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Abstract

Lightning initiation is a major forecast challenge faced by Air Force’s 45th Weather
Squadron (45 WS), which provides weather support to Cape Canaveral Air Force
Station and Kennedy Space Center (KSC). Prior studies by Thurmond (2014) and
Woodard (2011) have shown that dual-polarization (DP) radar can be used to iden-
tify the presence of hydrometeors indicative of cloud charging, leading to improved
lightning initiation forecasts. The 45 WS currently employs empirical lightning initi-
ation forecast rules which state that in-cloud lightning is likely when radar reflectivity
meets or exceeds 37.0 dBZ above the —10°C height. This study examined 249 convec-
tive cells from March 2012 to March 2014 in order to incorporate DP parameters into
existing forecast principles. In-cloud and cloud-to-ground lightning flash data were
obtained from the KSC Four Dimensional Lightning Surveillance System, and DP
radar data were obtained from the Melbourne, Florida WSR-88D radar. Lightning
initiation forecast lead times, probabilities of detection, and false alarm rates were
compared between 18 candidate DP-based forecast techniques and current techniques
employed by 45 WS. Of the 18 DP-based techniques tested, five outperformed existing

techniques based on forecast skill scores, but the overall improvements were limited.
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UTILIZING FOUR DIMENSIONAL LIGHTNING AND
DUAL-POLARIZATION RADAR TO DEVELOP LIGHTNING
INITTIATION FORECAST GUIDANCE

I. Introduction

1.1 Motivation

Lightning onset and cessation are major forecast challenges for the Air Force’s
45th Weather Squadron (45 WS). The 45 WS mission is to exploit the weather to
assure safe access to air and space by supporting operations at Cape Canaveral Air
Force Station (CCAFS), Kennedy Space Center (KSC), and Patrick Air Force Base
(PAFB). Those locations serve as America’s gateway to exploring and utilizing space
by facilitating up to 20 launches per year by National Aeronautics and Space Ad-
ministration (NASA), the Department of Defense (DoD), and commercial customers
(NASA 2014). In addition to direct launch support, 45 WS issues severe weather and
lightning advisories around-the-clock for 10 different warning circles with radii of 5 or
6 nm centered on areas of operational sensitivity (Roeder et al. 2014). Exploiting the
most accurate lightning onset and cessation prediction methods is vital to safeguard-
ing those sensitive areas, which include over $20 billion in equipment, facilities, and
25000 personnel. Timely and accurate forecasts also avoid wasted time and money
caused by false alarms or leaving an advisory valid longer than necessary.

Each year, 45 WS issues an average of 2500 lightning advisories, though this
number may decline slightly in the future due to streamlining the number of warning

circles from 10 to 13 in May 2014 (Roeder et al. 2014). 45 WS issues two tiers of



lightning advisories, a Phase-1 Lightning Watch and a Phase-2 Lightning Warning.
Forecasters issue a watch when lightning is expected within a warning circle within
the next 30 min. A watch is issued 30 min prior to when lightning is expected in order
to give operators adequate lead time to prepare for a thunderstorm. A warning is
issued when lightning is imminent or occurring within one of the circles. Warnings
are issued when either lightning aloft or cloud-to-ground (CG) lightning is detected
or imminent.

The high frequency of lightning advisories is a consequence of Florida being the
lightning capital of the United States. Based on National Lightning Detection Net-
work (NLDN) climatology from 1997-2011, regions of Central and Southern Florida,
including the area around CCAFS and KSC, experience over 14 CG lightning flashes
per square km per year (Vaisala 2013). The elevated lightning density over Florida
is primarily due to favorable regional conditions that permit a significant number of
airmass thunderstorms to occur throughout the year.

Locally developing airmass thunderstorms are the most challenging lightning events
for 45 WS to forecast. Frequently, small convective cells develop directly over an area
of operational sensitivity. This convection may just become a brief rain shower that
never produces lightning, or it can develop into a thunderstorm. Using weather radar
and other tools, 45 WS forecasters must determine if lightning will occur and when to
issue a lightning watch or warning, but these difficult forecasts can lead to numerous
false alarms or advisories that do not meet desired lead time. Thunderstorms that
form outside the areas of operation sensitivity and advect into the area are typically
much easier to forecast since their tracks and timing depend primarily on interrogat-

ing the steering flow aloft.



1.2 Historical Lightning Impacts

Space launch missions from KSC/CCAFS have been impacted by lightning since
the beginning of the space program. In November 1969, the Apollo 12 Saturn V
was struck twice by triggered lightning during liftoff. Triggered lightning occurs
when a rocket and its exhaust gases amplify existing electric fields and act as a
conductor between charges in the atmosphere and the ground. This triggered event
caused power supply and telemetry errors to the launch vehicle that nearly forced the
second moon landing mission to be aborted (Starr et al. 1993). In 1975, lightning
struck the processing facility containing the Viking 1 orbiter, causing substantial
damage. Another triggered lightning event occurred in 1987 when an Atlas Centaur
launch vehicle was struck, resulting in a total loss of the rocket and payload. These
significant lightning events, along with numerous minor ones, resulted in the strong
emphasis that the 45 WS places on lightning monitoring, detection, and sensitive
facility protection.

In addition to space launch impacts, lightning causes numerous fatalities and
monetary damages each year in the United States. Since 2004, lightning caused an
average of 234 injuries and 33 deaths per year, with Florida accounting for the most in
any one state (NOAA 2014). Lightning also caused insured property losses of $673.5
million in 2013, with an average claim amount of $5.87k (Insurance Information
Institute 2014). The addition of non-insured losses and lost productivity due to
suspending or delaying lightning sensitive activities causes the overall yearly economic

impact of lightning to be several billion dollars per year.

1.3 Existing Lightning Forecast Methods

New forecasters arriving at 45 WS typically have at least three years of forecast-

ing experience for various regions around the world. As part of newcomer training



covering specific forecast challenges associated with the space program and the East-
Central Florida region, 45 WS developed a computer-based training (CBT) entitled
Basic Orientation and Lightning Training (BOLT). The CBT was last updated in
2007 and includes nine lessons which discuss the physics of lightning, the different
lightning detection methods used by 45 WS, and forecasting techniques.

The forecasting lesson describes how to utilize radar reflectivity from either the
WSR-88D radar at the Melbourne, Florida airport (KMLB) or the local WSR-74
at PAFB to predict when lightning initiation or cessation is likely with an airmass
thunderstorm based on a set of conditions developed by Pinder in the early 1990s while
he worked as a forecaster and Deputy Launch Weather Officer at 45 WS (Roeder and
Pinder 1998). Table 1 contains the Pinder Principles for lightning cessation and six

different lightning onset scenarios.

Table 1. Pinder Principles for lightning initiation and cessation using weather radar.
Table adapted from Roeder and Pinder (1998).

Phenomena Lightning Type Radar Intensity Thermal Level Vertical Depth

Convective Cell In-Cloud 37.0 — 44.0 dBZ > —10°C > 3000 ft
Convective Cell Cloud-to-Groud 45.0 — 48.0 dBZ > —10°C > 3000 ft
Anvil Cloud In-Cloud > 23.0 dBZ > —10°C > 3000 ft
Anvil Cloud  Cloud-to-Groud > 34.0 dBZ > —10°C > 3000 ft
Debris Cloud In-Cloud 23.0 — 44.0 dBZ > —10°C Variable
Debris Cloud  Cloud-to-Groud 45.0 —48.0 dBZ N/A N/A
Cessation All Types When above conditions no longer exist.

1.4 Research Objective

Due to the high frequency of lightning advisories issued by 45 WS and the impact
lightning has on operations, it is crucial to advance their existing forecasting tech-
niques. On 27 January 2012, the KMLB WSR-88D upgraded to dual-polarization
(DP) capability (NOAA 2012), providing new parameters to include in lightning

initiation studies. Thurmond (2014) conducted initial research using DP at KSC/C-



CAFS and showed promising results. The purpose of this research is to build upon
the Thurmond (2014) study in order to develop guidance that outperforms a baseline
provided by the Pinder Principles. By examining WSR-88D reflectivity and DP prod-
ucts during the early stages of convective development, this study aims to increase
lightning forecast lead times and lower the number of false alarms beyond what the

baseline methods provide.

1.5 Preview

This chapter introduced the scope of the problem, and touched on working to
improve existing 45 WS lightning forecast methods. Chapter II provides a background
of the instruments being utilized for this study. It also examines airmass thunderstorm
development, lightning initiation, and relevant research already conducted. Chapter
IIT explains the methodology and archived data used to develop results. Chapter IV
details data analysis and research results, followed by Chapter V, which discusses the

conclusions and recommendations for future work.



II. Background

2.1 Airmass Thunderstorm Development

Airmass thunderstorms are isolated cumulonimbus clouds that develop due to lo-
calized convection in an unstable airmass (Wallace and Hobbs 2006). These storms
are also referred to as single-cell or pulse thunderstorms, due to a characteristic small
and centralized area of enhanced precipitation. The development of airmass thun-
derstorms is most common during the summer months in Florida, but can happen
throughout the year. Since these storms are the result of local convection, they differ
from thunderstorms that form along fronts, instability lines, or upper level troughs,
which are typically multicellular, more vigorous, and longer lasting. Thunderstorms
due to frontal systems are most common during the late fall to early spring seasons
in Florida.

Airmass thunderstorms require three basic ingredients to form: moisture, instabil-
ity, and lift. In Florida, abundant moisture is provided by the Atlantic Ocean to the
east and Gulf of Mexico to the west. Instability exists due to Florida’s sub-tropical
latitude and coincident strong solar heating. Lift is the most complex and variable
of the three ingredients. Over KSC/CCAFS/PAFB, lift exists as complicated inter-
actions between localized circulations, such as sea, river, and lake breezes, which are
most vigorous during the summer months. Other local low-level boundaries include
horizontal convective rolls, frictional convergence lines, and lake shadow lines (Roeder
2015). Preexisting thunderstorms can also produce outflow boundaries that can serve
as lifting mechanisms for future storms.

The sea breeze, onshore flow caused by differential heating between the land and
ocean, creates a sea breeze front over KSC/CCAFS/PAFB. This localized front acts

as a focal point for airmass thunderstorms. Additionally, the Banana and Indian



Rivers, which surround KSC, also cause localized circulations referred to as river
breezes. There are also numerous lakes in the region that produce minor localized
circulations. At low levels, many of these local circulations converge with one another,
serving as trigger points for lift and convection over the areas 45 WS supports, as
shown in Figure 1. Under some flow regimes, even the sea breeze front that forms
in Western Florida along the Gulf of Mexico can travel eastward across the state,

creating additional areas of convergence.
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Figure 1. The left image displays a typical sea breeze setup along the East-Central
Florida coast. Using a 5 km NAM forecast valid 1800 UTC 22 Jun 2014, 1000 mb wind
vectors are displayed in red with areas of convergence outlined in blue. The darkest
contours outline areas of maximum convergence. Low-level convergence acts as a lifting
mechanism that triggers airmass thunderstorms over KSC/CCAFS/PAFB (locations
displayed to right). The right image also outlines the 5 and 6 nm warning circles 45
WS provides coverage for. Right image adapted from (Roeder et al. 2014).



Airmass thunderstorms were studied in significant detail as part of the Thun-
derstorm Project during the late 1940s (Byers and Braham Jr. 1948). This project
pioneered the understanding of thunderstorm development, and its basic concepts are
still valid today. The study examined Florida and Ohio thunderstorms through use
of ground instruments, weather balloons, and flying P-61 aircraft through designated
levels of a thunderstorm (Byers and Braham Jr. 1948). The study broke the life cycle
of a thunderstorm into three stages of development: the cumulus stage, the mature
stage, and the dissipating or anvil stage.

The cumulus stage of development consists of an updraft that lifts warm moist
air, causing a cumulus cloud to form and expand. The cloud growth occurs as ris-
ing air expands and cools adiabatically, resulting in water vapor condensing on cloud
condensation nuclei. The updraft speed increases with height inside the cloud and en-
trainment occurs as air outside the cloud flows into the lateral edges of the developing
cumulus (Wallace and Hobbs 2006). The strong updraft, normally around 10ms™?,
can result in supercooled droplets existing above the freezing level and mixing with
frozen hydrometeors. The term supercooled droplets refers to cloud droplets that
exist as a liquid below a temperature of 0°C in the absence of sufficient nucleation
sites. The cumulus stage has a typical duration of 10-15min (Rogers and Yau 1989).

The mature stage begins when rain droplets, formed by collisions and coales-
cence of smaller cloud droplets within the updraft, start to fall as precipitation. The
falling droplets drag air particles downward, causing a downdraft to form (Wallace
and Hobbs 2006). The downdraft is also enhanced by evaporational cooling of rain
droplets below the cloud base. Downdrafts reach the surface as a core of cold air
where precipitation is occurring, altering the surface wind flow and initial buoyancy
characteristics that were present during the cumulus stage (Rogers and Yau 1989).

The top of the cloud cell extends to at least 25000-30 000 ft during the mature stage



and consists of liquid cloud and rain droplets, snowflakes, ice crystals, and graupel
(Byers and Braham Jr. 1948). Graupel is a rimed ice particle formed by the accretion
of supercooled cloud droplets on an ice crystal. Frozen hydrometeors, such as grau-
pel, can exist in a frozen state at temperatures above 0°C as they slowly melt while
descending in the downdraft, while supercooled droplets continue to exist in the re-
maining updraft regions. The interactions between these mixed phase hydrometeors
create areas within the cloud where charging occurs, and are important regions to
identify when predicting lightning initiation.

The mature stage typically lasts 15-30 min before giving way to the dissipating
stage (Rogers and Yau 1989). A storm dissipates as the downdraft circulation expands
and envelopes the entire cloud, cutting off the remaining updrafts (Wallace and Hobbs
2006). Without fuel from the updraft, the cumulus cell rains itself out and begins
to decay. This decay process can only be avoided if enough vertical wind shear aloft
exists to direct any lingering updrafts away from the precipitation induced downdraft.
However, within a typical airmass thunderstorm over Florida, the vertical wind shear
is generally very weak or non-existent. An airmass thunderstorm without sufficient
vertical shear to maintain the updraft has a complete lifetime of 55-75 min (Rogers
and Yau 1989). The three stages of airmass thunderstorms development, including

the associated updraft and downdraft motions, are depicted in Figure 2.

2.2 Cloud Electrification

The electrification of a developing airmass thunderstorm occurs due to a combina-
tion of several processes. lon capture mechanisms, inductive charging of rebounding
particles, non-inductive charging, and convection methods have all been studied and
hypothesized to contribute to electrification in the atmosphere (MacGorman and Rust

1998). However, most of those processes are too slow to support electrification over
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Figure 2. A graphical depiction of the three stages of airmass thunderstorm develop-

ment. The red arrows represent the general flow associated with each stage of devel-
opment. Image adapted from (Byers and Braham Jr. 1948).

the relatively short duration of an airmass thunderstorm. Of the four methods men-
tioned, the only one that supports the rapid buildup of charge and is examined in
this study is the non-inductive charging mechanism.

Non-inductive charging resulting from the graupel-ice mechanism is generally ac-
cepted as the dominant electrification process in thunderstorms (Wallace and Hobbs
2006). Non-inductive implies that the hydrometeors involved are not required to be
polarized by the ambient electric field. The graupel-ice mechanism produces charges
through collisions between falling graupel and stationary to upward moving ice crys-
tals that make up portions of the cloud (MacGorman and Rust 1998). This interaction
occurs as small, light ice crystals ascend with the updraft, while graupel gains mass
through accretion and descends once it becomes too heavy for the updraft to support.

Supercooled water droplets must also be present during the charging process as they

10



have been experimentally shown to facilitate significant charge transfer (Reynolds
et al. 1957).

The collisions between graupel and ice create a main charging zone, consisting
of a net negative charge between the —10°C and —20°C temperature levels in the
cloud (Rakov and Uman 2003), with a mean height of —15°C (Reynolds et al. 1957).
Experiments to determine exactly where this negative charge region occurs have found
that it depends on a number of factors, including ice crystal dimension, particle
relative velocity, liquid water content, and chemical impurities (Jayaratne et al. 1983).
The negative charge zone around —15°C, combined with net positive charges in the
upper and lower regions of the storm, creates a vertical tripole structure in the charge
distribution within an airmass thunderstorm. The positive charges in the upper region
are caused by an upward flux of charged ice crystals, and the lower region charge is

caused by falling graupel that is positively charged (Wallace and Hobbs 2006).

2.3 Lightning Discharge

Lightning occurs when the electric fields created by a developing thunderstorm ex-
ceed approximately 3 x 10°V m™ (Rakov and Uman 2003). This is the field strength
required for the dielectric breakdown of cloudy air at altitudes near 6 km, but it can
vary depending on factors such as altitude and the presence of hydrometeors. Aircraft
measurements have shown that large scale electric fields within a thunderstorm are
typically near 3 x 10° Vm~! (MacGorman and Rust 1998), which are too weak to
cause the initial dielectric breakdown of the air. This discrepancy has led researchers
to suggest that lightning initiates as a result of emission of positive corona from the
surface of precipitation particles, causing the electric field to become locally enhanced
and supporting the propagation of a corona streamer (Rakov and Uman 2003).

A lightning flash consists of that initial breakdown, followed by a stepped leader.

11



Stepped leaders lower charge from the cloud to the location of lightning termination.
Each leader has a typical length of 50 m and duration of 20-50 ps (Rakov and Uman
2003). The leader then connects to a grounded object during the attachment process.
The grounded object can either be the ground itself or a region of opposing charge
aloft. The attachment process is followed by the return stroke. A return stroke
is the most luminous lightning process and is a flow of current through an ionized
channel between the cloud and the lightning termination point (Rakov and Uman
2003). A lightning discharge often consists of an initial return stroke followed by
several subsequent return strokes. The initial return stroke typically propagates at
1/3 to ?/3 the speed of light. Any subsequent strokes are usually initiated by dart
leaders, which are similar to stepped leaders, except they follow the path initially

created by the return stroke.

2.4 Lightning Detection

Due to the sensitivity of operations at KSC/CCAFS/PAFB, a vast network of
lightning and electric field monitoring instruments is installed. There are four ma-
jor systems, which when used in conjunction, provide a near 100% detection rate of
lightning in and around the location of the sensors (Roeder 2010). The principle light-
ning detection system used by 45 WS is the Four Dimensional Lightning Surveillance
System (4DLSS). This system detects lightning aloft using the Lightning Detection
and Ranging System (LDAR), and CG lightning using the Cloud-to-Ground Light-
ning Surveillance System (CGLSS). The two other systems frequently utilized are the
NLDN and a locally developed Launch Pad Lightning Warning System (LPLWS).

12



2.4.1 LDAR

LDAR detects lightning aloft, which includes cloud-to-cloud (CC), intra-cloud
(IC), and cloud-to-air (CA) lightning. It can also detect CG lightning, but is unable
to accurately depict the location of a ground strike. LDAR was developed by NASA
scientists in the mid 1970s to assist with lightning research at KSC. The first LDAR
became operational in the early 1990s (Starr et al. 1993), and quickly became an
essential tool for lightning detection and advisory issuance. The original system,
LDAR-I, consisted of seven VHF radio receivers with a 66 MHz center frequency and
6 MHz bandwidth. The network consisted of a central receiver at KSC surrounded by
six additional receivers spaced approximately 10 km apart. Due to the high cost and
difficulty to maintain the aging LDAR-I sensors and central processor, it was replaced
by LDAR-IT (Roeder 2010). The installation of the new system began in 2006, and
it became operational and started archiving data in 2008.

LDAR-II operates using the same receiver frequencies as LDAR-I, though the
system now consists of nine receivers spread throughout KSC, CCAFS, and other
nearby areas. The system uses a time-of-arrival method to determine the time, X
(east/west), Y (north/south), and Z (altitude) coordinates of an electromagnetic
(EM) discharge from a stepped leader. When a stepped leader occurs, the time of
the resulting EM pulse is recorded by each receiver, and a hyperbolic volume solution
between pairs of receivers is calculated (Roeder 2010). A three dimensional location of
the stepped leader is then determined by the intersection of four different hyperbolae
solutions. Due to the short duration of the stepped leaders, LDAR-II requires timing
precision to a millionth of a second, and the system must automatically perform a time
calibration event every four seconds. For visual reference, two and three dimensional
images of LDAR-II data are displayed in Appendix A. Additionally, since LDAR-II

is the current system in operation, subsequent references will refer to it as LDAR.
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2.4.2 CGLSS

CGLSS is used to detect the polarity and impact location of CG lightning. The
original system was installed during the summer of 1979, but has been upgraded sev-
eral times over the years, and is now referred to as CGLSS-II (Mata and Wilson 2012).
CGLSS-II currently consists of six sensors, but the sensors are no longer manufactured
and limited replacement parts exist. Therefore, any future sensor degradation will
likely require replacement of the entire system in the next few years (Roeder 2012).
With a six sensor configuration, CGLSS-II has a CG lightning detection rate near the
launch pads of 96% with strike location accuracy of 330 m. Further references to the
CGLSS-II system will use the term CGLSS.

CGLSS utilizes magnetic direction finding and time-of-arrival methods to resolve
the location of a return stroke (Roeder 2010). Each sensor consists of two wire-loop
antennas that detect currents induced by magnetic fields associated with a return
stroke. The current generated in the loops is related to the magnetic field strength
of the return stroke by the cosine of the angle between a loop antenna and the
direction of the lightning strike. The direction of the flash can then be determined
by comparing voltages generated in each antenna loop (Cummins et al. 1998). At
least two sensors are required to determine a location using magnetic direction finding
(Roeder 2010). Using the time-of-arrival method, three or more pairs of sensors are
used to determine lightning position in a similar fashion as LDAR, with the exception
that CGLSS is optimized to detect EM frequencies associated with return strokes.
All six CGLSS sensors in combination provide multiple solutions for each detection
method, so a single optimized ground location is calculated based on a statistical
chi-squared minimization (Roeder 2010).

CGLSS can detect multiple return strokes in real-time, which allows 45 WS to

pinpoint exactly where strokes impact the ground and what facilities may have been
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struck. Rakov and Uman (2003) state that the current associated with a return stroke
likely results in the most damage caused by a lightning strike. When CG lightning
occurs, CGLSS provides an advantage over LDAR , which loses detection efficiency
below an altitude of 1.0km (Roeder et al. 2005). CG lightning strike locations are
compiled daily by 45 WS and reported to operators and facility managers. This is
to ensure that proper testing is completed on sensitive payload and launch vehicle
electronics that are within a specific proximity of CG lightning strikes (Roeder et al.

2005). A map of the 4DLSS sensors, which includes LDAR and CGLSS, are depicted

in Figure 3.
LDAR Sensor ®
50’ 4 CGLSS Sensor @ | F
40+ L
30’- @ b
®
20’- 3
@&
10’- -
28°N r r r ' r
81°W 50’ 40’ 30’ 20’

Figure 3. Locations of the 4DLSS sensor network. The three westernmost CGLSS
sensors are located within 300 m of LDAR sensors.
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2.4.3 NLDN

The NLDN is a commercial lightning detection system operated by Vaisala. It
consists of more than 110 remote sensors across the United States, including one just
north of PAFB (Vaisala 2013). The network operates using principles and equipment
analogous to CGLSS. Each NLDN sensor detects EM signals associated with return
strokes and uses magnetic range finding and time-of-arrival information to determine
the time, location, polarity, and amplitude of CG lightning. The NLDN can also
detect lightning aloft, but it has a significantly lower detection efficiency than LDAR.
Due to sensor spacing differences and detection range requirements of the NLDN and
CGLSS, each system can lose detection efficiency based on the intensity of a return
stroke. The NLDN loses detection efficiency for weak return stokes near KSC/CCAFS
with a peak current below 7kA, which CGLSS can detect (Roeder 2010). Conversely,
CGLSS can fail to detect strong local return strokes with peak currents above 50 kA,
which the NLDN can detect. Therefore, using the two systems in conjunction ensures

maximum CG lightning detection efficiency for 45 WS.

2.4.4 LPLWS

The LPLWS is a network of 31 electronic field mill sensors spread across KSC and
CCAFS. Each field mill measures the surface electric potential, and uses that infor-
mation to generate and display electric field contours in kV m~! based on one minute
averages (Eastern Range Instrumentation Handbook 2003). When a thunderstorm
or developing convective cell moves toward a field mill, the charge within the cloud
will cause significant changes to the ambient electric field measured at the sensor.
The induced charge can either become strongly negative or positive, depending on

the type of cloud and its corresponding charge distribution.
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Murray et al. (2005), Beasley et al. (2008), and da Silva Ferro et al. (2011) con-
ducted studies relating lightning onset to electric field mill readings, but encountered
mixed results. Overall, it was found that measured changes in the ambient elec-
tric field were limited in trying to predict exactly where and when a lightning strike
would occur. Despite this limitation, LPLWS is a key component of the lightning
launch commit criteria (LLCC) that 45 WS must evaluate during a launch process.
The LLCC are a set of 12 rules developed to avoid triggered and natural lightning
(Roeder and McNamara 2006). Since rocket triggered lightning can occur when there
are no thunderstorms present, electric field data is a useful tool for assessing the risk.

Surface electric fields with absolute values over 1.0kV m™!

cause delays when con-
vective clouds are present. Values over 1.5kV m™! within 5 nm of the flight path will

delay launches by at least 15 min, independent of what cloud types are present.

2.5 Weather Radar

Two weather radars provide coverage of the 45 WS forecast area. One is the
WSR-88D at KMLB, operated by the National Weather Service (NWS), and about
50 km south of KSC. The other is a Radtec Titan C-Band Doppler Radar with a 4.3 m
antenna and 250 kW average transmission power (TDR 43-250). This radar was in-
stalled in 2009, replacing the WSR-74 at PAFB (Roeder et al. 2009). The TDR 43-250
is controlled locally by 45 WS, and is installed 43 km southwest of the KSC/CCAFS
launch pads. This location is optimized for evaluation of radar signatures related to
the LLCC and to track the local sea and river breeze fronts. The TDR 43-250 does
provide DP capability, but due to a lack of archived data and limited performance
testing, the TDR 43-250 was not used in this study, and will not be discussed in
further detail. A map displaying the the locations of the KMLB WSR-88D and the
TDR. 43-250 is shown in Figure 4.
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Figure 4. Locations of the two weather radars in East-Central Florida utilized by 45
WS forecasters. The general locations of installations 45 WS supports are also shown.

2.5.1 WSR-88D

The WSR-88D at KMLB is one of 160 installed across the United States and
select locations overseas (NWS 2014). It is an S-Band Doppler radar with a 10 cm
wavelength. The radar operates by transmitting EM pulses with an average power
of 450kW (NWS 2014). It then measures EM waves reflected by targets, such as
raindrops, to determine intensity, location, and movement. The two main operating
modes of the radar are clear air and precipitation. The radar is operated in clear air

mode when precipitation is not expected, and it takes 10 min to complete a volume
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scan. In precipitation mode, the radar completes an entire volume scan every 4-6 min
depending on the specific volume coverage pattern (VCP) in operation. Precipitation
mode VCPs are tailored based on precipitation type, and they provide more elevation
slices than clear air mode VCPs. The WSR-88D has a maximum range of 230 km.
Before 2011, all WSR-88Ds only transmitted and received EM pulses with horizon-
tal polarization (NWS 2014). As of 2014, over 150 sites had upgraded to DP, which
transmits and receives backscattered EM pulses with both horizontal and vertical po-
larization. This allows the radar to estimate the horizontal and vertical dimensions of
targets, providing improved size, shape, and diversity characteristics of hydrometeors.
Those characteristics permit the ability to discriminate between types of hydromete-
ors, such as rain, snow, hail, and ice, as shown in Figure 5. Even though WSR-88Ds
were only upgraded to DP capability over the past two to three years, the theory and
applications of polarimetric weather radars has been studied extensively for over 30

years (Bringi and Chandrasekar 2001).

= Hail

& Rain

Figure 5. Illustration showing the vertically and horizontally polarized waves utilized
by a DP weather radar. The backscatter from the two waves can provide information
about the size and shape of a target. Public domain image courtesy of NWS (2014).
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WSR-88D data is available to users through Level-II and Level-III datasets. Level-
IT is the base data at normal resolution and consists of reflectivity, spectrum width,
and mean radial velocity measurements (NWS 2014). Base data is also used to
produce derived products, which include vertically integrated liquid (VIL), storm
total precipitation, and several DP products. Level-III data consists of 41 products
that are available as digital images directly from the NWS. This format was developed

to use less bandwidth and is therefore at a lower resolution than Level-1I data.

2.5.2 Reflectivity

Radar reflectivity is the most heavily utilized WSR-88D product for short-term
weather forecasting and lightning initiation studies. This is due to the direct cor-
respondence between reflectivity and precipitation intensity. Reflectivity values are
determined by first calculating the power the radar receives from a target volume
(Rinehart 2010). Using the Rayleigh assumption, which applies since hydromete-
ors are typically much smaller than the radar’s transmitted wavelength, the power

equation is:
_ TpigPhoct| KLz
Pr= 024 m(2)22?

(1)

where p; is the transmitted power, ¢ is the gain, ¢ and ¢ are the horizontal and
vertical beam widths, ct is the pulse duration (¢) multiplied by the speed of light (c).
K represents the complex portion of the index of refraction, [ represents attenuation,
z is the radar reflectivity factor, A is the wavelength, and r is the distance from the
radar (Rinehart 2010). For a given radar, including the WSR-88D, py, g, 0, ¢, t, and
A are constant parameters. A specific value for K can also be specified assuming that
the radar is primarily interested in interrogating liquid hydrometeros. Additionally,

the attenuation is ignored, since it is often unknown. Grouping all the constants
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together, the radar equation becomes:

where ¢ combines the constants above (Rinehart 2010). The equation can then be
rearranged to solve for z:

z = copyr? (3)

which indicates that the radar reflectivity factor is proportional to the power received
and the range squared. A final adjustment to this equation is made to account
for the variation between the size of particles in a sample volume. The size can
range from very small fog droplets at 0.001 mm®m™2 to hail which can be as large
as 36 000 000 mm® m~3. To account for the huge range of values, a logarithmic radar

reflectivity value of Z can be defined as:

z
Z =10logi 5 = (4)

where Z is in units of decibels (dB) relative to 1 mm®m~= (dBZ). The logarithmic
adjustment results in a range of Z values from near —30.0 dBZ for fog to 77.0 dBZ for
large hail (Rinehart 2010). All preceding usage in this document of the terms “radar

reflectivity” or simply “reflectivity” referred to Z.

2.5.3 Differential Reflectivity

Differential reflectivity (Zpg) is a DP product that is calculated using the hori-

zontal (zp) and vertical polarization reflectivity factor (zy):

Zpr = 10log,y 2 (5)
v

21



with Zpr measured in dB (Rinehart 2010). Since Zpg includes measures of the
vertical and horizontal axis of a target, it is valuable in determining the shape of
hydrometeors. Objects that are spherical will have nearly identical values of zy and
2y, resulting in Zpg values near 0.0dB while non-spherical objects will either have
positive or negative Zpgr values depending on the ratio of zy to zy. Zpg can also
be enhanced by increases in the complex refractive index. Water droplets, which
have a higher complex refractive index than ice, have higher Zpr than solid ice
pellets of similar size and shape (Kumjian 2013a). When reflectivity is measured

logarithmically using Zy and Zy, Zpg is more simply defined as:

Zpr =4y — Ly (6)

Zpr can vary greatly for different types of hydrometeors. Large raindrops experi-
ence drag as they fall, causing them to flatten and spread out horizontally, increasing
Z pr relative to smaller drops, which do not experience as much drag and deformation
(Kumjian 2013a). Since rainfall is typically heavier when larger drops are present,
Zpr can be used to determine rainfall intensity. Though Zpr measurements are use-
ful for rainfall estimates, they can vary dramatically when examining hail and graupel
due to variable hailstone shapes and sizes. Most hailstones are spherical, producing
Zpr close to 0.0dB. Very large hail can even produce negative Zpr when the stones
become large enough (> 5cm in diameter) that complex resonance scattering effects
become important (Kumjian 2013a). Despite the variation in Zpg for hail, it can be
useful for detecting large hail by comparing areas of high Zy to areas of low Zpg,
and also by identifying where near 0.0dB Zpgr values are embedded in areas of high
Zpr caused by heavy rain (Bringi et al. 1984).

Within a convective cell, a column of enhanced Zpg values can exist above the

freezing level in what is known as a Zpg column. These columns of enhanced Zpg,
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with values up to 3.0-4.0dB, identify the location in convective updrafts where super-
cooled water droplets and wet ice particles are lofted to altitudes above the freezing
level. Zpgr columns tend to exist within the updraft maximum of ordinary convec-
tive storms and along the periphery of the updraft maximum in supercells (Kumjian
2013b). Due to their presence in ordinary convective storms, Zpgr columns can be
useful in identifying when a convective cell has the sufficiently strong updraft and
mixed phase hydrometeors, such as graupel and supercooled water droplets, neces-
sary to produce the charging required for lightning initiation. Zpg columns can best

be identified using a vertical radar cross section, which is shown in Figure 6.

Figure 6. A radar cross-section with Zpgr on the left and Z on the right. A well defined
column of Zpr > 1.0dB extends within the updraft core of this storm from the 0°C
to —10°C heights.

2.5.4 Specific Differential Phase

Specific differential phase (Kpp) is a DP product that is calculated by examining

the phase difference between the vertically and horizontally polarized radar signals
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(Rinehart 2010). When EM radiation propagates through hydrometeors that are not
perfect spheres, it results in a phase shift that varies between horizontal and vertical
polarizations (Kumjian 2013a). This is known as differential phase (¢pp), which is

defined as:

¢DP = (bHH - (bVV (7)

where the first subscripts of ¢yy and ¢y each represent a phase shift between
the received and transmitted energy due to attenuation by a target. Once ¢pp is

calculated, Kpp can be defined as:

_ ¢DP(?"2) - ¢DP(7“1)
KDP - 2(7“2 — Tl)

(8)

with Kpp measured in °km~! (Rinehart 2010). By defining ¢pp in terms of half the
range derivative, it provides a gradient of values along the radial direction, which can
be more useful than examining ¢pp alone.

Positive Kpp is found in areas of rainfall, since falling raindrops are wider than
they are tall, causing greater phase shifts along the horizontally polarized EM radia-
tion (Kumjian 2013a). Therefore, Kpp can be useful to determine rainfall rates and
total precipitation amounts. Kpp is not very useful for interrogating hail or snow,
since they have Kpp values near 0.0°km~! in most cases. However, for mixed phase
hydrometeors, such as melting hail, the water shell around frozen ice can result in
Kpp values of 6.0-8.0°km ™. It has also been shown that strong electric fields in the
ice regions of convective cells can align ice crystals horizontally or vertically, resulting
in either negative or positive Kpp values aloft (Kumjian 2013a). This alignment is
caused by strong electric fields near the top of a convective cloud and can be indicative

of impending lightning.
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2.5.5 Correlation Coefficient

Correlation coefficient (pgy) is a DP parameter that measures the correlation

between the horizontally and vertically polarized signal. It is defined as:

B (SyvSum)
PV = TSP (S P ©)

where S and S* are the scattering matrices and the H and V subscripts represent the
received and transmitted polarizations (Rinehart 2010). pgy is useful in determining
the diversity of scatterers in the radar sample volume. Regions dominated solely by
rain will have pgy at or just below 1.0, while frozen hydrometeors, which are more
randomly orientated have pgy values below 0.95, and as low as 0.80. This results in

prv being useful for determining preci