Generated using the official AMS IXTEX template v5.0

Environmental and Radar Characteristics of Gargantuan Hail-Producing
Storms

Rachel E. Gutierrez* and Matthew R. Kumjian

Department of Meteorology and Atmospheric Science, The Pennsylvania State University,

University Park, PA

*Corresponding author: Rachel E. Gutierrez, rachel.gutierrez@noaa.gov

Early Online Release: This preliminary version has been accepted for
publication in Monthly Weather Review, may be fully cited, and has been
assigned DOI 10.1175/MWR-D-20-0298.1. The final typeset copyedited article will
replace the EOR at the above DOI when it is published.

© 2021 American Meteorological Society
Brought to you by Pennsylvania State University, Paterno Library | Unauthenticated | Downloaded 07/23/21 06:07 PM UTC



ABSTRACT

Storms that produce gargantuan hail (defined here as > 6 inches or 15 cm in maximum dimen-
sion), although seemingly rare, can cause extensive damage to property and infrastructure, and
cause injury or even death to humans and animals. Currently, we are limited in our ability to
accurately predict gargantuan hail and detect gargantuan hail on radar. In this study, we analyze the
environments and radar characteristics of gargantuan hail-producing storms to define the parameter
space of environments in which gargantuan hail occurs, and compare environmental parameters and
radar signatures in these storms to storms producing other sizes of hail. We find that traditionally
used environmental parameters used for severe storms prediction, such as most unstable convec-
tive available potential energy (MUCAPE) and 0-6 km vertical wind shear, display considerable
overlap between gargantuan hail-producing storm environments and those that produce smaller
hail. There is a slight tendency for larger MUCAPE values for gargantuan hail cases, however.
Additionally, gargantuan hail-producing storms seem to have larger low-level storm-relative winds
and larger updraft widths than those storms producing smaller hail, implying updrafts less diluted
by entrainment and perhaps maximizing the liquid water content available for hail growth. More-
over, radar reflectivity or products derived from it are not different from cases of smaller hail sizes.
However, inferred mesocyclonic rotational velocities within the hail growth region of storms that
produce gargantuan hail are significantly stronger than the rotational velocities found for smaller

hail categories.
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1. Introduction

Hailstorms are one of the costliest forms of severe weather. A single hailstorm can be responsible
for billions of dollars worth of insured losses (Changnon 1999, 2008; Allen et al. 2015). For
example, the San Antonio hailstorm of 2016 caused $1.36 billion in damage (Weather Forecast
Office San Antonio 2016). In the summer of 2018, two Colorado hailstorms led to $3.2 billion in
damage (Forster 2019). One of those hailstorms was responsible for killing five animals and injuring
several people at the Cheyenne Mountain Zoo (Childs 2018; Torres 2018). Similarly catastrophic
events can occur globally, including two storms in Germany in 2013 that were responsible for $3.7
billion in insured losses (MunichRe 2013).

Moreover, damages to property resulting from severe hail have increased in recent decades, in
part owing to more homes and businesses being built in hail-prone regions, higher density of
infrastructure, and more expensive materials (e.g., Roeder 2012; Brown et al. 2015; Allen et al.
2020). Though hailstone hardness characteristics can vary widely in convective storms (e.g.,
Giammanco et al. 2015), damage potential tends to increase with increasing impact kinetic energy,
which is strongly related to hail size (Heymsfield et al. 2014). Because the damage potential of
hail can be dependent on the size of the hailstones, predicting and detecting hail sizes is desirable.

Motivated by this desire, Blair et al. (2011) analyzed cases of reported giant hail (> 10 cm
in maximum dimension; see also Table 1 for size naming conventions used here). Those authors
found significant underprediction of hail size both in National Weather Service warnings and Storm
Prediction Center Convective Outlooks for these giant hail cases. Similarly, Blair et al. (2017)
found that severe thunderstorm warnings tended to underestimate hail size for severe (> 2.5 cm)
and significantly severe (> 5.0 cm) hail, and that the maximum hail size officially reported in the

Storm Data database tended to be considerably lower than what was actually observed. Thus, a
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better understanding of storms that produce very large and potentially damaging hail is needed to
improve our ability to forecast, detect, and warn for these hazards, and ultimately mitigate damages
to property or life.

In this study, we focus on the extreme-high-end of hail size: the largest hailstones on record.
Here, we explore “gargantuan" hail, a proposed size class for hailstones that are > 6 inches (> 15
cm) in maximum dimension (Table 1; see also Kumyjian et al. (2020)). Examples of gargantuan
hailstones are shown in Figure 1. Some of the most extreme damage can be caused by gargantuan
hailstones because they can have large fall speeds and thus large impact kinetic energies (Figure 2;
see also Witt et al. (2018)). Owing to their relative rarity, there is much less known about gargantuan
hail events compared to those with smaller maximum sizes. As such, we present an analysis of
environmental characteristics and radar signatures associated with each known gargantuan hail
event.

The next section provides a background on previous studies on and the challenges associated
with the prediction and detection of large hail events. Section 3 describes the datasets and methods
used in the analysis. The results and discussion are in Section 4, followed by the summary and

conclusions in Section 5.

2. Background

Hail grows in the updrafts of deep convective storms. As such, the updraft properties are thought
to have important influences on hail production. Strong updrafts (> 20 m s~!) are needed to
support growing hailstones. However, studies have disagreed on whether an “especially strong"
updraft is needed for significant growth (e.g., Knight and Knight 2005), or if faster updrafts are
not as favorable for large hail, but rather broader regions of “moderate" (20—-40-m s~!) updrafts are

important (Nelson 1983, 1987). Previous studies have found that if the updraft speed matches the
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hailstone fall speed, then hailstone residence time within the growth region could be maximized,
favoring significant growth (e.g., Heymsfield 1983; Nelson 1983; Ziegler et al. 1983; Foote 1984;
Rasmussen and Heymsfield 1987). Supercell storms in particular can provide favorable pathways
for such a balance (e.g., Miller et al. 1988; Tessendorf et al. 2005; Dennis and Kumjian 2017;
Kumyjian and Lombardo 2020). However, it is not yet known if the mechanisms for large hail
growth differ from the mechanisms of smaller hail growth (Nelson 1987) or if large hailstones do
not require a “special set of circumstances," but are simply grown in the right place at the right
time (Knight and Knight 2005).

The convective available potential energy (CAPE) can be used to crudely estimate updraft speed,
according to parcel theory (e.g., Markowski and Richardson 2010). However, updraft speed is also
affected by other factors not accounted for in parcel theory, including updraft width (e.g., Morrison
2016a,b), tilt (Parker 2010), entrainment (Zhang 2009; Peters et al. 2019), and, especially in
supercell storms, dynamically driven accelerations associated with vertical vorticity and vertical
wind shear (e.g., Peters et al. 2019, 2020a,c,b). Indeed, although some studies have found that
environments producing larger hail exhibited a slight tendency towards larger CAPE values (e.g.,
Edwards and Thompson 1998; Jewell and Brimelow 2009; Johnson and Sugden 2014; Pucik et al.
2015; Taszarek et al. 2017), there was also significant overlap in the distributions of CAPE values
between the hail size categories used.

Given the propensity of supercells to produce very large hail (e.g. Blair et al. 2011, 2017; Kumjian
et al. 2020), it is no surprise that increasing deep-layer shear also appears correlated to hail size
categories in some studies (e.g., Johnson and Sugden 2014; Pucik et al. 2015), although again
with significant overlap in the distributions of values. Similarly, low-level storm-relative helicity
(SRH) did not display any significant differences between hail size categories in Johnson and

Sugden (2014). Increased deep-layer shear also results in larger updraft widths (e.g., Dennis and
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Kumjian 2017; Trapp et al. 2017; Warren et al. 2017; Peters et al. 2019; Marion and Trapp 2019),
owing to the resulting increase in low-level storm-relative wind magnitudes. All else being equal,
greater updraft widths are conducive to greater hail growth owing to increased residence times
(e.g., Nelson 1983; Dennis and Kumjian 2017; Kumjian et al. 2020), and possibly larger liquid
water contents owing to less dilution from entrainment of dry environmental air (e.g., Peters et al.
2020b). Interestingly, Kumyjian et al. (2019) found significantly greater low-level storm-relative
wind magnitudes in 3 gargantuan hail cases compared to cases of accumulating small hail; those
cases also had much greater instability, together implying stronger, larger updrafts. However, there
was no comparison to other hail size categories in that study.

Radar is a powerful tool that can be used to monitor potentially hazardous storms. In an effort to
improve the detection of impactful hail, Blair et al. (2011) analyzed radar signatures associated with
giant-hail-producing storms. Some signatures often used in an operational setting for warnings,
like the radar reflectivity factor (Zy) values within the hail growth region (i.e., between 0 and —30
°C), did not provide any useful skill in distinguishing giant hail from smaller hail size categories.
Similarly, despite the long-held belief that large Zy values at low levels are associated with larger
hail sizes (e.g., Geotis 1963; Donaldson 1961; Aydin et al. 1986), more recent studies have reported
smaller-than-expected Zy values at low levels in cases of very large hail (e.g., Witt et al. 2018;
Ortega 2018; Kumjian et al. 2020), again suggesting that Zy values may not be reliable predictors
of hail size. Vertically integrated Zy products, like the Maximum Estimated Size of Hail (MESH;
Witt (1998)) similarly have shown little skill in predicting the maximum hail size in storms (e.g.,
Ortega 2018; Witt et al. 2018; Murillo and Homeyer 2019).

Given the importance of the storm’s updraft for hail production, radar signatures associated
with the updraft may be useful. One such signature is the bounded weak echo region (BWER),

which represents a portion of the storm’s updraft so strong that precipitation-sized particles have
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no ability to grow and/or fall through this region, resulting in a local minimum in Zy surrounded
or “bounded" by larger Zy values. In theory, the BWER could serve as a proxy for updraft location
and width. As such, Witt (1998) noted that better detection and quantification of BWERs could
aid in hail forecasting. We develop such a technique for BWER quantification in this study.

Doppler radars also provide estimates of radial velocity, which some investigators have used for
hail detection and hail sizing purposes (e.g., Witt 1998; Blair et al. 2011). Azimuthal shear in
the radial velocities associated with storm midlevel mesocyclones, herein referred to as “rotational
velocities," have shown some promise for hail-sizing efforts. Witt (1998) found a “moderate"
relationship between rotational velocity and maximum reported hail size. Blair et al. (2011)
found a statistically significantly stronger rotational velocities in giant hail cases compared to “golf
ball/hen egg" sized hail (4.5-5.1 cm) cases, with an interquartile range of 20-29 m s~! for the
giant hail cases. In a case study of a gargantuan-hail-producing storm, Witt et al. (2018) found
very strong rotational velocities (> 50 m s~!) at midlevels, and suggested observations of such
large values could signal significant hail production. However, more cases are needed to explore
whether the relationship between mesocyclone rotational velocity and hail size holds for the most
extreme of hail sizes.

In summary, much is known about the basic mechanisms of hail growth and the storm modes and
structures that support such growth. However, what factors set apart production of extreme hail
sizes from smaller sizes remain unclear, which translates to an inability to operationally detect — let
alone anticipate based on environmental cues — the significant threats associated with gargantuan
hail. In particular, the main motivating questions guiding this research are as follows: Are
gargantuan hailstones formed in extreme updrafts, or are they simply “flukes" in otherwise typical
hailstorms? What are the environmental characteristics of gargantuan hail-producing storms, and

how (if at all) do they differ from storms that produce smaller maximum hail sizes? Do gargantuan
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hail-producing storms have distinctive radar signatures that belie their capability of producing
extreme hail? If so, can these signatures be used to warn for an enhanced hail threat?

With these questions in mind, this work will focus on evaluating the following hypotheses:

e Gargantuan hail-producing storms have strong, wide updrafts especially favorable for hail
production.

e To support these favorable updrafts, gargantuan hail-producing storms form in environments
with greater instability and vertical wind shear than those of storms producing smaller maximum
hail sizes.

¢ Given the exceptionally large hail produced in these storms, they exhibit distinctive and extreme
radar signatures, including Zy > 50 dBZ extending to high altitudes and anomalously large low-

level Zy values.

3. Data and Methods

In this study, we examine the 12 known gargantuan hail cases (Table 2). Although only 12 cases
implies gargantuan hail is exceedingly rare, it is plausible that, like other very large hail, these
events are severely under-reported (e.g., Blair et al. 2011, 2017). The reports for all cases occurring
in the U.S. can be found in the National Oceanic and Atmospheric Administration National Centers
for Environmental Information (NOAA NCEI) Storm Data database (NOAA National Centers for
Environmental Information cited 2019). The Argentina case is documented in Kumyjian et al.
(2020). For each, we gather location, timing information, and reported hail size. A map of all U.S.
gargantuan hail cases (Fig. 3) shows that they occur predominantly in the central Great Plains,
extending from South Dakota to Texas. This area is consistent with hail climatologies developed
using ground-based reports (e.g., Allen et al. 2017), as well as radar- (Cintineo et al. 2012) and

satellite-based (Bang and Cecil 2019) proxies for hail. The gargantuan hail events all occur between
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late spring and late summer, also consistent with existing hail climatologies (e.g., Mezher et al.

2012; Bruick et al. 2019; Bang and Cecil 2019).

1) ENVIRONMENTAL DATA

To evaluate the first two hypotheses, we obtain information about the environments supporting
gargantuan hail-producing storms. For most of the U.S. cases, we used the Rapid Update Cycle
(RUC) or Rapid Refresh (RAP) model analyses (Benjamin et al. 2016) to obtain environmental
information instead of observed soundings, which were often too far away in space and time
(i.e., many hours and many hundreds of kilometers) and thus unrepresentative of environmental
conditions supporting the gargantuan hail cases. The RUC/RAP has 13-km horizontal grid spacing,
allowing us to pinpoint (to the nearest grid box) the gargantuan hailfall location. We selected model
analyses at times 1-2 hours prior to the hail event, following the methods in Kumjian et al. (2019).
The Aurora and Meadville cases occurred prior to the RUC/RAP model availability, so we used the
closest available observed soundings. For the Aurora case, we used the Omaha 00 UTC sounding
on 23 June 2003 (within 5 min and 100 km of the event), and for the Meadville case, we used the
Topeka 00 UTC sounding on 25 May 2004 (within 19 min and 136 km). For the Argentina case,
we use the values reported in Kumjian et al. (2020).

The RUC/RAP appeared to have positive biases in the surface temperature (7') and dewpoint
temperature (7y) values. For example, positively biased surface 7" values produced shallow, strongly
superadiabatic layers in the near-surface 7" profile that we considered unrealistic. Such biases can
significantly impact computed severe weather indices. Thus, using the surface pressure given by
the RUC/RAP analysis and the full® T and T, profiles, we linearly interpolated the slope above and

below the designated surface pressure. This yielded surface 7" and 7, that were consistent with the

IThe full T and Ty profiles extend “below" the surface pressure (i.e., below ground).
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slope of the profile aloft and also provided a more accurate representation of the surface values.
This correction only applied to the T and T,; as such, the low-level winds were not affected. To
evaluate these corrected T and T, values, we compare our modified soundings to any available
observed soundings within 2 hours and 100 km. Only 2 cases met these criteria: El Reno (the 00
UTC 1 June 2013 Norman, OK sounding is 120 min and 67 km from the event) and Nisland (the 00
UTC 20 June 2015 Rapid City, SD sounding is 60 min and 79 km from the event). The observed
and modified T are within 0.1 °C and 1 °C for the El Reno and Nisland cases, respectively. Though
some substantial differences in the observed vs. RAP/RUC T, profiles exist aloft (not shown),
these will not affect the bulk indices computed herein.

Once satisfactory profiles were obtained, relevant severe storm parameters are calculated using
MetPy (May et al. 2008 - 2017). These include Convective Inhibition (CIN), 0-6 km bulk
shear, and storm-relative helicity (SRH) over various depths. MUCAPE values were computed
using an adaptation of the CM1 code Bryan and Fritsch (2002), following Peters et al. (2020b).
Additionally, we compute the significant hail parameter (SHIP). We use the vertical wind profiles
and radar-estimated storm motion (described below) to construct storm-relative hodographs. For
compositing, the hodographs are rotated such that the x-axis (# wind component) is aligned with

the 0—6 km vertical wind shear vector, following Parker (2014) and Kumjian et al. (2019).

2) RADAR

We use radar observations to evaluate the first and third hypotheses above. Radar data for each
case were gathered from the radar closest to the gargantuan hail report location, while still providing
coverage at altitudes with temperatures between about 0 °C and —20 °C, or within the storm’s hail
growth region. For the U.S. cases, S-band WSR-88D radar level-1I data were downloaded from
the NOAA NCEI website. Data for the Argentina case come from their operational C-band RMA1
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radar?. Given that many of the cases occurred prior to the dual-polarization upgrade of the WSR-
88D radar network, the radar analysis focuses primarily on single-polarization variables: radar
reflectivity factor at horizontal polarization (hereafter “reflectivity” or Zy) and radial velocity (V;.).
The V, data were manually de-aliased using ARTview (Nick et al. 2016). Individual radar gates
with velocity values that stood out/did not match with surrounding velocity pixels were considered
erroneous/uncertain and were omitted from the analysis.

Using the Weather and Climate Toolkit (NOAA 2019), we tracked each storm’s BWER for ~1
hour centered on the gargantuan hailfall time. The BWER was a reliable and consistent feature
throughout the tracking time period. Best subjective judgment was used for estimating the center
of the BWER, and we kept a consistent elevation angle that was within the hail growth region for

the analysis. This tracking yielded storm motion for the gargantuan hail cases.

4. Results and Discussion

a. Environmental Characteristics

Using the soundings for each case, we aim to evaluate the first two hypotheses above and define
the environmental parameter space (in terms of commonly used indices/parmeters) of storms that
produce gargantuan hail. Figure 4a shows the distribution of MUCAPE and 0—6 km shear values
for each of the cases. For comparison, we also include data from the storms producing large
accumulations of small hail (SPLASH) cases described in Kumjian et al. (2019), which yielded
nearly the same number of cases as the gargantuan hail cases and characterize a substantially
different hail threat. Additionally, the interquartile ranges of MUCAPE and shear values from

environments for storms producing significantly severe hail from Blair et al. (2017) and marginally

2Data from RMA1 were obtained through Professor Paola Salio at the University of Buenos Aires from the Subsecretaria de Recursos Hidricos,

Ministerio del Interior, Obras Publicas y Viviendia, Presidencia de la Nacién, Argentina.
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severe hail from Johnson and Sugden (2014) are included for comparison. The idea is to see if
storms with different maximum reported hail sizes occupy different regions in the CAPE-shear
parameter space.

All gargantuan hail cases have > 13 m s~! of 0—6 km bulk shear and > 2000 J kg~! of MUCAPE,
though 10 cases have > 20 m s~! of bulk shear, and 8 cases have MUCAPE > 4400 J kg‘l. All cases
had between 1 and 14 m s~! of 0—1-km shear (not shown). Although both SPLASH and gargantuan
hail cases occur in environments with a broad range of 0—6 km bulk shear, SPLASH cases tend
to have smaller MUCAPE (< 2000 J kg~!). Similarly, the data from Blair et al. (2017) show that
storms with hail maximum dimension reports ranging from 5.7 cm to 9.4 cm tend to occur in
environments with somewhat smaller bulk shear values (interquartile range of values is < 25 m
s~1) and less MUCAPE (interquartile range of values is < 4000 J kg™!) than those that produce
gargantuan hail, though the distributions overlap somewhat. The cases of marginally severe (1.91—
3.18 cm maximum dimension) hail reported in Johnson and Sugden (2014) exhibit even smaller
interquartile range values of shear and MUCAPE. Thus, large (> 2000 J kg~') MUCAPE seems to
be a necessary, but insufficient condition for gargantuan hail production. Further, sufficiently large
0-6 km shear is needed, presumably to support supercellular convection, but otherwise these cases
occur across a wide range of shear values that do not stand out amongst environments that led to
smaller maximum reported hail sizes.

The joint distribution of MUCAPE versus the 0—3 km SRH (Figure 4b) reveals that the gargantuan
hail cases occur in a wide range of 0-3 km SRH values, between 50 m? s72 and 400 m? s~2, with
one case (Wichita) exceeding 400 m? s~2. For 0—1 km SRH (not shown), all cases were between
5 and 200 m? s~2, with most cases occurring with < 150 m? s=2. Figure 4b also shows that SRH
does not distinguish the gargantuan hail environments from those of SPLASH cases; the Johnson

and Sugden (2014) marginally severe cases tend to occur for smaller SRH values (which makes
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sense, given the possibility that some of these marginal cases were nonsupercellular). The Blair
et al. (2017) study does not present SRH values and thus these are unavailable for comparison in
Fig. 4b.

Thus, gargantuan hail-producing storms apparently can occur in environments generally that
have larger MUCAPE than other classes of maximum hail sizes, with somewhat larger bulk shear
values that display overlap with other size classes. The larger MUCAPE values would suggest
stronger updrafts, and the larger bulk shear would suggest wider updrafts, consistent with our first
two hypotheses.

To explore the connection more robustly, we calculate the entrainment CAPE (ECAPE) for
these environments following Peters et al. (2020b). ECAPE is a more accurate predictor of updraft
maximum speed (at least in supercells) than MUCAPE (e.g., Peters et al. 2020b) because it accounts
for the effects of entrainment on the updraft strength. Storms in environments in which ECAPE
and MUCAPE values are similar suggest less entrainment, and, therefore, stronger updrafts with
potentially greater liquid water contents. Figure 5 compares the ECAPE and MUCAPE values for
the gargantuan hail cases to those from a large dataset of severe storms from Peters et al. (2019).
The Peters et al. (2019) dataset clearly shows that environments with larger effective bulk wind
difference are closer to the “one-to-one" line between ECAPE and MUCAPE. The gargantuan
hail cases appear even closer to the one-to-one line than the cloud of points from Peters et al.
(2019), suggesting the updrafts forming in those environments may be comparatively less affected
by entrainment, and therefore favorable for efficient hail production.

Recent work by Dennis and Kumjian (2017) and Kumjian and Lombardo (2020) has shown
that the vertical profiles of storm-relative winds can exert a substantial influence on supercell hail
production. To further explore the details of the vertical wind profiles for these cases, we con-

struct a composite rotated storm-relative hodograph for the gargantuan hail cases (Fig. 6a). The
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composite hodograph reveals veering storm-relative winds in the lowest few km, followed by pre-
dominantly unidirectional shear aloft, characteristic of hodographs in supercellular environments
(e.g., Markowski and Richardson 2010; Parker 2014). Compared to the iconic “quarter-circle"
supercell hodograph (e.g., Weisman et al. 2000), the lowest 2-km portion of the gargantuan hail
composite hodograph is somewhat enlarged (i.e., enhanced storm-relative wind magnitudes), and
the storm-relative winds above 6 km have a component to the right of the 0—6 km shear vector.
Enlarged low-level hodographs can be favorable for tornadogenesis (e.g., Coffer and Parker 2017);
indeed, all but three of the gargantuan hail-producing storms were tornadic, although only one (El
Reno) was significantly tornadic (EF2+; NOAA National Centers for Environmental Information
cited 2019). The +1 standard deviation error bars demonstrate considerable spread amongst the
cases, however, so caution is warranted against an overly literal interpretation of the composite.
Figure 6b compares the gargantuan hail composite storm-relative hodograph to the composite
for SPLASH cases from Kumyjian et al. (2019). Despite similar shapes in the lowest few km, the
gargantuan hail cases have much stronger storm-relative wind magnitudes in this layer. This is
further supported with the mean vertical profiles of storm-relative winds shown in Fig. 7. Especially
below 2 km, gargantuan hail cases have, on average, larger storm-relative wind magnitudes than
SPLASH cases. This trend reverses above about 5 km. We used a bias-corrected-and-accelerated
bootstrapping technique (Efron and Tibshirani 1993) with 1000 samples to estimate the 95%
confidence interval about the mean storm-relative wind profiles at each height; these are shown as
shaded bands in Fig. 7. Below about 1.5 km, the confidence intervals do not overlap, implying
statistically significantly larger storm-relative wind speeds for gargantuan hail cases compared to
SPLASH cases. All else being equal, larger storm-relative wind magnitudes at low levels can lead
to larger updraft widths (e.g., Warren et al. 2017; Peters et al. 2019, 2020c), which are known

to promote increased hail production owing to increased trajectory residence times (e.g., Nelson
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1983; Dennis and Kumjian 2017; Kumjian and Lombardo 2020). Again, however, the small sample
sizes and large spread of the data (i.e., the +1-standard deviation bands exhibit various degrees of
overlap throughout the profile).

Compared to the SPLASH storm-relative hodograph, the gargantuan storm-relative hodograph
exhibits a shift suggestive of larger storm motions along and to the right of the 0—6 km shear vector.
This is despite the similar deep-layer shear magnitudes seen in Fig. 4a. One explanation could
be the larger MUCAPE: stronger updrafts and consequently greater precipitation production could
lead to stronger cold pools, and thus increased storm motion over the SPLASH cases. Indeed,
6 of the gargantuan hail-producing storms passed over an ASOS/AWOS station near the time of
gargantuan hail fall; the cold pools sampled revealed significant 7’ decreases ranging between 6 and
10.6 °C (not shown). Additionally, compared to the Bunkers et al. (2000) hodograph-based estimate
of storm motion, observed storm motions for the gargantuan hail cases have a shift rightward by
about 30° (Fig. 8). Bunkers (2018) suggested this tendency may arise for storms with increased
SRH and/or greater vertical wind shear at low levels. Though not seen in our analysis of 0-3 km
SRH nor 0-1 km SRH, gargantuan hail cases on average do have larger vertical wind shear in the
lowest 2 km than the SPLASH cases (see Fig. 6).

Finally, we calculate the Significant Hail Parameter (SHIP) for all gargantuan hail cases (Fig. 9).
SHIP is a composite parameter used by the Storm Prediction Center (SPC) that includes measures
of instability, low-level moisture, mid-level lapse rates, mid-level parcel buoyancy, and 0-6 km
shear, and is used operationally to discriminate between environments favorable for significantly
severe hail versus smaller hail. Additional information can be found on the SPC help page for
SHIP3. The SPC found that SHIP values between 1.5 and 2 are common for significantly severe

hail, whereas hail > 6.35 cm in maximum dimension tends to occur in environments with SHIP

3https://www.spc.noaa.gov/exper/mesoanalysis/help/help\_sigh.html
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values ranging between 1.1 and 4 (Storm Prediction Center 2019). SHIP values for gargantuan hail
cases range from about 1.5 to about 7 with a median of 2.9 and mean of 3.9, exhibiting significant
overlap with SHIP values for smaller hail. Thus, although consistent with significantly severe hail,

SHIP values are not otherwise more extreme for these gargantuan hail events.

b. Radar Characteristics

Next, we evaluate the radar-observed characteristics of gargantuan hail-producing storms to
evaluate our third hypothesis. We constructed composite Zy swaths (i.e., the maximum Zg in a
radar conical scanning volume scan passing over a 1 km X 1 km box; owing to their large distances
from radar, we used 2 km X 2 km grid boxes for the Vivian and Wagner/Dante cases) for a total
of 1 to 2 hours, centered on the time of gargantuan hailfall. As evident from the Zy swaths (Fig.
10), assuming accurate reported locations, gargantuan hail typically falls outside of the maximum
Zy region. Figure 11 shows kernel density estimates (e.g., Peel and Wilson 2008; Anderson-Frey
et al. 2016) of the maximum Zp to occur anywhere within the swath and the maximum Z to occur
at the gargantuan hail-fall location, using all cases. There is an offset of about 8.5 dB between
the Zy at the gargantuan hailfall location and the maximum Zy to occur in the storm, with the
storm-maximum Zg mode at 73.5 dBZ and the maximum Zg at the hailfall loacation of 65 dBZ.
Figure 10 and 11 show that composite Zy < 60 dBZ is possible at the gargantuan hailfall location.
That the largest hail falls outside the region of maximum Zp is consistent with its expected fallout
location from the updraft and subsequent size sorting of hydrometeors (e.g., Browning and Foote
1976). These storms do display large Zy values, though not particularly extreme relative to other
hailstorms (e.g., see discussions in Kumjian et al. 2019; Allen et al. 2020).

Next, we analyzed Zp vertical profiles to assess the vertical structure of storms producing

gargantuan hailstones. Our Zpy vertical profiles are constructed using a 5 km X 5 km grid box
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centered on the gargantuan hailfall location, for all radar elevations, at the time of hailfall. Radar
beam heights are calculated based on standard atmospheric refraction (Doviak and Zrni¢ 1993).
A linear interpolation was performed to retrieve the temperatures that correspond to the derived
radar beam heights using the RUC/RAP soundings. The data from each case were then binned into
5 °C increments, from 25 to —50 °C. The Argentina case is not included in this analysis because
the RMAI radar operates at C band, and it did not sample the depth of the storm sufficiently to
create an informative vertical profile of Zy. Figure 12 shows the distribution of Zy values for all
cases at all levels. We find that Zy > 45 dBZ for all cases up to about —40 °C, which includes the
entire hail growth region. Ortega (2018) examined vertical Zy profiles for different categories of
hail maximum dimension. His results suggest that distributions of Zy values at each altitude shift
to greater values for larger hail size categories, though overlap exists for these distributions. For
the largest hail size category in that study (> 5 cm in maximum dimension), Zy ranged between 50
and 60 dBZ for the depth of the profile. Our results show that gargantuan hail storms have similar
if not slightly lower values throughout the profile, suggesting that vertical profiles of Zy do not
provide utility for distinguishing gargantuan hail from smaller sizes.

The analysis of maximum Zy values and vertical profiles of Zy throughout the storm does
not point to distinctive signals compared to other hail size classes, which is inconsistent with
our third hypothesis. Given the importance of broad updraft regions for hail growth described
in the introduction, and the results from the environmental analysis, however, we might expect
radar signatures more directly related to updraft properties to be useful. As such, we developed
an algorithm that quantifies the BWER area as a proxy for updraft breadth. BWERSs are found
throughout the hail growth region for every gargantuan hail case. In this way, we can gather a
characteristic sample of BWER areas that represent the gargantuan hail cases that may be able to

help with forecasting/nowcasting efforts. Examples are shown in Fig. 13. Note that the BWER
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typically is only a fraction of the overall updraft breadth. For reference, we consider the standard
“quarter-circle” hodograph simulated supercell (Weisman et al. 2000), composited for 1 hour
during its mature phase (see Dennis and Kumjian (2017)). In this simulation, the BWER occupies
only about 25% of the area encompassed by the 10 m s~! contour in the hail growth region (i.e.,
at 7.625 km, where the in—updraft temperature is —18 °C). The simulated > 10 m s~! updraft area
(74 km?) is consistent with those found in a large number of simulated supercells in wide range of
environments in other recent work (Peters et al. 2019). Thus, the reported BWER areas in the hail
growth region will be taken as crude proxies for roughly a quarter of the updraft area.

To calculate BWER area, we first identified the BWER through visual inspection of plan position
indicator (PPI) scans through the storm’s midlevels. We then gathered radial profiles of Zy, the
moving average (over 2 gates) of Zy, and the standard deviation of this moving average for azimuths
that intersect this region. We selected the radials that had a significant drop in Zy with range, and
then a return to higher Zy values. The “beginning" and "end" radials that exhibit this significant
drop and subsequent rise in Zy helped mark the approximate edges of the BWER. Then, we used a
combination of manual inspection and a 2-dB flag in the standard deviation to mark the edges of the
BWER; standard deviations < 2 dB are within the measurement error and/or noise (Ryzhkov et al.
2005). Radial perturbations outside of typical measurement errors/noise could be indicative of
large Zy gradients characteristic of BWER edges. We then calculated the area of the BWER using
these identified BWER bounds and radar geometry. This algorithm worked well for most cases,
but underestimated the BWER areas for the Sunray, Gotebo, and Meadyville cases. The BWER
algorithm had worse performance when the BWER had a strange shape or had deformations, or if
the Zy gradient surrounding the BWER was weak. We focus on analyzing the hail growth region

at three times: the scans before, during, and after gargantuan hailfall. We take data from three
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elevation angle scans that intersect the hail growth region, approximately# between 0 and —20 °C,
for all cases. Although the Argentina case did have a BWER, it is not included in the analysis
because the operational radar did not have sufficient sampling aloft to track it in time or height.

Figure 14 shows the observed BWER areas for each case, time, and elevation. The BWER area
is consistent with time and elevation, implying that the updraft is relatively steady at the times
adjacent to the gargantuan hail fall. BWER areas ranged from 20 to 40 km?, with a median of
20.8 km? and a mean of 28.7 km?2. Recall that, in the simulated supercell, the > 10 m s! updraft
area was about 4 times that of the BWER area within the hail growth region. Extrapolating the
BWER-updraft area relationship to these observations, that suggests median and mean updraft
areas of about 83 km? and 115 km?, respectively. Assuming circular updrafts, this corresponds to
effective updraft diameters of 10 ——12 km, on the upper end of supercells simulated by Peters et al.
(2019). We again caution that these should be considered crude estimates. Direct comparisons of
BWER areas between storms with smaller maximum hail sizes is warranted in future studies.

Finally, we explore the rotational velocities of the mesocyclone within the hail growth region.
Blair et al. (2011) found that there is a general increase of mean rotational velocity with hail size
category (see their Fig. 14). We extend their analysis to include gargantuan hail cases. The same
times and elevations that were used for the BWER area calculations are used here, though the
data used do extend slightly outside of the BWER area (i.e., azimuth and range) to ensure that we
capture the entire velocity signature associated with the mesocyclone.

To obtain the rotational velocities, we obtained the maximum velocity and the minimum velocity

associated with the mesocyclone (for the three times and three elevations), and computed V., as:

Vior = (lein|+|Vmax|)/2 (1)

4The range of temperatures for the lowest elevation is 2.5 °C to —6.3 °C, the middle elevation: —7.1 °C to —14.8 °C, and the highest elevation:

—17°Cto -28.4°C.
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where Vi, (m s™!) is the minimum velocity and V), (m s71) is the maximum velocity (see also
Blair et al. (2011); Witt et al. (2018)). This equation is valid if the storm has both inbound and
outbound velocities, which was true for all of our cases. The Argentina case was also omitted from
this analysis owing to inconsistent elevation angles in the before/during/after gargantuan hailfall
scans.

Figure 15 shows the distribution of rotational velocities within the hail growth region for times
before, during, and after gargantuan hail. The largest rotational velocity is 48.1 m s~! (associated
with the El Reno cases), the smallest rotational velocity is 14.0 m s~' (Gotebo), and the median
and mean rotational velocity for all cases is 31.3 m s~ and 31.7 m s~!, respectively. These values
are consistent in time and altitude, implying consistent mesocyclone strength around the time of
gargantuan hailfall. The interquartile range of rotational velocities for all gargantuan hail cases
at all times and elevations considered is about 25 to 40 m s~!, which generally is larger than the
20— -29 m s~! interquartile range of peak rotational velocities reported in Blair et al. (2011) for
giant hail. Further, the distribution of peak rotational velocities for all gargantuan hail cases features
an interquartile range between 34.6 and 46.9 m s~!, entirely separated from the peak rotational
velocities for giant hail cases in Blair et al. (Fig. 15b). These results extend those of Blair et al.
(2011) and support the notion that increased rotational velocities suggest the potential for larger
hail. This finding also supports our third hypothesis, in that mesocyclone rotational velocities in
gargantuan hail-producing storms are more extreme than those in hailstorms producing smaller

maximum Sizes.

5The maximum rotational velocity values found here are somewhat lower than those reported in Witt et al. (2018) for this case, because those
authors investigated the rotational velocities throughout the duration of the storm, whereas here we focus only on the times around when the

gargantuan hailfall was reported.
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5. Conclusion

In this study, we describe characteristics of the environments and selected radar signatures
associated with storms that produced hail in excess of 6 inches (15 cm) in maximum dimension, or
“gargantuan” hail, in an effort to evaluate three working hypotheses: (1) gargantuan hail-producing
storms have strong, wide updrafts especially favorable for hail production; (2) to support these
favorable updrafts, gargantuan hail-producing storms form in environments with greater instability
and vertical wind shear than those of storms producing smaller maximum hail sizes; and (3) given
the exceptionally large hail produced in these storms, they exhibit distinctive and extreme radar
signatures.

The environments of gargantuan hail-producing storms feature a wide range of most unstable
convective available potential energy (MUCAPE) values, all exceeding 2000 J kg~!. These values
are larger than, though partially overlapped with, the MUCAPE values of environments of storms
that resulted in smaller maximum hail size reports (e.g., Johnson and Sugden 2014; Blair et al.
2017; Kumyjian et al. 2019). Similarly, the range of values of 0—6 km bulk wind shear are somewhat
larger, but overlapped with those of smaller hail size classes. The 0-3 km storm-relative helicity
for gargantuan hail cases completely overlapped with those of marginally severe hail (Johnson
and Sugden 2014) and even storms that produced large accumulations of small hail (Kumjian
et al. 2019). Thus, the environmental analysis is somewhat consistent with our second hypothesis,
though the distinction is not particularly clear. The operational significant hail parameter (SHIP),
which combines several environmental properties, likewise exhibits significant overlap between
gargantuan hail cases and those of smaller hail sizes. These comparisons show that commonly used
bulk indices for severe storms forecasting are not helpful in distinguishing hail sizes, and suggests

future exploration of more nuanced aspects of the environments. Indeed, analysis of storm-relative
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hodographs suggests larger magnitudes of storm-relative winds at low levels (< 2 km AGL) than
storms producing large accumulations of small hail.

Larger storm-relative wind magnitudes at low levels combined with the larger MUCAPE values
for the gargantuan hail environments suggests larger updraft widths in gargantuan hail-producing
supercells, in support of our first hypothesis. Accounting for the effects of entrainment on updraft
properties through ECAPE (Peters et al. 2020b) reveals that gargantuan hail-producing storms seem
to be better protected from the deleterious effects of entrainment than a large sample of severe
thunderstorms (Peters et al. 2019), which would tend to promote stronger updrafts and larger
liquid water contents. These factors would be favorable for more significant hail growth. Using a
technique developed here to quantify bounded weak echo region (BWER) area, which we take as a
crude proxy for the updraft area, our analysis indeed suggests gargantuan hail-producing storms do
have observably wider updrafts, at least compared to simulated supercell storms in recent studies
(e.g., Peters et al. 2019). Further analysis of BWER area in other storms with smaller reported
maximum hail sizes is suggested for future work.

Radar reflectivity maxima and vertical profiles of radar reflectivity through the gargantuan hail-
producing storms did not differ substantially from those reported in the literature for cases of
storms producing smaller hail sizes, which is inconsistent with our third hypothesis. Of note, the
gargantuan hail report location tended to be displaced from the maximum reflectivity core of the
storm. In contrast, we found that radar-estimated rotational velocities estimated associated with the
mesocyclone within the hail growth region of gargantuan hail cases were substantially larger than
those corresponding to cases of giant (> 10 cm) hail reported in Blair et al. (2011). This shows
the possible use of Doppler radar to identify supercell hail potential, wherein larger rotational

velocities may be indicative of larger maximum hail sizes.
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Class Size (in)  Size (cm)

Small/non-severe <1.0 <25
Severe >1.0 >25
Significantly severe > 2.0 >5.0
Giant >4.0 >10.0
Gargantuan >6.0 >15.0

TABLE 1. Typical hail sizing convention (Storm Prediction Center 2019; Blair et al. 2011). Here, size refers
to the hailstone’s maximum dimension. We include a new proposed size category, “gargantuan,” that includes

hailstones > 6 inches or 15 centimeters in maximum dimension (Kumjian et al. 2020).
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Case Name City, State Date Latitude (°)  Longitude (°)  Hail size (in)  Hail size (cm)
Argentina Carlos Paz, CB 8 February 2018 -31.42 -64.49 7.10 18.03
Aurora Aurora, NE 22 June 2003 40.87 -98.00 7.00 17.78
Dante Dante, SD 21 August 2007 43.03 -98.20 6.88 17.48
El Reno El Reno, OK 31 May 2013 35.52 -97.97 6.30 16.00
Gotebo Gotebo, OK 23 May 2011 35.09 -98.87 6.00 15.24
Meadville  Meadville, MO 24 May 2004 39.78 -93.30 6.00 15.24
Nisland Nisland, SD 19 June 2015 44.65 -103.5 6.00 15.24
Sunray Sunray, TX 12 June 2010 35.94 -101.8 6.00 15.24
Timken Timken, KS 24 May 2011 38.47 -99.18 6.00 15.24
Vivian Vivian, SD 23 July 2010 43.93 -100.3 8.00 20.32
Wagner Wagner, SD 21 August 2007 43.08 -98.30 6.13 15.57
Wichita Wichita, KS 15 September 2010 37.65 —-97.48 7.75 19.66

TABLE 2. Gargantuan hail cases that are analyzed in this study. Here, “hail size" refers to the hailstone’s

maximum dimension.
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FiG. 1. Examples of gargantuan hailstones. (a) and (b) are gargantuan hailstones from Wagner and Dante, SD,
(US Department of Commerce, NOAA 2007) (c) is the gargantuan hailstone from Wichita, KS, (US Department
of Commerce, NOAA 2010b)(d) is the gargantuan hailstone from Vivian, SD, (US Department of Commerce,
NOAA 2010a) and (e) is the gargantuan hailstone from Villa Carlos Paz in Argentina (courtesy of Victoria

Druetta).
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F1G. 2. Examples of gargantuan hail damage. (a) shows a hole in the roof of a home caused by gargantuan hail
in Nisland, SD (Brunner 2015). (b) and (c) show craters in the ground caused by gargantuan hail in Vivian, SD
and Dante, SD, respectively (US Department of Commerce, NOAA 2010a, 2007).
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FiG. 3. Map of US gargantuan hail cases (the Argentina gargantuan hail case is not included) with reported

maximum dimensions.
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FiG. 4. (a) MUCAPE versus 0—6 km bulk shear for both the SPLASH and gargantuan hail cases. Results from
Blair et al. (2017) are shown in the blue box with the corresponding range of hailsizes. Results from Johnson
and Sugden (2014) are shown in the purple box (b) MUCAPE versus 0-3 km SRH for both the SPLASH and
gargantuan hail cases. Results from Johnson and Sugden (2014) are shown in the purple box. Asterisks denote

cases in which observed soundings were used.
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F1G. 5. The relationship between ECAPE and MUCAPE for the environments of storms detailed in Peters et al.
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colorscales. The one-to-one line implies no dilution of the updraft by entrainment (i.e., ECAPE=MUCAPE).
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Composite Hodographs
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Fi1G. 6. (a) Rotated, storm-relative composite hodograph for all gargantuan hail cases. Black bars represent the
+1 standard deviation in u and v storm-relative winds at 1-km intervals. Thin gray lines show hodographs from
each case. (b) Rotated, storm-relative composite hodographs for gargantuan hail cases (thick line) and SPLASH
cases (thin line with markers every 0.5 km in altitude). Altitude given as color (scale to right). Note that the

y-axis changes between the two figures.
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Mean Storm-Relative Wind Profiles
Gargantuan Hail and SPLASH Cases
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FiG. 7. Storm-relative winds as a function of height for both gargantuan (blue) and SPLASH (orange) cases.
The mean profiles are shown in thick solid lines, and the shaded bands represent the bootstrapped 95% confidence

interval about the means.
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Fic. 8. Two-dimensional kernel density estimate of the observed storm motion minus the calculated right-
moving Bunkers storm motion in terms of speed (on the abscissa) and direction (along the ordinate axis). The

shading represents the probability density, according to scale.
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F1G. 9. Boxplot of the Significant Hail Parameter (SHIP) for all gargantuan hail cases. The teal bar is the
median, the magenta diamond is the mean, the box is the interquartile range, the whiskers extend to the 10th and

90th percentiles, and the circles are the outliers.
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FiG. 10. Composite Zy swaths for all hail cases. The large black dot on the swath represents the location of

the gargantuan hailfall. Note that the domain sizes change in each panel.
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Maximum Reflectivity in Storm vs. Maximum Reflectivity at Hailfall Location
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FiG. 11. Kernel density estimate of the maximum reflectivity to occur at the gargantuan hailfall location (blue)

and the maximum reflectivity to occur anywhere in the storm (magenta). The bandwidth used is 2.5 dB.
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Vertical Profile of Reflectivity
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FiG. 12. Profile of Zy for a 5 km x 5 km grid box centered on the gargantuan hailfall location as a function
of temperature from RUC/RAP soundings, binned by 5 °C increments. The teal bars are medians, the magenta

diamonds are means, and the boxes are the interquartile ranges.
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Fic. 13. Examples of the largest BWERs in midlevel Zg scans (elevation angles vary) for each case within
the hail growth region. The black dot represents the gargantuan hailfall location. The Argentina BWER is not
shown here. The title over each panel indicates the computed BWER area. A length scale is provided in the

middle column.
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F1G. 14. BWER areas within the hail growth region before, during, and after the gargantuan hailfall. The teal

bars are the medians, the magenta diamonds are the means, the boxes are the interquartile range, the whiskers

extend to the 10th and 90th percentiles, and the circles are the outliers.
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(a) Rotational Velocities as a Function of Time and Height (b)
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FiG. 15. (a) Rotational velocities within the hail growth region before, during, and after the time of gargantuan
hailfall. The teal bars are the medians, the magenta diamonds are the means, the boxes are the interquartile
range, the whiskers extend to the 10th and 90th percentiles, and the circles are the outliers. (b) Comparison of
Blair et al. (2011) results (left) for hail > 4 inches (> 10 cm) in maximum dimension (giant hail) to our results

(right) for hail > 6 inches (> 15 cm) in maximum dimension (gargantuan hail).
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