JGR Atmospheres

RESEARCH ARTICLE
10.1029/2022JD037989

Key Points:

e Km-scale simulations over the
Alpine-Adriatic region show that
HAILCAST and Lightning Potential
Index are successful in diagnosing
observed hail and lightning

e Results are presented using the
Consortium for Small Scale Modeling
and Weather Research and Forecasting
models for a total of eight case studies
covering different types of hail storms

e Overall, the two models yield
similar results, but some systematic
differences are found and tied to
differences in model structure

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:
B. Malecic,
barbara.malecic @ gfz.hr

Citation:

Malecié, B., Cui, R., Demory, M. E.,
Horvath, K., Jeli¢, D., Schir, C., et al.
(2023). Simulating hail and lightning
over the Alpine Adriatic region—A
model intercomparison study. Journal
of Geophysical Research: Atmospheres,
128, 2022JD037989. https://doi.
org/10.1029/2022JD037989

Received 7 OCT 2022
Accepted 8 JUN 2023

Author Contributions:

Conceptualization: M. E. Demory, K.
Horvath, C. Schir, M. TeliSman Prtenjak,
N. Ban

Data curation: R. Cui, D. Jelié, P.
Velasquez

Formal analysis: B. Maleci¢
Investigation: B. Male¢i¢
Methodology: B. Maleci¢, R. Cui, M. E.
Demory, N. Ban

Project Administration: C. Schir, M.
Telisman Prtenjak, N. Ban

© 2023 The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial License,
which permits use, distribution and
reproduction in any medium, provided the
original work is properly cited and is not
used for commercial purposes.

'.) Check for updates

A G s

> SPACE SCIENCE

ok

Simulating Hail and Lightning Over the Alpine Adriatic
Region—A Model Intercomparison Study

B. Male¢i¢! (2, R. Cui?
M. TeliSman Prtenjak!, P. Velasquez?

, M. E. Demory?345 ()] K. Horvath®, D. Jeli¢!
,and N. Ban’

, C. Schiir? (1,

'Faculty of Science, Department of Geophysics, University of Zagreb, Zagreb, Croatia, *Institute for Atmospheric and
Climate Science, ETH Zurich, Zurich, Switzerland, *Wyss Academy for Nature, University of Bern, Bern, Switzerland,
4Climate and Environmental Physics, Physics Institute, University of Bern, Bern, Switzerland, *Oeschger Centre for Climate
Change Research, University of Bern, Bern, Switzerland, ®Croatian Meteorological and Hydrological Service, Zagreb,
Croatia, "Department of Atmospheric and Cryospheric Sciences, University of Innsbruck, Innsbruck, Austria

Abstract Hailisa significant convective weather hazard, often causing considerable crop and property
damage across the world. Although extremely damaging, hail still remains a challenging phenomenon to

model and forecast, given the limited computational resolution and the gaps in understanding the processes
involved in hail formation. Here, eight hailstorms occurring over the Alpine-Adriatic region are analyzed

using simulations with the Weather Research and Forecasting (WRF) and the Consortium for Small Scale
Modeling (COSMO) models, with embedded HAILCAST and Lightning Potential Index (LPI) diagnostics at
kilometer-scale grid spacing (~2.2 km). In addition, a systematic model intercomparison study is performed to
investigate the ability of the different modeling systems in reproducing such convective extremes, and to further
assess the uncertainties associated with simulations of such localized phenomena. The results are verified by
hailpad observations over Croatia, radar estimates of hail over Switzerland, and lightning measurements from
the LINET network. The analysis reveals that both HAILCAST and LPI are able to reproduce the affected

area and intensities of hail and lightning. Moreover, hail and lightning fields produced by both models are
similar, although a slight tendency of WRF to produce smaller hail swaths with larger hailstones and higher LPI
compared to COSMO is visible. It is found that these differences can be explained by systematic differences

in vertical profiles of microphysical properties and updraft strength between the models. Overall, results are
promising and indicate that both HAILCAST and LPI could be valuable tools for real-time forecasting and
climatological assessment of hail and lightning in current and changing climate.

Plain Language Summary Hail is a dangerous type of weather that can cause damage to crop

and property. In this study, two numerical models are used, the Weather Research and Forecasting (WRF)

and the Consortium for Small Scale Modeling (COSMO), to simulate eight hailstorms in the Alpine-Adriatic
region. These simulations included two diagnostic tools, HAILCAST and Lightning Potential Index (LPI),

to simulate hail and lightning. The simulations were verified by direct measurements of hail, radar estimates
of hail, and lightning measurements. The study found that both HAILCAST and LPI were able to accurately
predict characteristics of hail and lightning. The models produced similar results, with a slight difference in
hail size and LPI between the WRF and COSMO models, which was attributed to differences in microphysical
properties and updraft strength. Overall, the study suggests that these diagnostic tools could be useful for real-
time forecasting and assessing hail and lightning in the present and future climate.

1. Introduction

Hail is a severe weather hazard that can produce significant crop and property damage across the world (Allen
et al., 2020), especially when it occurs over highly populated areas with high-density assets (Kunz et al., 2018).
In the literature, a large number of hailstorms causing more than US$1 billion in damage is reported across the
world (Brown et al., 2015; Changnon, 2009; Kunz et al., 2018; Pucik et al., 2019; Schuster et al., 2005). Punge
and Kunz (2016) and Puacik et al. (2019) describe several hail hotspots in Europe, including the pre-Alpine and
Adriatic areas. Although large hail occurs less often over the highest mountain peaks in the central Alps, severe
hailstorms frequently affect Switzerland with up to 4 large hail days per year (Nisi et al., 2016; Pacik et al., 2019).
In this area, the maximum hail diameter can in extreme cases even exceed 10 cm (e.g., see Figure 8 from Pucik
et al., 2019). Furthermore, parts of Croatia (Jeli¢ et al., 2020; Pocakal et al., 2018) and broader northern Adriatic
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region (Manzato, 2012) have similar statistics of hail frequency as southern Germany or southeastern Austria
(Punge & Kunz, 2016). Therefore, considering the high economic losses associated with (severe) hailstorms, and
high frequencies of hail occurrence, it is very important to have reliable hail models, both for short-term numer-
ical weather prediction (NWP) and long-term climate-change adaptation strategies.

One of the largest limitations in understanding processes involved in hail formation is the lack of dense and direct
measurements of hail properties on the ground. Hailpads, which are simple meteorological devices consisting
of a stand and a measuring plate, represent one of the few methods to detect and measure hailstones directly on
the ground. Besides the number of falling hailstones and their diameters, hailpads can also detect the intensity
(i.e., kinetic energy) of hail (Smith & Waldvogel, 1989). In Europe, hailpad networks exist in several regions
including parts of Spain, France, Greece, northern Italy, eastern Austria and parts of Croatia (Berthet et al., 2011;
Dessens, 1998; Giaiotti et al., 2003; Pocakal, 2011; Pocakal et al., 2009; Sioutas et al., 2009; Svabik, 1989) and
have also been used in randomized hail suppression experiments in Switzerland (Federer et al., 1978). Although
hailpads are one of the few sources of direct information on hail occurrence, they provide spatially discrete (but
unique) information on hail occurrence as they only record hail at the point where they are installed.

Another source of information on hail occurrence is related to weather radars. As the abilities of weather radars
to detect different kinds of hydrometeors such as rain, snow and hail progressed over the years, several hail detec-
tion algorithms have been developed (e.g., Waldvogel et al., 1979; Witt et al., 1998). At present, hail detection
algorithms are widely used as hail proxies and can provide spatially continuous information on various hail prop-
erties, for example, probability of hail occurrence or maximum expected hailstone size. In Switzerland, two hail
detection algorithms are operational in real-time, namely, Probability of Hail (POH, Foote et al., 2005; Waldvogel
et al., 1979) that indicates a probability of a hailstorm occurring at a certain location, and Maximum Expected
Severe Hail Size (MESHS, Joe et al., 2004; Treloar, 1998) that estimates expected severe hail size at the ground
over the Alpine region.

An additional challenge in understanding hail processes is the limited number of high-resolution mode-
ling studies of hailstorms. With increasing computational power, it has become possible to run simulations at
convection-permitting scales (horizontal grid spacing <4 km). Several studies reported the benefits of using
models at kilometer scales for more realistic representations of convective processes (Leutwyler et al., 2017),
mean diurnal cycles of precipitation (Ban et al., 2014), spatial precipitation patterns and associated extreme
values (Brisson et al., 2016, 2018; Fowler et al., 2021; Pichelli et al., 2021; Prein et al., 2013), better representa-
tion of convective clouds (Brisson et al., 2016; Hentgen et al., 2019; Keller et al., 2016), short-term heavy precip-
itation events (Vergara-Temprado et al., 2021) local wind systems like sea breeze (Belusi¢ et al., 2018), and
complex terrain winds (Horvath et al., 2012). Since models, when run at km scales, can produce a more realistic
representation of convective processes, Adams-Selin and Ziegler (2016) integrated a physically improved 1D hail
growth scheme—called HAILCAST (Brimelow et al., 2002; Jewell & Brimelow, 2009; Poolman, 1992)—with
the km-scale WRF model. When HAILCAST is coupled with WRF, the model simulates the maximum expected
hail size at the ground using the profiles of cloud liquid and ice water, vertical velocity, temperature, water vapor
and pressure fields from a given model timestep. Several recent studies employed HAILCAST embedded in
high-resolution numerical models, such as WRF or COSMO, to study hailstorms occurring over the United States
and Europe. The studies found that the models can reproduce the atmospheric conditions and triggering mecha-
nisms responsible for hailstorm formation, resulting in simulating comparable hailstorms to those observed over
the complex terrain of the United States (Adams-Selin et al., 2019; Adams-Selin & Ziegler, 2016), Switzerland
(Cui et al., 2023; Raupach et al., 2021; Trefalt et al., 2018), Italy (Manzato et al., 2020; Tiesi et al., 2022), and
Croatia (Maleci¢ et al., 2022).

Similar to hail, lightning poses a serious threat to human lives (Curran et al., 2000; Holle et al., 2005), wind
turbines (Rachidi et al., 2008) and transportation (Kanata et al., 2012; Lee & Collins, 2017; Thornton et al., 2017).
Moreover, lightning is a major cause of wildfires (Abatzoglou & Williams, 2016; Dowdy et al., 2017; Latham
& Williams, 2001). Considering the hazards associated with lightning occurrence, the lightning potential index
(LPI) was developed as a tool for diagnosing areas prone to lightning discharges (Lynn & Yair, 2010; Yair
et al., 2010). With a better representation of convective processes km-scale simulations, LPI offers the possibility
to use the parameterizations of lightning that describe the non-inductive process occurring inside a thundercloud
(Brisson et al., 2021; Yair et al., 2010). It is defined as a potential for charge formation and separation inside a
thundercloud and it relies on the presence of both solid and liquid hydrometeors. Even though LPI is not directly
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connected to the observed number of lightning flashes, several studies found that LPI could be a valuable tool
for implicit lightning forecasting in the COSMO (Caui et al., 2023; Sokol & Minéfova, 2020) and WRF (Lagasio
et al., 2017; Maleci¢ et al., 2022; Yair et al., 2010) models. Recently, LPI was used in the climatological assess-
ment of lightning over Germany (Brisson et al., 2021) and proved to be a better indicator of lightning occurrence
than the commonly used convective available potential energy times precipitation (CAPE x PREC) parameteri-
zation (Romps et al., 2014).

Recently, an effort was made to utilize both HAILCAST and LPI to study hailstorms occurring in Croatia
using WRF (Malecic et al., 2022) and over the broader Alpine-Adriatic region using COSMO (Cui et al., 2023)
models. More specifically, Cui et al. (2023) selected 8 days with severe convection over the Alpine-Adriatic
region based on the observed impacts and underlying synoptic forcing to study the mechanisms responsible
for severe weather effects. Adopting the process-oriented approach, the authors found that both HAILCAST
and LPI successfully reproduced observed hail and lightning characteristics over a broad range of synoptic
situations.

Motivated by the promising results, this study aims to complement the valuable previous research on hailstorm
simulation over the topographically complex Alpine-Adriatic region (Figure 1a). More specifically, we employ
these two diagnostic tools in km-scale models (COSMO and WRF) to simulate hailstorms analyzed by Cui
et al. (2023), with a geographical focus on Croatia and Switzerland. By analyzing eight hail cases using two
models, we aim (a) to conduct a systematic and quantitative evaluation of the model's performance for hail and
lightning, and (b) to identify the robustness of HAILCAST and LPI results produced by two intrinsically different
modeling systems. The outcome of this study reveals information about model biases and the origins of disagree-
ments between the two models in simulating severe storms associated with hail and lightning over the complex
Alpine-Adriatic region. Moreover, this study benefits from two valuable but intrinsically different data sets of
hail observations, namely spatially discrete in-situ hail measurements from the hailpad network (and two hailpad
polygons) in Croatia, and spatially continuous remote-sensing radar estimates on hail occurrence in Switzerland.
Therefore, the objectives of this paper can be summarized as follows.
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Figure 1. (a) Terrain height (above sea level) as represented in Weather Research and Forecasting (WRF) for the outer 12 km domain. The inner 2.2 km domain is
indicated with the black rectangle. The domain where LINET measurements are available is indicated with the red line. (b) Terrain height as represented in WRF for the
2.2 km domain over the Alpine region. The black line indicates the Swiss radar spatial coverage. (c) Terrain height as represented in WREF for the 2.2 km domain over
Croatia. The black dots indicate the positions of hailpads.
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e To what extent can HAILCAST and LPI credibly diagnose the occurrence of hail and lightning?
¢ How do simulations with two distinct models but the same diagnostic hail and lightning modules differ from
each other?

This paper is organized as follows: Section 2 describes the selected hail events and observational data used to
evaluate COSMO and WRF models. An overview of the model setups and evaluation approach is indicated
in Section 3. The results are presented and discussed in Section 4. The conclusions and remarks are given in
Section 5.

2. Selected Hailstorms and Observational Data

Eight days with severe convection occurring over the Alpine-Adriatic region already analyzed in Cui et al. (2023)
are selected for the analysis. Out of eight selected days, hailstorms were observed in Croatia and/or Switzerland
during seven of these days. During the day without observed hail in the central and eastern Alps, intense precip-
itation over the Alps leading to severe flooding is reported. Hailstorms are selected based on their intensity,
measured by their impact or the kinetic energy recorded with hailpads. Besides that, an attempt was made to
select hailstorms occurring over a set of synoptic and mesoscale situations to assess the abilities of both models
to reproduce the observed convection during a variety of driving conditions. Moreover, by selecting a day where
no hail is observed, the ability of both models to distinguish between convective days with and without hail
is assessed. The type of observations available for eight selected events along with a brief description of their
impacts are listed in Table 1.

To assess the model's ability to reproduce the observed severe weather events, several datasets are used. To vali-
date simulated precipitation over the Alpine-Adriatic region, the Final Run of Integrated Multi-satellitE Retriev-
als for Global Precipitation Measurement (IMERG) mission (Huffman et al., 2019) data set is used. IMERG
is a globally gridded precipitation product that estimates surface precipitation rates at 0.1° spatial and 30 min
temporal resolution. IMERG incorporates satellite microwave precipitation estimates, microwave-calibrated
infrared satellite estimates and rain gauge observations. Combining remote sensing and in-situ observations,
IMERG provides spatially and temporally continuous and homogeneous precipitation estimates over the whole
Alpine-Adriatic region.

Table 1
Selected Convective Events Over the Alpine-Adriatic Region

Date Observations of hail Impact

23 July 2009 Radar A thunderstorm embedded in a cold front hit Switzerland
and caused damage of around 261 million CHF.

1 June 2013 No hail observed in Croatia and Switzerland  Intense precipitation over the Alps led to severe flooding
in central and eastern Switzerland. The estimated
damage is 15 million CHF.

18 June 2013 Radar Significant damage to vineyards in eastern Switzerland.

25 June 2017  Radar, Hailpads Large mesoscale convective system observed in Croatia.
74 impacted hailpads with maximum hailstone
diameter of 31.4 mm

8 July 2017 Radar Damage to crops and vineyards in Switzerland.

24 July 2017 Radar, Hailpads Large hailstones were observed in Croatia. Maximum
recorded hailstone diameter is 54.2 mm.

17 May 2018  Hailpads Non-gradient pressure field over Croatia. Significant
kinetic energy and hail size (up to 19.9 mm) in
northeastern Croatia.

30 May 2018  Radar Significant damage to cars and buildings in central and
eastern Switzerland.

Note. The type of available observations and a short description of the event's impact is indicated. Radar observations are
covering Switzerland while hailpad observations are associated with the hailpad network in Croatia. More information on the
impacts of some of these events can be obtained through http://www.sturmarchiv.ch/index.php/Hagel.
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Further, to assess the ability of LPI to reproduce the observed lightning activity, lightning data from the Lightning
Detection Network (LINET) (Betz et al., 2009) is used. With 190 sensors in 31 countries that are up to 250 km
away, LINET successfully detects cloud-to-ground and intracloud lightning flashes and differentiates between
positive and negative discharges across Europe. Moreover, the LINET network can detect weaker stroke signals
with a current amplitude lower than 1 kA. With continuous improvements of the LINET network, the median
values of detected current amplitude values had decreased by half from 2009 (Franc et al., 2016), showing signif-
icant improvement in the sensitivity detection toward smaller stroke current amplitudes. For most of the European
region (Franc et al., 2016; Jeli¢ et al., 2021), the average minimum detectable signal is 0.7 kA, and the median
location accuracy error is +84 m. Here, we considered total lightning information, that is, we did not differentiate
between types or polarities of lightning flashes as LPI presents the overall potential for lightning activity without
preferences to the type or polarity of lightning discharges. The total lightning for the examined cases was taken
from the 2D database of lightning flashes at a 3 km X 3 km horizontal and 2 min temporal resolution (developed
by Jeli¢ et al., 2021) over the domain shown in Figure 1a.

Next, hail detection products from the Swiss radar network (Germann et al., 2015; Willemse & Furger, 2016)
operated by MeteoSwiss are used to assess the HAILCAST results. Namely, the operationally computed POH
product is used. POH indicates the grid-based probability of hail reaching the ground. It is computed following
Waldvogel et al. (1979) and Foote et al. (2005) from the difference in height between the altitude of the center
of the highest radar bin at which 45 dBZ echo (i.e., Echo Top of 45 dBZ) is found and the height of the freezing
level retrieved from the forecasts of the operational numerical prediction model COSMO. POH has been verified
using insurance loss data (Morel, 2014; Nisi et al., 2016) and a good agreement between hail damage and POH
>80% was found. The area in which this product is available is indicated in Figure 1b.

Finally, HAILCAST results are assessed against in-situ hail measurements from the Croatian hailpad network. It
consists of (a) hail suppression stations in the continental region of Croatia, (b) a specially designed hailpad poly-
gon in northwestern Croatia, and (c) hailpad stations in the northeastern (NE) Adriatic region (Figure 1c). Over-
all, 590 hailpads on hail suppression stations, and 150 hailpads on the polygon, with average spacing between
hailpads of ~5.5 and ~2 km, respectively, have been installed and maintained by the Croatian Meteorological
and Hydrological Service (Pocakal, 2011; Pocakal et al., 2009). Moreover, during the VITCLIC project (https://
www.pmf.unizg.hr/geof/en/research/climatology/vitclic) 65 hailpads were installed in Istria (NE Adriatic) in the
vicinity of an agricultural area with vineyards. Notably, the Istrian region is not a part of the hail suppression
network; therefore, hail observations from these hailpads are not under the potential influence of hail suppression
activities.

3. Modeling Setup and Evaluation Approach
3.1. COSMO and WREF Setups

Selected hailstorms were simulated using an Advanced Research Weather Research and Forecasting (WRF,
version 4.1.5) model (Skamarock et al., 2019), and the climate version of the Consortium for Small Scale
Modeling (COSMO-crCLIM based on COSMO 5.0) model (Baldauf et al., 2011; Leutwyler et al., 2017; Schér
et al., 2020) alongside HAILCAST and LPI. An attempt was made to make a setup of both models as similar as
possible. Additionally, one of the hailstorms is simulated using the newest version of COSMO v6.0 model.

The modeling setup consisted of two one-way nested domains with horizontal grid spacing of approximately
12 km (0.11°) and 2.2 km (0.02°) (Figure 1a). The model setup consists of 65 vertical levels in WRF and 60
vertical levels in COSMO. WREF uses a hybrid sigma-pressure vertical coordinate (Park et al., 2013), while
COSMO uses a generalized Gal-Chen coordinate. WRF's time step is set to 20 and 4 s, while COSMO's time step
is set to 90 and 20 s for 12 and 2.2 km simulations, respectively. The simulations were initialized and driven at
the lateral boundaries using ERAS reanalysis (Hersbach et al., 2020) at 12 UTC the day before severe convec-
tion was observed. ERAS5 surface and pressure levels are used for WRF while COSMO uses three-dimensional
ERAS5 information. It should be noted that unlike for WREF, soil moisture for COSMO was not initialialized from
ERAS reanalysis. Instead, each case simulation was initialized 7 days before the event using the equilibrated
monthly mean soil profiles from a 10-year (1999-2008) 12 km COSMO climate simulation (Vergara-Temprado
et al., 2020), and let run for 7-day. Then, the model integration started at 12 UTC the day before severe convection
was observed using the new soil moisture conditions from the 7 days run. This approach allows for an adjustment
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Table 2

of the top soil layers to the conditions of each event. Physics setups of the models are summarized in Table 2. For
the simulation of hail and lightning, HAILCAST (Adams-Selin & Ziegler, 2016) and LPI (Lynn & Yair, 2010;
Yair et al., 2010) are used in both models. HAILCAST is a time-dependent hail growth model that provides the
forecast of the maximum hailstone diameter at the ground. In our setup, HAILCAST is activated every 5 min on
the inner 2.2 km convection-permitting domain if the updraft in a particular grid point exceeds 10 ms~! for more
than 15 min. Similarly, we adopt the same formulation of LPI in both WRF and COSMO models. More details
on LPI formulation adopted can be found in Brisson et al. (2021). In this study, LPI is computed every 15 and
15 min fields are stored for both models. Additionally, more information on HAILCAST and LPI can be found
in Supporting Information S1.

3.2. Evaluation Approach

When evaluating the results of diagnostic tools such as HAILCAST and LPI against observations, it should
be considered that their performance relies on the skill of the convection-permitting model to represent the
convection properly. For this reason, the results are evaluated in three sequential phases. First, the model's skill
to represent the observed precipitation is evaluated. Second, simulated LPI is assessed against LINET lightning
data using the minimum coverage neighborhood verification method (Ebert, 2008). Third, HAILCAST results
are evaluated against radar estimates on hail occurrence from Switzerland and direct hail measurements from the
Croatian hailpad. Moreover, to account for possible time shifts between simulated and observed convection, only
daily aggregated fields are evaluated.

Simulated precipitation is assessed against precipitation estimated by IMERG. Given the discrepancy in hori-
zontal grid spacing between IMERG (0.1°) and simulated precipitation (2.2 km), both IMERG and simulated
precipitation are interpolated to a common 12 km grid (Table 2). The evaluation is performed by using Taylor
diagrams (Taylor, 2001), which compare spatial distribution of simulated and observed fields and summarize the
results using statistical metrics.

Evaluation is done by determining standardized deviations, correlation coefficients and root mean square errors
between observed and simulated fields.

LPI is assessed against lightning observations from the LINET network. First, to account for the differences in
horizontal grid spacing between LINET (3 km) and LPI (2.2 km), simulated fields are interpolated to a common
3 km grid as indicated in Table 2. However, considering that a high-resolution simulation cannot perfectly match
the observation in space and/or time, but can still be useful (Ebert, 2008), we are using a minimum coverage
neighborhood method. In that approach, a useful forecast is defined as the one where lightning is simulated
anywhere in the neighborhood of the point where it is observed. Based on this method, a contingency table is
built and a symmetric extremal dependence index (SEDI) (Ferro & Stephenson, 2011) is computed. Additionally,

Modeling Setups of COSMO and WRF Models Used in This Study

COSMO WRF

Domain

Vertical levels
Time step
Soil moisture spin up

Cumulus parameterization

PBL scheme
Microphysics scheme
Radiation

Hail

Lightning

12 km (361 x 361 grid points) 12 km (361 % 361 grid points)
2.2 km (800 x 600 grid points) 2.2 km (801 x 601 grid points)
60 Gal-Chen 65 hybrid sigma pressure
905,20 s 20s,4s
Yes No
12 km Tiedke (Tiedtke, 1989) 12 km Kain-Frisch (Kain & Kain, 2004)
2.2 km No cumulus scheme 2.2 km No cumulus scheme
Prognostic TKE scheme (Raschendorfer, 2001) MYNN 2.5 (Nakanishi & Niino, 2006)
Single moment Reinhardt and Seifert scheme WSM6 (Hong & Lim, 2006)
Ritter and Geleyn scheme (Ritter & Geleyn, 1992) RRTM and Dudhia scheme (Mlawer et al., 1997)
HAILCAST activates every 5 min HAILCAST activates every 5 min

LPI activates every 15 min LPI activates every 15 min
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verification window size as well as threshold for the number of lightning flashes is varied to examine the
scale-intensity combination at which high-resolution simulation is useful.

HAILCAST results are assessed against radar products POH and MESHS from Switzerland and hail meas-
urements from the Croatian hailpad network. To evaluate HAILCAST results against radar products, a mini-
mum coverage verification method with varying verification windows sizes is utilized and categorical skill score
such as probability of detection (POD), false alarm ratio (FAR) and extremal dependence index (EDI) (Ferro
& Stephenson, 2011) are determined. Next, HAILCAST results are assessed against hailpad observation from
Croatian hailpad network. To overcome challenges associated with the limited spatial information from hailpad
networks and to limit the effect of double penalty that occurs when verifying slightly offset high-resolution
forecasts of extremely rare events (Ebert, 2008), an upscaled neighborhood verification method is used (Maleci¢
et al., 2022). This verification methodology is composed of the elements of point to point, upscaling and a
minimum coverage verification method (as described by Ebert (2008) and Maleci¢ et al. (2022)). Based on this
method, a contingency table is built and categorical skill scores are determined (POD, FAR, EDI).

4. Results and Discussion
4.1. Precipitation

The first step considers the comparison between simulated and observed precipitation. The comparison refers to
the period from 00 UTC to 24 UTC on the day when severe convection was observed. When comparing the daily
accumulated fields, a generally good agreement between observed and simulated fields is found (Figure 2). Both
models reproduce the observed precipitation patterns fairly well, even though there are slight local variations.
Moreover, the areas with more intense precipitation correspond well between simulated and observed fields.
However, a tendency of both models to produce more peaked and more scattered precipitation objects data is
found for all analyzed cases except for 8 July 2017 and 18 June 2013. This tendency could partially be attributed
to the differences in horizontal resolution between simulated and observed fields (2.2 and 11 km horizontal grid
spacing, respectively). On the other hand, for 18 June 2013 and 8 July 2017, both models produced mostly smaller
and less peaked objects than observed. In addition, comparison of COSMO-crCLIM and WREF fields, reveals that
WREF tends to produce slightly less peaked precipitation objects than COSMO-crCLIM.

To further expand and complement this analysis, hourly accumulated precipitation averaged over the whole inner
domain (Figure 1a) is compared between the observations and the models (Figure 3). To account for discrepan-
cies in the horizontal resolutions between observations and simulated fields, interpolated fields are analyzed, as
discussed in Table 3. The comparison reveals that both models reproduce the temporal evolution of precipitation
fairly well in all cases, except for 25 June 2017 although some discrepancies exist, depending on the case. For the
case of 25 June 2017, both models fail to represent the two local maximums of precipitation observed in the early
morning and evening hours. During most cases, both models simulate comparable or slightly larger amounts of
precipitation compared to the observations. An underestimation of precipitation is present only for 18 June 2013
and 8 July 2017 cases as already noted above.

The daily accumulated precipitation results are further compared quantitatively using Taylor diagrams
(Taylor, 2001). As shown in Figure 4, both models perform similarly, although larger differences in standard-
ized deviations are found for the cases of 18 June 2013 and 8 July 2017. Both models show similar correlation
coefficients between simulated and observed fields. Looking at the median performance for all cases together,
we can see that both models perform similarly in simulating the observed precipitation with standardized devi-
ations of 1.14 and 1, correlation coefficients of 0.48 and 0.46 and root mean square errors of 1.14 and 1.04 for
COSMO-crCLIM and WRE, respectively.

Overall, we can see that both models successfully represent the observed precipitation, and that WRF tends to
simulate less precipitation than COSMO-crCLIM.

4.2. Lightning Potential Index Results

The second step of the evaluation considers the assessment of LPI [J/kg] against the observed number of light-
ning flashes from the LINET network. LPI indicates the potential for lightning activity, and as such, it is not
directly connected to the observed number of lightning flashes. To make a direct comparison between LPI and
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Figure 2. Accumulated precipitation for the period between 00 and 24 UTC on the day severe convection was observed for the eight case studies. The results are
presented for (a—d; m—p) IMERG observations, (e-h; qg—t) COSMO-crCLIM and (i-1; u—x) WRF simulations.
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Figure 3. Hourly accumulated precipitation obtained from IMERG (black) observations and simulated by COSMO-crCLIM (red) and WRF (blue) for all eight cases
(a—h). The observed and simulated hourly precipitation amounts are interpolated to a 12 km grid and then averaged over the 2.2 km domain.
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Table 3
Validation Procedures When Using Fields of Different Spatial Resolutions
Observational data set Observations horizontal grid spacing [km] Model horizontal grid spacing [km] Common grid Interpolation method
LINET 3 2.2 3 km X 3 km Distance-weighted
IMERG 11 22 12 km X 12 km Cumulative

Note. The interpolation method as well as the common grids used are indicated.

the observed number of lightning flashes, a conversion of LPI to the number of lightning flashes following
Brisson et al. (2021) and Maleci¢ et al. (2022) is done considering LPI and LINET measurements on a common
grid (Table 3). Conversion assumes a linear relationship between the LPI and the observed number of lightning
flashes as well as the existence of the threshold value of LPI for which a lightning flash is produced, such that:

0, LPI<1¢
LPLy = )
k-LPI+1, LPI>1

where LPI [km~2 h~!] denotes the adjusted LPI, that is, LPI converted to the number of lightning flashes,
parameter ¢ denotes the minimum value of LPI for which a lightning flash is produced, k and / represent the
parameters of a straight line. The parameters 7, k and [ are iterated across [0, 20], [0, 10], [-20, 20] intervals,
respectively. For every combination of parameters 7, k, and /, hourly means of LPI ; are calculated. Then, a distri-
bution function of both simulated and observed hourly means of lightning flashes during all cases is determined.
Further, a root mean square error (RMSE) between the two discussed distributions is calculated. The optimal
combination of parameters is the one that minimizes the RMSE. Here, a conversion is done by using # = 0.045,
k=3.3and /= 0.1 for COSMO-crCLIM and ¢ = 0.65, k = 0.65 and / = —0.2 for WREF for all cases. The discrep-
ancy in optimal parameter values between WRF and COSMO highlights the discrepancies between LPI produced
by COSMO-crCLIM and WRF. Namely, higher values of ¢ and lower values of k associated with WRF indicate
that WRF produces higher LPI, contrary to the results obtained for precipitation where WRF produced slightly
lower precipitation amounts compared to COSMO.

The daily sums of both LPL ; produced by COSMO-crCLIM and WRF and
the observed number of lightning flashes for each case analyzed are presented
in Figure 5. Overall, it seems that the general spatial pattern of the observed

0.00 T r r T T T 1 !
0.00 025 050 075 1.00 125 150 175 2.00 2.25°
Standardized deviations

: ;8228;3? lightning activity is well reproduced by both models although the simulated
— 20130618 fields appear to be more scattered than the observed. This could be partially
: 52:;233’2 attributed to the fact that LPI is calculated every 15 min, while the LINET
20170724 network detects lightning flashes continuously. Moreover, considering all
20180517 cases, it is noted that the conversion of LPI to lightning flashes is better fitted

—_— i]oeldﬁgrs] =0 toward less intense lightning activity. This is explained by the fact that the fit
o COSMO is performed on all grid points: as there are more grid points with low flash

2 mi’;G counts then intense lightning activity, the fit is intrinsically better for lower
flash counts. The discrepancy in fit between lower and higher flash counts is

o more pronounced during the cases with more intense and widespread light-
& ning activity, that is, 25 June 2017 and 24 July 2017. Nonetheless, in general,
the spatial distribution of lightning, that is, the distribution of the areas with

% more and less intense lightning activity, corresponds well between simulated
and observed fields, although local discrepancies could be present, depending

= on the case and model analyzed. Looking at the differences between fields

produced by COSMO-crCLIM and WREF, a tendency of COSMO-crCLIM to
produce more scattered and less peaked fields can be found.

Figure 4. Taylor diagram showing the performance of COSMO-crCLIM

(circles) and WRF (squares) when simulating daily accumulated precipitation

Furthermore, to quantitatively evaluate the capabilities of COSMO-crCLIM

observed by IMERG (red star). The performance for each case is indicated by ~ and WRF to simulate the observed lightning activity, a minimum cover-

colored markers, while the black markers indicate the corresponding median age method is utilized. To get more robust results, the evaluation is done
values.
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01.06.2013. 25.06.2017.

18.06.2013.

number of flashes / km?

5 8 10 15 20 30

Figure 5. Simulated and observed lightning flash accumulation in the time window from 00 to 24 UTC on the day with severe convection. Columns denote cases,
while rows denote measurements from the (a—d; m—p) LINET network, and fields produced by (e-h; g—t) COSMO-crCLIM and (i-1; u—x) WRF models.
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by aggregating all analyzed cases together (Figure 6). Both models show similar performance which is better
for the lower thresholds of lightning flashes. Moreover, we get good performance (SEDI >0.6) even for more
intense thresholds if we consider larger verification window sizes. WRF tends to have higher SEDI values than
COSMO-crCLIM toward higher and more localized lightning flashes (bottom right side of diagrams), which
confirms the previous findings that COSMO-crCLIM tends to produce more scattered lightning activity.

4.3. HAILCAST Results

HAILCAST results are assessed against remote-sensing and ground observations for a period from 00 UTC to
24 UTC on the day severe convection was observed. First, we perform a qualitative comparison between hail
swaths produced by the two models. Figure 7 suggests that both models produce generally similar hail swaths
over the same area, although some local discrepancies between simulated hail swaths exist. Despite the overall
similarity of the results, a tendency of COSMO-crCLIM to produce more hail in all analyzed cases is apparent.
Both models correctly reproduce heavy precipitation without hail over the Alps for 1 June 2013, which suggests
that both models are able to distinguish intense precipitation events form hail events. However, it should be noted
that both models still produce hail over only a few grid points over the Alps.

Figure 8 shows the simulated and observed hail swaths over the Alpine region. Since POH indicates the proba-
bility of hail, and HAILCAST the simulated maximum hailstone diameter, only the spatial distribution of hail as
observed by POH and simulated by HAILCAST is compared. It is clear that both models can produce hail swaths
comparable to those observed, both in the context of the area affected by hail and the shapes of the observed hail
swaths. Notably there is not an exact match between simulated and observed fields, as, some deviations are pres-
ent. For most cases, WRF produces smaller hail swaths than COSMO-crCLIM, while on the other hand, WRF
simulates more grid points having maximum hailstone diameters greater than 35 mm.

Next, we assess simulated fields against another source of hail observations—hailpad observations from the Croa-
tian hailpad network. Out of eight cases with severe convection over the Alpine-Adriatic region, hailpads in Croatia
recorded hail on only three of those days (25 June 2017, 24 July 2017, 17 May 2018). For these days, simulated hail
swaths with indicated impacted hailpads are presented in Figure 9. There is a generally good agreement between
observed and simulated hail produced by both models. Most of impacted hailpads are within the area of simulated
hail. However, both models exhibit a certain number of false alarms, that is, hail is not observed, but the model simu-
lates hail. Notably, some of these false alarms could be attributed to the limited spatial information on hail occurrence
provided by the hailpad network. Unlike radars, the hailpad network provides information on hail occurrence only at

(b) WRF
=N 0.81 082 0. : . .63 | SEDI 3 0.7 | 0.62 | SEDI
1.0 -1.0
Q 0.83 0.85 Q 0.71 | 0.66 | 0.68 | 0.62 | 0.55
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Figure 6. Performance of (a) COSMO-crCLIM and (b) WRF in simulating the observed lightning flashes. Performance depending on the threshold for the number
of lightning flashes and verification window sizes (radius) is indicated in terms of SEDI skill score (shading). The higher/lower SEDI score means better/worse

performance of the model, as reflected by the green/red colors.

MALECIC ET AL.

12 of 26

85U8017 SUOWILLIOD 3AITER1D) 3|edl|dde au) Aq peuseoh ake sajolie YO ‘8N JO S3|NJ 104 ARIGIT BUIIUO AB]IM UO (SUOHIPUOD-PU-SWLBYWIOD A8 1M Aed 1BUTUO//SANY) SUORIPUOD pUe SWS L 34} 38 *[£202/2T/ET] U0 Aiqiaulluo AB|IM ed aiwepexy ayosiezemyds Aq 686.£0AC2202/620T 0T/I0p/woo" A8 M Ariqijeutjuo'sgndnBey/sdiy wouj pepeojumod ‘€T ‘€202 ‘96686912



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD037989

COSMO

01.06.2013. 18.06.2013. 25.06.2017.
- 5 = - s § S

WRF

COSMO

WRF

Maximum hail size [mm]

0 5 75 10 12515 175 20 25 30 35 40

Figure 7. Maximum hailstone diameters in the time window from 00 UTC to 24 UTC on the day with severe convection simulated by COSMO-crCLIM (a—d); (i-1),

and WREF (e-h); (m—p).

the exact position where the hailpad is installed. In theory, hail could easily occur anywhere between the two hailpads
and be left unrecorded. Nonetheless, the greatest number of false alarms is present for the 24 July 2017 case with
WREF producing more false alarms than COSMO-crCLIM. Surprisingly, both models successfully reproduce even a
highly localized hailstorm occurring on 17 May 2018 with a flat surface pressure distribution over the north-eastern
Adriatic, although it should be noted that, unlike WRF, COSMO-crCLIM produces a few spurious false signals in the
continental part of Croatia. Moreover, two of the analyzed cases, namely 25 June 2017 and 24 July 2017, previously
analyzed in Maleci¢ et al. (2022), but simulated with different modeling settings (i.e., different domains, horizontal
resolutions, input data or HAILCAST activation time), show similar hail swaths in both studies produced by WRF.
Notably, in the future, other indices commonly used for estimating hail size such as hail size index, large hail parame-
ter, significant hail parameter could also be investigated and added to the analysis (Czernecki et al., 2019).

The fields presented in Figure 8 are assessed against POH >80% signals, as the region corresponding to POH
>80% is highly probable to have hail on the ground (Nisi et al., 2016). Obtained performance diagrams for all 8
cases together presented in Figures 10a and 10b reveal that COSMO-crCLIM performs better in terms of POD
and EDI skill scores for all considered verification window sizes. On the other hand, WRF performs better in

MALECIC ET AL.

13 of 26

85U8017 SUOWWOD dAIER.D 3|eotjdde auy Ag peusenob a1e saoie VO '8 Jo S9IN1 10y Akeiq i 8UlUO AB]IM UO (SUORIPUOD-PUR-SLLBI D" AB | 1M A1 1[Ul [UO//Sty) SUORIPUOD pue SLB | 84} 88S *[202/2T/ET] Uo Akeiqi auliuo AB|iIm ‘Jed aiwepexy ayds iezemyds Aq 686.£0Qr2202/620T OT/I0pA00 A8 | im Areiqijpuluo'sqndnfe//sdiy Wwoly papeojumod ‘€T ‘€202 ‘96686912



A7 .
NI Journal of Geophysical Research: Atmospheres 10.1029/2022JD037989

AND SPACE SCIENCE

23.07.20009. 01.06.2013. 18.06.2013. 25.06.2017.

Probability of hail [%]
D
o

Maximum hail size [mm]
=
(9]

Probability of hail [%]
D
o

Maximum hail size [mm]
[
[0,

Figure 8. Daily maximums of the hailstone diameter simulated by (e-h); (q—t) COSMO-crCLIM and (i-1); (u—x) WRF and daily maximums of (a—d); (m—p) POH radar
product.
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Figure 9. Simulated and recorded hail during the three cases with hail in Croatia. The shaded blue area represents simulated
hail swaths (maximum hailstone diameter larger of equal to 5 mm) from 00 to 24 UTC on the day hail was observed. The
position of hailpads is indicated with black dots. Impacted hailpads are marked with red circles. The position of a densely
populated hailpad polygon is marked with a black rectangle and the stations within the polygon are colored only if the hail
was observed at that specific station. Fields produced by (a, ¢, ) COSMO-crCLIM and (b, d, f) WRF are presented.

terms of FAR for all verification window sizes except the one corresponding to 30 grid points. These findings
could be attributed to the fact that COSMO-crCLIM produces more hail compared to WRF, which leads to higher
POD and FAR values. According to the insights obtained in Figures 8, 10a and 10b, COSMO-crCLIM tends to
produce hail swaths more similar to those observed than WRF over the Alpine region.

Next, simulated fields are evaluated against observations from the hailpad network in Croatia. The obtained
performance diagrams for all three cases together (Figures 10c and 10d) show similar performance between the
models. High POD values for larger verification window sizes indicate that models simulated hail where it was
observed. However, unlike the results connected with radars (Figures 10a and 10b), FAR values associated with
the hailpad network are much higher. That could be connected to the potential tendency of the model to over-
estimate the area affected by hail, if not also to the lack of spatially continuous information on hail occurrence
in Croatia. Notably, there is a great contribution to the FAR values from the case on 24 July 2017 where both
models produce a lot of false alarms. Interestingly, the same case, 24 July 2017, was also poorly represented in
Malecic et al. (2022) using different modeling setups with a lot of false alarms indicating a low predictability of
the atmospheric conditions leading to the initiation and evolution of the observed convection.

Hailpad networks, besides delivering information on hail occurrence, also provide information on hailstone sizes
on the ground. Based on this information, a comparison of simulated and observed maximum hailstone diame-
ters is performed. To account for possible spatial shifts between observed and simulated fields, a neighborhood
inside a radius of 5 grid points (roughly corresponding to 12 km) of each impacted hailpad is scanned. The
maximum simulated hailstone diameter inside this area is compared to the observed maximum hailstone diam-
eter (Figure 11a). Both models underestimate the occurrence of smaller hailstones (diameters of 5-10 mm and
10-20 mm) and overestimate the occurrence of larger hailstones (diameters larger than 20 mm). However, when
analyzing such results, one should proceed with caution, as it has been known from previous studies that hailpads
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Figure 10. Performance of (a) COSMO-crCLIM and (b) WRF to simulate hail swaths as observed by the probability of hail (POH) radar product, and performance
of (c) COSMO-crCLIM and (d) WRF in simulating hail as observed by the Croatian hailpad network in terms of probability of detection (POD, blue), false-alarm rate
(FAR, red) and extremal dependence index (EDI, black) skill scores. Performance depending on the verification window size is presented.

are unlikely to record the largest hailstones given that they cover only 0.25 m? (Smith & Waldvogel, 1989). Indeed,
to obtain a more realistic comparison between simulated and observed maximum hailstone diameter, it would be
better to use the information on hailstone size observed by an observer—data that was not available for this study.
Nonetheless, some tendencies could be extrapolated from the present comparison. Namely, COSMO-crCLIM
mostly simulates hailstones in the 20-30 mm category, while WRF mostly simulates hailstones in the 30—50 mm
category. Additionally, WRF was able to reproduce an observed hailstone larger than 50 mm. Those differences
between the two models are further confirmed if we compare the distribution of maximum hailstone sizes over
the whole domain and all cases (Figure 11b). Here, it is clear that COSMO-crCLIM produces more hailstones in
the 5-10 mm category than WRF, while WRF tends to produce more larger hailstones.

4.4. Differences Between Models and Model Internal Variability

The analysis reveals that WRF tends to produce less precipitation, smaller hail swaths but higher values of LPI
and more large hailstones compared to COSMO-crCLIM. Here, we study the potential origins of these differ-
ences, and consider the role of model internal variability in our results. For this reason, we form an ensemble of
simulations with different initialization times for one of the cases with widespread hail and lightning across the
Alpine-Adriatic region, namely the 30 May 2018. Both models were initialized at 06, 12 and 18 UTC the day
before hail was observed (29 May 2018). Additionally, we utilize a simulation of the newest version of COSMO,
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Figure 11. (a) Relative frequency of maximum recorded hailstone size from hailpads (black) and simulated maximum
hailstone size by COSMO-crCLIM (blue) and WREF (red), and (b) the relative frequency of simulated maximum hailstone
sizes over the whole domain for COSMO-crCLIM (blue) and WREF (red). Histograms are normalized by dividing the count
of hailstone sizes in each category with the total observed number of hailstones. To better depict differences between models
and runs, the y-axis in (b) is partly linear and partly logarithmic.

namely COSMO 6.0, to further increase the ensemble size and to increase the robustness of our conclusions. The
simulation using COSMO 6.0 is initialized at 12 UTC the day before hail was observed.

First, we analyze simulated daily precipitation fields between ensemble members (Figure 12 and see that all
ensemble members produce precipitation patterns similar to the observed. Moreover, there is a greater difference
in the fields produced by COSMO and WREF than between the members of the same model. This finding suggests
that the differences in results are rather linked to systematic differences between models than to the model's
internal variability. However, it should be noted that differences between model members exist. Both versions
of COSMO produce comparable fields, although local differences are present that may be relevant for forecast-
ing applications. For instance, the observed heavy precipitation along the French-German border is largely or
completely missed in two of the COSMO ensemble members but present in the member initialized at 06 UTC.
This highlights the need for using ensemble techniques in numerical weather prediction (NWP) applications
(Klasa et al., 2018).

Similarly, daily maximums of LPI produced by each of the ensemble members are compared against daily sums
of the number of lightning flashes from the LINET network (Figure 13). Here we use the raw LPI instead of
the adjusted LPI because we want to avoid filtering the signals to have a direct comparison. It is clear that both
models reproduced the area affected by lightning fairly well, although WREF produces higher values of LPI. This
finding is consistent with the above results, for which we applied a higher threshold for WRF to convert LPI to the
observed number of lightning flashes. Although there are differences in LPI between the model members, there
are larger differences in LPI produced by the two different models. COSMO 6.0 produced LPI in agreement with
COSMO-crCLIM, although with slightly higher values.

By comparing daily maximums of the hailstone diameters produced by ensemble members for both spatial
(Figure 14) and cumulative distribution (Figure 15), similar conclusions are found. Figure 14 shows that the
simulated fields are overall similar, although WRF produces less hail compared to COSMO regardless of the
initialization time. Hail produced by the same model but different initialization times (06, 12 and 18 UTC) and
different model versions (COSMO-crCLIM and COSMO 6.0) is more similar than hail produced by different
modeling systems (WRF vs. COSMO). When comparing simulated maximum hailstone diameters (Figure 15),
we notice that, for hailstones smaller than 30 mm, the differences between COSMO and WRF are within each
model's internal variability. However, for hailstones larger than 30 mm, not only the differences between models
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Figure 12. Accumulated precipitation for the period between 00 and 24 UTC on 30 May 2018. From top to bottom rows are
(a) IMERG observation and simulated fields using (b—d) WRF, (e-g) COSMO-crCLIM, (h) COSMO 6.0. The columns from
left to right represent the simulations initialized at 06, 12 and 18 UTC on the day before the event, respectively.

become larger than model internal variability, but also it is clear that, out of all ensemble members, only WRF
produced hailstones larger than 50 mm.

It should be noted that these findings are valid for one case only, and since the magnitude of the internal variabil-
ity depends on the synoptic situation, model configuration, region and season (Lavin-Gullon et al., 2021), more
cases should be analyzed to get more robust conclusions.

Further, considering the importance of the updrafts, as well as solid and liquid hydrometeors in the LPI and
HAILCAST formulations, vertical profiles of these variables are compared among the models. Figure 16 presents
vertical profiles averaged over time and grid points that have LPI greater than 0 during the 30 May 2018 case. The
models produced different distributions of solid and liquid hydrometeors inside thunderclouds. Namely, WRF
produces higher cloud water mixing ratios compared to both versions of COSMO and higher rain water mixing
ratios compared to COSMO-crCLIM, but lower rain water mixing ratios compared to COSMO 6.0. Similarly,
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Figure 13. (a) Daily sum of the observed lightning flashes by the LINET network for the period between 00 and 24 UTC on
30 May 2018. Daily maximum of LPI produced by (b—d) WREF, (e—g) COSMO-crCLIM, and (h) COSMO 6.0. The columns
represent simulations initialized at with 06, 12 and 18 UTC on the day before the event.

both versions of COSMO produce higher ice and graupel water mixing ratios, but lower snow water mixing
ratios. Since in the LPI formulation, the ratio between solid and liquid hydrometeors inside a thundercloud is
more important than their exact values, total liquid water and ice fractional liquid ratio terms from the LPI
formulation (Q, and Q, terms from Equations S2.2 and S2.3 in Supporting Information S1) are computed along-
side a dimensionless parameter ¢ representing the scaling factor for the updraft in the LPI formulation (Equation
S2.1 in Supporting Information S1). € obtains maximum values when total liquid water and ice fractional mixing
ratios are equal (Equation S2.2 in Supporting Information S1). Surprisingly, analysis of & shows no apparent
discrepancies between the models even though there are some differences in Q, and Q, parameters. However,
there is a difference in the simulated updrafts, that is, both COSMO versions simulate, on average, weaker and
higher updraft cores compared to WRF. WRF simulates stronger updrafts with the updraft core exactly at the
position of the maximum value of ¢, coinciding with the region with nearly equal amounts of solid and liquid
hydrometeors. Since the presence of both solid and liquid hydrometeors is important for lightning and hail growth
processes, it is not surprising that WRF simulates higher LPI and more large hailstones compared to COSMO.
On the other hand, the updraft core in both versions of COSMO is in the region with much more solid than liquid
hydrometeors which is not as favorable for lightning or hail growth processes. This could be the reason why
COSMO simulates lower LPI values and higher amounts of smaller hailstones. COSMO 6.0 simulates stronger
updraft cores compared to COSMO-crCLIM which could explain why COSMO 6.0 produces higher LPI values
than COSMO-crCLIM (Figure 13) and larger hailstones compared to COSMO-crCLIM (Figure 15a).

Several studies reported a sensitivity of hail and lightning-related variables such as updrafts and graupel
mixing ratios on the choice of microphysics (Lagasio et al., 2017; Manzato et al., 2020; Raupach et al., 2021;
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Figure 14. Daily maximum of hailstone size for the period between 00 and 24 UTC on 30 May 2018 simulated by (a—c)
WRE, (d—f) COSMO-crCLIM, and (g) COSMO 6.0. The columns represent the simulations initialized at 06, 12 and 18 UTC
on the day before the event.

Sokol & Minéafova, 2020; Trefalt et al., 2018), a combination of microphysics and planetary boundary layer
parameterization scheme (Malec¢i¢ et al., 2022), and large-scale forcing and initialization time (Manzato
et al., 2020). Thus, different models with different configurations can produce large variability for different
cases.

Likewise, differences in updrafts strength and structure strongly depend upon the dynamical core of the models.
Such differences can objectively be assessed using kinetic energy spectra (Skamarock, 2004). While both models
considered here have similar dynamical cores using the split-explicit approach, there are significant differ-
ences in terms of advection schemes. The role of model formulation for heavy summer convection over Europe
has recently been investigated in an intercomparison of the COSMO and the ECMWF-IFS models (Zeman
et al., 2021). Results revealed a strong sensitivity with respect to the dynamical core (split-explicit vs. spectral)
but also with respect to time-step size as well as (explicit or implicit) numerical diffusion.

5. Conclusions

Hail and lightning, which are damaging and relatively frequent phenomena over the Alpine-Adriatic region, still
remain difficult to model. Thus, this study employed two km-scale models, namely COSMO and WREF, with hail
(HAILCAST) and lightning (LPI) diagnostic tools to simulate eight severe convective events occurring over the
Alpine-Adriatic region. The main aim was to analyze the robustness of HAILCAST and LPI results produced by

MALECIC ET AL.

20 of 26

85U8017 SUOWILLIOD 3AITER1D) 3|edl|dde au) Aq peuseoh ake sajolie YO ‘8N JO S3|NJ 104 ARIGIT BUIIUO AB]IM UO (SUOHIPUOD-PU-SWLBYWIOD A8 1M Aed 1BUTUO//SANY) SUORIPUOD pUe SWS L 34} 38 *[£202/2T/ET] U0 Aiqiaulluo AB|IM ed aiwepexy ayosiezemyds Aq 686.£0AC2202/620T 0T/I0p/woo" A8 M Ariqijeutjuo'sgndnBey/sdiy wouj pepeojumod ‘€T ‘€202 ‘96686912



A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD037989

0.6 -

== COSMO 6.0 12
COSMO crCLIM 06

= COSMO crCLIM 12
e COSMO crCLIM 18

0.4 WRF 06
e \\/RF 12
0.3 m \\/RF 18

0.5 4

0.2 A

Relative frequency

103 4

104 4

5-10 10-20 20-30 30-50 >50
Max hail size [mm]

Figure 15. Relative frequency of the simulated maximum hailstone diameters over the whole domain for COSMO-crCLIM
initialized at 06, 12 and 18 UTC (shades of blue), WRF initialized at 06, 12 and 18 UTC (shades of red) and COSMO 6.0
initialized at 12 UTC (green). The histograms are normalized by dividing the count of hailstone sizes in each category with
the total number of grid points where hail occurs. To better depict differences between models and members, the y-axis is
partly linear and partly logarithmic.

the two different modeling systems, to explore their differences and to systematically and quantitatively evaluate
the performance of each model. The main conclusions from this analysis can be summarized as follows.

¢ Both models reproduced the observed spatiotemporal precipitation characteristics, with WRF producing
slightly lower amounts.

¢ Both models showed good performance in reproducing the observed lightning activity despite WRF's tendency
to simulate higher LPI values.

¢ Simulated hail swaths are overall similar, with COSMO tendency to produce more hail. Both models showed a
good performance in reproducing hail observed by radar estimates over Switzerland and in-situ measurements
over Croatia, although COSMO performed slightly better than WRF. Both models, on average, overestimated
observed maximum hailstone diameters, with WRF tendency to produce larger hailstones

¢ Differences between the models are present regardless of their initialization time and can be linked to different
distributions of updrafts and hydrometeors inside thunderclouds.

In conclusion, we show that atmospheric conditions leading to hailstorm formation and evolution are well simu-
lated using state-of-the-art km-scale modeling systems. Moreover, HAILCAST and LPI have great potential for
real-time forecasting and climatological assessment of hail and lightning in current and future climates. However,
the variability of the results depending on the modeling system used encourages the use of a multi-model and/
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Figure 16. Vertical profiles of (a) cloud, and (b) rain mixing ratio; (c) ice, (d) graupel, (e) snow, (f) total liquid water, and (g) ice fractional mixing ratio; (h) updraft
scaling parameter; and (i) vertical velocity as simulated by COSMO-crCLIM (blue), COSMO 6.0 (green) and WRF (red) models. The lines indicate the mean values
across all grid points with LPI >0, while the shading indicates the range between 5th and 95th percentile.
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or multi-physics ensemble when modeling such events. Despite the promising results, it should be noted that
this study is based on a small number of cases. To get statistically more robust conclusions a larger number of
hailstorms needs to be analyzed. Moreover, this study would highly benefit from employing other data sources
of hail observations covering the whole Alpine-Adriatic region. Nonetheless, given all limitations, this study
represents the first attempt to systematically analyze and evaluate the performance of two intrinsically differ-
ent km-scale modeling systems to reproduce the main characteristics of multiple hailstorms occurring over the
Alpine-Adriatic region.
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