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ABSTRACT

Although tropical cyclone (TC) track forecasts have improved considerably in recent years,
predicting their intensity continues to be a challenge for both meteorologists and numerical
models. A storm’s path is primarily influenced greatly by large-scale atmospheric circulations;
however, its strength appears to be dominated both by large scale influences and small-scale
mechanisms within the storm itself. Most previous research on TC intensity change has
employed either numerical modeling or diagnostic approaches using traditional meteorological
parameters. Only recently have studies begun to examine electrification as a means for assessing
the potential for intensification. Several papers have considered lightning as a proxy for storm
intensification, mostly using data from Vaisala’s National Lightning Detection Network (NLDN)
and Long-Range Lightning Detection Network (LLDN). However, they mostly have examined
individual TCs.

This study uses LLDN data to study 45 Atlantic Basin TCs between the years 2004 and
2008. Using the National Hurricane Center’s (NHC) best track dataset, lightning data are
collected for each TC out to a 500 km radius. Parameters including storm intensity, intensity
change, environmental vertical wind shear, storm motion, and flash count are compiled at each
NHC best track position. The data at each position then are categorized in several ways,
including change in intensity. These methods allow us to examine relations between composites
of storm intensity/intensification and convective distribution and frequency.

Distributions of cloud-to-ground (CG) flash density with respect to storm motion and speed
show that lightning generally is preferred in the TCs’ right front and right rear quadrants.
Hurricanes produce the greatest flash densities during relatively slow forward motion, while
tropical depressions and tropical storms exhibit greater flash densities during faster forward
motion. Storm-relative CG flash distributions during weakening, no pressure change, and slow
intensification (-5 to 0 hPa 6 h™') exhibit the same right front and rear quadrant preference as the
TC intensity categories. Flash densities are greatest during periods of faster intensification, with
a nearly symmetric presentation in the inner core region.

When computing flash densities with respect to environmental deep layer wind shear, TCs

exhibit a strong preference for lightning in the downshear left and right quadrants of the inner
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core (0-100 km) and outer rainbands (100-300 km), respectively. Tropical storms and hurricanes
best show this relation, with TDs exhibiting a stronger preference for lightning in the downshear
right quadrant. Relatively weak wind shear produces greater flash densities in all TC intensity
categories. Conversely, storms experiencing strong shear exhibit smaller flash densities in all
TC categories due to the disruption of deep convection. During periods of faster intensification,
maximum flash densities are located in the inner core, with weakening, no change, and slow
intensification periods containing greatest density in the outer rainbands. Average flash rates and
flash densities are found to be greatest for weaker TCs (tropical depressions and tropical storms)
with smaller flash rates and densities in hurricanes.

Considering intensity change, periods of faster intensification exhibit significantly
greater flash rates than periods of weakening, no pressure change, and slow intensification. Only
weak relations are found between flash rates and intensity change, with the strongest relationship
occurring when lightning lags (occurs after) the pressure change period. Lightning preceding
(occurring before) the pressure change period exhibits the weakest relationships in all TC
intensities. Correlations between CG lightning and sustained wind speed indicate that there is no
preferred timing between maximum lightning activity and maximum sustained winds. Instead,
maximum correlations occur during periods when greatest lightning activity both precedes and
lags the maximum sustained wind. These results indicate that lightning is poorly correlated with

intensity change and can be regarded as a poor choice for intensity forecasting.
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CHAPTER 1

INTRODUCTION

Our understanding of tropical cyclones (TCs) has improved greatly in recent decades. The
increasing availability of buoy and satellite data as well as aircraft reconnaissance observations
have contributed to more accurate TC track forecasts (Fig. 1a) (e.g., Goerss et al. 2004; Aberson
2002, 2003, 2010); however, TC intensity forecasting continues to perplex the scientific
community. There has been virtually no improvement in TC intensity forecasts during recent
decades (Fig. 1b) (e.g., DeMaria and Kaplan 1999; DeMaria et al. 2005; Krishnamurti et al.
2005; Houze et al. 2006).

NHC Official Annual Average Track Errors b NHC Official Annual Average Intensity Errors
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Figure 1. National Hurricane Center (NHC) a) annual average track errors (1990-2009) and
b) annual average intensity errors (1990-2009) (from NHC’s forecast verification page
http://www.nhc.noaa.gov/verification/verify5.shtml?).

Tropical cyclones primarily have been monitored using infrared and visible satellite imagery
from geostationary platforms, microwave imagery from polar-orbiting satellites, and aircraft
reconnaissance. Of these, only geostationary satellite data provide nearly continuous surveillance

of tropical features; however, these data often are degraded by TC-related cirrus that can mask



important structural features. Polar-orbiting satellites make infrequent passes over individual
features, and aircraft data are only available intermittently.

Lightning has been investigated as a possible indicator of TC intensification. Lightning
observations over oceanic regions have increased with the development of several detection
networks including the World Wide Lightning Location Network (WWLLN) (Jacobson et al.
2006, Rodger et al. 2005, 2006), Vaisala’s National Lightning Detection Network (NLDN),
Long Range Lightning Detection Network (LLDN), and most recently, the Global Lightning
Dataset (GLD360) (Demetriades and Holle 2005, 2008; Demetriades et al. 2006, 2010). Data
from these networks are useful in monitoring TCs since they provide real-time continuous
information during both day and night, can monitor TC convection over the open oceans, and in
the case of the WWLLN and GLD360, globally. The development of these networks has enabled
forecasters and scientists to observe convectively active regions within TCs.

Investigations of lightning in the tropics are not new. Studies have emphasized the relevance
of lightning frequency and distribution as possible signals of TC intensity change (Lyons and
Keen 1994; Samsury and Orville 1994; Molinari et al. 1994, 1999; Corbosiero and Molinari
2002, 2003; Demetriades et al. 2006, 2010; Squires and Businger 2008; Demetriades and Holle
2005, 2008; Price et al. 2009; Abarca et al. 2010; Molinari and Vollaro 2010). Recent research
also has focused on electrical activity in tropical waves (Leppert 11 and Petersen 2010; Leary and
Ritchie 2009). Each has attempted to provide new understanding about the role of lightning in
TCs, and more importantly, whether lightning data can be used to improve both short and long-
term intensity forecasts.

The role of microphysical properties that lead to lightning generation within TCs and
tropical convection has received considerable attention (Black and Hallet 1986, 1999; Cecil and
Zipser 1999; Cecil et al. 2002a, b; Toracinta et al. 2001, 2002; Fierro et al. 2007; Khain et al.
2008, 2010). Wiloughby et al. (1985) and Black and Hallett (1986, 1999) were among the first to
study the role of cloud microphysics in the electrification of TCs. They found that outside of
strong convective cells in the inner core and outer rainbands, TCs lacked sufficient supercooled
water to produce large amounts of lightning. Lightning was most common in updrafts exceeding
5 m s because they contained more supercooled droplets, graupel, and ice particles above the
melting level. Furthermore, updraft speeds and lightning associated with typical oceanic

convection and tropical systems have been found to be much less than those of typical mid-



latitude continental thunderstorms (Zipser and LeMone 1980; Jorgensen 1984; Willis and Marks
1987; Jorgensen and LeMone 1989; Lucas et al. 1994; Igau et al. 1999).

Passive microwave techniques have been employed to study the lightning and microphysics
in TCs. Cecil and Zipser (1999), Cecil et al. (2002a, b) and Toracinta et al. (2002) used the
Tropical Rainfall Measuring Mission (TRMM) satellite to observe 85 GHz and 37 GHz
brightness temperatures as well as associated total (intra-cloud (IC) plus cloud-to-ground (CG))
lightning from the TRMM Lightning Imaging Sensor (LIS). They determined that lightning
frequency was greater for tropical continental convection than for tropical oceanic systems
because the continental storms contained stronger updrafts that could support larger quantities of
ice particles and graupel above the melting level. Cecil et al. (2002a, b) analyzed characteristics
of lightning and ice scattering by categorizing storms into three radial regions. Their results
indicated that lightning was most prevalent in the regions farthest from the storm center (the
outer rainbands), with somewhat less activity in the eyewall and a minimum in the inner
rainbands. Fierro et al. (2007) simulated a hurricane-like vortex, with results showing maximum
total lightning in the eyewall and outer rainband regions where the strongest updrafts were
located.

The role of aerosols in relation to TC lightning also has been explored (e.g., Khain et al.
2008, Sun et al. 2008; Khain et al. 2010). Khain et al. (2008) focused on the role of landfall in
the lightning pattern and whether continental aerosol intrusion was important in cloud
electrification. Using a 2D mixed-phase cloud model, they found that the introduction of aerosols
into TCs increased the content of ice and supercooled water and updraft strength in outer
rainband convection, leading to greater lightning activity. Similarly, Khain et al. (2010) used the
WRF model and spectral bin microphysics to simulate the impact of aerosols on hurricane
Katrina (2005). Their results showed that aerosol entrainment ~20 h before Katrina (2005) made
landfall resulted in weakening and increased lightning at the TC’s periphery. These studies
argued that landfalling TCs would experience an increase in outer rainband lightning, inner-core
flash rates would decrease as the TC weakened, and that increased eyewall lightning was due to
eyewall replacement.

Regarding the distribution of lightning in TCs, Samsury and Orville (1994) described cloud-
to-ground (CG) lightning in Hurricanes Hugo (1989) and Jerry (1989). Their results and those of
others (Lyons et al. 1989; Lascody 1993; Lyons and Keen 1994; Molinari et al. 1999) indicated



that lightning activity was most common in the outer rainbands. Molinari et al. (1999) went
farther, saying that CG lightning could be used to define specific regions in TCs, finding flash
maxima in the eyewall (~40-60 km), a distinct minimum in the inner rainbands (80-100 km), and
peak lightning activity in the outer rainbands (~200-300 km). Relating lightning activity to storm
speed and vertical wind shear has provided similar results regarding this radial distribution
(Corbosiero and Molinari 2002, 2003; Molinari et al. 2004; Wingo and Cecil 2008; Molinari and
Vollaro 2010). High reflectivity and enhanced CG lightning were most common in the
downshear-left and downshear-right portions of the inner core and outer rainbands, respectively,
with these quantities greatest to the right of storm motion.

Lyons and Keen (1994) argued for a relationship between rapid increases in inner core
lightning (often called bursts or jumps) and TC intensification. Their study of Hurricanes Diana
(1984) and Florence (1988) indicated that bursts preceded TC intensification. In a case study of
Hurricane Andrew (1992), Molinari et al. (1994) also found that lightning bursts preceded
deepening, and occurred during RI. Similarly, Squires and Businger (2008) assessed CG
lightning in Hurricanes Katrina (2005) and Rita (2005) using Vaisala’s LLDN. Their results
suggested that eyewall lightning “outbreaks” were consistent with periods of rapid intensification
(RI) and that peak flash activity occurred at maximum TC intensity (Demetriades and Holle
2005, 2008; Demetriades et al. 2006, 2010). Price et al. (2009) recently proposed that maximum
lightning activity in intense mature hurricanes precedes maximum sustained wind speeds by
approximately 24 h, and that above normal lightning activity over Eastern Africa may foretell
more active Atlantic hurricane seasons. Conversely, other studies have shown that fluctuations in
inner core lightning do not guarantee subsequent strengthening, but that lightning bursts also
occur during periods of weakening or with little to no pressure change (Demetriades and Holle
2008; Demetriades et al. 2010).

Despite the considerable research about the relation between lightning and TCs, there is still
much uncertainty about how lightning flash rates and their distributions relate to past, present,
and future intensity, and more importantly, to intensity change. Although previous studies
generally have found similar preferred lightning locations, especially in intense TCs, few studies
have examined how these distributions vary with storm intensity. And, although numerous
studies have considered the relation between inner core (IC) lightning and TC intensification,

their often conflicting results have not produced consistent relationships.



Most of the studies cited above considered small numbers of TCs. However, we take a
broader approach by examining 45 TCs of various intensities. LLDN lightning observations from
these TCs are employed. Categorical lightning distributions with respect to shear and storm
motion, and during different rates of intensity change, are presented to show whether there are
consistent relationships between lightning activity and intensification. Finally, relationships
between pressure change and flash rate in the inner core (0-100 km), outer rainbands (100-300
km), and far outer bands (300-500 km) are provided to determine whether there are any
correlative relationships between region-specific lightning frequency and TC intensity and
intensity change. By examining this extensive dataset, we seek to discover if there are general
relationships between lightning and TCs.

The next section presents our research methodology, including data sources and
computations. Section three provides detailed results and compares our findings with those of
previous studies. Finally, section 4 presents concluding remarks that summarize our major

findings.



CHAPTER 2

DATA AND METHODS

2.1 Lightning Detection

Several sources of lightning data were considered for use. The World Wide Lightning
Location Network (WWLLN) currently consists of ~40 sensors and can monitor globally both
in-cloud (IC) and cloud-to-ground (CG) lightning (Rodger et al. 2005, 2006; Jacobson et al.
2006; http://webflash.ess.washington.edu/). WWLLN’s major limitation is its small detection
efficiency (DE) (Rodger et al. 20006).

Vaisala’s National Lightning Detection Network (NLDN) has been used in previous TC
electrification studies and provides large DE (~80-90%) over North America (e.g., Orville and
Silver 1997; Boccippio et al. 2000; Cummins et al. 1998; Idone et al. 1998a, b, Orville and
Huffines 2001; Orville et al. 2002; Murphy and Holle 2005; Cummins et al. 2006; Orville 2008).
However, its DE decreases rapidly from the U.S. coastline, making TC observations beyond a
few hundred kilometers unreliable. The Global Lightning Dataset (GLD360), also supported by
Vaisala, provides global lightning coverage with an average DE of 70% to 80% (Demetriades et
al. 2010). However, since it only became operational during 2008, its data were not available for
our entire study period.

Vaisala’s Long Range Lightning Detection Network (LLDN) uses the NLDN, the Canadian
Lightning Detection Network (CLDN), and sensors in the Pacific and Caribbean Basins to detect
CG lightning farther from the coast than the NLDN (Demetriades and Holle 2005, 2008;
Demetriades et al. 2006; Pessi et al. 2009; Demetriades et al. 2010). The LLDN provides
improved DE farther from the coastline (Demetriades and Holle 2005, 2008; Demetriades et al.
2006, 2010; Squires and Businger 2008; Pessi et al. 2009; Abarca et al. 2010). Thus, the LLDN
was selected for use in this study. LLDN daytime and nighttime DE is shown in Fig. 2. The
LLDN uses time of arrival (TOA) and magnetic direction finding (MDF) technology to locate
cloud-to-ground (CG) lightning at long distances by detecting lightning-induced ionospheric

propagations called “sferics” (Pessi et al. 2009). Due to ionospheric variations between day and



night, the DE changes diurnally (Fig. 2), with greatest average DE at night and least detection
during the daylight hours (Cramer and Cummins 1999; Demetriades and Holle 2005, 2008;
Demetriades et al. 2006, 2010, Pessi et al. 2009).

LLDN stroke data were gathered for each storm selected for study and were compiled
into flashes following the methods of Cummins et al. (1998). CG flashes were retained if they
occurred within +/- 1.5 h of the National Hurricane Center’s (NHC) interpolated 3 hourly best
track center positions and were within 500 km of the storm center, similar to that of Demetriades
and Holle (2008). As an example, for a TC position at 1200 UTC, flashes between 1030 and
1330 UTC would be assigned to 1200 UTC. This approach yielded a continuous field of CG
lightning flashes out to a 500 km radius for each storm in the sample. We also examined 6 h
periods, in which case flash data from +/- 3 h were assigned to the current observation.

Following Demetriades and Holle (2008), flash corrections were utilized to account for
the diurnal and distance variations in DE. A set of DE grid points were used to obtain the
estimated DE within 250 km of each TC center position. This produced a realistic estimate of the

“actual” lightning activity occurring with each storm from its genesis to dissipation.
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Figure 2. LLDN detection efficiency for a) daytime and b) nighttime within the study
domain (thick black line) (After Demetriades and Holle 2008; Pessi et al. 2009)



2.2 Tropical Cyclone Sample and Domain

Since the DE of the LLDN generally decreases from the coastline (Fig. 2), our dataset was
limited to TC locations that were approximately within the 40-50% nighttime DE contour (Fig.
2b). This corresponded to storms positioned north of 15° N latitude, south of 40° N latitude, and
west of 70° W longitude. Although this restriction limited the number of observed periods per
TC and omitted some storms completely, those locations that were used are in regions of
reasonable Des to maintain data quality and limit location accuracy errors. Our dataset consisted
of 45 Atlantic Basin TCs between 2004 and 2008 that satisfied the LLDN detection criteria
described above. TCs prior to 2004 were not considered since the NLDN, part of the LLDN, was
upgraded during 2002 and 2003 (Cummins and Murphy 2009). Fig. 3 shows the locations of all 6
h positions of the 45 TCs
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Figure 3. 6 h NHC best-track positions of the 45 storms within the study domain (thick gray
line) during the 4 y study period. Storm locations had to be within the 40-50% nighttime DE
contour (Fig. 1b). Each position is classified by intensity from TDs (turquoise) to Category
3+ hurricanes (purple).



within the domain. As in Corbosiero and Molinari (2002, 2003), 6 h positions over land were
considered to be as valuable as those over water and thus were retained for flash density
calculations, but were excluded from correlation computations due to the impact of land on
regional flash frequency. The observation restrictions produced 1038 6 h and 2054 3 h positions
for the combination of all TC intensities shown in Fig. 4. Table 1 lists the storms included, the
years when they occurred, their number of 6 h periods, their minimum central pressures,
maximum sustained winds, and peak intensities. This collection represents a wide variety of
storms and is sufficiently large for this study. Fig. 4 shows the distribution of wind speeds (kt)
for all 1038 6 h positions and thresholds for each TC intensity category.

Table 1. TCs comprising our dataset.

Storm Name Number of 6 h Minimum Pressure Maximum Wind Maximum
(year) Periods (n) (hPa) Speed (kt) Intensity

Alex (2004) 16 957 105 Category 2
Bonnie (2004) 34 1001 55 Tropical Storm
Charley (2004) 18 941 130 Category 4
Frances (2004) 30 935 125 Category 4
Gaston (2004) 17 985 65 Category 1
Hermine (2004) 6 1002 50 Tropical Storm
Ivan (2004) 58 910 145 Category 5
Jeanne (2004) 40 950 105 Category 3
Matthew (2004) 12 997 40 Tropical Storm
Alpha (2005) 7 998 45 Tropical Storm
Arlene (2005) 18 989 60 Tropical Storm
Cindy (2005) 22 991 65 Category 1
Dennis (2005) 40 930 130 Category 4
Emily (2005) 22 929 140 Category 5
Franklin (2005) 15 997 50 Tropical Storm
Gamma (2005) 21 1002 45 Tropical Storm
Gert (2005) 9 1005 40 Tropical Storm
Katrina (2005) 30 902 150 Category 5
Ophelia (2005) 45 976 75 Category 1
Rita (2005) 33 895 155 Category 5
Stan (2005) 16 977 70 Category 1
Tammy (2005) 8 1001 45 Tropical Storm
Wilma (2005) 39 882 160 Category 5
Alberto (2006) 20 995 60 Tropical Storm
Beryl (2006) 11 1000 50 Tropical Storm
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Table 1 - continued...

Storm Name Number of 6 h Minimum Pressure Maximum Wind Maximum
(year) Periods (n) (hPa) Speed (kt) Intensity
Chris (2006) 10 1001 55 Tropical Storm
Ernesto (2006) 31 985 65 Category 1
Andrea (2007) 30 1001 65 Category 1
Barry (2007) 19 997 50 Tropical Storm
Dean (2007) 17 905 150 Category 5
Erin (2007) 20 1003 35 Tropical Storm
Felix (2007) 7 929 150 Category 5
Gabrielle (2007) 13 1004 50 Tropical Storm
Humberto (2007) 10 985 80 Category 1
Lorenzo (2007) 13 990 70 Category 1
Noel (2007) 29 980 70 Category 1
Olga (2007) 18 1003 50 Tropical Storm
Cristobal (2008) 13 998 55 Tropical Storm
Dolly (2008) 27 963 85 Category 1
Edouard (2008) 14 996 55 Tropical Storm
Fay (2008) 50 986 60 Tropical Storm
Gustav (2008) 41 941 135 Category 4
Hanna (2008) 26 977 75 Category 1

Ike (2008) 31 935 125 Category 4
Paloma (2008) 32 944 125 Category 4
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2.3 Lightning Density Distributions

To facilitate a comparison of our TC lightning distributions with those of prior studies
(e.g., Lascody 1993; Lyons and Keen 1994; Samsury and Orville 1994; Molinari et al. 1994,
1999; Corbosiero and Molinari 2002, 2003; Molinari et al. 2004; Demetriades and Holle 2005,
2008; Demetriades et al. 2006, 2010; Abarca et al. 2010; Molinari and Vollaro 2010), polar flash
density plots were prepared using OriginPro 8.1, a statistical software suite produced by
OriginLab Company. To assess the variability in flash density with respect to storm intensity,
flashes were subdivided into four categories (Fig. 3): Tropical depressions (TD), tropical storms
(TS), category 1 and 2 hurricanes (C12), and category 3 and stronger hurricanes (C3+). We then
created composite plots for each category. For example, if a storm exhibited TD force winds at a
particular 6 h observation time, all flashes within a + 3 h window were assigned to the TD group.
Likewise, if that storm later became a category 5 hurricane, flashes for that period were placed in
the C3+ group. These methods avoided focusing on just a few storms (case studies) and created a
composite depiction of lightning with respect to intensity so that differences in CG flash
distribution among the different TC intensity categories could be determined.

A similar method was adopted to study distributions of flash density among five intensity
change thresholds as defined by changes in pressure tendency (Fig. 5). A pressure decrease of
10.5 hPa or greater during a 6 h period (42 hPa in 24 h) was defined rapid intensification (RI;
NHC’s glossary of NHC/TPC terms (2006)). Pressure falls between 5 and 10.5 hPa and 0 and 5
hPa in 6 h were classified fast intensification (FI) and slow intensification (SI), respectively. We
also included a no pressure change (0 hPa in 6 h) and a weakening category for any 6 h period
when pressure was rising. Fig. 5 shows that periods of no pressure change and weakening

outnumber all periods of intensification.
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Figure 5. Frequency distributions of pressure change (hPa 6 h™) for all 1038 6 h periods.

Similar procedures were applied to storm motion (storm-relative coordinates) and deep-
layer (850-200 hPa) vertical wind shear (shear-relative coordinates). Storm direction and speed
were calculated between each 6 h best track latitude/longitude fix using a simple distance and
bearing formula. Speeds were calculated using the computed distance between two consecutive 6
h positions. Following Corbosiero and Molinari (2003), the storm motion speeds were divided
into three categories, slow (0-4 m s'l), moderate (4-7 m s'l), and fast (>7 m s'l). Fig. 6 shows the
distribution of storm speeds for the 1038 6 h observations, with the most common speed being ~
4mst To compute flash densities with respect to storm motion, all flash locations were rotated
so the storm motion vector pointed due north (Corbosiero and Molinari 2002, 2003). This
provided polar representations of flash densities at varying speeds and for varying storm

intensities/intensification categories.
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Figure 6. Frequency distribution of storm motion speed (m s™) for all 1038 6 h periods.

Deep layer wind shear was calculated for each 6 h period using the methodology of Molinari
and Vollaro (1989), Hanley et al. (2001), and Corbosiero and Molinari (2002, 2003). GFS
analyses were chosen for this purpose. This method removed a symmetric vortex by computing
grids of area-weighted cylindrical Cartesian (U and V) wind components to diagnose the “across-
storm flow” at various pressure levels. Following these calculations, the wind difference between
850 and 200 hPa was determined. Fig. 7 shows that the most common shear was ~ 7 m s™. Three
categories of wind shear were defined to study lightning activity over a range of magnitudes.
Weak wind shear was between 0 and 6 m s'l, while moderate shear was between 6 and 9 m s™
and strong shear greater than 9 m s™'. Flash locations were rotated so the shear vector pointed due
north (Corbosiero and Molinari 2002, 2003). Shear-relative flash density distributions were

created for the various shear strengths, intensities, and periods of intensity change.
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2.4 Correlations between Lightning and Intensity Change

Previous research mostly has consisted of case studies, describing lightning
characteristics for only one or two storms at a time (Lascody 1993; Lyons an Keen 1994;
Samsury and Orville 1994; Black and Hallett 1999; Squires and Businger 2008; Molinari and
Vollaro 2010). The majority of these studies have focused on the relation between inner-core
lightning and TC intensity (Lyons and Keen 1994; Samsury and Orville 1994; Molinari et al.
1999; Squires and Businger 2008). However, we consider lightning in additional regions of the
TCs, as well as the relation between lightning and intensity change. Based on several previous
studies (Molinari et al. 1999; Cecil et al. 2002a, b; Corbosiero and Molinari 2002, 2003; Squires
and Businger 2008), we divided the TCs into three radial regions, the inner core (IC) within 100
km of the storm center, the outer rainbands (OR) between 100 and 300 km from the center, and
the far outer bands (FOB) from 300 to 500 km. Although the 500 km value extends beyond the
traditional bound of the OR zone (Molinari et al. 1999; Cecil et al. 2002a, b; Corbosiero and
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Molinari 2002, 2003; Squires and Businger 2008), the results will show that the FOB region
exhibits distinct variations of lightning that are related to the TC category and intensity change.

To obtain quantitative results regarding the nature of region-specific lightning and TC
intensity, linear correlations (coefficients of determination - Rz) were calculated between
lightning frequency and pressure change. Since we are exploring the potential utility of lightning
observations in forecasting, flash rates were correlated with pressure change during three time
frames, the pressure change period concurrent with the flash count, and the periods preceding
and lagging the flash count. Correlations were assembled using both 6 and 3 h flash counts
(Demetriades and Holle 2005, 2008; Demetriades et al. 2006, 2010) and 6 and 3 h interpolated
pressures from the best-track data. Relationships between IC, OR, FOB, and storm-total (ST, O-
500 km) flash counts were compared for both 3 and 6 h to determine whether lightning was
preferred in any region based on TC intensity (the TD, TS, C12, C3+, and RI designations). The
resulting calculations provide insight into whether flash frequency in different regions of TCs
can be related to intensity and/or intensity change. In addition to correlations, average 3 and 6 h
flash rates and flash densities were computed for each category and radial region, similar to
Demetriades and Holle (2008) who examined the inner core flash rates of Atlantic basin TCs
between 2004 and 2007.

Price et al. (2009) correlated peak lightning activity derived from WWLLN data with
maximum sustained wind speed in over 50 intense hurricanes (categories 4 and 5) around the
world. To complement their study, we conducted a parallel diagnosis using our sample and the
capabilities of the LLDN. For each storm, 6 h flash counts were correlated with wind speed at 6
h intervals out to = 72 h (3 days). This yielded 24 lightning/wind speed correlations per storm,

allowing us to evaluate longer term trends in lightning data.
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CHAPTER 3

RESULTS

3.1 Lightning Flash Density Distributions

3.1.1 North-relative coordinates

We first describe spatial variations in lightning for each TC intensity category using
north-relative coordinates. Lightning in each radial region is emphasized (inner core [IC]: 0-100
km, outer rainbands [OR]: 100-300 km, far outer bands [FOB]: 300-500 km, and storm total
[ST]: 0-500 km). Fig. 8 shows composite north-relative CG flash density (flashes km™ 6 h'l)
during periods of TD, TS, C12, and C3+ intensity. All values have been normalized by the
number of 6 h periods per category (TD-336, TS-419, C12-155, C3+-128) yielding units of
flashes km™ 6 h™'. It should be noted that flash density plots have not been normalized to account
for flash activity in a given 6 h period. This means that a dominant 6 h period of lightning
activity may mask the more consistent trend in flash density for a given categorical composite. In
most cases however, our spatial findings are true to those of prior studies and can be regarded as
reliable for general purposes.

The weaker storms (TDs and TSs) exhibit the most clustered and disorganized lightning
pattern, with many flashes occurring within the IC. Conversely, the two hurricane groups have a
more coherent lightning pattern with the C3+ category being most symmetric. Maximum
lightning activity generally is located in the northeast and southeast quadrants and increases
radially outward with storms of greater intensity. Although the TD and TS groups exhibit
decreasing CG flash activity beyond ~350 km, the C12 and C3+ categories have substantial flash
activity extending to 400 - 500 km.
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Figure 8. Plots of north-relative flash density (flashes km™ 6 h™") in the 0-500 km radial
range for a) tropical depressions, b) tropical storms, c¢) category 1 and 2 hurricanes, and d)
category 3 and stronger hurricanes. Range rings are shown for the IC (100 km), OR (300
km), and FOB (500 km) regions. The number of 6 h periods (N) also is shown at the bottom
left of each panel.

The IC region of each intensity category (Fig. 8) exhibits notable differences. TDs and TSs
contain the most asymmetric IC lightning patterns. The C12 group contains a distinct IC signal
with a slight tendency for flashes southeast of the center. Conversely, intense hurricanes (C3+)
possess a nearly circular IC lightning pattern that coincides with the eyewall. The annular region
of weak flash density between approximately 100 and 200 km in the C3+ storms corresponds to
their inner rainband (Molinari et al. 1999, Cecil et al. 2002a, b). This area of small CG flash
activity is where ice particles from deep eyewall convection descend to lower altitudes to create
a stratiform shield of precipitation between the IC and OR structures (Molinari et al. 1999).

The TS category (Fig. 8b) contains the strongest flash densities over the greatest area, with
maximum values ~ 0.02 flashes km™ 6 h™'. Demetriades and Holle (2008) concluded that average

flash rates for TSs are greater than for other TC intensity categories, and current findings are
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consistent with their results. Although the C12 and C3+ groups exhibit smaller areas of

maximum flash densities, they are more azimuthally and radially organized.

Storm-relative Flash Density (flashes km2 6 h)
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Figure 9. Storm-relative flash densities (flashes km™ 6 h™) in the 0-500 km radial range for
the a) TD, b) TS, ¢) C12, and d) C3+ intensity categories. The number of 6 h periods (N)
also is shown at the bottom left of each panel.

Since there is some debate as to whether one should use the Cartesian (Fig. 8) or storm
relative coordinate systems to depict lightning patterns (e.g., Corbosiero and Molinari. 2002,
2003, Abarca et al. 2010), we investigated both options. Fig. 9 displays flash densities in a
storm-relative coordinate system with the motion vector pointing toward the top of each panel
(toward the north). Results show most flashes located in the right front and rear quadrants of
each TC intensity category. TDs exhibit a distinct flash maximum near the IC between 36 and
54°, with a broader region of flash density out to 300 km. The TS composite reveals maximum
IC lightning between 36 and 90°, with a broader area of increased flash density in the OR region
of the right rear quadrant. The C12 image shows greatest IC flash density in the left rear
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quadrant. This unusual configuration is the result of hurricane Katrina (2005) that displayed
unusually large flash rates in its southeast quadrant as it exited South Florida. Katrina was
moving westward at this time, causing the flashes to appear in the left rear quadrant when the
motion vector is oriented northward. This signature also was evident in the north-relative
composite (Fig. 8c). The OR and FOB regions of C12 hurricanes contain greatest lightning in the
right front quadrant. Finally, the C3+ distribution depicts a nearly symmetric IC signal. OR flash
densities in these intense hurricanes are greatest in the right front quadrant, with maxima in the
FOB located to the right of storm motion between the right rear and right front quadrants. The
C12 and C3+ categories exhibit the greatest maximum flash densities (0.016 to 0.018 flashes km"
>6 h"), while the TS and TD groups contain weaker maximum flash densities of ~0.012 flashes
km?6h.

To summarize, each motion relative plot (Fig. 9) displays maximum lightning densities in
the IC region with secondary maxima in the OR/FOB areas. The stronger storms exhibit greater
symmetry, with the C3+ distribution resembling the results of Molinari et al. (1994, 1999). The
storm relative distributions (Fig. 9) exhibit many similarities to those of their north-relative
counterparts (Fig. 8), with most lightning in the right front and rear quadrants. The C3+ category
exhibits the same organized distribution in each coordinate system. Flash rotation with respect to

storm motion mainly impacts the depiction of flashes in the IC region.

3.1.2 Forward motion-dependent relations

We next describe flash distributions with respect to storm forward speed (i.e., slow (0 - 4 m
s'l), moderate (4 - 7 m s'l), and fast (> 7 m s'l)). Table 2 contains the sample size (number of 6 h
observations), the number of different storms comprising each category, as well as the maximum
number of 6 h observations attributed to a single storm (bold). Most TCs exhibit slow or
moderate forward motion. TDs and TSs move relatively fast, with few hurricanes exhibiting fast
forward motion. There are fewer samples of the stronger TC categories since hurricanes are less

common than TDs and TSs.
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Table 2. Sample size for all three storm motion categories. The number of 6 h observations is
shown first. Inside the parentheses are the number of individual storms (plain text) and the
maximum number of 6 h observations for a single storm (bold).

Category Slow (0-4 m s'l) Moderate (4-7 m s'l) Fast >7m s'l)
TD 121 (26-16) 126 (30-13) 89 (23-11)
TS 174 (31-19) 161 (32-19) 84 (24-11)
C12 58 (12-15) 63 (19-12) 34 (10-8)
C3+ 33 (8-15) 56 (10-18) 39 (9-11)
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Figure 10. Storm-relative CG flash density (flashes km™ 6 h™) in the 0-500 km radial range
of the TD category during periods of a) slow, b) moderate, and c) fast forward motion.
Range rings are shown for the IC (100 km), OR (300 km), and FOB (500 km) regions.

The most lightning in each forward speed category of TDs (Fig. 10) is located right of storm
motion in the front and rear quadrants. Slow forward motion (0 — 4 m s'l) produces more
widespread lightning densities than moderate or fast movers. There are no well defined density
centers during periods of moderate forward motion (4 — 7 m s"). For the fast moving TD

category (> 7 m s), maximum flash densities in the IC and OR regions are between 0 and 72°.
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Table 3 shows that maximum flash densities for TDs are greatest for fast movers (~ 0.03 flashes
km® 6 h™). Conversely, smallest maximum densities occur in the moderately paced TD group
(0.011 flashes km™ 6 h™).

Flash patterns for the three forward motion categories of TS systems (Fig. 11) are somewhat
more organized than those of TDs (Fig. 10). Similar to the TDs, greatest flash activity generally
is in the right front and right rear quadrants at all forward speeds. Flash density in the IC region
is large in all cases, while OR and FOB density is greatest in the slow and moderate motion
categories. Table 3 illustrates that maximum flash density at any grid point is greatest for the fast
moving TSs (0.027 flashes km™ 6 h™'), with moderate moving TSs having the smallest maximum

densities (~0.01 flashes km™ 6 h™).
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Figure 11. Storm-relative CG flash density (flashes km™ 6 h™) in the 0-500 km radial range
of the TS category during periods of a) slow, b) moderate, and c) fast forward motion
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C12 Flash Density by Speed (flashes km 6 h!)
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Figure 12. Storm-relative CG flash density (flashes km™ 6 h™) in the 0-500 km radial range
for the C12 category for periods of a) slow, b) moderate, and c) fast forward motion.

Table 3. Maximum flash densities (flashes km™ 6 h'l), and locations (IC, OR, FOB) for all
forward motion-relative CG flash distributions.

Category Slow (0-4 m s'l) Moderate (4-7 m s'l) Fast >7m s'l)
TD 0.019 (OR) 0.011 (IC) 0.030 (OR)
TS 0.023 (OR) 0.015 (OR) 0.027 (IC)
C12 0.037 (IC) 0.020 (FOB) 0.023 (OR)
C3+ 0.033 (IC) 0.015 (FOB) 0.021 (OR)

There is a clear distinction between flash distributions of the C12 group (Fig. 12 and 13) and
the weaker categories discussed above (Figs. 10 and 11). The C12 densities exhibit the better
organization that is characteristic of hurricanes (Fig. 12), with the OR and FOB regions more
active than during TD/TS periods. Conversely, the IC region of C12 storms (Fig. 13) has smaller
aerial flash density coverage than the TD and TS groups. The slow moving C12 group exhibits
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greatest flash density in the left rear IC quadrant, and minimum flash density in both the right
front and rear quadrants (Fig. 13a). This finding differs from some earlier studies regarding
lightning and storm motion (Corbosiero and Molinari 2002, 2003, Abarca et al. 2010) and is due
to hurricane Katrina (2005) that contained large amounts of lightning in the southeast quadrant
(Fig. 8c) as it moved west over South Florida on 26-27 August, 2005. The majority of lightning
in the moderate and fast motion categories is confined to the right two quadrants (Fig. 12b,
c).Moderately paced C12 hurricanes show the most symmetric IC lightning pattern, while the
slow and moderate paced C12 hurricanes exhibit more symmetry in the OR than fast moving
storms. Contrary to the TD and TS groups whose maximum flash densities occur with the faster
moving storms (Table 3), the C12 distribution exhibits greatest densities (0.037 flashes km™ 6 h’
' in the IC region of the slow motion category, with the moderate and fast categories having

smaller maximum flash densities of ~ 0.020 flashes km™ 6 h™ in the OR and FOB regions.

C12 IC Flash Density by Speed (flashes km 6 h)
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Figure 13. Storm-relative CG flash density (flashes km™ 6 h™") in the 0-100 km (IC) radial

range for the C12 category during periods of a) slow, b) moderate, and c) fast forward
motion.

23



Finally, we assess lightning and forward speed relationships for intense hurricanes (C3+).
This category exhibits the most organized flash distributions (Fig. 14), with distinct IC, OR and
FOB signals at all forward speeds. The inner rainband is most evident in the moderate and fast
paced groups. Densities in the OR and FOB regions are greatest in the fast-moving C3+ case.
The slower C3+ systems contain more OR and FOB lightning in the right rear quadrant. This

distribution rotates cyclonically to the right front quadrant with increasing forward speed.

C3+ Flash Density by Speed (flashes km2 6 h)
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Figure 14. Storm-relative CG flash density (flashes km™ 6 h™) in the 0-500 km radial range
for the C3+ category for periods of a) slow, b) moderate, and c) fast forward motion.

Flash densities in the IC regions of C3+ storms (Fig. 15) reveal that faster storm speeds are
associated with less IC flash symmetry. That is, slow moving intense hurricanes exhibit a nearly
circular region of enhanced flash density within 50 km of the storm center, indicative of strong
eyewall convection. The IC distribution of fast moving storms is more elliptical along the

direction of motion. Slow C3+ periods display the greatest flash density (0.033 flashes km™ 6 h’
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! Table 3), with fast-paced storms having maximum densities of ~ 0.02 flashes km™? 6 h' and

moderate storms having the smallest maximum flash densities (0.015 flashes km? 6 h'l).

C3+IC Flash Density by Speed (flashes km 6 h)
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Figure 15. Storm-relative CG flash density (flashes km? 6 h) in the 0-100 km (IC) radial
range for the C3+ category during periods of a) slow, b) moderate, and c) fast forward
motion.

To summarize, distributions of flash-density with respect to storm forward motion reveal
interesting relationships. The TD and TS categories exhibit rather disorganized flash activity
(Figs. 9-11). Increasing motion in these weaker storms results in decreased electrical activity at
farther radii. This may be due partly to the typically smaller radii of TDs and TSs than the more
intense TCs, but also may be linked to a lack of deep convection at further radii as forward
motion increases (e.g., Corbosiero and Molinari 2003, Abarca et al. 2010). Conversely, the C12
and C3+ groups exhibit increasing lightning activity in the OR and FOB zones with increasing
forward speed (Figs. 12-15). Their IC lightning is greatest when the forward motion is slow

(Figs. 13a, 15a). Lightning asymmetries in the IC region are noted at moderate and fast forward

25



speeds as in Abarca et al. (2010). The two hurricane groups exhibit greatest maximum flash
densities in the IC region, with smaller densities in the TD and TS composites which more often
contain larger flash densities in the OR region. Lightning generally is preferred in the right front

and right rear quadrants for all TC intensities.

3.1.3 Shear-relative relations

We next consider environmental impacts on TC lightning by analyzing the role of deep
layer vertical wind shear (850 to 200 hPa). Corbosiero and Molinari (2003) and Abarca et al.
(2010) noted that wind shear is more important in determining the orientation of lightning than is
forward motion. Fig. 16 shows shear-relative flash densities of the four intensity categories,
where each plot has been normalized by the number of 6 h periods comprising that category.
Table 4 contains the number of 6 h observations for each shear and intensity classification as
well as the number of different storms comprising each category and the maximum number of 6
h observations from the dominant storm. Sample sizes of the weaker intensity categories are
greater than for hurricanes, but more TS and TD periods are in the strong shear category whereas

hurricanes are nearly equally distributed among the three shear categories.

Table 4. Sample size for all three vertical wind shear categories. The number of 6 h observations
is shown first. Inside the parentheses are the number of individual storms (plain text) and the
maximum number of 6 h observations for a single storm (bold).

Category Weak (0-6 m s'l) Moderate (6-9 m s'l) Strong (> 9 m s'l)
TD 90 (23-11) 74 (24-7) 172 (27-20)
TS 140 (31-11) 113 (29-20) 166 (32-18)
C12 50 (15-9) 55 (17-7) 50 (16-13)
C3+ 45 (10-11) 46 (10-8) 37 (8-11)

Flashes in all categories (Fig. 16) are favored in the two downshear quadrants, consistent
with Corbosiero and Molinari (2002, 2003), Abarca et al. (2010), and Molinari and Vollaro
(2010). Lightning in the IC is greatest in the downshear-left quadrant in all but the TD group,
shifting to downshear right in the OR and FOB regions. The TS category (Fig. 16b) clearly

shows this relationship, with an area of enhanced flash density spiraling counterclockwise
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toward the storm center. Both TDs and TSs feature small flash densities in their upshear
quadrants, whereas hurricanes (Fig. 16c, d), with their generally better organized rainbands,
exhibit some upshear lightning. Intense hurricanes (C3+) have the most symmetric lightning
distribution (Fig. 16d). The TS and C12 composites contain the greatest maximum flash densities
at any grid point (~0.02 flashes km™ 6 h™), with the TD and C3+ flash densities exhibiting

smaller maximum density values (~0.015 flashes km? 6 h'l).

Shear-relative Flash Density (flashes km2 6 h?)

Tropical Depressions Tropical Storms

Wind Shear Vector

N=128 19

Figure 16. Shear-relative flash densities (flashes km™ 6 h™) in the 0-500 km radial range for
a) Tropical Depressions, b) Tropical Storms, c¢) Category 1 and 2 hurricanes, and d)
Category 3+ hurricanes. The shear vector is oriented toward the top of each panel. Range
rings are shown for the IC (100 km), OR (300 km), and FOB (500 km) regions. The number
of 6 h periods (N) also is shown at the bottom left of each panel.

The shear-relative distributions (Fig. 16) are very different from their north-relative (Fig.

8) and storm-relative counterparts (Fig. 9), with differences most pronounced in the TS and C12
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categories. The C3+ category contains the fewest differences between the three coordinate

systems, with lightning associated with a symmetric eyewall, inner rainband, and outer rainband.

TD Flash Density by Shear Magnitude (flashes km 6 h?)
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Figure 17. Shear-relative flash densities (flashes km™ 6 h™) in the 0-500 km radial range for
the TD category for a) weak, b) moderate, and c) strong wind shear. The shear vector is
oriented toward the top of each panel.

Lightning patterns for TDs depend on the magnitude of vertical wind shear (Fig. 17).
Moderate and strong shear induce a preference for lightning in the downshear right quadrant.
However, weakly sheared TDs contain the most lightning in the downshear left quadrant. And,
similar to fast-moving TDs (Fig. 10c), strong wind shear creates an azimuthal contraction in
lightning activity (0-70°). Wind shear does not appear to impact the radial extent of flashes as
much as did forward motion (Figs. 9a, 10a-c), with substantial flash activity extending out to the
FOB region in all three shear magnitudes. Flash densities are greatest during moderate wind

shear (~0.040 flashes km™ 6 h™), with weak and strong shear producing smaller densities (0.014-
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0.016 flashes km™ 6 h'l) (Table 5). Greatest densities are located in the IC region for all three

shear categories.

TS Flash Density by Shear Magnitude (flashes km 6 h1)
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Figure 18. Shear-relative flash densities (flashes km™ 6 h™") in the 0-500 km radial range of
the TS category for a) weak, b) moderate, and c) strong vertical wind shear. The shear
vector points toward the top of each panel.

TS periods (Fig. 18) exhibit stronger relationships between wind shear and lightning than
did TDs (Fig. 17). A strong downshear preference is observed in all three shear categories, with
little lightning in the upshear quadrants. Flash densities associated with weak shear display a
widespread area of downshear lightning, while strongly-sheared storms contain larger densities,
but through a smaller azimuthal range (300-45°). The OR/FOB regions exhibit enhanced
lightning in each shear category, with large flash densities beyond 100 km; however, strong
shear generates fewer OR/FOB flashes. Strongly-sheared TSs also exhibit a small IC flash
maximum near 270 degrees that not seen in the OR and FOB regions. Although greatest flash

densities are associated with moderate shear (~0.030 flashes km™ 6 h™"), densities for weak and
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strong shear are only slightly less (Table 5). Maximum flash activity is in the IC for moderately
and strongly sheared storms, but the weak shear category contains most lightning in the OR

region.

Table 5. Maximum flash densities (flashes km? 6 h'l) and locations (IC, OR, FOB) for all
intensities and shear categories.

Category Weak (0-6 m s'l) Moderate (6-9 m s'l) Strong (> 9 m s'l)
TD 0.016 (IC) 0.039 (IC) 0.014 (IC)

TS 0.023 (OR) 0.029 (IC) 0.026 (IC)
C12 0.032 (FOB) 0.041 (IC) 0.014 (IC)
C3+ 0.027 (IC) 0.015 (IC) 0.015 (FOB)

C12 Flash Density by Shear Magnitude (flashes km2 6 h)
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Figure 19. Shear-relative flash densities (flashes km™ 6 h™) in the 0-500 km radial range of
the C12 category during periods of a) weak, b) moderate, and c) strong vertical wind shear.
The shear vector points toward the top of each panel.
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Results for the two hurricane groups exhibit greater flash symmetry in all annular regions
and a continued preference for lightning in the downshear quadrants (Figs. 19 and 20).
Moderately sheared C12 storms produce the strongest OR and FOB densities (Fig. 19b), with
weak and strong shear generating smaller signals (Fig. 19a, c). Fig. 20 shows that IC lightning is
favored in the downshear left quadrants of both the moderate and strong shear categories, but
there is an upshear left maximum during weak shear. Moderately sheared storms produce the
greatest flash densities with weak shear producing the second greatest densities (Table 5).
Maximum lightning density occurs in the FOB zone during weak shear, but in the IC region

during moderate and strong shear.

IC C12 Flash Density by Shear Magnitude (flashes km2 6 h!)
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Figure 20. Shear-relative flash densities (flashes km? 6 h'l) in the 0-100 km (IC) radial
range for the C12 category during periods of a) weak, b) moderate, and c) strong vertical
wind shear. The shear vector points toward the top of each panel.

Intense hurricanes (C3+) exhibit well organized lightning distributions in all three shear
categories (Figs. 21 and 22). An inner rainband signal is seen in each shear category, and large
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lightning densities are evident in the OR and FOB areas (Fig. 21) with an inner rainband signal
in each shear category. Weak shear produces the most symmetric presentation. Then, as wind
shear increases to moderate and strong, lightning in the OR/FOB regions becomes more confined
to the downshear right quadrant. 1C lightning (Fig. 22) is greatest in the downshear left quadrant
in all three shear categories. Weak shear produces greatest flash densities in the IC (0.027 flashes
km™? 6 h', Table 5), with moderately and strongly sheared storms having nearly equal maximum

densities (~ 0.015 flashes km™ 6 h™') in the IC and FOB regions.

C3+ Flash Density by Shear Magnitude (flashes km 6 h*)
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Figure 21. Shear-relative flash densities (flashes km™ 6 h™) in the 0-500 km radial range of
the C3+ category during periods of a) weak, b) moderate, and c) strong vertical wind shear.
The shear vector points toward the top of each panel.
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IC C3+ Flash Density by Shear Magnitude (flashes km2 6 h)
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Figure 22. IC Shear-relative flash densities (flashes km? 6 h'l) in the 0-100 km (IC) radial
range for the C3+ category during periods of a) weak, b) moderate, and c) strong vertical
wind shear. The shear vector points toward the top of each panel.

Several general relationships are apparent in the plots of shear-relative flash density.
Lightning is most common in the two downshear quadrants of most TC intensities and all
magnitudes of wind shear (Fig. 16 — 22). Lightning in the IC (OR/FOB) region is most prevalent
in the downshear left (right) quadrant. Previous studies have shown similar results (Corbosiero
and Molinari 2002, 2003; Abarca et al. 2010; Molinari and Vollaro 2010). Frank and Ritchie
(2001) simulated the effects of wind shear on numerically simulated hurricanes. They found that
maximum convection and reflectivity were located to the left of shear, arguing that shear-
induced vorticity advection generated low-level convergence downshear and to the left. Reasor
et al. (2004) similarly, showed that IC convection reverses the vortex tilting that is due to wind
shear. Since the shear vector is oriented northward in our depictions, resilience to tilting requires

that deep convection occur downshear and to the left of the shear vector in order to be advected
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cyclonically against the shear. Simulations of hurricanes Bonnie (1998) and Erin (2001) (Braun
et al. 2006, Braun and Wu 2007) produced intense eyewall updrafts in the downtilt (downshear)
quadrants. These updrafts were enhanced by eyewall mesovortices interacting with the storm-
relative flow in the downshear quadrants. The updrafts weakened as they circulated upshear
against the tilt. Eastin et al. (2005) found that the most buoyant updrafts in a number of hurricane
eyewalls were located left of shear (downshear). These results support the left of downshear
flash density maximum in the IC of hurricanes and to a lesser extent in the weaker TCs. TDs
appear to be the least resilient to wind shear exhibiting a downshear right lightning maximum
except during cases of weak shear. Resilience to vortex tilting appears to be optimized during
weak and moderate shear, but as shear exceeds 9 m s™, deep convection is less likely to persist,

yielding smaller average flash densities.

3.1.4 Intensity change relations

We next examine flash densities for five magnitudes of TC pressure change to determine
if fluctuations in lightning are related to changes in TC intensity. NHC defines RI as a decrease
in pressure of 42 hPa or more during a 24 h period, corresponding to a 10.5 hPa decrease in 6 h
(5.25 hPa in 3 h - NHC’s glossary of NHC/TPC terms (2006)). Four other pressure change
categories also were defined (slow intensification (SI) -5 to 0 hPa 6 h', fast intensification (FI) -
10.5 to -5 hPa 6 h'l, no pressure change, and weakening). The number of 6 h periods and the
number of storms in each category are shown in Table 6. The most frequent intensity changes are
weakening and SI (807 6 h periods; 77% of the observations). The smallest samples are the FI
(71 6 h periods) and RI (15 6 h periods) groups that together comprise only ~8% of the sample.

Table 6. Sample size for the five intensity change groups (number of 6 h periods) and the
number of individual storms in each group. The number of 6 h observations from a single storm
is bold in parenthesis.

Intensity Change Number of Number of
6 h periods Storms
Weakening (>0 hPa 6 h™) 449 44 (33)
No Pressure Change (0 hPa 6 h'l) 145 36 (13)
Slow Intensification (-5 to 0 hPa 6 h™) 358 42 (18)
Fast Intensification (-10.5 to -5 hPa 6 h™) 71 25 (8)
Rapid Intensification (< -10.5 hPa 6 h™) 15 7 (4)
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Flash Density by Pressure Change (flashes km2 6 h?)
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Figure 23. Storm-relative flash densities (flashes km™ 6 h™) in the 0-500 km radial range
during periods of a) weakening, b) no pressure change, c) slow intensification, d) fast
intensification, and e) rapid intensification. The shear vector points toward the top of each
panel. Note the different color scales between the top three and bottom two categories. The
number of 6 h periods (N) also is shown at the bottom left of each panel.
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IC Flash Density by Pressure Change (flashes km2 6 h?)
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Figure 24. Storm-relative IC flash densities (flashes km? 6 h'l) in the 0-100 km (IC) radial
range during periods of a) fast intensification and b) rapid intensification, The motion vector
is oriented toward the top of each panel.

Storm-relative flash densities for all five intensity change categories in the 0-500 km radial
range are shown in Fig. 23. Flash maxima during weakening, no change, or slow intensification
(Fig. 21a-c) are in the right front and right rear quadrants. However, during FI and RI, density
maxima are more confined to the IC and to greater distance than observed in the weaker
categories of pressure change (Figs. 23d, e, 24). This confinement is due partly to the smaller
sample sizes. The preference for lightning in the left rear quadrant during FI is due to hurricane
Katrina (2005) (Figs. 8, 9, 12 and 13) that intensified quickly as it moved into the Gulf of
Mexico and contained a single highly active 6 h period of lightning.

Table 7. Maximum flash density (flashes km? 6 h'l) and their locations for all storm-relative
intensity change composites.

Intensity Change (Mﬂ::llllzlsulr{nmgeélil_tl))f Region (IC,OR,FOB)
Weakening (>0 hPa 6 h™) 0.010 IC
No Pressure Change (0 hPa 6 h™) 0.017 IC
Slow Intensification (-5 to 0 hPa 6 h™) 0.016 IC
Fast Intensification (-10.5 to -5 hPa 6 h™) 0.046 IC
Rapid Intensification (< -10.5 hPa 6 h™") 0.059 IC
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Table 7 lists maximum flash densities and their associated regions for the five intensification
groups. Weakening storms exhibit the smallest maximum storm-relative flash density, with
periods of no pressure change and SI having similarly small maxima. Maximum flash density
increases ~300% between the three weaker categories and the FI/RI periods. This is an important
finding about the nature of lightning during FI and RI periods. Maximum densities in all pressure
change categories occur in the IC region (Fig. 23 and 24). Since IC lightning is greatest during
periods of greater pressure falls, IC flash activity may be a method for monitoring intensification.
This potential is considered further in the following section.

Current results considering storm motion and vertical wind shear show many similarities to
previous studies (Corbosiero and Molinari 2002, 2003; Abarca et al. 2010). Our findings go
further to reveal a preference for right of motion lightning during the weakening, no-pressure
change, and SI periods (Fig. 23). The FI and RI periods differ by exhibiting greater flash maxima
in the IC (Fig. 24), with a preference for lightning in the left rear quadrant during FI and nearly
symmetric about the IC during RI (Fig. 24).

We next relate intensity change to shear-relative flash density. A previous section showed
that lightning was most common in the downshear left IC region (Corbosiero and Molinari 2002,
2003; Eastin et al. 2005; Braun et al. 2006, Braun and Wu 2007; Abarca et al. 2010; Molinari
and Vollaro 2010), especially during periods of TS, C12, and C3+ intensity. Results show that
this relationship continues when considering pressure change.

Figure 25 relates flash distributions for the five pressure change categories to the vertical
wind shear. During periods of weakening, IC lightning is greatest directly downshear, whereas
periods of no pressure change and SI show broader IC flash densities that spread in the
downshear left and right directions. The tendency for lightning to remain directly downshear in
weakening systems has not been shown previously. Shear-induced vortex tilting of weakening
storms causes deep IC convection to advect directly downshear, inducing greater flash densities
in this region. Storms with constant pressure or SI are more resilient to wind shear; thus, the
arguments of Frank and Ritchie (2001) and Reasor et al. (2004) apply to the downshear left IC
lightning signal.
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Flash Density by Pressure Change (flashes km2 6 h't)
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Figure 25. Shear-relative flash densities (flashes km™ 6 h™") during periods of a) weakening,
b) no pressure change, c) slow intensification, d) fast intensification, and e) rapid
intensification. The shear vector points toward the top of each panel. Note the different color
scales between the top three and bottom two categories.

In the case of stronger intensification (Figs. 25d-e, 26), the inner core generally is more
active than the OR and FOB regions. Lightning in the OR and FOB regions is most common in

the downshear-right (left) quadrant during FI (RI). RI periods continue to display the inner
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rainband noted by Molinari et al. (1994, 1999). This occurs primarily because most TCs
undergoing RI become C3+ storms when the inner rainband is frequently observed. Flash
densities in the IC (Fig. 26) are greatest in the downshear left quadrant for both intensification
categories as observed by Corbosiero and Molinari (2002, 2003), Eastin et al. (2005), Braun et
al. (2006), Braun and Wu (2007), Abarca et al. (2010), and Molinari and Vollaro (2010). This
location is believed to be the result of convection attempting to maintain the vertical vortex

against the wind shear (Reasor et al. 2004).

IC Flash Density by Pressure Change (flashes km2 6 h?)

Fast Intensification (-10.5 to -5 hPa per 6 h) Periods Rapid Intensification (10.5 hPa or less per 6h) Periods
0
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100 a) e 342 18 b) 342 18
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Figure 26. Shear-relative IC flash densities (flashes km? 6 h'l) in the 0-100 km (IC) radial
range during periods of a) fast intensification and b) rapid intensification, The shear vector is
oriented toward the top of each panel.

Table 8 displays the greatest shear-relative flash densities at any grid point and locations
of this greatest density. Periods of SI, no change, and slow strengthening exhibit similarly small
maximum flash densities. Maximum flash densities increase greatly between the first three
pressure change groups and the FI/RI periods. Maximum flash densities move inward toward the
IC region for the three intensification periods (SI, FI, RI). Thus, there is a clear preference for

greater flash activity in the IC region during all periods of intensification.
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Table 8. Maximum flash density (flashes km™ 6 h™) and locations for all shear-relative intensity
change composites.

. Maximum Density  Region
Intensity Change (flashes km2 6 h")  (IC,OR,FOB)
Weakening (>0 hPa 6 h™) 0.010 IC/OR
No Pressure Change (0 hPa 6 h™) 0.016 OR
Slow Intensification (-5 to 0 hPa 6 h™) 0.015 IC
Fast Intensification (-10.5 to -5 hPa 6 h™) 0.040 IC
Rapid Intensification (< -10.5 hPa 6 h™") 0.050 IC

Findings in the various pressure change categories (Figs. 23-26) are similar to those
observed in the vertical wind shear and motion-relative flash distributions (Figs. 8-22). Storm-
relative distributions reveal a preference for lightning in the right front and rear quadrants during
periods of weakening, no pressure change, and SI. However, distributions during periods of FI
and RI are different, with most lightning occurring in the right and left rear quadrants and in the
IC region. Lightning in the OR and FOB regions is more common in the weakening, no pressure
change, and SI groups. However, IC flash activity increases in the strongest intensification
categories. With respect to wind shear, the downshear left (right) quadrant contains the most IC
(OR) lightning. During weakening periods, shear displaces most IC convection and lightning

directly downshear, between the downshear right and left quadrants.

3.2 Quantitative Lightning Relations

3.2.1 Average Categorical Flash Rates

While the previous distributions contain valuable clues relating lightning patterns to
storm motion, wind shear, and intensification, a more quantitative analysis is needed to
determine whether lightning in specific regions of a TC is related to intensity change. We
computed average flash rates and densities over 3 h and 6 h intervals in each annular region (IC,
OR, FOB, ST 0-500 km) of each intensity category. Corrections were applied to the raw CG
flash counts to account for geographical variations in the DE (Fig. 2) following Demetriades and
Holle (2008). Demetriades and Holle (2008) showed that CG flash rates in TCs tend to be
greatest prior to landfall and decrease once the storm is positioned inland. Thus, to avoid the

possible effects of land masses on average flash rates, all periods when TC centers were located
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over land were removed from the calculations. This yielded a total sample of 1458 and 740
periods for 3 and 6 h intervals, respectively. Average flash rates also were computed during
periods of RI.

Tables 9 and 10 contain average 3 and 6 h flash rates and flash densities (flashes km™)
for each TC intensity category and during periods of RI. Storm total (0-500 km) flash rates and
densities at both time intervals are similar for the TS, C12, and C3+ groups. There is no clear
tendency for strong storms to produce more lightning. However, TDs do exhibit considerably
smaller flash rates, while the RI groups display the greatest rates and flash densities. Lightning in
the OR region averages ~ 600 flashes 3 h” (~0.0024 flashes km™® 3 h™) (~1200 flashes 6 h™
(~0.0050 flashes km™ 6 h™)) for all intensity categories except TSs which produce the greatest
OR flash rates/densities (741 flashes 3 h™ (~0.0029 flashes km™ 3 h™) and ~1500 flashes 6 h™'
(~0.0059 flashes km™ 6 h™), respectively). Moving further outward, the FOB region shows a
clear increase in flash rate and flash density with greater intensity. The greatest increase occurs
between the TD and TS periods for both 3 and 6 h when flash rates increase ~60%. Thus, the
relatively distant FOB region should be considered when documenting the electrical
characteristics of TCs.

Periods of RI produce the greatest average flash rates and densities for both time intervals
(Tables 9 and 10). In the IC region, average 3 and 6 h flash rates/densities are greatest during TS
and TD intensity, decreasing to a minimum during C3+ periods. The 1C region produces the
smallest average 3 and 6 h flash rates, but when the relatively small area of the IC is considered,
it exhibits the greatest average flash density, except for C3+ hurricanes. Conversely, the OR and
FOB regions contain the greatest number of flashes, but have smaller flash densities due to their
larger areas, especially for the TD and TS intensities. Flash rates and densities in the IC during
RI are greater than during the two hurricane periods, but not as strong as during TS intensity.
Nonetheless, RI generally is associated with enhanced IC lightning. These findings are consistent
with those of Demetriades and Holle (2008) and Demetriades et al. (2010) who found that TSs
produce the greatest average IC flash rates, with the stronger hurricanes having smaller IC flash

rates.
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Table 9. Average 3-h flash rates for all categories and radial regions; with 3 h flash densities

((flashes km? 3 h™") x 107) in parentheses.

Outer
. Storm Total Inner Core . Far Outer Bands

Category Sample Size 0-500 km 0-100 km Rainbands 300-500 km
100-300 km

TD 315 1290 (1.6) 117 (3.7) 633 (2.5) 541 (1.0)

TS 644 1802 (2.2) 202 (6.4) 741 (2.9) 859 (1.7)

C12 256 1665 (2.1) 80 (2.5) 642 (2.6) 943 (1.9)

C3+ 243 1748 (2.2) 59 (1.8) 556 (2.2) 1134 (2.2)

RI 52 2105 (2.7) 174 (5.5) 642 (2.6) 1289 (2.6)

Table 10. Average 6-h flash rates for all categories and radial regions; with 6 h flash densities

((flashes km?6h™') x 107) in parentheses.

Outer

Category Sample Size (S)fggglkjl;?tal zn? ;’5 l?l(;re Rainbands gz;((i)su;(?(;- 500 km
100-300 km

TD 168 2464 (3.1) 194 (6.1) 1282 (5.1) 988 (1.9)

TS 316 3594 (4.6) 362 (11.5) 1505 (5.9) 1727 (3.4)

C12 123 3375 (4.3) 181 (5.7) 1263 (5.0) 1931 (3.8)

C3+ 117 3562 (4.3) 120 (3.8) 1176 (4.7) 2266 (4.5)

RI 15 4165 (5.3) 208 (6.6) 1180 (4.7) 2777 (5.5)

Table 11. Standard deviations of 6-h flash rates for all categories and radial regions.

. Storm Total | Inner Core Outer Far Outer
Category Sample Size 0-500 km 0-100 km Rainbands Bands 300-500
100-300 km | km
TD 168 3140 479 2237 1252
TS 316 3879 692 2007 2469
Category 1 &2 123 3946 579 2292 2144
Category 3+ 117 2909 183 1433 2103
RI 15 2811 232 1058 2193

Standard deviations of 6 h (Table 11) and 3 h flash rates (not shown) reveal that the IC

region exhibits the smallest variability in flashes. The IC region contains greatest standard

deviations during periods of TS intensity, with the C12 group showing the second greatest

variability. Standard deviations in the IC of C3+ storms are ~250% smaller than the next smallest
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category (C12). This indicates that IC flash rates in intense hurricanes typically change little
from one observation period to the next. Flash rates in the IC of TDs, TSs, and C12 hurricanes
are more variable. The OR region displays greatest variability during the TD stage, and smallest
variability for C3+ storms and during RI. The FOB region exhibits small variability during TD
intensity, but much greater variability during the other stages. Since the convective structure of
C3+ hurricanes and TCs undergoing RI typically is well organized and has established regions of
lightning (the eyewall and OR), there generally is less convective variability from one 6 or 3 h
period to the next. Conversely, TDs, TSs, and weak hurricanes display bursts of convection in
various regions of the storm that create large variability in the number and distribution of flashes
from one period to the next. This is particularly true in the IC region. IC lightning during RI is
more variable than in C3+ storms, indicating that lightning fluctuations are common during

intensification but that C3+ hurricanes tend to have more constant IC flash activity.

3.2.2 Correlations between Lightning and Intensity Change

To determine whether CG lightning data have the potential to increase the skill of TC
intensity forecasts, we computed correlations between flash rate and pressure change. Separate
calculations were made using the 3 and 6 h data, and the lightning trends were analyzed for the
period concurrent with the 3 and 6 h pressure interval and also for periods preceding (occurring
before) and lagging (occurring after) the pressure change interval. Calculations were made for all
categories and regions of the TCs (IC, OR, FOB, ST). As done previously, flash counts were
removed when the storm center was over land. Scatter plots are used to visualize relations
between flash rates and intensity changes, and coefficients of determination (R®) quantify these
relations. It should be noted that no statistical analyses were performed to determine statistical
significance and that correlation values are assessed on a scale from O to 1 with 1 being the
strongest possible relationship and O indicative of no relation. In order to carry out a more
definite analysis, a t test would need to be completed to assess the statistical meaning of R*
values. The discussion of R* in this study is sufficient to make general conclusions regarding
relationships between CG lightning and TC intensity change.

Increasing flash rates usually are associated with increasing pressure falls (Table 12).
However, the data in brackets denote the opposite relation, with greater flash counts favoring

smaller pressure falls or even pressure rises. Many of the timeframes and regions exhibit near
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zero R’ indicating that lightning is poorly correlated with intensity fluctuations. This is
especially true in the IC region where many categories and timeframes have R* ~0.00.
Nonetheless, the IC region still contains the second greatest average R* (0.044) for all time
periods due to several larger values in the lagging C3+ and RI categories. The ST region depicts
the greatest average R* (0.047). The OR and FOB regions exhibit the smallest average R* (0.039
and 0.037, respectively). Averaged R* for all categories and timeframes reveals that greatest
correlations occur when lightning either lags the 6 h pressure change (0.046) or when the two
periods are concurrent (0.050). R* values when the lightning period precedes the pressure change
period exhibit the weakest relationship (0.030). Although the small R” values when flash counts
precede intensification suggest that 6 h CG flash counts are a poor predictor of future

intensification, they will be examined further in the following paragraphs.

Table 12. Summary of R® between pressure change and lightning flash count (lagging,
preceding, concurrent) for all 6 h categories and annular regions. Most values denote a negative
correlation between lightning and pressure change, but bracketed values denote a positive
correlation. Regional R” averages and average R* by time period in parentheses also are shown.

Storm Inner Outer Far Outer
Storm Timeframe Total Core Rainbands | Rainbands
Category Count (0-100 (100-300 (300-500
(0-500 km) | km) km) km)

Concurrent 0.03 ~0.00 0.02 0.02
All Categories | Lagging 0.04 0.01 0.03 0.03
Preceding 0.02 ~0.00 0.02 0.02
. Concurrent 0.05 ~0.00 0.03 0.06
Egﬁgg‘:ﬂns Lagging 0.04 0.01 0.03 0.01
Preceding 0.04 0.02 0.07 0.03
. Concurrent 0.03 ~0.00 0.04 0.02
gg’fl:lgal Lagging 0.02 ~0.00 0.02 0.01
Preceding 0.01 0.01 0.01 0.01
Concurrent 0.04 ~0.00 0.01 0.07
g*ﬁﬁfﬂfcyalllei‘ Lagging 0.05 ~0.00 0.03 0.06
Preceding 0.04 ~0.00 0.02 0.03
Concurrent 0.03 0.02 0.02 0.01
gifﬁg;ﬁ;* Lagging 0.03 035 | 0.04 ~0.00
Preceding 0.03 ~0.00 0.04 0.01
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Table 12 - continued...

Storm Inner Outer Far Outer
Storm Timeframe Total Core Rainbands | Rainbands
Category Count (0-100 (100-300 (300-500
(0-500 km) | km) km) km)
Rapid Concurrent [0.26] 0.05 [0.21] [0.19]
Intensification | Lagging ~0.00 0.27 ~0.00 [0.03]
Periods Preceding [0.09] [0.06] [0.07] [0.06]
All periods 0.047 0.044 0.039 0.037
Averages: Preceding(0.030) 0.038 0.015 0.038 0.027
Lagging(0.046) 0.030 0.107 0.025 0.023
Concurrent(0.050) 0.073 0.012 0.055 0.061

RI Pressure Change and Lagging IC Lightning
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Figure 27. Scatter plot during periods of RI of 6 h flash count in the IC region that lag the
pressure change period (hPa) . The linear best fit line and coefficient of determination (R?)
also are shown.

The greatest, but still small R* values (bold in Table 12) occur when IC lightning lags
(occurs after) the intensification period in the C3+ and RI categories, and for the ST, OR, and

FOB regions when flash counts are calculated concurrent with the RI periods. The C3+ and RI
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periods are examined more closely using scatter diagrams (Figs. 27-30). The scatter diagram for
RI periods with IC lightning lagging (occurring after) the pressure change period (Fig. 27)
exhibits a negatively sloping best fit line which indicates that greater 6 h flash counts generally
are associated with greater pressure falls. However, one should note that flash counts less than
300 flashes do not exhibit this tendency. Fig. 28 exhibits a similar relation for storms of C3+
intensity. Both figures suggest that increased lightning activity is more likely to follow
intensification than precede it. Relatively large, but still small values of R* also occur in the RI
category when flash rate and pressure change are concurrent (Figs. 29 and 30). However in these
cases, large flash rates are associated with smaller pressure falls, an unexpected finding. The
weaker intensity categories (not shown, TD, TS, and C12) exhibit virtually no relationship
between lightning activity and preceding, concurrent, or lagging CG lightning in any region

(Table 12).

Pressure Change and Lagging C3+ IC Lightning
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Figure 28. Scatter plot for C3+ hurricanes when the 6 h flash rate period lags the pressure
change period (hPa). The linear best fit line and coefficient of determination (R?) also are
shown.
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Figure 29. Scatter plot for the composite of all storm regions (ST) during periods of RI
when the 6 h flash rate period is concurrent with the pressure change period (hPa). The
linear best fit line and coefficient of determination (Rz) also are shown.

The discussion above utilized 6 h periods for calculating flash rates and pressure tendencies.
We investigated whether 3 h periods would produce stronger relations. This approach is similar
to Demetriades and Holle (2008) and Demetriades et al. (2010) who computed corrected 3 h
cloud-to-ground IC flash rates for several TCs. The values of R* using 3 h periods (Table 13)
generally are much smaller than those at 6 h (Table 12), with the greatest value being only 0.19
for C3+ storms when IC lightning lags the pressure change period. Most entries again show near-
zero relationships. The IC region again exhibits the most periods when R*~0.00. The FOBs
contain the greatest average R” values (0.030), with the ST region being second largest (0.027).
The IC and OR regions display the smallest average correlations at 0.018 and 0.012 respectively.
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Figure 30. Scatter plot in the OR region during periods of RI with the 6 h flash rate period
being concurrent with the pressure change period (hPa). The linear best fit line and
coefficient of determination (Rz) also are shown.

Table 13. Summary of R® between pressure change and lightning flash count (lagging,
preceding, concurrent) for all 3 h categories and annular regions. Most values denote a negative
correlation between lightning and pressure change, but bracketed values denote a positive
correlation. Regional R” averages and average R* by time period in parentheses also are shown.

Storm Inner Outer Far Outer
Storm Timeframe Total Core Rainbands | Rainbands
Category Count (0-100 | (100-300 (300-500
(0-500 km) | km) km) km)
Concurrent 0.01 ~0.00 ~0.00 0.01
All Categories | Lagging 0.02 0.01 0.01 0.02
Preceding 0.02 ~0.00 0.01 0.02
Trobical Concurrent 0.03 ~0.00 0.01 0.04
b opica Lagging 0.02 001 | 0.01 0.01
epressions
Preceding 0.04 ~(0.00 0.01 0.10
. Concurrent 0.03 ~0.00 0.03 0.02
Tropical ;
Storms Lagging 0.04 0.01 0.02 0.02
Preceding 0.02 ~0.00 0.02 0.01
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Table 13 - continued...

Storm Inner Outer Far Outer
Storm Timeframe Total Core Rainbands | Rainbands
Category Count (0-100 | (100-300 (300-500
(0-500 km) | km) km) km)
Category 1 & Concurrent 0.03 ~0.00 ~0.00 0.06
y .
2 Hurricanes Lagging 0.03 0.01 0.01 0.03
Preceding 0.02 ~0.00 ~0.00 0.05
Category 3+ Concurrent ~0.00 0.04 0.01 ~0.00
y .
Hurricanes Lagging 0.04 0.19 0.03 0.01
Preceding 0.03 ~0.00 0.01 0.03
Rapid Concurrent [0.03] ~0.00 ~0.00 [0.04]
Intensification | Lagging [0.02] 0.04 | ~0.00 [0.04]
Periods Preceding [0.06] [0.02] [0.04] [0.03]
All periods 0.027 0.018 0.012 0.030
Averages: Preceding(0.022) 0.032 0.003 0.015 0.040
Lagging(0.027) 0.028 0.045 0.013 0.021
Concurrent(0.016) 0.022 0.007 0.008 0.028
Category 3+ Pressure Change and Lagging
Inner Core Lightning
20
15 L

Pressure Change (hPa 3 h?)
8]

Figure 31. Scatter plot for the IC region of C3+ hurricanes when the 3 h IC flash rate lags
the pressure change period (hPa). The linear best fit line and coefficient of determination

1y =-0.0229x + 1.1575
R?>=0.1867

(R?) also are shown.

3 h flash count

49




When assessing values by concurrent, lagging, and preceding timeframes, average R*
when the lightning lags (0.027) or precedes (0.022) the pressure change exhibit the strongest
relationships, with concurrent lightning showing the weakest (0.016) relation. The greatest 3 and
6 h values of R* (bold, Tables 12 and 13) are located in the IC region of C3+ hurricanes (Figs.
28, 31) when lightning lags the pressure change. R” for 3 h is 0.19, and for 6 h is 0.35. This
indicates that the relationship over smaller timescales is worse than for longer periods. One
should note that no 3 h values of R* during RI exceed 0.06, a disappointing finding.

In summary, values of R* for 3 and 6 h periods (Table 13) reveal virtually no lightning-
pressure change relationship. The only exception is C3+ hurricanes that exhibit a weak
relationship between lagging lightning and intensification (Figs. 28, 31). The application of a
statistical t-test would allow for more definite conclusions regarding 3 and 6 h R values. For this
paper, a more empirical methodology allows us to deduce only generalized conclusions. We next
present results over longer timescales to determine if stronger relationships can be found.

We calculated correlations (r) at 6 h intervals between + 72 h (3 days) to determine if
maximum storm-total (0-500 km) lightning activity precedes, lags, or is consistent with
maximum sustained wind speed (maximum intensity) at these longer time scales. One should
recall that Price et al. (2009) found that maximum lightning frequency preceded maximum
sustained wind speed by approximately one day. They used total lightning data from the
WWLLN and NHC best track 6 h positions and sustained wind speeds (kt). The Price et al.
(2009) dataset consisted of lightning data for 58 category 4 and 5 hurricanes in a 10 degree by 10
degree latitude/longitude box centered on the NHC best track hurricane center. This box
corresponds approximately to our 0-500 km (ST) radial region. Their time series of flash data
and sustained winds were smoothed during the lifetime of the storm using a running average
procedure. The smoothed lightning/wind speed curves then were temporally displayed and
correlated at 6 h intervals for +6 days, yielding a maximum correlation for each of the 58
hurricanes at a specific displacement time. In this study, we computed correlations for each of
the 45 TCs at 6 h displacements totaling +72 h between 6 h LLDN flash counts and 6 h sustained
wind speeds (kt). To maintain data integrity, no smoothing was applied to the lightning or wind
data. Fig. 32 shows a time series of correlations for hurricane Rita (2005) at each 6 h time-step
between -72 h to +72 h. Rita is shown since it contained one of the greatest correlations between

maximum lightning activity and maximum sustained winds (0.86). This occurred when wind
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speeds were lagged 48 h from the lightning. Thus, Rita’s maximum lightning activity precedes
her maximum winds by 48 h. Rita’s smallest correlation between lightning and maximum

sustained wind speed (- 0.30) occurs at +36 h.

Hurricane Rita Correlations (+/- 72)

1
0.9 0.86

L I
0.8 5 .

0.7 =
0.6
05 4
0.4 ’
0.3 *
0.2 L]
0.1 +

0 .
-0.1 Y .
-0.2 ° e & |

o e

-72 60 -48 -36 -24 -12 0 12 24 36 48 60 72

Correlation (R)

Preceding «———— 6hour lag——— 5 lagging

Figure 32. Plot of correlations (r) between lightning and wind speed (kt) (see text for
details) for hurricane Rita (2005) over 6 h periods from -72 h to +72 h. Preceding (lagging)
refers to maximum lightning occurring before (after) the maximum sustained wind speed
(kt).

The time series of correlations for all 45 TCs were merged to seek a general relation
between lightning and intensity (Fig. 33). One should note that some of the points in the figure
overlap. While some storms exhibit large correlations at times, many points indicate a weak or
even negative correlation. The greatest correlations generally are associated with lightning
lagging the intensification by 18 to 24 h; however, some cases of lightning preceding
intensification also display strong correlations. This analysis indicates that there is no general

timing between greatest lightning activity and maximum sustained winds.
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Correlation Timeseries for all 45 TCs (= 72 h)

Correlation Coefficient (R)
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Figure 33. Plot of all 6 h correlations (r) between lightning and wind speed (kt) for all TCs
from -72 h to +72 h. That i1s, all 45 versions of Fig. 32. Preceding (lagging) refers to maximum
lightning occurring before (after) the maximum sustained wind speed (kt). The correlations for
Hurricane Rita (2005) are plotted in red.

Following Price et al. (2009), maximum correlations from the time series for each of the 45
TCs were plotted (Fig. 34). The average maximum correlation of ~0.64 (R2 ~ 0.41) (dashed red
line), indicates that our sample at best displays only weak relationships between lightning
frequency and wind speed. Despite several correlations exceeding 0.8, 14 of the 45 TCs exhibit
maximum correlations less than 0.5, indicating little relation between lightning activity and
maximum intensity (maximum sustained wind speed) for preceding, lagging, or concurrent

lightning.
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Peak Lightning/Wind Speed Correlations for all

45 TCs
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Figure 34. Plot of maximum 6 h correlations (r) between lightning and wind speed (kt) for
all 45 TCs from -72 h to +72 h. The average of these maximum correlations (0.64) is
indicated by the brown dashed line.

We next prepared a frequency plot (Fig. 35) similar to Price et al. (2009) by totaling those 6
h bins (-72 h to +72 h) that contained the maximum correlation for each storm. The peaks of
11% at -36 h and 9% at +18 h reveal that the strongest relations between maximum lightning and
maximum sustained wind speed both precede and lag the 0 h (concurrent) observation. Thus,
once again, there is no preferred timing between lightning and maximum sustained wind speed,
echoing the results from Fig. 33. Since Price et al. (2009) only considered category 4 and 5
hurricanes; we then prepared a separate frequency diagram to display greatest correlation times
for only our intense hurricanes (C3+) (Fig. 36). Values of 0 to 8% are evident over much of the
time span, with no clear preference for any 6 h period. However, the most frequently occurring 6

h bin with
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Time Frequency Between Maximum Flash
Rate and Peak Wind Speed
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Figure 35. Frequency plot of maximum correlation (r) between lightning and wind speed
(kt) for all 6 h bins (£72 h) (patterned after Price et al. 2009).

Time Frequency Between Maximum Flash
Rate and Peak Wind Speed for C3 + Hurricanes
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Figure 36. Frequency plot of maximum correlation (r) between lightning and wind speed
(kt) for all C3+ storms using 6 h bins (72 h) (patterned after Price et al. 2009).
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maximum correlation is at +66 h (15% of bins). This result is inconsistent with Fig. 35 that
indicated preferred times both preceding and lagging the concurrent (0 h) time. Thus, neither
diagram produces results that agree with those of Price et al. (2009) who found that 70% of
intense hurricanes had greatest lightning preceding the maximum sustained wind speed by
approximately 24 h (1 day), with an average maximum correlation coefficient (r) of 0.82, ~33%
larger than our sample. These conflicting results may result from the different lightning sources
(WWLLN vs. LLDN), different storm samples, or slightly different methodologies in computing

mean correlations between flash count and maximum sustained wind speed.
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CHAPTER 4

SUMMARY AND CONCLUSIONS

Our understanding of TC’s has improved greatly in recent years. TC track forecasts have
become more accurate, but intensity forecasts have improved little (Fig. 1), and factors leading to
intensity change continue to challenge the scientific community. The development of lightning
detection networks has resulted in improved observations of convection in TCs over the open
oceans. Of these networks, the LLDN provides the greatest detection efficiency of offshore CG
lightning (Fig. 2). Various research has hypothesized that CG lightning may be useful in
forecasting TC intensity.

Our study examined 45 Atlantic Basin TCs between the years 2004 and 2008 (Fig. 3, Table
1). Spatial distributions of composite CG flash density in north-relative, storm-relative, and
shear-relative coordinates were presented (Figs. 8-22). Results showed that storm motion,
forward speed, and wind shear influence the convective organization in the various TC
categories (TD, TS, C12, and C3+). Lightning densities also were prepared during periods of
intensification and weakening (SI, FI, RI, no change, and weakening) to establish relationships
between intensity change and lightning density (Figs. 23-26).

North-relative flash densities (Fig. 8) revealed that weak TCs (TDs and TSs) generally are
less organized, exhibiting weaker IC and OR signals than their stronger counterparts (C12 and
C3+ hurricanes) (Fig. 8a, b). The hurricane intensity groups (Fig. 8c, d) contain more distinct
distributions, with C3+ composites displaying eyewall (IC), OR, and FOB signals that are
consistent with the idealized convective model of intense hurricanes (e.g., Molinari et al. 1999).

The storm-relative flash densities (Figs. 9-15) revealed that lightning activity and associated
deep convection were preferred in the right front and rear TC quadrants as observed by
Corbosiero and Molinari (2003). Greatest flash densities with respect to storm motion occurred
in the IC region of hurricanes (Table 3) in association with the eyewall. Fast forward speed
exhibited the greatest flash densities in the TD and TS storms (Figs. 10 and 11), while the C12
and C3+ groups displayed peak flash density during slow forward motion (Figs. 12-15). Periods
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of FI and RI exhibited the greatest IC flash densities with the three weaker pressure change
categories exhibiting similar IC flash densities (Table 7).

Assessing lightning distributions with respect to wind shear (Figs. 16-22) showed that
lightning activity generally was most common in the downshear left and right quadrants in the IC
and OR regions respectively, consistent with Corbosiero and Molinari (2002, 2003) and Abarca
et al. (2010). Mechanisms producing this relation have been discussed by Frank and Ritchie
(2001) and Reasor et al. (2004) who found that the downshear signal is related to convective
resilience against shear-induced vortex tilting. This relation was most evident for TSs and
hurricanes (Figs. 18-22), while TDs showed a preference for convection in the downshear right
quadrant (Fig. 17), consistent with TDs being more susceptible to wind shear and vortex tilting.
Moderate wind shear produced the greatest flash densities for TDs, TSs, and C12 hurricanes,
with weak shear promoting greatest flash density in the C3+ hurricanes (Table 5). Strong wind
shear resulted in the smallest flash densities (~0.014 flashes km™ 6 h™) in all but the TS category
due to a lack of deep convection and associated enhanced lightning activity. Wind shear during
periods of RI and FI contained the greatest flash densities of all intensity change categories in the
IC, with similar maximum density values for the three weaker categories and a stronger
preference for the OR region (Figs. 25 and 26, Table 8).

Calculations of average categorical flash rates and densities were produced to compare flash
frequency for the various storm categories and regions. Coefficients of determination (R*) were
computed between periods of pressure change and lagging, preceding, and concurrent lightning
periods to explore relationships between CG flash activity and intensity change. Longer term
correlations (r) also were calculated following Price et al. (2009) to determine whether peak flash
activity was offset from maximum sustained wind speed (i.e., maximum intensity).

Average flash rates and densities varied greatly by storm category, with TSs showing the
greatest average 3 and 6 h flash rates in all regions but the FOB, consistent with Demetriades and
Holle (2008) and Demetriades et al. (2010) who showed that 3 h IC flash rates were greatest for
TSs (Tables 9 and 10). Hurricanes (C12, C3+) exhibited less IC flash activity than the weaker
intensity categories, with the most intense hurricanes (C3+) containing the smallest IC and OR
flash rates. Flash rates in the FOB region increased with increasing intensity, with TDs having
the smallest average flash rates and intense hurricanes having the greatest. In terms of ST

lightning, TSs produce the greatest flash rates followed by the C3+ and C12 hurricane groups. 3
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and 6 h flash rates during periods of RI contained the greatest average flash rates in all regions
except the OR. The small flash rates in the more intense hurricanes stems from the preference for
lightning and convection to have a strong radial organization. Due to the development of the
inner rainband in strong TCs (Molinari et al. 1999), lightning is confined to the IC and OR
regions where deep convection develops. Weaker systems (TDs and TSs) contain infrequent
bursts of convection which produce disorganized regions of lightning activity throughout the 500
km radius. Although the greatest number of flashes occurred in the OR and FOB regions,
lightning activity with respect to area (flash density) was maximized in the IC region associated
with the eyewall, especially in hurricanes (Tables 9 and 10).

Our statistical results (Tables 12 and 13) indicate that lightning generally is poorly
correlated with pressure change. Greatest correlations occur during periods of C3+ intensity (R
= 0.35) and during RI (R* = 0.27) when IC lightning lags (comes after) the pressure falls. Both
values indicate a very weak relationship. This suggests that CG lightning is a poor indicator of
impending intensity change. While there certainly are cases of storms in which lightning
precedes intensification (e.g., Hurricanes Katrina (2005) and Rita (2005) from Squires and
Businger 2008), our composite results from 45 storms of various intensity categories and in
various regions of the TCs display no consistent time-dependent relationships.

Applying the methods of Price et al. (2009) to our sample showed virtually no time-
dependent relationship between peak lightning and maximum sustained wind speed (Figs. 32-
36). Average maximum correlation coefficients between maximum sustained wind speed and
lightning were weak (r = ~0.64) (Fig. 34). Considering the entire storm sample, maximum
lightning has no clear time preference with respect to maximum sustained wind speed, with at
most 11% of the maximum r values occurring 36 h before the 0 h (concurrent) bin (Fig. 35).
When only intense hurricanes were considered, even weaker relations were found, with a
maximum frequency of 15% when lightning lags maximum sustained wind speed by more than
60 h (Fig. 36). No other 6 h bins produce maximum correlations greater than 8% of the time.
Thus, there do not appear to be meaningful longer term temporal relationships between CG
lightning and maximum sustained wind speed in C3+ hurricanes.

Our results show that CG lightning should be regarded as a poor indicator of TC intensity
change and that its use alone will not provide the increased skill in TC intensity forecasting that

is so desperately needed. The development of improved geostationary satellite platforms capable
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of detecting total lightning, such as GOES-R, along with new data assimilation and modeling
techniques hopefully will take better advantage of lightning data, leading to improved TC

intensity forecasts.
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