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ABSTRACT

This is a two-part study that addresses the kinematic, microphysical, and electrical aspects of a severe
storm that occurred in western Kansas on 29 June 2000 observed during the Severe Thunderstorm Elec-
trification and Precipitation Study (STEPS) field campaign. In this first part, polarimetric and Doppler
radar data are used along with a simple particle growth model to examine the evolution of the kinematic
and microphysical properties of the storm from its earliest developing phase through its mature and
dissipating phases. During its severe stage, the storm exhibited frequent positive cloud-to-ground lightning
strikes, very large (~5 c¢m) hail, and a tornado.

Doppler-derived winds, radar reflectivity, and hydrometeor classifications from the polarimetric data
over a nearly 4-h period are presented. It is shown that updraft velocity and vertical vorticity had to reach
magnitudes of at least 10 m s~! and 1072 s ™! and occupy major portions of the storm before it could produce
most of the observed severe storm characteristics. Furthermore, the establishment of cyclonic horizontal
flow around the right flank of the updraft core was essential for hail production. Most of the largest hail
grew from near millimeter-sized particles that originated in the mid- to upper-level stagnation region that
resulted from obstacle-like flow of environmental air around the divergent outflow from the upper part of
the updraft. These recycling embryonic particles descended around the right flank of the updraft core and
reentered the updraft, intermingling with other smaller particles that had grown from cloud base along the

DECEMBER 2005

main low-level updraft stream.

1. Introduction

The Severe Thunderstorm Electrification and Pre-
cipitation Study (STEPS) was established “to achieve a
better understanding of the interactions between kine-
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matics, precipitation production, and electrification in
severe thunderstorms on the High Plains” (Weisman
and Miller 2000). The field campaign took place from
17 May to 20 July 2000 near Goodland, Kansas. An
overview of the STEPS field program can be found in
Lang et al. (2004).

STEPS research aims to identify relationships be-
tween microphysical and dynamical processes in severe
storms on the High Plains and, in particular, why some
storms produce predominantly positive cloud-to-
ground (PPCG) lightning. One specific scientific goal of
STEPS, as outlined in the Scientific Overview (avail-
able online at http://www.mmm.ucar.edu/pdas/steps-
science.html), is “to understand the formation of pre-
cipitation and its influence on electrical development,
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especially in those storms producing large hail.” In this
first part of our two-part study, we will focus primarily
on the evolutionary aspects of convective kinematics
that ultimately lead to severe, hail-producing storms.

On 29 June 2000, a multicellular convective storm
developed near Bird City, Kansas, and intensified into
a supercell as it passed through the STEPS radar net-
work between 2130 UTC 29 June and 0115 UTC 30
June.! This storm produced copious amounts of large
hail (up to 5 cm), an F1 tornado, as well as extraordi-
nary intracloud (IC) flash rates (~300 min~'; Williams
2001) and frequent positive cloud-to-ground (CG)
lightning strikes. The unique observational platforms
employed and the nearly four hours of continuous ki-
nematic and microphysical observations permit us to
add new insight to previous studies on hail growth in
supercells, especially regarding evolution into the se-
vere storm stage.

Previous studies of hailstorms have shown that su-
percells are responsible for much of the large hail over
the High Plains (Browning 1977). Browning and Foote
(1976, hereafter BF76) outlined a three-stage process
for hail production in supercells. In the first stage, small
particles (or embryos) grow during their initial ascent
near the right flank of the main updraft. Secondly, some
of these embryos circulate cyclonically around the for-
ward flank of the main updraft as they descend. This
branch forms what is referred to as the embryo curtain
around the main updraft. Lastly, particles from the em-
bryo curtain are able to enter the main updraft and
grow into large hailstones in a single up-and-down path.
Nelson (1983) concluded that, although a recycling pro-
cess similar to that of the BF76 model was certainly
likely, potential embryos had to be coming from a much
broader region (an “embryo corridor”) than the rather
limited area of the BF76 embryo curtain. Several other
studies (Dye et al. 1983; Miller et al. 1983, 1988, 1990)
have found that, to serve as effective embryos for hail
growth, particles entering the updraft must already be
as large as 100 um to 1 mm, thus implying that a recy-
cling process must be taking place.

Microphysical and kinematic factors that influence
hail growth during a storm’s near-steady, severe stage
were outlined in Nelson (1987, his Table 2). Among the
list of microphysical factors that contribute to large hail
are high values of supercooled liquid water and large
embryos. Kinematic factors for large hail were listed as

! All times are coordinated universal time (UTC); local time for
this case study is found by subtracting six hours. All references to
altitude will be in kilometers above mean sea level (MSL). The
local ground level was approximately 1.1 km MSL. All listed par-
ticle sizes will be particle diameters.
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light horizontal flow across the updraft, large contigu-
ous updraft area (with mean updraft of 20-40 ms™ '),
and favorable horizontal updraft gradients. Nelson ar-
gued that kinematic factors had a much greater influ-
ence on “extreme hailfall” events compared to any that
might result from microphysical factors as proposed by
Knight and Knight (1973). We will further address the
relative importance of these two basic controls on
whether or not a storm can and does produce hail.

Because most studies of hail growth such as those
cited have used measurements from storms that are
already in their severe phase, we are left with several
unanswered questions, certainly less than satisfactory
answers. We still do not have a clear understanding of
the relative importance of microphysics and kinematics
in the production of hail and the origin(s) of the starting
embryonic particles for hail growth. Further, we have
only a rudimentary understanding of the evolution
from early convection into severe, hail-producing
storms.

This two-part study aims to establish the nature of
this storm’s Kinematic structure, its evolution into a se-
vere stage with large hail, and how these factors may
have affected its resulting electrification and lightning
characteristics. The first part of the study uses synthe-
sized wind fields from Doppler radar observations and
particle growth trajectories to investigate the relation-
ships between the kinematics and microphysics that
characterize the 29 June 2000 storm over the course of
its four-hour lifetime from its earliest development
through its mature and dissipating phases. Additionally,
we hope to better identify the coupling of kinematic
and/or microphysical controls on large hail growth. Fur-
thermore, the diagnosis of trajectories that favored
graupel and hail growth in this storm will aid in our
interpretation of how the kinematics and precipitation
growth might have influenced the electrification pro-
cesses discussed in Wiens et al. (2005, hereafter Part II).
Part II uses the New Mexico Tech Lightning Mapping
Array to infer the storm’s total lightning and charge
structure and to examine detailed observations of
PPCG lightning in this storm and theories for its pro-
duction.

2. Data and methods

Instrumentation and observing systems operated
during the STEPS field campaign and used in this study
include three S-band Doppler radars (two of which
were polarimetric research radars) for mapping the
three-dimensional structure of precipitation and storm
winds; balloonborne in situ electric field mills to mea-
sure in-storm parameters including temperature, pres-
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TABLE 1. Characteristics of the radars used in this study.

Radar characteristic CSU-CHILL NCAR S-Pol KGLD WSR-88D
Wavelength (cm) 11.01 10.71 10.0
Polarization Linear, H and V Linear, H and V Linear, H
Peak power (kW) 800-1000 >1000 475
Beamwidth (deg) 1.1 0.91 1.0
Pulse repetition frequency (Hz) 1000 960 1000
Nyquist (ms™") 27.5 25.7 25
Maximum range (km) 150 156.25 150

sure, wind, and electric field operated by the National
Severe Storms Laboratory (NSSL) (Rust and MacGor-
man 2002); a mobile sounding unit for environmental
wind and thermodynamic profiles near the storm; and
the National Lightning Detection Network (NLDN) to
measure CG lightning strike locations and polarities in
“real time” (Cummins et al. 1998).

a. Basic radar data and derived winds

The Colorado State University (CSU)-University of
Chicago and Illinois State Water Survey (CHILL) and
National Center for Atmospheric Research (NCAR)
S-band dual-polarization Doppler radars (S-Pol), along
with the Goodland National Weather Service (NWS)
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FIG. 1. Nominal areas of coverage (gray shading outlined with
thick black lines) by the STEPS radar network (CHILL-S-Pol-
KGLD) for dual-Doppler (beam-crossing angles between 25° and
155°) winds. Topographic height contours (black lines) are at 3, 4,
5, and 6 kilofeet (kft; 1 kft = 304.8 m). The straight, thin black
lines are the CO-KS, CO-NE, and KS-NE state borders. NWS
WSR-88D radars are shown for Denver, CO (KFTG), Pueblo, CO
(KPUX), and Goodland, KS (KGLD). All distances are east-west
(X)) and north-south (Y) from the Goodland radar.

Weather Surveillance Radar-1988 Doppler (WSR-88D)
radar (KGLD) comprised the triple-Doppler radar net-
work for STEPS (Table 1). The three radars were ar-
ranged in a roughly equilateral triangle with ~60-km
baselines providing radar coverage of eastern Colora-
do, northwestern Kansas, and southwestern Nebraska
(Fig. 1). All of these radars measure reflectivity (Z,)
and radial velocity (V,) derived from transmitted and
received signals that are horizontally polarized. The re-
search radars also measure the following polarimetric
variables: differential reflectivity (Zg,), linear depolar-
ization ratio (LDR), the correlation coefficient (py,,),
and the differential propagation phase (¢g4,). Over-
views of polarimetric variables and their use in bulk
hydrometeor detection can be found in Herzegh and
Jameson (1992), Doviak and Zrni¢ (1993), Bringi and
Chandrasekar (2000), and Straka et al. (2000). Such
capabilities provide particle shape and size information,
which can be combined with air temperature from a
local sounding to infer hydrometeor types within
storms (Herzegh and Jameson 1992; Conway and Zrni¢
1993; Carey and Rutledge 1996; Carey and Rutledge
1998; Straka et al. 2000; see following section for de-
tails).

The CHILL and S-Pol Z,, Z,,, and LDR fields along
with radial velocity data and received powers from each
horizontally and vertically polarized channel were rou-
tinely interpolated onto a 0.5-km resolution Cartesian
grid using NCAR’s Sorted Position Radar Interpolator
(SPRINT) (Mohr and Vaughn 1979; Miller et al. 1986).
Second trip echo contamination in the CHILL data was
eliminated by thresholding on differential propagation
phase.? The S-Pol radial velocities were omitted where
sidelobe contamination was suspected. After interpola-
tion, the velocity data were unfolded by means of
NCAR’s Custom Editing and Display of Reduced In-

2 Data were omitted when b, > —5° prior to 2338 UTC. Past
this time differential phase shift values had increased within the
first trip echo such that a more conservative threshold of ¢, >
30° was required.
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TABLE 2. Thresholds used to construct membership beta functions in the fuzzy logic hydrometeor classification.

Type Z,(BZ)  Z,(B) Ky (Ckm)  LDR (dB) P T (°C)
Drizzle <28 0t0 0.7 0to 0.03 <-32 >0.97 >0
Rain 25 to 60 >0.7 0.03to 6 =34 to —27 >0.95 >-10
Dry snow <35 >0 0to0 0.6 <-25 >0.95 <0
Wet snow <45 0to3 0to2 —13 to —18 0.82 to 0.95 —1.51t02.5
Vertical ice <35 -0.5t00.5 <-0.25 <-24 >0.95 <0
Low-density graupel 40 to 50 —-05to1 —0.5t00.5 <-30 >0.96 <-1
High-density graupel 40 to 55 -05t03 -05t02 —25to =20 >0.95 —-15to 15
Small hail (D < 20 mm) 50 to 60 —0.5t00.5 —0.5t00.5 —18to —24 0.92 to 0.98 <18
Large hail (D > 20 mm) >55 <0.5 -05to1 >-20 0.84 to 0.92 N/A
(a) 2331 Fuzzy HID (3.0 km MSL) (b) 2331 Fuzzy HID ( 8.5 km MSL)
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F1G. 2. Horizontal cross sections of FHC output at 2331 for (a) z = 3 km MSL and (b) z = 8.5 km MSL with
reflectivity contours overlaid in black starting at 15 dBZ with an interval of 15 dBZ. Vertical cross sections at y =
31 km of (c) FHC with black Z, contours of 2 and 4 dB overlaid, (d) reflectivity with black LDR contours of —20
and —18 dB overlaid, (e) Zy, color contours, (f) LDR color contours, and (g) K, color contours. Hydrometeor
types are large and small hail (LH and SH), high-density and low-density graupel (HG and LG), vertical ice (VI),
wet and dry snow (WS and DS), rain (R), drizzle (Drz), and unclassified category (UC). Storm-relative wind
vectors (plotted every 3 km) in the vertical plane are overlaid onto (c¢)—(g) for reference.
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formation in Cartesian Space (CEDRIC) software
(Mohr et al. 1986).

The three-dimensional wind fields were computed
using the radial velocities from all three radars when
available; otherwise, winds were computed from only
two radars. Interpolated radial velocities were advected
during the synthesis process in accordance with the
method outlined by Gal-Chen (1982). Vertical air mo-
tion was obtained by integrating the continuity equa-
tion using the variational scheme (O’Brien 1970). This
synthesis procedure was done approximately every five
minutes (synchronized full volumetric scans of the
storm were done by all three radars at this time inter-
val) for 36 volume scans during the nearly four-hour
observation period 2130 UTC 29 June through 0115
UTC 30 June.

At 0004 UTC 30 June, NSSL launched a balloon that
provided vertical profiles of electric field and tempera-
ture through the updraft. The temperature sounding

TESSENDORF ET AL.

4131

was used in the classification algorithm for hydro-
meteor types from polarimetric radar data.

b. Hydrometeor classification

The original CHILL and S-Pol polarimetric data
were first edited to eliminate noise, clutter, and suspect
data using thresholds in p,, and the standard deviation
of ¢, These methods have been described in Ryzhkov
and Zrni¢ (1998) and used in studies such as Carey and
Rutledge (1996, 1998, 2000) and Cifelli et al. (2002).
Specific differential phase (Kg,) was then calculated
from the differential phase in the manner outlined in
Hubbert and Bringi (1995) and Carey et al. (2000).
These edited data were separately interpolated with
SPRINT to the same 0.5-km grid. A fuzzy logic hy-
drometeor classification algorithm (hereafter FHC),
adapted from Liu and Chandrasekar (2000) and Straka
et al. (2000), was implemented for the Cartesian grid-
ded data to estimate bulk hydrometeor types within the
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storm (see Table 2 for classification criteria). There are
limitations to this procedure that must be kept in mind.
Clearly, most radar pulse volumes within a storm con-
sist of more than just one hydrometeor type, thus the
FHC-inferred type most likely represents those par-
ticles which dominate the radar received signals. FHC-
inferred hydrometeor types have been based largely on
theory; however, limited studies such as Liu and Chan-
drasekar (2000) have compared FHC output to some
ground-based and in situ observations and successfully
validated the FHC procedure in their cases.

An example of the polarimetric data and correspond-
ing FHC results at 2331 during the storm’s severe phase
are shown in Fig. 2. Horizontal sections in Fig. 2 show
that the region of hail is immediately surrounded by
rain and drizzle at 3 km (Fig. 2a) and by graupel and ice
at 8.5 km (Fig. 2b). The vertical section in Figs. 2c and
2e highlights a so-called Z,, column (Hall et al. 1984;
Illingworth et al. 1987), which in this case extends up-
ward to nearly 7 km to temperatures well below freez-
ing. Observed values of Z,, in excess of 4 dB indicate
that oblate water drops as large as 4-6 mm (Wakimoto
and Bringi 1988; Bringi and Chandrasekar 2000) were
present within the west side of the radar echo vault.
Elevated K, values, indicative of high liquid water
content associated with the presence of oblate drops
(Hubbert et al. 1998), are also seen in the lowest re-
gions of the Z,, column (Fig. 2g). The Doppler-derived
winds shown in the vertical cross sections (Figs. 2c-g)
indicate that these large water drops were located on
the fringe of the updraft and just beneath the so-called
embryo curtain (BF76). If the winds allow these sizes of
water drops to enter the updraft and rise to freezing
levels, they will serve as very efficient cloud water col-
lection centers that can rapidly attain large hailstone
sizes.

A small pocket of elevated LDR directly above the
apex of the Z;,. column is evident in Figs. 2d and 2f.
Bringi et al. (1997) showed that an LDR “cap” was
consistent with partially frozen rain or wet graupel.
Smith et al. (1999) described this feature as raindrops in
the process of freezing. The vertical cross section of
FHC output in Fig. 2c clearly shows this characteristic
signature associated with the process of drops freezing
and becoming high-density graupel or small hail. Large
values of LDR around the periphery of the storm
within low reflectivity are a result of dividing the re-
turned signal in the horizontal channel by the weakly
depolarized, nearly noise values in the vertical channel
in the LDR calculation and should be considered sus-
pect.

Hydrometeor echo volumes were also calculated for
each radar scan time by multiplying the number of grid
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points (N) that satisfied the hydrometeor type of inter-
est by the volume of a grid box (0.125 km®).

c¢. Precipitation growth model

The precipitation growth model is from Knight and
Knupp (1986) and, as used here, only includes a high-
density growth phase. Since density is used only in the
model calculation of particle fall speed, we strongly feel
this approach is adequate for our purposes. We will rely
on the FHC results to identify the most likely particle
types at all times and throughout the observed storm
volumes.

The Knight and Knupp growth model uses a simple
microphysical scheme whereby all particles are as-
sumed to be spherical and geometrically sweep out
cloud water, which is converted to particle mass during
each 10-s time step. The amount of cloud water mass
that gets converted to particle mass depends on the
collection efficiency, which for this study was assumed
to be unity. Temperatures and liquid water contents
within cloud are based upon their adiabatic values com-
puted from the representative sounding (Fig. 4a) as fol-
lows. To simulate horizontal entrainment at each alti-
tude, we linearly decrease the liquid water content from
its adiabatic value inside the core updraft with speeds
>10ms ' to 0 at w =0 ms~'. The in cloud tempera-
ture is treated in a similar way except that it is de-
creased to the environmental air temperature outside
the updraft. In the vertical direction, we further de-
crease the liquid water content linearly from its adia-
batic value at the —30°C level to 0 at the —40°C level to
approximate the effects of glaciation and depletion
near storm top. Particles are allowed to grow anywhere
between cloud base and the —40°C level, though very
little increase in mass will occur in the lower regions of
the cloud since the cloud liquid water content there is
relatively small.

Sensitivity tests conducted by us and by Knight and
Knupp (1986) indicate that final particle size depends
most on the prescribed cloud liquid water content and
the Doppler-derived winds, and less so on the initial
locations and sizes of small embryonic particles for the
growth trajectories. Further, we agree with Knight and
Knupp’s (1986) suggestion that adding any further de-
tail or sophistication in the growth model is rather
pointless in light of the overwhelming sensitivity to the
winds and the cloud liquid water content, which at best,
can only be prescribed in some sort of realistic way
consistent with our intuition. The model does not con-
sider microphysical processes such as particle freezing,
melting, wet and dry growth, shedding of liquid water,
or breakup of large water drops. This also means that
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FI1G. 3. Subsection of the WSI 2-km national composite of NOWrad reflectivity at 2200 UTC 29 Jun 2000. Surface
data are plotted with standard station meteograms: temperature (°F, upper left), dewpoint temperature (°F, lower
left), and last three digits of surface pressure (mb X10, upper right), along with percent cloud cover and weather.

Wind speeds are half barb (5 kt) and full barb (10 kt).

whether the particle is liquid or frozen is not an explicit
output from the model so that its type must be arbi-
trarily assigned as a function of size and the tempera-
ture at the particle’s current location.

It is not our intent in this study to be overly con-
cerned about the details of precipitation growth, but
rather to use the growth model as a diagnostic tool to
help evaluate possible embryo source regions and
growth paths that occur under our prescribed condi-
tions, and to determine how this storm likely became
the severe, hail-producing storm that was observed. Re-
sults from the precipitation growth model will be com-
bined with all the observations, including results from
the hydrometeor classification scheme, to develop a
physically consistent picture of the overall microphysi-
cal aspects of this storm’s evolution.

3. Storm environment and evolution

a. Environmental conditions

Early convection which eventually moved through
the STEPS radar domain developed along a southeast-
ward-moving surface boundary (SFB) associated with
low-level moisture advection by the southerly flow

ahead of an advancing midlevel short wave that passed
over the area (Fig. 3). The SFB was identifiable mostly
as a wind shift line with southerly to south-south-
easterly surface flow ahead of it and northerly to north-
westerly flow behind it. There was about 5°~10°F con-
trast in dewpoint and very little contrast in temperature
across this surface boundary. There was sufficient con-
vergence across the SFB to initiate small cumulus
clouds seen as a thin-line echo in the regional compos-
ite of WSR-88D data (Fig. 3). Once this SFB entered
the northwest corner of Kansas, it could be seen with
STEPS radars as a thin-line echo oriented southwest to
northeast. The large radar echo mass to the northeast of
the SFB also passed southeastward, but it was well out-
side the STEPS domain. Second trip echoes from this
larger mesoscale convective system (MCS) did occa-
sionally contaminate the STEPS radar data.

The environmental soundings (Fig. 4) were taken
with NCAR Mobile GPS/Loran Sounding Systems
(MGLASS) both ahead of (Fig. 4a) and behind (Fig.
4b) the advancing SFB. High surface-based convective
available potential energy (CAPE was 1254 J kg~ ' ac-
cording to the 2022 Goodland sounding, Fig. 4a) and a
veering, strongly sheared (5-10 m s~ ! per 3.5 km in the
low levels) wind profile are ingredients that favor se-






















































