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Abstract— Validated hail observations are available from the hail suppression system
operated by the National Chamber of Agriculture since 2019. Using this dataset, large hail
(larger than a walnut) reports were collected from recent years. The environments of hail-
producing thunderstorms were reconstructed upon ERAS reanalysis data, and
characteristics were sought between thermodynamic profiles and hodographs that could
help recognize the environmental conditions for potentially large hail-producing
thunderstorms. During the investigation, 52 cases over a total of 35 days were examined.
Although the number of cases did not allow for statistical conclusions, the authors
identified similarities among the cases through ensemble sounding and hodograph analysis,
which could serve as useful operational tools for forecasters.
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1. Introduction

In Europe and globally, large hail causes significant damage every year
(Changnon et al., 2009; Allen et al., 2020; Taszarek et al., 2020), and has a serious
economic impact, as well (Pucik et al.,2019). Recent research indicates a growing
trend in the occurrence of large hail both in the United States and in Europe
(Battaglioli et al., 2023). However, it is difficult to establish global criteria for the
environmental conditions necessary for the formation of large hail due to the
strong influence of mesoscale processes unique to a region (i.e., low-level jet
shear-initiated tornado formation is rare in Europe, due to topography) (Taszarek
et al., 2023a).

Investigating the conditions for the formation of large hail poses a significant
challenge, as models are limited by microphysical schemes, even in high-
resolution simulations (Dennis and Kumjian, 2017; Martius et al., 2018; Raupach
et al., 2021). Nevertheless, some features as indicators for large hail have been
recognized in past studies. Large near-surface storm-relative inflow contributes to
the development of wider updrafts (Peters et al., 2019, 2020), promoting longer
residence times of hailstones, although excessively strong storm-relative winds
can also be detrimental to hail growth (Kumjian and Lombardo, 2020; Kumjian et
al., 2023). Furthermore, the examination of storm-relative hodographs has come
to the forefront, namely a straighter hodograph can indicate more prolific hail
production in supercells (Kumjian et al., 2021; Nixon and Allen, 2022). However,
only from kinematic properties, it cannot be determined whether there is potential
for large hail; a proper balance of instability, shear, and relative humidity is
needed for their formation (Nixon et al., 2023). Analyzing major hailstorm events
in Europe between 2021 and 2022, it was found that it is important for about 65%
of CAPE to be positioned below the —10 °C layer, and these events were also
characterized by relatively straight shear profile: sharp wind shift in the inflow
layer, and straight, elongated hodograph shape between 1 and 3 km (Pucik et al.,
2023a). Furthermore, it was found that cell mergers (Wurman et al., 2007,
Komjati et al., 2023; Pucik et al., 2023a, 2023b; Piasecki et al., 2023) and
boundary interactions can also intensify storm severity (Maddox et al., 1980,
Markowski et al., 1998, Magee and Davenport, 2020; Pucik et al., 2023Db).
Numerous researches have shown in the past decades that severe hailstorms occur
regularly in the Carpathian Basin, these are based on either observations (Horvath
and Geresdi, 2001; 2003) or model simulations (Horvdth et al., 2006, 2009;
Csirmaz, 2015). All of these studies relate the largest hailstone events to supercell
convection but did not provide approaches to assess the specific atmospheric
background conditions necessary for very large hail which could then be applied
in the operational forecasting workflow.

In this paper, we selected cases characterized by observed damaging hail
(walnuts or eggs-sized hail, these categories cover the size range above 3 cm)
recorded in the National Chamber of Agriculture (NAK) hail observation
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database. Ensemble thermodynamic diagrams and hodographs were prepared
using ERAS5 reanalysis data provided by the ECMWF (European Centre for
Medium-Range Weather Forecasts) integrated forecast system. Despite the
relatively small number of cases, distinctive patterns are discernible, which
confirm the conclusions based mostly on previous numerical simulation studies
presented above. The results are detailed in Section 3.

2. Methodology

For the analysis, we relied on the hail observation data from the NAK, which were
reported by generator operators of the hail suppression system, specifying the size
of fallen hailstones (wheat, pea, cherry, walnut, egg-sized hail) and the location
of each observation (longitude and latitude of the town where the observation took
place). The system has been operational in Hungary since 2018, and
meteorologist-validated data (hail observations compared against radar data) have
been available at HungaroMet since 2019. In this study, we examined weather
events where damaging hail has fallen. For this, we analyzed cases falling into the
top two categories of the available size-category system (walnuts and eggs-sized
hail). These two sizes of hail were uniformly called large hail in this study. The
observation period spanned from the 15th of April to the 30th of September every
year, and we considered a five-year interval which yielded a total of 35 days
characterized by large hail size. Naturally, multiple hail observations were
associated with a given day, resulting in a total of 52 cases available for analysis.
The authors considered that if there were several large hail observations on a given
day (which may also result from the inconsistency of the detection system), then
the environment associated with each observation should be examined. As a
result, those weather situations where several large hail-producing cells have
formed dominate the statistics to an extent in this study. ERAS data were used for
the investigation, namely, to find qualitative relationships between the
background conditions provided by the dataset and the hail size produced by
storms formed in these environments. The ERAS5 reanalyses, according to
research in recent years, are considered as one of the most reliable reanalysis
datasets (Li et al., 2020; Taszarek et al., 2020, 2021; Coffer et al., 2020), and
developed by the ECMWEF is available from 1940 to the present, with an hourly
frequency, a horizontal grid resolution of 0.25° x 0.25° degrees, and a total of 137
model levels.

Data selection was based on ERAS5 grid points closest to observation sites,
and the time was chosen to be the nearest hour preceding the observation, thus
representing a possible environment for storms producing large hail. Python
programs were developed to process the data, and the SHARPpy (v1.4.0b1)
software was applied for displaying soundings and hodographs (Blumberg et al.,
2017). A composite hodograph was also created from the u and v wind
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components of ERAS data, using the 75th percentiles of the datasets at each given
level in order to examine the vertical wind profile from a storm-relative
perspective. For visualization, the Sam Brandt Hodograph Plotter [1 — GitHub]
was utilized, and a relative vertical wind profile was created for the right-moving
cell (conclusions drawn from left-moving cells were similar). To determine the
storm-relative winds, we shifted the coordinate system to the endpoint of the
storm motion vector. Consequently, this location became the reference point
(origin), rendering the storm motion vector to be represented as 0. From this point,
we recalculated the environmental winds for creating the storm-relative
hodograph.

In order to confirm the results extracted from 52 cases, we evaluated them in
six additional case studies. Among these six cases, we provide a more detailed
presentation of June 12, 2018 (Section 3.3), with the results from the other 5 cases
presented in the Appendix section (Appendix A1-AS). ERAS data were obtained
from the nearest grid point to these observations, and displayed on the
rawinsonde.com website [2 — Rawinsonde] (Taszarek et al., 2023b).

3. Results

3.1. Ensemble of ERAS5 sounding

Having examined the ensemble of sounding data, we found some characteristics
that may generally promote the formation of large hail (Fig. ). Our first
observation was that in the near-surface layer (up to approximately 850 hPa), the
ensemble of the analysis profiles exhibited greater spread, indicating that large
hail-producing thunderstorms can also occur in a relatively drier environment near
the surface as opposed to the expected relatively moist environment. The mean
dewpoint deficit on the lowest level was 6.3 °C, and the 75th percentile of the
dewpoint deficit was 9.4 °C. In drier cases, only air parcels driven by strong
forcing mechanisms could reach the lifting condensation level, thereby promoting
the formation of fewer but more intense cells with wider updrafts (Mulholland et
al., 2021). Secondly, in this layer (particularly in the lower few hundred meters),
northerly winds dominated in most cases, which could have facilitated surface
drying. Our next observation was that between 850 and 700 hPa (at the approximate
top of the inflow layer — Thompson et al., 2007) the ensemble of the dew point
profiles was close to the temperature profiles (reduced spreading), indicating a
relatively humid environment in this layer in the cases under study. The mean
dewpoint deficit was 2.4 °C and the 75th percentile of the dewpoint values reached
7.0 °C in this layer. Moistening at the top of the inflow layer could have aided in the
rapid growth of hailstones (Kumjian et al., 2021). In the mid-troposphere, the
ensemble of profiles again exhibited greater spread, with cases where a strong mid-
level drying characterized the environment (mean dewpoint deficit = 10.9 °C, and
the 75th percentile of the dewpoint deficit = 16.3 °C at 500 hPa). So, large hail

180



formed by rather varied moisture and CAPE profiles, very similarly to the results
found by Nixon et al. (2023). Furthermore, mid-level dryness —if it is not too large
to suppress convection - can enhance downdraft, which will create stronger cold
pools, thus increasing secondary convection and formation of more graupel
particles that can affect hail formation (Miao and Yang, 2022).

SHARPpy v1.4.0b1+3.0e 1fd0638
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Fig. 1. Ensemble sounding and hodograph based on large hail cases between 2018 and 2023 in
Hungary. On the thermodynamic diagram (left panel), the red lines indicate the temperature
profiles and the green lines depict the dew point profile. The colors of the hodograph sections
represent different layers (red: 0-3 km; green: 3—6 km; yellow: 6-9 km; cyan: 9-15 km. The
bold lines represent the first date of the dataset. For the interpretation of the insets, see the help
(Blumberg et al., 2017).

Examining the ensemble hodograph, we found that northerly winds
dominated in the near-surface layer (as shown in the skew-T diagrams), and then
the wind quickly veered (turned counterclockwise) within the lowest 1 km layer,
followed by typically straight hodograph shape in the upper levels. To further
analyze the hodographs, we created a composite storm-relative hodograph
representing the 75th percentile of the u and v components of the datasets at each
given level. The results are discussed in the following section.

3.2. Composite hodograph

The shape of the obtained storm-relative composite hodograph exhibits
similarities with hodographs presented in previous studies (Nixon and Allen, 2022,
Kumjian et al., 2023; Pucik et al., 2023) (Fig. 2). The main similarity lies in the
weaker 0—1 km wind shear (based on the presented articles, strong wind shear in
the 0—1 km layer is more typical of tornado cases), as well as the elongated and
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relatively straight hodograph observed especially between 1 and 3 km. However,
it is interesting to note that a dominant northerly wind component appears below
500 m, which quickly veers with height within the inflow layer. The vorticity
induced by wind shear in this layer is relatively large and streamwise for right-
moving supercells (500 m mean streamwise vorticity = 0.009 s!). Therefore, this
sharp wind shift could provide the necessary helical updrafts in the inflow layer,
which could be important for supercells producing large hail. It remains unclear
from the results whether a northerly wind component near the surface is a
necessary criterion. In this layer, a relatively high (~15 ms™) storm-relative inflow
was apparent, which facilitated the development of wide updrafts (Peters et al.,
2019; 2020). However, storm-relative winds decreased with height, and weak
storm-relative winds were observed in the hail growth zone. Despite the low
number of cases, characteristics that appeared on the composite hodograph are
corroborated by the results of the aforementioned previous studies.
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Fig. 2. Composite storm-relative hodograph created from the 75th percentile of the u and v
components of each given level. The thickness of the hodograph represents the horizontal
vorticity magnitude generated by the vertical wind shear, and the colors depict the
streamwiseness of the horizontal vorticity relative to the inflow. The gray arrow represents the
original storm motion for the right-moving (RM) supercell.

182



3.3. Archive case of 12 June 2018

Radiosondes are launched at 0000 and 1200 UTC every day. In Hungary, the
launches take place in Budapest and Szeged (situated 170 km distance apart),
making it very difficult to validate the conclusions drawn from reanalysis with
measurement data. In the absence of proper proximity soundings, we present some
cases from the period preceding the start of the NAK data collection period (i.e.,
before 2019), where large hail was reported by eyewitnesses, and nearby ERAS
soundings and hodographs are presented, generated by the rawinsonde.com
website from the grid points closest to the observation location.

On June 12, 2018, an elongated frontal zone approached the Carpathian Basin
from the west, with a warm, moist, unstable air mass accumulating in the warm
sector. The most favorable conditions for thunderstorm development were
primarily in the northwestern and northeastern thirds of the country. A small cluster
of thunderstorms reached the Hungarian border from Austria at 1200 UTC
(Fig. 3a), with its outflow gradually spreading southward and southeastward
(Fig. 3b). Along the outflow boundary at 1430 UTC, new storms initiated (Fig 3c¢),
and developed into supercells as they moved along the boundary (Fig. 3d).
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Fig. 3. The outflow boundary (dashed green line) initiated new supercells (depicted by column
maximum radar reflectivity field) overlayed on visible spectrum satellite images on 12 June
2018 between 1200 and 1520 UTC (a—d). The white arrows represent the outflow motion of
the boundary.
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Due to the outflow boundary, northern winds dominated near the surface, but
this was limited only to a shallow layer. The wind profile quickly veered due to
warm air advection, and we found a relatively straight, elongated hodograph
shape, especially in the 1-3 km layer (Fig. 4). The characteristics consistent with
the above-mentioned results (Fig. /) are evident in both the thermodynamic
profile and the hodograph. Namely: a dry layer near the surface, moistening at the
top of the inflow layer, mid-level dry conditions, a significant portion of CAPE
located below the -10 °C layer, northerly and veering winds near the surface,
strong (~15 ms™!) storm-relative inflow, streamwise vorticity in the inflow layer,
relatively straight hodograph, and small storm-relative winds in the hail growth
zone (approximately the -10 °C to -30 °C layer).
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Fig. 4. ERAS sounding and hodograph for June 12, 2018, at 1500 UTC generated by
rawinsonde.com webpage. The red line on the left panel represents the environmental
temperature profile, and the green line depicts the dew point profile. The yellow shaded area
represents the total amount of potential energy available to the most unstable air parcel. The
wind barbs show the environmental wind at each given level. The colors of the hodograph (right
top panel) represent different layers (purple: 0—1 km; red: 1-3 km; orange: 3—6 km; yellow: 6—
9 km; cyan: 9-12 km). The gray arrow depicts the mean motion vector, the empty circles
represent the motion direction for right-mover (RM) and left-mover (LM) supercells. For the
interpretation of the insets, see the help on the rawinsonde.com webpage.
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Based on observations, large hail was also reported in Ajka (Veszprém
county) on the Koponyeg.hu Facebook page [3 — Koponyeg.hu] produced by a
supercell (Fig. 5). According to the ESSL (European Severe Storms Laboratory)
observation guide [4 — ESSL], the largest hailstone could have reached a diameter
of 4-5 cm.

Fig. 5. Large hail observation from a supercell on June 12, 2018 around 1600 UTC.

4. Conclusion

In this study, we examined thunderstorms that produced large hail. We
investigated the environmental characteristics of the storms using ERAS5 data and
attempted to find similarities in the thermodynamic and kinematic characteristics
of each case. Based on the ensemble diagrams (Fig. /) and the hodograph created
from the 75th percentile of the dataset (Fig. 2), we found the following
characteristics in the environment of thunderstorms producing large hail:
e Large hail can form by various moisture profiles, and a considerable portion
of the cases 1s characterized by mid-level dryness and an inverted V profile
near the ground (high cloud base) with an average 6.3 °C dew point deficit.
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The 75th percentile of the dew point deficit was 9.4 °C, and the 25th
percentile of the dewpoint deficit was 3.1 °C near the surface.

e A significant portion (~60%, similar to Pucik et al., 2023b) of CAPE is
generated below the -10°C layer (more than 50% of the cases).

e Strong storm-relative inflow (~15 ms™') near the surface (more than 60% of
the cases).

e Sufficiently large (>15 m/s) 0—6 km vertical wind shear (more than 80% of
the cases).

e Typically northerly winds near the surface, which quickly veer in the lowest
1 km (more than 50% of the cases)

e Strong streamwise environmental vorticity in the lowest 500 m (mean
streamwise vorticity = 0.009 s)

e Straight 1-3 km hodograph profile, weak winds at the top of the inflow layer
relative to the storm (more than 80% of the cases).

However, these conclusions were based on a small number of cases, and
although most of the results can be supported by previous studies, significantly
more data would be needed to strengthen these results. It must be further
emphasized that there can be cases where not all the conditions have to be fulfilled
for large hail formation, as the cases were specifically selected when damaging
hail occurred. Although the aforementioned criteria can be good indicators for
their timely recognition, thus aiding the public warning system.

The ERAS data only allowed the examination of environmental kinematic
and thermodynamic characteristics, however, the authors would like to emphasize
that cloud microphysical processes and PBL characteristics also play an important
role in the formation of large hail. Our future plans include a comparison of the
results of large hail events with those cases where only smaller hailstones were
observed. In addition, it may be worthwhile to expand the dataset with cherry-
sized hail (>2 cm) detections, thus a larger data set would be available to
determine stronger results. Furthermore, it is worth noting upon the case of 12
June 2018, that small-scale processes or weather objects (in that specific case: an
outflow boundary) can also contribute to the intensification of thunderstorms.
These processes may not necessarily appear in NWP model forecasts and
especially not in reanalyses and thus are not visible in the preliminary
environment either.
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Fig. Al. Same as Fig. 4, but at 1700 UTC on July 25, 1987.
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Fig. A3. Same as Fig. 4, but at 1700 UTC on June 16, 2009.
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Fig. A4. Same as Fig. 4, but at 1500 UTC on June 17, 2016.
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Fig. A5. Same as Fig. 4, but at 1700 UTC on September 16, 2017.
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