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ABSTRACT
Many different thermodynamic effects can alter thunderstorm charging processes
and therefore the overall charge structure. The objective of this research is to understand
the thermodynamic processes involved in the growth of ice in the mixed-phase region
where supersaturated conditions with respect to ice are observed. One goal is to
determine whether this leads to changes in the thunderstorm characteristics, most notably,
the release of latent heat in the mid to upper levels of the storm and an alteration of the
thunderstorm charge structure, including changes in cloud-to-ground lightning and intracloud lightning polarity.
Data from two different field programs, the Severe Thunderstorm Electrification
and Precipitation Study (STEPS) and the Thunderstorm Electrification and Lightning
Experiment (TELEX), were used in this study. Three plots were created for analysis. One
focused on the electric charge and the relative humidity with respect to liquid water and
ice, another focused on the in-storm thermodynamics, and the final focused on the
variation in water content and equivalent potential temperature. With these three
diagrams, it was shown that liquid water is saved for cold cloud processes by some
combination of mesoscale environmental factors. The results led to the conclusion that
storms which produce mainly positive CGs, and therefore may have regions of inverted
thunderstorm charge structure, generally had the characteristics of supersaturation with
respect to ice and values near saturation with respect to water in the mixed-phase region.
These storms did not follow parcel theory ascent due to large areas of warming which are
presumed to be caused by the latent heat of freezing and deposition.
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CHAPTER I

INTRODUCTION
Many different thermodynamic effects can alter thunderstorm charging processes
and therefore the overall charge structure. The objective of this research is to understand
the thermodynamic processes involved in accumulation of ice above one hundred percent
relative humidity at temperatures below freezing. One interest is to investigate whether
liquid water is saved for cold cloud processes by some combination of several
characteristics of the mesoscale environment and whether these properties lead to an
inverted thunderstorm charge structure. Another goal is to determine if the ice
accumulation in the mixed-phase region leads to changes in the thunderstorm
characteristics, most notably, the release of latent heat in the mid to upper levels of the
storm and an alteration of the thunderstorm charge structure. Past research has shown that
thermodynamic aspects of both the in-cloud and clear air environments can strongly
affect the storm charge structure. The modification of the thunderstorm charge structure
can lead to changes in cloud-to-ground (CG) lightning and intra cloud (IC) lightning
polarity.
Two different data sets, the Severe Thunderstorm Electrification and Precipitation
Study (STEPS) and the Thunderstorm Electrification and Lightning Experiment
(TELEX), were used in this study. This research demonstrates the latent heating effect
of large liquid water and ice saturation values in a new way through looking at several
different types of plots showing the relationships between dew point temperature and dry-
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bulb temperature, water vapor mixing ratio and equivalent potential temperature, and the
relative humidity of both liquid water and ice. The electric field meter (EFM) sounding
plot will be used to show the ascent rate, the relative humidity with respect to both water
and ice, and the charge structure as measured in a given storm. The in-storm
thermodynamics shown through the variables of temperature and dew point temperature
on a Skew-T diagram are helpful for identification of saturation and adiabatic ascent.
Another method of thermodynamic variable analysis is through the evolution of
equivalent potential temperature and mixing ratio in a Paluch (1979) inspired diagram.
With these three diagrams, the thermodynamics and thunderstorm relative humidity
values will be analyzed and discussed.
In the next chapter, a brief literature summary will be presented to introduce past
research that relates to the topic at hand. Chapter III focuses on information about the
data which was utilized in this research and the methods used to analyze the data. Next,
in Chapter IV, the analysis of the different storms will be presented along with the storm
category results. Lastly, a discussion of the findings along with recommendations for
future research will be presented in Chapter V.
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CHAPTER II

BACKGROUND
2.1 Charging Mechanisms
There are several different ways for cloud particles to become electrically
charged. Three charging mechanism groups exist and are classified as ion-capture,
inductive, and noninductive. Ion capture is a charging process by which hydrometeors
either acquire or repel gaseous ions (Wilson, 1929). Inductive mechanisms are charging
processes that require an existing electric field around the hydrometeor to be able to place
a charge on the hydrometeor’s surface. Noninductive charging mechanisms do not
require nor depend on the presence of an electric field on the hydrometeor.
After looking at the three charging mechanism categories, the process through
which a particle becomes electrically charged is examined (MacGorman and Rust, 1998).
Ion-particle charging is a process where ions are absorbed or emitted from the surface of
a hydrometeor. Particle-particle charging requires the presence of two hydrometeors
which, upon collision, transfer equal and opposite charge. As stated by MacGorman and
Rust (1998, pg 68), “these (noninductive, graupel-ice) mechanisms typically explain
variations in the polarity of charge transfer by invoking changes in the surface properties
of ice.” The effects of gravity and the different fall speed between ice and graupel help to
create regions of net charge. (MacGorman and Rust, 1998).
It is believed that the primary source of charging in thunderstorms is
noninductive, graupel-ice charging, which is a form of particle-particle charging
3
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(MacGorman and Rust, 1998). Many laboratory studies have been conducted in hopes of
better understanding how temperature and moisture characteristics inside the cloud affect
the sign and magnitude of the particles after collision (Takahashi, T., 1978; Saunders et
al., 2006; Emersic and Saunders, 2010). The temperature where parcels charge oppositely
on either side is called the charge reversal line. This “line” is dependent on variables such
as liquid water content, ice crystal size and number, and nucleation time (Saunders et al.,
2006). Temperatures between -10ºC and -20ºC were shown to be significant to the charge
sign of particles. It was shown that in moderate riming areas of the cloud ice crystals tend
to charge positively and graupel will charge negatively. In large riming areas or areas
where the temperature is on the warm side of the reversal line, ice crystals tend to carry a
negative charge and graupel carries a positive charge. When looking at scenarios with
very low riming rates, there were varying results among the published laboratory
experiments. The documented results disagree on both polarity and magnitude of
resulting charge. This discrepancy was discussed by Saunders et al. (2006) who pointed
out that there are many variables that go into these cloud particle charging experiments
and slight alterations can lead to contrasting results. These variables include the liquid
water and water vapor concentrations, the size and concentration of ice crystals,
nucleation time, and whether the ice and water are grown in separate chambers. The
number of growth chambers affects whether the conditions between ice, water, and vapor
are in equilibrium at the time of intersection with the riming target.
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2.2 Charge Structure
Wilson’s (1916,1920,1929) early analysis of thunderstorms described their charge
structure as a positive dipole, which consists of two vertically stacked layers, positive
charge above negative charge as seen in Figure 1. Analysis of in situ measurements made
by Simpson and Scrase (1937) and Simpson and Robinson (1941) showed a small layer
of positive charge near the lower in-cloud boundary thought to be caused by graupel
precipitating out of the storm at temperatures warmer than -10ºC where this type of
hydrometeor carries positive charge. This finding led to the dipole model transitioning
into the tripole structure with a positive, negative, positive charge pattern as seen in
Figure 1. Not long after this new conceptual model was proposed, an additional layer was
added to the model called the upper screening layer (Brown et al., 1971; Winn et al.,
1978;). This layer is located at the upper cloud boundary and is of opposite charge from
the upper most tripole layer as seen in Figure 1. The screening layer is thin and is thought
to be created through the charging mechanism of ion capture. This occurs when charged
particles in the ambient air are attracted to the uppermost charge layer in the cloud. As
these ambient charged particles collect at the cloud boundaries a screening layer is
formed (Schuur et al., 1991). The tripole plus upper screening layer charge model is the
most simplistic model currently used to describe typical thunderstorm charge structure.
There are instances where this four layer structure is insufficient due to a more
complex vertical arrangement of thunderstorm charge, as shown by Marshall and Rust
(1991). The idea of a more complex structure based on in situ measurements led to
Stolzenburg et al. (1998a, 1998b, 1998c) producing a three part analysis of thunderstorm
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charge structure in mesoscale convective systems (MCSs), isolated supercells, and
isolated New Mexican mountain storms. Through analysis of 49 thunderstorm
soundings, Stolzenburg et al. (1998c) revealed a common pattern confirming that there
are a different number of charge layers inside the main convective updraft region and
outside the main updraft region, Figure 2. In the updraft region, the basic tripole plus
screening layer model is most applicable. When looking outside the main convective
updraft region, a minimum of six vertically stacked charge layers exist. There is no
consistent rule-of-thumb for the height or the temperature where these different layers
will be located. According to Stolzenburg et al. (1998a), the height variation can be at
least partly attributed to different updraft speeds which are determined by both the storm
type and the individual storm itself. This can be explained by the fact that the location of
charged hydrometeors dictates what level the different charge layers appear. Strong
updrafts can suspend large hydrometeors, while weak updrafts lead to large hydrometeors
precipitating out of the cloud.
The term “inverted polarity” can be used to describe a thunderstorm charge
structure and lightning polarity that is opposite from what is thought to be normal or most
common (Rust and MacGorman, 2002). For instance, a storm with inverted tripole would
have a lower negative layer, followed by a positive layer, with an upper negative layer on
top. The screening layer would also be opposite from what is most commonly seen, in
this case it would be positive. The lowest two charge layers will dictate whether the storm
produces a normal or inverted polarity CG lightning (Mansell et al., 2002; Wiens et al.,
2005; Weiss et al., 2008). Most commonly the bottom two layers consist of negative on

6

Texas Tech University, Natalie K. Gusack, August 2012
top of positive, which leads to a negative CG strike. Thus, inverted polarity lightning
would be a positive ground strike (Rust and MacGorman, 2002). When considering the
standard tripole model, normal polarity IC flashes are associated with the top two charge
layers, positive over negative. An inverted polarity IC flash would move through a charge
structure of negative above positive (Rust et al., 2005). Rust and MacGorman (2002) and
Weiss et al. (2008) question the usage of the term “inverted polarity” due to the fact that
thunderstorms are continuously varying and advecting charge from other regions.
Bruning et al. (2011) suggests the storm not be categorized as a normal verses an inverted
polarity storm, but that it be noted that only the section or area of the storm being
analyzed is abnormal or inverted polarity.

\
Figure 1. Shown here are the three early iterations of the schematic for thunderstorm
charge structure. These models are referred to as the dipole (Left), tripole (Middle), and
tripole plus screening layer (Right).

7
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Figure 2. The charge structure varies depending on in storm location with relation to the
updraft. There are generally four alternating charge regions in the main updraft and
a a
minimum of six charge regions outside the main updraft. This is the most current basic
schematic used to describe the convective thunderstorm charge structure (Stolzenburg et
al., 1998c).

2.3 Latent Heating
Williams et al. (2005) proposed that the ex
exchange
change of energy from convective
available potential energy (CAPE) to an enhance
enhanced amount of updraft kinetic energy is
greatly influenced by the cloud base height. This influence is due to the fact that a higher
cloud base can lead to a smaller warm cloud ddepth
epth allowing water to be saved for cold
cloud processes. These cold cloud processes release latent heat causing a larger updraft
and increasing the local instability. Carey and Buffalo (2007) presented results that shed
light on the mesoscale environments of storms that produced less than 25%
5% positive CG
strikes (negative storms) and storms that produced at least 25% positive CG (positive
8
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storms) strikes. The findings showed that positive storms generally had less moisture in
the low and mid-levels, higher cloud bases, and smaller warm cloud depths. They also
had greater conditional instability and more low level wind shear with more CAPE in the
mixed-phase region, between 0°C and -40°C, than negative storms (Carey and Buffalo,
2007).
A close correlation has been drawn between updraft speed and lightning flash
rates (Williams, 1992; Rutledge, 1992). Williams et al. (2005) determined that high cloud
base height may be another important characteristic of highly electrified storms. These
two factors might also lead to storms with inverted charge structures. It has been
hypothesized that three key attributes of the local thunderstorm environment that dictate
the charge structure are the updraft thermodynamics (McCarthy, 1974; Williams et al.,
2005), the water content in the mixed-phase region (Carey and Buffalo, 2007), and the
preexisting precipitation (McCaul et al., 2005). Supporting the claim that updraft
thermodynamics affect the thunderstorm charge structure, production of stronger updrafts
in positive storms was determined to be caused by superior values of conditional
instability and buoyancy in the mixed-phase region (Gilmore and Wicker, 2002). All of
these factors help determine the amount of supercooled water in the mixed-phase region
which is a primary control on electrification (Price, 2000).
There are several ways to increase supercooled liquid water content in the mixedphase region. Storms with high cloud bases have a smaller warm cloud depth, which
means there is more water available for transport aloft (Rosenfeld and Woodley, 2003;
Williams et al., 2005). Warm rain processes, such as collision coalescence, use much of
9
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the available water in growth of precipitation droplets, reducing the amount of
supercooled water that may be lofted into the mixed-phase region. The trait of vigorous
updrafts allows for the liquid water to be lofted higher into the cloud before it can be
depleted in the warm cloud region. The effect of the supercooled liquid in the mixedphase region is enhanced positive charging of graupel due to larger riming rates.
Another potential factor that could determine the amount of supercooled water in
the mixed-phase region is entrainment of drier, cooler environmental air. It has been
shown that the convective bubble scales with cloud base height, therefore storms with
higher cloud bases are more prone to generation of wider, less entrained updrafts
(Kaimal, 1976). As noted in Davies-Jones (1974), vigorous updrafts have been shown to
reach into the mid-levels and above with cores that experience little to no entrainment.
With less entrainment, there is less depletion of cloud water and more sustained positive
buoyancy. This means that positive storms, which have been shown to have higher cloud
base heights, can better realize the available CAPE and therefore have stronger updrafts
than negative storms as seen in the results of Carey and Buffalo (2007). If cool, dry
environmental air is able to penetrate the updraft, some of the available water may
evaporate. McCarthy (1974) confirmed that stronger and broader updrafts of positive
storms led to more supercooled water aloft because they stifle the warm rain processes
and decrease the potential for entrainment.

10
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2.4 Thermodynamics in Clouds
Past research has been conducted to connect thermodynamic changes to
modifications in thunderstorm charge structure. One example of this is storms tend to
switch CG polarity from normal to inverted, or visa-versa, when they cross over a surface
equivalent potential temperature maxima (Smith et al., 2000). Previous studies have also
shown that comparing thermodynamic aspects of cloudy air to representative clear air can
help us understand entrainment (Paluch, 1979).
Paluch devised a method to look at the source of cloud entrainment by plotting
both the in-cloud and clear air soundings with respect to the wet equivalent potential
temperature and total water mixing ratio. These two variables were found to be good
thermodynamic tracers which show how temperature and moisture related quantities
change with altitude. It is important to note that both of these parameters are conserved
for reversible saturated adiabatic processes. For this reason, the one key restriction to the
Paluch entrainment analysis technique is that it is only valid in air that does not contain
precipitation size drops or substantial amounts of ice due to the associated diabatic effects
(Paluch, 1979).
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CHAPTER III

METHODOLOGY
3.1 Storm Selection
In this study, the investigated storms were separated into four different storm
categories. They are defined as follows:
1. Ice supersaturation – This group was defined by storms that had a relative
humidity with respect to ice above one hundred percent within the mixed-phase
region. Latent heating may be apparent in these regions if ice is growing via
freezing of water or deposition of water vapor. (Williams and Renno, 1993)
2. Inverted polarity- This type requires that the lower charge layer be negative and
the main midlevel charge be positive and/or the CG’s be predominantly positive.
The reason for this category is to compare the findings in this research to the
characteristics of positive storms as described by Carey and Buffalo (2007).
3. Partial strong updraft – For a storm to fit into this category, the ascent rate must
be greater than 10 m/s for more than 2km beginning near the freezing level. This
speed was chosen because the balloon has an inherent buoyancy of approximately
3 m/s near the surface and 5 m/s aloft (MacGorman et al., 2005). The speed of 10
m/s was the criteria set by Stolzenburg et al. (1998b) to define strong updrafts.
The reason a 2km depth was chosen for the minimum extent of the strong updraft,
as opposed to the flight average used in Stolzenburg et al. (1998b), is because
several of these soundings had a significant horizontal component to their path.
12
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Here, the flight is not being categorized as an updraft sounding, but as a sounding
that experienced strong updraft for a notable portion of the in-cloud flight. This
group is important because updrafts allow for lofting of supercooled water into
the upper parts of thunderstorms.
4. Quasi-isothermal layer – This category is for flights that measured regions of
approximately constant temperature in areas with little to no horizontal motion
which spanned at least a half a kilometer. Bruning et al. (2007) described a quasiisothermal layer observed in a TELEX storm that showed characteristics that were
different from what was reported in previous studies. The attributes noted by
Bruning et al. (2007), to be discussed later, were hypothesized to be caused by
warming due to latent heating from freezing or deposition.

The storms examined in this study were ones for which the radar data had been
analyzed and the results had been published in previous papers. The analyzed radar
reflectivity from these studied was used in order to track the balloon path and get an
understanding of the storm structure.

3.2 Data
The data used in this study was collected during two different field projects. The
first was the STEPS campaign which occurred during May-July 2000 in an area focused
around the Colorado-Kansas border (Lang et al., 2004). The second was TELEX, which
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took place during May and June of 2003 and 2004. The range of TELEX encompassed all
of central Oklahoma. This location was chosen because of the newly installed lightning
mapping array (LMA) (MacGorman et al., 2008).
Each field campaign set three goals to achieve through their data collection. The
first objective of the STEPS project was to gain more knowledge of the visible
differences in the precipitation field of each supercell type. This includes the low
precipitation (LP) supercell (Davies-Jones et al.,1976; Bluestein and Parks, 1983), the
classic supercell (Browning, 1964), and the high precipitation (HP) supercell (Doswell et
al., 1990; Rasmussen and Straka, 1998). The second goal was to obtain data that would
lead to a better understanding of how lightning transpires and how it varies in different
storm types. A key part to their second goal was to determine what mechanisms led a
storm to produce mainly positive CG flashes. Lastly, STEPS wanted to confirm the
microphysical interpretations from polarimetric radar and aimed to improve these
interpretation methods (Lang et al., 2004). As for TELEX, their three goals all focused on
electrification of storms. The first objective was to collect data on storms with an inverted
polarity structure. Second on their list of tasks was to study the electrical nature of the
stratiform regions of MCS’s. The last goal of TELEX was to define operational uses of
all the available technologies that map lightning (MacGorman et al., 2008).
The STEPS and TELEX field campaigns used many similar instruments. Both
groups used two balloon teams. One team released a radiosonde into a representative
clear air environment. The other team aimed to release a balloon-borne instrument train
that contained an electric field meter (EFM), which produced a three-dimensional electric
14
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field vector, and radiosonde into the thunderstorm inflow. For the TELEX experiment, a
two-axis accelerometer and a three-axis magnetic field sensor were included on the EFM
(MacGorman et al., 2008). This allowed for more accurate representation of the electric
field vector direction due to an improved reference signal measurement. Each project had
a lightning mapping array (LMA) in the vicinity of their operations. LMA’s were used to
map the three-dimensional lightning field. STEPS used the New Mexico Institute of
Mining and Technology’s (NMIMT) LMA and TELEX utilized a newly installed LMA
in Oklahoma. Both groups used the National Lightning Detection Network (NLDN),
which detects CG lightning. Another set of important tools used in these campaigns were
the radars. STEPS used two dual-polarization Doppler radars and one WSR-88D Doppler
radar (MacGorman et al., 2008). TELEX used one dual-polarization Doppler radar and
two mobile Doppler radars. See Figure 3 and Figure 4 for the research domain and the
layout of LMA and radar for STEPS and TELEX, respectively.
From these two field experiments, the EFM and radiosonde soundings were used
to form the foundation of the research presented here. The radar data were utilized to
determine how plausible the conclusions of this research were from analyses provided in
prior publications and to track the flight path of each balloon to ensure it remained in the
cloud. It is very important to be cognizant of any horizontal advection which could lead
to the balloon traversing different areas of the storm. If the balloon path contains a
significant horizontal component, the observed charge structure could be misinterpreted
due to the fact that the number of charge layers is dependent on the local storm structure.
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Figure 3. Shown here is the STEPS research domain. Nominal areas of coverage
(shading) by the triple-Doppler radar network are shown. Outer dual-Doppler lobes
(beam angles greater than 30°) and the inner triple-Doppler triangle are outlined in
red. The second dual-Doppler lobe for the research radars CSU–CHILL (CHIL) and SPol (SPOL) is outlined in blue. The region within which vertical resolution is better than
1 km for the LMA is outlined in green (~125 km radius). Topographic height
contours (black lines) are at 3, 4, 5, and 6 kft. NWS radars are shown for Denver, CO
(KFTG), Pueblo, CO (KPUX), and Goodland, KS (KGLD), along with the Yucca
Ridge Field Station (YRFS). Landmarks are shown at Denver (den), Colorado Springs
(csp), Limon (lim), and Akron, CO (ako), and at McCook, NE (mck). All distances are
east–west (x) and north–south (y) from the Goodland WSR-88D (Lang et al., 2004).
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Figure 4. Map of coverage by the Oklahoma Lightning Mapping Array and the KOUN
polarimetric radar used in TELEX. Black lines depict highways. Gold shading having a
radius of 100 km indicates the region in which lightning can be mapped well in three
dimensions; purple shading, the 200-km nominal range within which lightning’s plan
location can be mapped; red shading, the region within 60 km of the KOUN radar. The
majority of TELEX operations occurred within the red shading, all but two were within
the gold shading, and all were within the purple shading (MacGorman et al., 2008).

3.3 Data Plots
There were three different plots created for this study. One focused on the electric
charge, another focused on the in-storm thermodynamics, and the final focused on the
variation in water content and equivalent potential temperature.
The diagram that focused on the electric charge will be referred to hereafter as the
EFM plot. This plot shows the measured vertical and horizontal electric fields, the ascent
rate of the instruments, and the relative humidity with respect to water and ice. The
relative humidity with respect to ice was included in the TELEX dataset, but was
calculated here for STEPS using the equation presented in section 3.4. The ascent rate
shown here includes the natural buoyancy of the balloon, which is roughly 5 m/s.
17

Texas Tech University, Natalie K. Gusack, August 2012
Therefore, to determine the actual vertical air motion, 5 m/s should be subtracted from
what appears in the EFM plot.
The diagram that focused on the in-storm thermodynamics will be referred to
hereafter as the Skew-T plot. Temperature and dew point temperature are shown in this
plot. This information was gathered from the radiosonde measurements, which were
taken in tandem with the EFM measurements. The Skew-T demonstrates areas of
divergence from parcel theory as the balloon ascends through air experiencing warming
which is presumably due to latent heat release.
The diagram that focused on the variation of water vapor mixing ratio and
equivalent potential temperature will be referred to hereafter as the Thermodynamic
Comparison plot. The inspiration for this diagram came from Paluch (1979). Though
different parameters are being evaluated in the Thermodynamic Comparison and the
Paluch diagram, both graphs use thermodynamic variables that deal with temperature and
moisture content. With this in mind, it can be seen that the variables in the plot created
here are also good indicators of the microphysical processes taking place within the
storm. Both of these diagrams also compare the in-storm soundings to the clear air
environment to investigate the similarities and differences between the two. In the
Thermodynamic Comparison plot, dry adiabatic ascent appears as a cooling trend in the
equivalent potential temperature, moist adiabatic ascent is represented as a constant value
of equivalent potential temperature, and warmer than moist adiabatic ascent is indicated
as a warming trend in the equivalent potential temperature. This is plot helpful for the
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depiction of how the in-storm environment differs from the clear air sounding and how
the real measurements diverge from parcel theory.
The Paluch diagram uses the total water mixing ratio and the wet equivalent
potential temperature, while the Thermodynamic Comparison uses the water vapor
mixing ratio and the equivalent potential temperature. When comparing the two moisture
variables, the total water mixing ratio used in the Paluch diagram accounts for
condensation, while the water vapor mixing ratio does not. In the Thermodynamic
Comparison, the equivalent potential temperature is conserved along a pseudo adiabat,
rather than a reversible adiabat, and condensation is no longer accounted for (Rogers and
Yau, 1996). This is because the storms that were studied were precipitating storms. It
may be possible to include the condensation if the data sets being used had cloud particle
imagers which gather information such as phase discrimination and a spectrometer for
particle size and count. Unfortunately, that information is not available in this study.

3.4 Equations
In this research, there are several equations that were used to determine saturation
characteristics and to investigate thermodynamic properties between different air
samples. This section is meant to introduce those equations and their purposes.
The following formulas were used to calculate the vapor pressure with respect to
water and the saturation vapor pressure with respect to ice (WMO, 2008), equations 1.1
and 1.2 respectively. Here the temperature, T, and the dew point temperature, ܶௗ , are in
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degrees Celsius, and both the vapor pressure and the saturation vapor pressures are in
millibars.

݁௪ ሺܶௗ ሻ = 6.112݁
݁௦ ሺܶሻ = 6.112݁

ቀ

൬

భళ.లమሺ ሻ
൰
మరయ.భమశ

(1.1)

మమ.రలሺሻ
ቁ
మళమ.లమశ

(1.2)

One of the numerous measurements taken with each sounding in the data sets
used here was the relative humidity as the radiosonde ascended through the storm.
TELEX data included the relative humidity with respect to ice while STEPS did not. For
a complete comparison, the relative humidity with respect to ice was calculated for the
STEPS data set. The equation used is presented below, where ݁௪ is the vapor pressure of
water and ݁௪ is the saturation vapor pressure of ice.

ܴܪ =

ೢ

ೞ

 ݔ100%

(1.3)

The water vapor mixing ratio used in the Thermodynamic Comparison plot is
given in kg of water vapor to kg of dry air. It is calculated using the following equation
(Rogers and Yau, 1996).

∈= ݓ



(1.4)

ି

Where e is the vapor pressure in millibars, p is the pressure in millibars, and
epsilon is the dry air gas constant divided by the vapor gas constant which yields a unit
less value of 0.6220.
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Below is the formula for the temperature of the lifting condensation level in
Kelvin. Here, ܶ is the temperature in Kelvin at the initial lifting pressure and RH is the
relative humidity of water.

ܶ =

ଵ

ೃಹ
ౢ ሺ
ሻ
భ
ି భబబ
మఴరబ
಼ షఱఱ

+ 55

(1.5)

Using the equation from Bolton (1980), the equivalent potential temperature was
calculated for both the in-cloud and dry air environment with equation 1.6. This
thermodynamic variable is constant along a pseudo adiabat. In this equation, p is the
initial pressure the parcel is lifted from, ܶ is the temperature in Kelvin at the initial
lifting pressure, w is the water vapor mixing ratio at the initial pressure, p, in units of
g/kg, and ܶ is the temperature in Kelvin where the parcel reaches the lifting
condensation level.
షయ
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(1.6)
In order to calculate the charge densities and thicknesses, past researchers have
used the one dimensional approximation to Gauss’ law as shown in Marshall and Rust
(1991).

ߩ=ߝ

ா

(1.7)

௭
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In this equation, ߩ is the charge density of a region, ߝ is the permittivity of air
which is 8.86 × 10ିଵଶ F/m, Δܧ௭ is the change in the vertical electric field with height,
and Δ ݖis the change in height. For this equation to be used, it is assumed that there is no
horizontal component to the divergence of electric field. Only changes in the vertical
field are being considered, so it is assumed that the charge structure consists of stacked
infinitely spanning horizontal sheets of charge. This technique has been used in studies
such as Rust and MacGorman (2002), Weiss et al. (2008), Bruning et al. (2010), which
all previously analyzed one or more of the storms reviewed here, and many others. They
have shown that the results of the 1D Gauss analyses reflect the charge structure well as
long as the balloon is actually moving vertically through layers of thunderstorm charge
(MacGorman et al., 2005).

3.5 Paluch Methods
The analysis method Paluch (1979) used involved a straight line being drawn on
top of sampled cloudy air data points and noting where the straight line intersects the
clear air sounding. Here, the straight lines are used to show that the cloudy air data points
that fall on a particular line are comprised of different amounts of the clear air. The
amounts are determined by how far a specific in-cloud point lies from the two levels
where the straight line intersects the clear air sounding. This technique allows for
identification of the dominant mixing mechanisms at a given location through
identification of the source region of the entrained air (Reuter and Yau, 1987). Wang and
Geerts (2009) noted that in areas with more dominant lateral entrainment, the in-cloud
22

Texas Tech University, Natalie K. Gusack, August 2012
sounding will appear closer to the clear air sounding at flight level. LaMontagne and
Telford (1983) suggested that the sounding be analyzed in sections to allow for more
accurate interpretation of entrainment regions due to the fact that the in storm sounding
can become somewhat chaotic.
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CHAPTER IV

ANALYSIS
4.1 Storms
The nine storms which were analyzed in this research were also included in
previous detailed studies. They are listed in Table 1. All thunderstorms that occurred in
the year 2000 are from the STEPS campaign, while the 2004 storms were collected
during the TELEX campaign. These cases are presented below in chronological order.
Note that the dates and times are all given in UTC.
Table 1. The date and time (in UTC) of a sounding for each analyzed storm is listed
below. The STEPS storm type (as noted by Lang et al. (2004)) and TELEX storm type
(as noted by MacGorman et al. (2008)) are also included.
Date

Time

Storm Type

June 4, 2000

00:13:51

Isolated LP Supercell

June 23, 2000

00:38:47

Convective Line

June 25, 2000

01:54:16

Classic Supercell

June 25, 2000

02:11:58

Classic Supercell

June 30, 2000

00:04:58

Classic Supercell

July 6, 2000

00:03:05

LP Supercell

May 26, 2004

22:34:25

Non-tornadic Supercell

May 26, 2004

22:50:45

Non-tornadic Supercell

June 29, 2004

00:20:40

Weak Storm
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June 4, 2000 00:13:51
The target thunderstorm for this launch was small compared to the other storms
presented here and produced only a small amount of rainfall along with some 1cm hail
(Rust and MacGorman, 2002). The cloud base of this storm was estimated to be near
4.8km, while the cloud top was around 12km. From approximately 3.5km to 10km, the
balloon was in the main updraft where vertical velocity exceeded the 10m/s criteria for a
strong updraft, set by Stolzenburg et al. (1998b). It can be seen in Figure 5 that the
sounding was quite moist and demonstrated supersaturation with respect to ice from
4.8km to 12km, but the storm never reached water saturation. One interesting
characteristic to note is that as the relative humidity with respect to ice increased the
relative humidity with respect to liquid water decreased. This can be seen in the EFM plot
from approximately 6.5km to 10km, Figure 5, where the relative humidity with respect to
water is moving towards lower values, while the relative humidity with respect to ice is
staying above 100 percent and moving towards higher values. This indicates that water is
not being fully depleted and there is sustained ice growth which causes enhanced vapor
diffusion on ice crystals.
Rust et al. (2005) overlaid the balloon path on top of radar reflectivity for several
elevation scans of the storm. This illustrated that the path traveled by the instruments had
a relatively constant vertical component up to almost 11km. At this point the balloon path
took on a more horizontal characteristic, moving the instruments to above the reflectivity
core near 12km. The area encountered by the instruments is believed to be inverted (Rust
et al., 2005). One indication of this is that the lowest slope and peak of the vertical
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electric field are both negative, which can be seen on Figure 5 near 7km. This storm
produced many inverted cloud flashes, but never lowered charge of either polarity to the
ground.

+

-

+

-

Figure 5. EFM sounding of the June 4, 2000 storm.
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Figure 6. Skew-T diagram of the June 4, 2000 storm.
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Figure 7. Thermodynamic Comparison plot of the June 4, 2000 storm. Here, w is the
water vapor mixing ratio and Theta-e is the equivalent potential temperature. The
environmental sounding appears farthest to the left, in red, and is labeled with pressure in
millibars. The in-storm sounding appears farthest to the right, in blue, and is labeled with
above mean sea level (MSL) height. Dry adiabatic ascent appears as a cooling trend in
the equivalent potential temperature. Moist adiabatic ascent is represented as a constant
value of equivalent potential temperature. Warmer than moist adiabatic ascent is
indicated as a warming trend in the equivalent potential temperature.

June 23, 2000 00:38:47
In this case, the instruments were launched into the backside of a large cell, which
was part of a convective line. Strong low level flow caught the balloon shortly after the
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launch, leading the instruments through the back of a squall line in areas of weaker
reflectivity. This sounding indicated a cloud base around 4.5km and a cloud top near
13km. The flight did not intersect the main updraft at any point. Vertical velocities
fluctuated around the stable air ascent rate of the balloon. Supersaturation with respect to
ice was experienced from 4.7km to 5.3km, while the cloud experiences saturation with
respect to water. From 5.3km to 11.3km the relative humidity with respect to ice reduced
to near saturation, while the relative humidity with respect to water decreased steadily to
below 60 percent.
This flight had an extensively horizontal path. It traveled over 30km in the eastwest direction and almost 25km in the north-south direction as seen in the radar
reflectivity images provided in Rust et al. (2005). The regions intercepted by this flight
produced mainly positive CG strikes. The charge order at the top of the flight appeared to
be inverted with an upper negative charge layer situated between 12km and 13km, and a
positive layer from 13km to 14km. Rust et al. (2005) noted that the top positive layer may
be a screening layer. They came to that conclusion in part because there the altitude of
this negative layer was similar to a negative layer present a few kilometers to the east
which played a role in producing inverted cloud strikes.
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Figure 8. EFM sounding of the June 23, 2000 storm.
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Figure 9. Skew-T diagram of the June 23, 2000 storm.
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Figure 10. Thermodynamic Comparison plot, as seen in Figure 7, for the June 23, 2000
storm.

June 25, 2000 01:54:16
The first of two discussed soundings from the June 25, 2000 storm was launched
1.5 km farther from the storm than the flight launched 18 minutes later. The first
sounding was released into the forward flank of a multicellular storm as new cells were
forming (Weiss et al., 2008). Weiss et al. (2008) found the cloud base to be near 3km and
the cloud top to be close to 13.5km. There was no significant updraft encountered during
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this flight. The instruments had technical issues that led to the loss of all data from 4.5km
to 6km and the loss of the EFM data alone above nearly 10.8km. The regions sampled by
this balloon were close to saturation with respect to ice from 6km, where data collection
was regained, to nearly 12.8km.
This balloon followed a largely horizontal sloping path, which means it may have
traversed several regions of the storm, making analysis more convoluted. Above 8.5km it
passed along the edge of an elevated reflectivity region. There was one section where the
path maintained a more vertical component from 9.2km to 13km, as shown in the figure
8b of Rust et al. (2005) where the balloon path was overlaid on radar reflectivity. After
this portion, it flew horizontally out of the storm. In spite of the missing electric field
data, the storm was believed to be an inverted polarity storm due to predominately
positive ground strikes (Weiss et al., 2008). The balloon encountered an apparently
inverted structure at both the bottom and top of the sounding with a positive slope and
negative peak in the vertical electric field at both locations (Rust et al., 2005). It should
also be noted that there were two inverted cloud flashes that took place just after the
balloon rose above 10km (Weiss et al., 2008). Weiss et al. (2008) gave a detailed
description of the charge structure transition experienced in the region of the balloon path
from 01:54 to 02:24, which correspond to heights from the surface to 6.75km. The
transition was from a more complex structure to a tripole structure. Weiss et al. (2008)
pointed out that it is hard to make a claim as to the polarity of the dominant storm
structure due to the fact that the charge structure of the storm changed throughout the
analysis, containing normal and inverted polarity characteristics at different analysis

33

Texas Tech University, Natalie K. Gusack, August 2012
periods in different sections of the storm. This statement adds validity to the argument, in
section 2.2, posed by Rust and MacGorman (2002) that with the likelihood of morphing
charge structure due to lightning, updrafts, and the environmental attributes described in
section 2.3, the term inverted polarity should be used with caution.

+
+
+
-

+
-

Figure 11. EFM sounding of the first flight through the June 25, 2000 storm.
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Figure 12. Skew-T diagram of the first flight through the June 25, 2000 storm.
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Figure 13. Thermodynamic Comparison plot, as seen in Figure 7, for the first flight
through the June 25, 2000 storm.

June 25, 2000 02:11:58
The second flight into the June 25, 2000 storm was launched closer to the main
region of the storm and entered into a weak updraft. It rose through a convective cell until
reaching the upper region of the storm. The cloud base and cloud top heights are the same
as the first flight through this storm, 3km and 13.5km, respectively. The sounding
indicated that the instruments encountered no sustained significant updraft. In this storm,
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the relative humidity with respect to ice remained just near saturation from 4.6km to
12.5km. For a 1km depth from 4.3km to 5.3km the relative humidity with respect to
liquid water held at saturation.
The balloon traveled towards a high reflectivity precipitation core until reaching it
near 8.5km. The instruments remained over this reflectivity core until 11.5km and then
followed a slanted 1km track to exit the cloud top. As mentioned in the summary of the
first flight for this day, the storm appeared to be an inverted polarity storm due to
predominantly positive ground strikes, a seemingly inverted charge structure, and
numerous inverted cloud flashes (Rust et al., 2005). The difference with the second flight
is that it was missing much of its midlevel EFM data, from 7km to just above 10km,
which makes it impossible to compare to LMA data in that region. Rust et al. (2005)
concluded that there was probably little, if any, charge present in this section of data loss
due to a lack of LMA recorded lightning in that region. This seems plausible because this
flight traveled through the southern edge of the storm which was not a key contributor to
the dominant lightning activity (Weiss et al., 2008).
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Figure 14. EFM sounding of the second flight through the June 25, 2000 storm.
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Figure 15. Skew-T diagram of the second flight through the June 25, 2000 storm.
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Figure 16. Thermodynamic Comparison plot, as seen in Figure 7, for the second flight
through the June 25, 2000 storm.

June 30, 2000 00:04:58
This flight entered the storm through strong inflow and was shortly thereafter
advected to the north away from the storm. This sounding indicated that the cloud base
was at 3.25km and the cloud top was likely above 12.6km, where the balloon was
compromised and began its decent. The balloon entered into the storm via the main
updraft. This updraft had recorded speeds greater than 10 m/s from roughly 2.5km to
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10km. As the balloon detrained out of the updraft, the vertical velocity decreased until the
top of the sounding. The air was supersaturated with respect to ice from 5.5km to the top
of the flight. From about 3.3km to 10 km, the air is nearly saturated with respect to liquid
water. This sounding contained was a quasi-isothermal layer located between 7.25km –
7.75km, at a temperature near -10 ºC.
The track taken by this balloon extended roughly 10km north and 3km east. This
sounding may be of an inverted portion of the storm. MacGorman et al. (2005)
commented that the storm may be inverted due to the fact that it produced mainly
positive ground strikes and that the observed cloud flashes were inverted from what is
normally recorded. Another characteristic that led to the aforementioned conclusion was
that the lower positive charge region is located in the temperature region where the main
negative charge region is normally located. On the other hand, this could be due to
previously charged hydrometeors being lofted to higher altitudes by the large updraft
which the balloon ascended through. Above 10km, where the EFM began recording
larger values of the electric field, the balloon was advecting eastward over the maximum
reflectivity core. This may also play a part in the charge layer distribution.
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Figure 17. EFM sounding of the June 30, 2000 storm. The arrows indicate the quasiisothermal layer.
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Figure 18. Skew-T diagram of the June 30, 2000 storm. The arrow indicates the quasiisothermal region.
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Figure 19. Thermodynamic Comparison plot, as seen in Figure 7, for the June 30, 2000
storm. The arrow indicates the quasi-isothermal layer.

July 6, 2000 00:03:05
This balloon was launched into the back side of a classic supercell thunderstorm,
along the southeast side of a broad wall cloud. It is difficult to determine where cloud
base and cloud top height are located in this storm due to the fact that the flight path was
so complex. This flight traversed several storm regions in two different storms. Near
5km, the instruments exited the original storm, travelling north into a left moving cell that
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formed in the initial storm’s outflow. This leg of the flight lasted until about 8.7km when
the balloon detrained into the anvil (MacGorman et al., 2005). Through analysis of the
Skew-T diagram, it was concluded that the there were two different cloud bases at 1.5km
and 5.5km, while the cloud top was near 12.5km. There was no significant and sustained
updraft measured in any of the different regions sampled by this flight. The saturation
values measured in this storm showed an area of water saturation near the bottom of the
sounding from 1.7km to 2.3 km. The area traveled by the balloon was supersaturated with
respect to ice from near 5.5km to 8.5km, while the instruments were inside the left
moving cell.
The electric field measured showed positive charge in the region where normal
polarity storms contain the main negative layer, near -20ºC. With knowledge of this
alteration and the fact that the storm produced mostly positive CG in mind, MacGorman
et al. (2005) concluded that this sounding may have traveled through inverted polarity
regions of the respective storms.
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Figure 20. EFM sounding of the July 6, 2000 storm.
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Figure 21. Skew-T diagram of the July 6, 2000 storm.
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Figure 22. Thermodynamic Comparison plot, as seen in Figure 7, for the July 6, 2000
storm.

May 26, 2004 22:34:15
There were two flights on May 26, 2004 that ascended through a non-tornadic
supercell. The first balloon entered the storm almost 5 minutes after the storm began a
right turn that lead to the development of a bounded weak echo region and a hook echo.
This flight measured a cloud base near 3.5km and a cloud top close to 11km. There was a
short sustained region with vertical velocities above 10 m/s from 9.2km to 10.3km.
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During this period, the maximum vertical velocity was just over 12 m/s. Through the
entirety of the flight, the instruments never measured a relative humidity of one hundred
percent or greater. This storm did contain two shallow quasi-isothermal layers near 5km
and 7km and a third close to 10.8km. The mean temperatures were -5ºC, -15ºC, and 40ºC, respectively.
This first flight into the storm entered on the southern side of the storm. After
some northward movement, the balloon took on a more eastward component to its path.
The flight took a track that extended 20km north and 44km east. This storm produced
mainly negative ground strikes until 2250 UTC, when it began producing predominantly
positive ground strikes. The EFM measured ten notable charge regions as inferred by the
1D Gauss analysis conducted by Bruning et al. (2010). The lowest layer of charge near
4km was positive and uppermost layer above 12km was negative. This stacked charge
structure implies that this is a normal polarity storm, outside the updraft region.
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Figure 23. EFM sounding of the first flight on May 26, 2004.
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Figure 24. Skew-T diagram of the first flight on May 26, 2004.
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Figure 25. Thermodynamic Comparison plot, as seen in Figure 7, for the first flight on
May 26, 2004.

May 26, 2004 22:50:45
By the time the second balloon was launched, the supercell was taking on LP
characteristics (Bruning et al., 2010). This sounding appears to have a cloud base at 3km.
The cloud top is not certain, but appeared to be close to 11.5km due to greater
fluctuations in the relative humidity at high altitudes. The maximum vertical velocity
measured in this flight was 17.5 m/s. There were several regions where the vertical
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velocity surpassed the required 10 m/s, with the largest sustained area was from 8km to
10.9km. This flight experienced supersaturated values with respect to ice from 4.5km to
the top of the sounding. The relative humidity with respect to ice continuously increased,
while the relative humidity with respect to water decreased in equal magnitude. The
sounding profile showed moist adiabatic ascent from 800mb to 650mb. This was the only
portion of the flight that followed parcel theory (lifting a parcel from the surface of an out
of storm, environmental sounding), while the rest of both flights exhibited colder
temperatures than the hypothetical parcel. This reinforces the idea that the balloons did
not ascend through undiluted updrafts (Bruning et al., 2010).
This balloon was launched into a weak updraft on the southern side of the storm.
Over time it made its way on a northward path into a high reflectivity region and curved
eastward. For the remainder of the flight, the path was a northeastward slanted path. The
horizontal motions led to a flight that extended 20km north and 27km east. Around
7.5km, this flight caught up to and passed the first flight launched into the storm. One
implication of this information is that this flight was experiencing higher vertical
velocities where it was ascending. It also implied that the two soundings measured the
same charge at the 7.5km level, allowing for verification through two data sets. This
sounding also show a normal polarity charge structure with eight stacked charge regions
consisting of positive at the lowest level, negative at the highest, and alternating polarities
in-between.

53

Texas Tech University, Natalie K. Gusack, August 2012

+
+
+
+

Figure 26. EFM sounding of the second flight on May 26, 2004.
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Figure 27. Skew-T diagram of the second flight for May 26, 2004.
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Figure 28. Thermodynamic Comparison plot, as seen in Figure 7, for the second flight on
May 26, 2004.

June 29, 2004 00:20:40
This sounding was launched into the rainy base of a high reflectivity region
associated with a small storm core. The cloud base is unknown due to rain falling in the
launch location, but through analysis of the environmental sounding, the cloud base is
estimated near 1.5km. The cloud top is located at 8.5km. Throughout the flight, the
instruments rose at a speed close to its stable air ascent rate of 3m/s to 5m/s. There was
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no relative humidity above 100 percent recorded with respect to either water or ice,
although the instruments measured values close to saturation with respect to ice from
4.2km up to the cloud top height.
It should be noted that in this storm the balloon traveled horizontally for 70m in a
depth of 100m (Bruning et al., 2007). The flight showed that six charge regions were
detected by the EFM, including two relatively weak layers of positive charge at lower
levels. Bruning et al. (2007) explained that those regions are thought to have been
charged by lightning deposited ions attaching to precipitating hydrometeors. This would
account for the comparably small magnitude of these layers. A tiny fraction of the
electric field data is missing near 5.5km due to an instrument malfunction, seen as a gap
in the data.

57

Texas Tech University, Natalie K. Gusack, August 2012

+

+
+

Figure 29. EFM sounding of the June 29, 2004 storm. The arrows indicate the region of
the quasi-isothermal
isothermal layer.
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Figure 30. Skew-T diagram of the June 29, 2004 storm. Here, the arrow indicates the
quasi-isothermal layer.
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Figure 31. Thermodynamic Comparison plot, as seen in Figure 7, for the June 29, 2004
storm. The arrow indicates the quasi-isothermal region

4.2 Storm Categories
4.2.1 Ice Supersaturation
This group is reserved for storms that contain a region of at least two consecutive
kilometers where the relative humidity with respect to ice is greater than one hundred
percent. All storms that fall into this category are listed in Table 2. The presence of ice is
very important for the electrification process in thunderstorms. As covered in section 2.1,
noninductive charging mechanisms involving rebounding collisions between graupel and
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ice is thought to be the most likely culprit for the large scale charge structure in
thunderstorms. Figure 5 demonstrates the characteristic of increasing supersaturation with
respect to ice and simultaneous decrease of relative humidity with respect to liquid water
at the same time as an increase in heat, which can be seen in Figure 6 and Figure 7. This
divergence of relative humidity indicates that water is not being fully depleted and there
is sustained ice growth leading to enhanced vapor diffusion in the ice phase causing said
latent heat release. In cases where there are large values of supercooled water in the
mixed-phase region, there may also be positive charging of graupel particles due to large
riming rates. In turn, this can affect the charge structure and the polarity of both CG and
IC lightning.
Looking at the Skew-T and Thermodynamic Comparison Plots for each of the
flights, it can be seen that as the balloon rises, the temperatures generally become much
warmer than parcel theory predicts. The theoretical air should have an ascent path along a
moist adiabat, but the realistic storm air is noticeably warmer. This is depicted best in
Figure 9 and Figure 18. The Thermodynamic Comparison diagram shows an interesting
relationship between equivalent potential temperature and the corresponding moisture at
each measurement point. In most instances, as the balloon ascends, it experiences water
vapor loss. The most notable exceptions to this are when the instruments travel
horizontally into a different area of the storm and when the sounding exhibits a quasiisothermal layer. The explanation of no water vapor loss in the region of the quasiisothermal layer is that the temperature and dew point temperature are remain relatively
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constant and, therefore, there is no substantial change occurring in the water vapor
mixing ratio.
Table 2. Storms which fall into the Ice Supersaturation category. The date and time of
the flights are listed, along with the maximum value of supersaturation with respect to
ice. Note that these maximum values are the peaks, not the sustained values.
Date

Time

Max Supersaturation of Ice

June 4, 2000

00:13:51

111%

June 23, 2000

00:38:47

105%

June 25, 2000

01:54:16

104%

June 25, 2000

02:11:58

107%

June 30, 2000

00:04:58

124%

July 6, 2000

00:03:05

108%

May 26, 2004

22:50:45

121%

4.2.2 Inverted Polarity
Eight of the nine flights investigated exhibited inverted polarity characteristics
and are listed in Table 3. The table also indicates whether the measured charge structure
was of normal or inverted polarity and whether the storm fits into the positive or negative
storm categories as described by Carey and Buffalo (2007). The June 4, 2000 flight has
an unknown storm classification due to the fact that there were no CG strikes produced
through the duration of the storm. It is believed that if the storm had produced CG
flashes, they would have lowered positive charge to ground due to the polarity of the
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bottom two charge regions in the EFM sounding. Two of the eight potentially inverted
flights, both through the May 26, 2004 storm, had a normal polarity charge structure. The
reason they are grouped with the other six flights is because halfway through the first
flight and near the time of the second balloon launch, the CG polarity produced by the
storm switched from negative to positive, normal to inverted. An explanation for the
charge structure appearing normal is that the flights did not ascend through the forward
flank where these CG strikes were occurring. It is important to keep in mind that these
balloons traveled through more than one storm region which could greatly affect the
measured charge structure.
The nine storms analyzed followed the trends for positive and negative storms
with respect to warm cloud depth, surface dew point depression, and cloud base height as
determined by Carey and Buffalo (2007), which can be seen in the summary chart of
Table 5. The eight positive storms had an average larger surface dew point depression,
higher cloud base height, and smaller warm cloud depth. What this means is less moisture
at the surface leading to a higher cloud base. A higher cloud base would in most cases
lead to a smaller warm cloud depth, which would allow for liquid water to be saved for
cold cloud processes. Substantial accumulation of liquid water in the mixed-phase region
allows for larger riming rates, which has been documented to lead to graupel gaining
positive charge at cooler temperatures. This positive charging of graupel can change the
charge structure to one of inverted polarity.
The one characteristic that did not match was the mean freezing level height. The
freezing level height had a range of 0.8km with the level appearing at higher heights in
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positive storms. The difference results obtained in this study could be skewed because of
the small sample size and the presence of only one negative storm. This discrepancy may
also be due to the use of different reference datum. In the data sets utilized, the heights
were given above mean sea level (MSL) as opposed to above ground level (AGL), which
is used in the results of Carey and Buffalo (2007). This means that terrain changes were
not accounted for in this study.
Table 3. Storms which fall into the Inverted Polarity category. The date and time of the
flights are listed, along with the polarity of the charge structure along the balloon path
and the storm classification depending on CG as defined by Carey and Buffalo (2007).
Date

Time

Charge Structure

Storm Classification

June 4, 2000

00:13:51

Inverted

Unknown

June 23, 2000

00:38:47

Inverted

Positive

June 25, 2000

01:54:16

Inverted

Positive

June 25, 2000

02:11:58

Inverted

Positive

June 30, 2000

00:04:58

Inverted

Positive

July 6, 2000

00:03:05

Inverted

Positive

May 26, 2004

22:34:15

Normal

Positive

May 26, 2004

22:50:45

Normal

Positive

4.2.3 Partial Strong Updraft
For a storm to fall into this category, it must have an ascent rate greater than
10m/s for over two consecutive kilometers near the freezing level. Table 4 shows the
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storms included in this group, along with the maximum updraft speed and the duration of
sustained vertical velocities above 10m/s. A strong updraft is an important trait because it
leads to the suspension and lofting of hydrometeors at higher altitudes where colder
temperatures are experienced. Updrafts are also helpful in the production of liquid water
through the process of condensation. As the updraft drives environmental air higher into
the atmosphere, the water vapor cools and condenses, leading to larger liquid water
content. The more liquid water that is present in the mixed-phase region, the more likely
there will be enhanced positive charging of graupel, which can lead to a change in the
charge structure.
Lofted water freezing also leads to the release of latent heat which was seen most
dramatically in Figures 18 and 19 for the June 30, 2000 storm. This storm possessed a
maximum updraft speed of 51 m/s and maintained the strong updraft classification, at
least 10 m/s, for nearly 7.5km. This sounding recorded the highest ice supersaturation
value of all nine storms with a maximum relative humidity with respect to ice of 124
percent and the largest region of saturation with respect to liquid water, see Figure 17. In
the Thermodynamic Comparison plot, it also showed the largest area of warming of all
nine storms, Figure 19. This supports the idea of strong updrafts lofting water higher into
the mixed-phase region where it can be used for cold cloud processes as opposed to
precipitating out at low levels.
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Table 4. Storms which fall into the Partial Strong Updraft category. The date and time (in
UTC) of the flights are listed, along with the maximum value vertical velocity and the
duration of sustained speeds of 10m/s or greater near the freezing level. Note that these
maximum values are the peaks, not necessarily sustained values.
Date

Time

Max Updraft
Speed

Duration of
Strong Updraft

June 4, 2000

00:13:51

32 m/s

6 km

June 30, 2000

00:04:58

51 m/s

7.5 km

May 26, 2004

22:50:45

18 m/s

2.5 km

4.2.4 Quasi-isothermal Layer
In a quasi-isothermal layer, the temperature is held approximately constant with
height. This thermal characteristic could be attributed to the conversion of liquid water to
ice or deposition of water vapor. Freezing and deposition processes release latent heat
into the environment, therefore showing a trend of increasing the equivalent potential
temperature rather than the idealized notion of a parcel holding a constant equivalent
potential temperature value as it ascends through the troposphere along a moist adiabat.
This trend is seen as the temperature cooling at a slower rate than moist adiabatic ascent.
A quasi-isothermal layer may also be due to the balloon moving horizontally and
experiencing the same temperature at a higher elevation in the new region.
The two storms with substantial quasi-isothermal layers are on June 30, 2000 and
June 29, 2004. These layers were located from 7.25km to 7.75km and 4.8km to 5.3km, at
temperatures of -10 ºC and -1 ºC, respectively, as seen in Table 4. These regions are
located near the beginning of very large warning signals. The warning signals are
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depicted in Figures 18 and 19 for the 2000 storm and Figures 30 and 31 for the 2004
storm. The two storms that contain substantial quasi-isothermal layers display the most
dramatic increase in equivalent potential temperature of all nine storms and the notable
warming begins just below this layer. The Thermodynamic Comparison diagrams for
these two flights show a region of increasing equivalent potential temperature and
constant moisture at the levels of quasi-isothermal ascent. These trends are quite different
from what is expected during ascent, constant equivalent potential temperature and a
reduction in moisture. The two soundings that passed through significant quasiisothermal layers had few common traits, but one noteworthy trait is that neither
experienced significant horizontal motion of the instruments near the regions of the
quasi-isothermal layer. The fact that there was little horizontal motion lessens the
likelihood of the quasi-isothermal layer being due to the balloon traveling through
different regions of the storm and increases the likelihood of the warming signal being
attributed to latent heat release. As in the findings in Bruning et al. (2007), where the
June 29, 2004 flight was first analyzed, the June 30, 2000 flight’s quasi-isothermal layer
appeared at temperatures below zero degrees. Warming trends occurred below the layer
and the layer itself had a increasing equivalent potential temperature trend. This follows
with the characteristics seen by Burning et al. (2007) and further supports their
suggestion of latent heating due to freezing or deposition causing the quasi-isothermal
layer. These findings contrast from past research of Willis and Heymsfield (1989) and
Shepherd et al. (1996) in that the quasi-isothermal layers they encountered were located
at temperatures warmer than 0°C and the presence of an adiabatic region below the layer.
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They concluded that the quasi-isothermal layer observed was caused by melting which
leads to latent heat absorption and cooling. This is opposite of the process hypothesized
here.
Table 5. Storms which fall into the Quasi-isothermal Layer category. The date and time
(in UTC) of the flights are listed, along with the height range where each layers was
observed and the temperature recorded through each layer.
Date

Time

Height of Layer

Average Temperature

June 30, 2000

00:04:58

4.8km to 5.3km

-10 ºC

June 29, 2004

00:20:40

7.25km to 7.75km

-1 ºC
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CHAPTER V

SUMMARY
5.1 Summary
Many different thermodynamic effects can alter thunderstorm charging processes
and therefore the overall charge structure. The main characteristics addressed in this
thesis were latent heating with simultaneous increase of relative humidity with respect to
ice and the relationship between the relative humidity, supercooled water, updraft speeds,
and thunderstorm polarity.
It has been shown here that liquid water is saved for cold cloud processes by some
combination of large dew point depression, high cloud base height, strong updrafts,
and/or small warm cloud depth. This study demonstrated latent heating coincident with
large values of relative humidity with respect to the liquid and frozen water phases by
looking at several different types of plots showing the relationships between dew point
temperature and dry-bulb temperature, water vapor mixing ratio and equivalent potential
temperature, and the relative humidity of both liquid water and ice. Using data from the
STEPS and TELEX field projects, three different plots were created. One focused on the
thunderstorm electric charge, the second focused on the in-storm thermodynamics, and
the final focused on the variation in water content and equivalent potential temperature
inside the thunderstorm.
Ice supersaturation was observed in seven of the nine soundings analyzed. Ice is
known to be an essential component to the hydrometeor charging process through the
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noninductive, graupel-ice charging mechanism. Several of these storms showed an
obvious trend of increasing relative humidity ice as the relative humidity with respect to
water was decreasing. This trend indicated that water was not being fully depleted and
there was sustained ice growth which enhanced the vapor diffusion in the ice phase. This
leads to latent heating which can be seen in the Skew-T as a departure from parcel theory
ascent. This latent heating adds to the instability and therefore a smaller lapse rate in the
rising air, which could affect the updraft speed.
Updraft strength affects many storm attributes. Most relevant to this study is the
lofting of water vapor and/or liquid water to temperatures below 0°C. The presence of
high relative humidity with respect to liquid water at temperatures below 0°C can lead to
freezing or allow for large riming rate, which can change the charge sign placed on
graupel and ice to positive and negative, respectively. This process may lead to an
inverted polarity charge structure.
Eight of the nine storms investigated here were considered positive or inverted
storms and these storms followed the characteristics described by Carey and Buffalo
(2007). These storms follow the average criteria, listed in Table 5, of less surface
moisture, higher cloud bases, and smaller warm cloud depths. The characteristics
described allow for more water to be used in cold cloud processes. The lofted water vapor
and liquid water are necessary for enhanced diffusional growth, large riming rates that
lead to positive charging of graupel, and a potentially inverted structure.
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A substantial quasi-isothermal layer appeared in two of the thunderstorms. These
quasi-isothermal layers were shown to be caused by latent heat release from freezing and
deposition processes. The quasi-isothermal layers appeared at temperatures less than 0ºC.
These regions were located near the beginning of very large warning signals. Warming
signals were seen above and below the layer and the layer itself had an increasing
equivalent potential temperature trend.
Table 6. All flights color coded for the Carey and Buffalo storm polarity identification:
Red flights are positive, blue flights are negative. Positive storm characteristics were
averaged for easier comparison and Carey and Buffalo results are included in the bottom
row. June 4, 2000 is included as a positive storm due to its lack of CG production, but
inverted charge structure. July 6, 2000 has a very low CBH, but keep in mind that this
flight traversed two different storms and several different regions.
Date

Time

Max
Ascent

RHice

WCD

CBH

DPD

FL

June 4, 2000

00:13:51

32

111

0.3

4.8

20

4.5

June 23, 2000

00:38:47

15

105

None

4.5

17

4.5

June 25, 2000

01:54:16

15

104

0.5

4.0

21

4.5

June 25, 2000

02:11:58

19

107

0.3

4.2

21

4.5

June 30, 2000

00:04:58

51

124

1.8

3.2

15

5

July 6, 2000

00:03:05

17

108

3.4

1.5

5

4.9

May 26, 2004

22:34:25

13

99

1.0

3.3

9

4.3

May 26, 2004

22:50:45

18

121

2.5

2.0

9

4.5

Positive Storm Average

22.5

110

1.2

3.4

11

4.6

June 29, 2004

8

100

2.7

1.5

1

4.2

1.7 (3)

2 (1)

16.7 (7.8) 3.8 (4.1)

00:20:40

Carey and Buffalo (2007) : Positive (Negative)
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5.2 Conclusions
This study indicates that liquid water is saved for cold cloud processes by some
combination of large dew point depression, high cloud base height, strong updrafts,
and/or small warm cloud depth. The latent heating effects related to large liquid water
and ice saturation values are shown in several ways that indicate warmer ascent lapse
rates than parcel theory predicts. The results from this analysis led to the conclusion that
storms which produce predominantly positive CGs, and therefore may have regions of
inverted thunderstorm charge structure, generally have the characteristic of
supersaturation with respect to ice and values near saturation with respect to water into
the mixed-phase region. These storms exhibited significant departures from parcel theory
ascent due to large areas of warming which are presumed to be caused by the latent heat
of freezing and deposition. These microphysical processes are thought to be the cause of
the quasi-isothermal layers encountered.

5.3 Recommendations for Future Research
It would be helpful to include information on hydrometeor phase and number
concentration for utilization of the Paluch (1979) method for determining entrainment.
This information would also be helpful to study the charging mechanisms taking place at
different altitudes in all regions of the storms intercepted. Also, it is suggested that a
larger sample size and more negative storms should be used if one were to compare to the
proposed mesoscale environmental conditions that lead to the positive and negative
storms as described by Carey and Buffalo (2007).
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