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ABSTRACT

Frozen hydrometeors are required for a storm to produce lightning. Previous
research has made strong correlations between ice mass and lightning flash rate and
lightning flash density. This study attempted to correlate ice mass to lightning potential
Operational interest is centered at Cape Canaveral Air Force Station/Kennedy Space
Center where accurate weather forecasting is vital to mission requirements, resource

protection, and personnel safety.

Four pulse storms were chosen for the study: 2 June 2004, 26 June 2004, 6 June
2005, and 15 June 2005. These storms were known lightning producers. The ice mass of
each storm was calculated using a new layered approach called Layered Vertically
Integrated Frozen Content (LVIF). The LVIF technique uses radar reflectivity (Z) to
calculate ice content (M) at six temperature layers between -10°C and -40°C, with each
layer 5°C. This Z-M relationship was analyzed for lightning potential. The results
indicate there is no correlation between LVIF and lightning potential.
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l. INTRODUCTION

Lightning only occurs when certain atmospheric criteria are satisfied. It is
dependent on three things: 1) a convective updraft that is able to support mixed-phase
precipitation ice processes; and 2) graupel-ice crystal collisions in the presence of super-
cooled water; and 3) particle charge separation (Gauthier et al. 2006). Takahashi (1978)
states that within the updraft column, graupel will be electrified by collision with ice
crystals. The electricification of the atmosphere is either an inductive or non-inductive
process (Kuettner et al. 1981). In a non-inductive process, electro-chemical or
thermoelectric properties of colliding solid and liquid hydrometers create a charge
separation. Inductive processes rely on a preexisting external electric field to induce
charges on polarized particles, which subsequently are segregated through collision and
separation (Kuettner et al. 1981). Kuettner et al. (1981) found that the non-inductive
mechanism controls the charge distribution and its polarity and the inductive mechanism
controls the field strength. Takahashi’s (1978) laboratory results found that the
magnitude and sign of the electrification is highly dependent on the temperature and

cloud water content.

Temperature and cloud water content are variables that can be observed at the
operational level. The electric field is an elusive parameter for a forecaster and can only
be observed using aircraft measurements. This is done in a research capacity, such as in
Dye and Willett (2007) who recorded the electric field in Florida anvils using an airborne
field mill system. However, operationally, a forecaster cannot measure/observe the
electrical field except with the occurrence of lightning. Therefore, radar and balloon data
are the best alternatives for identifying lightning precursors. Both forecast and observed
Skew Ts are used to identify the freezing level(s) within the temperature profile. Radar is
used in numerous ways in thunderstorm forecasting to track the movement, intensity,

structure, and height of the storm.

Since ice is fundamental to lightning production, the purpose of this study is to
relate lightning occurrence to a trend of frozen content in storms. This study will be

focused on lightning producing storms over Florida and will extract the ice content from
1



radar data using a Z-M relationship. The Z-M relationship documented by Carey and
Rutledge (2000) correlates radar reflectivity (Z) and ice concentration (M). Using storms
that are known lightning producers confirms the presence of the necessary atmospheric
conditions for lightning, specifically the electric field, charge separation and polarity.

Therefore, the focus of the study can be on the presence of frozen hydrometers.

A FLORIDA CLIMATE

Florida is often referred to as the lightning capital of the United States (Hodanish
et al. 1997) or Lightning Alley (Lambert et al. 2007). This title comes from the lightning
frequency which is determined using flash density (flashes km™ year). The maximum
flash density (greater than 11 flashes km™? year™) in the United States is over Central
Florida (Figure 1).

Florida Flash Density
1986-95 Annual Average

Flashesikm 2hear

" SN
a. Mean annual flash density (1689-1896) b.

Figure 1.  a. Mean Annual cloud-to-ground flash density for the U.S, 1989-1996. [From
Huffines and Orville (1999)] b. Mean Annual cloud-to-ground flash density for
Florida, 1986-1995. [From Hodanish et al. (1997)]

At first glance, the national map (Figure 1a) depicts a more severe picture of
Florida’s annual lightning than the state map (Figure 1b). However, upon closer
examination the two maps are quite similar. Huffines and Orville (1999) used an upper
limit for maximum flash density of greater than 11 flashes km-2 year-1, whereas
Hodanish et al. (1997) used greater than 12 flashes km-2 year-1, which reduces maxima
regions. Differences could also be due to the grid resolution. Huffines and Orville’s

(1999) map used a grid size that was 22 km to the north-south direction and 18 km in the
2



east-west direction; whereas Hodanish et al. (1997) used 14 km and 21 km, respectively.
Regardless of the slight differences in the maxima locations, Florida is undeniably the

most active lightning region in the country.

Within Florida, east-central and west-central are the regions of maximum annual
lightning. Florida’s thunderstorm activity can be attributed to a number of things to
include: differential heating, water-land distributions, dying fronts, stationary boundaries,
tropical cyclones, and the sea breeze. The summer time, defined by Hodanish et al.
(1997) as June to September, is the most active season and directly related to the seasonal
weather patterns. Land/Sea breezes from the Atlantic Ocean and the Gulf of Mexico
contribute to the numerous thunderstorms. Low level convergence is maximized over
Central Florida where the sea breezes from the east and west meet. The combination of
available moisture and daytime heating, produce severe thunderstorms with hail, wind,

and lightning.

B. OPERATIONAL MOTIVATION

In addition to being a lightning hot spot, east Central Florida is also home to Cape
Canaveral Air Force Station/Kennedy Space Center (CCAFS/KSC), the National
Aeronautics and Space Administration’s (NASA) space vehicle launch facility and
launch control center. Accurate weather forecasting is vital to CCAFS/KSC operations
as numerous weather phenomenon affect the mission launch capability, to include: upper
level winds, hail, and lightning. Tailored weather support for CCAFS/KSC is provided
by the 45 Weather Squadron (WS) on Patrick Air Force Base (AFB) for personnel safety,
resource protection, pre-launch ground processing, day-of-launch, post-launch, and
special operations (Roeder et al. 2005). From 1988 to 2005, weather was a factor in over
one-third of all delayed launches (48 of 136) and almost half of the scrubbed missions
(105 of 216) (Roeder et al. 2005). The 45 WS is equipped with a state of the art lightning
detection system, custom radar configurations, and an elaborate lightning

watches/warnings policy.



Ideally, a forecaster would like to identify lightning warning signs in the
atmospheric profile with a lead time of greater than 30 minutes. In order to provide
ample resource protection, the 45 WS has developed a unique and highly refined
lightning watch and warning system. Using 13 points of operational interest, a five
nautical mile ring encircles each point (Weems et al. 2001). Lightning within five
nautical miles of any point of interest triggers a lightning watch for that ring. A lightning
warning is initiated when lightning is imminent or occurring within five nautical miles of
any point. This study hopes to aid lightning forecasting by developing parameters based
on precursor conditions as opposed to waiting for the lightning to occur somewhere else
first.

C. LAYERED VERTICALLY INTEGRATED LIQUID METHOD

As previously stated, Takahashi (1978) found that the magnitude and sign of the
electrification depends on the temperature and cloud water content. Radar has been used
for over 30 years to calculate cloud water content. Originally developed by Greene and
Clark (1972), the more commonly recognized vertically integrated liquid (VIL) calculates
the liquid content for the entire atmospheric column using radar reflectivity. Subsequent
to Greene and Clark’s initial research, VIL has been adopted as a standard radar product
and is often used as an indicator for severe weather. VIL has applications for lightning
forecasting since it indicates the potential for severe weather. Higher VIL indicates a
larger mixed phase which is required for lightning. Because the presence of supercooled
drops is required for lightning (Gauthier et al. 2006), the 45 WS used VIL-above 0°C
prior to 2001 as an indicator of lighting potential (Weems et al. 2001).

In 2001, the 45 WS adopted a new technique, layered vertically integrated liquid
(LVIL), which was tested in a thesis by D’Arcangelo (2000). Ultimately, both LVIL and
VIL-above 0°C have the same goal: to isolate the ideal region for lightning production.
D’Arcangelo (2000) developed the LVIL techniques by modifying the VIL-above 0°C.
LVIL out performed VIL-above-0°C in a skill score test that weighted probability of



detection, a Kuipers skill score, and false alarm rate. (The Kuipers skill score represents
skill over a random forecast.) The layered approach more accurately isolates the region

of the atmosphere critical to lightning production.

In LVIL, the atmosphere is subdivided into four thermal layers between 0°C and
-20°C with each layer having a 5°C thickness. D’Arcangelo (2000) found the two layers,
-10° to -15°C and -15°C to -20°C, are the ideal region for forecasting lightning onset.
D’Arcangelo used Greene and Clark’s equation (1972):

Zi +Zi+1)]4/7dh (1)
2
where z, and z,,, are radar reflectivities in mm®m for the upper and lower temperature

LVIL =)’ 3.44x10°°[(

levels and dh is the thickness of the layer. The constant, 3.44x10°°, is a derivative of the
Marshall-Palmer (M-P) drop size distribution (Marshall and Palmer 1948) which

encompasses the rain rate, drop density, and drop distribution.

D. DEVELOPING LAYERED VERTICALLY INTEGRATED FROZEN
CONTENT

Ice is one of the key ingredients for lightning to occur which means that
identifying the frozen content has the potential for being a better indicator of lightning
onset. Graupel mass and mixed-phase processes are well correlated to lightning. Using
D’Arcangelo’s (2000) thesis as a motivation, this study will adapt the LVIL concept to
test an algorithm for layered vertically integrated frozen (LVIF) water content. Due to
the success of the LVIL, a layered approach to the VIF is suggested to be better than total
VIF.

1. Equations

The first step in developing a LVIF requires a correlation between the radar
reflectivity (Z) and the ice water content or ice mass (Mic). Carey and Rutledge (2000)

first developed an equation while studying tropical convection:

3 -18
Pivn 2:28x10

M, =10007(—)N{J (—————

ICE ()N ( 720
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where p. is the density of ice at 0°C and p, is air density, N, is the intercept parameter
for an inverse exponential distribution of ice, and z '°¢ is horizontal reflectivity of ice in

mm®m=. Both LVIL and LVIF require reflectivity (Z) to be converted from dBZ to

mm®m. The unit conversion, obtained from Rinehart (1997) is as follows:

Zde

Z .. .,=1010 (3)

mm®/m
The original Carey and Rutledge (2000) experiment used a polarimetric radar to extract
the z!°® values. This study will use radar data from Melbourne, FL (KMLB) which
operates a non-polarized radar platform. Since a polarimetric radar is not available, it is
impossible to calculate the z /& and instead the radar reflectivity (Z) must be used. This

simplification was also used in Gauthier et al. (2006), where they used archived radar

data and applied (2) in a secondary form:

3 18 4
M e =10007(p)N{ (%2)7 ()

One discrepancy between these Z-M calculations was identified. In the Carey and

Rutledge (2000) paper they used p, = 0.917 kg/m®, however, in subsequent articles
(Peterson and Rutledge 2001; Gauthier et al. 2006) p = 917 kg/m®. To remain

consistent, since this study uses (4) from Gauthier et al. (2006) and not (2) from Carey

and Rutledge (2000), p. = 917 kg/m* will be used. The intercept parameter N, is
unchanged from the Carey and Rutledge (2000) study, where N, =4x10°° m™ (derived

from the bulk-microphysical parameter for tropical convection over the Tiwi Islands).
Since the KMLB radar and all the studied storms are south of 30°N, a generic cut off for

the tropics, the same N, value will be used. Hodanish et al. (1997) describes Florida as

a near-tropical climate. Furthermore, Gauthier et al. (2006) used (4) while studying
storms in Houston, TX which is higher in latitude than KMLB. According to Carey and
Rutledge (2000), the constants in (2) and repeated in (4), are derived from the Rayleigh
scattering expressions for reflectivity and ice. Doviak and Zrni¢ (1993) provide further

clarification and it is understood that the constants include approximations for drop



volume diameter, rain rate, and forward scattering. Further calculations to determine a
better or different constant are beyond the scope of this study. No alterations will be

made.

The following table summarizes the equations that are used in the LVIL versus

the LVIF calculations:

Comparison of Calculations between LVIL and LVIF

LVIL Calculations LVIF Calculations

M — ﬂ-(pw)NO Z (Z)g

(720x10° N,)7
1 OI’
210 .2 3 528x10  _.2
= N/ (—2)7 M .. =10007(p)N] (22— 7)7
=7(Pu) (720 ) IcE (PINg ( -0 )
2 N, =8x10° m*, p, =10°g/m’ N, =4x10°m™, p, =917kg/ m°
4 4
3 M =3.44x107°Z7 M ., =6.0734x10°Z 7
4 4
4 M*=3.44x10" j Z7dh =6.0734x10" j Z7dh
Z,+7Z, Z+Z

5 | LVIL=)3.44x10°[(F—2 '+1)]‘“7dh LVIF =) 6.0734x10°[(=——=L '+1)]‘”7dh

6 Units of LVIL: kg/m? Units of LVIF: g/m?

Table 1. Table of calculations

This table highlights the prominent differences and similarities between LVIL and LVIF.
Row one is the starting format of the Z-M relationships, described above as equation (4).
The constants used are listed in row two. The equations from row one with the constant
substituted are shown in row three. The integration from the base of the layer to the top of
the layer is in row four. Finally, row five is final layered vertically integrated equations,
described above for LVIL as equation (1). Row six is the units for LVIL and LVIF.

2. Choosing the LVIF Layers

Similar to the LVIL technique, LVIF requires a temperature profile to isolate the

region of the atmosphere most favorable for ice formation, charge separation, and

7




lightning onset. Takahashi (1978) hypothesized that higher electrification occurs in the
lower temperature region of the cloud where there are a greater number of ice crystals.
Takahashi (1978) cites previous works that recommend a temperature range of 0°C to
-40°C. Carey and Rutledge (2000) also used 0°C to -40°C for the range of mixed phase
graupel mass. They found that for tropical convection supercooled drops are present in
the 0 to -10°C layer and above -10°C is the most likely region for frozen drops or
graupel. In the Gauthier et al. (2006) Houston study, -10°C to -40°C was used as the
mixed phase zone. They found a strong correlation between the ice mass in the -10°C to
-40°C region and the cloud-to-ground (CG) lightning. For the LVIF temperature profile,
0°C to -10°C was considered too warm based on KMLB’s near tropical climate,

consequently, -10°C to -40°C was chosen.

E. LIMITATIONS/GOALS

The LVIF technique is a new approach to correlate ice content and radar
reflectivity to lightning potential. The LVIF technique builds upon the success of several
previous studies. Gauthier et al. (2006) and Carey and Rutledge (2000) provided the
foundation for the Z-M relationship, specifically in calculating ice mass. D’Arcangelo’s
(2000) application of the layered approach using VIL was the motivation for a layered
frozen content approach. These previous studies provided a solid background for method
and equations, as well as an insight to potential pitfalls. From this background, there are
two known limitations at the onset of this study: 1. imperfections in the LVIF equation; 2.
using a nonpolarized radar. These constraints are inherent to Z-M studies and have

impacted previous studies in various ways.

Both Gauthier et al. (2006) and Carey and Rutledge (2000) concede that there is
no perfect Z-M relationship. Carey and Rutledge (2000) used (2) out of necessity after
observing that there was no “suitable” Z-M relationship in literature for deep tropical
convection. However, discrepancies in the equation did not discernibly impact the
success of either study. Carey and Rutledge (2000) concluded that CG lightning flash
rate is well correlated to graupel mass. Gauthier et al. (2006) statistically analyzed a

large data set to establish a near linear relationship between flash density and ice mass.

8



The Gauthier et al. (2006) study was also limited by a nonpolarized radar platform, but
was still able to strongly correlate precipitation ice mass and CG lightning. However,
Gauthier et al. (2006) experienced setbacks with their data set. Anomalies in the data
were observed and despite the semi-linear relationship, they were forced to conclude that

although the correlation between ice mass and CG lightning is strong, it is also “casual.”

Ultimately, there are three main goals for this study: 1. calculate LVIF; 2. analyze
LVIF relationship to lightning occurrence; 3. assess lightning forecast potential.
Calculating LVIF is a seven-step process described in Chapter Il. Determining the
relationship to lightning is the analysis of the results discussed in Chapter IVV. The goals
of this study are designed to build upon the work of previous research and to advance

lightning forecasting.
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Il.  DATA

A STORM DATABASE

In order to confidently match lightning strikes with their convective cell source,
this study focused on analyzing isolated, single-cell thunderstorm events, also known as
“pulse” storms. The 45 WS provided a spreadsheet of approximately 500 pulse storms
from summer months (May-September) over a five-year period (2000, 2002-2005). The
exact criterion used to select these pulse storms is unknown since the database was not
compiled specifically for this study. However, all the events provided produced lightning
and fulfilled the isolated single-cell constraint. The database recorded the following for

each event: date, timeframe, location, and number of flashes.

In the spreadsheet provided by the 45 WS, each storm location was given with
two latitude and longitude coordinates labeled southwest and northeast. The two
coordinates, when graphed, formed a region around the storm, hereafter referred to as the
storm box. The number of flashes is not explicitly defined, but is assumed to include the
number of cloud-ground (CG), cloud-to-cloud (CC), and in-cloud (IC) strikes. This
assumption is based on discrepancies between the number of strikes recorded by Air
Force Combat Climatology Center (AFCCC) and number of flashes in the database. The
Excel spreadsheet file also included some obscure/extraneous information that contained
a graph axis labeled “LDAR Flashes.” The lightning detection and ranging (LDAR)
system records all types of lightning. This brief reference among the rest of the dataset

supports the assumption that the number of flashes also denotes all types of lightning.

Due to time constraints, not all the storms in this database could be analyzed, and
the field was reduced first by choosing only the most recent years (2004 and 2005).
Many of the dates had multiple storms at overlapping times. For simplicity, the dates that
had only one storm per day where selected as a starting point. A total of six days from
2004 and 2005 met the two requirements; however, two were discarded due to their close
proximity to the radar. Therefore, four cases were chosen for this study: 2 June 2004,
26 June 2004, 6 June 2005, and 15 June 2005.

11



B. RADAR

KMLB operates a Next Generation Weather Radar (NEXRAD) Weather
Surveillance Radar-1988 Doppler (WSR-88D), which is a 10-cm (S-Band) Doppler radar
(Roeder et al. 2005). The WSR-88D is the standard radar platform operated by the
National Weather Service in 155 locations nationwide. The WSR-88D scans at 14
elevation angles (0.5°, 1.5°, 2.4°, 3.3°, 4.3°, 5.2°, 6.2°, 7.5°, 8.7°, 10.0°, 12.0°, 14.0°,

16.7°, and 19.5°) and takes five to six minutes to complete a full volume scan.

Level Il radar data for KMLB was obtained through the National Climate Data
Center (NCDC) website which provides free access to archived radar data. Radar data
from NCDC came in a compressed tape archive (TAR) file that was uncompressed and

opened using a radar reader program.

C. LIGHTNING

AFCCC provided lightning data for May through September 2004 and 2005.
AFCCC lightning data is supplied by the Vaisala Inc. which owns and operates the
National Lightning Detection Network (NLDN). The NLDN has been active since 1989
(Huffines and Orville 1999), but only records CG strikes. Lightning data included the
location, date, time, polarity, strength, strokes, and number of detectors for each strike.
The data came as a Comma Separated Values (CSV) file which stored every lightning
strike for the requested time frame. The CSV file contained over two million lines of

data and therefore required extensive sorting prior to use.

D. SOUNDING DATA

Sounding data from CCAFS (Station Id: 74794) was obtained through the
University of Wyoming Department of Atmospheric Science’s webpage which archives
worldwide soundings. During the sample period, CCAFS conducted soundings several
times a day at 0Z, 9Z, 15Z, or 21Z; usually at least three of the four times were available
per day. The sounding closest to the time of each event is assumed to be representative
of the atmosphere for the storm. Since all the storms are afternoon/evening events, the
157 or 21Z sounding is used in all cases.
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E. CHOSEN EVENTS

Coincidentally, all the events occurred in June and within the same general area
(Figure 2). However, the strength, duration, and number of strikes varied considerably

between storms.

M- 2 June 04 -
15 June 05
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285t .
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Figure 2.  Locations of all storm boxes relative to one another and to the radar.

1. 2 June 2004

The 2 June 2004 event occurred from 18:57:17Z to 19:36:01Z (according to
45 WS dataset). It is assumed that the timeframe provided is the start and stop time for
all lightning. During this time, the storm was 76 km north of KMLB over the Atlantic
Ocean and moving eastward. There were a total of six CG strikes associated with this
storm; the first of which occurred at 19:01:28Z and the last at 19:09:56Z. The 45 WS
dataset recorded 23 flashes for this event. The extra 17 flashes are assumed to be
lightning other than CG and the start time is unknown. As previously mentioned, the
LVIF calculation uses a section of the storm between -10°C and -40°C. According to the

Cape Canaveral 15Z sounding for this day, the temperature profile reached -10°C at
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approximately 6200 m and -40°C at 10500 m. This storm could be identified on radar
between scan angles 0.5° and 16.7°. Based on the distance from the radar this would be
between 660 m and 22800 m.

2. 26 June 2004

The smallest and weakest of the four storms, the 26 June 2004 storm occurred
from 16:31:50Z to 17:16:26Z. Located 61 km north of KMLB, there were four CG
strikes and 16 flashes recorded in the dataset. The first CG strike occurred at 16:36:01Z.
Using the 15Z sounding the LVIF range, -10°C to -40°C, was from 6200 m to 10500 m.
This storm proved to be the most difficult to find on the radar with a limited vertical
extent. This storm could be identified on radar between scan angles 0.5° and 8.7°. Based
on the distance from the radar this would be between 530 m and 9300 m. This means
that the radar could not see up to the -40°C level. Therefore, the -35°C to -40°C layer
was omitted from the total LVIF. According to the CCAFS sounding, at 9300m the
temperature was approximately -33°C. The -30°C to -35°C layer was still used since
there is some error in the height calculation and most of the layer could be seen by the

radar.

3. 6 June 2005

This is the shortest lived storm only lasting 25 minutes from 21:04:13Z to
21:29:13Z. The 6 June 2005 event was 89 km to the northwest making it the farthest
from the radar. This large storm propagated south-southwest and produced only one CG
strike, despite having a maximum reflectivity of 50 dBZ. The CG strike occurred at
21:16:39Z. The dataset logged 14 flashes associated with this storm. The 21Z sounding
had some missing data after -31°C which prevented the entire sounding to be read by
MATLAB. Therefore, this storm was only analyzed from -10°C to -35°C. For this
modified LVIF range, the 21Z sounding showed the LVIF range from 6500 m to
10000 m. This storm could be identified on radar between scan angles 0.5° and 7.5°.

Based on the distance from the radar this would be between 770 m and 11700 m.
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4. 15 June 2005

This was the longest storm, lasting over an hour from 17:28:48Z to 18:55:30Z.
Located in the same area as the 2 June 2004 storm, the 15 June 2005 event was 74 km
north of KMLB. As the longest-lived storm, this event had the most CG strikes, with 41
strikes recorded by AFCCC and 200 flashes in the dataset. The first CG strike occurred
at 17:33:54Z. The 15Z sounding for the day, showed the -10°C to -40°C layer from
6700 m to 10800 m. This storm could be identified on radar between scan angles 0.5°
and 10.0°. Based on the distance from the radar this would be between 640 m and 13000

m.
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1. METHODS

A. RADAR

The first step was to manipulate the raw Level 1l radar data into a useable format
using a reader program. The next steps in calculating the LVIF required the radar to be
plotted in a Cartesian coordinate system. There were no reader programs available or
provided that could accomplish the coordinate system transformation. Therefore,
Professor Wendell Nuss, Naval Postgraduate School, developed a FORTRAN reader
program specifically for this data set. The reader program translated the Level Il radar
data into a useable grid centered at the Melbourne radar and reaching a 150 km radius.
The grid covered a 300 km by 300 km area and had a resolution of 250 m. The purpose

of the grid was to transform the reflectivity and height into a Cartesian coordinate system.

The radar data included two datasets: reflectivity and height. For every storm,
there is reflectivity data for each elevation angle (14 for each full volume scan) and for
each complete scan.

1. Reflectivity

Using Cartesian coordinates simplified the programming to overlay lightning and
storm locations. Using MATLAB, the grid that was developed in the reader program was
recreated in a visual format. The reflectivity was read in and plotted on a grid of the
same dimensions (Figure 3). The plot provided a visual aid to determine the location,
intensity, vertical extent, and development. Each storm was plotted for approximately 30
minutes prior to the first CG strike which equates to six full volume scans.
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Feflectivity 200406021 857-1901 UTC, Scan #1, Elev Angle: 0.5
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Figure 3.  Sample of the reflectivity grid taken from 2 June 2004, elevation angle 0.5°.
The boxed area indicates the storm location.

2. Height

The radar data set included a height variable for each grid point. However, the
official height was not used because the elevation angles were not constant for the entire
scan. Instead, while the radar completed a scan at a specific elevation angle, there
appeared to be a “wobble” as the radar changed from one elevation angle to the next.
This “wobble” created a discontinuity in the height at each grid point so that adjacent grid
points had the potential to be 100-300 meters difference in height (Figure 4). Even at the
same elevation angle the discontinuities occurred at a different location for each scan.
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Figure 4.  Discrepancies with height between two scans at the same elevation angle
(0.5°).

The height parameter is required in later steps to chart the LVIF values in the
vertical, so the standard elevation angles (i.e., 0.5°, 1.5°, 2.4°, etc.) were used to calculate
the height at every grid point for each scan. Calculating the height in this way created 14
reusable scan heights instead of providing different height profiles for every scan, while
at the same time simplifying the MATLAB programming. In the operational
environment, the difference in elevation would not be available to the forecaster, making

this simplification a reasonable assumption.
Height is calculated in a two-step method for every grid point:

1. Calculate the great circle distance (Meridian World Data) from the radar to the grid

point,

. 57.2958 57.2958
distance,, =r,,, xarccos ()

KMLB_lat point_lat point_lon—KMLB _lon
COS( 57.2958 ) cos ( 57.2958 ) cos ( 57.2958 )

Sin( KMLB_Iat)Sin( point_lat)+

2. Calculate the tangent of the elevation angle and multiply by the distance,

height , = tan(elevation ) x distance, , x1000 (6)

radians

This calculation assumes a straight line beam path and does not account for the height of
the antenna or refraction. Using equation (6), the height of each elevation angle was
plotted for distances up to 100 km from the radar (Figure 5).
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Figure 5.  Distance from the radar to the storm versus height.

B. LIGHTNING

Lightning data from AFCCC was provided in a large CSV file listed by strike date
and time. To isolate the data for the four events, the strikes were sorted and plotted in a
four-step process using MATLAB. First, the CSV file was divided into two CSV files,
one for 2004 and one for 2005. Then, each year was sorted for the desired dates and CSV
files were created for each full day. The third step decoded the daily CSV file, saved
variables into a MAT file, and generated a plot of the lightning strikes for the entire day.
(This step was critical to making the variables (i.e., date, time, location) more accessible.)
Finally, lightning for each storm was isolated using the storm timeframe and storm box
(Figure 2). Strikes that occurred during the same time and within the storm box were

counted for the storm; any strikes outside of the storm box were not counted.

For each full volume radar scan, lightning strikes were overlaid on the radar grid.
Although each full volume scan takes five to six minutes to complete, the time of the
scan was treated as if it occurred instantaneously. Lightning occurring during a scan was
considered to be a product of that five minute scan so that multiple strikes could be on

each scan. The original motivation for the lightning data was to match it with the radar
20



image that coincided with the strikes. Potentially, this would help identify a threshold for
storm structure at the time the lightning occurred. It also proved inconclusive regarding
cell structure and lightning production. This might prove useful if complete data
regarding cell structure and evolution could be obtained. Furthermore, until more fruitful
data surfaces, it may not be useful for watches and warnings.  However, since watches
and warnings must be issued prior to lightning onset, the structure and build up of the

storm was more important and the overlaid lightning-radar images were abandoned.

C. LVIF CALCULATIONS

There are two variables evaluated in the LVIF calculation: reflectivity and the
thickness of the layer. The layer thickness is fairly consistent for each storm and between
each layer so it does not strongly influence the LVIF value. Although it is a nonlinear
relationship, there is a positive correlation causing the larger reflectivity returns to
produce larger LVIF values. The total LVIF calculation from the radar is a seven-step
process. The first five steps develop a vertical plot of reflectivity versus height over a
designated location. The last two steps calculate the ice mass and the total LVIF for the
-10°C to -40°C layer.

1. Vertical Plot

Each of the following steps was completed for all four cases. The first step in the
LVIF calculation was to manipulate the sounding data. The CCAFS sounding data was
ingested into MATLAB and interpolated to extract the height of the specific temperature
levels. This step is required since the reflectivity at specific temperature heights is
needed and do not coincide with the height of the scans. For the four storms, the -10°C
isotherm on average was at 6000 m. The -40°C isotherm height was approximately
10500 m. Calculating the height of each elevation angle using the location of the storm is
the second step. Next, the first angle that is at or above the -10°C height (~6000m) is
determined. This elevation angle will be referred to as the start elevation. For example,
in the 2 June 2004 case, 4.3° crossed the storm at 5714 m, under the -10°C isotherm. The
5.2° crossed at 6917 m, above the -10°C isotherm. Since the 5.2° scan fell within the
-10°C to -40°C range (6000 m to 10500 m), then 5.2° is the start elevation. The start
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elevation is dependent on the distance from the radar, so it is different for each storm.
Therefore, the start elevation for 2 June 2004 is 5.2°; 26 June 2004 the 6.2° scan; 6 June
2005, the 4.3° scan; and 15 June 2005, the 5.2° scan.

Since large reflectivity returns produce large LVIF values, the region of
maximum reflectivity is the most important. However, the maximum reflectivity at each
elevation angle does not occur over the same location (Figure 6a and 6b). Using the
2 June 2004 case as an example, in the storm box, the maximum at 5.2° (Figure 6a) is
between -80.65°W and -80.67°W. The maximum at 8.7 (Figure 6b) is to the west
between -80.69°W and -80.70°W. Therefore a maximum at one elevation angle is not at

the same location as the elevation angle above or below it.
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Figure 6.  Example from 2 June 2004: a. Elevation Angle 5.2°; b. Elevation Angle 8.7°.

The MATLAB program required specific coordinates to extract the reflectivity in
the column for the vertical plot. The coordinates were taken from the start elevation
scan. Selecting these coordinates is the fourth step in calculating LVIF. The location of
the maximum reflectivity relative to the boxed area is recorded for each full volume scan.
This was accomplished using the MATLAB data cursor tool.
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The locations of maximum reflectivity at the start elevation are recorded for all
scans prior to the first CG strike. The Z values from all the elevation angles were
extracted from the radar grid at the latitude and longitude chosen by the MATLAB data
cursor tool. Since the elevation angles only hit the storm in distinct points, a spline was

used to create a possible reflectivity curve (Figure 7). Creating the spline is step five.
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Figure 7. Sample Reflectivity with Height Spline plot from 2 June 2004.

As the storms moved over the 30 minute timeframe, different latitudes/longitudes
were sampled, but the sample was always the maximum reflectivity and at the start
elevation angle. The -10°C to -40°C layer is only a thin slice of the total storm on the
radar and encompasses three or four elevation angle scans. ldentifying a reflectivity, at a
specific point, in a specific temperature range, depends greatly on how well the storm is

sampled and splined by the MATLAB program.
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2. Ice Mass

The vertical plot (Figure 7) is not required to perform the LVIF calculation, since
the splined data is stored in MATLAB variables, but it provides a visual check of the
data. In the sixth step, the splined data was used to calculate the LVIF for each 5°C level
(-10°C, -15°C, -20°C, -25°C, -30°C, -35°C, -40°C). Since the splined curve is simply the
computer’s best-fit curve and interpolation of missing data from a noncontinuous dataset,
the spline included some negative reflectivity values. The negative reflectivities caused
two problems: 1. they created imaginary LVIF values and 2. Negative values do not exist
in nature. For the purpose of the LVIF calculations, all negative reflectivities were
treated as zeros. Finally, the LVIF values from each 5°C layer were summed up to arrive
at the total LVIF. Each temperature layer was analyzed individually to see if one layer
was more important than another. D’Arcangelo’s (2000) thesis identified two layers
-10°C to -15°C that were more important in LVIL so there may be a region of the

atmosphere more important to LVIF.
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IV. RESULTS

A. LVIF RESULTS

The LVIF results of each storm were plotted over time in two different ways.
First, the total LVIF was plotted (Figure 8a through 11a) and then the LVIF for each
layer was plotted (Figure 8b through 11b). The total LVIF indicates the overall trend of
the frozen content before the first strike. The subdivided LVIF is used to identify the
most important layers. The most important layer is defined as the layer that had the
largest ice content during a specific volume scan. As described in the methods section,
where the reflectivity spline produced a negative value, these layers were treated as zeros.
Therefore, in the subdivided plots, any missing values are these zeroed layers. This
occurred in plots 9b, 10b, and 11b. The trends of the subdivided LVIF follow the trends
from the total LVIF. In general, time periods with a maximum total LVIF have large

LVIF values at each layer.

For both the total and subdivided plots, LVIFs were calculated for a total of 35
minutes or seven scans; every five minutes for 30 minutes prior to the first CG strike and
first full scan after the first strike. The label 30-25 means between 30 and 25 minutes
before the first CG strike. Each full volume scan lasts five to six minutes but the
reflectivity and lightning are treated as being instantaneous. The 5-0 label indicates that
the first CG strike occurred during that volume scan. The 0-+5 label means the first full

volume scan after the first strike.

1. 2 June 2004

Over the 30 minutes prior to the first CG strike, the 2 June 2004 storm had
increasing total LVIF values (Figure 8a). At the onset of CG lightning, the total LVIF
sharply decreased and continued to decrease after the first strike. The highest total LVIF
for this event, 3.4486 g/m?, occurred during the 10-five minute scans. The layers with
the greatest ice content for this storm were the -10°C to -15°C layer and the -35°C to
-40°C layer (Figure 8b). The -10°C to -15°C layer had the largest ice content in four of
the seven scans, at 30-25, 25-20, 15-10, and five-zero minutes. The -35°C to -40°C layer
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had the largest ice content in two of the seven scans, at 20-15 and 10-five minutes. The
final scan, zero-plus five, had the largest ice content in the -25°C to -30°C layer. In the
final scan, all the layers had almost equal ice content. The layers that had the least ice

content varied from scan to scan but were most commonly between -15°C and -35°C.
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Figure 8. a. Total LVIF for 2 June 2004. b. LVIF of each thermal layer for 2 June 2004.
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2. 26 June 2004

The 26 June 2004 storm was the weakest storm and produced the smallest LVIF
values. Throughout the 30 minutes prior to the first strike, the total LVIF fluctuated with
a maximum of 0.0983 g/m? (Figure 9a). This maximum in ice content was almost five
times larger than the next highest LVIF of 0.0205 g/m®. The peak value for the 26 June
2004 storm occurred between 20 and 15 minutes before the first strike. When subdivided
by layer (Figure 9b), during the 20-15 minute scan, ice content was at a maximum in
every layer. For this event, the -10°C to -15°C layer contributed the most to the total
LVIF in five of the seven scans. The -25°C to -30°C layer contributed the most to the
total LVIF in two scans and was the most contributing layer during the 20-15 minute

scan.
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Figure 9.  a. Total LVIF for 26 June 2004. b. LVIF of each thermal layer for 26 June
2004.

3. 6 June 2005

The 6 June 2005 storm also had some fluctuation in total LVIF, but displayed an
overall decreasing trend (Figure 10a). The maximum on 6 June 2005 was 1.5636 g/m?

and occurred 25-20 minutes before the first strike. There was also a secondary peak at
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15-10 minutes where the LVIF was 0.8040 g/m®. For this event, the -30°C to -35°C layer
contributed the most to the total LVIF in five of the seven scans, including the 25-20

minute scan (Figure 10b).
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Figure 10. a. Total LVIF for 6 June 2005. b. LVIF of each thermal layer for 6 June 2005.
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4. 15 June 2005

Finally, the 15 June 2005 storm had a sharp increase in ice mass at the time of the
first strike and continued to have increasing LVIF values after the first strike (Figure
11a). Prior to the first strike, the maximum LVIF was 5.3171 g/m?; after the first strike,
the LVIF reached 6.9534 g/m?. This storm was the largest of the four with 41 CG strikes.
The layer that contributed the most to the total LVIF was the -35°C to -40°C layer
(Figure 11b). The -35°C to -40°C layer had the maximum ice content in three of seven
scans. However, the maximum ice content in the other four scans was in four different
layers: the -10°C to -15°C layer, the -20°C to -25°C layer, the -25°C to -30°C layer, and
the -30°C to -35°C layer.
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Figure 11. a. Total LVIF for 15 June 2005. b. LVIF of each thermal layer for 15 June
2005.

5. Comparison of all Storms

The magnitude of the LVIF values varied greatly from storm to storm. The
highest value observed was 6.9534 g/m® on 15 June 2005. The lowest observed value
was 0.0072 g/m? on 26 June 2004. Overall, there were a broad range of values from each

storm (Figure 12a). LVIF does not correlate well to storm strength. For example, the
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6 June 2005 storm only produced one CG strike (14 flashes), but maintained LVIF values
greater than the 26 June 2004 storm, which had four strikes (16 flashes). Furthermore,
the 15 June 2005 event had LVIFs significantly greater than the other three storms and
this storm also had the largest number of strikes, 41 (200 flashes). However, the LVIF
values from 25 minutes to five minutes prior were not significantly greater than the other

storms, providing no indication that 15 June 2005 would be a big event.

In addition to variations in magnitude, the timing of maximums was also
inconsistent. Maximum LVIF occurred at a different time for each storm. This is not
surprisingly since every thunderstorm develops at a different rate. However, there is no
trend of growing or decaying ice mass prior to lightning onset. There is also no layer that
was consistently most important. The -10°C to -15°C layer had the greatest ice content
for the 2 June 2004 storm and the 26 June 2004 storm. The -30°C to -35°C layer had the
greatest ice content for the 6 June 2005 storm and the -35°C to -40°C was contributed the
most to the 15 June 2005 storm.

Ice content and reflectivity do not have a linear relationship. However, there is a
positive relationship when using the LVIF equation; large reflectivity values produce
large ice content results (Figure 12a and Figure 12b). For the 2 June 2004 event, the
largest total LVIF occurred with reflectivity of 50 dBZ. For the 26 June 2004 storm, the
reflectivity during the largest LVIF was 23 dBZ. The reflectivities for 6 June 2005 and
15 June 2005 were 45 dBZ and 55 dBZ, respectively. The three storms, 2 June 2004,
6 June 2005, and 15 June 2005, had maximum reflectivities that were close in value.
Additionally these three storms had a similar range of values during the entire events.
The 26 June 2004 event had reflectivities that were extremely low in comparison.
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Figure 12. a. Total LVIF for all the storms. b. Reflectivity averages for all the storms

Dye and Willett’s (2007) field work provides a possible explanation for this
apparent anomaly. Dye and Willett (2007) studied anvils over Florida near CCAFS/KSC
during June 2000 and June 2001. They observed two anvils with reflectivity 20-25 dBZ

which maintained their electric field for many tens of minutes well downstream of the
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convective core. Dye and Willett (2007) concede that although the two anvils did not
produce lightning, the electric field was probably sufficient to trigger lightning for many
tens of minutes. In the 26 June 2004 case, the reflectivity was much lower than that of
the other three storms and had reflectivities similar to those in the Dye and Willett (2007)
study. Therefore, based on Dye and Willett (2007), the lightning in this event may have

been from an anvil cloud.
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V. CONCLUSIONS AND RECOMMENDATIONS

The purpose of this study was to analyze lightning producing storms over Florida
and relate that lightning potential to ice content using a Z-M relationship. The goals set
forth at the beginning were to: 1. calculate LVIF; 2. analyze LVIF relationship to
lightning occurrence; 3. assess lightning forecast potential. In the four storms that were
analyzed, there was no apparent trend in LVIF, nor was there a layer that had the most
impact. This section will discuss, first, how well the goals were met and, second, any

conclusions that can be drawn from the results.

A. GOALS ACCOMPLISHED
1. Data Handling

Before the LVIF could be calculated, there were three areas of data preparation
that were successfully completed: the radar reader program, sorting through the lightning
data, and manipulating the sounding data for use in the spline. The radar reader program
provided a visual representation of the storm and was robust enough to extract the
reflectivity at specified locations. The lightning data was extensive and cumbersome.
However, the needed information was successfully obtained for each storm to include,
isolating the strikes with the storm box during the time of the storm and counting the total
CG lightning strikes. Lastly, the sounding data was acquired and put into a format so it

could be used in the LVIF calculation.

2. Calculate LVIF

Calculating LVIF was a seven-step process that encompassed the largest portion
of the study. The steps were as follows: 1. interpolate sounding data to extract the height
of the -10°C isotherm; 2. calculate the height of each elevation angle using the location of
the storm; 3. determine the start elevation; 4. find the maximum reflectivity at the start
elevation and select coordinates; 5. ingest coordinates into MATLAB program and create
spline; 6. use spline to calculate LVIF at each layer; 7. and calculate the total LVIF by
summing the LVIFs from each layer.
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The LVIF for all four storms was calculated. All seven steps were completed for
each storm. However, it is difficult to know the degree of accuracy in the LVIFs. Based
on the results, the storms are listed in order of accuracy confidence: very confident in the
accuracy of 2 June 2004 LVIF, somewhat confident with the accuracy of 6 June 2005 and
15 June 2005 LVIF, and not confident with the accuracy of the 26 June 2004 LVIF

results.

The 2 June 2004 storm had strong, deep convection that could be seen by the
radar up to 22800 m. For this storm, we can confidently state that the radar observed the
entire storm. The 2 June 2004 spline sampled this storm well and the LVIF seemed to
have a good correlation to the build up to lightning.

The 6 June 2005 storm was 89 km from the radar, which prevented the entire
storm from being seen by the radar. Also the sounding data was missing above -35°C so
a complete LVIF (up to -40°C) was not calculated. Therefore, this storm was given a
lower confidence rating on LVIF accuracy.

The 15 June 2005 event was the most lightning producing storm with 41 CG
strikes and became the largest of the four storms. However, in the 30 minutes prior to
CG lightning, the storm was elusive on the radar until just before the first CG lightning.
From this observation, we can conclude that the storm did not fully develop until about
10 minutes prior to the first CG strike.

Finally, the 26 June 2004 storm was extremely weak and was not picked up well
on the radar. This storm is an anomaly since the extremely weak reflectivity still
produced four CG lightning strikes. It is possible that this was actually an anvil cloud,

but without further research, cannot make a definitive conclusion in this area.

3. LVIF Relationship to Lightning

Based on the low confidence in the LVIF calculations, a relationship to lightning
could not be found. There appeared to be no discernible patterns in LVIF leading up to
CG lightning. Also, there did not seem to be a layer that was the most important to the

total LVIF. Previous research had made correlations between ice mass and about flash
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rate (Carey and Rutledge 2000) and ice mass and flash density (Gauthier et al. 2006).
This study was attempting to make definitive conclusions ice mass and lightning onset.

This goal was not met.

4. Lightning Forecast Potential

Since a relationship could not be found between LVIF and lightning onset, the
next goal of applying it for forecaster use was also unrealized. ldeally, had a trend been
identified then the next step would have been to find a way to put this into operational

use. Unfortunately, this goal was also unrealized.
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V1. DISCUSSION

A. SOURCES OF ERROR

The small sample size was a large contributing factor. However, even with so
few storms, there are steps that could have been performed differently that may have

positively altered the LVIF results.

1. Data
a. Lightning Data

As previously mentioned, little information was provided regarding the
development of the storm dataset. Not knowing the origin of the dataset, led to two
errors. One discrepancy, already observed, is that the number of flashes is greater than
the number of strikes. In retrospect, lightning data should have also been obtained from
the Global Hydrology Resource Center (GHRC) that archives LDAR data which records
all flashes (not only CG strikes). LDAR is located at KSC, 47 km due north of KMLB.
This puts the LDAR in the optimal range for the KMLB radar. A second option for
lightning data is to obtain it from the 45 WS. Either approach would have resulted in a
more robust lightning dataset.

The second problem with the dataset is with the storm time frame. The
start and end of each event extend beyond the times of the CG lightning. In all the cases,
the first CG strike occurs several minutes after the start of the storm and the storm
persists for awhile after the last CG strike. Most likely, the storm timeframe given is the
start and end of all types of lightning for that particular pulse storm. Since the LVIF was
calculated 30 minutes prior to the first CG strike, an LVIF calculation prior to the first

flashes (or start time) would have sampled a different time period.

b. Missing Data

Two data sets were unavailable: satellite imagery and storm observations.

Satellite imagery would have been helpful in analyzing the synoptic situation. The

differences in LVIF values and trends could be due to the different types of storms that
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produced the lightning. Although they were all pulse storms, they did not all develop in
the same manner or to the same intensity. In order to make appropriate comparisons, it
would have been preferable to include storms developing from the same atmospheric
phenomenon such as resulting from the sea breeze, for example. Observations of these

storms were not available since they were not directly over any observing stations.

2. Calculations

The first assumption involved using the polarized radar equation with a
conventional (non-polarized) radar dataset. It is difficult to estimate the percentage of
error attributable to this assumption; however, it is a source of error. In comparison,
LVIF produces values that are significantly smaller than LVIL values. This is to be
expected since, mathematically, the LVIF calculation has units that are three orders of
magnitude smaller than the LVIL. The results show little correlation between LVIF and
the start of CG lightning. The shape of the LVIF plot would be no different if it had been
calculated for LVIL because the main difference between the two is the coefficient. If

Z e could have been extracted then the plot might have appeared different.

The second error came from the simplified height calculation. The actual height
calculation (7), taken from the National Weather Service, uses a refractive index (RI ) of
1.21 and 6371 km as the radius of the earth:

" distance’,
radians 2(RI(radius,,,,)

height, =[distance,, xsin(elevation 1x1000 (7)

As a result, compared to the actual beam height, the height used is an under estimate in
elevation angles less than 14° and an over estimate in elevation angles greater than 14°
(Figure 13). The LVIF range, -10°C to -40°C, for the studied storms is most often
between elevation angles 4.3° and 8.7°. All the storms are greater than 60 km away, so in
this range, the height used is an under estimate and the difference is 500-1000 m. The
6 June 2005 storm was 89 km from the radar making the difference in height close to
1 km.
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Figure 13.  Differences between Height used and Actual Height. Height differences
greater than zero are an under estimate for the height used. Height differences
less than zero are an over estimate for the height used.

The height used to position the elevation angle was also used in the vertical
reflectivity plot. Using the actual height would redistribute the placement of the
reflectivity data point and the spline would look similar but the sampled area, -10°C to
-40°C, would include a different section of the spline. The adjusted spline would then

greatly affect the LVIF calculation.

B. FUTURE RESEARCH

While this study expected certain limitations from the beginning, the impacts of
these limitations were minimal. However, unexpected limitations were encountered: time
frame, missing lightning data, depth of storm on the radar. Correcting for these errors,
LVIF could still provide profitable results. Previous research (i.e., Gauthier et al. (2006)
and Carey and Rutledge (2000)) had positive indication that ice mass correlates to flash
density and flash rate, respectively. Forecasting lightning onset from ice content has

good theory behind it but requires more data than was available to this study. The
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vertical plot was a sound tool for stronger storms. A more robust storm sample is
necessary for statistical analysis to determine a trend of ice content. Currently, the 45
WS is installing a dual-polarized radar. Future developments in the LVIF approach using

this new technology may provide further insight into lightning forecasting.
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