been found, whereas the stroke detection efficiency varied between 23% and 75% (Poelman et al., 2013).
These findings indicate that ATDnet can miss single lightning strokes but overall catches most of the lightning
flashes. Similar results are expected over central Europe with an ATDnet location accuracy of 1–2 km over
western Europe and 5–10 km over the remaining region, which extends between Helsinki (Finland), Valentia
(Ireland), Gibraltar, and Cyprus (Enno et al., 2020). The location accuracy of ATDnet of a few kilometers is lower
compared to other lightning data sets, which can have a location accuracy up to a few 100 m (Betz et al., 2009;
Schulz et al., 2005), but it is sufficient for the evaluation of the COSMO simulation with a similar horizontal
resolution. Even though the ATDnet data set undercatches weak in‐cloud flashes, we believe that this data set
serves the purpose of our study to compare climatological daily lightning frequencies over a large area. In this
study, we use the number of ATDnet lightning strokes from 2011 to 2021 in our analysis domain on a grid with
2 km horizontal grid spacing to calibrate the COSMO LPI output and compare spatial and temporal patterns of
lightning activity over Europe.

2.7. Evaluation Approach

In the following section, we describe the methods used to calculate indices and variables for comparing the
modeled and observed data sets.

2.7.1. Precipitation Indices

For the validation of modeled surface precipitation, we evaluate the mean precipitation, the wet day frequency,
wet day intensity, and heavy precipitation. A wet day is defined as a day with precipitation ≥1 mm. Daily pre-
cipitation is considered as heavy if it exceeds the daily 99th percentile (p99D), for hourly precipitation if it
exceeds the hourly 99.9th percentile (p99.9H) following Schär et al. (2016).

2.7.2. Definition of Hail Days, Hail Size Categories, and Data Aggregation Approach

The hail data sets used in this study describe hail occurrence in various ways. The HAILCAST output from
COSMO provides the maximum hailstone diameter in the last 5 min, the ESWD reports mostly large hailstones
with diameters larger than 20 mm, the radar‐derived product POH indicates the probability of hail, and EUR-
ADHAIL gives categorical information on whether hail occurred within the last 15 min or not. To facilitate
comparisons between the data sets, each hail variable is converted to the number of hail days or hail hours. The
24 hr between 06 UTC and 06 UTC of the following day are considered for each day, taking into account the
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minimum hail activity in the early morning hours. This allows the best possible separation of independent hail
events.

For ESWD, a hail hour or hail day occurs if there is at least one hail report for the time period of interest. For POH,
a hail day occurs for POH>80%, following Nisi et al. (2016). For HAILCAST and EURADHAIL, a threshold in
hail diameter or radar reflectivity, respectively, has to be defined. In a sensitivity experiment, the hail day fre-
quency for different thresholds of hail diameter and radar reflectivity, respectively, are compared to the hail day
frequency based on POH. This analysis is done for the Alpine domain of the POH data and the full time period of
the simulation. The lowest root‐mean‐square deviation of hail days between HAILCAST and POH can be found
for a hail diameter threshold of 12.5 mm (Figure S7 in Supporting Information S1). We therefore use a threshold
of 12.5 mm to calculate hail days and hail hours based on the HAILCAST output. For EURADHAIL, the optimal
radar reflectivity threshold based on the root‐mean‐square deviation with POH hail days over Switzerland is 53
dBZ (Figure S7 in Supporting Information S1), which is similar to values of 55 dBZ reported in previous studies
(e.g., Fluck et al., 2021; Kunz & Kugel, 2015; Schiesser, 1990).

For the comparison of hail peak hours and months, we aggregate the hail occurrence to a coarser resolution. This
aggregation smoothes the fields to improve comparability. The hail frequency is aggregated to a 30 km spatial
resolution following a symmetric extremal dependence index analysis (SEDI, Ferro & Stephenson, 2011) of daily
hail day occurrence in COSMO and EURADHAIL. With a resolution of 30 km, the mean daily SEDI of COSMO
is larger than 0.5 during 2011–2021 compared to EURADHAIL, indicating improved agreement between at this
resolution (not shown).

2.7.3. Adjustment of LPI to Lightning Stroke Density

Considering that LPI only provides the potential of lightning, it has to be calibrated by observations to estimate the
number of lightning strokes (Brisson et al., 2021). We utilize quantile mapping to get the lightning stroke density
from LPI, whereby the simulated distribution of lightning strokes is aligned with the observed lightning stroke
density from ATDnet (see Figure S10 in Supporting Information S1). By definition, this method leads to a close
agreement in the total number of lightning strokes between ATDnet and in the post‐processed COSMO output
while allowing for different spatial and temporal patterns. The evaluation of the COSMO lightning climatology
will therefore focus on the spatial and temporal patterns of lightning occurrence over Europe. We consider a
lightning day (or lightning hour) per grid box if the number of strokes in the considered period exceeds 2 to reduce
the influence of spurious stroke signals. Similar to hail, a lightning day is defined from 06 UTC to 06 UTC of the
following day.

3. Evaluation of Simulated Surface Temperature and Precipitation
In the first step, we compare the model output fields of surface temperature and precipitation against observations.
Both variables are evaluated for multi‐year mean fields across seasons—spring (MAM), summer (JJA), autumn
(SON), and winter (DJF). Additionally, for precipitation, several indices, as well as the seasonal and diurnal
cycles are validated. The validation of temperature and precipitation will consider the ability of the COSMO
model to simulate the climatic conditions across Europe. For consistency and comparability, this assessment uses
similar fields (e.g., precipitation indices) as previous studies (e.g., Ban et al., 2014; Leutwyler et al., 2017;
Vergara‐Temprado et al., 2021).

3.1. Temperature

The bias in modeled 2 m temperature over the European continent is generally small, with most regions showing a
cold bias of less than 2°C for all seasons (Figure 2). It is worth noting that the JJA and DJF biases are much
improved in comparison to previous simulations. This is particularly important in JJA when temperature biases
were previously larger than 2.5°C in large portions of eastern Europe (Leutwyler et al., 2017; Pham et al., 2021).
One of the reasons for improved temperature fields in our simulation might be improvements in ERA5 tem-
peratures compared to its predecessor ERA‐Interim (Hersbach et al., 2020), which was used as boundary and
initial data in Leutwyler et al. (2017) and Pham et al. (2021). Over the Iberian Peninsula, the model shows a larger
cold bias than in the remaining domain, but still within a range of − 2°C, similar to previous studies (Kotlarski
et al., 2014; Pham et al., 2021). Large discrepancies in 2 m temperature are evident over North Africa, a known
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issue due to the scarcity of stations in this region incorporated in E‐OBS, as well as considerable uncertainties
associated with the interpolation process (Cornes et al., 2018; Kotlarski et al., 2014; Panitz et al., 2014).

3.2. Precipitation

3.2.1. Spatial Patterns

Daily accumulated precipitation fields during summer (JJA) are compared against several observational data sets:
radar‐based EURADCLIM, rain‐gauge based E‐OBS and APGD, and satellite‐based IMERG (Figure 3). ERA5
precipitation is also included for reference. All precipitation observations are shown in their native spatial res-
olution for visualization. The spatial comparison focuses on summer, which is the main convective season for
most regions in Europe (Taszarek et al., 2020), with analyses for other seasons available in Figures S1–S3 in

Figure 2. Seasonal‐mean 2 m temperature bias of COSMO with respect to E‐OBS for winter (DJF), spring (MAM), summer
(JJA), and autumn (SON) for the years 2011–2021. To account for elevation differences between the model and observation,
a height correction was applied using a lapse rate of 0.65 K (100 m)− 1.
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Supporting Information S1. The COSMO simulation produces mean precipitation patterns similar to those in
ERA5, which serves as the boundary conditions for the simulation. Qualitatively, COSMO mean precipitation
aligns well with observations, capturing key features such as maxima over the Alpine ridge, the Norwegian coast,
the British Isles, and the Carpathian Mountains (first row in Figure 3).

Figure 3. Validation of summer (JJA) surface precipitation. From top to bottom are shown: mean daily precipitation, wet day
frequency of precipitation >1 mm day− 1, mean intensity of precipitation >1 mm day− 1, the 99th percentile of daily
accumulated precipitation, and the 99.9th percentile of hourly accumulated precipitation. The columns show, from left to right,
COSMO, the observational data sets EURADCLIM, E‐OBS/APGD, and IMERG, and ERA5 reanalysis. Due to data
availability, EURADCLIM is shown for 2013–2021 only. For E‐OBS/APGD, heavy precipitation is only presented on the daily
timescale, with APGD shown in the Alpine region (red outline) for 2011–2019. In the last row, the 99.9th percentile of hourly
precipitation based on CombiPrecip is shown for 2011–2021.
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In terms of wet day frequency and intensity, COSMO demonstrates good agreement with EURADCLIM, APGD,
and IMERG (second and third rows in Figure 3). Compared to observational data sets, ERA5 tends to over-
estimate wet day frequency and underestimate precipitation intensity, particularly for events with precipitation
exceeding 10 mm hr− 1 (Lombardo & Bitting, 2024). This bias has been documented in many studies across
Europe. IMERG, on the other hand, underestimates both wet day frequency and intensity over the Alps compared
to APGD and EURADCLIM, likely due to its underestimation of daily maximum precipitation in mountainous
regions (O & Kirstetter, 2018).

COSMO shows an overestimation of heavy precipitation, both on the daily and hourly timescale, across the entire
domain compared to E‐OBS and APGD, though it agrees well with EURADCLIM (fourth and fifth rows in
Figure 3). This discrepancy may result from the undercatchment of precipitation by rain gauges, caused by flow
distortion around gauges, and/or undersampling due to the limited number of gauges (Isotta et al., 2014).

3.2.2. Seasonal and Diurnal Cycles

We compare the modeled seasonal and diurnal cycles of heavy precipitation to IMERG observations, which has
the best spatial coverage of the observational data sets while also adequately representing heavy precipitation
(compare Figure 3). The seasonal cycle of heavy precipitation (99th percentile of daily precipitation) differs
strongly across the subdomains defined in Figure 1. In the subdomains EA and ME, the peak occurs in summer,
whereas SAL, IP, MD, and NA experience the highest occurrence of heavy precipitation in autumn (top row in
Figure 4). The model captures these peaks in the seasonal cycle well. The subdomains NAL, FR and BI display
less distinct peaks in the simulation and observations. Notably, the largest differences between the model and
observations are found in NAL, where the observations show a second precipitation peak in autumn, similar to
SAL, which is absent in the COSMO simulation. During autumn, upper‐level troughs frequently cause strong
airflows toward the Alps, which can lead to heavy precipitation and trigger severe floods along the Southern Alps
(e.g., Doswell et al., 1998; Massacand et al., 1998; Rotunno &Houze, 2007; Sénési et al., 1996). If the upper‐level
trough reaches the Mediterranean further east, then heavy precipitation can occur in NAL instead of SAL, most
likely leading to the observed autumn peak of heavy precipitation in NAL. An example of such an event was
discussed by Piaget et al. (2015). It appears that the intensity of this type of event is underestimated in the
COSMO simulations.

To assess the diurnal cycle of precipitation in summertime convective systems, when we expect hail formation,
we focus on the period from April to September, when most convective events across Europe are expected to
occur (Punge & Kunz, 2016), to evaluate the diurnal cycle of heavy precipitation in our simulation. During these
six months, the diurnal cycle of heavy precipitation shows peak frequencies of heavy precipitation between 14 and
16 UTC in both the model and observations in all subdomains, with the exception of BI, BA, andMDS (top row in
Figure 5). The modeled afternoon peak is particularly pronounced in NAL, SAL, and EA, whereas the obser-
vations indicate a weaker peak at a slightly later time. These overly pronounced peaks in modeled heavy pre-
cipitation across many subdomains reflect, on the one hand, the simulation's tendency to overestimate heavy
precipitation, a finding consistent with previous studies (Ban et al., 2015; Leutwyler et al., 2017). On the other
hand, IMERG, which is a combined product of satellite remote sensing and station data, is known to underes-
timate precipitation over mountainous, that is, in under‐sampled regions (O &Kirstetter, 2018), which can further
increase the discrepancies between the model and observations. The British Isles show no pronounced peak in
daily precipitation, highlighting the importance of large‐scale forced, day‐time independent precipitation in the
eastern North Atlantic. In the Mediterranean, the model indicates a peak in heavy precipitation between 12 and 13
UTC, with a weaker secondary peak in the early morning at 04 UTC. This early morning peak is also observed in
measurements and reflects the frequent development of convective precipitation over the Mediterranean Sea after
midnight. In contrast to COSMO, IMERG shows a pronounced early morning peak in the observations for many
subdomains. A comparison of the diurnal cycles of ERA5, IMERG, and EURADCLIM showed that these early
morning peaks are only visible in the IMERG data set (not shown), indicating that IMERG might overestimate
this morning peak in heavy precipitation. However, previous studies have shown that COSMO‐CLM simulations
were unable to reproduce early morning hail or lightning events over and around the Adriatic Sea (Cui et al., 2023;
Malečić et al., 2022). Thus, this discrepancy in the diurnal cycle between COSMO and IMERG might be a
combined effect of an under‐ and overestimation of early morning in COSMO and IMERG, respectively.
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In summary, the comparison of surface temperature and precipitation between the COSMO simulation and ob-
servations indicates that COSMO accurately captures climatic conditions over Europe, also during the convective
seasons. This good performance suggests that COSMO provides a reliable climatological representation of
convective activity, which can be further evaluated using hail and lightning diagnostics in the next Sections.

Figure 4. Seasonal cycles in different subdomains (see Figure 1) of (a, b) heavy precipitation (p99D), (c, d) hail days, and
(e, f) lightning stroke density from (left panels) COSMO and (right panels) observations from EURADHAIL (2013–2021),
ATDnet, and IMERG, respectively, during 2011–2021. Note that due to low data quality and coverage, no EURADHAIL
data are shown for MDS, MDL, and NA. All subdomains, except MDS, focus exclusively on land.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD042828

CUI ET AL. 12 of 30

 21698996, 2025, 14, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

042828 by Schw
eizerische A

kadem
ie D

er, W
iley O

nline L
ibrary on [12/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4. European Hail Climatology
The assessment of hail occurrence in COSMO is based on the comparison of the number of hail days (see def-
initions in Section 2.5) between the simulation and observations. This comparison is carried out in four steps: (a)
over the full European model domain using EURADHAIL, (b) over the western to central Alpine domain using

Figure 5. Diurnal cycles in different subdomains of (a, b) heavy precipitation (p99.9H), (c, d) hail frequency, and (e, f)
lightning stroke density from (left panels) COSMO and (right panels) observations from EURADHAIL (2013–2021),
ATDnet, and IMERG, respectively, fromApril to September for 2011–2021. Again, due to low data quality and coverage, no
EURADHAIL data are shown for MDS, MDL, and NA. All subdomains, except MDS, focus exclusively on land.
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EURADHAIL and POH, (c) by comparing the interannual variability of the number of hail days, and (d) by
analyzing seasonal and diurnal cycles in specific subdomains. This section concludes with a discussion of the hail
size distribution simulated by HAILCAST in COSMO, followed by a comparison with findings from previous
studies.

4.1. Spatial Distribution Over Europe

A comparison between COSMO and EURADHAIL hail days reveals similar monthly patterns of hail occurrence
throughout the convective season (Figure 6). The hail activity in Europe typically begins in May, when most
regions experience fewer than 0.2 hail days per month, that is, in May around one hail day occurs every 5 years.
An exception is the area around the Carpathian Mountains, where up to 0.6 hail days per month are observed in
EURADHAIL. During the summer months, the number of hail days increases across continental Europe in both
data sets. The highest hail frequencies in COSMO are found in eastern Europe and the Po Valley, with values up
to 1.5 hail days in northern Italy in July. Although COSMO shows higher values in the Po Valley than EUR-
ADHAIL, this discrepancy likely results from beam blockage along the Alps and insufficient data availability in
large parts of Italy in the OPERA composite. In eastern Europe, COSMO shows more hail days in the north (e.g.,
Poland), whereas values further south align closely with EURADHAIL. Particularly for the hail hotspots in
eastern Austria, Slovenia, and western Ukraine, the model and observations are in good agreement. Along the
coasts of France and Spain, the hail day frequencies agree well between the two data sets, with slightly higher
values around the Massif Central in EURADHAIL. In autumn, the number of hail days decreases across con-
tinental Europe but increases over the Mediterranean Sea in both data sets. However, the sparse radar coverage
over the Mediterranean makes comparisons challenging. Hail activity largely ceases over the sea by November in
COSMO (see Figure S8 in Supporting Information S1).

The higher frequency of hail days over northeastern Europe in COSMO compared to EURADHAIL is similar to
the pattern for heavy precipitation during the summer months (Figure 3), particularly at the hourly timescale,
where COSMO shows higher heavy precipitation values in northern Europe than EURADCLIM. Several reasons
could lead to this discrepancy. On the one hand, radar coverage in the OPERA network is scarce along the eastern
Baltic Sea, which might lead to a low bias in EURADCLIM and EURADHAIL. On the other hand, a higher
number of hail days in northern Europe in COSMO could be attributed to the model's tendency to overestimate
convection and convective updrafts in these regions.

The comparison of COSMO and EURADHAIL hail days across Europe showed that both data sets similarly
represent the spatial distribution of hail occurrence, with the highest values near steep topography during the
summer months. However, there are some differences, particularly in the precise locations of maximum hail
activity along these mountain ranges. For a more detailed comparison of hail occurrence in regions with complex
topography, COSMO hail days will be compared with hail days derived from POH and EURADHAIL over the
Alpine region.

4.2. Spatial Distribution Over the Alpine Region

Validating hail days over the western to central Alpine domain allows us to assess the model performance in the
hail‐prone northern and southern pre‐Alps at high spatial resolution. As depicted in Figure 7, the monthly hail
days agree well between the COSMO model and POH, with the highest frequencies (>1.5 hail days month− 1) in
the Po Valley from June to August. In EURADHAIL, some clutter remains along the southern pre‐Alps after the
filtering. Together with a gap in the OPERA radar coverage in Italy, a comparison of hail days in the Po Valley
region of EURADHAIL with POH and COSMO is not possible. North of the Alps, similar hail day hotspots can
be identified in POH and EURADHAIL along the northern Swiss pre‐Alps and Jura Mountains, with slightly
lower values in EURADHAIL than POH. Although POH and EURADHAIL observations show distinct hotspots
of hail occurrence north of the Alps, with up to 1 hail day month− 1, these hotspots are less pronounced and
localized in the COSMO simulation. However, the COSMO model shows elevated hail frequencies along the
northern pre‐Alps during the summer months compared to spring and autumn, and the month‐to‐month differ-
ences in hail occurrence are remarkably well represented. Orographic forcing is known to play a crucial role in
initiating convection in the northern Swiss pre‐Alps (Huntrieser et al., 1997; van Delden, 2001). Even though the
COSMO simulation, with a 2.2 km grid spacing, represents the Alpine topography in considerable detail, it still
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misses small‐scale orographic features that are important for initiating convection and the downstream devel-
opment of hail. This limitation could result in a less localized hail occurrence over the northern Swiss pre‐Alps in
the simulation compared to observations.

Figure 6. Monthly mean hail days from COSMO (hail diameter from HAILCAST ≥ 12.5 mm, 2011–2021) and
EURADHAIL (2013–2021) from April to September. The red box represents the zoomed‐in domain covered by the Swiss
radar network shown in Figure 7. All data sets are shown at a spatial resolution of 2.2 km with 1.5σ Gaussian smoothing
applied spatially.
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4.3. Interannual Variations

Figure 8 shows the interannual variation of hail and lightning days from COSMO and observations. Over the
period 2011–2021, the mean number of hail days across the subdomains ranged between 0 and 2 days. The hail
days over the whole analysis domain show a local minimum in 2015 or 2016 for COSMO, which is also observed
from stations in Croatia (Blašković et al., 2023; Jelić et al., 2020) and consistent with the lightning days in
COSMO and ATDnet. A prominent feature is the peak in hail activity in 2018 for most of the domain, likely
related to the 2018 European heat wave (Rösner et al., 2019). The variability of hail days over the British Isles in
COSMO is consistent with Wells et al. (2024) with peaks in 2014, 2016 and 2019. The EURADHAIL proxy
shows an overall increase in hail days for most subdomains after 2015. This increase is a result of the increasing
number of radars contributing to the OPERA composite until 2018 (Overeem et al., 2023, also in Figure S6 in
Supporting Information S1). The correlation between the interannual COSMO and EURADHAIL hail day fre-
quency is weak for many subdomains resulting from this increase in OPERA radar coverage over time (see Table
S1 in Supporting Information S1). Prominently, the interannual frequencies of COSMO and EURADHAIL anti‐
correlate for the subdomains FR and ME. These regions experienced a strong quality increase in the OPERA data
set between 2012 and 2018 (Saltikoff et al., 2019), possibly causing unexpected interannual frequency changes.
Nonetheless, the prominent peak in hail and lightning activity in 2018 is also visible in the EURADHAIL data set.
This suggests that the EURADHAIL data set is more reliable in recent years. Although COSMO hail days do not
correlate well with EURADHAIL, they correlate well with lightning days in ATDnet (with a mean Pearson's
correlation coefficient over the model domain of 0.7, compare Table S1 in Supporting Information S1). An outlier
is the EA subdomain that shows a low correlation between COSMO and ATDnet due to different occurrence
frequencies at the beginning and end of the simulated time window. This might be related to less co‐location of
hail and lightning in convection systems in this region, or possibly a dominant role of meso‐scale processes for the
convection initiation in this region, providing only weak constraints for modeling interannual variability at the
domain boundaries. The generally good agreement in terms of Pearson's correlation shows that COSMO suc-
cessfully simulates the interannual variability of the occurrence of convective systems over Europe and in the
subdomains.

Figure 7. Monthly mean hail days from (a) COSMO (hail diameter from HAILCAST ≥ 12.5 mm, 2011–2021), (b) EURADHAIL (maximum reflectivity within the
column ≥ 53 dBZ, 2013–2021), and (c) radar‐based observations (POH ≥ 80%) from April to September. COSMO and EURADHAIL are shown at a spatial resolution
of 2.2 km, POH at a spatial resolution of 1 km with 1.5σ Gaussian smoothing applied spatially.
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4.4. Seasonal and Diurnal Cycles

The seasonal and diurnal cycles of hail occurrence over the European domain show comparatively minor spatial
variations. For most subdomains, the hail peak occurs in summer, except for the MD and NA regions, which
experience their peak in autumn (Figure 4b). Over land, the peak in hail generally aligns with the period of highest
convective available potential energy (CAPE, see Figure S9 in Supporting Information S1) and heavy precipi-
tation events (Figure 4a). This pattern is not observed in the southern Alpine domain (SAL) and the Iberian
Peninsula (IP), where the peak in heavy precipitation occurs in autumn related to Mediterranean cyclones rather
than during the peak hail season. In oceanic regions in theMDS subdomain, despite high CAPE values in summer,
hail occurrence remains low until early autumn. This is because a vertical temperature inversion with high
convective inhibition (CIN) over the ocean during summer inhibits convection initiation. The more frequent
large‐scale disturbances over the Mediterranean in autumn lead to a greater likelihood of hail cell development.

The seasonal cycles observed in the COSMO simulation largely agree with EURADHAIL in terms of peak season
and magnitude (Figure 4d). The main discrepancy between the data sets is the later peak in FR and CE in COSMO
compared to EURADHAIL. Because of missing data over the Mediterranean Sea, it remains difficult to evaluate
the seasonal cycle in COSMO, which shows a peak in hail occurrence in September and October. ESWD reports
along the western Italian coast indicate a later peak month than reports over land (Figure 9c), which is in line with
the COSMO peak month over the Mediterranean Sea.

The diurnal cycles of hail occurrence are similar in the subdomains where the hail frequency peaks in the same
season. For instance, continental subdomains, which show peak hail occurrence during summer, have a diurnal

Figure 8. Interannual variations in hail (a, b) and lightning (c, d) days in different subdomains from (a, c) COSMO,
(b) EURADHAIL, and (d) ATDnet. No EURADHAIL data is shown for MDS, MDL, and NA due to low data coverage. All
subdomains, except MDS, focus exclusively on land.
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cycle that peaks in the late afternoon at a similar local time. The earliest peak in the diurnal cycle occurs in EA
around 13 UTC, whereas the latest peak is observed in FR around 16 UTC (Figure 9d). A distinct diurnal cycle is
seen over the Mediterranean Sea, where hail events mainly occur in autumn. These events typically begin in the
late evening and peak in the early morning, as daytime temperature inversions over the ocean inhibit convection
during peak solar insulation.

Compared to observations, COSMO simulates similar diurnal cycles, with a close agreement in peak hours
(Figure 9) and, to a lower degree, in peak frequency (Figure 5). All three data sets show a similar east‐to‐west
increase in peak hour, whereas EURADHAIL tends to display later peak hours in the eastern part of the
domain than the other data sets. This east‐to‐west shift of the diurnal hail peak is consistent with the differences
between local time and UTC.

4.5. Hail Size Categories and Frequency Distributions

The COSMO validation so far demonstrated that the simulation accurately captures the geographical patterns, and
the seasonal and diurnal cycles of hail occurrence across Europe. However, until now, we have not taken full
advantage of the hail diameter output offered by the HAILCAST in COSMO, as our analysis has jointly
considered all hail occurrences with a maximum hail diameter above 12.5 mm.

The limited availability of hail size observations poses a challenge for validating the hail size from COSMO. A
comparison between different available data sets and the gridpoint‐based COSMO daily maximum hail size
frequency distribution is shown in Figure 10a. Compared to ESWD, the COSMO HAILCAST hail size

Figure 9. (a–c) Peak month of hail frequency and (d–f) peak hour (UTC) of hail frequency from (a, d) COSMO HAILCAST (2011–2021), (b, e) EURADHAIL (2013–
2021), and (c, f) ESWD (2011–2021) from January to December. Hail frequency is aggregated to 30 km grid spacing to determine the peak occurrence.
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distribution does not represent the distribution's tail of very large hail sizes correctly. The maximum simulated
hail size is 75.5 mm. In contrast, ESWD reports a maximum hail size of 150 mm. This discrepancy is likely due to
the inadequate simulation of large hailstones exceeding 40 mm in diameter by HAILCAST. One possible reason
for this limitation is a too short simulated hail growth cycle, as the HAILCAST diagnostic does not consider the
horizontal motion of hailstone in 3D flows. Further, HAILCAST is run every 5 min in our simulation, potentially
missing strong updraft within the 5 min time windows. To reduce computing time, a compromise of 5 min
HAILCAST runs was chosen for this study. For shorter simulations, a shorter time step might improve the
COSMO hail size distribution. Nonetheless, case studies of hail events over the Adriatic Sea with the Weather
Research and Forecasting (WRF) model including HAILCAST at every time step do not show pronounced in-
creases in hailstone size (Malečić et al., 2022) compared to simulations with a HAILCAST time step of 5 min
(Malečić et al., 2023). Additionally, crowd‐sourced reports predominantly featuring large hailstones might
misrepresent hail size distributions, leading to an overemphasis on the occurrence of larger hailstones. This bias is
intensified by the limited observations of hailstones smaller than 20 mm, and a lack of small hail days in the
ESWD data set, while such occurrences are part of the COSMO data set. Crowdsourcing applications with an
automated reporting functionality capture a comparatively much larger number of small hail than the ESWD data
set (compare Barras et al., 2019).

Close agreement is seen between COSMO and the FVG hail pad observations in northeastern Italy for hail di-
ameters between 10 and 30 mm. The hail pads report relatively more hailstones with a diameter between 30 and

Figure 10. Normalized frequency of (a) full hail diameter distributions of COSMO daily maximum per gridpoint (2011–
2021, black line), ESWD crowd‐sourced reports (2011–2021, green line), daily maximum hail diameter across all FVG hail
pads (1988–2016, red line) and single event drone‐based hail diameter observations from Argentina (Soderholm, 2019, blue
line) and Switzerland (Lainer et al., 2024, magenta line). For the COSMO, ESWD, and FVG hail pad data sets, the monthly
distributions (April to November) are shown in (b–d). Dashed lines represent distributions from individual events, and solid
bars indicate distributions based on multiyear observations.
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40 mm than COSMO, but no hailstones above 45 mm. Because of their relatively small impact area, hail pads
underestimate the occurrence of large hailstones, as can be seen when compared to the ESWD distribution.

Drone‐based measurements from a single hail event by Lainer (2024) revealed a distribution similar to the
climatological COSMO distribution, whereas a drone survey conducted in Argentina (Soderholm, 2019) shows
generally smaller hailstone than the COSMO distribution. However, a single observed event is clearly insufficient
to validate a climatological data set, and a good agreement might have occurred by chance. Although drone‐based
observations offer direct size estimation and a higher probability of capturing the largest hailstones compared to
other ground‐based hail sensors, this approach's operational application and evaluation over extended domains
remain challenging. This is mainly due to its limited spatial coverage, dependence on daylight, and the need for
prior knowledge of hail events. Furthermore, if the drone survey is delayed, the hailstones start melting, leading to
an underestimation of the hail size. To further assess model performance, more comprehensive measurements of
hail size distributions across multiple events are needed.

A comparison of hail diameter distributions across various months, as illustrated in Figures 10b–10d, reveals that
hailstorms in April produce fewer very large hailstones compared to other months. This is due to the lower CAPE.
During the summer months, the size distribution of hailstones shifts toward larger sizes, reflecting higher energy
availability. Finally, in autumn, the hail size distributions shift again to smaller hailstones. Compared to ESWD
reports and FVG hailpad observations, COSMO HAILCAST successfully captures these seasonal variations in
hailstone size.

The comparison of hail size distributions from modeling and observations shows large differences between the
data sets. With the current analysis, we cannot say to which extent these differences are a result of model de-
ficiencies, biases in the observations or differences in data set properties such as temporal and spatial resolution.
Further model sensitivity studies and hail observations are needed to address these questions. In the subsequent
analysis, we use the COSMO hail size outputs to describe differences between hail days of varying severity.
However, this comparison is qualitative, given the uncertainties associated with COSMO hail diameters.

The main hotspots for severe hail days (defined as hail days with a maximum hail diameter larger than 20 mm) are
the Po Valley region, northeastern Spain and southern Italy (Figure 11). These areas generally align with hail
proxies for severe hail events, which also indicate a high occurrence in southern Europe (Hand & Cappel-
luti, 2011; Kahraman et al., 2024). The COSMO climatology, derived from HAILCAST outputs of explicitly
simulated hail occurrence, shows more distinct hotspots for severe hail days than hail proxies, which depict more
widespread areas of severe hail occurrence (Hand & Cappelluti, 2011; Kahraman et al., 2024). It is worth noting
that the main hotspots for large hail, based on ESWD reports, are located over eastern Austria and Germany,
whereas the Po Valley hotspot is less prominent (Taszarek et al., 2020). Although COSMO may miss some large
hail events in the eastern Alps, the ESWD‐based climatology might underestimate hail occurrence in the Po
Valley relative to Eastern Europe, possibly due to a higher reporting activity in the latter region.

4.6. Comparison With Existing European Hail Climatologies

The COSMO climatology reveals similar hail hotspots across Europe as found in previous observational and
model‐based studies. Key regions of frequent hail occurrence, such as the Po Valley, the Carpathian basin, and the
Pyrenees in summer, as well as the Mediterranean Sea in autumn, have also been highlighted in studies based on
hail proxies (Hand & Cappelluti, 2011; Kahraman et al., 2024; Mohr et al., 2015; Prein & Holland, 2018; Punge
et al., 2014) and, at lower spatial resolution, in global satellite‐based products (Bang & Cecil, 2019; Cecil &
Blankenship, 2012; Ferraro et al., 2015; Mroz et al., 2017). Hotspots along the Pyrenees, east of the Massif
Central in France and along the northern pre‐Alps have also been identified with a radar‐based product (Fluck
et al., 2021). The hail days around Italy in COSMO show a similar distribution as a multi‐year analysis of proxy‐
based hail days using overshooting cloud tops combined with crowd‐sourced hail observations and regional
reanalysis data (Giordani et al., 2024), with peaks occurring over land in summer and over the ocean in autumn.

One key difference from previous model‐based climatologies that rely on hail proxies is the relative intensity of
hail hotspots over Europe. For instance, Kahraman et al. (2024) identified the highest severe hail potential during
autumn over the Mediterranean Sea and Greece. Similarly, Prein and Holland (2018) and Hand and Cappel-
luti (2011) showed the highest annual numbers of hail days and events, respectively, over the Mediterranean Sea
or coastal areas. Mohr et al. (2015), however, presented an annual distribution of hail potential that aligns more
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closely with the findings of this study, particularly highlighting the Po Valley region, the northern pre‐Alps, and
the Carpathian basin as significant hail frequency hotspots.

5. European Lightning Climatology
5.1. Lighting Stroke Density and Lightning Days

In addition to hail, the LPI was also calculated online in the COSMO simulation, enabling the analysis of lightning
activity across Europe. The LPI was calibrated using ATDnet observations (see Section 2.7) to estimate lightning
stroke density and lightning days (Figure 12). A comparison of the seasonal and diurnal lightning climatology
between COSMO and ATDnet is presented below.

Compared to ATDnet observations, the COSMO simulation captures a similar spatial distribution of lightning
strokes across Europe, with summer hotspots along the slopes of mountain ranges such as the Alps, Pyrenees, and
the Carpathians (Figure 12). Additional summer hotspots occur in the Ebro Valley in eastern Spain and over the
Atlas Mountains in northwestern Africa. The main lightning activity over the Mediterranean Sea occurs in
autumn. In Northern Europe, COSMO simulates a higher lightning stroke density than ATDnet, although both
show a similar number of lightning days. Overall, the spatial agreement between COSMO and ATDnet is slightly
better for lightning days than for stroke density, indicating that while the model accurately represents periods with
elevated lightning potential, the LPI cannot fully estimate the precise number of strokes. Further, it has to be noted
that, based on the LPI calibration method, the absolute number of lightning strokes in the COSMO climatology
depends directly on the number of lightning strokes in the ATDnet data set. Any undercatchment of lightning by
the ATDnet network will also be reflected in the COSMO output.

Several differences between the data sets are noticeable. In the COSMO simulation, lightning hotspots tend to be
more widespread and peak at lower values than the ATDnet observations, likely due to differences in spatial
resolution. Similar shortcomings have been noticed for hail hotspots, where the COSMO model does not

Figure 11. Seasonal‐mean hail days from COSMO HAILCAST with (a) maximum hail diameter ≥12.5 mm and (b) ≥20 mm
in MAM, JJA, and SON during 2011–2021. All data are shown with 1.5σ Gaussian smoothing applied spatially.
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accurately represent hail hotspots along the northern Swiss pre‐Alps (Figure 7). Additionally, COSMO struggles
to capture detailed lightning hotspots over the Carpathian Mountains and Balkan regions. The lightning activity
along the Atlas Mountains, observed in COSMO, is absent in the ATDnet data set, most likely because North
Africa falls outside ATDnet's high‐accuracy detection range (Enno et al., 2016).

The interannual variability in COSMO and ATDnet agrees well (Pearson's correlation coefficient above 0.5 for
most subdomains) with periods of enhanced lightning activity around 2014 and 2018 (Figure 8), which aligns
with findings from previous studies (Manzato, Serafin, et al., 2022; Poelman et al., 2016). Main differences can be
seen for north Africa and the British Isles, where LPI tends to overestimate the lightning day frequency as also
seen in the spatial patterns in Figure 12. Further, eastern Europe shows a similar number of annual lightning days
in COSMO and ATDnet with small interannual variations (Pearson's correlation coefficient of 0.27).

The seasonal cycles of lightning activity in COSMO align well with ATDnet, showing a peak between June and
August over continental regions (Figure 4, see also Figure S11 in Supporting Information S1), and in September
and October over the Mediterranean Sea. However, the diurnal cycles in COSMO peak 1–2 hr too early, with
peaks between 14 and 16 UTC, compared to ATDnet's peaks between 15 and 17 UTC (Figure 5, see also Figure

Figure 12. Spatial distribution of lightning stroke density (first two columns) and lightning days (third and fourth columns)
from COSMO and ATDnet for different seasons (DJF to SON, top to bottom rows) during 2011–2021. All data are presented
at a spatial resolution of 2.2 km.
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S11 in Supporting Information S1). Notably, this difference in diurnal cycles has not been observed when
comparing hail in COSMO and ESWD reports. The most significant difference in diurnal cycles between the
model and observations occurs over the Mediterranean Sea. In this region, ATDnet shows a distinct peak around
08 UTC, whereas COSMO displays a weaker diurnal cycle, with a peak in the early morning. The model also
indicates a stronger influence of continental convection over the Adriatic Sea, with a peak in the late evening
(Figure S5 in Supporting Information S1). This discrepancy may be related to the model's horizontal resolution,
which may not accurately capture convection initiation over the Adriatic. Similar limitations were noted in an
earlier study, where COSMO struggled to simulate early morning hail events along the Croatian coast (Cui
et al., 2023).

The simulated spatial patterns, as well as the seasonal and diurnal cycles of lightning occurrence, are qualitatively
similar to those of hail, reflecting the distribution and frequency of convective systems in the model. The main
difference appears around the Carpathian Mountains, where the hail day climatology shows more pronounced
hotspots compared to lightning. Additionally, there is significantly more lightning than hail activity over the
Mediterranean Sea in autumn, especially in the Adriatic Sea west of Greece. This suggests that COSMO suc-
cessfully initiates convection in this region, however more often, leading to lightning instead of producing hail.

5.2. Comparison With Existing European Lightning Climatologies

In contrast to hail, numerous European lightning climatologies are already available, and COSMO shows close
agreement with these in terms of the spatial distribution and seasonal cycle of lightning activity (e.g., Anderson &
Klugmann, 2014; Galanaki et al., 2018; Kahraman et al., 2022; Kolendowicz et al., 2017; Manzato, Serafin,
et al., 2022; Petracca et al., 2024; Taszarek et al., 2019; Wapler, 2013). Our estimate of lightning days falls at the
lower boundary of the observed range, similar to Wapler (2013), who reported up to 7 lightning days per year in
southern Germany.Many studies, however, show lightning day peaks of up to 30 days per year, which exceeds the
maximum of 20 days along the southern Alpine slopes in our study. Since the LPI must be calibrated to represent
lightning strokes and days, these values strongly depend on the observational data set used for calibration.
ATDnet, for example, is known to represent cloud‐to‐ground flashes by about 89% and in‐cloud flashes by 24%
(Enno et al., 2016), which can partly explain the relatively low numbers of lightning days derived from the LPI.

A key difference between the model and observations, as noted in the comparison with ATDnet, is seen in the
diurnal cycle, particularly over the Mediterranean Sea, where COSMO does not capture the early morning peak
observed by ATDnet. However, Galanaki et al. (2018) and Petracca et al. (2024) presented a weaker diurnal cycle
for the Mediterranean Sea, which aligns more closely with the COSMO simulation. Additionally, the high
lightning activity along the Atlas Mountains is consistent with the findings of Galanaki et al. (2018), based on the
ZEUS lightning detection system, indicating that the LPI can represent lightning even in desert regions.

Overall, the lightning climatology derived from the LPI shows good qualitative agreement with observations,
demonstrating the value of this online lightning diagnostic in kilometer‐scale climate simulations. To further
explore the performance of LPI and how it translates into lightning strokes, calibration with other lightning data
sets is needed in future studies.

6. Conclusions and Outlook
We presented an 11‐year European hail and lightning climatology based on a convection‐permitting climate
simulation that was run with online hail and lightning diagnostics. Additionally, we introduced EURADHAIL, a
new European‐wide high‐resolution hail proxy, based on the 2D OPERA radar composite and ATDnet lightning
strokes. The COSMOmodel‐based hail climatology aligns qualitatively well with observational data sets, such as
EURADHAIL and ESWD crowd‐sourced reports, in terms of spatial distribution, seasonal cycle (peak month),
and diurnal cycle (peak hour) of hail occurrence. The simulation identified the highest hail occurrence frequencies
along the northern and southern pre‐Alps, the Pyrenees, the Carpathian Mountains, and over the Mediterranean
Sea, consistent with findings from previous model‐based (Hand & Cappelluti, 2011; Kahraman et al., 2024; Mohr
et al., 2015; Prein & Holland, 2018; Punge et al., 2014) and satellite‐based hail climatologies (Bang &
Cecil, 2019; Cecil & Blankenship, 2012; Ferraro et al., 2015; Mroz et al., 2017).

Because of the good representation of the diurnal cycle of convection in COSMO, we were able to analyze the
diurnal cycles of hail occurrence across Europe. Most regions exhibit a peak hail activity between 12 and 18 UTC.
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The main exception is the Mediterranean Sea, where the diurnal cycle of hail occurrence shows a weak peak
around 04 UTC. Although the COSMO simulation qualitatively captures the diurnal cycle across most of the
model domain, it underestimates early morning convective activity in the Adriatic Sea, a pattern also observed by
Cui et al. (2023).

A unique feature of the COSMOHAILCAST output is its ability to provide information on hail size, which can be
aggregated over the 11‐year simulation to obtain local hail size distributions. It appears that the model tends to
underestimate the frequency of large hailstones (>30 mm) compared to ESWD reports. Moreover, compared to
hail pad observations, the modeled distribution shows similar hail sizes. Validating hail size distributions remains
difficult due to the limited availability of observational data and differences in data set properties such as temporal
and spatial resolution.

The COSMO lightning climatology shows a qualitatively good spatial and seasonal representation of lightning
occurrence across continental Europe compared to observations (e.g., Anderson & Klugmann, 2014; Kahraman
et al., 2022; Taszarek et al., 2019; Wapler, 2013). COSMO simulates an earlier peak in the diurnal lightning cycle
over the continent, and generally shows lower lightning activity over the ocean than ATDnet. Overall, lightning
and hail hotspots over Europe coincide in location and time as both hazards are caused by severe convective
storms.

There is a growing need for reliable observations, particularly when considering extreme events such as hail and
lightning. In this paper, we introduced EURADHAIL, a new valuable hail proxy for the purpose of model
evaluation, with the potential for further development. By incorporating volumetric reflectivity and freezing level
height data, EURADHAIL could improve its ability to estimate hail size and remove spurious clutters. Moreover,
calibration using available hail sensors and quality‐checked hail reports could enhance the regional applicability
and accuracy of the data set. Such advancements in observational data sets can benefit future research, ultimately
contributing to refinements in hail modeling in weather and climate models.

Building on the qualitative good performance of the COSMO simulation with respect to the continental seasonal
and diurnal cycle demonstrated in this study, high‐resolution simulations provide an opportunity for diverse
future research projects on severe convective storms and their impacts. For example, the high temporal resolution
of the hail output, available at 5‐min intervals, enables detailed investigations into the drivers of hail production
and the evolution of hail cells. Additionally, the consistent, European‐wide hail data set provides a larger study
domain compared to previous data sets, facilitating analysis of hail impact on infrastructure and agriculture across
different climatic zones of Europe (Portmann et al., 2024; Schmid et al., 2024). The high‐resolution output
variables also allow for broader applications, including studies on the societal impacts of severe weather events,
such as strong winds, heavy precipitation, dry spells, and winter storms. Furthermore, our findings show that
COSMO accurately simulates the present‐day climatology of convective storms, suggesting strong potential for
using the same methods in future climate simulations to assess the impact of climate change on hail and lightning.
In a subsequent study, we will present results from pseudo‐global warming simulations using the same COSMO
model setup, to quantify the impacts of climate change on the occurrence of hail across Europe.

Appendix A: HAILCAST Artifact Filtering Algorithm
Under very specific and rare circumstances, HAILCAST can produce a hail signal that is not plausible, hereafter
referred to as artifacts. These artifacts are usually co‐located with steep orography and strong horizontal wind. In
such situations, HAILCAST can be triggered by the locally strong vertical wind component that results from the
horizontal wind impinging on the topography. The bulk of these artifacts occurs in the cold season, when there is
supercooled water near the ground. As an effort to mitigate the effects of these rare HAILCAST artifacts, we
developed an algorithm to filter them out. This algorithm eliminates hail values from HAILCAST that exist in the
absence of rain rates exceeding 4 mm hr− 1. The algorithm allows for some temporal (±20 min) and spatial
(r = 17 km) ambiguity in the co‐location of hail and rain, taking into account possible advection of the rain. To
this end, at each 5 min time step the maximum rain rate within a window of 45 min centered on the current time
step is taken. The time‐centered rain rate is thresholded by 4 mm hr− 1, yielding a binary mask. A binary dilation is
applied through a circular disk kernel with a radius of 17 km to expand the binary mask. The resulting binary mask
is applied to the raw HAILCAST field to yield the filtered HAILCAST field. The filtering algorithm is available
through the following repository: https://doi.org/10.5281/zenodo.12799528 (Brennan, 2024). A similar approach
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was applied by Sanderson et al. (2015), who pre‐filtered their data based on the precipitation amount before
conducting calculations in their hail model.

To investigate the filtering algorithm's sensitivity to the rain rate threshold, the filter was applied to a subset of the
simulation (1 year) with rain rate thresholds of 2, 3, 4, and 5 mm hr− 1. The response of the filtering algorithm to
the different thresholds was found to be linear and robust. Eventually, a threshold of 4 mm hr− 1 was chosen to be
applied to the entire simulation, as in some hail size bins and seasons (e.g., 30–35 mm in DJF and 50–55 mm in
JJA) a reduced change in the filtering response was found for precipitation thresholds ≥4 mm hr− 1 (Figure A1).
As expected, the highest artifact fraction is found in DJF (4%–7%, depending on hail size), whereas for all but the
largest diameters in JJA, artifacts account for less than 1% of the hail grid‐points.

Data Availability Statement
IMERG precipitation product (Huffman et al., 2023) can be retrieved from https://gpm.nasa.gov/data/directory,
E‐OBS gridded data set (Cornes et al., 2018) from https://www.ecad.eu/download/ensembles/download.php,
EURADCLIM (Overeem et al., 2023) from https://dataplatform.knmi.nl/dataset/rad‐opera‐hourly‐rainfall‐
accumulation‐euradclim‐2‐0. ESWD crowd‐sourced reports (Dotzek et al., 2009) are provided through the Eu-
ropean Weather Observer via https://www.eswd.eu/. EURADHAIL radar‐derived hail data set (Cui &

Figure A1. Histogram of the fraction of total HAILCAST grid‐points per 5 mm bin that are classified as artifacts by the
filtering algorithm (Section Appendix A) for different rain rate thresholds. These sensitivity tests were done with the
COSMO output in the year 2021.
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Thurnherr, 2024) is accessible via https://doi.org/10.3929/ethz‐b‐000701924, FVG hailpad data set (Manzato,
Cicogna, et al., 2022) is available at https://www.meteo.fvg.it/grandine.php. Due to the large size, a selection of
the COSMO model output (Thurnherr & Cui, 2024) is available via https://doi.org/10.3929/ethz‐b‐000701925.
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