AUGUST 2021 TUFTEDAL ET AL. 2539

Observed Bulk Hook Echo Drop Size Distribution Evolution in Supercell Tornadogenesis and
Tornadogenesis Failure

KRISTOFER S. TUFTEDAL,* MICHAEL M. FRENCH,* DARREL M. KINGFIELD,” AND JEFFREY C. SNYDER?

a8chool of Marine and Atmospheric Science, Stony Brook University, Stony Brook, New York
® Cooperative Institute for Research in Environmental Sciences, University of Colorado Boulder, Boulder, Colorado
¢ NOAA/Global Systems Laboratory, Boulder, Colorado
4 NOAA/OAR National Severe Storms Laboratory, Norman, Oklahoma

(Manuscript received 28 October 2020, in final form 7 May 2021)

ABSTRACT: The time preceding supercell tornadogenesis and tornadogenesis “failure” has been studied extensively to
identify differing attributes related to tornado production or lack thereof. Studies from the Verification of the Origins of
Rotation in Tornadoes Experiment (VORTEX) found that air in the rear-flank downdraft (RFD) regions of non- and
weakly tornadic supercells had different near-surface thermodynamic characteristics than that in strongly tornadic super-
cells. Subsequently, it was proposed that microphysical processes are likely to have an impact on the resulting thermody-
namics of the near-surface RFD region. One way to view proxies to microphysical features, namely, drop size distributions
(DSDs), is through use of polarimetric radar data. Studies from the second VORTEX used data from dual-polarization
radars to provide evidence of different DSDs in the hook echoes of tornadic and nontornadic supercells. However, radar-
based studies during these projects were limited to a small number of cases preventing result generalizations. This study
compiles 68 tornadic and 62 nontornadic supercells using Weather Surveillance Radar-1988 Doppler (WSR-88D) data to
analyze changes in polarimetric radar variables leading up to, and at, tornadogenesis and tornadogenesis failure. Case types
generally did not show notable hook echo differences in variables between sets, but did show spatial hook echo quadrant
DSD differences. Consistent with past studies, differential radar reflectivity factor (Zpgr) generally decreased leading up
to tornadogenesis and tornadogenesis failure; in both sets, estimated total number concentration increased during the
same times. Relationships between DSDs and the near-storm environment, and implications of results for nowcasting
tornadogenesis, also are discussed.
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1. Introduction (Markowski et al. 2002; Grzych et al. 2007; Markowski et al.
2011; Markowski and Richardson 2014, 2017) because parcels
that are less negatively buoyant may be more conducive to
rising in the updraft and stretching vertical vorticity.

Vorticity generation in supercells is sensitive to the location
and strength of the RFD. In simulated ‘““pseudostorms,” it was
shown that, in environments with strong low-level shear, the
baroclinic generation of the near-surface circulation was highly
sensitive to the strength of the heat sink, a proxy for the RFD
(Markowski and Richardson 2014). Heat sinks of intermediate
strength, and therefore weak negative buoyancy, produced the
strongest cyclonic vortex when compared to stronger and
weaker heat sinks, where strong vortices failed to form. Model
simulations of these pseudostorms showed that the develop-
ment of near-surface vertical vorticity is highly sensitive to the
location of the heat sink as well (Markowski and Richardson
2017). Therefore, both the location and buoyancy of RFD air
may be critically important to tornado production.!

The RFD is driven by negative buoyancy, precipitation loading,
and/or downward-directed vertical perturbation pressure gradient
forces (Markowski 2002). Hydrometeors from the RFD that

Despite major advances in our understanding of supercell
tornadoes over the past two decades, skillful, short-term (0-
1h) forecasting (i.e., “nowcasting’’) of tornadogenesis remains
elusive owing to a lack of understanding of the complicated
processes involved and a dearth of observations at the spa-
tiotemporal scales commensurate with the process. Work to
distinguish differences between tornadic and nontornadic
supercells are ongoing using both observations and numerical
simulations (e.g., Davies-Jones and Brooks 1993; Brooks
et al. 1994; Stensrud et al. 1997; Rasmussen and Blanchard
1998; Markowski et al. 2002; Grzych et al. 2007; Markowski
et al. 2011; Parker 2014; Weiss et al. 2015; French et al. 2015;
Klees et al. 2016; Coffer and Parker 2017, 2018). From this
body of work, one known important contributor to tornado-
genesis is the thermodynamic characteristics of the rear-flank
downdraft (RFD) region, likely because some air parcels
ingested by a supercell’s updraft have been shown to pass
through the RFD outflow region (e.g., Markowski et al. 2012),
and enter the low-level mesocyclone (e.g., Brandes 1978;
Lemon and Doswell 1979; Jensen et al. 1983; Markowski and
Richardson 2009). The thermodynamic characteristics of these
parcels may be an important factor in tornado production

! The characteristics of the forward flank downdraft (FFD) re-
gion also may play an important, but undetermined role in vorticity
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populate the near-surface air contribute to the hook echo (e.g.,
Rasmussen et al. 2006) observed in radar reflectivity data. A
potential microphysical control of the buoyancy of RFD out-
flow air is the evaporation rate of rain drops within the RFD
region. The evaporation rate can affect the thermodynamic
characteristics of the RFD outflow air and therefore its buoy-
ancy (Markowski et al. 2002). For example, low evaporation
rates would lead to less evaporative cooling within the RFD
region and would allow for less negatively buoyant air to de-
velop within RFD outflow, and vice versa. Concurrently,
evaporation impacts the rain drop sizes present in the hook echo
of the supercell. Evaporation tends to preferentially reduce the
number concentration of the smallest drops [i.e., the smallest
drops evaporate after falling a shorter distance compared to
the larger drops; e.g., Li and Srivastava (2001)], in turn in-
creasing the importance of the larger drops in defining the drop
size distribution (DSD) (Kumjian 2011).

Finally, changes in median rain drop sizes owing to changes
in the evaporation rates within the hook echo may be identi-
fied, in a bulk sense, by analyzing polarimetric weather radar
data. One microphysical fingerprint is the DSD in the storm’s
hook echo, a proxy for the RFD outflow region. Supercell
DSDs have been measured directly through use of dis-
drometers in a small set of studies (Schuur et al. 2001: Friedrich
et al. 2013; Dawson et al. 2013; Kalina et al. 2014), but the lack
of spatial coverage in each case belies DSD generalizations.
Also, disdrometers are subject to damage from storm hazards
and poor placement within the storm. An alternative is to use
polarimetric radar bulk DSD retrieval, which can provide infor-
mation about the entire storm, but relies on derived relationships
between radar reflectivity factor at horizontal polarization (Zy),
differential radar reflectivity factor (Zpgr) (Which is subject to
biases), and observed drop sizes.

Crowe et al. (2012) used the Zpg and specific differential
phase (Kpp; a variable that is related to the total liquid water
content) data of 20 storms (16 tornadic and four nontornadic)
from the C-Band Advanced Radar for Meteorological and
Operational Research (ARMOR) to investigate how dual-
polarization fields varied across storm types. They showed
that there was considerably more horizontal separation in the
maxima of Zpr and Kpp in tornadic cases than in nontornadic
cases. The Zpg was enhanced near and along the forward flank
reflectivity gradient, and Kpp was enhanced left of the forward
flank of the storm (in the forward flank) in tornadic (nontornadic)
supercell cases. Little to no overlap in these maxima occurred
in the tornadic cases whereas more substantial overlap oc-
curred in the nontornadic cases, perhaps owing to differences
in the concentrations of various drop sizes within various re-
gions of these storms.

Loeffler et al. (2020) expanded on the previous study by
investigating the horizontal separation characteristics of Zpg
and Kpp for 116 supercell cases (63 tornadic and 53 nontornadic)
using data from the Weather Surveillance Radar—1988 Doppler
(WSR-88D) network. They found significant differences between
case types when analyzing the orientation of the separation of
Zpr and Kpp maxima with respect to storm motion. Tornadic
(nontornadic) cases exhibited Kpp/Zpg separation vector orien-
tations that tended to be closer to 90° to the right of (parallel to)
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the storm motion. Separation vector orientations that are or-
thogonal to storm motion likely result from Kpp maxima that
are farther from the updraft of the storm, which they specu-
lated could aid in tornadogenesis by keeping the negatively
buoyant air produced by areas with high precipitation content
far from the updraft. However, in Loeffler and Kumjian (2020),
the authors used a simple hydrometeor size sorting model to
show that the orientation of the separation vector was related
to the mean storm-relative winds, and that the orientation
changed with increases in storm-relative helicity. Regardless
of the exact cause, the results of these studies suggest that
differences in Kpp exist between tornadic and nontornadic
supercells.

Kumjian and Ryzhkov (2008), Kumjian (2011), and French
et al. (2015) used polarimetric radar data to investigate the
hook echo region of supercells by leveraging the relationship
between bulk raindrop sizes and Zpg. Since Zpg is a proxy
for the bulk raindrop size (owing to the relationship between
drop size and shape), small bulk raindrop sizes are associated
with lower Zpr. Kumjian and Ryzhkov (2008) were the first to
analyze polarimetric differences between tornadic (four) and
nontornadic (five) supercells. At S-band, they found that tor-
nadic supercells had lower Zg for a given Z; in the hook echo
than did the nontornadic cases, though there was substan-
tial overlap in the Zpg distributions (Fig. 1a). Kumjian (2011)
analyzed six tornadic supercells with S- and C-band radar data
and found that the hook echoes in those cases had anomalously
high small drop concentrations, particularly in the left forward
(LF) and right forward (RF) quadrants of the hook echo. The
author hypothesized that warm rain processes brought small
drops to the surface rapidly via dynamically forced downdrafts.

French et al. (2015) used X-band radar data to analyze 15
supercells, 6 tornadic and 9 nontornadic, from the second
Verification of the Origins of Rotation in Tornadoes Experiment
(VORTEX2; Wurman et al. 2012). They found, similar to
Kumjian and Ryzhkov (2008), that the tornadic supercells
exhibited generally lower Zpg in the hook echo than non-
tornadic supercells. They also observed one case in which the
mean Zpgr dropped and the percentage of radar gates char-
acterized by small drops increased in the time leading up to
tornadogenesis (Fig. 1b). The study also evaluated near-storm
environments (NSEs) using VORTEX?2 proximity soundings
and found that cases with an abundance of small drops had
lower lifting condensation levels (LCLs) and higher boundary
layer relative humidity (RH) than the large drop cases. They
proposed that lower LCLs and higher RHs lead to a decrease
in evaporation rate in the hook echo. In turn, a reduction in
evaporative cooling contributes to the production of less neg-
atively buoyant vorticity rich air in the hook echo, which is
more easily ingested by the supercell’s updraft allowing for
tilting and stretching of that vorticity during tornadogenesis.
They argued further that reduced evaporation rates also help
explain the long-known link between lower LCLs and tornado
formation (Rasmussen and Blanchard 1998).

Given repeated observations of unusual DSD markers in
supercell hook echoes, Kumjian et al. (2015) used an idealized
simulation of a supercell to analyze the formation processes
and associated DSDs for all regions of the supercell. Consistent






















































