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1. INTRODUCTION

Lightning is a natural but destructive phenomenon
that affects various locations on the earth’s surface
every year. Uman (1968) defines lightning as a self-
propagating atmospheric electrical discharge that results
from the accumulation of positive and negative space
charge, typically occurring within convective clouds. This
electrical discharge can occur in two basic ways: cloud
flashes and ground flashes (MacGorman and Rust
1998, p. 83). The latter affects human activity, property
and life. Curran et al. (2000) find that lightning is ranked
second behind flash and river flooding as causing the
most deaths from any weather-related event in the
United States. From 1959 to 1994, there was an
average of 87 deaths per year from lightning. Curran et
al. also rank the state of Texas as third in the number of
fatalities from 1959 to 1994, behind Florida at number
one and North Carolina at number two.

There is an obvious need for the protection of life
and property from lightning flashes to ground. While
protection of a structure from lightning can be found in
the use of a lightning rod, protection to life can be found
in the forewarning or “forecasting” of lightning strikes
coming to ground. One step in this direction was the
development of lightning detection systems that began
in specific regions of the United States (Krider et al.
1980; Orville et al. 1983, 1987) and grew into the
development of the National Lightning Detection
Network (NLDN) (Orville 1991; Orville and Huffines
2001) and then the North American Lightning Detection
Network (NALDN) (Orville et al. 2002). This dataset can
be used along with the developing Time of Arrival (TOA)
networks that include the Lightning Detection and
Ranging (LDAR) networks over Kennedy Space Center
(KSC), Dallas / Ft. Worth (DFW) and Houston, Texas
(i.e. LDAR-II). The LDAR-Il and NLDN networks will be
discussed later.

1.1 ORDINARY, CONVECTIVE THUNDERSTORM

By definition, a thunderstorm is a cloud that
produces thunder (MacGorman and Rust 1998, p83).
Therefore, one can say that a thunderstorm is a cloud
that produces lightning. Several classifications of
thunderstorms exist and are classified by their visual
appearance on radar and their longevity and severity.
Weisman and Klemp (1986) break the types of
convective storms into 3 categories: the short-lived
single cell, the multicell, and the supercell. Weisman
and Klemp (1982, 1984) show with conceptual models
that convective storm type depends on vertical wind

shear and buoyancy, with small magnitudes of vertical
wind shear likely to produce ordinary, convective
storms. Weisman and Klemp (1986) describe the short-
lived single cell storm as the most basic convective
storm. Therefore, this ordinary convective storm type will
be the focus of this study.

1.2 THUNDERSTORM CHARGE STRUCTURE

The primary source of lightning is electric charge
separated in a cloud type known as a cumulonimbus
(Cb) (Uman 1987). Interactions between different types
of hydrometeors within a cloud are thought to carry or
transfer charges, thus creating net charge regions
throughout a thunderstorm. Charge separation can
either come about by inductive mechanisms (i.e.
requires an electric field to induce charge on the surface
of the hydrometeor) or non-inductive mechanisms (i.e.
do not require hydrometeors to be polarized by the
ambient electric field) (e.g.,, Takahashi 1978).
MacGorman and Rust (1998, p. 56-70) describe several
theories that exist to explain how charge can be placed
on hydrometeors and how differing charge regions
develop.

Charge structure of a thunderstorm was first thought
to be of a positive dipole with a positive charge region
above a negative charge region (e.g., Wilson 1916,
1920, 1929). These findings led to numerous electric
field studies of thunderstorms. Some researchers
claimed that the lowest charge in thunderstorms was
positive, thus maintaining that a negative dipole
thunderstorm charge structure existed (MacGorman and
Rust 1998, p. 50).

To determine the solution more directly, Simpson
and Scrase (1937) and Simpson and Robinson (1941)
launched balloons into thunderstorms to measure the
corona caused by the vertical component of the electric
field. They found that thunderstorms do contain a
positive dipole. However, it is insufficient to only use the
“two charge” model as they discovered a third, smaller
positive charge that exists below the main negative
charge in many storms (Fig. 1). This gross charge
structure of a thunderstorm is often labeled a
dipoleftripole structure (MacGorman and Rust 1998, p.
50). It is important to note that actual thunderstorm
charge distributions are usually more complex than the
conceptual dipole/tripole as found from these storm
measurements (e.g., Moore and Vonnegut 1977;
Krehbiel 1986).

MacGorman and Rust (1998, p. 52) highlight the
typical characteristics of the overall charge structure of
thunderstorms. Negative charge usually dominates the



Fig. 1. Positive dipole or tripole charge structure of a

thunderstorm as derived from Simpson and
colleagues. Thunderstorms might often resemble a
more complicated storm structure than depicted
(From MacGorman and Rust 1998, p. 51).

lower portion of the thunderstorm. Temperatures within
this charge region are slightly warmer than -25°C and
sometimes warmer than -10°C. Another common
characteristic is a positive region that lies 1 km above
this negative charge region and net positive charge
dominates the upper region of thunderstorms and in
their anvils (e.g., Gish and Wait 1950). In situ
measurements also confirm that differing charge regions
are not only stacked vertically but vary horizontally as
well. This evidence further complicates our knowledge
of the charge structure of a thunderstorm.

1.3 PREVIOUS STUDIES AND HYPOTHESIS

Prior studies have developed techniques to predict
the onset of cloud-to-ground (CG) lightning flashes
using various operational tools, primarily the use of the
Weather Surveillance Radar 1988-Doppler (WSR-88D).
Dye et al. (1989) determined that lightning would occur
when the 40-dBZ echo reached the -10°C temperature
height when studying small thunderstorms in central
New Mexico. Buechler and Goodman (1990), while
studying storms in New Mexico, Alabama, and Florida,
identified storms as having lightning if the 40-dBZ echo
reached the -10°C isotherm and the echo tops
exceeded 9 km. Michimoto (1991) used the criteria of
the 30-dBZ echo at the -20°C temperature height and
observed that the first CG flash occurred 5 min. after a
storm in the Hokuriku District of Japan reached this
criteria. Gremillion and Orville (1999) found from
analyzing reflectivity data of 39 airmass thunderstorms
over KSC that the 40-dBZ echo detected at the -10°C
temperature height was the best indicator for predicting
the initiation of CG lightning. The median time lag
between their Lightning Initiation Signature (i.e.,
aforementioned reflectivity threshold achieved for two
consecutive volume scans) and the first CG was 7.5
minutes. A 15 minute median time difference between
the first 10-dBZ echo aloft and the first detected CG
lightning strike was found by Hondl and Eilts (1994)

when studying 28 thunderstorms over central Florida.
However, the range of CG lead times varied from 5 to
45 minutes! Vincent et al. (2004) used several
characteristics of WSR-88D data to determine the best
lightning prediction algorithm of storms in North
Carolina. Characteristics included a reflectivity threshold
at a certain environmental temperature height for a
specified number of radar volume scans. According to
this study, the best predictor of CG onset was the
initiation of 40-dBZ at -10°C for one volume scan. This
“‘combination” had a 37% false alarm rate (FAR), a
100% probability of detection (POD) and 63% critical
success index (CSI) with an average CG lead time of
14.7 min. (Vincent et al. 2004). Conversely, a minimal
number of studies have employed the use of total
lightning detection systems (e.g., LDAR) to predict the
onset of CG lightning in convective activity. In 13 cases
over Houston, Motley (2006) found that the first CG
flash occurred at an average of 12 minutes after the first
intracloud (IC) flash.

According to Williams et al. (1989), 10 or more cloud
flashes may occur before the first CG flash. Therefore,
we hypothesize that the real-time detection of total
lightning can be used as a forecasting tool in
forewarning the public of the subsequent cloud-to-
ground lightning dangers. This study will examine the
possible correlation between the first detected intracloud
lightning flash and the first NLDN detected cloud-to-
ground discharge in 37 isolated, ordinary thunderstorms
over Houston, Texas. This study will also incorporate
some of the various radar parameters mentioned above
so that forecasters in the Houston area can have
several methods to aid in forecasting the onset of CG
flashes. This information can possibly lead to the real-
time forecasting of CG lightning within the city of
Houston and can be used as motivation for future
studies within other cities across the United States.

Several observational characteristics of the 37 cases
will be described in this study, such as total flash rates
of each storm along with the time duration of the total
flashes and CG flashes alone. Also, percent positive
flash statistics will be presented and compared to other
studies that focused on the same geographic region. In
addition to finding the “best” predictor to the onset of CG
lightning, examination of the various operational
methods will attempt to find a radar or lightning
signature that forecasters can use to predict the
complete cessation of CG lightning in each
thunderstorm event. Within the confines of this study,
we hope to provide valuable information to forecasters
within and around the Houston area, in order to prevent
future lightning related injuries and fatalities.

2. DATA & METHODOLOGY
2.1 LIGHTNING DETECTION AND RANGING

The LDAR-II (hereafter, referred to LDAR) system
over Houston, Texas is able to map lightning discharges



in three dimensions, therefore illustrating the total
lightning structure of any thunderstorm event in detail.
This LDAR network consists of twelve very high
frequency (VHF) time-of-arrival (TOA) sensors that were
purchased from Vaisala Inc. and installed by the Texas
A&M Department of Atmospheric Sciences and has
been in operation since August 2005 (Fig. 2) (Ely et al.
2007). The Houston LDAR is based on the original
LDAR system developed at NASA’s Kennedy Space
Center (e.g., Lennon and Maier 1991).

TOA systems map lightning in three dimensions by
detecting short pulses of VHF radiation (also known as
VHF sources). These pulses are modeled by accurately
measuring their time of arrival at several sensors (i.e.
assuming VHF signals propagate along line-of-sight)
(Ely et al. 2007). Precise timing of the network is
accomplished by incorporating Global Positioning
Satellite (GPS) technology into each sensor. Each
sensor records the time and signal power of the largest
amplitude pulse during a 100 us interval, therefore,
giving the network the capability to detect a maximum of
10,000 sources per second (Ely et al. 2007).

Limitations do exist within the LDAR network,
primarily with regard to detection efficiency and effective
range. Based on the case study of a mesoscale
convective system (MCS) over Houston on 31 October
2005, Ely et al. (2007) found the effective range of the
network to be 120 — 130 km from the LDAR network
center. They also found a median 3D location error of
250 m or better for VHF sources that originate at 3 km
or higher in altitude and a location accuracy of 1 km at a
distance of 100 km from the LDAR center. Similar to
their study, all analyses presented in this study do not
extend beyond a range of 100 km from the LDAR
center.

LDAR data are transmitted from each sensor in real-
time to Texas A&M and each sensor is capable of
storing the data to hard disk at its site. These archived
data are then collected every other month and
processed to provide the highest quality dataset for
research analysis (Ely et al. 2007). Therefore, total
lightning (i.e. intracloud flashes and incloud components
of CG flashes) data were collected for each convective
case in this study.

2.2 NATIONAL LIGHTNING DETECTION NETWORK

The National Lightning Detection Network (NLDN),
using IMPACT-ESP  (IMProved Accuracy from
Combined Technology) sensors with direction finder
(DF) (e.g., Krider et al. 1980) and TOA technologies
(Cummins et al. 2006), is used across the United States
to detect the occurrence of cloud-to-ground lightning
flashes in real-time. Orville et al. (2002) describe the
NALDN to consist of the 187 sensors from both the
NLDN and the Canadian Lightning Detection Network
(CLDN). Cummins et al. (2006) estimate the median
location accuracy of a single ground lightning discharge
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Fig. 2. Map depicting the locations of the twelve
TOA sensors that make up Texas A&M University’s
LDAR network over Houston, Texas. The green dots
represent the 10 sensors that were operational
during this study and the red dots are sensors that
are currently installed, but were not operational
during this study. The black circle is a 100 km range
ring centered about the LDAR center. The red
outline in the center is the city boundary of Houston
and some surrounding industrial cities.

within the NLDN to be 500 m with estimated flash
detection efficiency of 90 — 95.

Wacker and Orville (1999) and Cummins et al.
(2006) suggest the elimination from analyses the
positive flashes with peak currents less than 10 KA,
saying that these small positive signatures are likely in-
cloud discharges. Cummins et al. go on to say that the
small population of positive discharges between 10 — 20
kA are likely a mix of IC and CG discharges. For the
purposes of this study, the positive discharges
mentioned in the 10 — 20 kA range are counted as CG
only.

The NLDN data used in this study were obtained
from Vaisala Inc., Tuscon, Arizona, for the months of
August and September 2005 and June and August
2006. NLDN data were available for the entire years of
2005 and 2006; however, thunderstorms only met this
study’s criteria during the aforementioned months (see
Sec. 2.4 below). The NLDN data used in this study were
post-processed by Vaisala Inc. such that individually
detected strokes were grouped into flashes.

2.3 RADAR DATA
Seventeen months of WSR-88D data were

examined to find 37 isolated, ordinary thunderstorms
over Houston, Texas for 2005 and 2006. WSR-88D



level-Il data used in the detection of each event were
obtained from the National Climactic Data Center
(NCDC) for the radar site KHGX that is operated by the
Houston National Weather Service (NWS) Weather
Forecast Office in League City, Texas.

Level-ll data were downloaded and then analyzed
using the Warning Decision Support System -
Integrated Information (WDSS-Il) (Fig. 3) developed by
the National Severe Storms Laboratory (NSSL) in

Norman, Oklahoma (Lakshmanan et al. 2007).
According to Lakshmanan et al.,, “The individual
automated algorithms that have been developed using
the WDSS-II infrastructure together yield a forecasting
and analysis system, providing real-time products useful
in severe weather nowcasting.” It is also a useful tool for
post analysis of archived datasets and is used in this
latter sense for this current study (Lakshmanan et al.
2007).

2005/08/20_20050820-202719.829

Fig. 3. WDSS-II interface displaying convective events from 20 August 2005. The green squares represent
thunderstorms and their cell numbers as assigned by the SCIT algorithm. The LDAR center is represented by the
small white square in the center of the image. The counties that include Houston and immediately surround the city
are displayed with an orange outline. Also displayed is a 100 km range ring centered on the LDAR center as well as a
text display resulting from the user’s cursor over the center of cell 69. The information displayed from left to right in
the text box is as follows: 48.0 is the radar reflectivity (dBZ), 30.23 is latitude (decimal degree), -95.59 is longitude

(decimal degree), and 1.44 is height above MSL (km).



WDSS-II algorithms converted the level-ll data from
its native format to NetCDF format. A Storm-Cell
Identification and Tracking (SCIT) algorithm was then
run on each radar volume scan to assign a cell number
specific to that cell throughout its entire lifetime. SCIT
was developed due to the poor performance of the
native WSR-88D storm series algorithms, especially in
situations of closely spaced storms. In order to identify
storms, the SCIT algorithm employs seven reflectivity
thresholds as compared to the one threshold of the
native WSR-88D method. According to Johnson et al.
(1998), this advanced package improves the
identification of storm cells. Also, because of the
reflectivity criteria of the SCIT algorithm, it does not
detect cells that are small, shallow or have a maximum
reflectivity less than 30-dBZ (Johnson et al. 1998).
Therefore, this study uses WDSS-II primarily for its
display of radar reflectivity and its storm identification

and tracking capabilities.

2.4 THUNDERSTORM DETECTION AND TRACKING

The combined use of the WDSS-II GUI (WG) and
the Total Electrification Display (TED) aided in the
detection and analysis of each thunderstorm event.
Several criteria were established to objectively find
ordinary thunderstorms over Houston, Texas (adapted
from Motley 2006). These criteria include:

1) Storm must be identified by the SCIT algorithm for

20 minutes or longer
2) Contain VHF sources (i.e. intracloud discharges) as

detected by LDAR
3) Include a minimum of at least one CG flash
4) Isolated from other convective activity as to not

contain VHF sources from other storms
5) Within 100 km of the LDAR center (27.79°N and

95.31°W) (e.g., Ely et al. 2007)

6) Outside the 25 km cone of silence of the KHGX

radar site (Brown et al. 2000)

7) Neither undergo a merge or split during its lifetime
8) Observed by radar during its entire lifetime

Thirty-seven storms were found to meet these
criteria during the period of study between August 2005
and December 2006. Initially, storms were visually
detected via radar on the WDSS-II interface. By this
study’s definition, storm initiation occurred when 20-dBZ
was first observed around the 0°C isotherm. The
complete absence of radar reflectivity at the lowest scan
denoted the storm’s termination. When a thunderstorm
met all the above criteria during its lifetime, position and
time statistics were gathered using the interactive
WDSS-II GUI. The WG gives the user a mouse-over
display that includes latitude and longitude coordinates
(decimal degree), reflectivity values (dBZ), and height
above mean sea level (MSL) (km) at any location within
the bounds of a storm (Fig. 3). The start and end time of
each radar volume scan was recorded for each case,
beginning with storm initiation and stopping with storm

cessation. During each volume scan, the coordinates for
the center of the cell are recorded. The center of each
cell is defined as the visual geometric center, typically
the location of highest reflectivity. Also during each
volume scan, the coordinate location at any point along
the cell’s edge (i.e. the point where reflectivity went from
positive dBZ to zero dBZ) was recorded. Then by
combining the coordinates of the cell center and visual
cell boundary, a cell radius was calculated using the
spherical law of cosines (available from the World Wide
Web at http://www.movabletype.co.uk/scripts/LatLong
.html). In trigonometry, the spherical law of cosines is a
theorem that relates the sides and angles of spherical
triangles (analogous to the ordinary law of cosines from
plane geometry). A virtual cylinder was constructed
around the bounds of each thunderstorm during each
five-minute radar volume scan so that a full lightning
analysis could be performed.

2.5 LIGHTNING FLASH METHODOLOGY

A suite of Interactive Data Language (IDL) programs
was employed for the lightning analysis of the 37
isolated, ordinary thunderstorms. Each VHF source
point contains information regarding the time (day,
month, year, hour, minute, second, millisecond), location
(latitude, longitude, height), and location within the flash
it is assigned to (flash number, position in flash, position
in branch). As mentioned before, a cylinder was
effectively built around each storm for every five-minute
radar volume scan. This cylinder was “filled” with the
VHF sources and cloud-to-ground lightning flashes that
matched the time and location of each radar volume
scan. Checks were made with an IDL program to ensure
that all the VHF sources and CG flashes were
accurately gathered and that no flashes from other
storms were included in the analyzed storm cylinder.

2.6 RADAR METHODOLOGY

Using the WDSS-II GUI, each thunderstorm case
was analyzed to find the time at which the 30-dBZ and
40-dBZ radar echo first reached the -10°C isotherm (see
Sec 1.3). The environmental -10° C height over Houston
was calculated by first linearly interpolating the 1200 Z
sounding from the Lake Charles (KLCH) and Corpus
Christi (KCRP) rawinsonde sites for each day that a
convective event occurred. Then, using the values
obtained from both soundings, the -10°C height over
Houston was found using a weighted average based on
its spatial distance between Corpus Christi and Lake
Charles.

Convective cells were then analyzed using the
WDSS-II display. Its mouse-over read-out that includes
reflectivity and height above MSL (Fig. 3) was used to
determine what the reflectivity of a convective cell was
at the height of the -10°C isotherm. Since the height of
the -10°C isotherm was rarely observed directly on the
PPI elevation angle display, interpolation between two



different radar elevation tilts had to be performed (e.g.,
Vincent et al. 2004). This interpolation was performed by
examining the reflectivity of the scan below and above
the -10° C isotherm heights and recording the
corresponding height and reflectivity values for each
cell. However, prior to interpolation, the reflectivity value
for each scan was first converted from its logarithmic
form:

Z
Z= 1010g10(—6 _3) (1)
1mm " m
to its linear form:

z
10

z=10 2
After the interpolation was performed, the radar
reflectivity was converted back to its logarithmic form.

The time stamp of the radar volume scan at which
the 30-dBZ and 40-dBZ echoes first reached the -10°C
isotherm is recorded and compared to when the first CG
comes to ground in each thunderstorm case. These
radar signatures will also be compared to when the first
VHF source was detected in each case. A comparison
can then be made between a radar-induced warning
time to CG activity and a warning time base solely on
lightning data.

Radar reflectivity was also analyzed using the
WDSS-II interface to find an observed signature that
could forewarn when the last lightning flash would come
to ground during each storm. While loosely observing
every radar volume scan of each storm, it appeared that
recording when the 50-dBZ echo last descended past
either the -10°C isotherm or the 0°C isotherm would be
a useful tool in predicting when the last CG would occur
in this storm type. This signature was investigated by
interpolating the radar reflectivity scans below and
above the aforementioned height levels. Then, the time
stamp of the volume scan in which the 50-dBZ last
descended past these levels was recorded. However,
only a majority of the cases (roughly 65%) experienced
50-dBZ or greater at the -10°C isotherm height.
Similarly, ~68% of the thunderstorm events observed
50-dBZ or greater at the freezing level.

Therefore, another approach was employed that
interpolated  the  reflectivity value at either
aforementioned height level for the radar volume scan
during the last CG flash. The reflectivity at the -10°C and
freezing levels was also found in the scan prior to and
after the last CG scan. We hoped this approach would
uncover a specific reflectivity pattern in these 3 radar
volume scans (i.e. the “last CG scan”, pre “last CG
scan”, and post “last CG scan”) that could be correlated
to the last occurring CG in each thunderstorm case.

3. RESULTS

3.1 General Storm Overview

Thirty-seven isolated, ordinary thunderstorms were
selected for this study. Each thunderstorm exhibited the
specific criteria (see Sec 2.4) deemed necessary for
thunderstorm detection in this study. All 37 cases ended
up occurring during the warm season (May -
September) (e.g. Smith et al. 2005) of the years 2005
and 2006. Climatologically, ordinary convective
thunderstorms or airmass thunderstorms tend to occur
during the warm season when adequate heat and
moisture reside along the Gulf coast region and interact
with the daily sea breeze anomaly (e.g. Simpson 1994).
Although lightning occurs during the cold season in
Houston and along the Gulf Coast, its frequency is quite
less and is brought about by a differing storm type that
is typically driven by frontal features. Huff and
Changnon (1973) found an 8% increase in non-frontal
rainfall during the warm season and a 17% increase
during June — August within the city of Houston for
1964-8. From Fig. 4 and Fig. 5, one can see the
difference in magnitude of the average cloud-to-ground
flash density between the winter months (December -
February) and the warm season (May — September)
over Houston. The peak in average flash density just
east of Houston is 0.75 flashes km? during the winter
months (Fig. 4) and between 5-7 flashes km™ during the
warm season (Fig. 5).

While each event in this current study is of the same
storm type, moderate variability existed between each
case. The variability in each statistic calculated will be
noted in the following sections.

3.2 Warning Time for First CG and Last CG

The results of this study show the average and
median time separation between the first VHF source
(i.e. IC flash) and the first CG lightning discharge for 37
ordinary, convective thunderstorms over the city of
Houston. For these 37 storms, the mean warning time
for the first CG flash was 3.2 minutes (Table 1). The
median time separation was 2.5 minutes. It is important
to note that the standard deviation between each case
was 3.6 minutes, thus exhibiting the variability between
each case. In 3 of the 37 cases, the first CG flash
preceded the first IC flash (i.e. case 1, 4, and 9).
Therefore, a negative time separation value is presented
for these cases. Four of the 37 cases (i.e. case 16, 26,
32, and 34) had a zero CG warning time. It was found
that the first IC flash in each of these events also led to
the first CG discharge. On the contrary, 8 of the 37
cases exhibited lead times greater than 5 min. while
case 20 had a warning time of over 18 min. The
variability from case to case can be seen in Table 1.

The average warning time to CG onset was
increased by a factor of five to 16.1 minutes when using
the radar reflectivity threshold of 30-dBZ at -10°C (Table
2). This time was calculated from the beginning of the
radar volume scan in which the 30-dBZ echo first
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Fig. 4. 1996 — 2005 mean cloud-to-ground flash density (flashes km®) for the winter months of December —
February. Houston is outlined in dark black and marked by George Bush Intercontinental/Houston Airport (IAH).
Cities also shown are Victoria (VCT), College Station (CLL), and Lake Charles, Louisiana (LCH).

Fig. 5. 1996 — 2005 mean cloud-to-ground flash density (flashes km®) for the warm season (May - September).
Houston is outlined in dark black and marked by George Bush Intercontinental/Houston Airport (IAH). Cities also
shown are Victoria (VCT), College Station (CLL), and Lake Charles, Louisiana (LCH).



Table 1. The case number (CASE #), date (mm/dd/yy),
and time separation (in minutes) between the first CG
flash and the first VHF source (i.e. intracloud flash) (1ST
VHF TO 1ST CG) for all 37 events. Average and median

warning time listed at bottom of table.

Table 2. The case number (CASE #) and time
separation (in minutes) between the first CG flash and
time at which the 30-dBZ (30-dBZ AT -10°C) and 40-
dBZ (40-dBZ AT -10°C) contour crosses the -10°C
isotherm for all 37 cases. Average warning time listed at

bottom of table.

CASE # | mm/dd/yy | 1ST VHF TO 1ST CG
1 08/02/05 -1.03
2 08/02/05 1.43
3 08/02/05 6.25
4 08/02/05 -0.52
5 08/02/05 0.68
6 08/03/05 3.17
7 08/14/05 1.42
8 08/14/05 3.13
9 08/14/05 2.17
10 08/14/05 2.40
11 08/14/05 237
12 08/20/05 9.62
13 08/20/05 3.48
14 08/20/05 5.53
15 08/25/05 3.92
16 08/25/05 0.00
17 08/25/05 2.18
18 08/25/05 0.98
19 08/26/05 6.15
20 08/26/05 18.20
21 08/26/05 237
22 08/26/05 478
23 08/26/05 2.73
24 08/26/05 8.47
25 08/26/05 6.05
26 09/10/05 0.00
27 09/13/05 4.13
28 06/02/06 3.02
29 06/13/06 1.35
30 06/13/06 2.53
31 06/13/06 0.37
32 08/06/06 0.00
33 08/06/06 6.43
34 08/06/06 0.00
35 08/24/06 3.93
36 08/25/06 2.20
37 08/27/06 2.65

AVERAGE 3.20
MEDIAN 2.53

CASE # 30-dBZ AT -10°C | 40-dBZ AT -10°C
1 5.10 5.10
2 7.27 7.27
3 14.55 9.48
4 8.08 3.02
5 6.73 6.73
6 33.25 33.25
7 16.05 10.97
8 14.72 9.63
9 12.23 7.18
10 19.60 14.55
11 12.42 7.35
12 41.38 36.32
13 9.60 9.60
14 30.32 25.23
15 15.08 15.08
16 15.52 15.52
17 22.05 22.05
18 12.08 1.92
19 31.03 15.88
20 26.57 26.57
21 24.55 9.32
22 12.42 7.35
23 17.67 12.60
24 17.45 17.45
25 9.82 9.82
26 16.03 0.93
27 15.62 5.60
28 23.27 18.38
29 5.37 0.48
30 4.10 4.10
31 6.65 6.65
32 22.32 17.53
33 17.75 12.98
34 6.37 6.37
35 16.85 11.97
36 14.68 9.73
37 12.53 12.53

AVERAGE 16.14 12.07




reached the -10°C isotherm height to when the first
lightning flash came to ground. The range of CG lead
times using this combination was from 4.1 min. (case
30) to 41.4 min. (case 12). In 15 of the 37 events, the
40-dBZ echo reached the -10°C isotherm during the
same scan as the 30-dBZ contour. In all the other
cases, the 40-dBZ echo crossed -10°C within one or two
subsequent volume scans after the 30-dBZ contour
scan. Therefore, the average time separation between
when the 40-dBZ contour reached the -10°C height and
the first CG flash was 12.1 minutes (Table 2). Variability
was also present, with a range of values from 0.5
minutes (case 29) to 36.3 minutes (case 12).

The average time separation between when the 30-
dBZ echo first reached the -10°C isotherm height to
when first IC flash occurred was 12.9 minutes. Less
than 9 minutes separated when the 40-dBZ contour
reached -10°C and the first IC discharge.

Much like the observed radar -characteristics
employed to forewarn the onset of CG activity in a
thunderstorm, several attempts were made to find a
correlation for the last occurring CG in each case (see
Sec 2.6). A 14.5 minute separation was found between
when the 50-dBZ echo last descended past the -10°C
isotherm height and the last CG flash. However, this
signature was only observed in approximately 65% of
the cases. Using the same reflectivity value at the
freezing level yielded a last CG lead time of 6.6 minutes.
This combination occurred in only 67% of the cases.
With both of these methods, the time value is measured
from the beginning of the radar volume scan in which
the 50-dBZ echo is last observed at the indicated height
to when the last CG flash occurred.

A more successful technique analyzed the
reflectivity characteristics of the radar volume scan
during the last CG flash. This radar volume scan will be
referenced as the “last CG scan”. The scan prior to and
after the last CG scan was also analyzed. It was found
when using the -10°C isotherm height as a point of
reference among the three scans, the radar reflectivity
fell below the 45-dBZ threshold during the last CG scan
and then down to 41.7 dBZ the following scan. With
reference to the freezing level, the radar reflectivity
descended past the 50-dBZ threshold during the last CG
scan, down from 51 dBZ during the previous scan to
47.5 dBZ in the subsequent scan. In each case, the
reflectivity at either level continued to decrease in
magnitude until the complete dissipation of the storm.

Based on these averaged characteristics, one can
say that when the 50-dBZ echo falls below the
environmental freezing level, it is likely that CG activity
is terminating. However, this result is from averaging all
37 cases together. As previously mentioned, not every
storm experienced 50-dBZ at 0°C. It appears to be a
more valid claim that CG activity is coming to an end
when the 45-dBZ echo falls below the -10°C isotherm.

3.3 Flash Duration and Flash Rate

Each convective cell had an average total flash (i.e.
LDAR detected flashes only) duration (or total flash time
interval) of 31.6 minutes. This duration was defined as
the total time from when the first VHF source was
detected to when the last IC flash occurred in a
thunderstorm. The CG duration was defined in a similar
way (i.e. time difference between first and last occurring
CG) and was slightly lower at an average and median
value of 25 minutes. It is important to note that case 34
had only one occurring CG, thus its CG flash duration
and flash rate is represented as zero.

Williams (2001) describe total flash rates of typical
non-severe, ordinary thunderstorms to be on the order
of 3 flashes min™'. On average, ordinary thunderstorms
have low flash rates. Other studies in the last ten years
using the LDAR network in Florida have confirmed the
low total flash rates found in this storm type (e.g., Rison
et al. 1996; Stanley et al. 1996). This current study had
total flash rates that were half the value found in
Williams’ study. Average and median flash rates (both
total and CG) were calculated for the 37 cases by
counting the number of flashes that occurred within
each event and dividing by the thunderstorm total flash
duration. The mean and median total flash rate as
detected by LDAR was 1.4 and 1.3 flashes min™,
respectively (Fig. 6). The average CG flash rate at 0.66
flashes min™ for the 37 cases was lower than the mean
total flash rate. Case 31 exhibited both the highest total
flash rate and the greatest CG flash rate with 4.2 and
1.6 flashes min™, respectively. Just over 22% of the
cases (i.e. cases 1, 8, 9, 10, 19, 20, 22, and 30) went
against the trend of thunderstorms having greater IC
flash rates than CG flash rates and recorded higher CG
flash rates than IC flash rates. However, cases 8, 9, 10,
and 29 actually recorded a greater number of CG
flashes than flashes detected by LDAR alone. This trait
goes against most lightning observations as it is
generally accepted that cloud flashes usually outnumber
ground flashes (MacGorman and Rust 1998, p. 190).

3.4 Percent Positive Flash

MacGorman and Rust (1998, p. 192) state that most
ground flashes in isolated storms lower negative charge
to ground. Flash statistics from a study by Orville (1994)
show that less than 10% of all ground flashes in the
United States lowered positive charge to the ground. In
a later study by Orville et al. (2002), the occurrence of
positive flashes was also below 10%, or 8.9% (when
ignoring peak currents less than 10 kA) across the
United States. The results of this study were about half
of Orville’s, with a mean percent positive flash
observance of 4.1%. Moderate variability existed
between each convective case, ranging from 0% to
23.1% positive flash occurrence. The standard deviation
for each case was 5.8%. 21 of the 37 cases (~57%)
contained no flashes lowering positive charge to ground.
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Fig. 6. Total flash rate (flashes min™) (blue bars) and CG flash rate (red bars) for each thunderstorm case. Note
the variability between each case. Cases 1, 8, 9, 10, 19, 20, 22, and 30 recorded a greater CG flash rate than IC

flash rate.

However, there is strong seasonal variation in the
positive ground flash percentage (MacGorman and Rust
1998, p. 192). All 37 cases in this study occurred during
the warm season over Houston, and research has found
that the positive flash percentage increases during cool
seasons and peaks during the winter (e.g., Takeuti et al.
1977, 1978, Orville et al. 1987, Reap 1991).

As mentioned in Section 2.2, positive flashes with
peak current of 10 — 20 kA were counted as CG only.
However, according to Cummins et al. (2006), flashes in
this range are likely a mix of IC and CG flashes. In this
current study, 76% of all the positive CG flashes had
peak currents between 10 - 20 kA. The greatest
magnitude of positive peak current was 31.69 kA found
in case 26.

3.5 Final Flash Observed

Also found was the occurrence and time delay of the
final flash observed by either the NLDN or LDAR
network (i.e. determining the type of flash that occurs
last). In twenty-six of the thirty-seven cases (~70%), the
last flash recorded was intracloud. The average time lag
between the last CG and the last IC in these 26 events
was 6.3 minutes. In seven of the remaining eleven
cases that recorded a CG as the last flash, the last
intracloud flash led to the final CG discharge. Cases 3,

10, 26, and 29 experienced the final CG discharge on
an average of 9.3 minutes after the last IC flash! In each
of these events, there was no LDAR support (i.e.
intracloud components) that accompanied these cloud-
to-ground flashes.

4. DISCUSSION

Several studies have attempted to use total lightning
(e.g. LDAR detected events) and CG flash data
characteristics as precursors to differing meteorological
phenomenon. Williams et al. (1989) state that the
detection of total lightning in thunderstorms forming in
weakly sheared environments (i.e. ordinary convection)
provides one short-term warning for microburst hazards
at low levels. Goodman et al. (1988) show that the peak
flash rate occurred 4 minutes prior to the microburst
onset in a storm in Alabama. Comparisons between
ground lightning flash activity and rainfall have also
been attempted. Holle and Bennett (1997) suggest that
by using criteria based on the duration of ground flash
activity, many flash floods in Arizona can be detected.
Piepgrass et al. (1982) found that peak rainfall occurred
within 10 minutes of peak flash rates in isolated storms
over Florida.
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4.1 Warning Time to First CG with LDAR Network

The effort to find a correlation between some
specific threshold (whether with radar or total lightning
networks) and the onset of CG lightning has been
reviewed (see Sec. 1.5). Furthermore, a study by
Goodman et al. (1988) showed that the first CG flash in
microburst thunderstorm was preceded by the initial IC
discharge by 5 minutes. In a sample of 13 storms over
Houston, Motley (2006) found an average of 12 minutes
between the first LDAR detected intracloud flash and the
first CG discharge. Similar to this study, Motley had
significant variability among the studied cases. Even
though the approach in his study and this current study
was similar, the significant increase in the number of
cases analyzed in this study possibly resulted in a
shorter CG warning time. This difference is attributed to
the limited total lightning data available at the time of his
study.

Various warning time results of 37 isolated, ordinary
thunderstorms over Houston have been presented. The
average warning time for the first CG flash using the
LDAR network alone was just over 3 minutes. This
outcome was accomplished by comparing the time of
first detected VHF source and the first NLDN detected
cloud-to-ground flash. Originally, the idea that the real-
time detection of total lightning by the LDAR network in
Houston could serve as a practical tool in forewarning
the public of cloud-to-ground lightning dangers that
typically occur in this storm type. However, with 3
storms exhibiting a negative CG lead time (i.e. the first
CG occurred before the first IC) and another 4 events
possessing a zero CG lead time, hope that this would be
a reliable tool has been removed. It is important to note
that the aforementioned cases that revealed a negative
CG warning time occurred during the first two LDAR
operational lightning events. While the necessary
number of sensors were operational during these two
days, it is possible that detection errors of the newly
functioning network could have resulted in “missed” VHF
sources.

Another issue with using the LDAR network to
forewarn the onset of CG activity is that three minutes
may not be enough time for the network to process the
first flashes of a newly developing thunderstorm and
display them online. The following description of the
real-time aspects of LDAR is from personal
communication with Joe Jurecka. Typically, the real-time
detection of VHF sources by the LDAR network is
mapped and viewed online (available from the World
Wide Web at http://www.met.tamu.edu/ciams/Idar).
However, in general, it takes between 30-75 seconds for
the LDAR computer to create the positions of VHF
sources and flashes the network detects in real-time.
Once every two minutes, the main LDAR computer
generates a new set of images to make available online.
The web page is automatically refreshed by the client
every 60 seconds. Therefore, it may take anywhere
between 30 seconds and 4.5 minutes for new flash data

to become available for use to forecasters, depending
on when new data is available and when the website
refreshes.

One can see that the processing time of the LDAR
network over Houston can exceed the three minute CG
warning time determined in this study. It appears that
using the LDAR network alone in the real-time detection
of IC flashes to forewarn CG onset is futile.

4.2 Warning Time to First CG with Radar

In this study, using the criteria of when the 30-dBZ
contour first reaches the environmental -10°C isotherm
proved to be the best method in forewarning the first CG
lightning flash. This method had an average warning
time of 16.1 minutes which is five times greater than the
previously mentioned method. Using the threshold of
40-dBZ at -10°C demonstrated a better lead time than
LDAR alone at 12.1 minutes (Table 2). The previous
studies mentioned in Section 1.5 had similar CG lead
times as compared to this study. Gremillion and Orville
(1999) found a median warning time of 7.5 min. when
using the criteria of 40-dBZ at the -10°C temperature
height for two consecutive volume scans. Hondl and
Eilts (1994) found a 15 minute warning time between the
first 10-dBZ echo aloft and the first detected CG
lightning strike in Florida thunderstorms. The best
predictor of CG onset in a study by Vincent et al. (2004)
was the initiation of 40-dBZ at -10°C for one volume
scan. This criterion brought about an average CG lead
time of 14.7 minutes. Wolf (2006) used a slightly
different approach than these other studies and found
that a 40-dBZ height at least 2.4 km above the U-10L
(the -10°C level within the thunderstorm updraft rather
than the ambient environment) would be useful for
predicting the cells that would go on and produce
“frequent/numerous” lightning strikes to ground. In his
study, no quantitative time was given for the separation
between the radar characteristic and CG activity.

Several schools of thought exist in determining the
best method to predict the onset of CG flashes using
radar. One such disparity is how to define the time
difference between the particular radar threshold and
the first CG flash. In general, every radar volume scan’s
time stamp is labeled with the time value of the lowest
(i.e. first) elevation scan in the volume. Some
researchers then adjust their CG warning times due to
the fact that radar scans upper-levels of a thunderstorm
(i.e. -10°C level) a few minutes after the start of the
volume scan (e.g. Vincent et al. 2004). Therefore, some
believe that using the time at the beginning of the radar
volume scan is not a true representation of the CG
onset signature. In contrast, this present study
calculated its warning time using the beginning of the
radar volume scan in which 30-dBZ (or 40-dBZ) first
reached the -10°C level. We picked this method due to a
forecaster’s inability to “dissect” a radar volume scan. In
real-time, a forecaster must wait for an entire radar
volume scan to finish before being able to view it scan-
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by-scan. As soon as a volume scan is available to use
and analyze, the radar is already on the next volume
scan. The single elevation scans of this subsequent
volume scan cannot be viewed until the entire volume is
completed. At the NWS Weather Forecast Office (WFO)
in Houston, forecasters can see each elevation scan in
real-time and do not necessarily have to wait on the
entire volume scan to finish. However, they are limited in
what can be done with these individual real-time scans
and typically just wait for the entire volume scan to finish

before doing analyses (Joe Jurecka, personal
communication).
Another question is whether the ambient

environmental isotherm levels or the modified updraft
isotherm levels should be used when doing radar based
CG warning time studies. As mentioned in the first
paragraph of this section, Wolf (2006) employs the use
of the -10°C level within the thunderstorm updraft, which
he labels U-10L. The purpose of this level is to bypass
the impact of environmental entrainment on the updraft
of the thunderstorm. Finding the U-10L in his study was
achieved with actual and model-forecast soundings that
were modified using surface observation data.
Conversely, we used the environmental isotherm level in
this current study because of the difficulty to
quantitatively know the modified updraft temperature
profile of a thunderstorm.

Utilizing a specific radar characteristic that precedes
the onset of CG lightning activity proved to be a superior
method than using the LDAR network alone. In addition,
the WSR-88D network is extensive compared to that of
total lightning networks. Therefore, the forewarning of
CG lightning using radar defined characteristics can be
developed and employed in additional locations across
the country.

4.3 Warning Time to Final CG

Several attempts were made to discover a feature
derived from specific storm properties that could
precede the last CG in isolated, ordinary thunderstorms.
Previous studies have shown various observations that
preceded the cessation of lightning activity in their
samples. Christian et al. (1980) found that lightning
activity ended when the radar echo reached its
maximum height. Wolf (2006) described that the criteria
used in his study to classify storms with no CG activity
could be using for anticipating lightning cessation in
electrified storms. He observed that when the 40-dBZ
echo was observed at 8 kft below the -10°C level, there
was a 100% probability of no cloud-to-ground lightning.
When the 40-dBZ echo was observed between 5-7 kft
below the -10°C height, there was a 94% probability of
no CGs. Therefore, he suggests that either one of these
criterion could be used in electrified storms to predict the
end of lightning activity. This technique was not applied
in his study but further work could test the plausibility of
such relationship.

Finding such feature would be beneficial to
forecasters that serve emergency managers in charge
of escorting the public to safety when a CG lightning
event occurs. Knowing when the final CG of any event
has occurred would be valuable information for any
community that is involved in outdoor sporting events,
recreation, etc. In this current study, efforts were made
to find a similar radar characteristic for forecasting the
onset of the first CG flash as described in Section 2.4.3
that can be applied to forecasting the last occurring CG
flash. The best approach was found by averaging the
radar characteristics (i.e. the maximum radar reflectivity
value) at the -10°C height found in the volume scans
prior to, during, and after the last CG flash. On average,
the maximum radar reflectivity at -10°C for the volume
scan prior to the last CG volume scan was 47 dBZ. The
mean radar reflectivity was 43.7 dBZ during the last CG
radar scan and 41.7 dBZ during the subsequent radar
volume scan. Based on the average (median) of 37
ordinary thunderstorms over Houston, one can infer that
the final CG flash will occur when the radar reflectivity
value of 45-dBZ (40-dBZ) falls below the -10°C
isotherm. As described in Section 3.2, using this method
but at the freezing level yielded results that based on the
average were acceptable, but the specific radar
characteristic (i.e. 50-dBZ at 0°C) was not observed in
every thunderstorm event presented in this study.
Variability did exist between each thunderstorm case
when applying this previously mentioned method. Weak
thunderstorms (i.e. 12 of 37 cases) had a tendency to
experience the above pattern prior to CG cessation and
strong thunderstorms (i.e. 6 of 37 cases) observed the
45-dBZ contour’s descent below the -10°C level after
the final CG flash.

5. CONCLUSION

Thirty-seven isolated, ordinary thunderstorms were
examined over Houston, Texas. Storm events occurred
in August and September 2005 and June and August
2006. Each cell was objectively picked using a set list of
criteria and carefully examined using the WDSS-II GUI
and several IDL programs. This storm type was picked
due to the inability to forecast its occurrence of lightning
coming to ground. Other storm types pose the same
difficulty in forecasting CG flashes. However, the other
common storm type to affect Houston is in the form of a
squall line. Squall lines that typically affect Houston
have already formed prior to entering LDAR range and
proceed through the entire network, sometimes without
much dissipation. Therefore, CG lightning has most
likely initiated outside of Houston and its occurrence can
be tracked with real-time displays of NLDN data. The
need to forecast said CG lightning in Houston is quite
low in most cases.

Analyses showed that using the LDAR network and
the NLDN in conjunction with each other provided a
mean CG warning time of only 3 minutes. This lead time
was much lower than originally anticipated and when
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compared to the radar results in Section 3.2, did not
provide much advancement in the CG forecasting realm.
Using the criteria of when the 30-dBZ contour first
reached the environmental -10°C isotherm proved to be
the best method in forewarning the first CG lightning
flash. The average CG warning time for this method was
16.1 minutes and was found to be similar to previous
studies.

Similarly, the LDAR network did not prove to be a
valuable tool in discerning when the last CG flash would
occur based on the observed IC flash characteristics. In
fact, it was found that in 70% of the cases, the last
occurring flash was intracloud. Therefore, we attempted
to find a radar characteristic that could forewarn the
occurrence of the last CG flash in this storm type. Based
on the average radar characteristics during the last CG
flash in each thunderstorm case, CG activity comes to
an end when the 45-dBZ echo falls below the -10°C
isotherm. However, more work needs to be done on a
larger sample and perhaps a different geographic
location to see if this pattern holds true.

Flash rate characteristics resembled those of
previous studies (i.e. low flash rates in accordance to
storm type) (e.g., Rison et al. 1996; Stanley et al. 1996).
The average total flash rate was on the order of 1.4
flashes min' and the average CG flash rate was 0.7
flashes min?'. A 4.1% positive flash occurrence,
according to this study, is comparable to other studies
(e.g., Orville 1994; Orville et al. 2002). Steiger et al.
(2002) shows that 5% of the ground flashes recorded
over Houston were positive, with an increase to 17%
during the winter months. It is important to note that in
all the statistics gathered and calculated, variability
among each case was quite high.

VHF sources are optimally detected within a 100 km
range from the LDAR center (Ely et al. 2007) while the
NLDN has a detection efficiency of 90-95% within the
interior of the United States (Cummins et al. 2006).
Detection efficiencies that remain slightly less than
perfect for each network may have allowed for some
error when analyzing VHF sources and ground flashes
for each convective case. Cases 1, 8, 9, 10, 19, 20, 22,
and 30 exhibited this possible error. Contrary to
common lightning characteristics, these eight cases
showed a higher CG flash rate than total flash rate. In
addition, cases 8, 9, 10, and 29 actually recorded a
greater number of CG flashes than IC flashes, which is
contrary to typical lightning characteristics (MacGorman
and Rust 1998, p. 190). These discrepancies raise
concern for the detection efficiency of either network on
these days.

This study was limited to 17 months (i.e. August
2005 — December 2006) of LDAR data, therefore, future
studies hope to increase the number of thunderstorm
cases to analyze as the LDAR network continues to
observe more lightning events. A similar study in
differing geographic regions of the country would be
beneficial as to observe if these lightning characteristics
vary depending on latitude, longitude, or climate. One

target location could be the Dallas — Ft. Worth (DFW)
area that has a preexisting LDAR network in operation.
Motley (2006) found a 6 minute time separation between
the first VHF source and the first CG in a small sample
of 9 storms over DFW. Future work for the Houston area
needs to utilize a large sample of both electrified and
non-electrified storms so that comparisons between the
radar reflectivity results found in this study can be
compared to non-electrified storms (e.g. Gremillion and
Orville 1999, Vincent et al. 2004).
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