Numerical Simulations of the 29 June 2000 STEPS
Supercell: Microphysics, Electri cation, and Lightning

Kristin M. Kuhlman
School of Meteorology, University of Oklahoma, Norman, OKSLA.

Conrad L. Ziegler
National Severe Storms Laboratory, Norman, OK U.S.A.

Edward R. Mansell
Cooperative Institute for Mesoscale Meteorological S#adCIMMS)
University of Oklahoma, Norman, OK U.S.A.

Donald R. MacGorman
National Severe Storms Laboratory, Norman, OK U.S.A

Jerry M. Straka
School of Meteorology, University of Oklahoma, Norman, OKSLA.

to be Submitted to Monthly Weather Review
May 11, 2005



Abstract

A three-dimensional dynamic cloud model incorporatingosirdynamics, microphysics,
and thunderstorm electri cation mechanisms was used talsit® the rst three hours of the
29 June 2000 supercell from the Severe Thunderstorm Etatidn and Precipitation Study
(STEPS). The 29 June storm contained high ash rates andupeatipredominately positive
cloud-to-ground lightning, large hail, and an F1 tornadamur-different simulations of the
storm were made, each one containing a different noningu@il) charging parameterization.
The charge structure and thus lightning polarity of the $atad storm was sensitive to the
treatment of cloud water dependence in the different Nlgihgrschemes. The results from
the simulations are compared with observations from STieBiding balloon-borne electric
eld meter soundings and ash locations from the Lightningapping Array. The observed
“inverted” tripolar charge structure, which features a mjpositive charge region with lower
and upper negative charge regions, was well approximatetidognodel. The polarity of the
ground ashes was opposite that of the lowest charge reditimecnverted tripole in both the
observed storm and the simulations. The convective irtien$ithe storm was indicated by
the total ash rate in both the observations and simulatidRather high correlations existed
between the detrended time series for graupel volume aatl &sth rate. Updraft volume
and updraft mass ux also were well correlated with total hasate, though there was little
correlation between total ash rate and maximum updrafespd3ased on these correlations,
it is likely that the best electrical representation of arstthat is reliable for storm intensity is

the total ash rate.



1. Introduction

Supercell thunderstorms have been the focus of extenseareh due to their complexity and
their propensity for producing severe weather. A recentl ptoject, the Severe Thunderstorm
Electri cation and Precipitation Study (STEPS), took maguring 2000 to study severe storms
in the High Plains of the United States. One of the main gohtb® project was to achieve a
better understanding of the interactions among storm katiesy microphysics, and electri cation
(NCAR/MMM, 2000). Numerous storms—including supercedisort-lived multicell storms, and
large mesoscale convective complexes—were observed andhéoted during STEPS.

An in-depth study of storm processes proceeds from a combimaf observations and numer-
ical simulations. STEPS provided a comprehensive obsenaltdataset for detailed comparison
with numerical simulations of storm evolution. This studgd@ises on numerical simulations of the
29 June STEPS supercell that produced an F1 tornado andnpireately positive ground ashes.
The objective is to evaluate the simulated charge strucligfgning ash rate, and polarity in the
context of the observed storm and to determine the sengitifthe modeled storm to electri ca-
tion parameterizations. The origins of positive cloudgtound (CG) ashes and the relationships

between the modeled total ash rate and storm charactesiatie of particular interest.

a. Previous electri cation studies

Early measurements of the surface electric eld revealedesnce of a dipolar charge struc-
ture within thunderstorms (Fig. 1a). As observing techgglomproved, investigations increas-
ingly emphasized in-situ measurements at altitude in tetstdrms, revealing a tripolar charge
structure—a dipole with a lower positive charge region (Big). In more recent investigations, a
screening layer was added to the overall dipolar or tripcfearge distribution.

Several studies have suggested that dipole or tripole m@aelnot suf cient to describe how
charge is distributed in all thunderstorms. Rust and Mdr§b@96) argued that the current tripole
models are too simplistic to apply to all mature thunderstoand mesoscale convective systems.
A more complex charge structure consisting of four main ghaegions near the updraft and
six charge regions outside the updraft in the convectiveipitation region was suggested by

Stolzenburg et al. (1998). Other researchers have argaeththtripole is adequate to describe the



basic thunderstorm charge structure and believe that abameht of the tripole model would be
“ill-advised” (Williams 2001).

The concept of an inverted (or reversed polarity) dipoley(Hic) was discussed by Seimon
(1993) for the Plain eld, Illinois supercell that display@an anomalously high number of positive
ground ashes. The existence of an inverted tripole (Fig.\as rstintroduced by Marshall et al.
(1995a) based on electric eld soundings in a strong storar Dalhart, Texas. It was suggested
that positive CG ashes in the Dalhart storm immediatelydaling the sounding may have been
initiated due to the inverted charge structure of the storm.

The rst documentation of severe storms that commonly poeduositive CG ashes was pro-
vided by Rust et al. (1981). They found that positive CG asbéaginated from both the anvil and
mesocyclone areas, and concluded that positive CG ashgdndacate storm severity. Williams
(2001) discussed several hypotheses regarding the orbaisgge in positive ground ashes, in-
cluding tilting of the charge layers due to wind shear, piation unshielding (i.e., fallout of a
lower-level negative charge region revealing the uppeitipescharge), and convective feedback
based on Vonnegut (1963).

Several studies have examined correlations betweenymgittund ashes and severe weather.
Seimon (1993) noted positive ground ashes preceeding atoffado, while MacGorman and
Burgess (1994) showed that damaging tornadoes occurexgefiks in positive CG ashes. How-
ever, positive ground ashes may prove ineffective as argeweather indicator unless correlations
can be shown to be reliable (Branick and Doswell 1992; Pdrak £#997). Further study is needed
to identify the source of positive ground ashes and thdatien to the charge structure and sever-
ity of the parent storm.

Laboratory experiments have attempted to reproduce thmepsoof charge transfer in storms.
The laboratory studies have shown that temperature, ligyaietr content, the sizes of the parti-
cles, and the riming rate all exert important in uences oarging. Reynolds et al. (1957) and
Takahashi (1978) were among the rst to examine the chargaraged per rebounding collision
of graupel and ice to determine how hydrometeors obtainadgehin the mixed-phased region
commonly present in storms. Jayaratne et al. (1983) andhl&eid Saunders (1990) also investi-
gated charge separation, including dependency on cryg&lisipact velocity, and contaminants

in water particles. A broad agreement is noticed betweetath@ratory results, with differences



depending on the laboratory apparatus used (JayaratneR8&§ra et al. 2000), the growth mode
of the ice crystals, and the liquid water content (MacGormiat Rust 1998, pp. 67-69).

Several studies have used numerical cloud models to futéiséithe implications of labora-
tory measurements for storm electri cation. TakahashB@,91984) parameterized his laboratory
noninductive charging data in a two-dimensional, time deleat axisymmetric model study of
small thunderstorms. Mitzeva and Saunders (1990) addedaanpterization of the laboratory
results of Jayaratne et al. (1983) and Keith and SaundeB0)16 a one-dimensional model to
examine the evolution of charging rates in three differemuations. Ziegler et al. (1986) used a
one-dimensional kinematic model with an electri cationechanism suggested by Gardiner et al.
(1985). Ziegler et al. (1991) expanded their kinematic nhtmthree-dimensions with time depen-
dence and included a screening layer parameterization.tifee-dimensional kinematic model
was later applied by Ziegler and MacGorman (1994) to studypaicell storm. Mansell (2000) and
Mansell et al. (2002) developed a lightning parameterratising a stochastic dielectric break-
down model that simulates the stepwise progression of idail ashes and reduces the electric
eld by realistically redistributing charge from the asthannel into the model domain. Mansell
et al. (2005) examined the sensitivity of charge structme laghtning to a range of NI charging
parameterizations in a three-dimensional multicell stemmulation.

Correlations of ash rate with various microphysical paegers have been the focus of many
studies as ash rate is often considered an indication afhsteeverity. One of the most obvious
and perhaps important parameters controlling ash ratbesstorm size (Williams 2001). Large
storms tend to have a higher sustained ash rate due to aggrapdraft (MacGorman et al. 1989),
though there are documented cases of smaller storms withgstipdrafts having relatively high
ash rates. High re ectivity (Lhermitte and Krehbiel 1973raupel volume (Carey and Rutledge
1996) and production of large hail (Carey and Rutledge 1888 also been related to ash rate.

b. Goals of this research

This study examines the consequences of different chapggatéeon mechanisms on simulated
electri cation and compares the simulated charge stresttw the observed charge structure of the
well-documented 29 June 2000 STEPS storm. An analogouy stasl been performed using

a two-dimensional model of the 19 July 1981 Cooperative €otive Precipitation Experiment
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(CCOPE) storm (Helsdon et al. 2001), in which three diffeneoninductive charging schemes
were examined. Results from the Helsdon et al. (2001) studggested the laboratory results from
Takahashi might be the best representation of NI chargiranddll et al. (2005) and Mansell et al.
(2002) tested different numerical parameterizations afimductive and inductive charging in a
small multicellular storm. The present study will determwwhich charging scheme(s) provide
similar results for the observed morphology of the 29 Jur@®2lorm.

There has been considerable discussion about cloud-toxdrashes and their relationship to
the charge distribution and severity of storms. The presemty examines multiple positive CG
ashes that occur at various times during both the simutetiand the observed storm and relates
these positive CG ashes to the evolving kinematic, micrggibal and electrical structure of the
storm.

Another point of interest is the relationships between thgh rate and the storm characteristics
in the simulations. Several investigators have found iaahips in observed storms between
re ectivity or updraft strength and total ash rate (Mac@Goan et al, 1989). Baker et al. (1995)
and Solomon and Baker (1998) examined the total ash rateomunction with updraft speed,
re ectivity, precipitation rate, ice concentration, antbud radius in a one-dimensional model.
The present study employs a three-dimensional model toduexamine the relationships between
ash rate and other storm properties such as updraft spethass ux, precipitation rate, graupel

volume, and rain mass.

2. Model Description
a. Dynamics and microphysics

The dynamic cloud model is described in detail by Straka 1@®&d Carpenter et al. (1998).
The model is three dimensional, non-hydrostatic and fullinpressible, and is based on the set
of equations from Klemp and Wilhelmson (1978). The modeludes prognostic equations for
velocity components (momentum), perturbation presswignial temperature, turbulent kinetic
energy, water vapor and hydrometeor mixing ratios, rim&hysand charge variables.

The model employs a microphysics package that includesityuadl hydrometeor categories

and ten ice categories distinguished by particle densityithand size (Straka and Mansell 2005).



Fractions of mass may move from one category to another depgon droplet collection, rim-
ing rate, and melting. Source and sink terms for form and @ltsinges are included in the
microphysics scheme for condensation and evaporatiomsiteggn and sublimation, freezing and

melting, aggregation and nucleation, and riming of iceipka$, graupel and hail.

b. Charging and electri cation

The model includes a choice of parameterizatons for hydteonecharging (Mansell et al.
2005). This study uses both inductive and noninductivegithgrfor electri cation. The results of
laboratory and modeling studies strongly suggest thatntlugtive charging plays the primary role
in producing electri cation rates and magnitudes closehtuste of observed storms (MacGorman
and Rust 1998). However, it is believed that inductive cimgygould also play a role (Brooks and
Saunders 1994). Inductive charging occurs in the preseme electric eld when a rebounding
collision occurs between two polarized particles. In thalgipinductive charging is only included
during graupel-droplet collisions when graupel are in dgwgh mode. Noninductive charging
(i.e., independent of the electric eld) occurs with rebdimg collisions between riming graupel
and ice patrticles in the presence of cloud droplets. The msaopic spatial separation of oppo-
site charges on cloud and precipitation particles from traluined effect of their differential fall
speeds and wind shear subsequently generate elds strangkro produce lightning.

Inductive charging in the model is calculated based on aditarfrom Ziegler et al. (1991).
This equation is expressed by Mansell et al. (2005) in terfrsharacteristic diametdd, and

mass weighted mean fallspe¥gof graupel as:

!
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In eq. 1,E4c andE, are the collection and rebound ef ciencieg, andn.4 are the total cloud
water and graupel number densitiagg is the number concentration intercept for grauel,is
the cloud droplet diametdm;os i is the average cosine of the angle of the rebounding callj&ip
is the vertical component of the electric elély is the charge on graupel, ands the permittivity

of air. The inductive charging used in the simulations apphes values described as “strong” by
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Mansell et al. (2005), witle, = 0:01andhcos i = 0:45.

Noninductive charging involving riming graupel and ice stials has been the focus of several
laboratory experiments. The charge gained by the graupgejgendent on the ambient temperature
and the liquid water content as well as the size and growtie sthithe hydrometeors. Several
studies have focused on a reversal temperature for thattcensf sign of the charge gained by
the graupel. Most investigators agree that the reversaleesture is dependent on the liquid water
content or riming rate, though differences arise in deteing the conditions for charging sign

reversal. The general formula for noninductive charge isejoen between colliding particlesand

yis:

@%_lel

@t - Z qu(l Exy)jvy ij (Dx + Dy)znx(Dx)ny(Dy)dedDy; (2)

whereD, andD, are the diameters of the colliding particl&sis the collection ef ciencyjV, Vj

is the relative fall speedy is the number concentration, antqlfjy is the charge separated per
collision. A representative weighted average separatagehper collision,qyy, replacesquy.
Thus, eq. 2 is simpli ed by permittingy,, to be moved outside the integral (Mansell et al. 2005).
The magnitude ofqy, is limited to a maximum of 50 fC for graupel-snow collisionsda20 fC

for graupel-cloud ice collisions to prevent unrealistiafing and lightning rates. For this study,
the model includes four different parameterizations ofribainductive charging process as each

varies in determining the sign and level of charging.

1). NONINDUCTIVE CHARGING PARAMETERIZATIONS

The noninductive charging rate in the Saunders and Pecl8jxaheme (SP98) is based on a
critical rime accretion rate (RAR) from their measuremenike temperature-dependent critical
RAR value RAR i) de nes positive and negative charging regions (Fig. 2ahe §ign of the
charge transferred to the graupel during a reboundingsoatiiin the SP98 scheme is strongly
in uenced by the amount of water accreted on the graupeltierimer). The Riming Rate (RR)
scheme, as described in Mansell et al. (2005), is develapadimilar fashion to that of SP98. It
is also based on a critical rime accretion rate, but with ghslly different temperature and liquid

water dependence (Fig. 2b).



The Takahashi (TAKA) charging scheme is based on the latwyratork of Takahashi (1978).
The polarity of charge gained by graupel is determined byked water content and temperature
(Fig. 2c). For the model parameterization, the results akert from a lookup table developed
by Wojcik (1994), with additions from Takahashi (1984) fariation in the charge separation
per collision which is dependent on impact velocity and t@alysize. The charge separated per
collision at temperatures betweenC and 30 C and liquid water content frofx01to 30gm 3
are included in the table. At temperatures belo80 C the charge separated per collision is the
value at 30 C.

The nal noninductive parameterization used is the Gandiiegler (GZ) scheme. This scheme
is based on the laboratory results of Jayaratne et al. (1883dapted from Gardiner et al. (1985)
by Ziegler et al. (1986, 1991). The dependence on liquid m@iatent is given by an adjustable
reversal temperaturé,, and the cloud water mixing ratio. At temperatures belpwgraupel (ice)
charges negatively (positively) and at higher temperatthre sign of charging is reversed. In the

present study, the reversal temperature is setltd C (Fig. 2d).

2). CHARGE CONSERVATION ADVECTION, AND IONS

A charge density is connected with every hydrometeor tygemass shifts between categories
in the microphysics, the charge also is transferred fromoaegory to another (e.g. mass from ice
to rain). Although charge is conserved in the model domaiayge is not absolutely conserved
due to charge movement from ion currents entering or exitigdomain, advection through a
lateral boundary, or by cloud-to-ground lightning. The rgjfgacontinuity equation from Mansell
et al. (2005) resembles a typical conservation equatiom tneétatment of advection, diffusion, and
falling particle motion. The model neglects the acceleraiof charged particles in an electric
eld. The electric eld is determined as the negative gradief the potentialE = r

Explicit treatment of ions has recently been added to theNtB$L model by Mansell et al.
(2005). Conservation equations are de ned for both posiind negative ion concentrations. The
eguations take into account advection and mixing, driftiorofion motion induced by the electric
eld), cosmic ray generation, ion recombination, ion akttaxent to hydrometeors, corona discharge
from the surface, and release of ions from evaporating hgdteors. Mansell et al. (2005) use a
fair weather state from Gish (1944) as expressed by Helsddarley (1987).



3). LIGHTNING PARAMETERIZATION

Lightning ashes are parameterized by a stochastic digtelbteakdown model (Mansell et al.
2002). The lightning develops bidirectionally across afamn grid with each step chosen ran-
domly from among the surrounding points at which the elecélid meets or exceeds a threshold
value for propagation. After each step, the electric eldasculated to determine the contribution
by the lightning channel. The resulting ash has a branchdfdaatal-like leader structure in three
dimensions.

Flash initiation occurs if the electric eld exceeds the mscopic “break-even” electric eld
thresholdE,. (Marshall et al. 1995a). A particular initiation point isagen randomly from all
the points that excee@9E e and each channel maintains an overall charge neutralityragsds
neither end goes to ground. Positive leaders carry positisege and travel preferentially through
negative charge regions, while negative leaders carrytivegeharge and tend to travel through
regions of net positive charge (Mansell et al. 2002). Treesfthe simulated ashes tend to re ect

the simulated charge structure.

3. Observed and simulated 29 June storm evolution
a. The 29 June 2000 supercell storm

The 29 June 2000 supercell storm formed just ahead of a émyitth an approaching mesoscale
cold front to the north (Fig. 3a). The storm's rst radar ecqupeared around 2130 UTC (all times
are Universal Time) near the borders of Colorado, Nebras#d&ansas (Fig. 3b). The storm lasted
approximately four hours, moving southeastward througthmeest Kansas (Fig. 3b) before being
overtaken by part of a mesoscale convective system (MCS3niral Kansas later that evening.
During the rst three hours, the storm produced large hailFa tornado, and a profuse amount
of lightning. As the storm moved through the STEPS domainyas observed by a network
of Doppler radars, a T-28 armored research airplane, bakboondings of the electric eld, and
the Lightning Mapping Array (LMA). The LMA is a GPS-based s that locates sources of
VHF radiation from lightning discharges in three spatiahdnsions and time (Rison et al. 1999;
Krehbiel et al. 2000). The balloon borne electric eld metEFM) measures the vector electric
eld, E (as described by Winn et al. 1978; Marshall et al. 1995b; @aleet al. 2003).



Atmospheric conditions in the storm environment suppaostezkercell storm development (Johns
and Doswell 1992; Weisman and Klemp 1982). Environmentabwinear the storm were from
the south and veered to the west with height as shown in th2 RCAR GLASS sounding from
Goodland, KS (Fig. 4). The sounding was released 40 mileBed@dutheast of the storm initia-
tion, and one hour before it was rst detected by radar. Aliglo the environment was unstable
as depicted by the 1319 J kbof convective available potential energy (CAPE), the sanmgevas
capped as indicated by a convective inhibition (CIN) of adfd0 Jkg 1. Strong 0 to 3 km storm
relative helicity (SRH) indicated the support for the deyghent of rotating updrafts during the
supercell phase of the storm.

The observed storm was multicellular during its early staigeeloping high re ectivities and
several dominant updrafts by 2305 (Fig. 5a). At approxilya@830, the storm made a right turn
and slowed as it moved southeastward (Fig. 6). Rapid stoomtbrat all levels is noticed at 2330.
The graupel volume of the storm increases in height and aha@agreater rate during this period
than at any earlier time (Fig. 7a), while the updraft volumeréases from 70 k#rto 110 kn¥ in
about 0.5 hour (Fig. 7b). During this period, the Doppleivid maximum updraft speed was near
50ms ! (Tessendorf and Rutledge 2002) as the storm assumed aslipgrrture and intensi ed
and grew in areal coverage. A bounded weak echo region (BVEERecame apparent following
the right turn (Fig. 8a-c).

The LMA indicated that the storm began producing lightnib@E50 (Fig. 9a). The lightning
rate in the developing stages was 20 ashes per min, but byoappately 0015 the storm reached
a maximum of 300 ashes per min (Fig. 9a). During the rst thrbours, the storm produced
on the order of 10,000 total ashes (Table 1). The ash coogtalgorithm determined an actual
“ash” as that consisting of at least 10 source points det@dtom the LMAs VHF detectors in
close proximity and time to remove noise (Wiens et al. 2008 rst cloud-to-ground (CG) ash
was detected at 2239 by the National Lightning Detectiomidet (NLDN). The rst ground ash
and approximately 90% of the CG ashes thereafter were pesii total of 140 positive and 19
negative CG ashes were counted by the NLDN during the rsethhours of the storm. Both the
total ash rate and CG ash rate rapidly increased as thenstdisplayed extensive development
and made a right turn at approximately 2330 (Fig. 9a).

The charge structure from the 29 June storm was inferredywsvtA activity and EFMs. Ob-
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servations from the LMA can be used to infer charge strucunee detected leaders move through
regions of opposite polarity charge, the LMA preferenyialetects negative polarity breakdown,
and inferred charge regions therefore tend to be positiaen(ith et al., 2003). By the time positive
CG ashes occur in the storm, a persistent mid-level positivarge region had developed. Hence,
an inverted charge structure was inferred from the LMA obetgons of positive CG ashes in the
present case. The bidirectional ground ashes typicalitfated with upward negative leader de-
velopment into the positive charge region just above 5 knukameously with downward positive
leader development through a negative charge region togrduballoon borne EFM sent through
the updraft region of the storm depicted a main positivegdaegion centered near 9 km and an
upper negative charge region centered at 11 km using the &i3$Gmethod of interpretation of

Marshall and Rust (1995), as further discussed in Secti®n 3.

b. Model initialization

The 29 June supercell storm was simulated on an 80 by 80 by 2@dknain. The horizon-
tal grid spacing was 1 km, while the grid was stretched valtfidrom 200 m at the surface to
500 m above 12 km. The model environment was determined wsimgdi ed version of the
NCAR mobile GLASS sounding from Goodland, KS (Fig. 4). Thenperature and moisture in
the convective boundary layer (CBL) was increased to bd#pict surface observations of the en-
vironment into which the storm moved (Fig. 3). In particumobile mesonet observation near
the storm (Fig. 3b) recorded higher temperatures and degthian the Goodland sounding at
2022 (E. Rasmussen, personal communication, 2004). Theedbdise elevated residual layer cap-
ping the moist CBL was warmed adiabatically to maintain aimum concentrated cap strength,
thus controlling the spurious growth of instabilities amdgerving the mixed layer. The instability
of the environment in the modi ed sounding was thus greatlyréased, raising the CAPE from
1370 Jkg? to 2875 Jkg?! and lowering the CIN from 100.3 Jkd to 22.1 Jkg!. The Bulk
Richardson Number (BRN), de ned as the ratio of the CAPE ® lthwer tropospheric vertical
wind shear, increases from 10.3 to 23.1. The CAPE and BRNeofrthdi ed sounding supported
possible supercell development (Weisman and Klemp 198Bg rilodel environment was hori-
zontally homogeneous as de ned by the modi ed sounding. Anwéubble (= 3 K)) with

randomized thermal perturbations and a radius of 9 km wad tasi@itialize the simulation.
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c. Dynamical and microphysical evolution

The present model con guration allows no feedback from theete cation to the micro-
physics or dynamics. Therefore, each of the four simulatioas exactly the same dynamical
and microphysical evolution. The simulated storm inijiakevelops an elongated multicell struc-
ture (Fig. 5b) with successive main updraft cores along ttgeeof the out ow on the upshear
side. By 76 min, the storm has developed a solid core of reviggtextending to ground with
a deep updraft and forward anvil region. During the rst 60nmihe storm moves towards the
east-northeast. Itis hypothesized that storm rotatiorntlamdold pool have intensi ed suf ciently
to force the storm to turn right towards the southeast aneéldeate by 90 min. At 103 min,
the precipitation core intensi es as a precipitation-freleud- lled mesocyclone develops on the
southwest ank (Fig. 5d). By 116 min, the simulated storm Haseloped a pronounced BWER
coincident with the intense main updraft on the southwesk af the storm (Fig. 8d-f). The storm
continues along a southeasterly track for the remainddren$iimulation (Fig. 6).

The timing of the right turn is used as a basis for comparisetwéen the simulated and ob-
served storms. The initial development of the observedrsisrmuch slower than in the simu-
lations due to the distinctly different initiation processthe latter being initialized by a thermal
bubble and the former probably forced by a deep boundary lajecirculation just east of the
circulation (e.g., Ziegler et al. 1997). The developmenthaf observed and modeled storms are
in rather close agreement from the time of the right turn aawas supported by comparison of
storm morphologies after 90 min of the simulation and 233thenobserved storm (e.g., Figs. 7
and 8).

The maximum updraft speed of the simulated storm reachess3® at 16 min and remains
stronger throughout the simulation, with a peak of 61 fat 147 min (Fig. 10). The simulated
supercell exhibits evidence of convective surges durmtifé cycle. The rst growth phase occurs
at approximately 20 minutes with increases in updraft masgqFig. 10), graupel volume (Fig. 7¢),
and updraft volume (Fig. 7d). Another convective surge igeed at 80 minutes (Figs. 7c-d, 10)
as the storm veers toward its southerly track. The maximuemgth of the storm occurs between
140 and 160 min, when updraft mass ux and graupel volumelr@aak values and a re ectivity
maximum of 69 dBZ is attained. The overall simulated storml@on is similar to that of the

observed storm, especially after 90 min. This agreemeigi sant as most of the total lightning
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and virtually all the CG ashes occur after the right turnletsimulations and the observed storm.

d. Evolution of electrical properties

1). SAUNDERS AND PECK NONINDUCTIVE CHARGING

As previously discussed in Section 2b, the sign of the Sasrated Peck (SP98) noninductive
charging is dependent on rime accretion rate (RAR) and tlgeedeof supercooling. The high
liquid water content in the updraft caused transfer of pasitharge to graupel to dominate the
charge produced by the SP98 scheme during the early eleation phase. The resulting charge
morphology features a mid-level positive charge with anaspggative charge at 28 min (Fig. 11a).

The inverted dipolar charge structure is replaced by anrieddripolar structure at about 35
min (not shown), as inductive charging and precipitatiocycéing and fallout quickly develop
a lower negative charge region for the third layer. By 76 ntivg storm exhibits an inverted
tripole structure with a main mid-level positive chargeioegoetween two negative charge regions.
All three charges extend horizontally through much of thremt(Fig. 11b). A positive surface
corona charge layer is also noted below 0.5 km AGL (all haigiitove ground level) at this time.
The mature stage of the storm at 116 min depicts a very congptaegture with opposite charges
occurring at the same altitude (Fig. 11c). The re ectivityre regions continue to maintain a
tripolar structure, but outside this region there are venwre vertically stacked charge regions.
The overall charge structure is similar to that of an invétsorm as proposed by Marshall et al.
(1995b) with complexities as described in Stolzenburg .t18198).

Simulated intra-cloud (IC) ashes begin at 28 min, with ahaste of approximately 30 ashes
per minute during the rst hour (Fig. 9b). The IC ash rate &§ reaches a maximum of 264

ashes per min at 120 min, then decreases slowly while maiimg a ash rate above 150 ashes
per min during the remainder of the simulation. Lightningders travel preferentially through
layers of opposite charge, with positive leaders conctadran negative charge near 5 km and 13
km (Fig. 12a). Conversely, mid-levels of the storm are dated by negative leaders and positive
charge (Fig. 12b).

The SP98 scheme produces a total of 98 positive ground ashesrst occurring at 67 min,

with no negative ground ashes produced (Table 1). The CGesstypically initiate between
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5 and 7 km, between the main positive charge region above aegative charge region below
(Fig. 13). In the simulation, positive CG ashes are compgbseéa negative leader traveling up-
ward through positive charge and a positive leader tragaediownward through negative charge
to ground (Fig. 13). Most simulated lightning ashes exhitmnsiderable branching by lightning
leaders in all directions from the point of initiation. Oncasion, a leader might may go directly to
ground, though often a ash goes to ground more than 1 km atvagrzontally) from its initiation

point. The direction of the path of leaders to ground is depehon the distribution of charge
surrounding the leader as it develops. The majority of thes@i&es is located just downshear of

the main convective core, though some occur directly urtteentain updratft.

2). RIMING RATE NONINDUCTIVE CHARGING

The riming rate (RR) noninductive charging scheme is alggeddent on the rime accretion
rate, though with a different critical RAR than the SP98 sobeThis produces a slightly different
pro le of charge distribution but with many results similarthose of SP98. During early electri-
cation, the electrical structure of the main core is conspd of a short-lived inverted dipole with
a lower positive charge and upper negative charge in the oeirdue to positive noninductive
charging to graupel (Fig. 11d). At 76 min, the storm develapsnverted tripole extending hor-
izontally beyond the main core (Fig. 11e). By the time theratoeaches its mature stage, near
116 min, the charge pro le has become quite complex (Fig).1A§ in the SP98 simulation, the
overall charge structure in the main cores continue to sbrdian inverted tripole, while other
areas of the storm exhibit a much more complex structure.

The rstIC ashes begin at 28 min in the simulation (Fig. 9€pr the remainder of the rst 60
min, the ash rate averages roughly 15-20 ashes per min. Ximam ash rate of 252 per min
is reached at 128 min and the average ash rate during the tleiar is approximately 170 per min.
The upper region of the storm (10 to 18 km) is dominated bytpedieaders while the mid-levels
(5 to 12 km) is dominated by negative leaders (Fig. 12c,de [Bwest third of the storm (2 to 6
km) is dominated by positive leaders.

A total of 128 simulated positive CGs are produced (TabléhB), rst occurring at 77 min into
the simulation (Fig. 9c), and no negative ground ashes apelyced. Nearly all of the CG ashes

initiate between 4 and 8 km. Within the storm, the majorityashes reach ground downshear of
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the main convective core. Though lagging the SP98 simulatidotal ashes, the RR charging
scheme produces more ground ashes throughout the siranlatiowever, the simulated positive

CGs in the RR simulation are morphologically similar to pesi CGs in the SP98 simulation.

3). TAKAHASHI NONINDUCTIVE CHARGING

The charge structure developed with the Takahashi (TAKA)imductive charging scheme
is similar to the conceptual model of a normal polarity dgotl tripole structure. During early
electri cation, a normal dipole charge structure develapshe updraft region (Fig. 11g). The
storm quickly develops a normal tripole structure as a lop@sitive charge region is formed.
At 76 min, the charge structure consists of a mid-level negatharge, an upper positive charge
region, and a lower positive charge region situated in thdrafp area (Fig. 11h). By 116 min,
the storm is reaching its mature stage and the charge steustmmuch more complex (Fig. 11i).
Normal tripoles are evident in the re ectivity cores, théugutside of these convective cores the
charge structure contains up to six vertically stackedgdhaggions.

IC ashes begin at 27 min and a ash rate averages about 20eager min for the rst hour
(Fig. 9d). Steady growth of the ash rate continues for theosel hour, and a maximum of 208
ashes per min occurs at 122 min. A drop off in ash rate follswand during the third hour the
ash rate stays near 120 ashes per min. Positive leaders@mneentrated in the mid-levels of the
storm between 4 and 10 km (Fig. 12e). Although the majorityexfative leaders are in the upper
levels of the storm between 8 and 16 km, negative leaderdsvenated in lower portions of the
storm (Fig. 12f).

A total of 63 ground ashes are produced during the TAKA siatidn (Table 1). All CGs
produced are negative, the rst occurring at 71 min (Fig.. 9@he initiation points for ground
ashes are limited to between 4 and 6 km, between a lower ipesiharge region and middle

negative region.

4). GARDINER-ZIEGLER (GZ) NONINDUCTIVE CHARGING

The Gardiner-Ziegler (GZ) noninductive scheme developsranal dipolar or tripolar charge
structure that is broadly similar to the TAKA simulated apadistribution. However, the lower

positive charge region in the GZ simulation is weaker thanldhver positive charge region in the
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TAKA simulation during the maturing phase of developmeratl§zelectri cation is dominated by
collisions within the updraft region at temperatures Iésstthe reversal temperature. At 28 min,
the charge structure is a normal dipole with a main negatinagge region and an upper positive
charge region (Fig. 11j). As the storm develops at 76 mingupositive and middle negative re-
gions are maintained in the precipitation core with a weakelgpositive charge beginning to form
(Fig. 11k). At 116 min, there is a normal tripole structurghin the updraft regions. However,
pockets of charge create a complex structure for the mgjofithe storm (Fig. 11I).

The rst IC ashes in the GZ simulation occur at 28 min (Fig.)9€l'he ash rate increases
rapidly, averages near 40 ashes per min for the rst houd aoticeably exceeds the early ash
rates of the other NI parameterizations. The maximum asé egcurs at 126 min where a peak
of 264 ashes per min is reached. The GZ scheme subsequeathyams a higher ash rate for
longer than any of the other schemes, nearly 200 ashes pefanthe next hour. Negative leaders
are concentrated within the upper half of the storm betwesamddL6 km (Fig. 12h). A few negative
leaders also occur episodically in the lowest portions efdtorm around 120 min, and again after
140 min. The lower half of the storm (2 to 10 km) contains mogutsitive leaders (Fig. 129).

Though the GZ scheme generates frequent IC ashes, it pesdanly 5 CG ashes during
the entire simulation, 3 positive and 2 negative (Table Jn¢¢, the charges produced by GZ are
not as effectively lowered as in the other parameterizatidrhe lack of a strong tripolar charge
structure of the storm is signi cant, since the 3 positive @@ations occur along the boundary
between the upper positive and main negative charge reffioated around 11 km AGL. The rst
two ground ashes are positive and initiate near 120 min ahad@ 11 km respectively. The third
is also positive initiating at 160 min, at 13 km AGL, and dowear from the main convective area
of the storm. The height of the positive CG initiations foe t8Z simulation is anamalous for any
model simulation, possibly implying an unrealistic resafltthe CG lightning scheme since the
length of the positive and negative leaders in the threeeasfre signi cantly unbalanced. The
rst negative CG occurs at 170 min initiating from 4.2 km framderneath the main updraft. The
nal negative CG of the simulation occurs just before 180 raimd is initiated just below 6 km.
Both negative CGs seem more realistic and broadly compatalihe negative CGs produced by
the TAKA scheme.
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e. Observed and simulated electric eld meter soundings

A balloon carrying an electric eld meter (EFM) was releasexm Brewster, KS at 0004 UTC
into the updraft region of the storm (Fig. 8 a,c). Using a 1-Bu&s model (Marshall and Rust
1991; Stolzenburg and Marshall 1994), it is assumed théteégradients irE, are caused by the
EFM rising through regions of charge. Interpreting the obese vertical electric eld pro le using
the 1-D Gauss technique, the 29 June storm's charge proitéasred to consist of a main positive
charge region from 8 to 10 km and a main negative charge régpam 10 to 11 km (Fig. 14f). A
detailed analysis of the three dimensional electric elatee pro le reveals additional smaller
charge regions along the balloon track through the re égtisore of the storm (MacGorman et al.
2005).

A simulated EFM was also “released” into the main updraft atre of the model simula-
tions at 113 min (Figs. 8d,f and 14b). The simulated EFM fo#d roughly the same track at
approximately the same time during the storm'’s life cycléhesobserved EFM sounding. Both
the simulated and observed soundings are contained witeiimtense main updraft region, rising
through the BWER into the overlying precipitation core. €equently, almost all charge is above
8 km at the level where the EFM penetrates the top of the BWHIR.Sbundings maintain similar
tracks below 12 km. The simulated EFM sounding detrains fstonm top above 12 km, while
the observed sounding moves horizontally and subsequeéesiyends through the storm without
reaching the top (possibly due to the balloon being pundtbsehail). The observed and simu-
lated temperature and relative humidity with respect teewsaturation display remarkably similar
pro les below 12 km.

An inverted tripole charge structure is observed in the saed balloon sounding during the
SP98 and RR simulations (Fig. 14a,c). The height and madmibfithe upper negative and main
positive charge regions are similar to those of the cormegjpg regions from the observed storm.
Both simulations also include a small lower negative chaeggn near 8 km, a feature that is not
revealed in the observed sounding. The simulated soundinigl ®e closer to the lower negative
charge region than the observed sounding, the latter biegifiarther away from the storm (eg.,
Figs. 8c, fand 14b).

The EFM soundings from the TAKA and GZ simulations depict enmal tripolar charge struc-
ture (Fig. 14d,e), in direct opposition to the inverted afg of the SP98 and RR simulations
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(Fig. 14a,c). The TAKA and GZ soundings reveal a small lowesifive charge region below
8 km, a main negative charge region centered near 10 km, angh@ar positive charge region
from 10 to 12 km.

The analysis of the downward EFM pro le from 29 June depicatsiech more complex pro le
in the precipitation core downwind from the updraft regidaCcGorman et al. 2005). Interpreta-
tion of charges via the 1D Gauss model depicts four or ve llewd charge in the precipitation
core, in contrast with two or three charge layers in the mpairaft region. A similar pro le is also
obtained in the SP98 simulation outside the main updraforeyeg. Fig. 11c), where pockets of

charge account for added complexity to the pro le.

4. Discussion
a. Role of noninductive charging in charge structure depeient

An examination of the hydrometeor charging at 76 min illatgs the impact of the various lab-
oratory charging constraints on the simulated electriaat The majority of collisions between
riming graupel and ice occurs in the main updraft region. @reupel in the cloudy updraft is
charging positively at all temperatures by the SP98 schameetal the high rime accretion rates
(Fig. 15a). Immediately adjacent to the updraft, graupeh&rging negatively owing to the very
low rime accretion rates. These negatively charged graaneetubsequently transported via sed-
imentation and advection to lower regions of the storm (Egg). The SP98 scheme provides
positive charging to graupel at rime accretion rates abaymi?s * at higher temperatures and
above 3gm?s ! at lower temperatures (Fig. 2a). Thus, the inverted pglatiarge structure is
controlled by the positive noninductive charging to grdupehe updraft region, which provides
the main positive charge center for the storm. The uppertivegeharge region is due in part to
the negative charge transfer to ice from rebounding coliisiwith the graupel in the updraft. The
lower negative charge region subsequently develops as &ioation of negative noninductive
charging outside the main updraft core, inductive chargamgl precipitation fallout and recycling.

The RR and SP98 parameterizations have slightly diffetenttfonal dependencies of charging
on rime accretion rate, although the two charging schemaduge very similar charge distribu-

tions. At 76 min, the main difference in graupel charginghesn RR and SP98 occurs adjacent to
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the updraftfrom 30 Cto 40 C (Fig. 15b), where the SPFBAR iy drops toward zero (Fig. 2b).
Thus, in this region the graupel is charging positively ia 8P98 simulation and charging nega-
tively in the RR simulation. The resultant charge strucfordhe RR simulation is very similar to
the SP98 simulation. However, the lower negative chargemndg the RR simulation is stronger
and slightly more dominant than in the SP98 simulation, pbdp in uenced by the additional
negatively charged graupel recycling through lower lee¢ithe storm.

The TAKA noninductive scheme produces a charge structamestlexactly opposite the SP98
and RR charging schemes. Instead of a dependence on rinetiacaate, the controlling vari-
able for the Takahashi scheme is cloud liquid water contAnfz6 min, the graupel is charging
negatively in the updraft region, which contains liquid @ratontents from 0.5 to 2.5 g rhat tem-
peratures less than10 C (Fig. 15c). The predominately negative charging of grawghin the
updratft region controls the polarity (Fig. 2c), producingain negative charge region. An upper
positive charge region develops from positive nonind@ctivarge transfer to snow and ice, which
are lofted higher than the graupel due to the differentiddpp@eds of the hydrometeors. A small
lower positive charge region develops from weak positiveinductive charge transfer to graupel
outside the main updraft core in low liquid water contentislibwer positive charge region is also
enhanced by inductive charging of roughly the same maglaias noninductive charging.

At 76 min, the GZ noninductive charging scheme develops &gehstructure consistent with
a normal dipole. The main negative charge region is atwaitletto the graupel gaining negative
charge at temperatures less thah5 C (Fig. 2d) as well as precipitation fallout (Fig. 15d). The
upper positive charge region develops as a result of theaicerg positive charge from collisions
with graupel and advection of the ice through the upper datiestorm. Small pockets of weak
positive charge form at lower levels due to positive nontithe charge transfer to graupel at
temperatures greater tharl5 C (Fig. 15d). The GZ scheme possibly has dif culty producihg
lowest charge region due to the temperature-only depeedaherent in the scheme. While the
other schemes produce opposite-sign charging in the deansipdraft ank, the GZ scheme only
produces opposite charging at the base of the updraft, vidtblen countered by charging at lower
temperatures higher within the updraft. Inductive chaggints to enhance the preexisting charge
outside of the updraft core.

The overall charge structure of the mature storm in all theutations is much more complex
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than the basic dipole or tripole model, in agreement withréseilts of Stolzenburg et al. (1998).
The early storm development is multicellular, and each esgige updraft and precipitation core
produces another area of charging. Thus, pockets of caatedtcharge develop throughout the
storm. The charge structure is further complicated by tharpaterized lightning activity. When a
simulated leader travels through a region of opposite fig)arlocalized reversal in the net charge
can occur within the larger charge region leading to a moraptex charge structure (Helsdon
etal. 1992; Mansell et al. 2002; Coleman et al. 2003). Alsgels of charge are advected on cloud
ice through the anvil region due to the bulk effects of egaiptcontinuous lightning with either
IC or CG branching (Ziegler and MacGorman 1994).

b. Positive CG development relative to storm polarity

The simulations produce similar total ash counts to theragpnately 10,000 ashes observed
over three hours in the 29 June 2000 storm (Table 1). The vddstorm produces predominately
positive CG ashes, as do the simulations employing the S&&8 RR noninductive charging
schemes. In both the observed and simulated storms (i.88, 3R, TAKA), cloud-to-ground
ashes account for roughly one percent of the total lighgnawctivity.

As previously discussed in Section 3, the LMA measurememisEE-M soundings indicate
that the observed storm develops an inverted polarity ehstrgicture by the beginning of positive
CG activity. Only the SP98 and RR simulations develop anrbedepolarity charge structure,
while the TAKA and GZ simulations develop normal polarityache structures dominated by a
main negative charge region. The prevailing polarity ofsheulated ground ashes is governed
by the polarity of the main mid-level charge region in thersto

The development of a lower negative region in the SP98 and&ations and in the observed
storm is crucial for positive CG development. In both thedations and the observed storm,
almost all of the positive CG ashes initiate at approximgte km, approximately the boundary
of the main positive charge region and the lower negativegeheegion. This notion is analogous
to the hypothesis of Williams et al. (1989) that negative C&3hes require a preexisting lower
positive charge region. Mansell et al. (2002) generalizes telationship, noting that positive
(negative) ground ashes developed only after formatioradbwer negative (positive) charge

region in simulated storms. In the present simulationsatieg CG ashes are produced only
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where the lowest charge layer is positive, as noted in refalin the TAKA noninductive charging

scheme. During the GZ simulation, positive CG ashes ocaulier in the storm when the lowest
charge layer is negative. Negative CG ashes begin lateceam lower positive charge region
develops. The SP98 and RR charging schemes maintain a l@gative charge region for most
of the simulated storm'’s lifetime, thus producing only givei ground ashes.

The step-leader model of Mazur and Ruhnke (1993), a basithéoMansell et al. (2002)
lightning parameterization, suggests that lightning isiated between propagates bidirection-
ally through opposite polarity charge regions. The simadgiositive CGs develop following the
Mazur-Ruhnke model, with negative leaders traveling uphward branching through the main
positive charge region and positive leaders traveling deavd through the smaller lower negative
charge region to ground (e.g., Fig. 13). Each ash is ingtihtvhere the electric eld is approx-
imately maximized between positive and negative chargemegFig. 13). The positive channel
follows areas of negative charge that have descended tayvatoshd. The descent of charge to
ground appears to be a prerequisite for all simulated groasttes, facilitating ash propagation
through regions of weak electric potential due to local edhancement at the leader tip. The
RAR-based simulation results are consistent with the Haetlial. (2003) analysis of LMA data
(Fig. 16). The LMA analysis depicts the initiation and deghent of positive CGs and the cor-
responding inferred net charge. The Hamlin et al. (2003lyarsapoints to the importance of the
polarity of the lowest charge region for the polarity of thegnd ashes.

Other hypotheses concerning the required charge struciuseorms with predominately posi-
tive polarity ground ashes have been discussed by Willigad91) and Lang and Rutledge (2002).
These include a tilted dipole (i.e., the updraft is sheasestibng mid- and upper-level winds, ex-
posing the upper positive charge region to ground), an tdweharging mechanism, precipitation
unshielding (i.e., the positive region is exposed to grguaid an inverted dipole, none of the latter
being consistent with the present observations and modeltse Instead, the latter results sug-
gest that an inverted tripolar charge structure is the sacgsondition for predominately positive
ground ashes in the 29 June storm. Neither the tilted dipalethe elevated charging mechanism
are consistent with predominately positive CG activityiated at the lower levels of the storm be-
tween the main positive and lower negative charge regiosdigcussed in Mansell et al. (2002),

precipitation unshielding is an unlikely mechanism forigiwee CG activity, since a negative layer

21



would still be required to initiate the lightning. The inted dipole is insuf cient for a comprehen-
sive description of the total charge structure, since thestmegative charge layer seems to be a
necessary condition for positive CGs and since the ovenalige structure is much more complex

than two layers of charge.

c. Positive CG production relative to storm microphysicd &mematics

The microphysics and kinematics of the storm play major eaed roles in establishing the
storm charge structure and lightning polarity. The pojaoit charge deposited on hydrometeors
is dependent on liquid water content and other microphy picgperties via the NI charging pa-
rameterizations. Similarly, the NI charging rate is col by the rebounding collision rate of
graupel, which depends on the strength and size of the upegibn. All the simulations have
the same microphysical characteristics (e.g., liquid watel ice particle contents). Therefore,
the polarity of the simulated ground ashes is modulateceghby the particular noninductive
charging scheme used and the resultant charge structumughlapproaching adiabatic values,
the simulated maximum liquid water content remains too lowsupport a change from predom-
inately negative charging of graupel to positive charginghe updraft region using the TAKA
noninductive charging scheme as recently hypothesizedagyCet al. (2003) and Lang and Rut-
ledge (2002). Instead, the TAKA simulation maintains a rarpolarity charge structure through
the simulation, thus resulting only in negative CG activityang and Rutledge (2002) suggested
that one of the factors leading to predominately positive &Bes in several mid-latitude storms
(one of which is 29 June) is a large updraft volume relativeth@r storms. The simulated and ob-
served storms contain a storm total updraft volume congigtgreater than 300 kérthrough the

10 Clevel (Fig. 7b,d). The large mixed-phase updraft volumesipce a high rate of graupel-ice
and hail-ice collisons, resulting in higher total and grdouaish rates independent of ground ash
polarity.

The observations depict the tendency for positive CG agsbeduster downwind of the main
updraft region, and this is mirrored by the SP98 and RR sitiuia (e.g., Fig. 17). The clustering
of positive CGs downwind of the main updraft may be causedheypresence of descending
graupel and hail in that region. In the observed storm, threetaion between regions of halil

and positive CG activity could be due to positive chargediegi within the radar-inferred hail
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echo region (K. C. Wiens, personal communication, 2004).p#ésitively charged graupel and
hail advect and sediment out of the main updraft region,almiground lightning would initiate
between the main graupel and hail core containing positiaege and a lower region of negatively
charged hydrometeors. MacGorman and Burgess (1994) alm&borg (1994) found that a large
percentage of predominately positive CG activity occumgtth storms in which large hail was
reported. Carey et al. (2003) found that the positive CGriigtiended to cluster in the area of
highest re ectivity during the 1998 Spencer, SD superdbbbugh no large hail was reported with
this storm. During the 29 June storm, almost all of the pesi€Gs were colocated with hail
echos (Wiens et al. 2003). The simulations suggest a dedreer@lation between the timing
of melting graupel and the onset of positive CG ashes in lovegions of the storm (Fig. 18a,b),
though trends of graupel volume clearly follow increasingipive CG rates. Although hail content
is highly correlated with graupel content in the simulatiphail carries relatively little charge
compared to graupel. A key reason for development of pes{iiG ashes may be the descent
of the lower negative charge from the inverted tripole oruged, hail, and meltwater rain, thus
carrying negative charge through the lowest regions of tiiers

Carey et al. (2003) found that the positive CG rate increaiethg or just after pulses in
storm growth during the Spencer storm. Similar relatiopslaire suggested during the SP and RR
simulations, though it is dif cult to determine a direct agibnship. The peak positive CG rates of
3-5 per min occur shortly after the maximum graupel volunre&hed at 150 min (Fig. 18a). The
mass ux, updraft volume and updraft speed also achievetdived maximum values around 150
min (Fig. 18c-e). CG activity does not begin until the ondetainfall, as inferred from the rain

mass time series (Fig. 18b).

d. Total ash rate relative to storm microphysics and kingitea

The total ash rate is perhaps the best electrical represient of the overall microphysical
activity and intensity of the storm. Graupel volume demmatss a high degree of correlation with
total lightning activity in both the simulations (Fig. 19 d&the observed storm. Suggestions of
pulsing activity in total ash rate occur at different ped® of the storm. With increasing graupel
volume (Fig. 19), updraft mass ux (Fig. 18c), or updraft wole (Fig. 18d), the collisions oc-

curring between graupel and ice particles also increasesé&tuently, noninductive charging and
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electri cation increase, forcing the ash rate to increaseontrol the maximum electric eld.

High visual correspondences between the various seriegnsthois far are strongly in uenced
by the continuous growth of the storm during the three hodith® simulation. After linearly
detrending the time series of each parameter and total aEh(e.g., MacGorman et al. 1989), an
unbiased cross-correlation estimate reveals a strongomeship between the variables (Table 2).
Graupel volume and total lightning show a strong corretatibapproximately zero time lag, while
updraft mass ux and updraft volume suggest a maximum catiedl preceding total lightning
by about 10 min. It is apparent in both the model simulatioms$ #he observed storm that the
total ash rate closely models storm intensity. Thus, togeh rate is perhaps the best electrical
representation of the evolving size and severity of the eskeand simulated 29 June STEPS

supercell storm.

5. Conclusions

Though dipole and tripole electrical structures are ussdaceptual models, both observations
and model simulations typically show that the charge stmest of actual storms are much more
complex. Rarely, if ever, does a uniform charge density oivargpolarity extend horizontally
through the entire extent of the storm. On the contrary, tregge density at a given height often
varies widely within a storm and can even reverse polaritytipla times. However, the main
updraft and precipitation core region of the 29 June storap@oximated by an inverted tripole
with an upper positive screening layer.

Simulated and observed lightning ashes have very similarphological characteristics and
statistical variability. In both the LMA observations arftetmodel simulations, normal-polarity
cloud ashes initiate below positive charge and above riegatharge, while inverted-polarity
ashes initiate below negative charge and above positivaagdr In all cases in which positive
ground ash initiation could be observed in suf cient ddta the LMA data, it appeared that ini-
tiation occurred in the convective core only when the lovebstrge was negative, as was the case
in the simulations. The occurrence of ground ashes in theusations appeared to be associated
with charge descending into very low regions of the stornssgay corresponding to descending
precipitation cores as reported by MacGorman et al. (1988 )Garey and Rutledge (1996). How-

ever, accurately diagnosing the location and timing of gtbuash activity is problematic. The
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stochastic nature of lightning initiation and propagatiatieast in the model, prevents knowledge
of where a particular ash will propagate or even whether timet does initiate in a favorable
region will reach ground.

As suggested by several observational studies (Lhernmtté&aehbiel 1979), the total ash rate
of the storm simulations was positively correlated with tuations in the intensity of convection
and precipitation. These correlations are forced by thenaluttive charging and the subsequent
three-dimensional motions of the charged hydrometeorse@htional studies and the simulations
both show that the total ash rate, instead of ground asle @t storm polarity, provides the best
electrical diagnostic of the microphysical and kinematiensity of a storm.

The simulated storm charge structure is dependent on whinmductive charging parame-
terization is used. The two schemes based on rime accretten($P98 and RR) develop very
similar inverted polarity charge distributions that candescribed roughly as inverted polarity
tripoles. The liquid water content scheme (TAKA) and the @@n temperature reversal scheme
(GZ) develop normal polarity charge distributions. Theeiaccretion rate parameterizations ap-
pear to provide the best overall agreement with electribakovations from 29 June. However, it
also develops inverted polarity charge distributions iarage of other environments in other storm
simulations (not shown), many of which actually producenmalr polarity charge distributions,
suggesting that the riming rate parameterizations do nettsally apply. Thus, it is speculated
that perhaps the magnitude and polarity of charge produgedtidononinductive mechanism is
affected by an additional parameter(s) not yet includedhanldboratory experiments used as the

basis for conventional noninductive charging paramedéions.
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0.5 elevation scan, cross-sections for (b) and (c) denoted linytslack lines. The
path of the EFM balloon launched from Brewster, KS at apprately 0004 UTC
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section along line AB. (c) Cross-section along line CD, pztballoon shown by
black dashed line. Bottom row: Re ectivity, ground relaivectors, and cloud
outline (grey) from simulations at 116 min. (d) X-Y planaewi at 6.8 km. Path
of EFM balloon along red line from 0 to 12 km (see Fig. 14). (ep<3-section
along line AB. (f) Cross-section along line CD, maximum wegaif 54.5 ms?tin
updraft. Path of simulated EFM balloon along red dashedbieginning at 113
min. At 116 min, EFM is just below 2 km. Compare with Fig. 2 of 8&orman
etal. (2005). . . . . . . 54
Lightning time series for the 29 June supercell and sirariat (a) Flashes per
min counted from LMA detection (black) and total CG per mionfr NLDN
(grey). Adapted from Wiens et al. (2003). (b-e) In-cloudhas per min (black)
and cloud-to-ground ashes per min (grey). (b) SP98 nonatide charging (c)
RR noninductive charging (d) TAKA noninductive charging (&2 noninductive
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Maximum updraft speed (m¥) (black) and updraft mass ux (& throughT =
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Charge structure for SP98 (a-c), RR (d-f), TAKA (g-i), &@d (j-I) simulations
at 28 min (a, d, g, j), 76 min (b, e, h, k), and 116 min (c, f, i, Red and blue
shading denotes positive and negative charge regiongatsgly. Lighter shading
indicates areas of at leastor 0.1 nCm 3, darker shading indicates areas of at
least+ or 0.25 nCm?3. Cloud outline is a grey contour. Black contour is 25
dbz (a,d) and 45 dbz (b,c,e,f). Compare panels (c), (f)aty (I) with descent
sounding illustrated in panels (a) and (f) of MacGorman et24105). . . .. . .. 48
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Vertical cross-section through storm. Positive and negatharge regions are con-
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positive with red outline, negative with blue outline. Rigl3-D view of ash,
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cation of x-z cross-section shown in left panel denoted ley-glashed line. Signs
of net charge are indicated. (b) 3-D view of ash at 99 min. 3 view of ash
at 102 min. (d) same as (a), but at 137 min. (e) 3-D view of ash4? min. (f)
170 min,valuessameas (). . . . . . . . . . e 50
14 (a, c-e) Simulated EFM at 113 min — 140 min in the 4 diffessmulations. Graphs
showE, (black), temperature (red), relative humidity (blue), arse rate of the
balloon (brown). Red bars and blue bars represent heighbsifipe and nega-
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charge region of smaller magnitude. (Height is convertdd . to compare with
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(a) Charging rate for SP98 at 76 min. Red contours sigroBitiye charging in
updraft region (maximumt 339.49 pCm3s 1), blue contours negative charging
(maximum: 15.75 pCm3s 1). Grey shading denotes the rime accretion rates
for the area: 1, 4, 7 (gnts ). Temperature levels shown by green dashes lines
and cloud boundary shown in black. White and black starsespond to same
level of RAR and temperature shown in Fig. 2a. (b) Chargirig far RR at 76
min., all variables same as in (a). White star highlightkedénce between RR and
SP98 charging corresponding with Fig. 2b. (c) Chargingfi@td@AKA at 76 min.
Grey shading highlights different amounts of cloud waterteat ranging from 0.1,
0.5, 1, 2 gm?3. Other variables same as in (a). (Maximum positive charging
4.12 pCm3s ! Maximum negative charging: 314.76 pCm?3s 1) White and
black stars correspond to the same level of liquid waterertreind temperature
as in Fig. 2c. (d) Charging rate for GZ at 76 min, solid greee kilenotes -1%&
level. Other variables as (a). (Maximum positive charging3.91 pCm?3s 1,
Maximum negative charging: 338.94 pC m3s 1). Same cross-section as shown
in Fig. 11 panels (b), (e), (h),and (k). . .. .. .. ... ... ... ...... 52
Charge structure from: (a) SP and RR simulations at 116 aniow shown by
grey streamlines; typical IC andCG in black (b) observations of 29 June once
the storm had developed supercell characteristics, fromlidaet al. (2003) Fig. 6
(far right) with leaders from LMA activity shown. . . . . . .. .... .. .. ... 53
(a) Simulated storm re ectivity and ground ash locatipalarity with SP98 scheme
at 118 min. (b) Observed storm at 2357 UTC, SPOL dBZ at 3 knm(fod K. C.
Wiens, personal communication, 2004). Location wheretpasieader touched
ground denoted by symbol in both plots. Each depicts six minutes of lightning
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18 Time series: (a) Graupel volume at temperatures warraarQi€ and positive CG
rate from the SP98 simulation. (b) Rain mass (dashed limsjtipe CG rate from
SP98 simulation; (c) Updraft mass ux through the T=20level (dashed line),
positive CG rate from SP98 simulation; (d) Updraft volumeager than 10 m g
(dashed line) and positive CG rate from SP98 simulationMa¥imum updraft
speed and positive CG rate from SP98 simulation. ... ........... 55
19 Time series: total ash rate per min from the simulatiddB—red), RR (blue),
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Figure 1: Conceptual model of charge structure of a thunolens (a) Normal dipole model,
containing upper positive and lower negative charge cen{b)y Normal tripole model, containing
upper positive, main negative, and smaller lower positherge centers. (c) Inverted dipole, lower
positive charge and upper negative charge centers. (ditéa/&ipole, main positive with upper
and lower negative charge centers.
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Figure 2: (a) The polarity of charge gained by graupel as atfon of temperature and RAR
according to the laboratory experiments of Saunders andl B€78). Graupel gains positive
charge above the curve at higher rime accretion rates aratinegharge below the curve. White
and black stars correspond to same level of RAR and temperahown in Fig. 15a. (b) The
polarity of charge gained by the graupel as a function of enmapire and RAR according to the
RR scheme and the SP98 scheme. White star points out differeipositive vs negative charging
between RR and SP98 in Fig. 15b at 76 min. (c) The polarity ef@h gained by graupel as
a function of temperature and cloud water content, adaptad Takahashi (1978). White and
black stars correspond to the same level of liquid waterartréand temperature shown in Fig. 15c.
(d) Polarity of the charge gained by graupel during GZ simaiaas a function of the reversal
temperature and liquid water content.
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Figure 3: (a) Surface observations and re ectivity overtcaplains approximately one half hour
after the 29 June supercell storm rst appeared on radar. uthseard moving mesoscale cold
front is indicated by the heavy curve with open trianglesydie is denoted by the scalloped
curve and other mesoscale boundaries indicated by thedlisbe. Isodrosotherms are analyzed
every5 C in grey. The rst radar echoes of the storm are denoted byath@v with in the box
for panel (b). (b) Time evolution of storm. 45 dbZ re ectiyiswath and NLDN lightning during
the period 2100-0300 UTC. Surface observations from Gaomjl{S (GLD) and mobile mesonet
(MM) at approximately 2200 UTC. The storm path is indicatgdthbe solid line through grey
dashed box (see Fig. 6), other storm paths indicated by ddstes. Panel (b) adapted from Fig.
5 of Tessendorf et al. (2005).
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Figure 6: Comparison of the observed and simulated 29 June siaths in the sub-domain in-
dicated by the dashed box in Fig. 3b. The position of the satedl storm (black curve) is shown
every 10 min starting at 36 min after initiation, while thesebved storm path (grey dash curve) is
indicated from 2310 UTC through 0100 UTC. Observed and satedl storm track positions are
assumed to coincide at the 90 min—2330 UTC, corresponditigetaght turn.
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Figure 7: Time-height sections of selected storm variablay Graupel echo volume as inferred
from S-Pol radar from 29 June (from K. C. Wiens and S. A. Tedednpersonal communication,
2004). (b) Updaft volume as inferred from S-Pol radar fromJ2@e (from K. C. Wiens and S.
A. Tessendorf, personal communication). (c) Graupel veimthe simulated storm (kin (d)
Updraft volume for updrafts 10 ms? in the simulated storm (k&). Same scales are used in
panels (a)-(c) and (b)-(d), and the time scale is alignedralatg to when each storm took its right
turn.
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Figure 8: Top row: Radar re ectivity from Goodland, KS WSRB8adar at 0004 UTC. (a)
0.5 elevation scan, cross-sections for (b) and (c) denoted liy Black lines. The path of the
EFM balloon launched from Brewster, KS at approximatelyDQ0 C into the main updraft (see
Fig. 14) is denoted by a black dashed line. (b) Cross-seatanyg line AB. (c) Cross-section along
line CD, path of balloon shown by black dashed line. Bottomv:r&®e ectivity, ground relative
vectors, and cloud outline (grey) from simulations at 11&.mid) X-Y planar view at 6.8 km.
Path of EFM balloon along red line from 0 to 12 km (see Fig. 14). Cross-section along line
AB. (f) Cross-section along line CD, maximum vector of 54.5 rhin updraft. Path of simulated
EFM balloon along red dashed line beginning at 113 min. At i, EFM is just below 2 km.

Compare with Fig. 2 of MacGorman et al. (2005).
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Figure 9: Lightning time series for the 29 June supercell sintllations. (a) Flashes per min
counted from LMA detection (black) and total CG per min frorhDN (grey). Adapted from
Wiens et al. (2003). (b-e) In-cloud ashes per min (blacky aoud-to-ground ashes per min
(grey). (b) SP98 noninductive charging (c) RR noninductitarging (d) TAKA noninductive
charging (e) GZ noninductive charging
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Figure 10: Maximum updraft speed (m$ (black) and updraft mass ux (A throughT =
20 C (grey) in the simulated 29 June supercell storm Arrows tpmin periods of rapid intensi -
cation.
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Figure 11: Charge structure for SP98 (a-c), RR (d-f), TAKA)gnd GZ (j-) simulations at 28
min (a, d, g, j), 76 min (b, e, h, k), and 116 min (c, f, i, ). Retleblue shading denotes positive

and negative charge regions, respectively. Lighter sloggididicates areas of at leastor
nCm 3, darker shading indicates areas of at leasir

0.1

0.25 nCm 3. Cloud outline is a grey

contour. Black contour is 25 dbz (a,d) and 45 dbz (b,c,e,fm@are panels (c), (f), (i), and (I)
with descent sounding illustrated in panels (a) and (f) ot@arman et al. (2005).
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Figure 12: Time-height plots of leader segment density, Aitation points in solid black Il. (a)
SP98 positive leaders, (b) SP98 negative leaders, (c) Ritvedeaders, (d) RR negative leaders,
(e) TAKA positive leaders, (f) TAKA negative leaders, (g) @asitive leaders, (h) RR negative
leaders.
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Figure 13: Positive cloud-to-ground ashes during the SBi®&ulation. (a) 80 min, Left: Vertical
cross-section through storm. Positive and negative chagjens are contoured in solid red and
blue respectively, vectors are of the electric eld, blacidagrey contours indicate equipotential
lines. Lightning leaders in white |l contour, positive viitred outline, negative with blue outline.
Right: 3-D view of ash, initiation shown in green, positieaders in red and negative leaders in
blue. Location of x-z cross-section shown in left panel deddy grey-dashed line. Signs of net
charge are indicated. (b) 3-D view of ash at 99 min. (c) 3-Bwiof ash at 102 min. (d) same
as (a), but at 137 min. (e) 3-D view of ash at 142 min. (f) 170wnwalues same as (a).
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Figure 14: (a, c-e) Simulated EFM at 113 min — 140 min in theffedint simulations. Graphs
showE,; (black), temperature (red), relative humidity (blue), aise rate of the balloon (brown).
Red bars and blue bars represent height of positive andinegatarge levels using 1-D approx-
imation to Gauss's Law, smaller bars represent charge megficmaller magnitude. (Height is
converted to MSL to compare with obsevations). Flight pdtballoon superimposed on re ec-
tivity in Fig. 8d, f. (b) Path of balloon through SP98 simidat denoted by dashed black line,
positive (red) and negative (blue) charge regions showiglih&GL). (e) EFM balloon sounding

at 00:04:58 — 00:34:09 UTC on 30 June 2000. Same variabley.aSde Fig. 8a, c.
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Figure 15: (a) Charging rate for SP98 at 76 min. Red contagrsfg positive charging in updraft
region (maximum:+ 339.49 pCm?3s 1), blue contours negative charging (maximum15.75
pCm 3s 1). Grey shading denotes the rime accretion rates for the d@red, 7 (gm?2s 1).
Temperature levels shown by green dashes lines and cloudlboushown in black. White and
black stars correspond to same level of RAR and temperaftarersin Fig. 2a. (b) Charging rate
for RR at 76 min., all variables same as in (a). White star liggks difference between RR and
SP98 charging corresponding with Fig. 2b. (c) Charging f@atdAKA at 76 min. Grey shading
highlights different amounts of cloud water content raggfrom 0.1, 0.5, 1, 2 gn?. Other
variables same as in (a). (Maximum positive charging4.12 pCm3s !, Maximum negative
charging: 314.76 pC m3s 1) White and black stars correspond to the same level of ligyaited:r
content and temperature as in Fig. 2c. (d) Charging rate ZoatF6 min, solid green line denotes
-15 C level. Other variables as (a). (Maximum positive charging3.91 pCm?3s 1, Maximum
negative charging: 338.94 pCm?3s ). Same cross-section as shown in Fig. 11 panels (b), (e),
(h), and (k).
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Model Simulations
SP98 and RR NIC (116 min)
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Adapted from
Hamlin et al. (2003)

Figure 16: Charge structure from: (a) SP and RR simulatibd4 @& min, air ow shown by grey
streamlines; typical IC andl CG in black (b) observations of 29 June once the storm had-deve
oped supercell characteristics, from Hamlin et al. (2008) & (far right) with leaders from LMA

activity shown.
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Figure 17: (a) Simulated storm re ectivity and ground agbcéation/polarity with SP98 scheme
at 118 min. (b) Observed storm at 2357 UTC, SPOL dBZ at 3 kmm{fod K. C. Wiens, personal
communication, 2004). Location where positive leader baacground denoted by symbol in
both plots. Each depicts six minutes of lightning activityreunding radar time.
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Figure 18: Time series: (a) Graupel volume at temperatuegser than 0C and positive CG rate
from the SP98 simulation. (b) Rain mass (dashed line), ipestG rate from SP98 simulation; (c)
Updraft mass ux through the T=2C level (dashed line), positive CG rate from SP98 simulation
(d) Updraft volume greater than 10 m'gdashed line) and positive CG rate from SP98 simulation;
(e) Maximum updraft speed and positive CG rate from SP98 Isitiomn.
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Figure 19: Time series: total ash rate per min from the siatioins—SP (red), RR (blue), TAKA
(yellow), GZ (green)—and graupel volume (black line, set@g y-axis).
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Number of Flashes
Total (IC+CG) +CG CG

Charging Scheme

OBS (LMA/NLDN) 10000 140 19
SPos 17274 98 0

RR 13243 128 0

TAKA 12678 0 63

GAR 18507 3 2

Table 1: Summary of total lightning for the observed storm each simulation. Totals are for 180

min elapsed time from model initiation.
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Microphysical Parameters Total Flash Rate
SP RR TAKA GZ
Graupel VolumeT < 0 C) 0.770 0.706 0.721 0.808
Updraft Mass FluxT= 20C) 0.533 0.482 0.513 0.561
Updraft Volume W > 10ms 1) 0.650 0.595 0.626 0.686
W-max 0.091 0.090 0.098 0.075

Table 2: Correlations of total ash rate and microphysicatgmeters (Trend removed).
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