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Abstract— An unprecedented deadly and destructive EF4 tornado struck the Czech
Republic across Bieclav and Hodonin districts on 24 June 2021. On this day,
several supercells developed in Central Europe, however in the Austria-Czech
Republic region only one cell produced a tornado. For this reason, in addition to
the macrosynoptic setup, it is also worth exploring the small-scale cell interactions
that can lead to the formation of a devastating EF4 tornado. We use ECMWF
analysis and forecast fields, sounding profiles, and radar measurements to
examine the synoptic weather situation and convective processes. Moreover, to
investigate the evolution and structure of convection two Weather Research and
Forecasting (WRF) simulations were carried out at 1.5 km grid spacing with one-
moment and two-moment microphysical parameterizations. WRF captures the
overall spatial distribution and supercellular nature of thunderstorms, although
discrepancies exist in the magnitude of the cells. The low-reflectivity region
accompanying the thunderstorms is better represented by the one-moment
microphysics scheme.

Key-words: supercell, tornado, cell merger, convection, thunderstorm, WRF
model, numerical simulation
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1. Introduction

On 24 June 2021, an unusually strong tornado formed in southeast Czechia,
resulting in at least 6 deaths, and injuring more than 200 people. Based on the
available information and the caused damage, the European Severe Storm
Laboratory (ESSL) rated the tornado as category 4 on the Enhanced Fujita Scale
(EF4). This rare and exceptionally violent weather event was only 100 km away
from the northwestern Hungarian border. The geographical proximity of the event
gave a sufficient reason to investigate the meteorological environment and its
effect on the storm- and tornadogenesis. The specialty of the case was that before
the tornadogenesis the tornado-producing mother supercell merged with another
supercell, similarly to the historic 22 May, 2011 Joplin (USA, Missouri) tornado
(Van Leer, 2013, Knupp et al., 2014).

The importance of the storm merger in tornadogenesis has been discussed
in several papers (Bluestein and Weisman, 2000; Lee et al., 2006, Wurman et al.,
2007, Van Leer, 2013). The definition of cell merging is generally based on radar
observations and describes the union of two, initially independent radar echoes
(Westcott and Kennedy 1989; Lee et al., 2006), or the merging of the updraft
region (Wescott, 1994; Bluestein and Weisman, 2000; Hastings and Richardson,
2016). The success of a merger strongly depends on the angle at which the cells
interact with each other, namely if the merger occurs in the inflow region of the
mother cell, the downdraft might cut off the main updraft of the mother cell,
destroying the storm (Jaret et al., 2008). In addition, the strength of the outflow
and the distance between the cells are also important (Hastings and Richardson,
2016). A typical sign of an effective merger is the reflectivity cloud bridge
between the cells (Simpson et al., 1980), created by the downdraft outflow
boundaries.

In recent years, much attention has been paid to studying multiple gust front
convergence zones and their role in tornadogenesis (Marquis et al., 2008; Beck
and Weiss, 2013; Orfetal., 2017; Betten et al., 2018; Schueth et al., 2021). There
are many questions about the dynamic processes that might be relevant in the
production of the secondary rear flank gust front (SRFGF) and its adverse or
advantageous effect on near-surface stretching. Although, in several cases, it is
seen that the secondary boundary on the surface inside of the rear flank downdraft
(RFD) region might contribute to the low-level mesocyclone intensification
through the multiple convergent zones and the horizontal wind-shift generated
vorticity. However, an SRFGF may also appear not only inside a supercell, but
with a connection of different downdraft regions as well during a cell-merger
process (Van Leer, 2013), or cell interaction with a remnant outflow boundary
(Markowski et al., 1998).

The Weather Research and Forecasting (WRF) model is an increasingly
popular tool for the numerical simulation of weather-related phenomena in both
operational and academic applications (Powers et al., 2017). It has been used
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extensively to model tornado-producing supercell thunderstorms (e.g., Miglietta
etal., 2017; Scheffknecht et al., 2017; Pigluj et al., 2019; Spiridonov et al., 2021).
Numerical studies of supercells require convection-allowing (< 4 km) grid sizes,
where the role of the microphysical parameterization becomes crucial (Johnson
et al., 2016). It has been argued that two-moment schemes that also predict the
number concentration of hydrometeor species can improve on the results of one-
moment parameterizations when modeling convection-related processes (e.g.,
Dawson et al., 2010; Jung et al., 2012).

In the current study, we aim to examine the effect of environmental
conditions, particularly the potential impact of the cell-merger on the
tornadogenesis with ECMWEF (European Centre for Medium-Range Weather
Forecasts) IFS (Integrated Forecasting System) model products, atmospheric
soundings requested from the Hungarian Meteorological Service, and real-time
radial base velocity measurements and CAPPI (Constant Altitude Plan Position
Indicator) planes from the Slovak Hydrometeorological Institute. Additionally,
we utilize two WRF simulations with one- and two-moment microphysics
schemes to study the evolution and structure of convection on the day of tornadic
supercell occurrence at the Slovakian-Czech border. The aim is to investigate the
capability of WRF to capture the spatiotemporal pattern and supercellular nature
of thunderstorms.

2. Synoptic- and mesoscale overview and storm formation
2.1. Forecasted synoptic and mesoscale conditions

In the afternoon of 24 June 2021, a strong, extended frontal boundary was located
in Central Europe, which separated the Atlantic air mass from the unstable, moist
air of southern and eastern Europe (Fig. 1, top). As the frontal zone crossed the
Alps a warm frontal wave formed on it, which caused a surface low on the lee
side of the Alps. Above the warm frontal stage of the boundary in the upper levels,
a short-wave trough spread northeast (Fig. 1, bottom) with a mid-level jet, which
extended from the Mediterranean Sea to Poland (Fig. 2, top). In the lower levels,
alongside the boundary, a strengthening low-level jet was forecasted for 1800
UTC, which started to spread up from the Mediterranean Sea through the Czech-
Slovakian border to the Baltic states (Fig. 2, bottom).
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119 ECMWEF 24 June 2021 1800 UTC forecast of 850 hPa wind speed (shaded),
120  geopotential height (solid white lines), and wind (white barbs) (bottom).
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The convective initiation started in a very unstable and moist environment
as predicted by the ECMWEF IFS model (with 60—62 °C equivalent potential
temperature and 2500-3000 J kg~ CAPE maxima) in Central Austria. In the warm
sector, a near-surface confluent flow (caused by the above-mentioned developing
surface low and the orography) triggered the deep convective activity. Besides the
convergent zones, the cyclonic flow resulted in northeastern wind components at
the backside of the pressure minima at 1500 UTC, which induced a strong storm-
relative inflow and a notable curvature in the wind profile in the lowest 1000 m
for the developing thunderstorms (Fig. 3). Thus, the developing surface low and
the strengthening mid-level flow, together with the increasingly curved
hodograph and the high environmental bulk shear (25-30 m st for the 0-6 km
layer), supplemented by the unstable, humid air mass resulted in especially
favorable conditions for supercells. The storm-relative helicity for the right-
moving cells (SREHR) in the 0-3 vertical layer, and the supercell composite
parameter (SPC) also showed that the conditions were ideal for intense supercells
(Fig. 4). These favorable parameters particularly aligned with each other at around
1500 UTC in the forecast over the central and western parts of Lower Austria
region. However, increased values of tornadic parameters (Significant Tornado
Parameter (STP), 0-1 km SREHR, and the 0-1 km bulk shear) were predicted
only at around 1800 UTC (Fig. 5), when the low-level jet started to strengthen.
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Fig. 3. ECMWEF 24 June 2021 1500 UTC forecast of Hodograph over Wien-Hohe
Warte. Wind shear profile between 0 and 500 hPa (solid black line), 0-6 km bulk
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shear vector (green arrow), 0-2.5 km bulk shear vector (red arrow), 0-6 km bulk
mean wind vector (brown arrow), and the Bunkers Right motion vector (purple
arrow) (Bunkers et al., 2000).
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composite parameter (SCP; solid and dashed black lines). The red triangle depicts
the observed position of the tornado.
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2021 1800 UTC forecast of 0—1 km bulk shear (shaded, and solid black lines), and
the observed position of the tornado (red triangle) (bottom).

2.2. Storm formation and evolution

The 1200 UTC sounding over Wien — Hohe Warte revealed that the forecasted
unstable environment mentioned above was indeed accomplished: 2228 J/kg
CAPE, -3.2°CSSI,54.7 TT (Fig. 6, top). The soundings showed a classical Great
Plains Type setup (Gordon and Albert, 2000) with a mid-level dry air bulge, some
capping at 850 hPa, and relatively high, ~19°C dew point temperature with a steep
profile in the lowest 100 hPa. The Prostejov (Czech Republic) soundings showed
a more unstable environment but slightly drier mid-level conditions (Fig. 6,
bottom).
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Fig. 6. Upper air data at the initiation time (24 June 2021 1200 UTC) in Wien —
Austria (top), and Prostejov — Czech Republic (bottom). The stable (unstable) area
of the sounding is shaded by blue (red).

The first thunderstorm of the day initiated at 1200 UTC over Austria,

triggered by the orographic lifting effect, and started to move to the northeast. At
1305 UTC a supercell (C1) started to form at the boundary of the left member of
the splitting supercell at the border of Styria and Lower Austria regions (not
shown). After the first thunderstorms, at around 1500 UTC gradually more and
more cells initiated over the central and the western part of Lower Austria.
Over these areas as shown in Figure 4., the forecasted SCP and SREHR values
guaranteed exceptionally suitable conditions for intensive supercells, and as a
result, a cell (C2) appeared at 1430 UTC over Krems an der Donau. The C2
thunderstorm became a strong supercell which was indicated by the well-defined
hook echo as well at 1530 UTC (Fig. 7).

During the development of the C2 supercell, the C1 supercell started to split
under favorable conditions and the left-mover member (C1/L) showed up on radar
at 1520 UTC. The deviantly moving C1/L cell gradually approached the C2 cell
toward its RFD region. The merger of C1/L and C2 occurred at a nearly perfect
angle, thus the downdraft region of C1/L penetrated the RFD of C2. This process
might have created an external secondary gust front (ESGF) that provided a new
source of surface convergence for the main updraft (Fig. 8). This transport may
have contributed to the intensification of the low-level mesocyclogenesis,
resulting in an even more definite right turn in C2’s movement.
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Fig. 7. 2 km CAPPI radar reflectivity (dBz) plane valid for 24 June 2021 1530
UTC. The black rotating arrows represent the low-level mesocyclones of C1 and
C2 supercells. C1/L is the left-mover member of the splitting C1 supercell.

Date and time: 24.06.2021 15:45 UTC (24.06.2021 17:45 local) iz
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Fig. 8. 2 km CAPPI radar reflectivity (dBz) plane valid for 24 June 2021 1545
UTC. The black rotating arrows represent the low-level mesocyclone of the C2
supercell. C1/L is the left-mover member of the splitting C1 supercell. The purple
dashed ellipse depicts the effective merging area.

The rapid evolution of C2’s mesocyclone indicated an interaction with the
surrounding C1 supercell. The faster moving C2 started to approach C1
progressively, and at 1600 UTC a reflectivity bridge cell appeared between the
merging cells generated by the downdraft regions (Fig. 9, top). At 1610 UTC,
C2’s more intensive and faster RFD gust front spread out and started to connect
with the C1’s RFD (Fig. 9, bottom). In a similar way to the interaction between
C1/L and C2, the RFD regions combined and presumably resulted in an ESGF in
C1’s RFD near-surface flow field. The merger process was completed at around
1620 UTC. Based on the radar images the cell interaction was especially
beneficial for the supercell and the regenerating low-level mesocyclone became
very intense in a short time. Approximately 20 minutes after the merging, at 1650
UTC!, the C1 supercell reached the border of the Czech Republic with a
noticeable hook echo (Fig. 10, top) and possibly a TVS (Tornado Vortex
Signature) inside the mesocyclone. The neighboring pixels showed — 30 ms™*
inbound and +30 ms? outbounds values on the base velocity field (Fig. 10,
bottom).

L At this time in addition to the effect of the cell-merger, the strengthening low-level jet probably also aided the
intensification of the supercell.
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Flg 9.2km(a), 4 km (b), and 6 km (c) CAPPI radar reflectivity (dBz) plane valid
for 24 June 2021 1600 UTC. The dashed white ellipses depict the reflectivity
bridge between the merging storms (top). 2 km CAPPI radar reflectivity (dBz)
plane is valid for 24 June 2021 1600 UTC (bottom). The black rotating arrows
represent the low-level mesocyclone of supercells C1 and C2. The black curved
arrows show the inflow notches, and the blue fronts represent the rear inflow
downdraft (RFD) gust fronts.

Baumgarten am Ameistal

At 1705 UTC in the Czech Republic over Bieclav a tornado-like vortex
appeared on the 2 km CAPPI with a donut-shaped signature (Fig. 11), which
refers to a low-reflectivity eye with an intensive updraft region (Wood et al.,
2009). This donut hole signature was continuously present when the first
touchdown was observed in Hrusky at 1720 UTC (Fig. 12). After the first
observation, the tornado continued its path along the Slovakian and Czech border
causing serious damages in Moravska Nova Ves, Luzice, and Hodonin towns,
causing at least 6 deaths, and injuring more than 200 people. According to the
reports the tornado left Hodonin and dissipated at around 1745 UTC.
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Fig. 10. 2 km CAPPI radar reflectivity (dBz) plane valid for 24 June 2021 1650
UTC (top). Possible tornado vortex signature on the 0.5 degrees radial base
velocity measurement (ms?) valid for 24 June 2021 1650 UTC (bottom). The
black rotating arrows represent the low-level mesocyclone, the bluish shades
represent the inbound motions, and the reddish and yellow shades depict the
outbound movement.
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Fig. 11. Potential tornado-like vortex on the 2 km CAPPI radar reflectivity (dBz)
plane valid for 24 June 2021 1705 UTC.
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Fig. 12. Donut-shaped radar signature associated with a tornado on the 2 km
CAPPI radar reflectivity (dBz) plane valid for 24 June 2021 1720 UTC (top).
Possible tornado vortex signature on the 0.5 degrees radial base velocity
measurement (ms?) valid for 24 June, 2021 1720 UTC (bottom). The black
rotating arrows represent the low-level mesocyclone, the bluish shades represent
the inbound motions, and the reddish and yellow shades depict the outbound
movement.

3. WRF simulations

3.1. Model settings
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The non-hydrostatic mesoscale Advanced Research WRF (ARW) version 4.2
(Skamarock et al., 2019) was applied to investigate the spatiotemporal evolution
of convective processes and cell structure. WRF was set up on a Lambert
conformal projection comprising 720 and 666 grid points in the west-east and the
south-north direction, respectively, with a horizontal grid spacing of 1.5 km and
61 hybrid o—p levels in the vertical. The domain focuses on the Central European
region. The initial and boundary conditions (ICBCs) were derived from 6-hourly
analysis fields of the operative IFS model (Cycle 47r2) by ECMWEF. The
integration period begins at 0000 UTC on 24 June 2021 and covers 24 hours.

Two numerical experiments were carried out that only differ in the
complexity of the microphysical scheme used. One WRF run utilizes the
parameterization of Thompson et al. (2008), which is two-moment for rain and
ice particles, but single-moment for cloud water, snow, and graupel. The other
simulation makes use of the Morrison et al. (2009) scheme, which is additionally
two-moment for cloud water, snow, and graupel, thus representing a more
advanced class of microphysics parameterizations. Other physical processes are
represented identically in the two simulations: the radiative transfer by the
RRTMG scheme (lacono et al., 2008), the land-surface interactions by the Noah-
MP land-surface model (Niu et al., 2011), the planetary boundary layer and
surface layer exchange processes by the Yonsei University nonlocal closure
(Hong et al., 2006) together with the MMS5 model’s Monin-Obukhov scheme
(Jiménez et al., 2012). The deep convection parameterization is turned off in both
experiments.

3.2. Simulation results

The WRF-simulated convective cell at the Slovakian-Czech border at the time of
the tornado occurrence (at around 1720 UTC) is considerably weaker than its
observed counterpart, regardless of the microphysical parameterization used (Fig.
13). Although the WRF configuration utilized in this study did not capture the
magnitude of the analyzed tornadic supercell in terms of the simulated reflectivity
and missed the preceding storm merger, the overall mesoscale spatial pattern is in
good agreement with radar observations (Fig. 14).

Comparing the two microphysical parameterizations, the Thompson
scheme (Fig. 13, top) produces smaller and more isolated high-reflectivity regions
and larger stratiform precipitation areas than the Morrison scheme (Fig. 13,
bottom). An extensive region of relatively low (20-30 dBZ) reflectivity can be
observed on radar imagery as well (Fig. 14), suggesting the suitability of the
Thompson scheme to better capture the widespread, moderate precipitation
accompanying the convective cells.
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295 Fig. 13. WRF-simulated composite radar reflectivity valid for 24 Jun 2021 1720
296 UTC, using the Thompson (top) and the Morrison (bottom) microphysics
297  parameterization.
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299
300 reflectivity (dBz) Central European Radar Network (CERAD), valid for 24 June
301 2021 1722 UTC, and the Meteosat Second Generation (MSG) satellite High
302 Resolution Visible (HRV) channel image, valid for 24 June, 2021 1725 UTC.

303 In summary, despite requiring more than twice as much computational
304  time, the full two-moment Morrison scheme does not remarkably improve the
305 spatial pattern of simulated radar reflectivity compared to the Thompson
306 parameterization in this specific case. Therefore, results from the Thompson
307 scheme will be presented in the upcoming discussion about storm structure.

308 Evidence of supercellular convection will be inferred from an arbitrarily selected
309 storm present on the model-derived composite reflectivity field at 1630 UTC, 24
310 Jun 2021 (Fig. 15).
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Fig. 15. WRF-simulated composite radar reflectivity valid for 24 Jun 2021 1630
UTC, using the Thompson microphysics parameterization. The black line
indicates the location of the vertical cross-sections presented in Fig. 16 and Fig.
17.

The vertical cross-sections of reflectivity and vertical velocity (Fig. 16)
clearly show a typical supercell structure with a bounded weak echo region
(BWER) corresponding to the updraft axis. The maximum value of reflectivity
and vertical velocity exceeds 55 dBZ and 35 ms?, respectively. These values,
however, refer to this particular cross-section plane and might be higher for the
entirety of the convective cell.
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Fig. 16. Vertical cross-section of WRF-simulated radar reflectivity (top) and
vertical velocity (bottom) valid for 24 Jun 2021 1630 UTC, using the Thompson
microphysics parameterization. The location of the vertical cross-sections is
indicated by the black line in Fig. 15.

The absolute vorticity cross-section implies a rotating updraft with a
cyclonic (counter-clockwise) vorticity maximum of =0.015 s (Fig. 17). This is
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indicative of a mesocyclone which is a characteristic feature of supercell
thunderstorms. The highest values of absolute vorticity can be found at a height
of =6 km, just below the updraft velocity maxima.

Absolute vorticity [10~5 s~1], Thompson scheme, 2021-06-24 16:30 UTC
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Fig. 17. Vertical cross-section of WRF-simulated absolute vorticity valid for 24
Jun 2021 1630 UTC, using the Thompson microphysics parameterization. The
location of the vertical cross-section is indicated by the black line in Fig. 15.

4. Concluding remarks

Based on the available data in this study, it can be stated, that the suitable
environment forecasted by the ECMWF IFS model was approximately realized
and aided the development of strong, long-lived supercells. With the
strengthening of the low-level jet and deepening of the surface low, the low-level
wind shear profile became more favorable for the near-surface vortices. However,
only one supercell (C1 marked) produced a tornado, namely a destructive EF4
one. Thus, additional effects may have contributed to this local, devastating
phenomenon. The most likely contributing factor may have been the cell merger.
Based on the radial wind measurements and CAPPI planes from the Radar Maly
Javornik (SHMU), two, initially separated right-mover supercells (C1 and C2)
merged between 1600 and 1620 UTC in Lower Austria resulting in a much
stronger supercell structure with an impressive hook echo in a short time. The
more intensive and larger C2 cell caught up with the smaller C1 supercell. The
faster moving C2 RFDGF penetrated to the C1 RFD and created an ESGF that
may have contributed to the vorticity transport towards the C1 mesocyclone
through the emerging secondary surface convergent zone in the RFD. However,
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the description of the ESGF on the tornadogenesis in this paper is only theoretical,
there were no adequate measurements available to justify the process.

Numerical experiments were carried out with the WRF model to study the
evolution and structure of convective phenomena on the day of the supercell
outbreak at the Slovakian-Czech border. The overall pattern of simulated radar
reflectivity is in accordance with radar observations, although the magnitude of
the tornadic supercell in focus is considerably weaker in the model. The storm
merger was also missed by the simulations. Nevertheless, based on vertical cross-
sections of radar reflectivity, vertical velocity, and absolute vorticity from an
arbitrarily selected thunderstorm, the WRF model successfully captures
supercellular convection and the corresponding mesocyclone structure.
Accordingly, short-term weather forecasts and severe weather warnings might
greatly benefit from such high-resolution WRF simulations. The extensive low-
reflectivity (20-30 dBZ) area accompanying the convective cells is better
captured by the Thompson microphysical parameterization than the Morrison
scheme. Therefore, it is suggested that the complexity and thus higher
computational demand of a full two-moment microphysical parameterization do
not necessarily improve model performance, which is important from an operative
numerical weather prediction perspective.

In the future, WRF simulations with finer grid spacing (at the order of 100
m) could be carried out to successfully capture the storm merger process and the
fine-scale details of the tornado-producing supercell. An extensive analysis of the
physical-dynamical settings of the model is also recommended.
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