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ABSTRACT: Lasting updrafts are necessary to produce severe hail; conventional wisdom suggests that extremely large
hailstones require updrafts of commensurate strength. Because updraft strength is largely controlled by convective avail-
able potential energy (CAPE), one would expect environments with larger CAPE to be conducive to storms producing
larger hail. By systematically varying CAPE in a horizontally homogeneous initial environment, we simulate hail produc-
tion in high-shear, high-instability supercell storms using Cloud Model 1 and a detailed 3D hail growth trajectory model.
Our results suggest that CAPE modulates the updraft’s strength, width, and horizontal wind field, as well as the liquid
water content along hailstones’ trajectories, all of which have a significant impact on final hail sizes. In particular, hail sizes
are maximized for intermediate CAPE values in the range we examined. Results show a non-monotonic relationship
between the hailstones’ residence time and CAPE due to changes to the updraft wind field. The ratio of updraft area to
southerly wind speed within the updraft serves as a proxy for residence time. Storms in environments with large CAPE
may produce smaller hail because the in-updraft horizontal wind speeds become too great, and hailstones are prematurely
ejected out of the optimal growth region. Liquid water content (LWC) along favorable hailstone pathways also exhibits
peak values for intermediate CAPE values, owing to the horizontal displacement across the midlevel updraft of moist
inflow air from differing source levels. In other words, larger CAPE does not equal larger hail, and storm-structural nuan-
ces must be examined.
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1. Introduction often used in operational forecasting and detection of hail
size (e.g., National Weather Service WDTB 2021).

There have been many attempts to investigate how storm
environments influence hail size by examining the relationship
between reported hail size and representative sounding-
derived parameters or bulk severe weather indices. For exam-
ple, using the Storm Prediction Center (SPC) reports data-
base, WSR-88D radar observations, and soundings, Edwards
and Thompson (1998) find no significant relationship between
hail size and CAPE, environmental freezing level (FZL), ver-
tically integrated liquid water (VIL), maximum parcel level,
equilibrium level, convective cloud depth, wet-bulb zero level
(WBZ), or any combinations among them. Jewell and Brime-
low (2009) draw data from a high-density hail observer net-
work and find a large overlap between the CAPE values
associated with storms that produce hailstones larger and
smaller than 2 in. (50 mm), as well as a negative relationship
between hail size and surface-based parcel buoyancy (and

tions of observation and detection methods (Blair et al. 2011, ~Subsequently the strength of the updraft). Johnson and Sug-
2017; Ortega 2018), as well as current convection-allowing den (2014) use a quality-controlled NCDC storm report data-

models (Gagne et al. 2017; Adams-Selin et al. 2019). Given base (Storm Data) and Rapid U]:.)date‘Cycle (RUC). m.odel to
create a parameter-based hail climatology. Similar to

Edwards and Thompson (1998), they find little skill for FZL
and WBZ, along with most unstable lifting condensation level

Hail annually causes billions of dollars in agricultural and prop-
erty damage, both in the United States and abroad, accounting for
more than half of all severe weather—related economic or insured
losses, as well as injuries or casualties in many regions (Guan et al.
2015; Kahraman et al. 2016; Gunturi and Tippett 2017). Addition-
ally, damages caused by individual hailstorms can sometimes
exceed hundreds of millions of dollars, depending on the size and
quantity of hailstones, and the location of the hail swath (e.g., Picca
and Ryzhkov 2012; National Weather Service-San Antonio 2016;
Kunz et al. 2018). Therefore, knowledge of the types of storm
environments that can produce severe hail is important.

Compared to small hail, large hail can be especially danger-
ous for homes, automobiles, livestock, and humans. As such,
the U.S. National Weather Service includes the occurrence of
severe hail (=1 in. or 25.4 mm in maximum dimension) in the
warning criteria for severe thunderstorms. However, the pre-
diction of hail size remains a challenge owing to the limita-

these challenges, near-storm soundings and quantities derived
from them such as CAPE and low- or midlevel lapse rates, or
radar-derived indices such as severe hail index (SHI) and

maximum estimated size of hail (MESH; Witt et al. 1998) are (MULCL) in discriminating hail size. The mean values of
most unstable CAPE (MUCAPE), mean-layer CAPE

(MLCAPE), and 700-500-hPa lapse rate increase slightly
WSupplemental_informati_on related to this paper is available at  alongside neighboring hail size categories, but their distribu-
the Journals Online website: https:/doi.org/10.1175JAS-D-21- ;515 exhibit large overlaps. Johnson and Sugden (2014) also

0054-1.s1. develop the large hail parameter (LHP) and find it, along
with the significant severe parameter (SSP; Craven and
Corresponding author: Yuzhu Lin, yx15930@psu.edu Brooks 2004), as better discriminators between size categories
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compared to all aforementioned parameters. Further, they find
a wind profile with greater veering and stronger deep-layer
shear to be potentially favorable for large hail. By examining
hail events across Europe using the European Severe Weather
Database (ESWD) and proximity soundings, Pucik et al. (2015)
draw similar conclusions on MUCAPE and deep-layer shear;
however, they also find an increased LCL height associated
with higher possibilities for severe hail, echoing the results of
Groenemeijer and van Delden (2007) and Kaltenbock et al.
(2009). Blair et al. (2017), using data from the Hail Spatial and
Temporal Observing Network Effort (HailSTONE) and the
WSR-88D radar network, suggest that storm mode and organi-
zation have a strong influence on hail size. In particular, they
find that supercell storms tend to produce the largest hailstones,
which supports the previous findings by Nelson (1983), Rasmus-
sen and Blanchard (1998), Thompson et al. (2003), Blair et al.
(2011), Duda and Gallus (2010), and Smith et al. (2012), among
many others. Taszarek et al. (2020) compare hail-producing
convective environments over Europe and the contiguous
United States using a combination of the SPC reports database,
ESWD, and the fifth-generation ECMWF reanalysis (ERAS;
Hersbach et al. 2020). They find that CAPE and effective shear
are notably larger for events that produce hailstones =< 5 cm
compared to non-severe thunderstorms in both the United
States and Europe, despite the overlap between neighboring
hail-size categories. Additionally, sounding-derived composite
indices developed for use in the United States, such as the sig-
nificant hail parameter (SHIP) and supercell composite
parameter (SCP), show weakened performance in Europe.
WMAXSHEAR (Taszarek et al. 2017), a parameter similar to
SSP, appears to be similarly applicable in both areas. The lack
of definitive results stemming from these studies points to
both the complexity of hail production and the biases in hail
databases (e.g., Jewell and Brimelow 2009; Allen and Tippett
2015; Blair et al. 2017; Ortega 2018).

Others take an alternate approach by examining the
“ingredients” and physical processes behind simulated hail
growth in three-dimensional storm environments; many of
these studies highlight the importance of storm flow fields
(e.g., Paluch 1978; Heymsfield et al. 1980; Conway and Zrni¢
1993; Kennedy and Detwiler 2003). Early works such as
Nelson (1983); Miller and Fankhauser (1983), and Foote
(1984), using storm flow fields and environmental conditions
retrieved from multi-Doppler radar networks and soundings,
find that hailstones grow during a single pass through the
updraft. Further, they find that optimal hail growth is
achieved when hailstones are of a size such that they are
nearly balanced by the updraft and do not experience strong
upward excursions and/or exit the updraft prematurely,
whether through its top or its sides. This implies that a broad,
moderate updraft in the prime hail growth region can be a
key factor for determining hail size. Foote (1984) also suggests
that the largest hailstones usually result from embryos enter-
ing through the southwest corner of a supercell’s updraft,!
because they can travel the full length of the updraft’s long
dimension following its cyclonic flow field. This points to the
importance of horizontal flow and storm morphology, a con-
clusion supported by Nelson (1987) and others (e.g., Miller
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et al. 1988; Tessendorf et al. 2005; Dennis and Kumjian 2017;
Kumjian and Lombardo 2020). Dennis and Kumjian (2017,
hereafter DK17) explore how variations in the storm flow
field influence hail growth by systematically altering the envi-
ronmental vertical wind shear in numerical simulations with a
fixed thermodynamic profile and producing a series of varying
supercell storms. Using output from the two-moment Morri-
son microphysics scheme (Morrison et al. 2005, 2009), DK17
find that an increased deep-layer zonal wind shear can lead to
greater hail mass produced. The increased hail production
results from an elongation of the storm’s updraft in the zonal
direction and a subsequent increased volume of the optimal
hail growth region, increased hailstone residence times within
the updraft, and broadening of the potential embryo source
regions. Increased low-level meridional shear, on the other
hand, results in smaller hail mass, which they attribute to a
separation of hypothetically favorable embryo source regions
and the actual locations of available embryos. Kumjian and
Lombardo (2020, hereafter KL20) elaborate on these results
following a similar approach by varying vertical wind shear,
but develop and use a detailed explicit microphysical hail
growth trajectory model instead of output from the bulk
microphysics parameterization scheme. They suggest that the
decrease of hail size produced by storms with large low-level
meridional shear results from faster southerly flow within the
updraft, which rapidly advects hailstones through the optimal
hail growth region, resulting in shorter residence times despite
the elongation of the updraft’s north-south dimension. These
studies reveal additional complexity, in that a storm’s flow
field, as opposed to singular features such as the updraft
strength or size, influences residence time during hail growth
and thus modulates hail size. Therefore, it is unsurprising that
bulk parameters such as CAPE or deep-layer shear—which
do not capture such nuances—often fail as forecasting tools.
CAPE is commonly employed as a proxy for instability
available to storms, as well as their updraft strength. Although
it is widely recognized that large CAPE- or, a strong updraft-
alone is not the sole requirement for storms to produce large
hail, it is still used in hail research and forecasting. For
instance, Renick and Maxwell (1977) attempt forecasting
maximum hail size in the Alberta Hail Project area based
upon a direct, nomogramic comparison of modified maximum
updraft velocity, and the temperature at which it occurs
between upcoming storms (calculated using a one-dimen-
sional (1D) loaded moist adiabatic model described in
Chisholm and English (1973)) and past reports. The original
1D HAILCAST model, developed and improved by Poolman
(1992), Brimelow et al. (2002), and Jewell and Brimelow
(2009), employs CAPE in calculating the energy shear index
(a product of CAPE and 850-hPa 6-km bulk wind shear),
which is used to estimate the lateral and cloud-top entrain-
ment applied to the storm’s updraft, as well as the storm’s life-
time. The storm’s lifetime, along with the storm’s updraft
strength (which is also a function of CAPE), is then used in
determining hailstones’ residence time and therefore their

! For supercells in the Northern Hemisphere.



JANUARY 2022

LIN AND KUMIJIAN

181

CAPE: 1800 J kg™ CAPE: 3000 J kg™
Z,: 6000 m Vi Z: 6000 m
200 o . 200
N N
A N
N N
300 300
= =
o o
£ 400t < 400
o j=5
500+ 1 500 b
600 600 |
700 ¢ 700 E
800 800 b
+ 4 900
1323 (a) : : : - : 1000 (b) : : ‘
-30 -20 -10 0 10 20 30 40 -30 -20 -10 0 s 10 20 30 40
o C
VN CAPE: 1800 J kg™" y CAPE:; 3000 J kg™’
2001 \/ ZB: 7000 m 2001 \/ ZB: 7000 m
A N
S \
~
300 300}
g g
< 400} < 400}
(=8 I o
500} 500 |
600 600
700 | 700
800 : 800 |
() XN i) 4
-30 -20 -10 0 10 20 30 40 -30 -20 -10 0 10 20 30 40

FIG. 1. (a)-(d) Skew T-logp diagrams showing examples of idealized base-state thermodynamic profiles. Dashed
black lines represent the dewpoint temperature, and thick solid black lines represent the temperature. Thin solid black
lines indicate the virtual temperature of the environment, and the thin solid purple lines indicate the path of an air par-
cel rising adiabatically from the surface to the LCL and pseudoadiabatically thereafter. Shaded areas represent posi-

tive buoyancy. The corresponding CAPE (J kg™ ') and Z values (m) are listed in each panel.

final sizes. HAILCAST shows improvement over the nomo-
gram method in correctly forecasting on hail size categories.
These efforts place major focus on a 1D representation of the
storm’s vertical structure, where updraft strength and dura-
tion is directly modulated by CAPE. Thus, these studies sug-
gest a positive correlation between CAPE and hail size.
Adams-Selin and Ziegler (2016) modify HAILCAST by using
a time-dependent updraft speed multiplier to characterize the
horizontal advection of hailstones across the updraft upon its
implementation to Weather Research and Forecasting
(WRF) Model (Skamarock et al. 2008). Combined with larger
embryo sizes, this updraft multiplier improves forecast accu-
racy for hailstones > 25 and >50 mm. CAPE is also used in
some climatologies for estimating hail size (e.g., Manzato
2003,2012, 2013).
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A notion exists that, since larger hailstones are associated
with greater terminal velocity (Khvorostyanov and Curry
2002; Mitchell and Heymsfield 2005; Morrison et al. 2015;
Heymsfield et al. 2018), if all other conditions (e.g., LWC, ver-
tical shear) remain equal, lasting supercell storms in environ-
ments with larger CAPE produce increased hail size as a
result of their strong updraft. The stronger updraft allows
storms to “hold up” these hailstones—meaning they need to
stay suspended in an updraft with vertical velocity larger than
their terminal velocity for a considerable amount of time com-
pared to the hailstones’ growth span. However, this argument
lacks credibility because hailstones can continually collect
mass and grow in size as they fall through the hail growth
region (e.g., Rasmussen and Heymsfield 1987; KL20). Fur-
ther, the growth during their descent can be significant,



182

Z; (km) 6.5 7.0 7.5 8.0
Upax (M 7!

25 1500, 1600,
...2700 ) kg

31 1800, 2000, | 1800, 1900, | 1800, 2000, | 1800, 2000,

...3000 ) kg'(...3000 ) kg'' | ...3000 J kg'!| ...3000 ] kg'!
36 1800, 1900,
...3000 ] kg'

FIG. 2. Summary of numerical simulations. The left column indi-
cates the umay value for the hodograph (m s™'). The top row indi-
cates the level of maximum buoyancy Zp (km). Each cell contains
the list of different CAPE values (J kg™ ') used. Increments are
implied by the first two values listed. The green-shaded box repre-
sents the varying CAPE (u31_z7) experiments; the red-shaded
boxes represent the varying deep-layer shear (z7) experiments; the
blue-shaded boxes represent the buoyancy profile experiments.

because hailstones would already be larger in size (i.e., larger
effective collection area) from their initial ascent and growth,
and the probability of appreciable supercooled liquid water
mass increases with increasing temperatures (e.g., Pruppacher
and Klett 1997). Nonetheless, CAPE is known to modify storm
structure, updraft morphology, and the storm’s flow field
(McCaul and Weisman 2001; Kirkpatrick et al. 2011; Peters et al.
2019, 2020a), which are key factors in modulating hail produc-
tion. Yet, the extent to which variations in CAPE influence hail
size has yet to be thoroughly tested or quantified.

Here, we aim to investigate how CAPE influences hail
growth in supercell storms by conducting a model-based
parameter space study. A summary of the methods
employed in designing and performing numerical
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simulations is described in section 2. Section 3 contains
results. Section 4 includes discussion and summary of the
study, as well as implications for future research.

2. Methods

Simulations of idealized supercell storms are conducted
using Cloud Model 1 (Bryan and Fritsch 2002), version
18.3. The simulations are three-dimensional, with a domain
width of 75 km on each side and depth of 20 km. The grid
spacing is 500 m horizontally and 250 m vertically. Ray-
leigh damping is performed in the upper 5 km of the
domain. The domain moves at a constant speed during
each simulation following the storm movement to keep the
midlevel updraft core at its center, so that the edge of each
storm’s updraft is kept at least 20 km from the edge of the
domain. As such, the horizontal winds shown and discussed
here are in the storm-relative reference frame. The bottom
and top boundaries are free-slip and the lateral boundaries
are open-radiative. A vertically implicit Klemp-Wilhelm-
son time-splitting scheme (Klemp and Wilhelmson 1978) is
employed as the pressure solver for temporal integration.
The Morrison two-moment microphysics scheme (Morri-
son et al. 2005, 2009) is used with hail set as the default
“large-ice” category for high-density riming, although hail
growth-related output produced by the microphysics
scheme is not directly used for our analysis.

Storms are initiated by a warm bubble with a 1-K poten-
tial temperature perturbation in a horizontally homoge-
neous environment. The base state consists of a “quarter-
circle” wind profile (Weisman and Rotunno 2000) and an
idealized input thermodynamic profile described below.

(b)

Height (km)

-10

20

x (km) 20

y (km)

FIG. 3. (a) Top view and (b) three-dimensional view toward the west-northwest of hailstone trajectories (black lines) through the simu-
lated supercell updraft in u31_z7_2400. The updraft isosurfaces of 20 and 30 m s~ ' are shown in blue shading. The bottom of each panel
shows the simulated reflectivity factor (shaded according to scale; dBZ). The hailstone trajectories feature an arching, northward path
through the growth region.
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FIG. 4. Vertical profile of (a) the mean upward velocity (w > 0) and (b) the mean southerly horizontal wind (v >
0) in the u31_z7 simulations, both conditionally averaged within the updraft w = 20 m s~ !. Each line represents a dif-
ferent simulation with the environmental CAPE value (J kg™ ') given according to the legend. Increasing CAPE val-

ues correspond to cooler colors.

Variations in the shear magnitudes for the quarter-circle
hodographs are chosen from DK17 to cover a range of
observed supercell storm environments (e.g., Marwitz
1972; Brooks et al. 1994). These hodographs are

constructed such that the southerly (v > 0) wind compo-
nent reaches its maximum vp,, = 7 m s at 2 km AGL,
whereas the westerly (u > 0) wind component reaches 7 m
s ! at 2 km AGL and its maximum value Umax Of 25, 31, or
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FIG. 5. Distribution of LWC values (kg m~>) within the 20 m s~ ! updraft in the hail growth
region (between 4 and 8 km AGL) for the u31_z7 simulations. Boxes show the 25th—75th percen-
tile (interquartile) range, and whiskers show the 10th and 90th percentiles. The vertical bar
within the box is the median value, with the black bar indicating its Sth and 95th percentile confi-
dence levels. The magenta marks indicate the maximum and minimum LWC for each case.
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FIG. 6. Number of embryos that produce hailstones (a) in different size bins and (b) with diameters larger than
given thresholds in u31_z7 simulations. The environmental CAPE value (J kg™ ') in each case is given according to the
legends; increasing CAPE values correspond to cooler colors. In (b), bars from left to right indicate increasing CAPE.

36 m s~ at 6 km AGL for the u25, u31, and u36 cases,
respectively. The initial thermodynamic conditions are
constructed using the same method as McCaul and Weis-
man (2001) and Warren et al. (2017), which allows for sys-
tematic adjustment of the buoyancy profile, thereby
enabling experiments with controlled CAPE and vertical
buoyancy distributions. Key values such as pressure and
height are prescribed for the surface, mixed-layer top, and
tropopause, and are described in Table 1. Relative humid-
ity Hz (%) in the free troposphere is specified by a prede-
fined function of height:

_ (HvL — Hte)(Z — Zwn)
(Zro — ZmL)"’

where H represents relative humidity and Z represents
height. Subscripts ML and TP represent values at the

Hy = Hui , ey
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mixed-layer top and tropopause, respectively. All other
symbols are defined in Table 1. Buoyancy in the free tropo-
sphere is defined as B, = g(T,, — T,.)/T,. and is con-
structed as a function of Z, CAPE (denoted by E), and the
level of maximum buoyancy Zg:

B,=FE Z= 2w 2exp(
(Zp — Zm1)

Z—ZuL )7 @)

 Zp—ZmL

where g is the gravitational constant, T, is the environmental
virtual temperature and T,,, is the virtual temperature of an air
parcel rising pseudoadiabatically from the surface. Other thermo-
dynamic variables are then calculated from the given parameters.

By systematically varying CAPE and Zg, we produce a series
of idealized initial thermodynamic conditions (Fig. 1). Base-
state profile configurations for all supercell simulations,
including thermodynamic conditions and wind shear
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F1G. 7. Different hail size metrics (averaged over all embryo sizes) as a function of CAPE
value in the u31_z7 simulations, conditionally sampled for =15 mm are the solid lines: black for
the median, dark blue for the 90th percentile, blue for the 95th percentile, and cyan for the 99th
percentile. Note the “peak” or optimal CAPE values around 20002400 J kg~ *. The dashed red
line is the composite median residence time (s; displayed on the right ordinate axis) of different
seeding sizes within the 20 m s~ updraft for hailstones attaining final sizes = 15 mm in diameter.
The shaded bands about each line indicate the 95% confidence interval about the median values.

magnitudes, are presented in Fig. 2. It is worth noting that
the parameter space we choose represents typical high-
shear, high-CAPE supercell storms occurring in the contigu-
ous United States, although supercells, marginal supercells,
and nonsupercell storms with relatively low CAPE values
are also capable of producing large hailstones (Brooks 2013;
Sherburn and Parker 2014; Puacik et al. 2015; Taszarek et al.
2020). Therefore, our results may not necessarily apply to
all hail-producing environments. The naming convention
for each simulation follows a format of shear, level of maxi-
mum buoyancy, and surface-based CAPE: for example, a
simulation where 1, = 31 m s, Zp =17 km, and CAPE =
1800 J kgf1 is referred to as u31_z7_1800. A complete set of
simulations with varying CAPE and a fixed shear magnitude
and level of maximum buoyancy will be referred to only by
their shared parameters, such as u31_z7. Each simulation
runs for 2 h with a 1-s time step, and produces output files
every 5 min. We then composite each resulting right-moving
supercell storm over the second simulated hour with a
method similar to Grant and van den Heever (2014), DK17,
and KL20. The grid point with maximum updraft speed at
midlevels (7 km AGL) is found for each output time and set
as the new domain center, where simulation results are then
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composited into a single 50 km X 50 km X 20 km 3D data
field for the hail trajectory simulations, centered at x = 0 km,
y=0km, z=0km.

The hail trajectory calculations are performed using the hail
growth trajectory model by KIL20. The model accounts for
important microphysical processes relevant for hail growth
along in-storm trajectories by advecting initial hail embryos
across the 3D input wind, moisture, and thermodynamics fields
produced by CM1 using a 1-s time step, performing microphysi-
cal calculations on each hailstone and outputting their size,
mass, location, and fall speed, among other properties. In this
study, initial embryos with a density of 917 kg m ™~ are placed in
a24 X 24 X 7.5 km® “seeding cube” centered at x =2 km, y = 2
km, z = 7.125 km in the model domain. The horizontal spacing
for neighboring embryos is 500 m and the vertical spacing is 250
m. For each idealized storm input, the hail growth trajectory
model runs four separate times with embryo diameters of 2.5,
5.0, 7.5, and 10.0 mm, respectively, producing four different sets
of outputs. The halil statistics presented in the results section is a
numerical average between all four outputs.

Sensitivity tests on model resolution with a horizontal grid
spacing of 250 m and a vertical grid spacing of 250 m are per-
formed with selected CAPE values. Simulations with a finer
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TABLE 1. Key variables used to specify the idealized thermodynamic base-state profiles.
Variable Definition (units) Value
Pg Surface pressure (hPa) 1000
ZnL Mixed-layer depth (km) 1
Py Pressure at mixed-layer top (hPa) 880
s Temperature at mixed-layer top (K) 290
Hy, Relative humidity at mixed-layer top (%) 95
v Lapse rate for potential temperature in mixed layer (K km™!) 1
Ztp Tropopause depth (km) 12
Hyp Relative humidity at the tropopause (%) 25

resolution produce slightly larger hailstones, with the 50th,
90th, 95th, and 99th hail size percentiles increasing <2 mm
compared to that of our base simulations, but the relationship
between CAPE and hail size (see following sections) remains
the same (see the supplemental material).

3. Results and analysis

The homogeneous base states in all 60 simulations develop
long-lasting, deep moist convection triggered by warm bub-
bles. During each run, the initial singular convective cell splits
into two separate storms (left- and right-moving supercell
storms) within the first simulated hour. The left-moving storms
are less structured than the right-moving storms, and usually
exhibit signs of becoming multicellular due to our choice of
hodograph (Weisman and Rotunno 2000; Markowski and
Richardson 2010; Warren et al. 2017). Storm structures and
microphysical properties of the right-moving storm differ with
varying CAPE, Zz, and 0-6-km vertical wind shear. To respec-
tively investigate the influence of each environmental quantity
on hail production, we divide our analysis into three sections:
u31_z7 experiments with only CAPE variations, z7 experi-
ments with varying shear for each CAPE value to examine
how the results for u31_z7 simulations are modulated with
changes to deep-layer shear, and u31 experiments with varying
Z g for each CAPE value to examine how the vertical distribu-
tion of buoyancy affects the results (Fig. 2). To ensure the
updraft morphology stays consistent for each experiment, we
choose a lower range of CAPE for u25_z7 simulations to pre-
vent the early weakening and decay of existing cells.

a. u3l_z7 experiments

To investigate CAPE’s influence on hail production, we
first conduct u31_z7 experiments where only CAPE varies
between each CM1 simulation (the “green box” in Fig. 2).
For all base states, tm, = 31 m s !, and Zz = 7 km AGL.
CAPE ranges between 1800 and 3000 J kg™', in 100 J kg™ !
increments. This variation of CAPE is expected to have a
wide range of impacts on storm properties, of which the in-
storm wind field and supercooled liquid water content are
expected to be of the greatest significance for hail production
(e.g., English 1973; Heymsfield et al. 1980; Nelson 1983; Ziegler
et al. 1983; Foote 1984; Rasmussen and Heymsfield 1987, among
many others). The structure and magnitude of the storm wind
field can directly modulate hailstones’ residence time, during
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which they can remain in the updraft’s optimal hail growth
region (roughly between 4 and 8 km AGL for our simulations),
where the environment is rich in supercooled liquid water (cloud
droplets and raindrops) and thus provides adequate liquid mass
for hailstones to collect.

In these simulated right-moving supercell storms, our calcu-
lations show favorable hailstone trajectories are the paths that
move primarily northward within the updraft (Fig. 3), consis-
tent with the archetypal trajectory proposed by Browning and
Foote (1976) and those seen in our recent work (DK17;
KL20; Kumjian et al. 2021). As such, we mainly consider the
southerly (v > 0) component of the horizontal wind within
the updraft, which is important for advecting particles across
the updraft during growth, as well as the updraft speed itself,
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JANUARY 2022

LIN AND KUMIJIAN

% 10° 1

(@) '

4.5

ATS ratio

(m? / (ms™'))

35 1 Il 1 Il 1
1800 2000 2200 2400 2600 2800 3000
CAPE U kg™h

T

Area-lo-w ratio
(m?® / (ms™1))

6 1 1 1 1 1
1800 2000 2200 2400 2600 2800 3000
CAPE U kg™h
% 10°
° 2 (C) T T T T T
Ex 19f
ki 2 1.8+
> 1.7F
Sa,
é E 16
-1 1.5 1 | 1 | 1
1800 2000 2200 2400 2600 2800 3000
CAPE (J kg™h)

FIG. 9. Changes in (a) updraft area-to-southerly wind (ATS) ratio, (b) updraft area-to-mean
vertical velocity ratio, and (c) updraft area-to-mean-yw X v ratio, for the u31_z7 simulations,
conditionally sampled on w = 20 m s~ ! between 4 and 8 km AGL. Units for each ordinate axis

187

arem” (ms )L

which is important for supporting a growing hailstone’s verti-
cal excursions as its fall speed increases with mass relative to
the vertical wind (further details for examining these two vari-
ables will be discussed later in this section). Figure 4 shows
the vertical profiles of upward vertical velocity and storm-rel-
ative southerly horizontal wind within the updraft for each
composited storm. Increases in CAPE, while other environ-
mental conditions remain unchanged, tend to increase both
the average upward and southerly wind speed within the
updraft below 10 km AGL.

Changes in CAPE inevitably influence the amount and dis-
tribution of liquid water in storms, as well. Here, the LWC is
defined as the sum of the cloud droplet and raindrop mass
mixing ratios multiplied by dry air density. The LWC distribu-
tion within the w = 20 m s~ ! updraft and confined to the
4-8 km AGL hail growth region for each right-moving storm
composite is shown in Fig. 5 to home in on the region relevant
for hail growth. Even though the updraft LWC in all varying-
CAPE experiments covers a similar interquartile range, the
median LWC values are maximized for some “optimal”
CAPE values between 2000 and 2400 J kg™ !, where the
median LWC is the greatest compared to cases where CAPE
values are either smaller or larger; the reasons behind this will
be discussed in detail below.
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How do these storm structural changes influence hail pro-
duction? As discussed above, one might expect the amount of
severe hail and the maximum hail size produced to increase
with CAPE, given CAPE is correlated to maximum updraft
speed (e.g., Weisman and Klemp 1982; Rasmussen and Blan-
chard 1998; Markowski and Richardson 2010; Peters et al.
2020a). However, results produced by the hail growth trajec-
tory model show no significant correlation between CAPE
and either hail attribute: the simulated hail size metrics for
the u3l_z7 experiments, averaged between four initial
embryo sizes, are shown in Fig. 6. The distribution of final
sizes illustrated in Fig. 6a reveals that the number of embryos
that grow into hailstones = 15 mm decreases exponentially as
hail size increases in each simulation, in line with previous
results in KL20. Notably, however, there is more variability in
the “tail” end of the distribution for larger hail sizes, in part
because of the lower counts (i.e., rarer occurrence) of these
larger stones. Thus, we expect differences in other metrics
related to the larger hail sizes. Figure 6b shows the number of
initial embryo seeds resulting in a size greater than or equal
to that shown on the abscissa. A similar pattern can be identi-
fied for all size thresholds: although the relationship between
number of small hail and CAPE is overall positive, the num-
ber of hailstones with sizes > 25 mm increases with increasing
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CAPE from 1800 to about 2400-2500 J kg '. Beyond that
peak value, however, the counts exhibit a non-monotonic
behavior, with a secondary peak at about 2900 J kg~ '. This is
clearly seen in Fig. 7, which shows different hail size metrics
conditionally sampled for hailstones = 15 mm as a function of
CAPE. Note the “optimal” value of CAPE (shown as a broad
peak in hail metrics) seems to be in the ~2000-2400 J kg~ "
range, with another peak at 2900 J kg~!. The non-monotonic
behavior indicates a complex hail production dependence on
CAPE for these simulations. In essence, in our idealized
supercell environments, increasing CAPE, though leading to
stronger updrafts, does not necessarily lead to increased hail
sizes. The increase in hail sizes for 2900 J kg~ ' CAPE is
because of new hail growth pathways opened in the storm:
increased storm-relative winds outside of the updraft (arising
owing to the storm motion farther from the hodograph) com-
bined with larger updraft area helps expand the region where
embryos can be swept into the updraft and achieve significant
growth (not shown). However, hail-resulting embryo regions
in other u31_z7 experiments show similar spatial patterns.
This points to other differences in the hail growth ingredients
arising from variations in CAPE alone.

We next look at residence time, because the increase of
residence time for larger CAPE serves as a main argument
for the idea that large CAPE is beneficial for producing
large hail. The dashed line in Fig. 7 shows the median resi-
dence time within the 20 m s™' updraft in the hail growth
region for hailstones grown to be =15 mm, composited
between different seeding sizes and presented as a function
of CAPE. Positive correlations exist between different hail
size metrics and the median residence time (the linear cor-
relation coefficient p for 50th, 90th, 95th, and 99th percen-
tile hail size and median residence time is 0.652, 0.732,
0.775, and 0.817, respectively), meaning the distribution of
final hail sizes shifts to larger values with increasing resi-
dence time, as expected (e.g., Heymsfield 1983;
Foote 1984, KL.20). Similar to hail size, median hail resi-
dence time does not increase monotonically with increasing
CAPE, but instead exhibits a relative maximum ~2000-2400 J
kg~ ! and minor peaks at 2600 and 2900 J kg ™.

To understand how CAPE influences hailstones’ resi-
dence time, we look back at the other determining factors
related to hailstone trajectories within the updraft: the
updraft area and updraft’s horizontal wind field. Residence
time is expected to increase as the storm’s updraft area
grows. This is because a larger updraft area would enable a
greater number of embryos to enter the hail growth region
as potential seedings for large hail production, as well as
longer pathlengths as hailstones are advected across the
updraft (e.g., Nelson 1983; Ziegler et al. 1983; DKI17;
KL20). Hail residence time also benefits from more moder-
ate horizontal wind speed, because it slows hailstone advec-
tion through the updraft and prevents hailstones from being
prematurely ejected out of the hail growth region before
achieving significant growth (e.g., KL20).

The change of updraft area, magnitude of the southerly
wind component, and updraft strength with varying CAPE is
shown in Fig. 8. The vertical velocity within the storm’s hail
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growth region increases with CAPE, as expected; the storm’s
updraft area within the hail growth region also expands with
increased CAPE, as shown in previous studies (McCaul and
Weisman 2001; Kirkpatrick et al. 2011; Markowski and Rich-
ardson 2010; Peters et al. 2019), contributing to a longer resi-
dence time if all other variables remain equal. However, the
horizontal wind speed within the same updraft area also
increases with CAPE (Fig. 8b), competing against the increase
in updraft area and contributing to a shorter residence time.
To examine the outcome of this competition, a simple ratio of
updraft area to southerly wind speed (ATS ratio hereafter) is
calculated. A larger ATS ratio means a potentially larger res-
idence time given the longer possible pathlengths and
slower advection speed. As a corollary, smaller ATS ratio
values imply shorter pathlengths and/or faster advection
speeds, suggesting smaller residence times and less favor-
able growth. The ATS-CAPE relationship (Fig. 9a) is sig-
nificantly and positively correlated to the residence
time—CAPE relationship shown in the dashed red line in
Fig. 7 (p = 0.799), suggesting that ATS ratio can be used as a
proxy for residence time. Figure 9b features the ratio of
mean updraft area to mean vertical velocity, and Fig. 9c
shows the ratio of mean updraft area to the mean Vvw Xv
value, which compares the significance of horizontal wind
speed and the traditionally used vertical velocity in modu-
lating hailstones’ excursions. Both quantities are calculated
within the hail growth region. The ATS ratio, out of all
three, best correlates with residence time; it is also signifi-
cantly correlated to 50th, 90th, 95th and 99th hail size per-
centiles discussed above (p = 0.839, 0.685, 0.669, 0.637,
respectively). The other two ratios show no significant cor-
relation, except for the ratio of mean updraft area to the
mean Vw X v value and 50th hail size percentile (p = 0.594).
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What causes the increase in both updraft area and south-
erly flow speed with larger CAPE? We know that updraft
area is increased with greater deep-layer shear, which tends
to increase the magnitude of the low-level storm-relative
winds (e.g., DK17; Trapp et al. 2017; Warren et al. 2017;
Peters et al. 2019; KL20). For these u31_Z7 experiments,
deep-layer shear is fixed. All 13 simulated storms move
northeast throughout their lifetimes, but those in environ-
ments with larger CAPE are associated with a smaller
northward component and a larger eastward component to
this motion. Thus, the resulting motion is farther away from
the uniform quarter-circle hodograph used, so storms with
larger CAPE experience stronger low-level storm-relative
winds, which is associated with wider updrafts (e.g., Peters
et al. 2019, 2020a). Further substantiation is offered by a
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comparison between our simulations and the data provided
in Peters et al. (2019). In our simulations, the mean 0-3-km
storm-relative wind magnitudes increase from 8.3 to 10.9 m
s~! when CAPE increases from 1800 to 3000 J kg ™' (Fig.
10a). Based on their Figs. 4a and 5a, the 1-10-km average
effective updraft radius Ry should have an approximate
change from 4.0 to 4.8 km, an increase of 20%; our calcu-
lated 1-10-km average updraft radius increases to 2.96 from
2.61 km or 13.2% (Fig. 10b), which is quite consistent.

The low-level storm-relative wind magnitude also is
strongly positively correlated to the storm’s average low-
level inflow speed, defined as the horizontal speed of the
low-level air being advected toward the updraft’s boundary
(Peters et al. 2019). Indeed, one might expect these larger
inflow speeds with increasing CAPE to play a role in the
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larger southerly wind within the updraft further aloft,
beause air in the storm’s updraft largely comprises air rising
from the inflow layer (Nowotarski et al. 2020). In the same
pressure field, parcels with greater horizontal momentum
entering the updraft at low levels are expected to retain
greater horizontal momentum further aloft in the hail
growth region. However, the variation in the average south-
erly wind speed within the hail growth region is larger than
that of the average inflow speed: when CAPE increases
from 1800 to 3000 J kg ™!, the average inflow speed increases
by ~2 m s~!, whereas the average southerly wind speed
within the hail growth region increases by nearly 5 m s !
(Fig. 8b). This suggests that the difference lies not only in
air parcels’ initial horizontal momentum, but other factors
are also affecting the parcel’s behavior during its approach
and ascent into the updraft. Air parcels from the inflow layer
that ultimately participate in the updraft are lifted by buoyancy
and vertical perturbation pressure gradient forces (e.g., Markow-
ski and Richardson 2010; Peters 2016). Further, the air parcels’
horizontal speeds are influenced by the storm’s horizontal pertur-
bation pressure gradient force (Dahl 2017). Particularly in super-
cells, these pressure perturbations may be large, leading to
appreciable horizontal acceleration of the ascending parcels by
the pressure gradient field.
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Figure 11 depicts the storm’s buoyancy, dynamic, and over-
all pressure perturbation fields. A negative pressure perturba-
tion exists at the southern part of the updraft between 4 and
10 km AGL mainly owing to the strong nonlinear dynamic
pressure deficit resulting from the “spin” term associated with
vertical vorticity (see, e.g., Markowski and Richardson 2010).
This negative pressure perturbation accelerates inflow air par-
cels as they head northward, meaning the v component of the
inflow wind will increase before reaching the negative pres-
sure perturbation’s center. Similarly, once rising parcels
advance northward past the negative pressure perturbation
center, they experience an adverse horizontal perturbation
pressure gradient force and decelerate.

To quantify the impact of the negative pressure perturbation
region on the horizontal airspeed of parcels entering the opti-
mal hail growth region, we perform a simple air parcel experi-
ment (Fig. 12). For this experiment, 15 air parcels were
initialized in the inflow region (defined as the southeast quad-
rant of the domain at heights < 3 km AGL). We choose to use
the steady-state composite of the storm simulations, which the
hail growth trajectory model is run on; this way we can strip the
problem to a simpler form and examine the effect of buoyancy
and basic storm characteristics without the complexity of chang-
ing storm morphologies and structures. The parcels are then
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advected through the storm updraft using a simplified version

of the Navier-Stokes equations, where only gravity and pres-

sure gradient forces are considered:
Dv_ vpP &

D 7 — gk, (3)
where D/Dt is the total derivative, v is the velocity vector,
P is pressure, p is the air density, g is gravity, and k is the
vertical unit vector. The 15 parcels for each CAPE value
are averaged, and the resulting composite meridional
pressure gradient acceleration and parcel v > 0 speed are
shown in Fig. 13. Inflow air parcels reach the negative
pressure perturbation center early in their trajectory
(Fig. 13a), typically even before they enter the optimal
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hail growth region aloft, owing to the large inflow speed
and thus large initial northward momentum. Therefore, if
the storm pressure field remains relatively unvaried?
change in air parcels’ speed largely depends on the time
they ascend in the updraft after passing the pressure per-
turbation minimum. Because storms in environments with

2 Storms in environments with greater CAPE tend to produce
larger-magnitude pressure perturbations (e.g., Morrison 2016a,b;
Peters et al. 2020a), so parcels in these simulations experience
both greater accelerations and decelerations of their v > 0 speed
(Fig. 13a); however, the shorter residence time during ascent in
stronger updrafts seems to be the most important contributor to
these results.
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larger CAPE have stronger updrafts, air parcels ascend
and eventually leave the hail growth region more rapidly
(Fig. 13b), resulting in less time experiencing an adverse
horizontal pressure gradient and thus less deceleration of
their northward motion. Therefore, these faster-ascend-
ing parcels retain a greater portion of their horizontal
inflow speed (Fig. 14).

With the preceding analysis, we refute the notion that
larger CAPE generally promotes longer residence time for
hailstones and, thus, larger hail. Now we examine the other
important ingredient for hail growth-the supply of super-
cooled liquid water. According to parcel theory, a buoyant
air parcel rises dry adiabatically until reaching saturation.
The saturated air parcel then undergoes reversible adia-
batic or pseudoadiabatic ascent (e.g., see Markowski and
Richardson 2010; Murdzek et al. 2021). If the initial tem-
perature and pressure at the lifting condensation level
(LCL) are held constant, the liquid water a parcel produces
(neglecting entrainment) should be approximately inde-
pendent of the ambient environment on its rising path,
including CAPE.? In other words, the vapor in excess of
the equilibrium value at each level, given by the moist
adiabat, is condensed out into liquid, regardless of CAPE.*
And, if the initial thermodynamic condition and trajectory
of an air parcel remain unchanged, it should produce the
same amount of liquid water. Therefore, one could expect
the LWC in the updraft to be greater for larger-CAPE
cases only if the LCL temperature or pressure are signifi-
cantly different compared to the smaller-CAPE cases.
However, all RH profiles and mixed-layer temperature
profiles are identical in our idealized simulations, leading
to identical LCL temperatures and pressures for all cases.
The temperature above the mixed layer is only slightly
lower (about 2 K at 3 km AGL, yielding a difference of
around 2 hPa in equilibrium vapor pressure) for the larg-
est-CAPE case compared to the smallest one. Therefore,
considering an idealized updraft only composed of air ris-
ing from the lowest levels, without entrainment of air from
higher altitudes, we would expect similar LWC in updrafts
for all CAPE values with only minor variance.

According to the bulk LWC within the 4-8-km updraft
region (Fig. 5), however, an optimal range of CAPE values
between 2000 and 2400 J kg~ ! produces updrafts with
greater median LWC values, pointing to differences in par-
cel origins. This relationship also holds true when account-
ing for only the LWC values experienced by hailstones
along their trajectories (Fig. 15). According to the base-state
thermodynamic profiles, air from the lowest altitudes can
supply more moisture to the hail growth region because
low-level parcels have greater vapor mixing ratios (i.e.,
more vapor content available to condense into liquid). Con-
sidering the discussion above, we hypothesize that updrafts
composed of more air originating from the lowest levels
would have larger LWC.

To evaluate this hypothesis, as a proxy of air parcels, we
place passive tracers at low levels in the CM1 simulations and
track their concentration at higher levels as they are ingested
into the storm, along with entrained air. We launch tracers at
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FIG. 14. Results of the parcel experiment calculations showing
the relationships between CAPE and (a) mean vertical velocity w,
(b) mean parcel v-wind component, and (c) mean parcel residence
time within the hail growth zone.

17 different levels of our simulated storms at 1 kg kg~ " initial
concentration: below 500 m AGL, from 500 to 1000 m AGL,
from 1000 to 1500 m AGL, and so on until 7500-8000 m
AGL, and, last, above 8000 m AGL. Similar to our prior anal-
yses, we composite their concentrations for the second simu-
lated hour with the domain shifted to be centered on the
midlevel updraft maximum. Figure 16 presents the tracer frac-
tion based on their source level and sampling level. For all
CAPE values, the 4-8-km updraft region contains large
amounts of air from the inflow layer (=3 km AGL). The per-
centage of inflow-layer air ingested into the updraft seems to
increase with CAPE, except perhaps for the CAPE = 3000 J

*In fact, parcel buoyancy could potentially affect its LWC
(Romps 2015; Peters and Chavas 2021). For an adiabatically lifted
parcel, moist static energy (MSE) minus CAPE is conserved,
which could possibly alter its LWC and temperature.

* This assumes air parcels contain a sufficient number of aerosol
to produce droplets and thus the parcels are limited only by super-
saturation production (e.g., Lebo et al. 2012).
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kg™! case. Also evident in each case is air originating from
higher altitudes: this implies that environmental air is
entrained into the updraft (Nowotarski et al. 2020), where the
initial environments are drier (cf. Fig. 1), meaning they con-
tribute to decreased LWC.

Figure 17 demonstrates the percentages of tracers origi-
nating from the lowest 3 km AGL (i.e., the expected
inflow layer) among all the tracers (red line) and the
median LWC trend (blue line), both in the 20 m s !
updraft within the hail growth region, as a function of
CAPE. To facilitate comparison, the tracer percentage
and LWC values have been normalized to their z score
[z=(x—x)/S, where x is the raw data value, X is the sam-
ple mean, and S is the standard deviation]. A strong posi-
tive correlation (p = 0.948) is evident, suggesting that the
percentage of moist inflow air ingested into the storm
plays a role in the LWC within the storm’s updraft. The
remainder of air parcels composing the updraft in the hail
growth region must have originated from above the inflow
layer—i.e., they are entrained or ingested into the updraft
from the drier free troposphere.

Peters et al. (2020b) suggest that the fractional entrainment
of the storm updraft may decrease with CAPE due to its broad-
ening area (McCaul and Weisman 2001; Kirkpatrick et al. 2011;
Markowski and Richardson 2010; Peters et al. 2019) and
increased updraft mass flux, even if the fofal amount of
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entrained mass increases due to the expansion of the updraft’s
boundary and increased horizontal speed of air that is entrained
into the updraft (Morrison et al. 2020). This would mean that
the remaining fraction of air in the updraft (i.e., that from the
low-level inflow) increases with CAPE; our results contradict
this expectation.

A reason behind the decrease in low-level air percentage
for high CAPE values, and thus the non-monotonic
LWC-CAPE relationship may lie in the storms’ updraft
morphology. By taking horizontal cross sections within the
hail growth region at 5.375 km AGL and plotting the tracer
concentrations from each source layer, we observe that the
high-concentration centers for tracers from each origin level
do not occupy the entire updraft area, nor do they substan-
tially overlap (Fig. 18). The 20 m s™' updraft area can be
seen expanding as CAPE increases, whereas the locations
and sizes of each tracer concentration maximum (represent-
ing where at this altitude has the most air originating from a
given source level) remain mostly unchanged. Based on the
shape and size of the updraft, as well as its collocation with
the tracer concentration maxima, we hypothesize that the
updraft area simultaneously “gobbles up” more lower-level
air as well as higher-level entrained air as it expands, thus
resulting in an optimal range of CAPE values when the
ratios between the low-level and upper-level tracer concen-
trations is the greatest.
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FIG. 16. Each panel shows the fraction of passive tracers at a given altitude (ordinate axis) as a function of the tracer source height (abscissa
axis) for different CAPE simulations. The tracer fraction is shaded according to the outset color bar.

Figure 18 also shows that, at a given horizontal level aloft,
air originating from different low-level altitudes tends to be
concentrated in disparate locations in and around the updraft.
To examine the cause of such clusterings, we launch a 30 X 30
X 3 km® cube of air parcels in CM1 within the 0-3 km AGL
southeast inflow corner of the domain. The neighboring par-
cels are 500 m apart horizontally and 250 m apart vertically.
Parcels begin being advected by the storm-relative winds
through the domain at 1-h simulated time until the end of each
2-h simulation. Parcels from different originating layers start
to diverge at the beginning of their advection: lower-level par-
cels move toward the west-northwest while higher-level par-
cels advect north-northwestward. Such differences in their
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early moments and thus early displacements lead to larger var-
iations in their final trajectories, thus putting these parcels into
clusters based on their respective initial altitudes (Fig. 19). A
similar parcel sorting mechanism is discussed in Dahl (2017)
(see their Fig. 10).

According to Holton and Hakim (2013), Davies-Jones
(2015), and Dahl (2017), a Lagrangian surface (defined by the
latter author as “the common height of parcels at an arbitrary
reference time fy”) will exhibit a bulge downstream (in the
storm-relative sense) of the maximum vertical velocity, and
thereby downstream of the updraft. Because of hodograph
curvature and the resulting change in storm-relative winds at
different levels, this bulge/displacement will rotate around the
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updraft for parcels originating at different initial heights. As a
result, parcels from certain altitudes within the inflow layer
will have a better chance of rising along the favorable hail
path than others. As such, the water vapor content of these
layers would affect hail growth the most. The heights of these
layers are, in turn, influenced by the hodograph itself. For
example, for the quarter-circle hodograph used in our simula-
tions, the low-level storm-relative wind direction has a strong
westward component and relatively weaker northward com-
ponent; thus, parcels originating at low levels should be dis-
placed west of the updraft maximum aloft (i.e., away from the
favorable pathway for hailstone growth, see Fig. 3). In con-
trast, parcels originating at greater altitudes, where storm-rel-
ative winds have an eastward component, will find themselves
displaced to the east of the midlevel updraft maximum (i.e.,
close to the favorable pathway for hailstone growth). For
u31_z7, air from 1.5 to 3 km AGL concentrates more on the
eastern side of the updraft, thus potentially influencing hail
growth the most.

There are immediate forecasting implications based on this
examination: instead of focusing on the low-level moisture
conditions (e.g., surface or 100-hPa mean layer) air, a more
relevant layer may be the one in which parcels found in the
favorable hail trajectory region originate. In our simulations,
for example, the majority of air located in the eastern half of
the mesocyclone originates from the 1.5-3 km AGL layer,
suggesting that the moisture conditions at these altitudes may
could be important for modulating the LWC available in the
hail growth region. Thus, we propose that better forecasting of
the hail threat may involve pairing the storm-relative wind pro-
file and environmental moisture profile. No doubt, this makes
it challenging compared to traditional metrics.

Using the results from KL20, we can compare the sensitiv-
ity of hail size to changes in CAPE and changes in 0—-6-km
wind shear. For the u31z7 cases, when CAPE increases
by 33.33% below the “optimal” CAPE value (from 1800 to
2400 J kg~!, where hail size and CAPE are positively corre-
lated), the amount of hailstones in the 30-, 40-, and 50-mm
size bins increase by 79.72%, 137.50%, and 428.57%, respec-
tively. In KL20, when the 0-6-km wind shear increases by
38.89% from 36 to 50 m s™ ', the amount of 30-, 40-, and 50-mm
hailstones increases by 129.26 %, 247.96%, and 516.06%, respec-
tively. Thus, for comparable changes in shear and CAPE (as
CAPE increases to the optimal values in our chosen range), the
amount of larger hail increases in a commensurate manner.

b. Deep-layer shear (z7) experiments

In the previous subsection, we examined how variations in
CAPE affect hail size, but held the wind profile constant. In
addition to thermodynamic conditions, vertical wind shear
also plays a crucial role in modulating hail production by
affecting the morphology of the storm updraft and storm
wind field (e.g., Weisman and Klemp 1982; Brooks et al. 1994;
Weisman and Rotunno 2000). DK17 have demonstrated that
a strong zonal component to the deep-layer shear vector could
potentially enhance hail production in simulated supercell storms
by elongating the storm updraft in the direction of the shear
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FIG. 17. Red line indicates tracer concentration originating
from <3 km AGL, and the blue line is the LWC within the w = 20
m s~ ! updraft in the hail growth region, as a function of CAPE for
the u31_z7 simulations. Both have been normalized by their z score
to facilitate comparison. For the actual values, see the supplemen-
tal material.

vector, thus increasing the volume in which hailstones can collect
mass and increase in size. These results were supported by K120,
who found that hailstone residence time increases with increasing
zonal deep-layer shear. However, these studies all used fixed
thermodynamic profiles; as such, it is an open question how var-
iations in CAPE and shear modulate hail growth. We address
this question in this section by varying CAPE (as before) for
three different amounts of deep-layer shear by using tyax = 25,
31,and 36 ms ..

Figure 20 (left column) shows hail size metrics as a function
of CAPE for these three shear values. All three sets of experi-
ments demonstrate a similar hail size-CAPE relationship,
where an optimal, larger-hail-producing state exists for interme-
diate CAPE values. This potentially results from the non-mono-
tonic relationships between residence time and CAPE, and
updraft LWC and CAPE (Fig. 20, left column). Further, this
relation appears to become more pronounced with increasing
shear. Just as we observed in the u31_z7 experiments, there is
also a significant positive correlation between ATS ratio and
residence time (not shown).

Despite the similarities in the observed hail size-CAPE rela-
tionship for each shear case, differences do exist between the
weak (i4max =25 m s~ 1) and strong (imay = 36 m s~ 1) shear cases.
First, storms with the same CAPE have a larger updraft area as
deep-layer shear increases (Fig. 21a), which can be explained by
the hypothesis in Peters et al. (2019) that updraft area is strongly
influenced by the low-level inflow, and subsequently by the low-
level storm-relative wind. The increase in low-level storm-relative
wind also leads to greater in-storm horizontal wind speed; how-
ever, because we only vary the westerly deep-layer wind shear,
the southerly storm-relative wind (the leading contributor to the
southerly in-updraft wind), does not change as drastically (Fig.



196

CAPE = 1800 J kg ™}

JOURNAL OF THE ATMOSPHERIC SCIENCES

CAPE = 2000 J kg~*

VOLUME 79

CAPE = 2200 J kg™}

y (km)

x (km)

X (km)

y (km)

10

y (km)
y (km)

X (km)
CAPE = 2800 J kg™ !

0 10
x (km)

CAPE = 2600 J kg !

0 20 4 60
simulated reflectivity factor (dBZ)

(5= Z; < 1.0 km

y (km)
y (km)

x (km)

5y = z, < 2.0 km
2.0 < Z, < 2.5 km

3.0 < z, < 6.0 km

X (km)
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21b). As a result, the ATS ratio increases with deep-layer shear
(Fig. 21c), leading to greater hailstone residence times.
Repeating the tracer experiment from the previous sub-
section, we evaluate the relationship between the low-
level air concentration and the updraft LWC median in
both sets of experiments. For u36_z7 (Fig. 22a), the corre-
lation is strong and significant (p = 0.866, p value = 0.012).
However, for u25_z7 (Fig. 22b), the low-level air concen-
tration does not relate well with the LWC medians. One
possible reason is the weaker updrafts. With weaker
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shear, the storm updraft is smaller and weaker if CAPE is
relatively low (<2000 J kg™!), and the ingestion of tracers
is slower. At the beginning of the second simulated hour
(the starting time step of our storm composite), although
the amount of low-level tracers in all other cases exhibits
steady decrease as tracers are being advected upward and
out of the hail growth region, the low-level tracers in the
u25_z7_1600, u25_z7_1800, and u25_z7_2000 updrafts are
still increasing or fluctuating, resulting in greater amounts.
Because low-level tracer concentration is merely a proxy
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parcel heights are indicated by different colors, according to the inset legend. Parcel initial locations are black circle
markers, and final locations are red circle markers. Note the west-to-east change in locations and trajectory directions

for increasing initial heights, reflecting the hodograph.

for, and not an exact representative of, the low-level air
concentration, using the low-level tracer percentage for
weak-shear, low-CAPE cases results in an overestimation
of the fraction of low-level air within the updraft.

The 5.375 km AGL horizontal cross sections for all
three shear cases (Fig. 23) show similar clustering pat-
terns of different-initial-altitude tracer concentration
maxima, suggesting that there is more lower-level inflow
air in the western side of the updraft, and more higher-
level inflow air in the eastern side. As expected owing to
the variation in low-level storm-relative winds for these
three shear cases, the west-to-east spread of the different
tracer concentration maxima increases with increased
zonal deep-layer shear. For example, the separation of
the <0.5 and 2.5-3.0 km AGL tracer concentration max-
ima increases from ~5 km for u25_z7_2400 to ~6.5 km for
u3l_z7_2400, to ~7.8 km for the u36_z7_2400 case. These
results suggest that the horizontal placement of different-
initial-altitude inflow air changes with shear, meaning that
the importance of low-level layer inflow air originating
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from different altitudes may vary according to a storm’s
hodograph.

¢. Buoyancy profile experiments

Other characteristics of the buoyancy profile, besides CAPE,
can also modulate hail production by influencing storm fea-
tures (McCaul and Cohen 2002; McCaul et al. 2005). For exam-
ple, it is commonly thought that larger midlevel lapse rates
could be favorable for increased hail size (e.g., Johnson and
Sugden 2014; Tang et al. 2019, see also the Storm Prediction
Center’s “significant hail parameter”). Lapse rate is directly
linked to the overall CAPE value and the vertical distribution
of buoyancy. By keeping the same CAPE and wind profile, we
can vary the vertical buoyancy distribution by adjusting the
level of maximum buoyancy (Zp). Figure 24 shows lapse rate
profiles for u31_1800 and u31_3000, where Z varies between 6
and 8 km AGL. Although the lapse rate differences resulting
from Zg variations are less significant than those resulting
from CAPE variations, we expect larger midlevel lapse
rates for larger Zg, where buoyancy is concentrated at
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higher altitudes. As Zg increases from 6.5 to 8.0 km AGL,
we observe a shift in optimal CAPE values for storms that
produce larger hail from 2000-2400 to 2200-2600 J kg™*
(Fig. 20, right column). Additionally, the amount of large
hail as well as the 95th and 99th percentile hail sizes for
cases larger CAPE (=2200 J kg™') increase with Zz (not
shown), suggesting that, with the same amount of higher
CAPE, supercell storms with less buoyancy at the lower
levels (i.e., a less “bottom-heavy” buoyancy profile) pro-
duce larger hail.

The changes in hail production arise because a larger Zp is
associated with smaller horizontal wind speed in the hail growth
region while maintaining a similar mean updraft area, at least for
CAPE = 2200 J kg~ ' (Figs. 25a,b). This is consistent with our
discussion in section 3a that the in-updraft southerly wind speed
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is positively related to inflow speed as well as updraft speed, both
of which decrease with increasing Zpg, whereas updraft area is
only strongly positively correlated to the inflow speed (Peters
et al. 2019). The ATS ratio (Fig. 25¢) demonstrates the competi-
tion between updraft area and horizontal flow, and potentially
the increase the peak residence time for supercells in environ-
ments with larger Zp.

4. Conclusions

The relationship between CAPE and hail size in simu-
lated supercell storms is examined in this paper, with par-
ticular focus on factors influencing hailstones’ residence
time in the mixed-phase region of the updraft. The notion
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that storms with greater CAPE produce larger hail appar-
ently is widespread in the forecasting community. Conven-
tional wisdom suggests that, because storms with larger
CAPE have stronger updrafts, they thereby have the abil-
ity to “support” hailstones for a longer period of time.
However, through a series of numerical simulations cou-
pled with our hailstone growth trajectory model calcula-
tions, we have found that residence time (and thus hail size)
does not increase monotonically with CAPE, but instead
maximizes for an intermediate range of “optimal” CAPE
values within our specific shear-CAPE parameter space,
representing high-CAPE supercell storms (e.g., Pucik et al.
2015; Blair et al. 2017; Taszarek et al. 2020). These results
are related to increases in updraft width and changes in hor-
izontal flow within the updraft as CAPE increases. The rea-
sons for updraft expansion with increased CAPE are still an
active topic of research in which theoretical approaches and
simulation results sometimes conflict (e.g., Peters et al.
2019). Using the conceptual framework from Peters et al.
(2019), however, we hypothesize that, because increased
CAPE leads to storm motion farther off the hodograph,
low-level storm-relative wind speeds are increased, resulting
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in wider updrafts. On the other hand, the larger southerly
wind within the updraft with increased CAPE is a result of
larger inflow speed, as well as the interaction between rising
parcels and the storms’ pressure perturbation fields. In par-
ticular, faster-ascending parcels in stronger updrafts (larger-
CAPE environments) spend less time facing an adverse hor-
izontal perturbation pressure gradient force, thereby retain-
ing greater northbound speeds than their slower-ascending
counterparts in smaller-CAPE environments. Another
important “ingredient” for hail growth—LWC within the
updraft—also exhibits a non-monotonic relationship with
CAPE owing to changes in the horizontal distribution
(across the midlevel updraft) of moist air rising from differ-
ent altitudes within the inflow layer, as well as changes to
the amount of entrained dry free tropospheric air.

With these findings, it is unsurprising that neither hail size
nor the amount of severe hail increases monotonically with
CAPE in our simulations; rather, hail size metrics maximize for
an optimal intermediate range of CAPE values in the range
chosen for this study, similar to hailstones’ residence time within
the optimal hail growth region (Fig. 20). Superposed on these
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results is overall increase in hail size for larger zonal deep-layer
shear, similar to DK17 and KIL20. Further examinations in
adjusting the vertical distribution of buoyancy reveal that the
optimal CAPE range for hail production can vary even with a
fixed amount of CAPE, owing to the consequent variations in
the updraft’s flow field.

Is there observational evidence to support these findings?
Brooks (2013, their Fig. 1) shows a relationship between
theoretical maximum vertical velocity (calculated from
CAPE) and the probability of hailstones > 50 mm that
exhibits a similar trend to the CAPE-hail size relationship
found in our study, where the probability increases with
maximum vertical velocity to a certain point before
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decreasing as maximum vertical velocity increases further.
However, the optimal CAPE range for significantly severe
hail presented by (Brooks 2013) is below the chosen CAPE
range tested here. Figure 9a in Taszarek et al. (2020) also
shows a similar pattern, but only for a limited parameter
space where 0-6-km wind shear is between 20 and 30 m s,
where the probabilities of storms producing hailstones > 20
mm increase with MLCAPE until about 4000 J kg_17 then
decrease as MLCAPE increases further until it reaches a
second peak at about 5000 J kg~ ! in relatively low shear
space (near 15 m s™!). The same trend is also seen in their
Fig. 9b, but for hailstones > 50 mm in storms with 0-6-km

wind shear between 15 and 25 ms™ .
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FIG. 24. Vertical profiles of temperature lapse rate (K km™ ') for the (a) u31_1800 and (b)
u31_3000 simulations. Each color represents a different Zg, according to the legend. Cooler col-

ors indicate greater Zp.
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With our analysis herein, we cast doubt on the notion that
larger CAPE generally would promote longer residence time
for hailstones and, thus, larger hail. In light of our results, it is
perhaps unsurprising that past climatologies have not found
CAPE to be a useful discriminator of hail size classes (Craven
et al. 2004; Johnson and Sugden 2014; Pucik et al. 2015; Blair
et al. 2017). Given that hailstones are typically advected
across the updraft during their growth (Nelson 1983; Ziegler
et al. 1983; Foote 1984), it is logical for the horizontal wind
field, as well as the morphology of the updraft and mesocy-
clone, to be important for controlling residence time, instead
of a simple linear relationship to CAPE.

The determining factor of the southerly wind component is
specific to our hodograph, and thereby storm morphology. In
forecast applications, the most significant wind component
might change based on the supercells’ environmental wind
fields, depending on the shear direction, hemisphere, etc.
However, the general idea remains unchanged that the
storm’s updraft area and horizontal wind field, instead of
CAPE, are the main factors in influencing hailstones’ resi-
dence time and thus the final hail size.
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