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ABSTRACT: This study uses a new, unique dataset created by combining multi-Doppler radar wind and reflectivity anal-
ysis, diabatic Lagrangian analysis (DLA) retrievals of temperature and water substance, and a complex hail trajectory
model to create millions of numerically simulated hail trajectories in the Kingfisher, Oklahoma, supercell on 29 May 2012.
The DLA output variables are used to obtain a realistic, 4D depiction of the storm’s thermal and hydrometeor structure as
required input to the detailed hail growth trajectory model. Hail embryos are initialized in the hail growth module every
3 min of the radar analysis period (2251–0000 UTC) to produce over 2.7 million hail trajectories. A spatial integration tech-
nique considering all trajectories is used to identify locations within the supercell where melted particles and subsevere and
severe hailstones reside in their lowest and highest concentrations. It is found that hailstones are more likely to reside for
longer periods closer to the downshear updraft within the midlevel mesocyclone in a region of decelerated midlevel meso-
cyclonic horizontal flow, termed the downshear deceleration zone (DDZ). Additionally, clusters of trajectories are ana-
lyzed using a trajectory clustering method. Trajectory clusters show there are many trajectory pathways that result in
hailstones $ 4.5 cm, including trajectories that begin upshear of the updraft away from ideal growth conditions and trajec-
tories that grow within the DDZ. There are also trajectory clusters with similar shapes that experience widely different en-
vironmental and hailstone characteristics along the trajectory.

SIGNIFICANCE STATEMENT: The purpose of this study is to understand how hail grew in a thunderstorm that
was observed by numerous instruments. The observations were input into a hail trajectory model to simulate hail
growth. We found a part of the storm near the updraft where hailstones could remain aloft longer and therefore grow
larger. Most modeled severe hailstones were found in the storm in this region. However, we also found that there are
many different pathways hailstones can take to become large, although there are still some common characteristics
among the pathways.
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1. Introduction

Hailstones cause extensive damage to property and agricul-
ture across the United States every year. Improved under-
standing of the internal hailstorm characteristics and hailstone
properties that influence hail growth, and ultimately final hail-
stone size at the surface, is critical for determining the even-
tual surface impacts of hail. During the 1970s and 1980s, many
hail growth studies emerged from the National Hail Research
Experiment (NHRE), the Cooperative Convective Precipita-
tion Experiment (CCOPE; High Plains), and the National
Severe Storms Laboratory (NSSL) annual spring observations
of severe storms in Oklahoma (southern plains). These early
field projects provided the basis for foundational work on hail
growth (e.g., Heymsfield 1978; Paluch 1978; Heymsfield et al.
1980; Heymsfield 1982; Heymsfield and Musil 1982; Nelson
1983; Ziegler et al. 1983, hereafter Z83; Nelson and Knight
1987; Nelson 1987; Rasmussen and Heymsfield 1987a,b;

Miller et al. 1988, hereafter M88; Miller et al. 1990, hereafter
M90; Conway and Zrnić 1993).

Studies of hail trajectories are important, as they can reveal
what aspects of the storm directly influence the trajectories
and impact the amount of hail growth that can take place. For
example, the main updraft characteristics are important to
hail formation since most trajectories traverse near or through
the updraft. Early hail trajectory studies used idealized flow
fields (Browning 1963; Musil 1970; English 1973) to simulate
airflow and hailstone trajectories employing either 1D or 2D
(spatial) time-varying kinematic and microphysical storm
models to calculate hail trajectories. In the following decade,
numerous multi-Doppler studies used radar-derived 3D air-
flow and parameterized cloud water and ice fields to grow
numerically simulated hail (Paluch 1978; Heymsfield et al.
1980; Foote 1984; Heymsfield 1983; Nelson 1983; Miller and
Fankhauser 1983; Z83; Knight and Knupp 1986; Nelson and
Knight 1987; Nelson 1987; Rasmussen and Heymsfield 1987b;
M88; M90; Conway and Zrnić 1993). These earlier observa-
tional studies applied simplifying assumptions to approximate
the in-storm thermodynamic fields and hydrometeor contents.
Model simulations have more recently been used to provide
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internal storm characteristics for simulated hail trajectories
(Adams-Selin and Ziegler 2016, hereafter ASZ16; Dennis
and Kumjian 2017; Kumjian and Lombardo 2020; Lin and
Kumjian 2022). The latter modeling studies have collectively
identified in-storm components that contribute to hail growth
under varying environmental conditions of shear and thermal
stratification (e.g., CAPE), including updraft characteristics,
cloud water contents, and airflow patterns. These storm mor-
phological features modulate how long a hailstone will remain
aloft in the hail growth zone (HGZ), referred to as “residence
time,” which is a primary control of final hailstone mass and di-
ameter. The HGZ has been defined in various previous studies
as the storm sublayer with ambient temperatures ranging from
2108C through between2258 and2408C, possibly in part to ac-
count for complexities of variable or smaller hail sizes and fall
speeds in strong updrafts (Knight et al. 1981; Nelson 1983; Z83;
Foote 1984; M88; Knight and Knight 2001). The present study
aims to further explore how these in-storm components, in con-
junction with one another, can impact a hailstone’s trajectory
through the storm that could lead to longer residence times. It
employs a novel, kinematically driven diabatic Lagrangian anal-
ysis (DLA) retrieval approach (Ziegler 2013a,b) to generate
physically realistic in-storm fields to drive a trajectory model of
hail growth.

Updraft characteristics are critical for hail production, par-
ticularly the balance between the updraft’s vertical velocity
and the hailstone’s terminal velocity (Browning 1963; Morgan
1972; Heymsfield 1983; Nelson 1983; Miller and Fankhauser
1983; Z83; Foote 1984; Musil et al. 1986; M90; Conway and
Zrnić 1993; Kennedy and Detwiler 2003; Knight and Knight
2005; Grant and van den Heever 2014). Strong updrafts inhibit
hail growth by lofting small particles away from the HGZ re-
sulting in minimal growth (Browning and Foote 1976; Nelson
1983; Foote 1984; Musil et al. 1986; Rasmussen and Heymsfield
1987b; Z83). A large area of moderate 20–40 m s21 vertical ve-
locities (a broader updraft) is an important updraft feature for
significant hail growth potential (English 1973; Nelson 1983;
Z83; Foote 1984; Nelson and Knight 1987; Nelson 1987; Picca
and Ryzhkov 2012; Kumjian et al. 2021). Dennis and Kumjian
(2017) found that the environmental hodograph can control
updraft strength, width, and size. Furthermore, Lin and Kumjian
(2022) found that environments with moderately large values of
CAPE and precipitable water associated with broad, moderately
strong updrafts and supercooled cloud water contents are sup-
portive of large hail growth. Greater zonal deep-layer shear can
elongate the updraft in the downshear direction, potentially lead-
ing to greater hail production as zonal shear increases, which of-
ten can be associated with large hail reports (Johnson and
Sugden 2014; Taszarek et al. 2017). Conversely, an elongated up-
draft in the north–south direction is associated with less hail pro-
duction as meridional shear increases (Dennis and Kumjian
2017). Wider updrafts are also associated with greater liquid wa-
ter content (Peters et al. 2019, 2020; Kumjian et al. 2021) likely
due to reduced lateral entrainment mixing and increased num-
bers of surface-based updraft air trajectories. However, Lin and
Kumjian (2022) found that environments with larger values
of CAPE above a moderate threshold value may be associ-
ated with less optimal storm characteristics for large hail

growth. English (1973) and Homeyer et al. (2023) both em-
phasize greater vertical alignment of the mesocyclone with
height can lead to larger hail. Although unknowns still exist
regarding controls on and impacts of updraft shape and ori-
entation, these studies have nevertheless demonstrated that
updraft characteristics are important and can impact hail-
stone size, as will be further addressed in this study.

Many previous studies have emphasized the importance of
internal storm airflow patterns for hail growth (Browning
and Foote 1976; Nelson 1983; Z83; Foote 1984; Nelson 1987).
Nelson (1983) suggested that a storm’s internal kinematics,
particularly its updraft area aspect ratio relative to airflow
path, have greater control on severe hail development than
its microphysics. M88 came to a similar conclusion that varia-
tions in hail are “controlled more by effects on residence time
associated with the horizontal dimension of the updraft and the
orientation of the updraft with respect to the horizontal ventilat-
ing winds.” Horizontal winds should be oriented to favor hori-
zontal embryo transport across the major axis of the broad
moderate updraft area (Nelson 1983) to maximize residence
time within the midlevels (specifically 6–7 km) (Foote 1984) and
the HGZ (Tessendorf et al. 2005). However, Nixon and Allen
(2022) note that a storm’s inflow-environmental kinematics (i.e.,
hodograph) are broadly similar among hail-producing supercells
and thus do not clearly distinguish between hailstone sizes.
Homeyer et al. (2023) found that storm-relative wind speed per-
pendicular to storm motion (above 2 km) increases as hail size
increases. The relationship between hailstone size and specific
environmental airflow patterns is complex and remains poorly
understood. The present study explores the impact of midlevel
airflow patterns on all hail produced within the storm as well as
the eventual hailstone size observed at the surface. We hypothe-
size that the orientation of the storm-relative shear at midlevels
plays a role in generating a favorable hail growth regime since
the midlevel HGZ is where most hail growth occurs.

Although a subset of common hailstone trajectory pathways
have been noted in the literature (e.g., Browning and Foote
1976), subsequent trajectory studies have identified a variety
of additional possible pathways (Heymsfield and Musil 1982;
Z83; Nelson and Knight 1987; M88; M90; Tessendorf et al.
2005). Trajectories of subembryo particle sizes have been ana-
lyzed to determine source regions for large hailstones (Browning
and Foote 1976; M88; Tessendorf et al. 2005; Dennis and
Kumjian 2017), although there is less knowledge on the tra-
jectory pathways common to hailstones (particularly large hail)
once larger embryos are already present. Unanswered ques-
tions remain about trajectory pathways, particularly concern-
ing the degree of complexity of pathways that large hail
trajectories can take through the storm. Improved under-
standing of hailstone trajectories (e.g., embryo source re-
gions, midlevel HGZ volumes, fallout locations) could guide
future hail research in helping to better identify what charac-
teristics or subregions of hailstorms are most impactful. The
present study aims to answer these questions with a novel
hail trajectory dataset by further documenting how a hail-
stone’s trajectory relates to the observed and derived in situ
storm conditions.
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2. Storm overview and data analysis methods

A hail-producing supercell near Kingfisher, Oklahoma, was
sampled by multiple ground-based mobile and airborne plat-
forms between 2251 UTC 29 May 2012 and 0000 UTC 30 May
2012 during the Deep Convective Clouds and Chemistry (DC3)
field campaign (Barth et al. 2015). Observations from three
mobile radars and one environmental sounding unit are used
in the present study. The environmental sounding obtained at
0020 UTC 30 May is shown in Fig. 1.

a. Radar analyses

Multi-Doppler radar analyses were performed at 3-min inter-
vals using the variational (VAR) method (Potvin et al. 2012a),
as described in section 2.1 of DiGangi et al. (2016). Davenport
et al. (2019) obtained very good agreement between the time-
dependent Kingfisher radar-analyzed and simulated Kingfisher
maximum main updraft profiles, with observed and modeled
updraft maxima ranging from ;30 m s21 up to slightly over
60 m s21 in the supercooled cloudy updraft layer from ;4 to
;12 km AGL. An observing system simulation experiment
(OSSE) with emulated pseudo-radar observations of another sim-
ulated supercell storm by Potvin et al. (2012a,b) indicates expected
VAR vertical velocity root-mean-square errors (RMSEs) that
increase monotonically from ;3 m s21 at 4 km up to ;12 m s21

at 12 km, broadly consistent with the (vertically bounded) vertical
velocity differences of up to order 10 m s21 in the same layer ob-
tained by Davenport et al. (2019). These results are collectively
equivalent to rather modest maximum 10%–16% errors normal-
ized against maximum updraft with increasing height. Other ad-
vantages and limitations of the VAR method are described in
Potvin et al. (2012a,b). Output variables (Table 1) include the
Cartesian wind components (m s21) in the west–east (u),
south–north (y), and vertical (z) directions and the radar re-
flectivity Z (dBZ) on a fixed, ground-relative radar analysis
grid (90 km 3 60 km 3 17.5 km) with a 0.5-km grid spacing
and grid origin height z 5 0.20 km.

b. Diabatic Lagrangian analysis

Diabatic Lagrangian analysis (DLA) is an innovative tech-
nique used to retrieve the 3D, time-dependent fields of heat
and water substance (Table 1) from the input 4D radar analysis
data (Ziegler 2013a,b, see also DiGangi et al. 2016 and Hosek
et al. 2023) that has been validated by an OSSE utilizing an ear-
lier supercell simulation (Ziegler et al. 2010). The DLA diagno-
ses the rain mixing ratio qr (g kg21), graupel/hail mixing ratio
qg (g kg

21), and snow mixing ratio qs (g kg
21) via a partitioning

algorithm of the radar reflectivity field. The DLA employs
these diagnosed precipitation fields to predict the 3D gridpoint
fields of potential temperature u (K), water vapor mixing ratio

FIG. 1. Composite mobile storm-following environmental sounding on 29–30 May 2012 in the far-inflow of the
Kingfisher supercell. The sounding is a composite of observations from the surface through 490 mb (1 mb5 1 hPa) in
the 0020 UTC 30 May sounding with observations at pressures lower than 490 mb from the earlier 2029 UTC 29 May
sounding (e.g., DiGangi et al. 2021). The sounding composite is justified by relatively weak upper-tropospheric, envi-
ronmental temporal and spatial gradients and the need to remove anvil effects to more accurately estimate conserved
lifted parcel thermodynamic properties. (a) Skew T–logp plot with sounding parameters, including surface-based
mixed-layer convective available potential energy and convective inhibition (MLCAPE and MLCIN), lid strength in-
dex (LSI), 0–3-km storm-relative helicity (SRH0–3), and 0–6-km bulk vertical wind shear (SHR0–6). The orange and
cyan curves (representing the lifted-parcel and environmental virtual temperature profiles) are shown to aid visualiza-
tion of MLCAPE and MLCIN values. The blue dashed lines indicate the 4.2 and 11.2 km AGL levels, the region
where embryos are initialized. (b) The sounding hodograph with markers as labeled to indicate the location of 1, 3,
and 6 km AGL altitudes and 0–6-km shear vector. A low-pass filter with a period of 100 s was applied to lightly
smooth the wind profile (e.g., Wade et al. 2018).
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qy (g kg21), cloud liquid water mixing ratio qc (g kg21), and
cloud ice mixing ratio qi (g kg

21). The OSSE-estimated RMSEs
for retrieved cloud water mixing ratio1 up to;6 g kg21 were on
the order of ;0.3 g kg21 from the DLA, along with a linearly
increasing dry bias with an increasing height of up to ;16% at
midlevels (Ziegler 2013a). The Kingfisher storm DLA yields up
to ;12 g kg21 cloud water mixing ratios by the 2408C updraft
core level at 12 km (not shown), which compared to the
;14 g kg21 of condensable water vapor mixing ratio in the in-
flow sounding below 12 km (Fig. 1) corresponds to a maximum
cloud water mixing ratio of up to 86% of its adiabatic value.
Most of this depletion in the DLA is due to integrated retrieved
scavenging by size-distributed graupel/hail particles and rain-
drops along updraft air trajectories. In situ sounding analyses of
strong deep convection have demonstrated that high-speed
storm updraft cores are virtually undiluted by environmental air
at least through storm midlevels (Davies-Jones 1974). In com-
parison, both Z83 andM90 assumed up to 100% adiabatic cloud
liquid water profiles. Advantages, limitations, and expected ac-
curacies of the DLA are detailed in Ziegler 2013a. The DLA
has been applied in studies of the 29 May 2012 Kingfisher super-
cell by Yang et al. (2015), DiGangi et al. (2016), Waugh et al.
(2018), Bela et al. (2018), Chmielewski et al. (2020), and DiGangi
et al. (2021).

c. Storm overview

Prior analysis of the storm environment is presented in
DiGangi et al. (2016), but internal storm characteristics relevant
to hail formation will be briefly recapitulated here. The King-
fisher supercell’s updraft was crescent shaped and was oriented
with a predominantly downshear major axis for much of its life
cycle (Fig. 2). The updraft was steadily strengthening but pulsed
upward at approximately 2302, 2318, 2330, 2348, and 0000 UTC
as indicated by transient increases in updraft mass flux (Fig. 3a)
and updraft volume (DiGangi et al. 2016, their Fig. 11) relative to
a linear upward trend of updraft intensity. After 2330 UTC, the
updraft volume and mass flux are consistently larger for the

remainder of the analysis period. This is an important
feature to note as Tessendorf et al. (2005) showed that in-
creases in the updraft volume resulted in hail growth . 1 cm
and the continued increase in the updraft volume resulted in
more favorable hailstone trajectories. Following the updraft
volume, the maximum graupel/hail mixing ratio (Fig. 3b) in-
creases within the hail growth zone around each pulse and re-
mains above 7 g kg21 in the midlevels shortly after the first
pulse.

3. Hail growth trajectory model

HAILCAST was originally developed by combining a time-
dependent hail model with a one-dimensional steady-state
cloud model (Poolman 1992), with later improvements made
by Brimelow et al. (2002, 2006) and Jewell and Brimelow
(2009). Limitations of using a time-dependent hail model with a
one-dimensional steady-state cloud model motivated the develop-
ment ofWRF-HAILCAST (ASZ16). WRF-HAILCAST coupled
the time-dependent hail model with a convection-allowing
model (CAM) and included significant updates to the hail
model physics (see ASZ16 section 2b). A major improvement
of WRF-HAILCAST relative to HAILCAST was the use of
CAM-simulated updraft characteristics to drive the time-
dependent hail model, all of which is performed within a
WRF simulation. WRF-HAILCAST was further refined as in-
formed by its ongoing operational performance assessment
during the annual NOAA Hazardous Weather Testbed Ex-
perimental Forecast Program (Adams-Selin et al. 2019, 2023).
Since other versions of HAILCAST are presently being devel-
oped by other investigators, the term “ASZ16-HAILCAST”
will hereafter be substituted for “HAILCAST.”

The 3D, time-dependent temperature, moisture, and airflow
fields from the DLA and radar analyses (Table 1) herein are
input to a lightly modified version of the ASZ16-HAILCAST
hail physics module (with modifications described below).
The various hail growth model variables and parameters de-
scribed in sections 3a–h are listed in Tables 1–3. The following
growth physics are for spherical hailstones as assumed by
ASZ16-HAILCAST.

TABLE 1. List of radar analysis variables, diabatic Lagrangian analysis (DLA) retrieval variables, and derived variables in the hail
trajectory model. Derived variables were obtained from DLA-retrieved variables using the Bolton (1980) formulas.

Variable name Symbol Units Source

Cloud water mixing ratio qc kg kg21 DLA
Cloud ice mixing ratio qi kg kg21 DLA
Cloud droplet diameter Dc m DLA (derived)
Ambient environmental air temperature Ta K DLA (derived)
Ambient environmental air pressure pa Pa DLA (sounding)
u component (west–east) u m s21 Radar analysis
y component (south–north) y m s21 Radar analysis
w component (vertical) w m s21 Radar analysis
Reflectivity Z dBZ Radar analysis
Air density ra kg m23 DLA (derived)
Water vapor density at Ta ry ,a kg m23 DLA (derived)
Saturation vapor pressure of the ambient environmental air es.a kg m21 s22 DLA (derived)

1 Supercooled cloud water mixing ratio is considered the most
impactful microphysical storm-environmental variable on hail
growth.
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a. Hailstone terminal velocity

The hailstone terminal velocity or fall speed Vt (m s21;
Table 2) is calculated via a dependence on the Reynolds num-
ber (ReX) using methods from Rasmussen and Heymsfield
(1987a, hereafter referred to as RH87a), as also applied in the
ASZ16-HAILCAST model. The terminal velocity is calcu-
lated from an expression of the following form (RH87a):

Vt 5
ndReX
raD

, (1)

where ReX 5 (X/CD)0:5 is the Reynolds number, X 5

8mgra/[p(nd)2] is the Best number, CD is the drag coefficient,
nd is the dynamic viscosity of air (Table 3), ra is the density
of air, D is the hail diameter (m), m is the mass of the hail-
stone (kg), and g is the gravitational acceleration (m s22).
The dynamic viscosity is calculated via

nd 5 1:718 3 1025 393:155
Ta 1 120

( )
Ta

273:155

( )3/2
, (2)

where Ta is the ambient environmental air temperature (K).
RH87a computed ReX as a function of empirical fits to the Best
numberX spanning four prescribedX subranges. The four Best–
Reynolds number relationships provided in Eqs. (B1)–(B4) of
RH87a were based on a drag coefficient CD value of 0.6 for
Eq. (B4) and smooth spheres for ReX # 30 (see their Fig. 3). To
avoid undefined numbers, a slight correction was made to
Eq. (B1) in the following form:

log10Rex 521:7095 1 1:334 38 log10X 2 0:115 91(log10X)2,

at all points whereX, 500. Further explanation of the method-
ology and Vt equations can be found in appendix B of RH87a
and section 2b of M88.

FIG. 2. (a)–(x) Embryo domain at 7.2 km AGL for all 24 radar/DLA analysis times from 2251 UTC 29 May to 0000 UTC 30 May 2012.
Red contours are vertical velocity at 10 m s21 beginning at 10 m s21 intervals and gray contours are qc contoured at 2 g kg21 intervals
starting at 2 g kg21. The shaded regions are reflectivity contoured at 5-dBZ intervals beginning at 10 dBZ. The 3D embryo search domain
is dimensioned 20 km 3 20 km horizontally, from 4.2 to 11.2 km AGL vertically, and is approximately centered in the main updraft. The
embryo grid spacing is 0.25 km in all directions. The embryo domain moves south and east following the storm motion at rates of 1 km
(3 min)21. Hail trajectories are initialized at any embryo grid point with reflectivity exceeding 20 dBZ.
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b. Collection of cloud water

Collection of supercooled liquid water provides the main
mass source of growth in hailstones, although the amount of
collection can vary depending on several factors including
growth regime. For both dry growth (i.e., all accreted water
is frozen on the surface of the hailstone) and wet growth
(i.e., only a fraction of accreted water is frozen, with the un-
frozen water either soaking into the hailstone or remaining
unfrozen on the surface), the mass rate of change due to col-
lection of supercooled water (i.e., accretion) takes the follow-
ing form:

dm
dt

( )
water

5
p

4
D2Vt qcEcw, (3)

where qc is the cloud water mixing ratio and Ecw is the cloud
water collection efficiency. The falling hailstone sweeps out
cloud droplets within the cylindrical volume equal to the
horizontal circular hailstone area multiplied by the fall dis-
tance VtDt, where the hail growth model time step Dt 5 1 s.
The collection efficiency of cloud water droplets Ecw during
sweepout to a good approximation is conventionally as-
sumed to have a value of unity (e.g., Z83). The density of
the rimed layer in dry growth is determined via the empiri-
cally derived hail ice layer density rl, cloud droplet diameter
Dc, hailstone impact velocity Vimp, and temperature Ts as
described in Heymsfield and Pflaum (1985) and ASZ16. Im-
pact velocity was calculated via a linear interpolation between
the four Reynolds number, Stokes number, terminal velocity,

FIG. 3. Time series of (a) horizontally integrated updraft mass flux (kg s21) exceeding 3 m s21 with reflectivity con-
tours, and (b) maximum graupel/hail mixing ratio (g kg21) with contours of maximum of main updraft or ambient
temperature during the analysis period (2251–0000 UTC). Dashed vertical lines indicated where the updraft pulsed
upward according to DiGangi et al. (2016).

TABLE 2. List of parameters and variables related to physical hail characteristics in the hail trajectory model.

Variable name Symbol Units Value

Hailstone diameter D m
Equivalent spherical volume diameter Deq m
Hailstone maximum dimension Dmax m
Hailstone water fraction Fw Unitless
Hailstone mass m kg
Surface water shell mass Msfc kg
Surface water shell mass threshold Mwcrit kg 1 3 10210

Prandtl number Pr Unitless 0.71
Reynolds number Re Unitless
Reynolds number (Best number relationship) ReX Unitless
Schmidt number Sc Unitless 0.60
Hailstone surface temperature Ts K
Hailstone terminal velocity Vt m s21

Volume V m3

Hailstone impact velocity Vimp m s21

Best number X Unitless
Change in hailstone mass since last time step Dm kg
Hailstone mass growth due to ice accretion during time step Dmi kg
Hailstone heat content change during time step Dq
Bulk hail density rh kg m23

Hail ice layer density rl kg m23
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and impact velocity relationships presented in Eqs. (7)–(10) of
Rasmussen and Heymsfield (1985).

All collected supercooled cloud water is frozen during dry
growth, whereas only a fraction Fw of the collected cloud water
remains unfrozen during wet growth while the remaining frac-
tion (1 2 Fw) freezes. The unfrozen collected cloud water can
either soak into previously porous rime if the hailstone bulk
density is less than that of solid ice (assumed to be 900 kg m23)
following Z83, or else can collect in a surface water shell if the
hailstone is at solid-ice density. Although ASZ16-HAILCAST
assumed that shedding of excess water can occur if the sur-
face water shell mass Msfc (kg) exceeds a threshold value
Msfc 5 Mwcrit5 13 1024 kg (seeASZ16 for discussion), a smaller
default fixed value of Mwcrit 5 1 3 10210 kg is assumed to repre-
sent a thinner water layer, although sensitivity tests of the shedding
threshold will be considered in future work. For wet growth, the
ice layer density is set to 900 kg m23. The bulk hail density during
wet growth is updated by dividing the volume of the hailstone by
themass of the hailstone that includes any soakedwater.

Neither raindrop nor snow mass collection rates are consid-
ered by the present hailstone growth model (e.g., Z83). Al-
though Kumjian and Lombardo (2020) suggest that raindrop
collection may be a nonnegligible source of hailstone mass under
certain ideal circumstances, demonstrating a plausible hypotheti-
cal role of raindrop collection would require either laboratory or
detailed numerical model data on the collection efficiency of
raindrops by hailstones which presently do not exist. Due to the
rather large impact velocities of hailstones and raindrops, and
the aforementioned lack of reliable data to prescribe raindrop
collection efficiency, splashing raindrop collisions could conceiv-
ably result in loss of an appreciable but unknown fraction of in-
tercepted raindrop mass. Similarly, for a dry hailstone surface,
the large impact momentum difference would likely result in
snow particle shattering and rebound of the small collision frag-
ments. Furthermore, both raindrops and snow particles are also

in extremely low total concentrations relative to cloud droplets,
thus limiting effective raindrop–hail and snow–hail collision
rates (e.g., Knight and Knight 1970; Ziegler 1985, 1988; Knight
et al. 2008). These processes could have implications of hail-
stone surface characteristics and therefore should be investi-
gated in future work.

c. Collection of cloud ice

Similar to the mass rate of change due to the collection of
cloud water, the mass rate of change due to the collection of
cloud ice takes the following form:

dm
dt

( )
cloud-ice

5
p

4
D2Vt qiEci, (4)

where qi is the cloud ice mixing ratio and Eci is the cloud ice col-
lection efficiency. In several previously developed hail growth
models (e.g., ASZ16), Eci has been assumed to be dependent of
the hailstone surface temperature Ts. It is conventionally assumed
thatEci has a unit value if the ambient environmental temperature
Ta is at or above 08C, whereas Eci is assumed to be zero at or be-
low 2408C (e.g., ASZ16). For hailstone temperature Ts ranging
between 08 and2408C, Eci takes the linear functional form:

Eci 5 1 2
273:155 2 Ts

40
, (5)

which substitutes Ts for Ta in the analogous Ecx expression of
Z83.

d. Vapor diffusion

Vapor growth or decay via deposition or sublimation, re-
spectively, which follows Eq. (4) of ASZ16 as adapted from
RH87a and Pruppacher and Klett (1997), takes the follow-
ing form:

TABLE 3. List of dynamical, thermodynamical, and microphysical parameters and variables in the hail trajectory model.

Variable name Symbol Units Value

Drag coefficient CD Unitless
Specific heat capacity of ice cp,i J kg21 K21 2093
Specific heat capacity of water cp,w J kg21 K21 4182
Diffusivity of water vapor in air Dy m2 s21

Saturation vapor pressure at the hailstone surface es,s
Cloud water collection efficiency Ecw Unitless
Cloud ice collection efficiency Eci Unitless
Mean ventilation coefficient for heat fH Unitless
Water vapor ventilation coefficient fy Unitless
Gravitational acceleration g m s22 9.8
Thermal conductivity of air ka J m22 s21

Latent heat of vaporization Le J kg21 2.499 3 106

Latent heat of melting Lm J kg21 2.833 3 106

Gas constant for water vapor Ry J kg21 K21 461.48
Temperature difference between ambient air and equilibrium state at the hailstone surface DT K
Vapor density difference between ambient air and equilibrium state at the hailstone surface Dr kg m23

Water vapor density at Ts ry ,s kg m23

Dynamic viscosity of air nd kg m21 s21

Kinematic viscosity of air n m2 s21 1.252 3 1025

Heat transfer coefficient x Unitless
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dm
dt

( )
vapor

5
2pDfy Dy

Ry

es,a
Ta

2
es,s
Ts

( )
, (6)

where fy is the water vapor ventilation coefficient, the water
vapor diffusivity in air Dy 5 0.226 3 1024 (T/T0)

1.81 (105/pa)
(Pruppacher and Klett 1997), Ry is the gas constant for water
vapor, and es,a and es,s are the saturation vapor pressures of the
ambient environmental air and at the hailstone surface, respec-
tively. The values of fy andDy were obtained from Table A1 of
RH87a. If vapor deposition is the main source of growth, the
solid-ice layer density in the time step is set to 900 kg m23.

e. Heat balance condition (dry growth)

When a hailstone grows at subfreezing temperatures, the re-
leased latent heat of freezing is distributed between the hailstone
and the ambient air. To account for the physical changes occurring
due to freezing, a set of equations are used to determine the heat
balance of the growing hailstone. The employed heat balance
equations were adapted by Poolman (1992), Brimelow et al.
(2002), and ASZ16 from Table 1 and Eqs. (3)–(5) of RH87a. All
empirical relationships derived in RH87a adopted calorie-gram-
second units with temperature (8C) and length (cm) (i.e., CGS
units). The present model subsequently converts all RH87a-
formulated quantities to joule-kilogram-second units with temper-
ature expressed in kelvins and length in meters (i.e., MKS units)
as required to maintain SI units of predicted quantities. For sim-
plicity in the remainder of the section, all relationships discussed
assume the latter systemof units unless explicitly stated otherwise.

The temperature of the surface of the hailstone during dry
growth is determined via an expression of the following form:

Ts

( )
t 5 Ts

( )
t 2 Dt

m 2 Dm
m

( )
1

Dt
mcp,i

Dq
Dt

[ ]
1

DmwLm

mcp,i
, (7)

where Dm is the change in hailstone mass since the last time
step, Dq is the change in heat content since the last time step,
Lm is the latent heat of melting, and cp,i is the specific heat ca-
pacity of ice. Within this equation, the first term represents
the previous hailstone temperature per unit mass, the second
term the change in temperature due to the release of latent
heat, and the third term the change in temperature due to the
accretion of new mass. The Dq/Dt term in square brackets can
be replaced by Eqs. (3)–(5) of RH87a, resulting in a modified
hailstone temperature expression of the following form:

Ts

( )
t 5 Ts

( )
t 2 Dt

m 2 Dm
m

( )

1
Dt

mcp,i
2pDfHka(Ta 2 Ts) 2 fy LeDy (ry ,s 2 ry ,a)
[

1
Dmw

Dt
(cp,wTa) 1

Dmi

Dt
(cp,iTa)] 1

DmwLm

mcp,i
, (8)

where fH is the mean ventilation coefficient for heat, ka is the
thermal conductivity of air, Le is the latent heat of vaporization,
ry ,s is the water vapor density at the hailstone surface, ry ,a is the
water vapor density at Ta in ambient air, cp,w is the heat capacity

of water, and Dmi is the growth in hailstone mass due to ice ac-
cretion since the last time step. The (Dmi/Dt)(cp,iTa) term, al-
though not included by RH87a, was added by ASZ16 to account
for heat transfer due to accreted ice.

The fH and fy terms in the vapor diffusion and surface temper-
ature expressions [Eq. (6) and Eq. (8), respectively] encapsulate
all additional dependencies in the heat transfer equations (3)–(5)
in Table 1 of RH87a, as defined by Poolman (1992) and Brime-
low et al. (2002), and include the Reynolds (Re), Prandtl (Pr),
and Schmidt (Sc) numbers as well as the heat transfer coefficient
x. The Re dependency of the RH87a heat transfer equations is
incorporated into the heat ventilation coefficient calculation, tak-
ing the following form:

fH 5
0:78 1 0:308 Pr1/3Re1/3, Re , 6 3 103

x1Pr
1/3Re1/3, 6 3 103 # Re # 2 3 104

x2Pr
1/3Re1/3, Re . 2 3 104

,
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩ (9)

where Re5DVt/n is the Reynolds number, n is the kinematic
air viscosity, and x1 5 0.76 while x2 5 0.57 1 9.0 3 1026 Re
[Eqs. (4) and (5) of RH87a]. Although the latter Re definition
differs from the Rex expressions in the terminal velocity cal-
culations of RH87a (section 3a), the resulting computational
differences of Re are minimal for the temperature ranges en-
countered here.

If the hailstone is in the dry growth regime and all the accreted
supercooled cloud water can be frozen, the hailstone remains in
dry growth. Otherwise, if not all of the accreted supercooled
cloud water can be frozen, a transition to wet growth occurs.

f. Heat balance condition (wet growth)

If the hailstone is in the wet growth regime at subfreezing
temperatures, Ts remains at 08C. The water fraction of the total
hailstone mass Fw is the predicted variable. Similarly to the dry
growth hailstone surface temperature calculation, the expression
for water fraction Fw takes the following form:

Fw

( )
t 5 Fw

( )
t 2 Dt

m 2 Dm
m

( )
1

Dt
mLm

Dq
Dt

[ ]
1

Dmw

m
: (10)

These three terms can be interpreted as the water fraction of
the hailstone before adding the mass Dm, the depletion of wa-
ter fraction due to water layer freezing (as regulated by the
heat transfer process), and the change in water fraction due
to accretion of liquid cloud water. With the substitution of
the bracketed Dq/Dt term from RH87a as in section 3e, the
wet growth water fraction expression takes the final form:

Fw

( )
t 5 Fw

( )
t 2 Dt

m 2 Dm
m

( )

1
Dt

mLm

2pDfHka(Ta) 2 2pDfy LeDy (ry ,a 2 ry ,0)
[

1
Dmw

Dt
(cp,wTa) 1

Dmi

Dt
(cp,iTa)] 1

Dmw

m
: (11)

Note that the temperature of the hailstone here is assumed to
be 08C during wet growth. If all of the retained water has
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frozen, the hailstone is transitioned from wet growth to dry
growth.

g. Melting

Hail melting may occur if Ta is above freezing. During the
melting phase, Ts remains at 08C. With the substitution of
D 5 2r (where r is the hailstone radius), the heat transfer rate
h for a melting hailstone [Eq. (1) of Goyer et al. (1969), here-
inafter referred to as G69] takes the following form:

h 5
x(Pr1/3kaDT 1 Sc1/3LeDy Dr)Re1/2

D
, (12)

where x 5 x1 5 0.76 [Eq. (4) of RH87a], DT and Dr are the
difference of temperature and vapor density, respectively, be-
tween the ambient air and the equilibrium state at the hail-
stone surface, Pr is the Prandtl number, and Sc is the Schmidt
number. For melting only, Pr and Sc are assumed a constant
0.85 (G69) rather than explicit calculation (RH87a). While
the explicit calculation of these values is computed for growth
rates, the impact of the relatively small variations in these val-
ues on melting rates can be neglected for computational effi-
ciency. The thermal melting rate equation from G69 [their
Eq. (3)] is the first two terms in Eq. (13) below, with the sub-
stitution ofD5 2r. However, a cloud water collection melting
rate term sourced from RH87a is also added [rightmost term
in Eq. (13)] to ensure enhanced melting due to collision with
cloud droplets warmer than 08C is accounted for. The total
mass melting rate (dm/dt)melt takes the general form:

dm
dt

( )
melt

52
pD2h
Lm

1 0:85pDDy DrRe0:5 1
Dmw

Dt
(cp,wTa)=Lm:

(13)

Following Lesins and List (1986) who effectively computed
the average drag coefficient CD according to the equivalent
spherical volume diameterDeq for their oblate spheroidal lab-
oratory-grown hailstones, the present melting formulation as-
sumesD5 Deq.

The Dr term can make an important contribution to the net
hail melting rate in dry ambient air, as evaporation from the wa-
ter surface offsets forced convective heat transfer from the air to
the hailstone surface (G69). It is important to note that whereas
G69 made several simplifying assumptions in their hail melting
expression by assuming picked values of x, Pr, and Sc, the present
hail model evaluates the general forms of Eqs. (12) and (13) to
allow the latter parameters to vary according to physical princi-
ples. The Fw value, which may vary with changing surface water
mass during melting, is balanced between shedding loss and
meltwater increase during each time step. Excess surface hail-
stone water mass exceedingMwcrit is immediately shed.

h. Computational algorithm for hailstone trajectories

The first stage of the hail trajectory integration process dur-
ing each time step begins with the computation of Vt and inter-
polation of the u, y , and w wind components and reflectivity Z
(Table 3) from the 4D radar analyses to the Lagrangian point.

The hail trajectory coordinates (x, y, z) are then integrated for-
ward by one time step via the system:

xt 5 xt2Dt 1 uDt, (14a)

yt 5 yt2Dt 1 yDt, (14b)

zt 5 zt2Dt 1 (w 2 Vt)Dt, (14c)

where (Dx, Dy, Dz)Dt 5 (uDt, yDt, [w 2 Vt]Dt) is the temporal
change of the ground-relative coordinates of the hailstone La-
grangian point with respect to the radar analysis grid domain
during the time step, and fall speed Vt is positive (directed
downward).

Following the integration of Eqs. (14a)–(14c), the second
stage of the hail trajectory integration process is the interpola-
tion of the DLA-retrieved four-dimensional u, qy, qc, and qx
fields to the updated Lagrangian point. Additional thermal
and microphysical parameters required by the subsequent hail
physics calculations are then derived from the interpolated
DLA variables.

The spatiotemporal interpolation of airflow and DLA fields to
the hailstone trajectory includes storm motion effects (Ziegler
2013a,b). When performing the interpolation for each point along
a hailstone’s path, correction of the airflow and DLA fields for
storm motion is applied first, followed by trilinear spatial and
then linear temporal interpolation from bracketing analysis grid
points and times. For hailstone trajectories still aloft after the final
analysis time (0000 UTC 30May 2012), the 3D wind fields are as-
sumed to be steady state with the storm moving at the same
speed observed prior to 0000 UTC. If the hailstone trajectory
moves outside the DLA or radar analysis domains, the ambient
environmental conditions are approximated from the base-state
sounding with assumed zero hydrometeor content.

In the final stage of the hail trajectory integration process, the
incremental hailstone mass and volume changes, heat budget,
hailstone temperature, water fraction, and growth mode from
the various hail physics terms are calculated. If Ta . 08C, the
hailstone mass rates of change from melting (including heat
transfer from cloud collection) and breakup are then calculated.
Alternately if Ta # 08C, the hailstone mass rates of change from
cloud water collection, cloud ice collection, and vapor diffusion
are then calculated. After updating the hailstone Ts and Fw
based on the calculated heat budget (including determination of
dry or wet growth mode), the hailstone mass rate of change from
water shedding is then calculated. The hail trajectory model ena-
bles the diagnosis of bulk density by carrying predicted hailstone
massm and volume V as independent variables, from which bulk
density rh 5 m/V is updated (Nelson 1983; Z83; Mansell et al.
2010; ASZ16). The separately determined mass and volume
changes of the hailstone for each growth or decay process are in-
crementally applied during each time step to update the hailstone
mass and volume and derive the updated hailstone bulk density.

i. Initialization and integration of hailstone trajectories

Hail trajectories are initialized within a 3D domain at individual
grid points (Fig. 2) with prescribed embryo diameter and bulk
density. The chosen embryo domain location is consistent with
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prior research that identified the main embryo source regions and
fully encompasses all areas around the main updraft (e.g., Z83;
Dennis and Kumjian 2017). Although Z83 and ASZ16 employed
multiple millimetric-diameter embryo sizes following conventional
practice, an initial density of 500 kg m23 and an initial diameter of
7 mm are chosen based on hail growth model sensitivity tests in
the latter studies. Additional embryo sizes could be used, but
different embryo sizes would not represent a different embryo
evolution, but rather a different point in time of the embryo’s de-
velopment. For the purpose of this study, 7-mm embryos are suffi-
cient as they are realistically sized graupel particles found within
supercells that are likely to result in a hailstone. Given highly vari-
able storm airflow and the nonlinear nature of hail growth, em-
bryos are instead initialized at 250-m spacing, a finer spatial scale
than previous trajectory studies. Airborne in situ measurements
(Heymsfield and Musil 1982), microphysical retrievals by Ziegler
(1985, 1988) and Ziegler et al. (1991; including in situ sailplane
measurements of the graupel size distribution), and in situ video-
sonde observations of the Kingfisher storm by Waugh et al.
(2018) collectively provide ample evidence of abundant, large
graupel particles at altitude in midlatitude convective storms.
Given the present rather dense hail trajectory calculations rela-
tive to the very broad supercell main updraft, and since expected
updraft and cloud water mixing ratio errors likely vary some-
what positively or negatively in proportion to expected vertical
velocity and cloud water RMSEs (see sections 2a and 2b), indi-
vidual model hailstones likely encounter broadly similar mean
updraft strengths and cloud contents in the supercooled liquid-
cloudy updraft growth region.

The combined hail trajectory dataset thus created includes for-
ward hail trajectories computed from each radar analysis time
(3-min intervals) between 2251 and 0000 UTC (24 total analysis
times). Trajectories are initialized within a 20 km 3 20 km do-
main where at least reflectivities of 20 dBZ are present. Combin-
ing output from all 24 analysis times to complete our dataset, the
total 4D dataset exceeds 2.7 million hail trajectories.

4. Results: Relation of evolving hail field structure to
storm morphology

a. Evolving spatial hailstone concentration fields

Of the 2.7 million hailstone trajectories, a majority (.95%)
melted completely before reaching the surface. Trajectories are
categorized by final characteristic: 1) melted before reaching the
surface (“melted particles”); 2) reached the surface as hailstones
or graupel at subsevere limits (,2.5 cm) (“subsevere”); and
3) reached the surface as severe hailstones ($2.5 cm) (“severe”).
In the following results, the counts of embryos initialized at a par-
ticular analysis time and time-varying hailstones initialized prior
to that analysis time are summed within 1 km 3 1 km 3 1 km
cells spanning the analysis domain. For example, the 2257 UTC
analysis time would include trajectories initialized at 2257 UTC
at their initial position, trajectories initialized at 2254 UTC at
their position 3 min into their trajectory, and trajectories initial-
ized at 2251 UTC at their position 6 min into their trajectory (ex-
cluding trajectories that had reached ground prior to 2257 UTC).
These analyses thus provide instantaneous 3D fields of the total

simulated hail concentrations present in the storm at each of the
24 analysis times. The analyses at 2300 UTC (Fig. 4), 2315 UTC
(Fig. 5), 2330 UTC (Fig. 6), 2345 UTC (Fig. 7), and 0000 UTC
(Fig. 8) are highlighted to examine how the storm’s vertical veloc-
ities, updraft shape, horizontal airflow patterns, reflectivity, and
microphysical structure impact the 3D hailstone field within the
storm.

Melted particle concentrations are relatively small within the
regions where vertical velocities above 20 m s21 are observed
(Figs. 4a,b–8a,b), due to their trajectories being characterized by
limited mass growth in weak updrafts and small terminal veloci-
ties that increase melting duration leading to complete melting
above ground. The ubiquitous supercell bounded weak echo re-
gion (BWER) is apparent where larger vertical velocities exist,
surpassing hailstone terminal velocities resulting in a region lack-
ing numerous smaller radar-reflective particles (Figs. 4a–8a). The
melted particles are not collocated with the prime growth region
(discussion in section 4b); thus, minimal growth occurs.

The embryos that make up the melted particles are likely
sourced near the “upwind stagnation zone” (Nelson 1983; M88;
Tessendorf et al. 2005), upshear of the updraft where flow
diverges around the midlevel updraft, and then are advected
east by westerly horizontal flow in the midlevels. The particles
found in this region make up an embryo source region coined
the “embryo curtain” (Browning and Foote 1976), in which the
development of the embryo curtain is described by the first two
stages of growth in the Browning and Foote (1976) conceptual
model. Similar to those shown in M88 and Nelson (1983), melted
particles initialized north to northwest (south to southwest) of
the updraft are advected anticyclonically (cyclonically) within the
midlevel flow around the updraft either toward its northeast
(Waugh et al. 2018) or southeast, respectively (Figs. 4a–8a).
Though Grant and van den Heever (2014) hypothesize that hail-
stones initialized in this region can have longer residence times,
as hailstones can experience greater growth prior to being ad-
vected either cyclonically or anticyclonically around the mesocy-
clone. Despite being advected around the mesocyclone, these
embryos likely result in melted particles due to their distance
from the main updraft, as compared to embryos advected around
the mesocyclone close to the updraft.

Horizontal flow becomes southerly with decreasing height,
resulting in the advection of melted particles further north as
they are descending (not shown). For this reason, the highest
concentration of melted particles is located northeast of the
updraft throughout the analysis period (Figs. 4a–8a), which
can also be seen denoted in Fig. 4a. M88 noted that the high
reflectivities east-northeast of the updraft were likely due to
melted hailstones, in agreement with the location of the high-
est melted particles here being collocated with the highest re-
flectivities (Figs. 4a,b–8a,b). The melted particles permeate a
large volume possessing reflectivities typically up to or ex-
ceeding 30 dBZ at all analysis times (Figs. 7), consistent with
Waugh et al. (2018) who demonstrated from in situ precipita-
tion observations and T-matrix calculations that graupel and
hail particles dominate moderate to high reflectivities. The
subsevere and severe hailstones occupy much smaller vol-
umes with smaller concentrations than melted particles, con-
sistent with the predominance of graupel meltwater rainfall in
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midlatitude convective storms (e.g., Ziegler 1988) and the
lower probabilities of severe and large hail.

The updraft resembles a crescent shape for a majority of the
analysis period, with two distinct updraft cores (Fig. 2). The stron-
ger updraft maximum is located to the northwest or upshear up-
draft core flank (“upshear updraft maximum”), while the weaker
updraft maximum is located to the southeast on the downshear

flank (“downshear updraft maximum”) (see Fig. 6b for annota-
tion). Vertical velocities within both updraft cores are too strong
for the terminal velocity of hailstones to maintain the quasi-
balance needed to extend residence time and grow (at least ini-
tially in their life cycle), but this balance is supported along the
edges of the downshear updraft maximum within the midlevel
mesocyclone centered around 7 km AGL (Figs. 4–8). Large

FIG. 4. Modeled concentrations of (a),(b) hail particles that completely melt above ground; (c),(d) subsevere hailstones that reach
ground; and (e),(f) severe hailstones that reach ground in the Kingfisher storm at 2300 UTC. (left) Hailstone counts in a 1 km3 1 km grid
cell in the x–y plane integrated through the full radar analysis domain depth. Ground relative horizontal in (a), (c), and (e) and horizontal
along the cross section and vertical in (b), (d), and (f) wind vectors at 7.2 km (AGL) are denoted by the gray arrows. Black contours are
reflectivity starting at 20 dBZ at 10-dBZ increments at 7.2 km in (a) and (b), and gray contours are qc starting at 2 g kg

21 in 2 g kg21 inter-
vals. Purple contours are vertical velocity starting at 10 m s21 at 10 m s21 increments at 7.2 km. A black “x” is shown where the maximum
of the mean vertical velocity at all levels is found. A dashed black line denotes the cross section shown directly to the right of the panel.
(right) Hailstone counts in a 1 km 3 1 km grid cell in the corresponding cross section, where grid cells are horizontally integrated across
the full radar analysis domain in the direction normal to the cross section. The dashed gray line indicates the 2408C level and the solid
gray line indicates the 08C level.
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cloud liquid water contents are observed within all portions of
the downshear updraft maximum at midlevels, while the upshear
updraft maximum contains smaller contents of cloud liquid water
(Fig. 2). The difference of maximum cloud liquid water in each
updraft core is caused by lateral dynamic entrainment of ele-
vated air parcels into the upshear updraft flank, in contrast to
mainly surface-based parcels feeding the downshear updraft
maximum (Chmielewski et al. 2020). As the storm intensifies
with time, the greatest concentration of subsevere and severe
hailstones progressively shifts toward the upshear updraft maxi-
mum (Figs. 4e,f–8e,f). The most favorable hail growth environ-
ment similarly shifts upshear with time, resulting in the larger
hailstones later in the period (as supported by in situ surface ob-
servations). These larger hailstones are likely due to the ability
to maintain the vertical velocity and terminal velocity quasi-
balance within regions of stronger vertical velocities, thus having
a longer residence time in the prime growth region.

With the larger masses and terminal velocities of the subsevere
and severe hailstones, the horizontal winds are increasingly less
capable of transporting these larger hailstones away from the up-
draft than the smaller melted particles. This process results in size
sorting of hailstones within the storm}another factor in the high-
est concentrations of subsevere and severe hailstones residing
increasingly near the updraft. Since the subsevere and severe hail-
stones are located near the updraft, they are embedded within
the cyclonic flow on the southern side (right flank) of the updraft,
which aids in the transport of the subsevere and severe hailstones
around the mesocyclone (M88; Tessendorf et al. 2005). The high-
est concentrations of severe hailstones are found to the northeast
of the downshear updraft maximum, where storm-relative hori-
zontal cyclonic flow around the updraft deaccelerates due to con-
vergence with the anticyclonic flow around the northern portion
of the mesocyclone at midlevels in a region that will be referred
to as the “downshear deceleration zone (DDZ).” The DDZ is

FIG. 5. As in Fig. 4, but at 2315 UTC.
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located on the left (north) flank of the downshear updraft maxi-
mum, collocated with the upper-level mesocyclone center, as illus-
trated in Fig. 9 using the vertical and (minimal) horizontal air
speeds. The minimal storm-relative flow that makes up the DDZ
allows hailstones to reside longer in this region (Figs. 4e–8e) and
continue to grow rather than be advected toward where there
may be less supercooled cloud liquid water and where the vertical
velocities may not be large enough to support the terminal veloci-
ties of large hailstones.

As the midlevel updraft (vertical velocities) decreases in spa-
tial extent away from the updraft core, the collocated severe
hail concentrations also decrease in spatial extent (Fig. 9) away
from the updraft core, meaning that the DDZ is limited in space
to where minimal storm-relative horizontal flow is located.
Later in time (Figs. 9c,d) with increasing storm intensification,
the DDZ expands spatially in the northwest (upshear) direction,
supporting the largest hailstone concentration propagating

northwest (upshear) with time, thus furthering their ability to
maintain a quasi-balance and increase residence time. The size
of the DDZ is likely related to the vector orientation of storm-
relative shear at midlevels (6–8 km) (hereinafter referred to as
the “midlevel shear vector”), as the deacceleration (conver-
gence) of midlevel horizontal flow on the left (northeast) flank
of the updraft depends on the direction of the midlevel flow.

Differences in the updraft characteristics exist following
the third updraft pulse at 2330 UTC (Fig. 4). A back-sheared
anvil emerges after 2330 UTC (Figs. 6–8) as the main updraft
volume and mass flux (Fig. 2a) persistently trend toward larger
values. Some of the embryos that will subsequently grow to subse-
vere and severe hailstones are initialized west of the updraft by
2333 and 2339 UTC, respectively. A narrow corridor of hailstone
embryos is present to the west of the updraft flank within the
back-sheared anvil region from upper levels to slightly above the
freezing level (Figs. 7d,f and 8d,f). These hailstone embryos

FIG. 6. As in Fig. 4, but at 2330 UTC.
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initially descend within the back-sheared anvil in westerly midtro-
pospheric flow and are subsequently ingested into the updraft re-
gion (Grant and van den Heever 2014). Reflectivity values locally
exceeding 20–30 dBZ develop at subfreezing altitudes west of the
updraft and beneath the back-sheared anvil, shown by Waugh
et al. (2018), which strongly supports this graupel-embryo hail-
stone source region.

b. Hailstone residence time in updraft, supercooled cloud
liquid, and ambient temperature

The time hailstones spend while growing (e.g., greater ice
mass than the previous time step) within six defined subranges
of vertical velocity, supercooled cloud liquid water, and ambi-
ent temperatures is compared among differing final diameter
bins. Trajectories from all 24 analysis times resulting in a hail-
stone at the surface$ 1 cm are included, binned from 1 to 11 cm
with 2-cm bin widths based on final diameter at the surface. We

seek to determine if relationships exist between final diameter at
the surface and time spent while in the growth stage in a given
vertical velocity, supercooled cloud liquid water, or ambient tem-
perature range. Additionally, these results are used to expand the
HGZ terminology.

As hailstone size at the surface increases in diameter, the
time spent within vertical velocities in the range 0–10 m s21

(Fig. 10a) decreases. There is no notable linear trend in the
time spent within vertical velocities in the ranges of either
10–20 m s21 (Fig. 10b) or 20–30 m s21 (Fig. 10c). There is a posi-
tive linear trend within the first four final diameter bins for time
spent within vertical velocities in the range 30–40 m s21, although
the largest size bin (9–11 cm) is an outlier (Fig. 10c). This is likely
a result of the terminal velocities of the largest hailstones being
greater than 30–40 m s21, meaning that these hailstones must re-
side in regions of larger vertical velocities to remain aloft and
continue to grow. An updraft containing at least 40 m s21 would

FIG. 7. As in Fig. 4, but at 2345 UTC.
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support hail production of at least 1.0–3.0 cm, as most of the time
spent growing is in vertical velocities, 40 m s21. The vertical ve-
locities needed to produce large hail are more complex. Vertical
velocities in the ranges of 40–50 m s21 (Fig. 10d) and greater
than 50 m s21 (Fig. 4e) are sufficient to sustain a hailstone of
9–11 cm and exhibit a positive linear relationship between resi-
dence time in the given updraft range and hailstone diameter at
the surface. This begs the question, if the stronger updraft results
in larger hailstones, or if larger hailstones can combat the intense
vertical velocities whereas smaller hailstones cannot?

To address the question, the absolute value of a hailstone’s ter-
minal velocity at every time step was subtracted from the vertical
velocity at that point and the absolute value of the velocity differ-
ence was calculated, and the calculation is as follows: |w 2 |y t||,
shown in Fig. 11. These values are used to determine by how
much the vertical velocities exceed the hailstone terminal veloci-
ties. It is found that most time spent in growth, for hailstones of

all sizes, is when the vertical velocity is ,10 m s21 greater than
the hailstone’s terminal velocity (Fig. 11a). Smaller amounts of
time are spent when the vertical velocity is $10 and ,20 m s21

greater than the hailstone’s terminal velocity (Fig. 11b) and near
negligible amounts of time when the vertical velocity is$20 m s21

greater than the hailstone’s terminal velocity (Figs. 11c–f). For ex-
ample, hailstones with a terminal velocity of;70 m s21 would re-
quire vertical velocities within approximately 10 m s21 of that
terminal velocity. This is likely why the greatest concentration of
subsevere and severe hailstones shifts closer to the upshear up-
draft maximum with time. Defining an updraft supportive of hail
growth as an updraft containing moderate velocities is not suffi-
cient, as the production of large hailstones requires vertical veloc-
ities close to their growing terminal velocities over their entire life
cycle.

The 1.0–3.0-cm hailstones spend the most time in super-
cooled cloud liquid water values in the range of 0–2 g kg21

FIG. 8. As in Fig. 4, but at 0000 UTC.
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(Fig. 12a). Time spent in 0–2 g kg21 supercooled cloud liquid wa-
ter values decreases as final diameter at the surface increases.
The time spent in supercooled cloud liquid water values in the
ranges of 2–4 g kg21 (Fig. 12b) and 4–6 g kg21 (Fig. 12c) shows
no notable differences between any final diameter bins. However,
supercooled cloud liquid water values in the ranges 6–8 g kg21

(Fig. 12d) and 8–10 g kg21 (Fig. 12e) exhibit a positive linear rela-
tionship between time spent in higher supercooled cloud liquid
water and final hailstone diameter at the surface. For those thresh-
olds, as hailstone diameter at the surface increases, the residence
time in the latter supercooled cloud liquid water ranges also in-
creases. The absence of the linear trend for supercooled water
contents exceeding 10 g kg21 (Fig. 12f) is likely due to the limited
number of hailstones that encounter supercooled water contents

of such high cloud mixing ratios. In contrast to the vertical ve-
locity threshold results, there does not appear to be a limiting
threshold value above which there is too much supercooled wa-
ter. Tessendorf et al. (2005) stated that embryo-sized particles
enter the updraft, and they can “achieve hail sizes and fallout
before passing through the layer of high cloud liquid water.”
Their statement indicates that much growth can occur in values
or lower supercooled cloud liquid water, in agreeance with the
results there that any amount of supercooled cloud liquid water
can be sufficient for growth, as hailstones of all sizes do spend
time growing in lower supercooled cloud liquid water.

The larger hailstones spend more time during the growth
phase at warmer ambient (environmental) temperatures, specifi-
cally ambient temperatures of$2108 and,2208C (Figs. 13b,c),

FIG. 9. Horizontal and vertical air speeds relative to severe hail concentrations at 7.2 km AGL at (a),(b) 2315 and
(c),(d) 2345 UTC. (left) Horizontal wind speed (m s21) exceeding 10 m s21 and (right) column-integrated severe hail
concentration (as in Figs. 5e and 7e, respectively). Black contours (solid 5 positive, dotted 5 negative) are vertical
velocity (m s21) with contour levels indicated by the inset. Vectors are storm-relative horizontal airflow, scaled by
1 km5 30 m s21.
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than the smaller hailstones. Typically, the HGZ is defined as tem-
peratures between 2108 and 2408C, although in our study, most
growth occurs between ambient temperatures of $2108 and
,2308C (Figs. 13b–d). At ambient temperatures of $2108 and
,08C (Fig. 13b) and $2208 and ,2108C (Fig. 13c), there is a
general positive linear trend as final hail diameter at the surface
increases, time spent in those ambient temperatures increases.
This is not all that surprising, as wet growth typically occurs at
warmer temperatures, and large hailstones spend the most time,
especially at the end of their life cycle in wet growth (Knight and
Knight 2005). Additionally, Tessendorf et al. (2005) found the
maxima in hail echo volume to be between 2108C and the melt-
ing level. The same trend does not hold for colder ambient
temperatures of $2308 and ,2208C (Fig. 12d), $2408 and
,2308C (Fig. 13e), or$2408C (Fig. 13f). This is likely a result of
the larger hailstone trajectories remaining at lower heights in the
storm, where warmer temperatures are found and smaller hail-
stones take trajectory pathways at higher heights within the storm.
While hailstones do not spend time in growth when ambient tem-
peratures are $08C (Fig. 11a), there is melting occurring at these
temperatures. Quantification of melting is beyond the scope of
this study, but trajectories computed using ASZ16-HAILCAST

do contain melting information and could be an important avenue
of future work.

In combining these results with the definition of the HGZ, we
can extend the definition of the HGZ to be a region of the
storm consisting of 1) any vertical velocities $ 10 m s21, 2) any
nonzero amount of supercooled cloud liquid water, and 3) ambi-
ent temperatures between 08 and 2408C. This region hereafter
will be referred to as the “prime growth region,” as these results
and past literature highlighted in previous sections have shown
that temperatures, supercooled water, and updraft speeds are
all needed in conjunction to support hail growth. These values
provide a wide range, but hailstones spend a nonnegligible
amount of time growing in conditions within these ranges and
therefore are included in our definition of the prime growth re-
gion. The most ideal values for a given hailstone at a given time
vary, but the region defined here is all encompassing of small to
large hail production.

c. Trajectories of largest hailstones relative to
storm morphology

The trajectory paths of a small sample of the largest hailstones
with respect to horizontal airflow, vertical velocity, reflectivity,

FIG. 10. Time (s) hailstones spend during growth within a given range of vertical velocity values as a function of final hailstone size at
the ground for (a) $0 and ,10 m s21, (b) $10 and ,20 m s21, (c) $20 and ,30 m s21, (d) $30 and ,40 m s21, (e)$40 and ,50 m s21,
and (f) $50 m s21. Hailstones from 2251 to 0000 UTC are included if their final diameter at the surface was at least 1 cm. Five different
size bins ofDeq at the surface are used: 1–2 cm (red), 2–3 cm (blue), 3–4 cm (yellow), 4–5 cm (green), and 5–6 cm (purple). The color-filled
area denotes the interquartile range, or the points between the first quartile (upper) and third quartile (lower) of the data. The black line
within the color fill is the median of the data. The whiskers represent 1.53 the interquartile range. Solid diamonds represent outliers, or
points that reside outside of the whiskers.
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and supercooled cloud liquid water during early and late time pe-
riods broadly illustrate the evolving storm characteristics associ-
ated with some of the largest hail. The predominant trajectories
of the 10 largest hailstones initialized at 2321 UTC (“downshear
group”), ranging from 6.84 to 8.38 cm in final diameter, are
sourced around the main updraft and represent the early-middle
period of large hail growth (Figs. 14 and 15). As an additional ex-
ample, 10 severe hail trajectories ranging from 2.55 to 6.41 cm are
shown from the 2339 UTC initialization time (“upshear group”)
that are sourced within the storm’s back-sheared anvil beyond
the upshear updraft flank (Figs. 16 and 17).

Between initialization (2321 UTC) and ;2327 UTC, the
downshear-grouped hailstones are advected counterclockwise
around the mesocyclone along the BWER edge and high
reflectivity gradient in the storm-relative reference frame
(Figs. 14a–c and 15a–c). The midlevel storm-relative flow diverges
around the updraft on the upshear side and reconverges on the
downshear side, resulting in deacceleration of the flow, thus the
creation of the DDZ. Between 2327 and 2333 UTC (Figs. 14c–e),
the hailstones move upshear through the northern mesocyclonic
flank toward the upshear updraft core, where the strong midlevel
horizontal flow advecting the hailstones has lessened through the

previously defined DDZ. Since the updraft dominates horizontal
flow at higher levels of the DDZ (Figs. 14c–e and 15c–e), the hail-
stones ascend to the upper end of the midlevels (7–9 km). By
2336 UTC, there is a variation in the horizontal (Fig. 14f) and ver-
tical (Fig. 15f) positions of the hailstones. Hailstones that encoun-
ter higher supercooled liquid water prior to this point are likely to
gain more mass and therefore have larger terminal velocities and
require larger updrafts to remain aloft. With differing masses be-
tween the 10 hailstones, the trajectories continue to diverge for
the remainder of the period. However, the hailstones remain
within the DDZ throughout the remainder of their growth phase.
After 2339 UTC (Figs. 14g–i and 15g–i), the hailstones begin their
final descent to ground. The hailstones fall to the surface along
the gradient of the BWER and high reflectivity core and below
the midlevel updraft maximum.

Why do these trajectories produce among the largest hail-
stones at the surface? As described previously, the DDZ pro-
vides an area of relatively weak, mesocyclonic horizontal flow
on the left flank of the downshear updraft core. The DDZ pro-
vides area where hailstones can remain aloft at a relatively cons-
tant height without being transported away from the prime
growth region. The DDZ is a feature seen in the Kingfisher,

FIG. 11. Time (s) hailstones spend during growth within a given range of vertical velocity and terminal velocity differences given by
|w 2 |y t||, as a function of final hailstone size at the ground for (a) $0 and ,10 m s21, (b) $10 and ,20 m s21, (c) $20 and ,30 m s21,
(d)$30 and,40 m s21, (e)$40 and,50 m s21, and (f)$50 m s21. Hailstones from 2251 to 0000 UTC are included if their final diameter
at the surface was at least 1 cm. Five different size bins of Deq at the surface are used: 1–2 cm (red), 2–3 cm (blue), 3–4 cm (yellow),
4–5 cm (green), and 5–6 cm (purple). The color-filled area denotes the interquartile range, or the points between the first quartile (upper)
and third quartile (lower) of the data. The black line within the color fill is the median of the data. The whiskers represent 1.53 the inter-
quartile range. Solid diamonds represent outliers, or points that reside outside of the whiskers. Note the difference in y axis for each
panel.
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Oklahoma, supercell, and we hypothesize a common feature of
large hail-producing supercells. Previous studies hinted at this
paradigm, proposing that the initially weak horizontal flow
within the main updraft edge with hailstones that have already
developed increased mass and fall speed could subsequently in-
crease the residence time by extending the quasi-balance between
the updraft and terminal velocities (Rasmussen and Heymsfield
1987b; Heymsfield 1983; Foote 1984) and thus produce larger
hail. Kumjian et al. (2021) noted differences in midlevel storm
structure between large and small hail times, specifically, differ-
ences in storm-relative flow on the northwest side of the updraft,
which is where the DDZwould be located.

After the back-sheared anvil develops, an additional source re-
gion for severe hailstones (as seen in the Browning and Foote
1976 conceptual model) results in another severe hailstone trajec-
tory pathway by 2339 UTC. These upshear trajectories range
from 2.55 to 6.41 cm in diameter at the surface with a mean final
diameter of 3.68 and a median of 3.20 cm. The total residence
time ranges from 1415 to 1989 s with a mean total residence time
of 1583.8 and a median of 1507 s. These upshear-grouped trajec-
tories (Figs. 16 and 17) initiate within and subsequently descend
following the ambient winds through the lower levels of the

back-sheared anvil (Figs. 16a and 17a) where reflectivities larger
than 20 dBZ are plausibly associated with small graupel embryos
(e.g., section 3i). The embryos subsequently reach the upshear
updraft flank by 2348 UTC after roughly 12 min into their life cy-
cle (Figs. 16a–d and 17a–d). By 2351 UTC, the growing hailstones
have ascended into the midlevel cloud water mixing ratio core on
the southwestern edge of the mesocyclone (Figs. 16e and 17e).
Similarly to the early stages of the downshear group after
2321 UTC, the upshear trajectories are subsequently advected
counterclockwise through the mesocyclone. As with the down-
shear group, the upshear-grouped hailstones are subsequently
lofted by 2354 UTC as updrafts greatly exceed the horizontal
flow around the mesocyclone (Figs. 16f and 17f). The upshear
trajectories ascend much higher (up to;11 km) than the down-
shear group, due to lesser mass and smaller hailstone terminal
velocities relative to the strong updrafts. Since the upshear
group is lofted higher, they reach the upper levels of the storm
where increasing horizontal flow advects them farther down-
shear from the updraft core. Foote (1984) noted a similar find-
ing, observing that hailstones with less initial growth were lofted
higher in the storm in comparison with hailstones with greater
growth before reaching the strong updraft region.

FIG. 12. Time (s) hailstones spend during growth within a given range of supercooled cloud liquid water values as a function of final hail-
stone size at the ground for (a) $0 and ,2 g kg21, (b) $2 and ,4 g kg21, (c) $4 and ,6 g kg21, (d) $6 and ,8 g kg21, (e) $8 and
,10 g kg21, and (f) $10 g kg21. Hailstones from 2251 to 0000 UTC are included if their final diameter at the surface was at least 1 cm.
Five different size bins of Deq at the surface are used: 1–2 cm (red), 2–3 cm (blue), 3–4 cm (yellow), 4–5 cm (green), and 5–6 cm (purple).
The color-filled area denotes the interquartile range, or the points between the first quartile (upper) and third quartile (lower) of the data.
The black line within the color fill is the median of the data. The whiskers represent 1.53 the interquartile range. Solid diamonds repre-
sent outliers, or points that reside outside of the whiskers.
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These limited numbers of the largest hailstone trajectories,
which do not represent the only pathways large hailstones can
take, are used to conceptualize the predominant large-hail
trajectory pathways in relation to the updraft, supercooled
cloud liquid water, and precipitation fields in the Kingfisher
supercell. The following result section employs a much larger
ensemble of trajectories to more broadly analyze additional
pathways resulting in large surface hailstones.

5. Results: Organization of large hail growth as
illustrated by trajectory clusters

The subset of all trajectories that produced hailstones exceed-
ing 4.5 cm in diameter at the surface (n5 3281) were processed
by a clustering algorithm (Adams-Selin 2023), yielding useful
subgroupings of common trajectory pathways to help evaluate
the differences and similarities of trajectories relative to the
storm motion. In brief, the computationally intensive clustering
algorithm operates on hail trajectories following their conver-
sion to an updraft-relative reference frame. Individual hail tra-
jectories are first partitioned into line segments, which are
clustered into groups using a modified Density-Based Spatial

Clustering of Applications with Noise (DBSCAN; Ester et al.
1996; Schubert et al. 2017) with a custom distance matrix calcu-
lation following the method of Lee et al. (2007). The distance
between trajectory segments is determined via both Euclidean
distance in multiple dimensions and segment alignment, so seg-
ments must be both close in space and follow parallel paths to
be grouped. Once the cluster memberships of all the partitions
are determined, the parent trajectories are examined. If a group
of parent trajectories share at least two partition cluster member-
ships in common, that group is termed a “parent cluster.” A sub-
jective review of parent clusters will then combine those with
broadly similar trajectory profiles into “superclusters,” for ease of
figure display. The interested reader is referred to Adams-Selin
(2023) for more details. The overall objective of supercluster
identification is to identify predominant, highly populated hail
trajectory groupings to better generalize results for improved pro-
cess understanding of hail growth (particularly for severe and
giant hail).

A total of 13 resultant “superclusters” of trajectory pathways
(denoted in the range A–N) were identified for further analysis.
While a detailed summary description of every supercluster is be-
yond the scope of this study, selected clusters are shown to

FIG. 13. Time (s) hailstones spend during growth within a given range of ambient temperature values as a function of final hailstone size
at the ground for (a) $08C, (b) $2108 and ,08C, (c) $2208 and ,2108C, (d) $2308 and ,2208C, (e) $2408 and ,2308C, and
(f)#2408C. Hailstones from 2251 to 0000 UTC are included if their final diameter at the surface was at least 1 cm. Five different size bins
ofDeq at the surface are used: 1–2 cm (red), 2–3 cm (blue), 3–4 cm (yellow), 4–5 cm (green), and 5–6 cm (purple). The color-filled area de-
notes the interquartile range, or the points between the first quartile (upper) and third quartile (lower) of the data. The black line within
the color fill is the median of the data. The whiskers represent 1.53 the interquartile range. Solid diamonds represent outliers, or points
that reside outside of the whiskers.

MONTHLY WEATHER REV I EW VOLUME 152264

Brought to you by U.S. Department Of Commerce, Boulder Labs Library | Unauthenticated | Downloaded 01/04/24 05:30 PM UTC



FIG. 14. Horizontal projections of the 10 largest trajectories (black lines) initialized at 2321 UTC. Reflectivity (color fill, starting at
20 dBZ at 10-dBZ intervals), vertical velocity (purple contours, starting at 10 m s21 at 10 m s21 intervals), and cloud water mixing ratio
(blue contours, starting at 2 g kg21 at 2 g kg21 intervals) are shown from initialization (2321 UTC) through the last time period where any
of the 10 trajectories are still valid (2345 UTC) at 7.2 km. Wind vectors denoted by the gray arrows are storm-relative also at 7.2 km. The
black “1” denotes the midlevel updraft center at each time step. The black dots denote where along the trajectory the hailstone is at
(a) 2331, (b) 2324, (c) 2327, (d) 2330, (e) 2333, (f) 2336, (g) 2339, (h) 2342, and (i) 2345 UTC. A black “x” is shown where the maximum of
the mean vertical velocity at all levels is found in (a). The cross section cuts through this point in (a) and remains the same in (a)–(i). The
long, heavy black arrow at bottom denotes the orientation of the 0-6-km shear vector, while the magnitude of this vector is shown in Fig. 2.
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exemplify how results from section 4 are reflected in the more
robustly expanded super-clustered trajectory groupings. To dif-
ferentiate the range of growth processes within the selected
superclusters, ambient hail-environmental variables (Figs. 18a–d)
and hailstone growth characteristics (Figs. 18e–h) are statistically
compared. The number of trajectories included in each super-
cluster over time is shown in Fig. 19. The average and varying-
footprint storm-relative trajectory paths, or “representative
trajectory” of each of the four clusters, are shown by thick solid
lines, while paths of all individuals are shown by thinner lines
with dots to indicate the starting position and arrows to indicate
the ending position in Fig. 20. Note that the representative tra-
jectory is less accurately depicted in the early portion of the tra-
jectory when the embryo source positions vary greatly among
the individual trajectories within the supercluster, a matter to be
addressed in future work.

a. Supercluster A

Supercluster A, which contains 279 trajectories (Fig. 20a),
is the predominant pathway for hailstones $ 4.5 cm in this
dataset. It is primarily distinguished from the other superclusters

during the first ;10–15 min of evolution (i.e., between ;33 and
25 min prior to reaching the surface). Although the 10 upshear-
initialized hailstones from within the back-sheared anvil (e.g.,
Figs. 16 and 17, section 4b) have a mean maximum diameter at
ground less than 4.5 cm, their overall characteristics after their
first ;5–10 min during updraft injection are broadly consistent
with supercluster A (Fig. 18). Supercluster A begins within
rather weak updraft speeds (Fig. 18a) and low cloud liquid wa-
ter (Fig. 18d), as expected for a hailstone initialized upshear
from the prime growth region. Cloud liquid water subsequently
increases gradually until ;5 min before reaching the surface
when they begin their final descent. Between ;15 and 10 min
prior to reaching the surface, the updraft speeds (Fig. 18a) and
cloud liquid water (Fig. 18d) increase more rapidly while the
cloud temperatures decrease (Fig. 18b), resulting in the hail-
stones growing (Figs. 18e–g) and achieving solid-ice density
(Fig. 18h).

These Lagrangian variables following supercluster A imply
that these hailstones began in a less favorable environment and
gradually moved toward an environment supportive of large hail
growth. The representative trajectory of supercluster A begins to

FIG. 15. Vertical cross-sectional projections of the 10 largest trajectories (black lines) initialized at 2321 UTC. Reflectivity (color fill,
starting at 20 dBZ at 10-dBZ intervals), vertical velocity (purple contours, starting at 10 m s21 at 10 m s21 intervals), and cloud water mix-
ing ratio (blue contours, starting at 2 g kg21 at 2 g kg21 intervals), and storm-relative wind vectors (gray arrows) are shown from initializa-
tion (2321 UTC) through the last time period where any of the 10 trajectories are still valid (2345 UTC) in a cross section denoted in
Fig. 11. The black dots denote where along the trajectory the hailstone is at (a) 2331, (b) 2324, (c) 2327, (d) 2330, (e) 2333, (f) 2336,
(g) 2339, (h) 2342, and (i) 2345 UTC.
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FIG. 16. Horizontal projections of the 10 largest-hail trajectories (black lines) initialized upshear of the updraft and the 11 largest-hail
trajectories initialized from the upshear source region at 2339 UTC. Reflectivity (color fill, starting at 20 dBZ at 10-dBZ intervals), vertical
velocity (purple contours, starting at 10 m s21 at 10 m s21 intervals), and cloud water mixing ratio (blue contours, starting at 2 g kg21 at
2 g kg21 intervals) are shown from initialization (2339 UTC) through the last time period available (0000 UTC) at 7.2 km. Wind vectors
denoted by the gray arrows are storm-relative also at 7.2 km. The black “1” denotes the midlevel updraft center at each time step. The
black dots denote where along the trajectory the hailstone is at (a) 2339, (b) 2342, (c) 2345, (d) 2348 (e) 2351, (f) 2354, (g) 2357, and
(h) 0000 UTC. A black “x” is shown where the maximum of the mean vertical velocity at all levels is found in (a). The cross section cuts
through this point in (a) and remains the same in (a)–(h).
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the northeast of the updraft maximum, initiating a wide counter-
clockwise loop through the mesocyclone around the updraft
where the greatest mass growth rate occurs (Figs. 18f and 20). The
largest hailstones are found within this cyclonic flow around the
updraft on its southern flank. These results are consistent with
Z83 and Foote (1984) who found hailstone trajectories that began
on the southwest side of the main updraft were transported cy-
clonically around the updraft periphery within the midlevel meso-
cyclone. Since supercluster A is lofted to the upper fringes of the
midlevels and thus experiences increased horizontal flow with
height, supercluster A is advected further downshear (Fig. 20) and
has the greatest leftward displacement relative to storm motion of
any cluster.

b. Supercluster N

Although supercluster N is similar to supercluster A (albeit
with a residence time of ;8 min less than supercluster A), super-
cluster N nevertheless achieves greater average mass (Fig. 18g)
and diameter (Fig. 18e). The overall characteristics of the

10 hailstone trajectories initialized in the downshear updraft core
and mesocyclone (e.g., Figs. 14 and 15, section 4a) are broadly
consistent with both supercluster N and supercluster A within
;25 min before reaching the surface (Fig. 18). A smaller cy-
clonic loop is made by supercluster N (Fig. 20d) than by su-
percluster A (Fig. 20a), although similar positioning relative
to the updraft core is associated with very similar peak super-
cooled cloud liquid water (Fig. 18d). However, supercluster
N travels through warmer and higher supercooled cloud liquid
water contents for the first ;15 min, allowing greater growth.
The 50th percentile peak in the mass growth rate of superclu-
ster N between;10 and 5 min before reaching the surface ex-
ceeds the 75th percentile of any other supercluster at that
point in time. The significantly larger mass growth rate might
be attributed to more efficient collection of cloud liquid water
near the updraft center, resulting in a shorter residence time.
Although other superclusters have broadly similar characteris-
tics to superclusters A and N (e.g., superclusters D, E, and F;
not shown), they also have various nuanced differences that
objectively distinguish their pathways.

FIG. 17. Vertical cross-sectional projections of the 10 largest-hail trajectories (black lines) initialized upshear of the updraft and the
11 largest-hail trajectories initialized from the upshear source region at 2339 UTC. Reflectivity (color fill, starting at 20 dBZ at 10-dBZ
intervals), vertical velocity (purple contours, starting at 10 m s21 at 10 m s21 intervals), and cloud water mixing ratio (blue contours, start-
ing at 2 g kg21 at 2 g kg21 intervals), and storm-relative wind vectors (gray arrows) are shown from initialization (2339 UTC)
through the last time period where any of the 10 trajectories are still valid (2345 UTC) in a cross section denoted in Fig. 13. The
black and brown dots denote where along the respective trajectory the hailstone is at (a) 2339, (b) 2342, (c) 2345, (d) 2348,
(e) 2351, (f) 2354, (g) 2357, and (h) 0000 UTC.
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c. Supercluster B

Supercluster B begins further south of the updraft than any
other supercluster (Fig. 20b). From south of the updraft, su-
percluster B also follows a counterclockwise path through the

mesocyclone, although a small-scale transient loop on the
downshear updraft flank implies a pathway (Fig. 20b) broadly

similar to the classical Browning and Foote (1976) trajectory

model. The residence time of supercluster B in the updraft is

FIG. 18. Line plots of clusters A (purple), B (blue), J (green), and N (yellow) describing the 50th percentile (solid line) and 25th–75th
percentile (shaded area) environmental characteristics and hailstone characteristics along the trajectory pathway before reaching the
surface. Variables included are (a) updraft speed (m s21), (b) cloud temperature (K), (c) height (km), (d) cloud liquid water (g kg21),
(e) diameter (mm), (f) mass growth rate (g s21), (g) mass (g), and (h) hailstone density (kg m23).

FIG. 19. Number of trajectories included in superclusters A (purple), B (blue), J (green), and
N (red) from the start of the first trajectory in cluster until all trajectories reach the surface. The
maximum number of trajectories in each supercluster is 279 (A), 105 (B), 41 (J), and 28 (N).
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the shortest (only ;20 min) of the four superclusters, which is
consistent with the large supercooled cloud liquid water along
the trajectory (Fig. 18d) that promotes efficient and steady
mass growth (Fig. 18e). Additionally, supercluster B achieves
solid-ice density shortly after its trajectories begin, leading to
a longer period of efficient growth. Superclusters C and M
(not shown) additionally show some similar characteristics to
supercluster B, in short residence times and large hailstones.

d. Cluster J

Supercluster J results in the largest average hailstones in diam-
eter (Fig. 18e) and mass (Fig. 18g) despite its shorter residence

time (;25 min). Supercluster J experiences a large mass growth
rate (Fig. 18f) sooner than other superclusters and experiences a
nearly constant mass growth rate between ;10 and 5 min prior
to reaching the surface rather than peaking and beginning its de-
scent. The large mass growth rate of supercluster J also coincides
with a decrease in cloud temperature (Fig. 18b) and an increase
in updraft speed (Fig. 18a).

Supercluster J shares similarities with supercluster B, notability
notably their greatest mass growth rate (not shown) which occurs
far to the southeast (downshear) of the main updraft (Fig. 20c),
as well as two peaks at;13 and;5 min before reaching the sur-
face in updraft speed (Fig. 18a) and height (Fig. 18c). This is

FIG. 20. Individual trajectories from (a) supercluster A, (b) supercluster B, (c) supercluster J, and (d) supercluster N shown in the x–z
plane (top), x–y plane (center), and y–z plane (right). Black outlined dots represent the initial trajectory position while arrows represent
the final position of the hailstone. The thicker solid line with black outline is the representative trajectory for the entire supercluster. The
black lines through (0, 0) denote the updraft center.
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likely due to these trajectories interacting with each of the dual
updraft maxima in the supercell. The dual updraft maxima fea-
ture is commonly seen in studies of large hail-producing super-
cells (Nelson 1983; M88; Tessendorf et al. 2005).

6. Discussion

A common theme throughout the results is the importance
of the updraft, whether it be the size, shape, strength, or struc-
ture. Horizontal airflow strength and patterns, an important
factor in large hail formation, can depend on these variations
of the updraft. These aspects of storm structure and the up-
draft can impact the DDZ, which we hypothesize plays an im-
portant role in hail formation generally and particularly in
large hail growth.

The idea of the DDZ is not entirely new but has not been de-
fined in the literature. As previously mentioned, other studies
have hinted that weak horizontal flow on the updraft edge could
increase residence time and produce larger hail (Rasmussen
and Heymsfield 1987b; Heymsfield 1983; Foote 1984). More re-
cently, Kumjian et al. (2021) stated that slower horizontal flow
in the region through which hailstones are being advected can
increase residence time. Slower horizontal flow in the midlevels
is our definition of the DDZ and it does increase residence time
when hailstones reside within, thus increasing the potential for
large hailstones. Grant and van den Heever (2014) noted that
higher hail mixing ratios and number concentrations of smaller
hailstones were located on the outside northeastern updraft
edge due to weaker storm-relative winds in the midlevels (see
their Figs. 7, 8, and 10). They attribute this in part to “enhanced
collision and coalescence processes due to the larger raindrops
present and thus collection efficiencies,” which could lead to
more efficient hail growth, but specific to low precipitation
supercells. They highlight the importance of the DDZ, specifi-
cally the favorable microphysics there, without defining the re-
gion of “weak storm-relative winds in the midlevels.” It was
shown that larger hailstones spent more time within higher val-
ues of supercooled cloud liquid water and at higher ambient
temperatures than smaller hailstones. While this could be resul-
tant of these conditions being more conducive for growth, the
trajectory pathways resultant of the largest trajectories remain
below ;8 km for the entirety of their life cycle, which leads to
the hypothesis that larger hailstones encounter larger amounts
of supercooled cloud liquid water and warmer ambient temper-
atures due to their trajectory pathway}likely controlled by air-
flow patterns and updraft characteristics.

The results suggest that the updraft size and shape (specifi-
cally the orientation of its major horizontal axis relative to the
midlevel shear vector) and its collocation with a deep mesocy-
clone jointly modulate the maximum hailstone size at the sur-
face. Kumjian et al. (2021) stated that updraft expansion would
lead to expansion of the updraft region specific to favorable
flow patterns to expand, favoring longer residence times for
large hail. Maximum hail size increases with increasing trajec-
tory length and duration within the main updraft, which in the-
ory can be achieved by the midlevel shear vector being oriented
perpendicular to the updraft’s major horizontal axis. For exam-
ple, initial embryo growth would be increased if the horizontal

storm-relative flow is oriented perpendicular to the updraft’s
major axis due to lengthening the trajectory of the horizontal
airflow around the midlevel updraft. In describing the impor-
tance of updraft characteristics (specifically broadness), Dennis
and Kumjian (2017) stated, “It is not the magnitudes of the pro-
cess rates or the updraft speed that seems to be the most impor-
tant for hail growth in this subset of simulations but, rather, the
volume in which optimal growth conditions exist.” Midlevel air-
flow patterns oriented as described could result in a more ex-
pansive prime growth region, as well as a larger DDZ, and
allow for longer residence times within the DDZ. Ultimately,
we hypothesize it is more than just updraft width that is impor-
tant for hail growth}it is the ratio of the updraft length and
width and the orientation of the major axis of the updraft to the
midlevel horizontal shear vector.

The structure of the updraft, specifically the location of the ro-
tation of the midlevel mesocyclone, is also an important factor in
extending residence time. In the case of an elongated updraft
with upshear and downshear cores and a midlevel mesocyclone
containing a DDZ collocated with the downshear core (as in the
present study), further growth to large hail would be aided by
particles orbiting the downshear updraft core while decelerating
in the DDZ to increase pathlength and duration of prime growth
conditions. Tessendorf et al. (2005) demonstrated greater storm-
relative divergence around the midlevel updraft when an addi-
tional updraft developed on the right flank (downshear), like the
Kingfisher supercell, and consequently, hail volumes peaked
shortly after exhibiting the stronger downshear updraft structure
described herein. In the alternative case of a weak mesocyclone
associated with the downshear updraft, particle growth would hy-
pothetically be inhibited by more rapid hail detrainment from
the downshear updraft flank. The structure of the updraft and
location of maxima are likely important for large hail growth
and should be explored further. An important question to be
addressed is if in supercells with two updraft maxima, is se-
vere hail production more likely than in a unicellular, quasi-
steady updraft?

The combined modulating influence of updraft area and ro-
tation on hail growth could be a key finding in what large hail-
stone trajectories look like. Similarities in the growth process
can be seen in superclusters A and N, the upshear and down-
shear group, and past literature. These trajectory groupings
mentioned resemble that of the “full circuit” trajectory highlighted
in Kumjian et al. (2021), where the trajectories are advected
around the mesocyclone (albeit it does not have to be around
the entirety of the mesocyclone) and then enter an area of in-
creased updraft before falling out of the storm. M88 also found
that the largest hailstones resulted from trajectories being ad-
vected cyclonically around the mesocyclone. Tessendorf et al.
(2005) state that “a region of cyclonically curved flow around
the right flank of [the main] updraft was apparently critical for
the production of any hail larger than 20 mm,” as one of the
four conditions they state must be met for large hail production.
M88 pointed out that specifically this trajectory pathway had
slower horizontal wind speeds than others allowing for the
quasi-balance between vertical velocities and terminal velocities
to be achieved. Supercluster A and the upshear group, while
similar in trajectory pathway for the latter half of the trajectory,
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do not start within the prime growth region. This indicates that
despite origin, if an embryo can find its way to the updraft re-
gion, it can result in a large hailstone in the same way an em-
bryo sourced close to the updraft.

A variety of trajectory clusters are seen throughout the
storm’s life cycle, with the largest variations in surface hail-
stones seen reaching the ground between 2341–2351 UTC
and 0001–0016 UTC (not shown). However, there were also
clusters that contained trajectories that reached the surface
both early and late in the analysis period, meaning that even
if the storm evolved (strengthened), a similar trajectory path-
way for large hail exists within the storm. This indicates the
structure of the storm itself is important to the shape of trajec-
tory pathways, as there are no drastic environmental changes
from the start to the end of the analysis period (although it
cannot be concluded that subtle environmental changes are
not the cause). The minor variations in trajectory pathways
could likely be due to differences in horizontal airflow strength
and patterns. Although multiple clustered trajectory pathways ex-
hibit notable variations in spatial structure, physical hailstone
characteristics, and ambient environment properties following
the motion, all superclusters result in hailstones at the surface ex-
ceeding 4.5 cm in diameter. The clustered trajectory analysis thus
broadly supports the hypothesis that the large hail growth process
(although complex and highly nonlinear) appears to possess a
“self-organizing” characteristic [e.g., analogous to ideas proposed
by Parker (2021)] similar to the existence of attractors in an oth-
erwise somewhat chaotic process.

7. Conclusions

This study has described the ASZ16-HAILCAST hail growth
trajectory model and applied it via assimilated input radar and
diabatic Lagrangian analyses to yield a novel hail trajectory da-
taset containing over 2.7 million individual trajectories spanning
a range of final hail sizes. This dataset is used to advance process
understanding of possible supercell hailstone growth trajectories
with respect to their in-storm growth environment, hailstone
growth, and decay mechanisms, and evolving hailstone physical
characteristics following the particle motion.

In the case presented, it is found that hailstones are more
likely to reside near the downshear, mesocyclonic updraft maxi-
mum during their growth phase than in the upshear, nonmesocy-
clonic updraft maximum. Horizontal airflow moves through the
midtropospheric mesocyclone, curves counterclockwise around
the updraft core, and decelerates through the DDZ to generate
elevated horizontal convergence. Hailstones are advected within
the cyclonic horizontal airflow pattern around the updraft, al-
though their continued cyclonic advection becomes limited once
the DDZ is reached due to horizontal convergence resulting in
minimal storm-relative flow. The present findings thus imply
that gauging large hail growth potential should likely take into
account not only kinematic metrics such as updraft width and
shape but also the topology of the horizontal airflow patterns
which in turn modulates the resulting hail trajectory distribution.
Thus, consideration should be given to the complex nonlinear
balance between hail growth and evolving 3D airflow, in which
updraft shape, orientation, and placement relative to the midlevel

shear vector are important for generating a favorable inter-
nal horizontal airflow pattern aloft associated with increased
hail residence time. Overall, we found that horizontal air-
flow patterns are important to maintaining a quasi-balance
between velocities, thus increasing hailstone residence time
and likely overall size at the surface. Other studies have also
come to this conclusion (English 1973; Nelson 1983; Foote
1984; Tessendorf et al. 2005). Specifically, we conclude that
midlevel horizontal flow patterns have the following impacts
on hail growth:

• The highest concentrations of melted particles aloft are found
where midlevel horizontal winds are strongest, specifically on
the northeast of the left flank of the midlevel updraft.

• The highest trajectory concentrations that result in non-
melted surface hailstones spend a majority of their life cy-
cle within regions of the storm where midlevel horizontal
winds are weakest during their growth stage.

• The largest concentrations of severe hailstones aloft reside
closer to the updraft within the mesocyclone, ultimately be-
ing advected into the downshear deceleration zone (DDZ)
where the local cloud environment is shielded from shear
and entrainment depletion of supercooled cloud liquid
water.

• Storm-relative shear at midlevels (midlevel shear vector)
being oriented perpendicular to the major (long) axis of
the updraft would likely enlarge the DDZ, thus possibly ex-
tending the time hailstones spend in the DDZ and expand-
ing the number of hailstones present in the DDZ.

The present comprehensive analysis of the dominant en-
sembled hail trajectories as functions of internal storm airflow
and microphysical growth environments supports the follow-
ing conclusions about hail growth:

• The largest hailstones, while associated with a variety of tra-
jectory structures, did all generally pass through the DDZ,
where horizontal winds minimally impact the hailstones, and
they gradually move toward higher vertical velocities while
remaining within favorable growth conditions until the up-
draft can no longer support their terminal velocities. These
hailstones tend to fall to ground closest to the updraft core.

• As the supercell structure evolves and a back-sheared anvil
develops, it likely serves as a contributing source region for
hailstone embryos. Despite initially unfavorable conditions
(i.e., in weak vertical velocities outside supercooled cloud),
surface severe hail results from trajectories originating in
the back-sheared anvil source region.

While airflow patterns are likely the most important feature
on the growth of large hailstones, certain conditions must also
be present in the storm regarding updraft vertical velocities,
supercooled cloud liquid water availability, and ambient tem-
peratures. Previous works have defined a range of values that
are supportive of hail growth. In an analysis of time spent dur-
ing growth within a range of values of these variables for vary-
ing hailstone sizes, we found the following:

• Vertical velocities $ 40 m s21 are supportive of severe hail
growth.
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• Hailstones in the vicinity of vertical velocities within,10 m s21

of their terminal velocities are key to the growth of large
hail.

• Larger hailstones spend more time growing in higher super-
cooled cloud liquid water, although a portion of their growth
does occur when in lower values of supercooled cloud liquid
water.

• The current definition of the HGZ could be shifted from a
lower bound at 2108C to include warmer temperatures, as
hailstones, specifically larger hailstones, spend a nonnegli-
gible amount of time growing in ambient temperatures be-
tween 2108C and the melting level.

Therefore, the prime growth region has been defined as
any region of the storm containing vertical velocities greater
than 10 m s21 in the deep main updraft core(s), any amount
of supercooled cloud liquid water, and ambient temperatures
between 08 and 2408C. Although the lower bounds of these
values may not be indicative of where hailstones encounter
the highest growth rates, hailstones that become large can be-
gin their growth in low supercooled liquid water and must reside
in relatively weak vertical velocities to initially remain aloft in
supercooled cloudy updraft prior to transition to stronger up-
drafts and larger cloud water contents. The all-encompassing defi-
nition is needed to include smaller, but still severe hailstones that
can result from the lower bound values. Future work should fur-
ther explore the rate of growth for hailstones of varying sizes un-
der this broader definition of the prime growth region.

In an environmental study of a large sample of hailstorms,
Nixon et al. (2023) emphasized that the storm itself could
“heavily influence” final hail size, further encouraging future
studies of large hail to focus on storm structure. While only
one case is presented here, we believe these concluding hy-
potheses can guide further research on what storm-scale fea-
tures are important for hail growth and encourage future
work to explore these features with larger datasets. With
improved knowledge of hail trajectory paths and their rela-
tionship to evolving in-storm kinematic, thermal, and micro-
physical characteristics, the surface impacts of severe and
large hail can be further explored. Further exploration of the
updraft’s distribution of vertical velocity maxima, including
the present mode of a supercell updraft containing two max-
ima, presents a promising avenue of future research to help
improve understanding of how growing hailstones interact
with complex and somewhat nonsteady updraft evolution. A
demonstration that trajectories that interact with the DDZ
modality consistently produce the largest hail in additional
storm analyses would in turn suggest that observing or pre-
dicting the DDZ could help improve hail growth process un-
derstanding and facilitate nowcasts of hailstone size limits in
specific storms. In a follow-on study, characteristics of all
hailstones from the 2.7 million simulated trajectories that
reached the surface can be explored, including size-sorting
effects within the storm due to horizontal wind shears. The
ASZ16-HAILCAST model hail growth physics has addition-
ally been modified to simulate oblate spheroidal hailstones
(e.g., English 1973), thus potentially better resolving larger,
more physically realistic maximum hailstone dimensions with

verification against detailed surface in situ hail samples (e.g.,
Pounds 2022; Z83).
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