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ABSTRACT: This study examines the characteristics of tropical cyclone (TC) lightning distribution and its relationship with TC
intensity and environmental vertical wind shear (VWS) over the western North Pacific. It uses data from the World Wide
Lightning Location Network and operational global analysis data from National Centers for Environmental Prediction Final
Analysis for 230 TCs during 2005-17. The spatial distribution of TC lightning frequency and normalized lightning rate demon-
strates that the VWS dominates the azimuthal distribution of the lightning. The flashes are active in the downshear-left side of the
inner core and the downshear-right side of the outer region. TC lightning distribution for various VWS strengths and TC intensities
are further investigated. As VWS increases, the flashes of lightning become more asymmetric and exhibit a higher proportion at
the outer region of the downshear side. Moreover, the same features occur as TC intensity decreases. A series of composite
analyses indicated that stronger TCs with weaker VWS exhibit a more compact and symmetric lightning distribution,
whereas weaker TCs with stronger VWS have a more asymmetric lightning distribution. Furthermore, the TC lightning
distribution and its association with TC intensity changes are also examined for three lead times. Results show that among
the composite analyses of five TC intensity changes, the lightning distribution for rapid intensification type exhibits more
inner-core lightning and is more axisymmetric than the distributions for other categories. These features result from fa-
vorable environmental conditions comprising greater upper-level divergence, sea surface temperature, maximum potential
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intensity, and weaker vertical wind shear.

1. Introduction

A key challenge for tropical cyclone (TC; see Table 1 for this
and other acronyms used in this paper) research is to achieve
accurate TC track and intensity forecasts to provide adequate
warning for areas that TCs are entering as well as to anticipate
the severity of damage. In the past decade, errors in TC track
forecasting have declined considerably, but the accuracy of TC
intensity forecasts could be much improved (Marks et al. 1998;
DeMaria et al. 2014; Kaplan et al. 2015; Cangialosi and
Franklin 2014; Dong and Zhang 2016). Particularly since the
beginning of the twenty-first century, intense TCs have grad-
ually increased in frequency, with maximum wind speeds
reaching unprecedented levels (Lander et al. 2014; Lin et al.
2014; Huang et al. 2017). The formation of these intense TCs is
usually accompanied by the process of rapid intensification
(RI; Kaplan and DeMaria 2003; Kaplan et al. 2010). Such
problems have also continued to hinder researchers and fore-
casters seeking to determine how key information regarding
changes in TC intensity may be accurately assessed through
limited observations.

Some factors, including environmental conditions such as
sea surface temperature, ocean heat content, vertical wind
shear (VWS), upper-level divergence, and midlevel relative
humidity, can influence intensity changes in TCs. Lightning
densities in the inner core (within 100km) and outer band
(200-300 km) of TCs have been added as reference indicators
for RI forecasting. Lightning data have also begun to be widely
used in TC research. In particular, after the development of the
World Wide Lightning Location Network (WWLLN)), a series of
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articles emerged that discussed the association between TC in-
tensity and structure and lightning frequency (LF). In principle,
the distribution and locations of areas of high lightning density in
TCs are generally consistent with strong convective regions,
which are usually located near the inner-core eyewall and outer
rainbands (Abarca et al. 2011; DeMaria et al. 2012; Zhang et al.
2012; Stevenson et al. 2016; Xu et al. 2017; Fierro et al. 2018).
Lightning distribution and location are also affected by VWS.
Lightning occurs primarily on the downshear side, and the
lightning in the inner core is often found in the downshear-left
quadrant, whereas the lightning in outer bands is observed in the
downshear-right quadrant (Corbosiero and Molinari 2002, 2003;
Abarca et al. 2011; Fierro and Mansell 2017; Stevenson et al.
2014, 2016, 2018; Wang et al. 2018; Zhang et al. 2019). Although
the TC motion has also been proposed to be relevant to distri-
bution and locations of lightning (Corbosiero and Molinari 2002,
2003; Abarca et al. 2011; Stevenson et al. 2016; Fierro et al. 2018;
Wang et al. 2018), compared with the effect of VWS, the effect of
TC motion is less important. Evidence has also indicated fluc-
tuations in lightning activity are attributable to the diurnal cycle;
more lightning activity is generally observed at night than during
the day because of the typical overnight peak in oceanic con-
vection and the greater detection efficiencies of the WWLLN and
the Geostationary Lightning Mapper at night (Stevenson et al.
2016; Fierro et al. 2018; Ditchek et al. 2019).

Most studies have indicated that more lightning activity is
usually accompanied by a higher probability of the TC inten-
sity increasing. However, some discrepancies have occurred in
the conclusions of more detailed analyses. For example, some
have contended that high-density inner-core lightning bursts
are strong predictors of intensity increase or RI (Thomas et al.
2010; Abarca et al. 2011; Bovalo et al. 2014; Zhang et al. 2015;
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TABLE 1. List of acronyms used in this paper.
Acronym Definition
AF Adjustment factor
D200 200 hPa divergence (SHIPS predictor)
ENP Eastern North Pacific
FLASH Lightning flash
IN Intensification, +5 to +15kt (6h) ™!
ITP Individual time period
JTWC Joint Typhoon Warning Center
LD Lightning density
LD-1R Lightning density calculated within the range of the RMW
LD-5R Lightning density calculated within 5 times the RMW
LF Lightning frequency
LStd Standard deviation value of lightning frequency
MPI Maximum potential intensity from K. Emanuel equation (SHIPS predictor)
MTC Moderate tropical cyclone, maximum sustained wind 64-96 kt
MVS Moderate vertical wind shear strength, shear magnitude 10-17 kt
NA North Atlantic
NCEP National Centers for Environmental Prediction
NStd Standard deviation value of normalized lightning frequency
OHC Climatological ocean heat content from 2005 to 2010 Navy Coupled Ocean Data Assimilation analyses
(SHIPS predictor)
RHLO 850-700 hPa relative humidity (SHIPS predictor)
RI Rapid intensification, intensity change =+15kt (6 h) ™"
RMW Radius of maximum wind
RW Rapid weakening, intensity change =—15kt (6h) ™!
SHIPS Statistical Hurricane Intensity Prediction Scheme
SHRD 850-200 hPa shear magnitude (SHIPS predictor)
SST Reynolds sea surface temperature (SHIPS predictor)
ST Steady state, intensity change —5 to +5kt (6h) ™
STC Strong tropical cyclone, maximum sustained wind =96 kt
SVS Strong vertical wind shear strength, shear magnitude >17 kt
TC Tropical cyclone
TRMM LIS/OTD Tropical Rainfall Measuring Mission Lightning Image Sensor/Optical Transient Detector
Vmax Maximum sustained wind
VWS Vertical wind shear
WE Weakening, intensity change —15 to —5kt (6h) "
WNP Western North Pacific
WTC Weak tropical cyclone, maximum sustained wind 34-64 kt
WVS Weak vertical wind shear strength, shear magnitude 0.1-10 kt
WWLLN World Wide Lightning Location Network

Stevenson et al. 2018). Others have suggested that inner-core
lightning bursts, in reality, represent the end of intensification,
whereas lightning bursts in the outer band are the main indicator
of intensity increase (DeMaria et al. 2012; Stevenson et al. 2016;
Xu et al. 2017; Fierro et al. 2018; Fierro and Mansell 2018).
Another area of contention concerns whether greater lightning
density follows higher TC intensity (Pan et al. 2014; Fierro et al.
2018). Some studies have indicated that high-density lightning is
more likely to occur in weak TCs (Abarca et al. 2011; DeMaria
et al. 2012; Zhang et al. 2015; Stevenson et al. 2018; Wang et al.
2018). However, this point of disagreement may be attributable
to the highly random occurrence of lightning, which varies be-
tween TCs (Fierro et al. 2018; Stevenson et al. 2018). Differences
in sampling or in the environmental conditions of TCs in different
areas may cause the observation of markedly different lightning
characteristics. Therefore, when lightning data are used to predict
TC intensity changes, storm status and characteristics of the

surrounding environment should be considered. For example,
Stevenson et al. (2018) found distinct differences, mainly in the
seasonal distribution and in the relationship between lightning
activity and TC intensity changes, in the lightning characteristics
of eastern North Pacific (ENP) and North Atlantic (NA) TCs.
The aforementioned contentions were based mostly on ana-
lyses of NA and ENP TC lightning. Studies of the western North
Pacific (WNP) have not identified noticeable differences in
lightning compared with the NA and ENP. For example, Pan et al.
(2014) reported that maximum lightning activity occurs prior to
peak TC intensity. Zhang et al. (2015) used the WWLLN dataset
to study lightning activity and the relationship between inner-core
lightning and TC intensity changes over the WNP from 2005 to
2009. Lightning was concluded to be more likely to occur in weak
storms at tropical depression and tropical storm intensity levels.
The highest lightning density in the inner core appeared in storms
that would proceed to undergo rapid intensity changes during the
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following 24 h. It was claimed that the inner-core lightning activity
may be a suitable indicator for predicting RI in Northwest Pacific
storms. Wang et al. (2018) applied WWLLN data to investigate the
characteristics of lightning activity and its relationship with envi-
ronmental dynamic and thermodynamic parameters for WNP
storms from 2005 to 2016. They found that the highest lightning
density in the inner core occurs when a TC is at the tropical de-
pression stage, and the secondary maximum occurs at the super
typhoon intensity stage. In the outer rainbands, lightning density
changed slightly with TC intensity. Moreover, asymmetric light-
ning distribution with respect to VWS was observed. Zhang et al.
(2018) also used the WWLLN dataset to investigate lightning
outbreaks and convective evolution in the inner core of Super
Typhoon Haiyan (2013). Three major inner-core lightning out-
breaks and convective bursts were observed during the RI, maxi-
mum intensity, and weakening stages. They also claimed that the
radial and azimuthal distributions of lightning outbreaks within the
inner core provided information indicative of the relationships
between convective structure and intensity changes of Haiyan.

However, some characteristics were specific to the WNP, such
as greater climatic values for lightning over the South China Sea
than over other open waters, greater lightning activity in an El
Nifio year than in a La Nifia year, and more frequent lightning
flashes when TCs pass over land (Zhang et al. 2012,2018; Pan et al.
2014). Furthermore, the generation and development of TCs in
the NA are greatly affected by easterly waves and VWS, but TCs
in the WNP are more likely affected by the summer monsoon and
ocean heat flux. Evidently, the environmental characteristics of
the WNP, which sees the greatest density of TC activity globally
and normally exhibits northeasterly VWS, decidedly differ from
those of the NA and ENP. Although a few studies have explored
lightning and TCs in the WNP, lightning activity and its rela-
tionship with TC intensity change remain poorly researched; and
little research interest has been devoted to the symmetry of inner-
core lightning distribution, and analyses of radius of maximum
wind (RMW)-relative frameworks are lacking. This study thus
applied RMW-relative perspective, which is commonly used in
the NA and ENP to TC lightning in the WNP and further eval-
uated the influences of large-scale environments on the TC inner-
core lightning distribution. Using WWLLN global lightning
data, a 13-yr survey of TC lightning characteristics was conducted
to examine the spatial distribution of lightning activity and its
relationship with intensity changes in WNP TCs.

The remainder of this paper is organized as follows: section 2
describes the data sources and research methods used in the study.
Section 3 discusses the overall distribution of TC lightning with
respect to VWS, motion, and intensity. Section 4 explores charac-
teristics of the spatial distribution of TC lightning and its relation-
ship with intensity change for five categories of intensity change
across three lead times. Furthermore, the environmental conditions
that contribute to the inner-core lightning features are also ad-
dressed. Finally, section 5 presents discussions and conclusions.

2. Data and methods
a. Lightning data

The lightning data used in this study are from the WWLLN,
founded by the University of Washington; since 2005, it has
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placed more than 70 sensors around the globe. These sensors can
detect very low-frequency radio waves (Abarca et al. 2011). The
detection principle of these sensors is as follows: when energy
generated by lightning passes through the ionosphere, these sig-
nals are reflected onto Earth’s surface and transmitted to the
sensors. This system can detect lightning from thousands of ki-
lometers away, most of which is cloud-to-ground lightning. This
lightning data collection has approximately 10km location ac-
curacy (Rodger et al. 2009). Due to the high station density and
low attenuation of very low-frequency electromagnetic waves
over the ocean, the WWLLN exhibits high detection efficiency
over the oceanic area (Hutchins et al. 2012). In the early stages
(before 2008) of this system, however, its detection efficiency
was lower because it had only implemented a relatively small
number of sensors. Several studies have used the climatic
values of lightning frequency provided by the Tropical
Rainfall Measuring Mission (TRMM) Lightning Image Sensor
(LIS)/Optical Transient Detector (OTD) to evaluate the yearly
lightning detection efficiency of the WWLLN and calculate the
ratio of two sets of lightning data from a specific region to serve
as the adjustment factor (AF) for determining yearly WWLLN
detection efficiency (DeMaria et al. 2012; Pan et al. 2014; Zhang
et al. 2015).

To reduce differences in detection efficiency attributable to
the number of sensors, TC-sensitive areas between 125°E and
180° and between 0° and 45°N, excluding landforms, were se-
lected (see red frame in Fig. 1a). Lightning data for annual
mean climatology from the TRMM LIS/OTD were compared
with yearly mean LFs from the WWLLN to calculate the AF
corresponding to each year in the 2005-17 period (Table 2).
The AF decreased substantially between 2008 and 2009 due to
the addition of dozens of sensors to the WWLLN in 2008. The
highest and lowest AFs occurred in 2007 and 2017, respectively,
and these are the cases presented in Figs. 1c—f. After AFs were
taken into account, the TC LFs between 2007 and 2017 exhibited
almost no difference (Figs. 1e.f). The detection efficiency is also an
area requiring particular attention when WWLLN data are used
to evaluate interannual lightning characteristics.

b. TC information

Data such as TC time, location, RMW, maximum sustained
wind (Vmax), and lowest central pressure were taken from best
track data issued by the Joint Typhoon Warning Center (JTWC)
every 6 h. Linear interpolation was employed to interpolate TC
data as hourly data. To satisfy the TC case selection criteria for
this study, the Vmax of a TC had to reach 34kt (1kt ~
0.51ms™!) or more and maintain that intensity for at least 24 h.
Using this screening method, a total of 230 TC cases from 2005 to
2017 were selected, with an average of approximately 17.7 cases
per year. TC cases were categorized as weak (WTC, 34-64 kt),
moderate (MTC, 64-96 kt), or strong (STC, =96 kt) according to
the JTWC’s Vmax in order to evaluate differences in the light-
ning characteristics of TCs with varying intensities.

c¢. Data analysis methods

Time, longitude, and latitude data from the WWLLN and
JTWC best track were used to find lightning located within
500km of hourly TC centers and to calculate LF within a
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FIG. 1. (a) Lightning density for annual mean climatology data from the TRMM OTD/LIS (1982-2014) over the
WNP. (b) The selected TCs plotted in three intensity categories from the JTWC 6-hourly best track dataset during
2005-17. The lightning density yearly mean within 5° of latitude for each TC over the WNP in (c) 2007 and (d) 2017
according to WWLLN data. (e),(f) As in (c) and (d), but that the adjustment factor is taken into account. The red
boxes in (a) represent the areas in which the adjustment factors are calculated using the ratio of WWLLN lightning
density to OTD/LIS lightning density. The black lines in (c)—(f) represent the TC tracks. The lightning density units
for (a) are flasheskm >h ™! and for (c)—(f) are log,, flashes per 0.5° latitude X 0.5° longitude.

0.5° X 0.5° grid (e.g., Figs. 1c,d). Graphs of the annual frequency
distribution of lightning in 2007 (Fig. 1c) and 2017 (Fig. 1d) were
employed; LF in 2017 was considerably greater than in 2007. In
addition to differences in the number of cases analyzed between
the two years, this finding was also related to the aforementioned
smaller detection efficiency of established WWLLN sensors
prior to 2008.

One of the foci of this study was the analysis of the spatial
distribution of lightning activity for TC coordinates relative to

the RMW. Operational centers estimate TC intensity and
structure parameters using the Dvorak method (Velden et al.
2006), which is based on relationships between TC intensities
and the structures of cloud fields on satellite images in the
visible and infrared ranges. The RMW is defined as the dis-
tance between the warmer TC center and the colder eyewall
rings, determined according to the infrared imagery of cloud-
top temperature fields (Permyakov et al. 2019). Because no
routine reconnaissance aircraft missions for TCs have flown
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TABLE 2. Yearly adjustment factors for the WNP ocean area are
determined in this study. Adjustment factors are calculated by the
ratio of yearly mean lightning density from the WWLLN to the
annual mean lightning density climatology data (1998-2014) from
the TRMM LIS/OTD in the three rectangular areas seen in Fig. 1:
0°-15°N, 130°E-180° 15°-30°N, 125°E-180° and 30°-45°N,
145°E-180°.
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2005 10.112
2006 10.067
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2008 7.339
2009 2.898
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2016 2.338
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over the WNP since 1987, no routine or in situ observations for
RMW have been conducted in the past three decades; thus,
relevant studies on RMW estimates or errors are unavailable.

Nevertheless, to address the reliability of JTWC RMW data,
the distribution of RMW values for all TCs in three intensity
categories were examined (Fig. 2). For all the WNP TCs during
the 2005-17 period (Fig. 2a), the characteristics of RMW values
were closely linked with TC intensity. The stronger TCs ex-
hibited smaller RMW values, whereas the weaker TCs exhibited
larger RMW values. The results for all the analyzed TCs in this
study (Fig. 2b) are highly consistent with the combined results
for all of the samples. The mean RMW values in WTCs, MTCs,
and STCs were approximately 60, 40, and 30 km, respectively.
This overall RMW value evaluation demonstrates that the
JTWC-estimated RMW values are reasonable, although their
accuracy over the WNP remains unknown. Kossin et al. (2007)
examined the RMW estimated errors by comparing values from
aircraft reconnaissance over the NA. They found the mean ab-
solute error of the estimated RMW to be 10.2 km.

In this study, the RMW data estimated by the JTWC best
track dataset were utilized, and lightning data within 5 times
the RMW for all TC cases were selected for analysis. Two
metrics were defined to quantify the lightning distribution
around TCs. LF was a simple calculation of the cumulative
number of lightning flashes within a grid point, and normalized
LF was calculated using twice-normalized frequency. In the
first normalization, the LFs at grid points for individual time
periods (ITPs, hourly) were normalized separately using Eq. (1).
In the second normalization, the normalization results for all time
periods were totaled. The cumulative result was then normalized
using Eq. (2):

j=n LF,. .
[ @)
J;-\MaxLF
AveLF(i) =——2 (1)
n

F1G. 2. Boxplots of the RMW for three TC intensity types for
(a) all and (b) no-land effect cases over the WNP from the JTWC
best track dataset during 2005-17. The data range between 2.5th
and 97.5th percentiles of each category are calculated. Blue, green,
and red box plots represent weak, moderate, and strong TC in-
tensity, respectively. The asterisk denotes the mean value, and the
number in parentheses represents the sample size.

where AveLF is the average normalized LF in the first nor-
malization, MaxLF is the maximum LF for grids within 5 times
the RMW, i is the grid within 5 times the RMW, j is the ITP for
an analyzed case, and » is the number of the ITPs:

AveLF(i)
(2

NorLF() = MaxAveLF’

where NorLF is the normalized LF after the second normali-
zation, and MaxAveLF is the maximum AveLF for grids within
5 times the RMW.

The LF primarily exhibited the spatial distribution of orig-
inal lightning frequencies; the normalized LF filtered dominant
phenomena caused by cases of extreme lightning bursts and
was not affected by AF.

The azimuth angles for the aforementioned spatial repre-
sentations of lightning activity were also converted to corre-
spond with the TC motion and the VWS direction, which are
often connected with convective asymmetry. TC motion was
calculated using the longitude and latitude after interpolation
of hourly TC centers from the JTWC best track. For VWS,
wind field data from the analysis field of the National Centers
for Environmental Prediction (NCEP) Final Analysis (FNL)
were used to calculate wind vector differences between 200 and
850 hPa and were averaged within an annulus extending 2°-8°
from the storm’s center (Chou et al. 2019). To evaluate the
degree of confidence of calculation results of VWS from
NCEP-FNL, the VWS data were further compared with those
from the Statistical Hurricane Intensity Prediction Scheme
(SHIPS) where wind data over the 200-800 km annulus
were calculated. The comparison results for zonal and
meridional wind components exhibited high goodness of fit
between the SHIPS data and VWS data calculated from
NCEP-FNL (figure not shown). On the basis of NCEP-FNL
calculations, shear strength was categorized as weak (WVS, 0.1-
10kt), moderate (MVS, 10-17kt), or strong (SVS, > 17kt);
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these categorizations were used to examine lightning character-
istics at environmental VWS of varying strengths.

Because another focus of this study was the association be-
tween TC intensity changes and lightning distribution, the re-
lationship between the time of lightning occurrence and
intensity changes had to be defined. The period within 6 h
before lightning occurrences constituted the lead time of Oh,
the period 6 to 12 h prior to lightning occurrences constituted
the lead time of —6h, and the period 6 h after lightning oc-
currences constituted the lead time of +6 h. Furthermore, TC
Vmax data from JTWC were used to calculate changes in wind
speed every 6h according to the aforementioned three lead
times. Intensity change was divided into the following five
categories: rapid weakening [RW, = —15kt (6h) '], weak-
ening [WE, —15kt (6h)™' to —5kt (6h)"'], steady state
[ST, =5kt (6h)~! to +5kt (6h) '], intensification [IN, +5kt
(6h)™! to +15kt (6h)™!], and RI [=+15kt (6h)™']. Such
categorization was then used to examine the characteristics of
lightning activity and spatial distribution at various lead times
and intensity changes. To eliminate the influence of orographic
effects, the lightning data analyzed in this study excluded TC
cases that occurred during periods when TCs were approaching
areas in the Philippines, Taiwan, and Japan (Fig. 1b). In this
study, six large-scale predictors from the SHIPS diagnostic
data were selected to investigate why inner-core lightning may
be occurring and what mechanisms could contribute to the
lightning distributions that result in TC intensity changes.
These predictors were the 850-200 hPa vertical shear magni-
tude (SHRD), 200 hPa divergence (D200), 850-700 hPa rela-
tive humidity (RHLO), maximum potential intensity (MPI),
sea surface temperature (SST), and climatological ocean heat
content (OHC), which are commonly used as predictors for RI-
index development to estimate RI probability (Kaplan et al.
2015). Based on the comparisons of intensity change and these
predictors for the studied samples, it is found that except for
the D200, these predictors all exist a systematic difference for
different intensity change types of TCs. When TCs strengthen
faster, they are usually embedded in the environments with
greater MPI, RHLO, SST, and OHC values, while weaker
VWS values; and vice versa (figure not shown).

3. Overall distribution of TC lightning

a. Lightning distribution according to VWS direction, TC

intensity, and TC motion

In this study, 230 TC cases from 2005 to 2017 were analyzed.
To evaluate the relationship between lightning activity and
fluctuations of TCs, only samples without orographic effects
were included in the following composite analyses (samples
within the orange frame in Fig. 1b). As shown in Fig. 3, com-
posite analyses of LF (Figs. 3a,b), adjusted LF (Figs. 3c,d) and
normalized LF (Figs. 3e,f) were conducted within 5 times the
RMW for 230 TC cases, using all analyzed ITPs. Notably, the
different numbers of ITPs between the composite analyses of
the vertical shear direction (ITP = 7869) and of storm motion
(ITP = 7857) stemmed from the different zero-value samples
of environmental shear and storm translation speed. Maximum
frequency occurred within the inner edge of the downshear-left
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RMW (Fig. 3a); the upshear right within the RMW exhibited
relatively low LF. A relatively large LF distribution is evident
as the radius travels outward, gradually shifting to the down-
shear right (3-5 RMW), and a relatively less LF in the outer
areas also shifts position to the upshear left. The same method
was applied to the composite analysis undertaken with re-
spect to the TC motion (Fig. 3b); the maximum LF is evident
at the left side of the motion within the RMW, whereas in
the outer areas, LF is slightly greater at the front left of the
motion. Overall, motion-relative azimuthal asymmetries in
the lightning distribution are less discernible than shear-
relative asymmetries.

To assess the possible effects of differences in the de-
tection efficiency of the WWLLN, a composite analysis was
also conducted on yearly LF data after taking into account
AF (Figs. 3c,d). Compared with LF prior to adjustment
(Figs. 3a,b), the overall distribution of larger adjusted LF
values closely resembled that before adjustment. The ad-
justed results are shown from this point forward since it
accounts for the yearly variation in WWLLN detection ef-
ficiency and does not have a large impact on the overall
lightning distribution.

To prevent interference from a few extreme cases, more
representative lightning activity information was obtained us-
ing the normalized LF (Figs. 3e,f). For example, Fig. 3e
represents a normalized LF composite analysis with respect
to the vertical shear direction; its distribution (such as the
distribution of the inner-core maximum and the relative max-
imum of the outer band) closely resembles that of the LF
composite analysis. On closer inspection, the distributions
exhibit minor differences, such as a portion of greater values
in the LF or adjusted LF analysis on the upshear side near the
1-2 RMW. Further inspection revealed that these values were
the result of a single extreme TC case in 2015 (figure not shown).
Such phenomena are filtered in the normalized LF analysis,
which more representatively depict the locations of strong and
weak TC lightning distributions. Despite normalized compos-
ite analysis, the asymmetry of lightning distributions remains
dominated by the vertical shear direction. By comparison, the
lightning distributions in the motion-relative framework ap-
pear less asymmetrical (Fig. 3f).

b. Lightning distribution and TC intensity

Using the aforementioned method of composite analysis,
adjusted LF and normalized LF were categorized into WTC
(34-64kt), MTC (64-96kt), and STC (=96kt) according to
Vmax values from the JTWC best track (Fig. 4). In the TCs of
the adjusted LF analysis (Figs. 4a,c,e), the lightning distribu-
tion of weak TCs (Fig. 4a) is somewhat similar to that of the
overall composite analysis (Fig. 3a). The maximum is in the
downshear left in the inner core near the RMW; following
the radius outward, larger adjusted LFs are transferred to the
downshear right. The lightning distribution of moderate TCs
(Fig. 4c) is relatively consistent. Areas with high adjusted LF
values generally occur on the left-of-shear direction near the
RMW, where lightning rarely occurs at more than 3 times the
RMW. The lightning distribution of strong TCs (Fig. 4¢) ex-
hibits significant axial symmetry. A few extreme values occur
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FIG. 3. The composites of (a) LF, (c) adjusted LF, and (e) normalized LF analyzed within 5 times the RMW for
shear-relative coordinates. (b),(d),(f) Asin (a), (c), and (e), but are for motion-relative coordinates. ITP represents
the number of individual time periods, and FLASH is the total amount of lightning flashes in the analysis area.
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FIG. 4. As in Figs. 3c and 3e, but the data are classified according to TC intensity: (a),(b) weak; (c),(d) moderate;
and (e),(f) strong TCs. The black stars in (d) and (f) represent the differences between (b) and (d) between (b) and
(f), achieving the 99% confidence level for the Student’s ¢ test.
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TABLE 3. Comparisons of lightning frequency (flash), lightning density (10~ flashes km > h "), radius of maximum wind (km), and the
standard deviation values of normalized lightning frequency (NStd) in various classifications. 1R (5R) represents the lightning data within
the RMW (5 times the RMW). In the columns for LD-1R and LD-5R, “b” represents the baseline group for the Student’s r-test
comparisons in each classification, and an asterisk indicates values that differ significantly from the baseline group’s at the 95% confidence

level. Furthermore, values in parentheses for LD-1R signify that the LD value is further adjusted through the random addition of a

+10km error to the original RMW estimate.

Row No. Category ITP RMW FLASH-1R FLASH-5R NStd LD-1R LD-5SR
TC intensity

1 WTC 3948 66.7 229975 1052115 0.17 6.3% (7.7%) 1.1%

2 MTC 1989 36.5 61062 279215 0.26 9.9% (26.6%) 2.2%

3 STC 1932 272 70873 190787 0.11 18.6b (65.0b) 2.6b

VWS strength

4 WVS 2857 47.7 88745 436659 0.10 9.9% (36.0b) 1.6%

5 MVS 2436 515 163 084 551140 0.17 13.0b (25.4) 2.0b

6 SVS 2576 49.2 110081 534320 0.24 8.0% (17.2%) 1.7%

TC intensity and VWS strength

7 WTC and WVS 1355 65.8 40219 290 896 0.11 3.1% (3.5%) 0.8*

8 WTC and MVS 1226 70.5 116 806 391215 0.20 11.7* (14.5%) 1.5%

9 WTC and SVS 1367 64.3 72950 370003 0.19 4.8% (5.9%) 1.1%*
10 MTC and WVS 626 37.7 15086 59421 0.14 8.9% (40.7) 1.9%*
11 MTC and MVS 607 372 21429 98298 0.19 11.5% (16.6%) 2.5%
12 MTC and SVS 756 34.8 24547 121495 0.28 9.3% (22.9%) 2.4%
13 STC and WVS 876 26.9 33440 86340 0.10 21.2b (82.9b) 2.8b
14 STC and MVS 603 27.3 24 848 61627 0.15 17.3* (56.6) 2.6
15 STC and SVS 453 27.7 12585 42821 0.15 15.4* (41.6) 2.2%

TC intensity change (lead time —6h)
16 RW 31 34.8 200 1948 0.14 5.3% (10.2%) 1.1%
17 WE 738 435 21762 83178 0.18 5.3% (10.9%) 1.1%*
18 ST 2517 55.6 94 885 542937 0.28 6.0% (9.9%) 1.5%
19 IN 3780 49.5 215617 785044 0.15 12.4%* (28.5%) 1.8%
20 RI 709 283 28529 69092 0.12 20.4b (96.9b) 2.9b
TC intensity change (lead time O h)
21 RW 69 41.1 371 5798 0.23 5.9% (23.7%) 1.3%
22 WE 883 41.6 36974 141599 0.18 9.8% (19.6%) 1.9%*
23 ST 2498 55.0 132614 496750 0.17 8.6% (16.6%) 1.5%
24 IN 3661 512 160451 777517 0.20 9.4% (22.1%) 1.7*
25 RI 725 29.3 31339 80174 0.09 21.4b (93.9b) 2.9b
TC intensity change (lead time +6h)

26 RW 96 31.0 1073 8590 0.14 4.5% (12.1%) 1.4%
27 WE 1072 39.6 39639 153704 0.24 12.5% (30.4%) 2.1%
28 ST 2603 55.7 120503 538711 0.19 8.4% (19.9%) 1.6%
29 IN 3387 513 168126 709 867 0.17 9.8% (25.3%) 1.7*
30 RI 703 337 31149 102 407 0.09 16.5b (54.3b) 2.6b

in the left-of-shear of the inner core, and overall lightning is
concentrated in the TC center. Adjusted LFs exceeding 80
flashes are present within twice the RMW. When normal-
ized LF is used to view the distribution of lightning activity
(Figs. 4b,d,f), a region is apparent with a large range of
normalized LFs greater than 0.4 in the downshear right of
3-5 times the RMW although the strongest normalized LF
in the weak TCis located in the downshear left of the RMW
(Fig. 4b). The largest normalized LF in the moderate TC is
similar to the adjusted LF and is also located in the left-of-
shear near the inner RMW. Overall, relatively greater
normalized LFs (>0.4) tend toward the downshear left near
the inner core (Fig. 4d).

To evaluate the significant differences of normalized LF
spatial distributions between WTCs and MTCs or STCs, grid
points satisfying the Student’s ¢ test 99% confidence level are
also marked on the figure (e.g., Figs. 4d,f). This analysis
indicated a significantly greater normalized LF in the left-of-
shear area near the RMW in moderate TCs than in weak TCs,
whereas normalized LF is significantly smaller in the down-
shear right of 3-5 times the RMW. The normalized LF distri-
bution of strong TCs is somewhat similar to that of moderate
TCs, although with an overall distribution more concentrated
in the inner core and with relatively greater symmetry.
Significance analysis indicated that, compared with weak TCs,
the normalized LF of strong TCs within twice the RMW was
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FIG. 5. As in Fig. 4, but the data are classified according to vertical wind shear strength: (a),(b) weak; (c),(d)
moderate; and (e),(f) strong vertical wind shear. The black stars in (d) and (f) represent the differences between
(b) and (d) and between (b) and (f), achieving the 99% confidence level for the Student’s ¢ test.
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significantly greater, whereas the normalized LF within the
outer area at 3-5 times the RMW was significantly lesser.

Furthermore, to simply quantify and evaluate differences in
lightning activity among different TC intensities, the ratio of
adjusted lightning frequency per square kilometer to the
number of analyzed ITPs was defined as average lightning
density (LD). The LD-1R (LD-5R) values calculated within
the range of the RMW (5 times the RMW) are summarized in
rows 1-3 of Table 3. The LD-1R value of strong TCs (18.6 X
1072 flashes km 2 h™!) is clearly statistically greater than those
of weak and moderate TCs (6.3 and 9.9 X 107> flasheskm “2h™!).
The LD-5R value of strong TCs is also clearly statistically larger
than those of weak and moderate TCs. Furthermore, to assess
whether the differences in LD values among the three categories
are influenced by the RMW estimated error, the LD values are
also calculated through the random addition of +10km (based
on the RMW estimated error from Kossin et al. 2007) to the
original RMW values for each ITP. Note that if the random
assignment of the RMW value is less than 0km, lightning
samples related to these TC cases were removed from the
LD calculations as shown in Table 3. The results are also
consistent, with strong TCs exhibiting greater LD-1R (65.0 X
1072 flasheskm ™ 2h~!) value and for weak TCs revealing
lesser LD-1R (7.7 X 1073 flasheskm 2h™!) value around the
inner core of the storm.

c. Lightning distribution and VWS strength

Using a similar analytical method, VWS was divided into
WVS (0.1-10kt), MVS (10-17 kt), and SVS (>17 kt) according
to shear strength, and lightning distributions for these three
VWS strengths were observed. In the composite analysis of
adjusted LF, maximum adjusted LF appears in the downshear
left within or just outside the RMW (Figs. 5a,c,e). However, in
stronger VWS strength categories, high adjusted LFs also
shifted more outward to the downshear side; in the outer band
areas (3-5 RMW) with SVS, high adjusted LFs shift toward the
downshear right. In WVS, normalized LF exhibits significantly
greater axial symmetry (Fig. 5b). Following an increase in
VWS strength, high normalized LF in the inner core shifts to
the left-of-shear, and normalized LF in the outer band area
also increases gradually on the downshear side (Figs. 5d,f).
Compared with a WVS environment, the Student’s ¢ test 99%
confidence level for MVS had fewer samples, most of which
were distributed near the downshear right of the inner core
(Fig. 5d). The difference between SVS and WVS was signifi-
cantly greater, with the primary difference occurring in the
right-of-shear near the inner core; the outer downshear right
also exhibited areas with relatively substantial differences
(Fig. 5f). This result is consistent with the finding of Corbosiero
and Molinari (2003), which revealed increasing vertical shear is
manifested by an increase in the azimuthal asymmetry in the
inner core (inside the RMW) peaking toward the left of shear
(reflected by a reduction right of shear) and an increase of
azimuthal asymmetry peaking downshear right at large radii.

To simply quantify and evaluate differences in lightning
activity among the aforementioned condition categories, the
LD-5R values were calculated and then normalized by the
maximum quantities for comparison (Fig. 6). Detailed LD-5R
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FI1G. 6. Comparisons of ITP, FLASH, and LD-5R using the
normalized value for (a) TC intensity and (b) strength of vertical
wind shear. LD-5R is defined by the number of flashes per km?
within 5 times the RMW divided by the number of ITPs.

values of each classification are also listed in Table 3. For in-
stance, Fig. 6a shows a comparison of normalized ITP, FLASH,
and LD-5R values in WTC, MTC, and STC conditions. Clearly,
the ITP and FLASH values of WTC are the largest, whereas
the LD-5R value is smallest; however, MTCs and STCs exhibit
greater LD-5R values in relatively lower ITP and FLASH
values than WTCs do. In summary, WTC exhibits greater
samples of lightning occurrence but lower average LD-5R per
unit of time. Following increases in TC intensity, overall
lightning occurrence time decreases and LD-5R increases.
In a comparison of the WVS, MVS, and SVS environments
(Fig. 6b), although the WVS environment exhibited the
greatest number of ITPs, it exhibited the lowest FLASH and
LD-5R values. In MVS and SVS conditions, although the ITP
value was smaller than that in WVS condition, these condi-
tions exhibited the greater FLASH and LD-5R values. The
LD-5R values per unit of time for the lightning events are greater,
and the LD-5R value of MVS is clearly shown to be statistically
larger than those of WVS and SVS (rows 4-6 of Table 3).

d. Lightning characteristics of the nine types of VWS and
TC intensity
TC lightning was further divided into nine types in com-
posite analysis and is presented using normalized LF (Fig. 7).
In WTC and WVS conditions (Fig. 7a), overall lightning dis-
tribution was more widely dispersed. Excluding the upshear
left, all other quadrants exhibited normalized LF greater than
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FIG. 7. As in Fig. 3e, but the data are further classified according to (from top to bottom) weak to strong TC intensity and (from left to
right) weak to strong vertical wind shear.

0.4. However, the inner-core area (within the RMW) was
highly symmetrical and uniform, and a higher proportion of
high normalized LFs in the outer band (3-5 RMW) occurred in
the downshear right. As vertical shear strength increased, the
distribution of high normalized LFs gradually shifted to-
ward the left-of-shear direction in the inner core, and more
lightning occurred downshear (Figs. 7b,c). The distribution
of LF in moderate TC for various VWS strengths is shown in

Figs. 7d, 7e, and 7f. For three VWS strengths, the outer band
exhibited normalized LFs that were not excessively high
(<0.4), and inner-core lightning was relatively concentrated
and evenly distributed within the RMW in WVS. As vertical
shear increased, inner-core lightning also shifted to the left-of-
shear outside the RMW. In STC conditions, lightning distribu-
tion was, by comparison, the most concentrated and symmetrical
(Figs. 7g-i). Lightning in WVS conditions occurred mostly
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FIG. 8. The composites of adjusted LF classified according to TC intensification rates and lead times: (a)—(c) rapidly
weakening; (d)-(f) weakening; (g)—(i) in a steady state; (j)—(1) intensifying; and (m)—(o) rapidly intensifying. The lead

times are (left) —6, (center) 0, and (right) +6 h.

RW

Adjusted LF (+6h)

4427

0202 $840j0 |z UO Jasn selieiqr] uojbulysen Jo Ausiaaun Aq Jpd:LZ€06 L PIMW/BEZE00S/S /1L L/8Y LApd-ajoe/imu)/Bi0-00s}awe: s[euInol//:diy woJy papeojumog



4428

within twice the RMW and exhibited very high symmetry. As
VWS increased, TC lightning shifted slightly in the left-of-
shear direction. Even in SVS conditions, inner-core lightning
exhibited a uniform but nonetheless slightly asymmetric dis-
tribution near the RMW.

Opverall, lightning distribution for WTC in an SVS environ-
ment (Fig. 7c) exhibited the greatest asymmetry, and a high
proportion of inner-core lightning occurred in the downshear
left. In the outer band, lightning occurred primarily in the
downshear side. By contrast, lightning distribution for STCin a
WVS environment (Fig. 7g) exhibited the greatest axial sym-
metry, and almost all lightning flashes occurred in areas close
to the inner core. The aforementioned results are consistent
with a studies by Chen et al. (2006) and Wingo and Cecil (2010)
comparing TC intensity and VWS strength with precipitation
asymmetry. In their study, weaker TCs and stronger VWS were
accompanied by precipitation distributions that were farther
from the TC center; conversely, distributions were closer to the
TC center during stronger TCs and weaker VWS. Composite
analyses derived from aircraft, lightning, and satellite obser-
vations show that environmental vertical shear is the dominant
factor governing the development of azimuthal wavenumber-1
convective asymmetries of TCs (Corbosiero and Molinari
2002, 2003; Chen et al. 2006; Rogers et al. 2013, 2015, 2016;
Wadler et al. 2018). On the basis of the metric from Reasor
et al. (2013), the standard deviation values of normalized LF
(NStd) for the 72 azimuth points at the RMW were calculated
(rows of 7-15 of Table 3). The variable NStd could easily be ap-
plied to determine the asymmetry of inner-core lightning distri-
bution; namely, the larger the NStd value is, the more asymmetric
the TC lightning distribution is. Results indicate that the stronger
the TC intensity is and the weaker the VWS strength is, the
smaller the NStd values are, which means a more symmetric
inner-core lightning distribution. An exception is noted for the
weaker TCs whose NStd values in three vertical shear categories
(0.11,0.20,0.19) are smaller than those of moderate TCs (0.14,0.19,
0.28). In general, for weaker TCs, the closed inner-eyewall may not
be built completely, and this increases the uncertainty of detecting
the storm center’s location. Furthermore, deep convection can also
occur randomly around the storm. These effects might increase the
symmetry of TC inner-core lightning distribution.

4. TC lightning distribution associated with TC intensity
change

a. Analysis of adjusted LF and TC intensity change

As described in the research method, TC intensity change
was divided into five categories (RW, WE, ST, IN, RI)
according to near-center Vmax value provided by the JTWC
best track. These five categories were combined with three lead
times (—6, 0, +6 h) to produce 15 combinations of adjusted LF
composite maps (Fig. 8). Among these maps, too few RW samples
were obtained for the results to be statistically significant; thus,
those results are not elaborated upon here (Figs. 8a—). Most
samples were categorized as ST (Figs. 8g—i) and IN (Figs. 8j-1)
types. In a comparison of lightning differences between these two
categories, excluding a greater number of IN samples, overall
lightning distribution was highly similar between the two types.
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FIG. 9. As in Fig. 6, but for five types of TC intensification
rates at lead times of +6 h, also including the LD-1R value for
comparison.

Closer inspection of lightning distribution near the inner core,
however, revealed that the adjusted LF maximum for the IN
category (Figs. 8j-1) was closer to the TC center than that for the
ST category (Figs. 8g-i). Although the WE (Figs. 8d-f) and RI
(Figs. 8m—0) categories exhibited similar sample sizes, patterns of
lightning distribution were significantly different between the two
types. In the WE category, high adjusted LFs were distributed
mostly on the ring of the RMW, and sporadic lightning also oc-
curred in the outer band; in RI, lightning was clearly concentrated
within the RMW, and almost no lightning flashes occurred in the
outer band (excluding +6 h downshear right).

These spatial distributions of lightning (using +6h as the
basis) were normalized and quantified for comparison (Fig. 9).
As previously mentioned, the ITP and FLASH values for the
IN category were greatest. Although the ITP and FLASH for
the ST category were significantly lower, the LD-5R was al-
most the same as that of IN. The ITP and FLASH values of the
RI type were lower than others (except RW), but the LD, es-
pecially LD-1R (LD within RMW), for the RI type was the
greatest. Statistically significant differences among the five
categories for the LD-1R and LD-5R values were further ex-
amined: Both the LD-1R and LD-5R values of RI type were
significantly larger than the values for other types (rows 26-30
of Table 3). These results are consistent with the findings of
Rogers et al. (2013) that, using airborne Doppler radar, showed
convective bursts tend to be located inside the RMW for in-
tensifying TCs (similar to IN and RI cases in this study), and at
or outside the RMW for steady-state TCs (similar to ST cases
in this study).

b. Analysis of normalized LF and TC intensity changes
Similarly, normalized LF was divided into 15 combinations
(Fig. 10) using TC intensity change and lead times. Because the
RW sample size was too small, normalized LF strength ex-
hibited little distinguishability (Figs. 10a—c). A similar distri-
bution pattern existed between ST and IN (Figs. 10g-1), and
some differences were observed within the distribution of
inner-core maximum locations. The IN category was closer to
the TC center, and the outer area of the ST exhibited more
normalized LFs that exceeded 0.1. Furthermore, to assess
the statistical significance of differences, the location for the
Student’s ¢ test 99% confidence level is also indicated on the
figures (all compared with a benchmark of ST). Because ST
and IN distribution patterns were extremely similar, few data
achieved more than a 99% significant difference; excluding the
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FIG. 10. As in Fig. 8, but for normalized LF. The black stars represent the differences between steady-state-type TCs
and other types achieving the 99% confidence level for the Student’s ¢ test.
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FIG. 11. The percentages for (a),(c) adjusted LFs and (b),(d) normalized LFs in various (a),(b) radial distributions
and (c),(d) azimuth distributions within the RMW corresponding to the five TC-intensification-rate types at the
lead times of +6 h. The two-color barsin (a) and (b) represent the radial ranges relative to RMW, and the four-color
bars in (c) and (d) represent the quadrants relative to the direction of vertical wind shear. DR, DL, UL, and UR
represent downshear-right, downshear-left, upshear-left, and upshear-right quadrants, respectively. In the figure,
“b” represents the baseline group for the Student’s ¢-test comparisons in each quadrant, and the asterisk indicates
the respective values differ significantly from those in the baseline group at the 95% confidence level.

increased concentration in the inner core within the RMW
for —6h, these data were sporadically distributed through-
out the entire analysis range. Greater normalized LFs in the
WE category exhibited an arc distribution in the downshear
left near the RMW (Figs. 10d-f), and —6 h exhibited greater
normalized LF distribution in the downshear side of the
outer band. Compared with the ST category, statistical dif-
ferences in the WE category were also not noticeable, and
only a few sporadic positions achieved 99% statistical
significance.

The RI group exhibited relatively different characteristics
(Figs. 10m-0). The normalized LF distribution was particularly
concentrated in the inner-core area, and almost no normalized LF
values greater than 0.1 occurred in the outer band (3-5 RMW).
Furthermore, compared with ST, statistical differences in the RI
category were significantly greater and more concentrated and
were almost all located within the range of the RMW, closer to the
upshear and upshear-left sides. Differences among the three lead
times were minimal. A lead time of +6h implicitly predicts the
possible future TC intensity changes, and subsequent related an-
alyses used the lead time of +6h.

c. Concentration and symmetry of lightning distribution
To more accurately distinguish differences between the
spatial distributions of lightning for each category, a quantified
chart was employed to present the degrees of concentration
and symmetry of distributions (Fig. 11). Using +6h data (6h
after the time of lightning detection) as the basis, Figs. 11a and
11b present the radial percentages for adjusted LF and

normalized LF, respectively, at various distances from the TC
center. Although the adjusted LF and normalized LF per-
centages are not identical in every category, overall differences
and trends are the same. A larger red histogram indicates that
lightning is more concentrated within the RMW. Clearly, for
the RI category, radial percentages exceed 30% only for -1 RMW,
corresponding with Figs. 8 and 10. In Figs. 11c and 11d, the
means of adjusted LF and normalized LF within the RMW
were calculated according to the four quadrants of the vertical
shear direction. Cool colors indicate the right-of-shear direc-
tion and warm colors represent the left-of-shear direction. The
bottom two histograms are in the downshear direction, and the
top two histograms are in the upshear direction. An analysis of
the figures clearly reveals two distinct, common characteristics:
Inner-core lightning was mostly located in the 1) left-of-
shear and 2) downshear direction areas; moreover, lightning
distribution in the RI category exhibited the most uniform
four-azimuth distributions, although the proportion in the left-
of-shear direction was slightly higher than that in the right-of-
shear direction. Therefore, calculations of the radial mean and
azimuth mean revealed a distinct characteristic: When RI oc-
curs, the lightning distribution of TC is usually concentrated in
the inner-core area, and azimuth distribution is also relatively
symmetrical. Notably, this characteristic of RI type lightning
distribution also achieved more than a 95% significant confi-
dence level as compared to most of the other types. These
analyses are also similar with observational composite results
using airborne Doppler radar shown in Rogers et al. (2013) and
Wadler et al. (2018), they revealed that intensifying TCs have
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more lightning in the left-of-shear, upshear, and inside the
RMW than steady-state TCs.

d. Environmental conditions that contribute to TC
inner-core lightning distribution

According to the composite analysis, RI TCs exhibit more
concentrated and symmetrical inner-core lightning distribution
than other types of TC do. Thus, the concentration rate and the
symmetry of the inner-core lightning distribution for each ITP
were analyzed; in Fig. 12, the y axis represents LD-1R, which
indicates the concentration rate of inner-core lightning distri-
bution, and the x axis represents 1/LStd, which represents the
symmetry of the inner-core lightning distribution. LStd is
similar to NStd, except that the standard deviation values of
the adjusted LF for the 72 azimuth points at the RMW were
calculated. It has been examined that the LStd better repre-
sents the symmetry of lightning distribution for each ITP. The
average values of LD-1R and 1/LStd for five categories were
also compared. Results show that the RI category exhibited
greater values for LD-1R and 1/LStd than other categories did.
In particular, both the average LD-1R and 1/LStd values in the
RI category were statistically greater than those in the IN
category, indicating that the lightning distribution in the RI
category is more concentrated and axisymmetric. Notably, the
concentration and symmetry results obtained were directly
calculated from individual ITPs in which the LD-1R values
exceed 0.1 X 107> flasheskm 2h™%; the results obtained in
section 4c originated mainly from the composite results of each
classification.

Next, the environmental conditions were examined to dis-
tinguish which factors or mechanisms contribute to greater
LD-1R and 1/LStd values (upper right of Fig. 12). To address
this issue, samples were subjectively divided into four quad-
rants using the LD-1R value of 30.0 X 102 flasheskm 2h ™!
and the 1/LStd value of 2.0. Q1 would represent symmetric
storms with larger lightning densities inside the RMW, Q2
would represent less symmetric storms with larger lighting
densities inside the RMW, Q3 would represent less symmetric
storms with smaller lighting densities inside the RMW, and Q4
would represent symmetric storms with smaller lighting den-
sities inside the RMW. The average values for six environ-
mental conditions from the SHIPS dataset (SHRD, D200,
RHLO, MPI, SST, OHC) were then compared for the four
quadrants. Figure 13 shows the boxplots of six environmental
conditions from samples belonging to four quadrants, and
statistical significance of their mean values is also labeled.
Results show that Q1 exhibits smaller SHRD value and greater
MPI value than do other quadrants, a greater D200 value than
thatin Q2 and Q3, and a greater SST value than that in Q3 and
Q4. However, the RHLO and OHC values do not differ sig-
nificantly with those in other quadrants. These results clearly
imply that the better oceanic conditions could supply more
enthalpy to the storm (greater MPI and SST) as well as envi-
ronmental flow patterns that provide upper-level ventilation
(greater D200) and vertical structure coherence (smaller
SHRD) contribute a more concentrated and symmetric TC
inner-core lightning distribution. Note that the OHC data used
here are the climatology values, not daily data such as MPI and
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FIG. 12. Scatterplot of 1/LStd and LD-1R values for the 5th and
95th percentiles of LD-1R values. The x axis represents a measure
of azimuthal symmetry of lightning, and the y axis represents a
measure of the concentration of lightning near the center. Open
circles represent the individual values of each ITP, while red,
orange, black, cyan, and blue crosses represent the average values
for RI, IN, ST, WE, and RW categories, respectively. Dashed lines
are subjectively chosen to separate samples into four quadrants.
Average values for environmental conditions from SHIPS data on
samples in four quadrants are also labeled for references. The dark
green numbers in Q2-Q4 signify that the respective values differ
significantly from those in Q1 at the 95% confidence level; light
green numbers indicate that respective values do not differ
significantly from those in Q1.

SST values, which might cause the relationship to be incon-
sistent with those for the other two oceanic conditions.

5. Discussion and conclusions

This study employed WWLLN lightning data, TC data from
the JTWC best track, and NCEP-FNL wind field data to ana-
lyze 230 TCs that occurred from 2005 to 2017 and examined
characteristics of RMW-relative lightning spatial distribution
according to TC intensity, VWS, motion direction, and TC
intensity change. In principle, the spatial distribution of TC
lightning closely resembles that of strong convection. The ef-
fect of VWS direction is significantly greater than that of mo-
tion direction: Stronger VWS leads to increased asymmetry in
lightning distribution, strong lightning occurrences shift in
position toward the downshear side and the outer band, and
increases in average LD (Corbosiero and Molinari 2002, 2003;
Abarca et al. 2011; DeMaria et al. 2012; Stevenson et al. 2014,
2016; Fierro and Mansell 2017). When TC intensity is weaker,
lightning activity increases and average LD is lower (Abarca
et al. 2011; DeMaria et al. 2012; Zhang et al. 2015; Stevenson
et al. 2018; Wang et al. 2018). Situations where weak TCis in a
moderate-to-strong VWS environment exhibit a higher pro-
portion of outer-band lightning with greater asymmetry.
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FI1G. 13. Boxplots representing environmental conditions from the SHIPS data for the four quadrants depicted in Fig. 12: (a) SHRD,
(b) D200, (c) MPI, (d) RHLO, (e) SST, and (f) OHC. The data ranges between the 5th and 95th percentiles of each predictor are
calculated. Black boxplots in Q2—-Q4 indicate that the respective values differ significantly from those in Q1 at the 95% confidence level;
gray boxplots indicate that the respective values do not differ significantly from those in Q1. Values in parentheses are the numbers of ITPs

used for calculations.

When a strong TC is in a weak VWS environment, lightning
distributions occur that are characterized by the greatest axial
symmetry and concentration. This asymmetric pattern of lightning
distribution related to TC intensity and shear strength is similar to
the results obtained from satellite-derived rain rates (Chen et al.
2006; Wingo and Cecil 2010).

In this study, three lead time differences were designated,
and TC lightning distributions were categorized into 15 types
for composite analysis according to intensity changes in the
JTWC best track data every 6 h. However, analyses revealed
negligible differences between lightning distributions at the
three lead times of —6, 0, and +6h. In the future, a + 6h
leading time may be given preference in forecasting analysis.
Among the composite analyses of five different TC intensity
changes, most samples (approximately 75%) were classified as
the ST or IN type of intensity changes. The overall lightning

distributions for these two types were also extremely similar,
although extreme values of inner-core lightning for IN were
closer to the TC center. The numbers of ITPs and flashes for
WE and RI were similar; however, the spatial distribution of
RI lightning was relatively concentrated in the inner core and
exhibited greater symmetry. A spatial analysis of the signifi-
cance of these five categories based on ST revealed that distinct
differences were exhibited only for the RI type of the intensity
change exhibited distinct differences and were particularly con-
centrated in the inner-core area near the upshear and upshear-
right sides, featuring several areas with significance exceeding
99%. Further, quantitative calculations of the radial and inner-
core-azimuthal percentages yielded extremely valuable findings,
which also achieved a confidence level with significance exceeding
95% as compared to most of the other types: When RI occurs,
lightning distribution is usually concentrated in the inner-core
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area and is characterized by axial symmetry. Last, the environ-
mental conditions that contribute to concentrated and symmetric
inner-core lightning features were also investigated: Storms em-
bedded in environments with stronger upper-level divergence,
warmer sea surface temperatures, and greater maximum potential
intensity as well as weaker vertical wind shear were found to be
potentially involved.

This finding of compact and symmetric lightning distribution
resembles that of an analysis by Stevenson et al. (2018) re-
garding the characteristics of inner-core lightning bursts for
TCs in the NA and ENP. Furthermore, this result echoes those
of Rogers et al. (2013) and Wadler et al. (2018), who used
composites of airborne Doppler data to examine variations in
the structure and distribution of deep convection in a shear-
relative framework in relation to TC intensity changes. Wadler
et al. (2018) found that intensifying storms have stronger and
deeper updrafts on the upshear side than steady-state storms.
The physical interpretation of this result is that the stronger
and deeper updrafts inside the RMW can spin up the vortex
through greater angular momentum convergence and a more
efficient vortex response to the diabatic heating. Thus, the
observation of compact and symmetric lightning density within
the RMW in this study can be useful for employing lightning
data to evaluate the likelihood of RI. However, our composites
did not exhibit the signal of outer rainband lightning as high-
lighted in the schematic of Stevenson et al. (2018). However, the
occurrence of outer rainband lightning, especially over the up-
shear side, could indicate a decrease in shear strength causing
the TC intensification. Future studies could evaluate this.

The spatial distribution of lightning in the WNP (Fig. 1)
reveals that, for TCs passing through land or islands, lightning
distribution and density differed substantially after contact
with land. Spatial differences in lightning activity were also
apparent between the South China Sea and the WNP; the
South China Sea region exhibited distinctly greater lightning
activity. Such topics merit further exploration. The results
presented at this stage of this study primarily provide an
overview of the overall lightning distribution characteristics of
TCs in the WNP. We hope to discover lightning indicators that
predict TC intensity changes. For instance, lightning concen-
tration or symmetry was mentioned in the study; by quantifying
and testing the relationship between such indicators and TC
intensity change, we hope to find a set of lightning-related
predictors, particularly for predicting RIs. Subsequent studies
have begun to analyze TC cases for the NA and ENP to ex-
amine whether differences exist among the characteristics of
TC lightning distributions in different ocean basins.
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