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ABSTRACT

Vertical wind shear is known to affect supercell thunderstorms by displacing updraft
hydrometeor mass downshear, thereby facilitating the storms’ longevity. Shear also impacts
the size of supercell updrafts, with stronger shear leading to wider, less dilute, and stronger
updrafts with likely greater hydrometeor production. To more clearly define the role of shear
across different vertical layers on hydrometeor concentrations and displacements relative to
supercell updrafts, a suite of idealized numerical model simulations of supercells was
conducted. Shear magnitudes were systematically varied across the 0—1 km, 1-6 km, and 612
km AGL layers while the thermodynamic environment was held fixed. Simulations show that
as shear magnitude increases, especially from 1-6 km, updrafts become wider and less dilute
with an increase in hydrometeor loading, along with an increase in the low-level precipitation
area/rate and total precipitation accumulation. Even with greater updraft hydrometeor loading
amid stronger shear, updrafts are more intense in stronger shear simulations due to larger
thermal buoyancy owing to wider, less dilute updraft cores. Furthermore, downshear
hydrometeor displacements are larger in environments with stronger 1-6 km shear. In contrast,
there is relatively less sensitivity of hydrometeor concentrations and displacements to
variations in either 0—1 km or 6-12 km shear. Results are consistent across free tropospheric
relative humidity sensitivity simulations, which show an increase in updraft size and
hydrometeor mass with increasing free tropospheric relative humidity owing to a reduction in

entrainment-driven dilution for wider updrafts in moister environments.

SIGNIFICANCE STATEMENT

Rotating thunderstorms, known as supercells, are able to persist for multiple hours. One
common explanation is that large changes in wind speed and/or direction with height, or shear,
transport rain/hail away from supercell updrafts, supporting their maintenance. The strong
shear within supercell environments, however, may also lead to greater rail/hail amounts,
thereby leading to weaker storms due to this extra mass of water/ice within updrafts.
Furthermore, the impact of shear across different height layers on supercell rain/hail
characteristics has not been thoroughly investigated. In this study, computer simulations of
supercells were conducted to determine that shear occurring between 1-6 km above ground
level has a large impact on rain/hail distribution in supercells, and that stronger shear in this
layer leads to wider/stronger supercells with greater rain/hail accumulations at the surface.
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Additionally, some of the extra mass of water/ice is transported farther away from updrafts due

to the stronger environmental storm-relative winds.

1. Introduction

Vertical wind shear (hereafter “shear”) has long been known to increase supercell
thunderstorm updraft strength and longevity by increasing the horizontal separation between
the main updraft (and mesocyclone), downdrafts, and precipitation (e.g., Brooks et al. 1994a,b;
Markowski and Richardson 2010). Studies have shown a strong positive correlation between
shear strength and deep convective updraft area, including for supercells (Dennis and Kumjian
2017; Trapp et al. 2017; Warren et al. 2017, Marion and Trapp 2019; Peters et al. 2019;
Mulholland et al. 2020; Peters et al. 2020b). In environments with stronger shear, and thus
stronger low-level storm-relative inflow in the layer with non-zero CAPE and zero/limited CIN
(i.e., the “effective inflow layer”, or EIL; Thompson et al. 2007), supercell updrafts grow wider
and are less susceptible to entrainment-driven dilution of buoyancy, leading to stronger upward
vertical velocities (e.g., Peters et al. 2020b). Supercells amid stronger shear also exhibit
stronger non-linear dynamic perturbation pressure gradient accelerations owing to more rapidly
rotating updrafts, leading to stronger low-to-mid-level updrafts (e.g., Weisman and Klemp
1984; McCaul and Weisman 1996; Weisman and Rotunno 2000; Peters et al. 2019). While
connections between shear, supercell updraft area, and vertical velocities have been firmly
established, an extension of these effects on the amount and spatial extent of condensate and
precipitation produced by supercells has received comparatively less attention. Do wider, less
dilute, and stronger updrafts in stronger shear environments support more hydrometeor mass,
leading to greater hydrometeor loading within updrafts? Or does this extra hydrometeor mass
get transported downshear of updrafts owing to the stronger storm-relative winds associated
with stronger shear? It is also not known which shear layer (i.e., height range over which shear
is distributed) has the most relative impact on condensate and precipitation production and
location within supercells, and if these impacts depend on environmental free tropospheric

relative humidity.

The amount of condensate/hydrometeor mass formed within updrafts is important to help
determine: (1) how much buoyancy updrafts actually realize owing to the negative effects of
hydrometeor loading on updraft buoyancy (e.g., Emanuel 1994) and (2) any updraft buoyancy
“enhancement” if additional (unfrozen) condensate is lofted upward past the freezing level and

then freezes, leading to additional latent heating (e.g., Rosenfeld et al. 2008). Furthermore,
3
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knowledge of the location, spatial extent, and intensity of precipitation from supercells is vital
as this has direct hydrological implications, such as flash flooding potential, along with
dictating where evaporatively driven downdrafts and cold pools typically develop. Downdrafts
and their attendant cold pools have long been hypothesized to be important for supercell
tornadogenesis by re-orienting near-surface horizontal vorticity into the vertical direction (e.g.,
Davies-Jones 1982; Davies-Jones and Brooks 1993) and cold pools foster zones of enhanced
horizontal baroclinic vorticity along with regions of enhanced horizontal vorticity stretching
(e.g., the “streamwise vorticity current”; Orf et al. 2017; Schueth et al. 2021; Finley et al. 2023),
which may be vital to low-level mesocyclone formation/intensification along with tornado
potential/maintenance (e.g., Klemp and Rotunno 1983; Rotunno and Klemp 1985; Wicker and
Wilhelmson 1995; Adlerman et al. 1999; Markowski et al. 2012; Beck and Weiss 2013;
Tanamachi et al. 2013; Markowski and Richardson 2014; Orf et al. 2017; Schueth et al. 2021;
Finley et al. 2023). Furthermore, the rear-flank downdraft has been shown to be important for
low-level mesocyclone (e.g., “vortex arches”; Straka et al. 2007) and tornado formation (e.g.,
“internal surges”; Lee et al. 2012; Skinner et al. 2014; Schenkman et al. 2016). Gray and Frame
(2021) showed that varying the 3—6 km AGL shear vector orientation shifted the location of
low-level hydrometeor loading and downdrafts, and subsequently, the location of low-level
baroclinic zones within simulated supercells (see their Fig. 11). Parker (2017) also showed that
altering the mid-to-upper-level (i.e., > 4 km) hodograph orientation shifted the location of near-
surface precipitation within simulated supercells (see their Fig. 3). Furthermore, the location
and strength of downdrafts and cold pools in supercells may impact whether supercell updrafts
are subsequently undercut by surging outflows (Brooks et al. 1994b; Finley et al. 2001;
Mashiko et al. 2009; Schenkman et al. 2016). Lastly, condensate that is lofted and advected
downshear of supercell updrafts may alter inflow air properties (e.g., CAPE, shear, vorticity,
etc.) through effects such as anvil shading and a corresponding reduction in surface heat fluxes
and boundary layer mixing (Frame and Markowski 2010, 2013; Nowotarski and Markowski
2016).

The few studies that have, at least tangentially, investigated the impact of shear on supercell
updraft area and condensate/precipitation characteristics are briefly summarized here.
Observational studies have utilized dual-polarization Doppler weather radar to: (1) quantify
hydrometeor size sorting (e.g., differential reflectivity ‘““arcs”; specific differential phase
“footprints”) patterns owing to differences in low-level storm-relative winds (e.g., Loeffler and

Kumjian 2018; Loeffler et al. 2020); and (2) infer updraft size characteristics (e.g., differential
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reflectivity “columns”; e.g., French and Kingfield 2021) in supercells. In terms of numerical
model simulation studies, Dennis and Kumjian (2017) showed that simulated supercells amid
environments with stronger 3—6 km shear exhibited wider updrafts and consequently a wider
region of hail mass. Warren et al. (2017) showed that simulated supercells in environments
with stronger upper-level (6—12 km) shear produced a larger areal extent of precipitation in
additional to greater precipitation accumulations, which differed from the observed sounding-
based results of Rasmussen and Straka (1998). Specifically, Rasmussen and Straka (1998)
found that low-precipitation supercells were associated with stronger upper-level storm-
relative winds. A conference presentation by Frame and Nelson (2022) analyzed low-
precipitation versus high-precipitation supercell environments and found results more
consistent with those depicted in Warren et al. (2017) in that stronger shear was more often
associated with the high-precipitation supercell mode. Supercells in the stronger upper-level
shear simulations of Warren et al. (2017) exhibited stronger low-level storm-relative inflow.
This stronger low-level storm-relative inflow resulted in wider updrafts with greater upward
vertical mass flux and condensate production. Peters et al. (2019) and Mulholland et al. (2020)
also showed an increase in the areal extent and surface accumulation of precipitation within
simulated supercells amid stronger environmental shear owing to the physical processes
outlined in Warren et al. (2017) and explained by the theoretical framework presented in Peters
et al. (2019). Furthermore, moderate to strong linear correlation coefficients (> 0.5) between
shear magnitude and the spatial extent of updraft and rain water aloft for simulated supercells

were noted in Snyder et al. (2017).

Trapp et al. (2017) and Marion and Trapp (2019) suggested a direct connection between
updraft area, downdraft area, and precipitation area in simulated supercells. These two studies
argue that the horizontal scale of the updraft should correspond to the horizontal scale of the
downdraft owing to the downdraft size being strongly influenced by the spatial extent of
evaporating rain and melting graupel/hail formed in the updraft. Marion and Trapp (2019)
specifically showed a robust positive relationship between time-averaged updraft area and
precipitation area at 7 km with a coefficient of determination (r2) of 0.70 (see their Fig. 17),
but these authors did not analyze surface precipitation area. Jo and Lasher-Trapp (2022, 2023)
found that supercell updrafts within stronger shear environments were wider and less dilute,
therefore resulting in greater condensate production, but because some of this additional
condensate was detrained from the cloud, transported downshear, and evaporated or

sublimated, overall precipitation efficiency was relatively low (generally < 40%). Nielsen and
5
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Schumacher (2018) found that by increasing low-level shear in idealized numerical model
simulations, supercell updrafts exhibited stronger low-level rotation, and thus were able to
dynamically ingest near-surface stable air with higher moisture content, thereby resulting in
higher precipitation rates than weaker low-level shear simulations. Nielsen and Schumacher
(2020) further showed, via a case study of a heavy rainfall event using the Weather Research
and Forecasting model, that increased low-level rotation owing to ambient strong low-level

shear led to a more efficient warm rain process, and thus, heavier rainfall rates/accumulations.

The aforementioned studies generally did not specifically focus on the impact of shear on
hydrometeor distribution in supercells. It is not known how variations in shear magnitude
across specific layers (e.g., lower, middle, or upper troposphere) influence the amount and
location of hydrometeor mass within supercells. In addition to potential shear impacts, previous
studies reached differing conclusions related to the effects of relative humidity (RH) on
hydrometeor and precipitation distribution in supercells. For example, Gilmore and Wicker
(1998) used idealized numerical model simulations of supercells to demonstrate that lower low-
to-mid-tropospheric RH led to stronger downdrafts and cold pools via enhanced evaporative
cooling, with an increasing propensity for surging outflows to undercut supercell updrafts. In
contrast, James and Markowski (2010) found that lower low-to-mid-tropospheric RH reduced
upward vertical mass flux, condensation rates, and precipitation accumulations owing to
enhanced evaporation of rain and sublimation of ice in the drier ambient environment
surrounding clouds in idealized supercell simulations. James and Markowski (2010) proposed
that the use of a warm-rain-only microphysics parameterization scheme in the Gilmore and
Wicker (1998) simulations may have resulted in these contrasting results. Grant and van den
Heever (2014) used simulations with varying low-to-mid-tropospheric RH to show that
supercells forming in environments with reduced RH had greater evaporation rates, sharper
cloud edges, and narrower updrafts, and thus, were more toward the low-precipitation end of
the supercell spectrum with smaller precipitation areas near the surface. Jo and Lasher-Trapp
(2023) used idealized numerical model simulations of supercells with varying mid-to-upper
tropospheric RH and found similar results to James and Markowski (2010), owing to increased

anvil-level downshear detrainment amid stronger shear (Jo and Lasher-Trapp 2022).

Based on the gaps in understanding outlined above, we specifically address the follow

research questions:
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1) How does systematically varying shear magnitude across different vertical layers

affect hydrometer concentration and displacement relative to supercell updrafts?

2) Do the results from 1) hold true across a range of free tropospheric relative

humidity environments?

We hypothesize that increasing the magnitude of shear, especially across low-to-mid-levels
(e.g., 1-6 km), as has typically been done in the prior research summarized above, has two
main effects on the relationship between shear, updraft area, and precipitation area in

supercells:

e Supercell updrafts amid stronger environmental shear are exposed to stronger low-
level storm-relative inflow of CAPE-bearing and moisture-laden air, resulting in
wider, less dilute, and stronger updrafts with greater vertical mass flux (akin to
processes outlined in Warren et al. 2017 and Peters et al. 2019). Owing to a greater
water vapor inflow rate associated with stronger low-level storm-relative inflow and
resultant wider updrafts (e.g., Smith et al. 2001; Beatty et al. 2008) amid stronger
environmental shear, one might anticipate a commensurate increase in condensate
over a wider region. We hypothesize that this results in greater hydrometeor
loading, at least during early storm evolution before any substantial downshear

advection of hydrometeor mass occurs.

e A greater quantity of condensate (see above) formed within wider updrafts amid
stronger shear is advected farther downshear of updrafts by stronger storm-relative
winds aloft (Brooks et al. 1994a,b; Trier and Parsons 1995; Rasmussen and Straka
1998; Dennis and Kumjian 2017) than condensate formed within narrower updrafts
amid weaker shear, resulting in a wider precipitation area. Furthermore, even
though greater hydrometeor loading initially occurs within the updraft amid
stronger shear owing to the processes outlined above, more of this hydrometeor
mass is transported downshear via strong storm-relative winds aloft, and thus does

not greatly reduce maximum updraft vertical velocities.

We hypothesize that the main impact of these two effects — especially the second effect
listed above — is to reduce the fraction of condensate produced within updrafts falling to the
ground as precipitation (i.e., a substantial fraction of condensate evaporates or sublimates
before reaching the surface). Some studies have found that supercells tend to have some of the

lowest precipitation efficiencies of all modes of deep convection (Marwitz 1972; Foote and
7
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Fankhauser 1973; Browning 1977; Jo and Lasher-Trapp 2022, 2023); however, other studies
have found just the opposite (Smith et al. 2001; Duda and Gallus 2010; Hitchens and Brooks
2013; Nielsen and Schumacher 2018, 2020).

To address these research questions and test these hypotheses, we conducted and analyzed
a suite of idealized numerical simulations of supercells within vertically varying shear and
moisture environments that are held constant over time. Shear magnitude was systematically
varied over different atmospheric layers while using the same thermodynamic profile.
Additional simulations were then conducted with different moisture profiles to test the
sensitivity of the results for the control thermodynamic environment to variations in free
troposphere RH. The bulk effects of these fixed-in-time systematic shear and moisture
variations on supercell updraft characteristics and hydrometeor distributions is main focus of

this study.

2. Data and methods

a. Idealized numerical model simulations

To address our research questions and hypotheses, we conducted a suite of idealized
supercell simulations using Cloud Model 1 (CM1; Bryan and Fritsch 2002) version 20.3. Most
of the specifications for our simulations are listed in Table 1. Each simulation was integrated

for 3 h with model output saved every 10 min.

Attribute Value/setting
Fully compressible Yes
Initial balance setting for 3-D pressure Hydrostatic
field
Horizontal grid spacing 250 m
Vertical grid spacing Stretched vertical grid between 4—13 km; constant at 50 m below 4 km and at 250

m above 13 km

Vertical coordinate Height (m)
Number of x, y, z grid points 900 x 900 x 168
Domain size 225 x 225 x 20 km?
Large time step 5s
Top and bottom LBC Free slip
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LBC for domain sides

Open radiative (Durran and Klemp 1983)

Convection initiation technique

Single +3 K warm bubble with a horiz. radius of 10 km and a vert. radius of 1.4

km

U-move; v-move

0.0ms';-6.7ms!

Microphysics scheme

Morrison two-moment with hail set as the rimed ice category (Morrison et al.

2009)

Subgrid turbulence scheme

TKE scheme (Deardorff 1980)

Rayleigh damping Applied above 15 km
Longwave radiation Off
Shortwave radiation Off

Surface fluxes Off
Coriolis acceleration Off

Include initial random potential Yes; +/- 0.25 K domain-wide

temperature perturbations?

Table 1. Summary of the CM1 configuration. LBC = lateral boundary condition. A weblink to a
copy of the namelist.input file can be found in the Data Availability Statement section.

The thermodynamic environment for the control (CTRL) simulations is a modified
version of the Weisman and Klemp (1982) sounding (black lines in Fig. 1) with a surface water
vapor mixing ratio set to 14 g kg™!, resulting in surface-based CAPE around 1725 J kg'! and
surface-based CIN around -50 J kg™! (see red line in Fig. 1 which was computed using MetPy;
Unidata 2021). The vertical moisture profile for the CTRL simulations was altered by reducing
the RH above 750 hPa, or roughly 2.5 km, by 50% of the original Weisman-Klemp vertical
RH profile (black dashed line in Fig. 1). This alteration to the original Weisman-Klemp vertical
RH profile better approximates typical severe weather environments found across regions such
as the U.S. Great Plains (e.g., Fig. 5 from Rasmussen and Straka 1998; Figs. 7 and 12 from
Parker 2014). Two additional vertical moisture profiles were then created by altering the CTRL
RH profile to mimic either especially moist or especially dry free tropospheric environments
(e.g., Fig. 8 from Nixon et al. 2023). To achieve these variations in free tropospheric RH, the
CTRL RH profile was either increased by 50% (MOIST; green dashed line in Fig. 1) or
decreased by 25% (DRY; brown dashed line in Fig. 1) above 750 hPa, or roughly 2.5 km, while
CAPE, CIN, and EIL depths were largely unchanged (Table 2).
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Fig. 1. CM1 input soundings plotted on a skew-T log-P diagram. The black solid line is temperature
(°C) and the dashed brown, black, and green lines are dewpoint temperature (°C) for the DRY, CTRL, and
MOIST simulations, respectively. The red solid line is the temperature (°C) of a parcel lifted from the
surface. Heights above ground level are listed along the right-hand-side of the diagram.

SBCAPE | MLCAPE MUCAPE SBCIN MLCIN MUCIN EIL depth
R gt | et | s | et | kgt |
DRY 2141 2388 2724 -47 -21 0 2450
CTRL 2114 2361 2697 -47 -21 0 2450
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MOIST 2061

2307 2643

-47 21

0 3100

Table 2. Summary of the thermodynamic parameters for the CM1 input soundings shown in Fig. 1

computed using SHARPpy (Blumberg et al. 2017). SB = surface-based; ML = 100-hPa mixed-layer; MU =

most-unstable; EIL = effective inflow layer.

0—1 km shear [ ms™! |

1-6 km shear [ m s |

6-12 km shear [ m s |

DRY 10 (LL10); 20 (LL20) | 25 (ML25); 50 (ML50) | 0 (ULOO); 25 (UL25)
CTRL | 10(LL10);20(LL20) | 25(ML25); 50 (ML50) | 0 (UL0O); 25 (UL25)
MOIST | 10(LL10); 20 (LL20) | 25 (ML25); 50 (ML50) | 0 (ULO0O); 25 (UL25)

Table 3. Summary table of the CM1 simulations along with the naming conventions in the
parentheses. Additional sensitivity simulations with corresponding naming conventions are described in the

text.

Bulk wind differences/shear magnitudes were systematically varied in the simulations
for the sideways “L”-shaped hodograph (Fig. 2; Chavas and Dawson 2021; Peters et al.
2022b,c,d) characteristic of supercell environments (e.g., Fig. 12 from Markowski et al. 2003;
Figs. 7 and 12 from Parker 2014) to produce a wide range of supercell sizes and strengths. We
chose to vary bulk wind differences/shear magnitudes over three distinct layers: 0—1, 1-6, and
6—12 km. The 0—1 km layer was chosen since this typically spans the boundary layer/EIL and
is found below the sharp “kink” in the “L”-shaped hodographs that typify supercell
environments. The 1-6 km layer was chosen since this layer spans a majority of the layer
traditionally considered in supercell forecasting parameters (i.e., 0—6 km layer) and idealized
supercell simulations along with the fact that most of the air in the troposphere resides below
6 km. Lastly, the 6-12 km layer was chosen since this is the layer that is generally thought to
be important for near-storm-top “venting” and downshear advection of hydrometeor mass
within supercells, and that numerous previous idealized supercell simulation studies have

traditionally completely ignored shear effects above 6 km.

Between 0-1 km (low-level, or “LL” hereafter), the u-wind component is constant

while the v-wind component linearly increases in magnitude (green lines in Fig. 2). Between

11
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1-6 km (mid-level', or “ML” hereafter), the u-wind component linearly increases in magnitude
while the v-wind component is constant (red lines in Fig. 2). Lastly, between 6—12 km (upper-
level, or “UL” hereafter), the u-wind component linearly increases in magnitude while the v-
wind component is constant (cyan lines in Fig. 2). We chose 2 different LL (10 and 20 m s™),
ML (25 and 50 m s!), and UL (00 and 25 m s™!) shear magnitudes based upon typical values
noted in previous observational supercell studies, with the larger of the two LL, ML, and UL
shear magnitudes on the higher end of the observed spectrum (e.g., Figs. 3 and 9 from
Rasmussen and Blanchard 1998; Figs. 68 from Rasmussen and Straka 1998; Fig. 12 from
Markowski et al. 2003; Table 2 and Figs. 89 from Thompson et al. 2003; Figs. 8 and 10 from
Thompson et al. 2007). Four additional simulations (not shown) were conducted as per
suggestion from one of the reviewers in which we tested two additional LL (25 and 45 m s™)
and ML (10 and 25 m s™") shear magnitudes; however, since half of these simulations failed to
produce sustained isolated supercellular deep convection, these simulations were not analyzed
further. The shear layer depths and range of shear magnitudes differ among LL, ML, and UL
to limit the range of shear conditions tested to those that produce supercells. An example of
our naming convention for the simulations is LL10 ML25 UL00 CTRL, which denotes bulk
wind difference magnitudes of 10 m s™!, 25 m s, and 0 m s™! over the 0-1, 1-6, and 6-12 km

layers, respectively, for the control simulation vertical moisture/RH profile (Table 3).

! While it is recognized that the lower portion of this 1-6 km layer is typically not described as mid-level, we retain the
usage of the term mid-level when describing the 1-6 km layer to differentiate between the three different shear layers in the

simulations.
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Fig. 2. CM1 input vertical wind profiles plotted on hodographs. Winds are plotted in m s!. The
green, red, and cyan solid lines are the 0—1, 1-6, and 612 km vertical layers, respectively, with blue dots
demarcating the 0, 1, 6, and 12 km heights. The black stars denote the 90—180 min average storm motions
using the right-moving supercell updraft tracking algorithm discussed in section 2b. Storm-relative winds at
different heights can be visualized by drawing vectors from these black stars to any of the blue dots on the
hodographs. Lastly, 06 and 012 km bulk vertical wind shear magnitudes are listed in m s™' in the upper
right-hand-corner of each panel.

b. Tracking the dominant right-moving supercell

The first step in the analysis of the simulations was to isolate and track the dominant
right-moving supercell in each simulation. We restricted our analysis to the 90—180 min output
timeframe, which is the time period following storm splitting that occurs in each simulation
and is the time period when the right-moving supercells are relatively quasi-steady state and
isolated from any nearby deep convection. Storm splitting was visually identified via inspection
of lowest-model-level (i.e., 0.025 km) reflectivity animations (Fig. S1). To isolate and track
the dominant right-moving supercell updraft in each simulation, the largest contiguous mid-
level (5.05 km) core updraft object (i.e., contiguous grid points with vertical velocity >20 m
s1) was first calculated and saved at each 10-min output time. Next, the x- and y- locations of
the centroid of this largest core wupdraft object was calculated using SciPy’s
“ndimage.measurements.center of mass” function in Python

(https://docs.scipy.org/doc/scipy-

0.14.0/reference/generated/scipy.ndimage.measurements.center_of mass.html) and saved at

each 10-min output time. Finally, a 1-D Gaussian smoother function in Python

(https://docs.scipy.org/doc/scipy/reference/generated/scipy.ndimage.gaussian_filterld.html)

was applied to these x- and y- locations using a standard deviation of the Gaussian kernel (i.e.,

sigma) equal to 1.
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c. Creating composites around the dominant right-moving supercell

Using the smoothed x- and y- locations for the right-moving supercell in each
simulation, a sub-domain was defined around each of these points that was 200 grid points (50
km) to the north, 355 grid points (88.75 km) to the east, 100 grid points (25 km) to the south,
and 245 grid points (61.25 km) to the west to create a total sub-domain size of 600 grid points
x 300 grid points or 150 x 75 km? which completely captured and isolated the right-moving
supercell in each simulation while avoiding nearby ancillary deep convection. Once each of
these new sub-domains was defined, output fields, such as reflectivity, buoyancy (relative to a
reference or initial state), and vertical velocity, among others, were saved at each 10-min output
time and averaged over the 90—-180 min output timeframe within each sub-domain to create
composite fields. Model fields, which were additionally analyzed at various specific output
times between the 90-180 min timeframe, fully embodied the 90—-180 min composites (not

shown).
d. Creating composite vertical profiles of quantities within and outside core updrafts

Vertical profiles of quantities (e.g., vertical velocity, hydrometeor mass?, etc.) were
defined both within (grid points with vertical velocity >20 m s™') and outside (grid points with
vertical velocity <20 m s) core updrafts® at each 10-min output time at each model vertical
level within the right-moving supercell sub-domain over the 90-180 min output timeframe.
These profiles were then averaged over the 90—180 min output timeframe to create composite

profiles.
e. Creating composite west-to-east oriented vertical cross sections

West-to-east oriented vertical cross sections were created and saved at each 10-min
output time by calculating the maximum values of quantities in the y-direction at every x- and

z- grid point across the right-moving supercell sub-domain. These new 3-D arrays were then

2 Hydrometeor mass was calculated by summing the mixing ratios of rain, snow, hail, cloud ice, and cloud liquid.

3 Results were consistent across various core updraft vertical velocity thresholds tested, such as 10 m s and 30 m s™'.
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averaged over the 90—180 min output timeframe to create composite west-to-east oriented

vertical cross sections.
f- Calculating the horizontal separation between the updraft core and reflectivity core

To quantify the horizontal separation between the updraft core and reflectivity core, we
first identified the largest contiguous near-surface (0.025 km) core reflectivity object (i.e.,
contiguous grid points with reflectivity > 50 dBZ). The near-surface core reflectivity objects
were tracked in the same way as the mid-level core updraft objects. Finally, the horizontal
distance between these smoothed x- and y- core updraft and core reflectivity locations was

calculated and saved at each 10-min output time between the 90—180 min output timeframe.
g. Calculating the water vapor budget

Using built-in software in CMI1 (i.e., setting “output gvbudget = 17 in the
namelist.input file), the water vapor budget was calculated in-line with the model integration
at each model time step. Instantaneous process rates, such as evaporation of rain plus melting
snow/hail and sublimation of cloud ice, snow, and hail, among other process rates, were saved
at each 10-min output time. These process rates were analyzed across the right-moving
supercell sub-domain and averaged over the 90—180 min timeframe to create composite fields,

such as horizontal plan views, vertical cross sections, and vertical profiles.
h. Quantifying entrainment-driven dilution within core updrafts

To quantify entrainment-driven dilution in the simulations, composite vertical profiles
of moist static energy (MSE) within core updrafts were calculated across the right-moving
supercell sub-domain between the 90—-180 min output timeframe. MSE was calculated using
temperature dependent latent heats (eq. 6 in Romps 2016; eq. 5 in Peters and Chavas 2021; eq.
14 in Peters et al. 2022a). Since MSE is approximately adiabatically conserved in undiluted
core updrafts of deep convection (Kiefer 1941; Riehl and Malkus 1958; Kreitzberg 1964;
Zhang and McFarlane 1991; Zhang 2009; Peters et al. 2020a) — which is common in
numerically simulated supercells (e.g., Peters et al. 2019) — it can be used, at least as a proxy,
to quantify entrainment-driven dilution. Larger values of MSE in core updrafts across most of
the troposphere (where core MSE is greater than the environmental MSE) indicates reduced

entrainment-driven dilution.
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i. Quantifying differences between the three weak and strong shear groups

To quantify the differences between the weak and strong shear magnitude simulation
groups across the three different layers (i.e., LL, ML, and UL), the percent difference between

the weak and strong shear simulation groups was computed. Percent differences were

Strong Shear Group — Weak Shear Group

X 100, where an overbar denotes the

determined by:
y Strong Shear Group

average across a group of either weak or strong shear simulations for LL, ML, and UL. Percent
differences were computed for both time series and composite vertical profile plots shown in
section 3. Positive percent differences indicate that the variable being analyzed was larger in
the stronger shear group for that particular shear layer whereas negative percent differences
indicate that the variable being analyzed was larger in the weaker shear group for that particular

shear layer.
Jj. Additional sensitivity simulations

All of the weak (ML25) and strong (ML50) mid-level shear simulations using LL.20
and UL25 with the drier (DRY), control (CTRL), and moister (MOIST) free troposphere
background environment were re-run for two additional sensitivity tests. The first sensitivity
test involved changing the microphysics parameterization scheme from the Morrison two-
moment scheme (MORR; Morrison et al. 2009) to the National Severe Storms Laboratory
(NSSL) two-moment scheme (Mansell et al. 2010; Mansell and Ziegler 2013), which includes
the concurrent representation of both graupel and hail ice species, whereas the Morrison two-
moment scheme only represents one or the other (hail was chosen for this study). The second
sensitivity test included modifying the specified cloud droplet number concentration in the
Morrison two-moment scheme (i.e., setting “ndcnst” in the namelist.input file) from the default
concentration of 250 cm™ to either a low, pristine, maritime concentration (50 cm™) or a high,
polluted, continental concentration (1000 cm™) to alter the amount of hydrometeor loading
within the simulations. The results from these two sets of additional sensitivity simulations are

presented in Appendices A and B.
3. Results

a. Control simulations
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Analysis of the plan view composites for the CTRL simulations reveal that as shear
increases, especially mid-level shear, mid-level updraft area and near-surface reflectivity area
both increase (Fig. 3; compare left four panels with right four panels). Furthermore, the near-
surface cold pool area* also increases with increasing mid-level shear (Fig. 3) in accord with
increasing near-surface precipitation rate and area, along with surface precipitation
accumulation (Figs. 4-5). Percent differences between the ML25 and ML50 near-surface
precipitation rates and precipitation accumulations are fairly consistent across the 90—180 min
output timeframe and generally range between 40—70% (red lines in Fig. 5c,d) whereas percent
differences between ULO0O and UL25 were generally between 5-25% (cyan lines in Fig. 5c,d).
Interestingly, the percent differences between LL10 and LL20 were relatively large with values
generally ranging between -25% and -75% across the 90—180 min output timeframe (green
lines in Fig. 5c,d). This indicates that as low-level shear magnitude increased, near-surface
precipitation rates and precipitation accumulations decreased, which misaligns with the results
from studies such as Nielsen and Schumacher (2018, 2020). Reasons for these trends in near-
surface precipitation rates and precipitation accumulations due to changes in low-level shear

magnitude are unclear and are beyond the scope of the present study.

Alternatively, mid-level updraft area and near-surface reflectivity area exhibit
comparatively less sensitivity to changes in either low-level (Fig. 3; compare top row and
bottom row) or upper-level (Fig. 3; compare adjacent left and right panels) shear magnitudes.
One specific impact of changes in upper-level shear is that the downshear near-surface
reflectivity area is elongated in the west-to-east direction in the stronger upper-level shear
(UL25) simulations (Fig. 3; compare adjacent left and right panels) owing to stronger storm-
relative winds aloft (e.g., see black stars denoting 90—180 min average simulated storm motions
in Fig. 2). This trend for enhanced downshear elongation of the near-surface reflectivity area
is also evident for the stronger 0—12 km bulk shear magnitudes (compare Fig. 3a,e and Fig.

3b,fand also Fig. 3c,g and Fig. 3d,h) listed in Fig. 2.

4 Defined using grid points with lowest-model-level (0.025 km) buoyancy < -0.05 m s2.
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Fig. 3. Plan view 90-180 min composite® of near-surface (0.025 km) radar reflectivity (shaded;

20 m s!), and near-surface (0.025 km)

buoyancy (blue contour < -0.05 m s2). The CM1 input vertical wind profiles plotted on hodographs from
Fig. 2 are shown in the lower right-hand-side of each panel.
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text in the lower left-hand-side of each panel and the CM1 input vertical wind profiles plotted on hodographs
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entire right-moving supercell sub-domain as shown here and discussed in section 2c.

5> Composite refers to time averages over the 90—180 min timeframe here and throughout the manuscript.
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Fig. 5. Time series (in min) of (a) area-averaged precipitation rate (kg m? s™!) and (b) area-averaged
precipitation accumulation (cm) for CTRL simulations. Area-averages were computed across the entire
right-moving supercell sub-domain as discussed in section 2c. Panels (c) and (d) denote the differences

(expressed as a %; please see section 2i) between all of the strong and weak LL (green), ML (red), and UL
(cyan) shear simulations.

Time series of maximum mid-level (5.05 km) core updraft area (Fig. 6a) and near-
surface (0.025 km) core reflectivity area (Fig. 6b) confirms that these quantities are most
sensitive to changes in mid-level shear magnitude, with stronger mid-level shear yielding wider
mid-level updrafts, in agreement with several studies (e.g., Dennis and Kumjian 2017; Trapp
et al. 2017; Warren et al. 2017, Marion and Trapp 2019; Peters et al. 2019; Mulholland et al.
2020; Peters et al. 2020b). Furthermore, stronger mid-level shear, and thus stronger low-level
storm-relative inflow (e.g., see black stars denoting 90—180 min average simulated storm
motions in Fig. 2), leads to larger near-surface reflectivity areas. Percent differences between
the ML25 and ML50 maximum mid-level core updraft areas and near-surface core reflectivity
areas are fairly consistent across the 90—180 min output timeframe and generally range between
40-70% (red lines in Fig. 6¢,d). Percent differences between LL10 and LL20 generally range
between -40% and 20% (green lines in Fig. 6¢,d) whereas percent differences between UL0OO

and UL25 generally range between 5-35% (cyan lines in Fig. 6¢,d).
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Core updraft area is not only larger at mid-levels with stronger mid-level shear, but is
uniformly larger throughout most of the depth of the troposphere (Fig. 7a). Percent differences
between the ML25 and ML50 core updraft area composite vertical profiles generally range
between 60—-80% above the freezing level, or above ~3.5 km (red line in Fig. 7e). Percent
differences between LL10 and LL20 generally range between -25% and 25% above the
freezing level, or above ~3.5 km (green line in Fig. 7¢). Percent differences between UL0OO and
UL2S5 generally range between -10% and 10% above the freezing level, or above ~3.5 km (cyan
line in Fig. 7e). Composite vertical profiles of maximum updraft and downdraft strengths reveal
the same bifurcation between the weak (ML25; blue lines in Fig. 8a) and strong (ML50; red
lines in Fig. 8a) mid-level shear simulations. Stronger mid-level shear leads to stronger low-
to-mid-level updrafts (Fig. 8a; right side) and stronger downdrafts throughout the entire
troposphere than weaker mid-level shear (Fig. 8a; left side), with percent differences between
the ML25 and ML50 simulations of up to 20% around the freezing level (~3.5 km) for updrafts
(red solid line in Fig. 8d) and around 20-30% between the freezing level (~3.5 km) and 12 km
for downdrafts (red dashed line in Fig. 8d). Percent differences between ULO0O and UL25 were
relatively small for both updrafts and downdrafts (cyan lines in Fig. 8d), whereas percent
differences between LL10 and LL20 for updrafts reached a maximum between 25-30% around
2 km (green solid line in Fig. 8d). These stronger vertical velocities in stronger mid-level shear
simulations are consistent with wider core updrafts (Figs. 6a,7a) that are less dilute as indicated
by larger core updraft MSE by ~5% between approximately 5—13 km (Figs. 7b,f). Specifically,
the stronger low-to-mid-level updrafts (Fig. 8a; right side), especially between 2—8 km, likely
also owes to stronger non-linear dynamic perturbation pressure gradient accelerations owing
to more rapidly rotating updrafts in the ML50 and LL20 than in the ML25 and LL10
simulations (not shown), in agreement with numerous previous studies (e.g., Coffer and Parker

2015; Nielsen and Schumacher 2018; Peters et al. 2019).
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simulations. The horizontal dashed magenta line in each panel is the environmental freezing level (0°C) at
approximately 3.5 km.
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Fig. 8. Vertical profile 90—180 min composites of (a) minimum/maximum vertical velocity (m s™),
(b) minimum/maximum buoyancy (m s2), (¢) minimum/maximum thermal buoyancy (m s2), (g) average
core vertical velocity (m s™), (h) average core buoyancy (m s2), and (i) average core thermal buoyancy (m
s2) for CTRL simulations. Panels (d)—(f) and (j)—(1) denote the differences (expressed as a %; please see
section 2i) between all of the strong and weak LL (green), ML (red), and UL (cyan) shear simulations. The
horizontal dashed magenta line in each panel is the environmental freezing level (0°C) at approximately 3.5
km.

Composite vertical profiles of average hydrometeor mass within core updrafts reveal
that increasing mid-level shear leads to greater hydrometeor loading within updrafts, especially
between 6-12 km (Fig. 7c), owing to updrafts being wider (Figs. 6a,7a), less dilute (Fig. 7b),
and stronger (Fig. 8a; right side). Furthermore, the relative fraction of hydrometeor mass within
core updrafts compared to that of the entire right-moving supercell sub-domain is greater in

stronger mid-level shear simulations (i.e., ~10% for weaker mid-level shear compared to ~15%
22
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for stronger mid-level shear), especially between 5—12 km (Fig. 7d). Percent differences
between the ML25 and ML50 average hydrometeor mass within core updraft composite
vertical profiles generally range between 0—10% across 6—12 km (red line in Fig. 7g). Percent
differences between LL10 and LL20 generally range between -15% to 5% across 612 km
(green line in Fig. 7g) whereas percent differences between ULOO and UL25 generally range
between 0-5% across 6—11 km (cyan line in Fig. 7g). Percent differences between the ML25
and ML50 relative fraction of hydrometeor mass within core updrafts compared to that of the
entire right-moving supercell sub-domain composite vertical profiles generally range between
10-40% across 5-12 km (red line in Fig. 7h). Percent differences between LL10 and LL20
generally range between -25% and 25% across 5—12 km (green line in Fig. 7h) whereas percent
differences between ULO0O and UL25 generally range between -5% and 5% across 5—12 km
(cyan line in Fig. 7h). This additional hydrometeor mass and loading within core updrafts amid
stronger mid-level shear does not greatly reduce maximum buoyancy within core updrafts,
however, as revealed by composite vertical profiles of both maximum (Fig. 8b; right side) and
average core (Fig. 8h) buoyancy. Instead, maximum buoyancy is greater, especially between
1-4 km and 6-11 km, for stronger mid-level shear simulations (Fig. 8b; right side). Percent
differences between the ML25 and ML50 maximum buoyancy within core updrafts composite
vertical profiles generally range between 20-60% and 10-30% over the 1-4 km and 6—11 km
layers, respectively (red solid line in Fig. 8¢). Furthermore, both maximum (Fig. 8c; right side)
and average core (Fig. 81) thermal buoyancy generally mimic the patterns noted with total
buoyancy (especially at low-levels) and show an increase in magnitude with increasing mid-
level shear owing to wider (Figs. 6a,7a), less dilute (Fig. 7b) core updrafts. Greater
hydrometeor loading within the ML50 than in the ML25 supercell core updrafts (Fig. 7c), along
with only minor differences in maximum thermal buoyancy at mid-to-upper levels (Fig. 8c;
red solid lines in Fig. 8f), may explain the relatively minor (i.e., a few m s! or less) differences
in mid-to-upper level (i.e., 612 km) maximum vertical velocities between the ML25 and
ML50 simulations (Fig. 8a; right side; red solid line in Fig. 8d). Thus, although there is greater
hydrometeor loading within updrafts amid stronger mid-level shear, total buoyancy is still
larger than in weaker mid-level shear simulations owing to a compensating effect of larger

thermal buoyancy within wider updrafts in stronger mid-level shear simulations.

Hydrometeor mass is also greater outside of core updrafts in the stronger mid-level
shear simulations (Fig. 9a). Percent differences between the ML25 and ML50 hydrometeor

mass outside of core updraft composite vertical profiles generally range between 50-60%
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across the depth of the troposphere (red line in Fig. 9d). Percent differences between LL10 and
LL20 generally range between -30% to -40% across the depth of the troposphere (green line in
Fig. 9d) whereas percent differences between UL0O and UL25 generally range between -20%
and 20% across the depth of the troposphere (cyan line in Fig. 9d). This greater amount of
hydrometeor mass existing outside of core updrafts amid stronger mid-level shear owes to both
(1) increasing hydrometeor mass detrainment aloft associated with wider (Figs. 6a,7a) and
stronger updrafts (Fig. 8a; right side) that contain a greater concentration of hydrometeor mass
(Fig. 7¢) and (2) stronger storm-relative winds (e.g., Fig. 2) horizontally displacing some of
this increased hydrometeor mass downshear of the updraft (similar to the simulations in Jo and
Lasher-Trapp 2022). However, as shown in Fig. 7d and described in the previous paragraph, a
smaller overall proportion of hydrometeor mass is being advected out of core updrafts in
stronger than weaker mid-level shear simulations owing to greater hydrometeor concentrations
in wider updrafts. The horizontal separation distance between the smoothed mid-level core
updraft centroid and smoothed near-surface core reflectivity centroid is larger and increases at
a faster rate with stronger mid-level shear magnitudes than for weaker mid-level shear
magnitudes (Fig. 10). For example, the mean separation distance between the smoothed mid-
level core updraft centroid and smoothed near-surface core reflectivity centroid is ~13.8 km
for the ML25 simulations (Fig. 10a,b,e,f) compared to ~22.0 km for the ML50 simulations
(Fig. 10c,d,g,h), or approximately a percent difference of 37%. Lastly, the mid-to-upper-level
(> 5 km) storm-relative wind direction appears most determinative of where the near-surface

core reflectivity area is located within supercells (Fig. S2; also see Fig. 2).
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Fig. 9. Vertical profile 90—-180 min composites of (a) average hydrometeor mixing ratio outside of
core updrafts (g kg!) and (b—c and g—i) terms in the water vapor budget outside of core updrafts (g kg-' s1)
for CTRL simulations. Panels (d)—(f) and (j)—(1) denote the differences (expressed as a %; please see section
21) between all of the strong and weak LL (green), ML (red), and UL (cyan) shear simulations. The horizontal
dashed magenta line in each panel is the environmental freezing level (0°C) at approximately 3.5 km.
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Fig. 10. Time series (in min) of the horizontal separation distance (km) between the smoothed mid-
level (5.05 km) core updraft centroid and the smoothed near-surface (0.025) core reflectivity centroid for
CTRL simulations. Means are listed and also are denoted as horizontal dashed blue lines in each panel.

Plan view and west-to-east oriented vertical cross section composites of a selection of
water vapor budget terms® indicate that both rates of sublimation at mid-to-upper levels and
evaporation at low-levels increase with stronger mid-level shear (Figs. 11-12). These
sublimation and evaporation regions are larger and spread more horizontally downshear in the
stronger mid-level shear simulations (Figs. 11-12). In fact, all terms in the water vapor budget
are larger in magnitude in the stronger mid-level shear simulations with percent differences
between the ML25 and ML50 simulations generally between 30—90% (red lines in Fig. 9e—f
and j-1). Greater cloud (Fig. 9c) and rain water (Fig. 9g) evaporation, along with greater
sublimation (Fig. 91), in stronger mid-level shear simulations potentially explains the stronger
downdrafts throughout the troposphere in these simulations (Fig. 8a; left side), in addition to

hydrometeor loading effects due to the greater hydrometeor mass outside core updrafts (Fig.
9a).

The terms of the water vapor budget are plotted relative to changes in water vapor concentration that they produce,

meaning that evaporation (condensation) yields positive (negative) numbers.
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Fig. 11. Plan view 90—180 min composite of near-surface (0.025 km) radar reflectivity (shaded,;
dBZ), mid-level (5.05 km) vertical velocity (black contour = 20 m s™!), process rates of mid-to-upper level
(4.025-11.902 km) sublimation of cloud ice, snow, and hail (blue contours between 0.5-5.5 x 10% g kg™ s!
every 1 x 10° g kg s71), and low-level (0.025-3.025 km) evaporation of rain plus melting snow/hail (green
contours between 0.5-5.5 x 10° g kg s every 1 x 10° g kg s''). The CM1 input vertical wind profiles
plotted on hodographs from Fig. 2 are shown in the lower right-hand-side of each panel.
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Fig. 12. West-to-east-oriented vertical cross section 90-180 min composite of maximum-in-y-
direction radar reflectivity (shaded; dBZ), vertical velocity (black contours between 10-70 m s™ every 10 m
s, process rates of sublimation of cloud ice, snow, and hail (blue contours between 1-22 x 10% g kg! s°!
every 3 x 10° g kg'!' s71), and evaporation of rain plus melting snow/hail (green contours between 1-22 x 10°
gkg!s!every3x10°gkg!s™).

To summarize thus far, changes in mid-level shear magnitudes have a strong impact on
mid-level updraft area (and updraft area across all heights), near-surface reflectivity area, near-
surface precipitation area, near-surface precipitation rate, and near-surface cold pool area.
These impacts are larger than those from changes to the low-level and upper-level shear
magnitudes, with some minor exceptions as noted earlier (e.g., Fig. 8a; right side; green solid
line in Fig. 8d). Stronger shear across the 1-6 km layer leads to larger values of all of these
quantities. Furthermore, stronger mid-level shear leads to greater hydrometeor loading within
updrafts and a higher relative fraction of hydrometeor mass existing within core updrafts.
Wider, less dilute updrafts amid stronger mid-level shear yields greater thermal buoyancy
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within core updrafts that compensates for this increase in hydrometeor loading, resulting in
greater total buoyancy within core updrafts in stronger mid-level shear. Owing to the stronger
storm-relative winds, along with greater detrainment of hydrometeor mass aloft owing to wider
and stronger updrafts that contain more hydrometeor mass in stronger mid-level shear
simulations, there is more hydrometeor mass existing outside of core updrafts. This results in
greater sublimation and evaporation rates outside of core updrafts potentially explaining the
stronger downdrafts across the depth of the troposphere in these stronger mid-level simulations.
Next, we test if these results are consistent across a range of free tropospheric RH

environments.

b. Moist versus dry free troposphere RH simulations

To address our second research question regarding the influence of free troposphere
RH (see the Introduction), we re-ran all 8 CTRL simulations with either a drier (DRY) or a
moister (MOIST) free troposphere RH (brown and green dashed lines, respectively, in Fig. 1).
The plan view composites for the DRY and MOIST simulations reveal similar trends as in the
CTRL simulations; as shear increases, especially mid-level shear, mid-level updraft area and
near-surface reflectivity area both increase along with near-surface cold pool area (Figs. 13-
14; compare left four panels with right four panels). Increasing free tropospheric RH also leads
to larger mid-level updraft area and near-surface reflectivity area along with increasing near-
surface cold pool area (Figs. 13-14), in agreement with the simulations of Grant and van den
Heever (2014). Thus, for brevity, only the weak (ML25) and strong (ML50) mid-level shear
simulations using strong low-level (LL20) and upper-level (UL25) shear with the drier (DRY),
CTRL, or moister (MOIST) free tropospheric RH profile are described in further detail.
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Fig. 13. As in Fig. 3, but for DRY simulations.
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Fig. 14. As in Fig. 3, but for MOIST simulations.

Increasing mid-level shear and free tropospheric RH leads to increasing near-surface
precipitation rate and area, along with surface precipitation accumulation (Figs. 15-16),
supporting the larger near-surface cold pool area (Figs. 3 and 13-14). Percent differences
between the ML25 and ML50 near-surface precipitation rates and precipitation accumulations
are fairly consistent across the 90—180 min output timeframe and generally range between 20—
60% (Fig. 16¢,d). Time series of mid-level core updraft area and near-surface core reflectivity
area confirm visual inspection of Figs. 13-14 in that as mid-level shear increases, mid-level
updraft and near-surface reflectivity area become larger (Fig. 17). The same trend is also seen
for higher free tropospheric RH (Fig. 17). Percent differences between the ML25 and ML50
maximum mid-level core updraft areas and near-surface core reflectivity areas across the 90—
180 min output timeframe generally range between 20-70% (Fig. 17c,d). Core updraft area is
also larger across the entire depth of the troposphere with stronger mid-level shear and higher
free tropospheric RH (Fig. 18a), resulting in less dilute core updrafts with greater MSE between
approximately 5—13 km than in the weaker mid-level shear and drier free tropospheric RH
simulations (Fig. 18b). Percent differences between the ML25 and ML50 core updraft area and
core updraft MSE composite vertical profiles generally range between 60-70% above the

freezing level, or above ~3.5 km and between 0—5% across 5—13 km, respectively (Fig. 18e,{).
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Fig. 15. As in Fig. 4 only for LL20 and UL25 vertical wind profiles with either ML25 (top row) and
ML50 (bottom row) vertical wind profiles for DRY (left panels), CTRL (middle panels), and MOIST (right
panels) simulations. Note the slightly different panel layout than Fig. 4.
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Fig. 16. As in Fig. 5 only for LL20 and UL25 vertical wind profiles with either ML25 (dashed lines)
and ML50 (solid lines) vertical wind profiles for DRY (brown lines), CTRL (black lines), and MOIST (green
lines) simulations.
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Fig. 17. As in Fig. 6 only for LL20 and UL25 vertical wind profiles with either ML25 (dashed lines)
and ML50 (solid lines) vertical wind profiles for DRY (brown lines), CTRL (black lines), and MOIST (green
lines) simulations.
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Fig. 18. As in Fig. 7 only for LL20 and UL25 vertical wind profiles with either ML25 (dashed lines)
and ML50 (solid lines) vertical wind profiles for DRY (brown lines), CTRL (black lines), and MOIST (green
lines) simulations. The gray shaded area in each panel denotes the layer over which the RH was altered
above 2.5 km for the DRY and MOIST simulations.
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Composite vertical profiles of maximum updraft and downdraft strength reveal that, as
in the CTRL simulations, stronger mid-level shear leads to stronger low-to-mid-level updrafts
(Fig. 19a; right side) and stronger downdrafts throughout the entire troposphere (Fig. 19a; left
side) in the DRY and MOIST simulations. Percent differences between the ML25 and ML50
simulations range up to 20% around the freezing level (~3.5 km) for updrafts (red solid line in
Fig. 19d) and around 20-30% throughout the troposphere for downdrafts (red dashed line in
Fig. 19d). This result supports the connection between updraft and downdraft strength as noted
in previous observational (e.g., Lucas et al. 1994) and idealized numerical modeling (e.g.
Marion and Trapp 2019) studies. Subtle variations exist, however, between the DRY, CTRL,
and MOIST simulations. For example, mid-to-upper level downdrafts (above 6 km) in the
MLS50 simulations (solid lines in Fig. 19a; left side) are stronger (by ~5-10 m s') in DRY
simulations than MOIST simulations, but the opposite is true for ML25 simulations (dashed
lines in Fig. 19a; left side) with differences also ~5-10 m s™'. Stronger downdrafts in the DRY
simulations agree with the results of Gilmore and Wicker (1998), whereas stronger downdrafts
in the MOIST simulations agree with the results of James and Markowski (2010). Reasons for
these downdraft differences based upon the mid-level shear magnitudes tested here are not
clear and are beyond the scope of the current paper. Mid-to-upper-level updrafts (above 6 km)
in the ML50 simulations (solid lines in Fig. 19a; right side) are stronger (~5-10 m s™') in the
DRY simulations than the MOIST simulations (perhaps due to less hydrometeor loading in the
DRY simulations, e.g., Fig. 18c), but the opposite is true for the ML25 simulations (dashed
lines in Fig. 19a; right side) — perhaps due to greater buoyancy aloft owing to enhanced latent
heat release (due to freezing) with the additional hydrometeor mass existing above the freezing
level (Figs. 18c, 19b,c,h,i) — with differences of ~5 m s!. Lastly, low-to-mid-level
(approximately 1-4 km) updrafts in the ML25 simulations (dashed lines in Fig. 19a; right side)
are stronger (~5—-10 m s™!) in the MOIST simulations than the DRY or CTRL simulations
possibly due to increased dynamic lift stemming from wider updrafts (e.g., Fig. 18a), and thus,

stronger mesocyclones.
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Fig. 19. As in Fig. 8 only for LL20 and UL25 vertical wind profiles with either ML25 (dashed lines)
and ML50 (solid lines) vertical wind profiles for DRY (brown lines), CTRL (black lines), and MOIST (green
lines) simulations. The gray shaded area in each panel denotes the layer over which the RH was altered
above 2.5 km for the DRY and MOIST simulations.

Composite vertical profiles of average hydrometeor mass within core updrafts reveal,
as in the CTRL simulations, that increasing mid-level shear yields greater hydrometeor loading
within updrafts, especially between 5-12 km (Fig. 18c), owing to updrafts being wider (Figs.
17a,18a), less dilute (Fig. 18b), and thus stronger (Fig. 19a; right side). Percent differences
between the ML25 and ML50 composite vertical profiles of average hydrometeor mass within
core updrafts range between 0—15% between approximately 5—12 km (Fig. 18g). Hydrometeor
loading is generally greater at mid-to-upper-levels within the MOIST simulations than the
DRY simulations, which is especially evident in the ML25 simulations (dashed lines in Fig.
18¢), similar to the simulations of Jo and Lasher-Trapp (2022). Furthermore, the fraction of

hydrometeor mass existing within core updrafts relative to that within the entire right-moving
33
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supercell sub-domain is greater in the stronger mid-level shear simulations (i.e., ~12.5% for
weaker mid-level shear compared to ~15% for stronger mid-level shear), especially between
5-12 km (Fig. 18d), and is also generally greater for the DRY simulations than the CTRL or
MOIST simulations. Percent differences between the ML25 and ML50 hydrometeor mass
existing within core updrafts relative to that within the entire right-moving supercell sub-
domain composite vertical profiles range between 10—40% between approximately the freezing

level (~3.5 km) and 12 km (Fig. 18h).

Greater hydrometeor mass within core updrafts amid stronger mid-level shear and
higher RH does not lead to large reductions in updraft maxima (Fig. 19b; right side) or average
core buoyancy (Fig. 19h), however. In fact, maximum updraft buoyancy is larger, especially
across low- and upper-levels, in the stronger mid-level shear simulations (as seen prior in the
CTRL simulations; Fig. 8b; red solid line in Fig. 19¢), and maximum updraft buoyancy is also
slightly larger in the higher RH simulations than the DRY or CTRL simulations (Fig. 19b).
Percent differences between the ML25 and ML50 maximum buoyancy within core updrafts
composite vertical profiles generally range between 10-50% and 10-25% over the 1-4 km and
6-12 km layers, respectively (red solid line in Fig. 19¢). As in the CTRL simulations, the
additional hydrometeor mass and loading within core updrafts amid stronger mid-level shear
is compensated by greater maximum (Fig. 19c; right side) and average core (Fig. 191) thermal
buoyancy owing to wider (Figs. 17a, 18a), less dilute (Fig. 18b) core updrafts in stronger mid-
level shear simulations. The same holds true with changes to the free tropospheric RH.
Hydrometeor mass is greater outside of core updrafts in the stronger mid-level shear
simulations (Fig. 20a), owing to the stronger storm-relative winds that horizontally displace
more of the hydrometeor mass downshear of the updrafts in the DRY, CTRL, and MOIST
simulations. Percent differences between the ML25 and ML50 hydrometeor mass outside of
core updraft composite vertical profiles generally range between 40—-50% across the depth of
the troposphere (Fig. 20d). Hydrometeor mass outside of core updrafts increases as free
tropospheric RH increases for both the ML25 (dashed lines in Fig. 20a) and ML50 (solid lines
in Fig. 20a) simulations given that there is more hydrometer mass within core updrafts that

detrains in these higher free tropospheric RH environments (Fig. 18c¢).
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Fig. 20. As in Fig. 9 only for LL20 and UL25 vertical wind profiles with either ML25 (dashed lines)
and ML50 (solid lines) vertical wind profiles for DRY (brown lines), CTRL (black lines), and MOIST (green
lines) simulations. The gray shaded area in each panel denotes the layer over which the RH was altered
above 2.5 km for the DRY and MOIST simulations.

As previously shown for the CTRL simulations, plan view and west-to-east oriented
vertical cross section composites of a selection of water vapor budget terms (Figs. 21-22) show
that rates of both sublimation at mid-to-upper levels and evaporation at lower levels increase
with increasing mid-level shear. These regions of sublimation and evaporation are larger and
more horizontally extensive downshear within stronger mid-level shear environments (Figs.
21-22; compare top row and bottom row). Spatially, there are only subtle variations in these
water vapor budget terms due to changes in free tropospheric RH (Figs. 21-22; compare all
three panels across either the top row or bottom row). However, all terms in the water vapor

budget are larger in stronger mid-level shear and higher free tropospheric RH simulations (Fig.
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20b-c and g-1) with percent differences between the ML25 and ML50 simulations of generally

between 20—70% (Fig. 20e-f and j-1). Generally, the MOIST simulations exhibit greater cloud

(Fig. 20c) and rain water (Fig. 20g) evaporation, along with sublimation (Fig. 20i), than the

DRY simulations, given that more hydrometeor mass is located outside of core updrafts in a

moister free tropospheric environment (Fig. 20a). Thus, even though one might anticipate

lower sublimation and evaporation rates in a moister environment than a drier environment

with all else being equal, this is compensated by more hydrometeor mass being available to

sublimate or evaporate in the moister environment.
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Fig. 21. As in Fig. 11 only for LL20 and UL25 vertical wind profiles with either ML25 (top row)
and ML50 (bottom row) vertical wind profiles for DRY (left panels), CTRL (middle panels), and MOIST
(right panels) simulations. Note the slightly different panel layout than Fig. 11.
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Fig. 22. As in Fig. 12 only for LL20 and UL25 vertical wind profiles with either ML25 (top row)
and ML50 (bottom row) vertical wind profiles for DRY (left panels), CTRL (middle panels), and MOIST
(right panels) simulations. Note the slightly different panel layout than Fig. 12.

4. Summary and conclusions

This study explores the relationship between shear magnitude, updraft area, and
precipitation area within simulated supercell thunderstorms to determine how changes in shear
magnitude across different vertical layers (lower, middle, or upper troposphere) and free
tropospheric RH impact updraft characteristics and hydrometeor distributions. It has long been
known that shear impacts supercells by horizontally displacing hydrometeor mass (and
resultant downdrafts) downshear of the updraft owing to strong storm-relative winds aloft.
However, updraft size and strength also scales with shear magnitude, which may potentially
result in a more expansive horizontal region over which hydrometeor mass develops and lead

to greater hydrometeor loading within updrafts.

To address the uncertainties related to the effects of shear on hydrometeor distributions
in supercells, and to determine how changes in shear across different layers impacts these
hydrometeor distributions, a suite of idealized model simulations of supercells were conducted.
Shear was systematically altered across different layers to produce a range of supercell sizes
and strengths in a fixed thermodynamic environment. Furthermore, the results from these initial
control simulations are compared to those in drier and moister free tropospheric environments
to evaluate if the trends with changes to shear were agnostic to the environmental free
tropospheric relative humidity. These simulations also clarify the role of environmental free

tropospheric relative humidity on hydrometeor distributions in supercells.

The main findings from analysis of the control simulations (with the unaltered
thermodynamic sounding) are that stronger shear, especially across mid-levels (in this case, 1—-
6 km), leads to stronger storm-relative inflow and thus, wider, less dilute, and stronger updrafts.
Furthermore, stronger mid-level shear leads to greater precipitation rates and accumulation
over a larger area, a larger region of near-surface reflectivity, and a more expansive near-
surface cold pool. Both hydrometeor mass and the relative fraction of hydrometeor mass within
core updrafts compared to the total hydrometeor mass within the entire right-moving supercell
sub-domain were greater amid strong mid-level shear. However, the wider, less dilute updrafts
in these stronger mid-level shear simulations exhibit larger thermal buoyancy, which
compensates for the additional hydrometeor loading, and results in greater total buoyancy
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overall. Although representing a slightly smaller fraction of the hydrometeors produced, more
total hydrometeor mass is transported farther downshear in stronger mid-level shear

simulations.

This additional hydrometeor mass displaced away from updrafts leads to greater rates
of sublimation at mid-to-upper levels and evaporation at low-levels in stronger mid-level shear
simulations. This may also help to explain stronger downdrafts throughout the troposphere in
stronger mid-level shear simulations, in addition to increased hydrometeor loading outside of
core updrafts. The direction of the mid-to-upper-level (i.e., above 5 km) storm-relative winds
appears most determinative of where the near-surface precipitation/reflectivity core is located
relative to the main updraft. This study, which reveals that 1-6 km shear magnitudes appear
most determinative of pertinent supercell properties (e.g., updraft width, hydrometeor
concentrations, etc.), lends credence to previous studies that have predominantly analyzed
sensitivity of a variety of supercell properties to mid-level (typically 3—6 km) shear variations
in idealized simulations and to supercell forecast parameters that typically leverage 0—6 km
shear. While the main goal of this study was not to refute the hypothesis that 0—6 km shear is
just as, if not more important, than 1-6 km shear for determining the relationships shown here,
a recent study by Nixon and Allen (2022) showed that the difference in skill between 0—6 km
and 1-6 km shear magnitudes in predicting large hail and/or tornado occurrence from
supercells was minimal (Figs. 4 and 5 therein). Additional simulations are needed to better
determine if the 0—6 or 1-6 km shear is most relevant for the specific proposed mechanisms

shown here.

Finally, these results are consistent across the free tropospheric relative humidity
sensitivity simulations. The supercells in moister free tropospheric environments additionally
exhibited wider updraft cores, greater hydrometeor mass both within and outside core updrafts,
and perhaps surprisingly, greater sublimation and evaporation rates owing to more
hydrometeor mass existing outside of core updrafts in higher free tropospheric relative

humidity environments.

Future work is needed to further test the robustness of the results presented here.
Intensive observational studies are needed to confirm these idealized modeling results. For
example, supercell updraft and precipitation area size can be estimated from radar-derived

products, such as differential reflectivity columns and near-surface reflectivity, respectively.
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These observed storm properties can then be related to environmental variables, such as shear
across various layers and free tropospheric relative humidity, via analysis of near-storm
observed and/or model soundings. Furthermore, additional simulations utilizing different
magnitudes or layers of CAPE, CIN, EIL depths, and shear, among other variables, along with
varying planetary boundary layer relative humidity, for example, are needed. Future work
should explore the sensitivities of how shear is vertically distributed across various atmospheric
layers (more than the three we used here) to test the robustness of the mechanisms discussed
herein. Furthermore, understanding how these results change for supercells traversing time-
varying vertical wind and/or thermodynamic environments, such as leveraging the base-state
substitution (BSS) method in CM1 (e.g., Letkewicz et al. 2013; Coffer and Parker 2015;
Davenport et al. 2019), would additionally be beneficial. The work presented here is the first
step in ongoing research analyzing the dominant mechanisms for downdraft formation (i.e.,
evaporative cooling, hydrometeor loading, perturbation pressure gradient accelerations) within

supercell thunderstorms.
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APPENDIX A

Additional sensitivity test #1: Altering the microphysics parameterization scheme

As described in section 2j, the first of two additional sensitivity tests that was performed
involved changing the microphysics parameterization scheme from the Morrison two-moment
(MORR) scheme to the NSSL two-moment scheme, which, unlike the MORR scheme, includes
the concurrent representation of both graupel and hail ice species. Analysis of the plan view
composites reveal that even though structural differences exist between the MORR and NSSL
simulations, especially in terms of their near-surface reflectivity and near-surface cold pool
patterns (e.g., NSSL simulations exhibit larger near-surface reflectivity magnitudes, but over a
smaller area than MORR simulations; NSSL simulations exhibit smaller near-surface cold pool
areas than MORR simulations), the results presented in section 3 remain consistent for both
microphysics parameterization schemes (Figs. S3-S4). In other words, as shear increases,
especially mid-level shear, mid-level updraft area, near-surface reflectivity area, and near-
surface cold pool area all increase (Figs. S3-S4; compare top row with bottom row).
Furthermore, composite vertical profiles are generally consistent between the MORR and
NSSL simulations, showing that the amount of hydrometeor mass both inside and outside core
updrafts increase as mid-level shear and free tropospheric RH increase (Fig. S5a,b,d,e). The
biggest difference in the composite vertical profiles between the MORR and NSSL simulations
is that the MORR DRY simulations exhibit the largest relative fraction of hydrometeor mass
inside core updrafts (Fig. S5c). Alternatively, the NSSL MOIST simulations with ML50 exhibit

the largest relative fraction of hydrometeor mass within core updrafts between approximately
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5-10 km (i.e., ~17.5% for the NSSL DRY or CTRL simulations compared to ~20% for the
NSSL MOIST simulations; solid lines in Fig. S5f), which aligns with the region of greater
hydrometeor mass inside core updrafts between these levels in the MOIST simulations with
MLS50 (solid lines in Fig. S5d). Only relatively minor differences exist in the largest relative
fraction of hydrometeor mass within core updrafts in the NSSL simulations between DRY,
CTRL, and MOIST with ML25 (dashed lines in Fig. S5f). Finally, percent differences (please
see section 21) between the ML25 and ML50 simulations for the composite vertical profiles
shown in Fig. S5 display similar patterns and magnitudes between the MORR and NSSL

simulations (Fig. S6; top two rows).

APPENDIX B

Additional sensitivity test #2: Altering the specified cloud droplet number concentration

As described in section 2j, the second of two additional sensitivity tests that was performed
involved changing the specified cloud droplet number concentration in the Morrison two-
moment scheme from the default concentration of 250 cm to either a low, pristine, maritime
concentration (50 cm™) or high, polluted, continental concentration (1000 cm™) to alter the
amount of hydrometeor loading within the simulations. Plan view composites between the 50
cm™ (Fig. S7), 250 cm™ (Fig. S3), and 1000 cm™ (Fig. S8) simulations reveal only relatively
minor differences (i.e., much smaller than the differences noted between the MORR and NSSL
simulations). Similarly, composite vertical profiles reveal only relatively minor differences
between the cloud droplet number concentration simulations and are consistent with the control
(250 cm™) simulations (Fig. S5a-b) in that the amount of hydrometeor mass both inside and
outside core updrafts increases as mid-level shear and free tropospheric RH increases (Fig.
S5g,h,j,k), along with the greater relative fraction of hydrometeor mass within core updrafts in
the DRY than in the CTRL or MOIST simulations (Fig. S5c,i,1). Finally, percent differences
(please see section 2i) between the ML25 and ML50 simulations for the composite vertical
profiles shown in Fig. S5 display similar patterns and magnitudes between the 50 cm, MORR

(250 cm™), and 1000 cm™ simulations (Fig. S6; first row and bottom two rows).
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