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A B S T R A C T

Using lightning data from the World Wide Lightning Location Network, infrared satellite imagery, and micro-
wave observations, this study investigates lightning outbreaks and convective evolution in the inner core
(0–100 km) of Super Typhoon Haiyan (2013), the strongest storm on record to make landfall in the northwest
Pacific. This storm was characterized by intense lightning activity with half of the strokes occurring in the inner
core. Three major inner-core lightning outbreaks and convective bursts (CBs) were observed during rapid in-
tensification (RI), maximum intensity (MI), and weakening stages. These outbreaks coincided with favorable
large-scale environmental conditions for TC development with higher sea surface temperature (29–30 °C), higher
relative humidity (75–80%), and weaker deep-layer vertical wind shear (3–8m s−1), compared to the clima-
tological averages for the month of November in the northwest Pacific.

The RI lightning outbreak occurred primarily in the downshear quadrants and CBs were located inside the
radius of maximum wind (RMW). The MI lightning outbreak occurred just after the eyewall replacement cycle,
inducing marked depression of brightness temperature at 91-GHz. The lightning outbreak during Haiyan's
weakening stage preferred the upshear–left quadrant outside the RMW. In contrast, relative lack of cloud-to-
ground lightning in the rainbands was observed during all three main outbreaks. The radial and azimuthal
distributions of lightning outbreak within the inner core provided indicative information on the relationships
between convective structure and intensity changes of Haiyan.

1. Introduction

A recent tropical cyclone (TC) that highlights the difficulties in
forecasting TC intensity change, particularly rapid intensification (RI),
was Super Typhoon Haiyan in 2013. Haiyan formed in the northwest
Pacific on 3 November 2013, and underwent RI 24 h after its formation.
In this work, we will refer to the definition of Kaplan and DeMaria
(2003) to identify RI periods (a 15m s−1 increase in the maximum
sustained wind during 24 h). Haiyan intensified at RI rates for 66 h
during which it evolved from a tropical storm to a category 5-equiva-
lent super typhoon (1-min maximum sustained wind=70m s−1).
Haiyan made landfall in the Philippines at its peak intensity and caused
catastrophic loss of life and property (6293 fatalities, 28,689 injured
and>1.1 million homes destroyed) (National Disaster Risk Reduction
and Management Council, 2014). Extremely strong winds, storm
surges, and flash floods made it the deadliest typhoon on record in the
Philippines (Lander et al., 2014).

TC intensification often occurs in environments with warm sea
surface temperature (SST), high relative humidity (RH), and weak
vertical wind shear (VWS) (Kaplan and DeMaria, 2003; Kaplan et al.,
2010). Besides environment-scale parameters, internal processes also
influence intensification (Marks and Shay, 1998; Hendricks, 2012;
Wadler et al., 2018). For example the development of inner-core meso-
vortices may play an important role in the RI process (Guimond et al.,
2010; Jiang, 2012; Rogers et al., 2013). Latent heat release due to
inner-core convective burst (CB) has been proposed to promote TC in-
tensification (Williams et al., 1992; Guimond et al., 2010; Rogers et al.,
2015). A CB is usually defined as deep convective period with high
cloud top, strong microwave ice scattering signature, increased light-
ning frequency, and/or high radar reflectivity (Cecil et al., 2002;
Guimond et al., 2010; Rogers et al., 2013; Susca-lopata et al., 2015).
Observations showed that intensifying storms appeared to have more
CBs, preferentially located within the radius of maximum wind (RMW)
compared to non-intensifying storms (Rogers et al., 2013). When a CB is
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present within the RMW, axisymmetric vorticity in the eyewall will
increase (Rogers et al., 2015) and warming from upper-level subsidence
around the burst could be enhanced (Braun et al., 2006), both leading
to TC intensification.

The development of global ground-based lightning detection net-
works, such as the World Wide Lightning Location Network (WWLLN;
Rodger et al., 2004), and the Vaisala's world-wide network (GLD360;
Demetriades et al., 2010; Said et al., 2010), has allowed continuous
observation of lightning activity in TCs worldwide. Many studies have
noted the positive relationships between inner-core (or eyewall) light-
ning outbreaks and TC intensification. Lightning outbreaks within the
storm core preceding the onset of intensification were observed in many
TCs (e.g., Lyons and Keen, 1994; Molinari et al., 1994; Shao et al., 2005;
Squires and Businger, 2008; Fierro et al., 2011). In the Atlantic Ocean,
TCs were more likely to intensify 24 h after an inner-core lightning
burst if the storms were steady or intensifying before burst onset
(Stevenson et al., 2018). A marked increase in inner-core lightning
density during intensifying stages was also observed for TCs in the
northwest Pacific (Pan et al., 2010; Zhang et al., 2012; Zhang et al.,
2015). Lightning outbreaks in the eyewall led the TC peak intensity by
several hours. Similarly, in the Indian Ocean, lightning outbreaks oc-
curred prior to the TC maximum intensity (MI) (Ranalkar et al., 2016)
and lightning activity in the eyewall tended to decrease for weakening
TCs (Bovalo et al., 2014).

In contrast, DeMaria et al. (2012) suggested that bursts of lightning
within the inner core may be an indicator of end of RI, while lightning
increase in the outer rainbands was an indicator of imminent in-
tensification. Similarly, Stevenson et al. (2016) found that enhanced
inner-core lightning was associated with non-intensifying TCs in the
eastern North Pacific basin. Xu et al. (2017) further displayed the ne-
gative relationship of TC intensity change to inner-core total lightning
and intense convection using long term (16 years) Tropical Rainfall
Measuring Mission (TRMM) lightning and precipitation radar data.
Despite these findings, a clear relationship between lightning activity in
the inner core or eyewall region and TC intensification has not yet
emerged.

Previous studies based on global ground-based networks, such as
WWLLN, have helped augment our understanding of the general pat-
tern of TC lightning. However, these networks operated in very low
frequency (VLF) and mainly detect cloud-to-ground (CG) lightning. As
the ratio of intra-cloud (IC) to CG lightning averages 3:1 in garden-
variety storms (Boccippio et al., 2001) to ratios as large as 10:1 in se-
vere continental storms (e.g., MacGorman et al., 1989; Schultz et al.,
2011; Medici et al., 2017), there are many benefits of using total
lightning in contrast to CG-only data. In particular, total lightning was
shown a more comprehensive description of lightning activity within
TCs. Moreover, total lightning is shown to better correlate with storm's
bulk dynamical and microphysical properties (MacGorman et al., 1989;
Lang and Rutledge, 2002). The recent launches of the Geostationary
Lightning Mapper (GLM; Goodman et al., 2013; Rudlosky et al., 2018)
on board the Geostationary Operational Environmental Satellite 16
(GOES-16) and the Lightning Mapper Imager (LMI; Yang et al., 2017)
on board the Fengyun Satellite 4A (FY-4A) provide continuous ob-
servations of total lightning in the Atlantic and Pacific basins, respec-
tively. Both datasets will enable a better understanding of TC total
lightning and its relationship to intensity changes.

Lightning can provide useful information on the distributions of
deep convection. Petersen et al. (1999) indicated the connection be-
tween lightning and kinematics, precipitation structure, and micro-
physics in tropical convection. Black and Hallett (1999) provided the
first conceptual model of hydrometeor and charge distribution within
TCs. Their observational study indicated that, in developing storms,
strong vertical velocities (> 10m s−1) promote the presence of super-
cooled liquid water. When supercooled liquid water is present at tem-
peratures<−20 °C, significant electrical activity can occur
(Takahashi, 1978; Saunders and Peck, 1998; Saunders et al., 2001). In

addition to serving as a proxy for the occurrence of vigorous updrafts,
the lightning radial and azimuthal distributions can provide further
information on TC convective structure. For example, in Tropical Storm
Gabrielle (2001), a highly asymmetric structure was observed during
the intensification, with the highest reflectivity and the strongest
lightning outbreaks located downshear. When convective cells moved
into the upshear region, lightning activity quickly ended (Molinari
et al., 2006; Molinari and Vollaro, 2010). Hurricane Danny (1997)
exhibited persistent downshear convective outbreaks, with inner-core
lightning occurring consistently downshear during the development
phase (Molinari et al., 2004). Lightning distributions in Hurricane
Edouard (2014) suggested that deep convection was prevalent
throughout the intensification period of the storm, and primarily oc-
curred in the downshear quadrants inside the RMW (Rogers et al.,
2016; Zawislak et al., 2016). Nevertheless, the inner-core lightning in
Hurricane Earl (2010) maximized in the upshear quadrant (Stevenson
et al., 2014; Susca-lopata et al., 2015), possibly due to enhanced low-
level RH and elevated convection in the upshear quadrant. These stu-
dies suggest that lightning provides useful information on the evolution
of deep convection within TCs, intensity changes and their bulk dyna-
mical/microphysical evolution.

Modeling studies have explored in detail the electrical processes
within the inner core and their relationships to TC evolution. In an
idealized hurricane modeled by Fierro et al. (2007), the highest total
lightning flash rates occurred within the eyewall where larger updrafts
produced a favorable charging environment. During the RI of Hurricane
Rita (2005), electrically-active CBs located near the eyewall. The ra-
pidly rotating electrical activities were found near the RMW during
intensification phases (Fierro and Reisner, 2011). The simulated charge
structure in these studies indicated that both the eyewall and the
rainband convection exhibited a gross normal tripole charge structure
(Fierro et al., 2013, 2015; Fierro and Mansell, 2017, 2018), consisting
of a main negative charge layer sandwiched in between two layers of
positive charge (Williams, 1989). Akin to continental convection (e.g.,
Fierro et al., 2006; Kuhlman et al., 2006), the temporal and spatial
evolution of total lightning flashes in both the eyewall and rainband
were shown to correlate well with updraft and graupel volume. Fierro
and Mansell (2017) further highlighted that because the eyewall con-
vection exhibited a more active warm rain trait than in the rainbands,
this could explain why lightning in the inner core of TCs is generally
episodic. The relative peaks of these parameters were coincident with
the end of an intensification phase (Fierro et al., 2015). The above
modeling studies revealed some of the relationships between simulated
electrification and TC's kinematic and microphysical characteristics,
and suggested the utility of using total lightning to diagnose changes in
TC structure and intensity.

Super Typhoon Haiyan (2013) has ranked as the second-most in-
tense TC in the world since 1979. However, very few observational
studies (Wang et al., 2016; Shimada et al., 2018) of Haiyan have been
made due to lack of dense observations in the northwest Pacific. Studies
analyzing lightning in TCs in recent years have shown the correlation
between inner-core lightning and TC structure evolution, and indicated
the potential use of inner-core lightning to aid TC intensity change
nowcasting (Zhang et al., 2015; Fierro et al., 2018; Stevenson et al.,
2018). The results of this study aims to provide additional evidence on
this correlation and indication. Based on lightning and satellite ob-
servations, this study investigates the inner-core lightning patterns and
microwave-based convective properties throughout the life cycle of
Super Typhoon Haiyan. The study intends to partially address the fol-
lowing questions: (1) Is there any inner-core lightning outbreak
throughout Haiyan's life cycle? If so, during what stages do these out-
breaks occur and what about lightning activity in the rainbands during
these stages? Are inner-core lightning outbreaks particularly related to
the RI of the storm? (2) What are the inner-core convective properties
during various lightning outbreak periods, in terms of lightning rate,
microwave ice scattering signature, distributions (radial and azimuthal)
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of lightning and microwave-indicated deep convection? Are inner-core
convective properties during the RI stage special different as compared
to other lightning outbreak periods? The detailed analysis on this in-
dividual case would provide additional insight for the application of FY-
4A LMI lightning data in the monitoring and forecasting of typhoon in
the northwest Pacific.

2. Data and methodology

2.1. Lightning data

The lightning data used in this study were from the WWLLN (http://
wwlln.net). Many studies have used this dataset to study the temporal
and spatial structure of TC lightning activity (e.g., Pan et al., 2010;
Abarca et al., 2011; Bovalo et al., 2014; Ranalkar et al., 2016; Zhang
et al., 2018); to help distinguish between intensifying and non-in-
tensifying TCs (e.g., Price et al., 2009; Thomas et al., 2010; DeMaria
et al., 2012; Pan et al., 2014); and to quantitatively indicate the dis-
tributions of intense convection in TCs (e.g., Stevenson et al., 2014;
Susca-lopata et al., 2015; Solorzano et al., 2016).

The WWLLN monitors lightning around the globe in real time using
VLF (3–30 kHz) receivers (Rodger et al., 2004). It detects both CG and
IC lightning strokes, as long as peak current of the stroke exceeds the
detection threshold of 30 kA (Jacobson et al., 2006). Since CG lightning
flashes typically have larger peak currents than IC lightning, the
WWLLN detection efficiency (DE) of CG strokes is much larger than that
of IC strokes (Abarca et al., 2010). As of January 2013, the WWLLN
consists of over 70 sensors around the world (Hutchins et al., 2013).
The increasing number of stations has led to an improvement in net-
work DE. Rudlosky and Shea (2013) found that WWLLN DE in the
western hemisphere improved from 6% in 2009 to 9.2% in 2012, with a
mean location accuracy of 11 km. Studies (Hutchins et al., 2013; Virts
et al., 2013) showed that the network has an average accuracy of 5 km
and an estimated DE of 11%.

2.2. Best-track data

TC track and intensity data were obtained from the Joint Typhoon
Warning Center (JTWC) best-track dataset (http://www.usno.navy.
mil/JTWC). This dataset provides, at 6-h intervals, the storm central
latitude and longitude, maximum 1-min mean sustained wind speed
(kt), minimum sea level pressure (mb), as well as the RMW. The de-
termination of RMW from JTWC is based on estimates of intensity,
latitude and information contained in satellite IR images. The main
source of intensity estimates is the Dvorak model. Using satellite data,
the distance between the coldest cloud top temperature and the
warmest temperature within the eye is one of the methods used to
compute the RMW (Mueller et al., 2006). Shimada et al. (2018) used
the ground-based velocity track display (GBVTD) technique to retrieve
Haiyan's wind field from Guiuan Doppler radar (2.5-h landfall period).
The estimated range of the maximum 1-min sustained wind speed was
quite consistent with that from the JTWC's best-track data. The esti-
mated RMW from 2- to 6-km altitude at 2020 UTC 7 Nov 2013 was
25.5–28.5 km. The interpolated RMW from JTWC at this time was
31.3 km. Therefore, we inferred that the uncertainty in RMW from
JTWC compared to radar measurements was< 6 km for Haiyan.

Storm center location and intensity at hourly intervals were then
obtained via spline interpolation to estimate the rainfall and large en-
vironmental parameters relative to TC center. When analyzing the ra-
dial and azimuth distribution of lightning to the storm, the best-track
data were interpolated to the occurrence time (to minute) of lightning
stroke. The JTWC best-track data for Haiyan were recorded from 0600
UTC 3 Nov to 0600 UTC 11 Nov, 2013 (Fig. 1a). Based on the RI de-
finition of 24 h TC wind change>30 kt (Kaplan and DeMaria, 2003), a
66-h RI period (i.e., from 0000 UTC 4 Nov to 1800 UTC 6 Nov) was
identified, during which the wind speed increased from 35 to 155 kt

with an intensification rate of 44 kt (24 h)−1.

2.3. Satellite data

Multifunctional Transport Satellite (MTSAT) infrared (IR) bright-
ness temperature (TBB) at 0.05° spatial and 1 h temporal resolution
were used to infer the convective characteristics of the storm. The
MTSAT-1R meteorological sensor contains one visible and four infrared
channels and operates in the region 20°S–70°N, 70–160°E. Data from
the IR1 (10.3–11.3 μm) channel were used in this study.

Passive microwave data from the Special Sensor Microwave Imager/
Sounder (SSMIS) were also used. Microwave observations have been
known to better relate to convective intensity compared to IR mea-
surements (Cecil et al., 2002; Liu et al., 2011; Solorzano et al., 2016).
The SSMIS data were from the NOAA's National Centers for Environ-
mental Information (https://www.ncei.noaa.gov/data/ssmis-
brightness-temperature-csu/). SSMIS measures 91-GHz brightness
temperatures in both vertical and horizontal polarizations. The 91-GHz
polarization corrected temperatures (PCTs) were calculated using the
method by Spencer et al. (1989), to remove the contrast between land
and ocean emissivity.

2.4. Environmental analysis

The National Centers for Environmental Prediction (NCEP) global
Final (FNL) analysis data were used to quantify the wind shear and
humidity conditions. The NCEP FNL data are provided at 6 h intervals
at a horizontal resolution of 1°. Comparisons of NCEP FNL and ECMWF
ERA-Interim for the time period of analysis revealed relatively con-
sistent wind shear profiles and relative humidity fields (not shown).
Deep-layer VWS was calculated between 850 and 200 hPa, by averaging
over a 0–500 km radius from the best-track center to eliminate the
symmetric vortex (Hanley et al., 2001). Low-level RH was calculated as
the average value over 850–700 hPa within the 200–800 km annulus
relative to the best-track positions from JTWC (Kaplan et al., 2010). SST
data were taken from the NCEP Real Time Global high-resolution
analysis. The dataset is a daily SST product at 1/12° horizontal re-
solution. The mean SST within 300 km of the storm center was calcu-
lated and used as the TC SST.

3. Overview of Haiyan

Haiyan formed within the Asian monsoon trough (Shu and Zhang,
2015) in the western Pacific on 2 Nov 2013, and developed into a
tropical depression around 0600 UTC 3 Nov. At 0000 UTC 4 Nov, the
system reached tropical storm strength, followed by a RI period lasting
over 60 h. The system achieved typhoon strength by 0000 UTC 5 Nov
and moved west toward the Philippines. By 1200 UTC 6 Nov, the
system was designated as a category-5-equivalent super typhoon
(Fig. 1b). Meanwhile, the storm underwent an eyewall replacement
cycle (ERC; Willoughby et al., 1982) until the end of 6 Nov (determined
using the Morphed Integrated Microwave Imagery MIMIC-TC product),
marking the end of Haiyan's RI. At 1200 UTC 7 Nov, Haiyan reached its
peak intensity with a minimum sea level pressure of ~895 hPa and 1-
min maximum sustained winds of 170 kt (Fig. 1b). Haiyan made its first
landfall in the Philippines at Guiuan at 2300 UTC 7 Nov (National
Disaster Risk Reduction and Management Council, 2014). Following the
first landfall, Haiyan made four more landfalls as it crossed the central
Philippines. On the morning of 9 Nov, the motion of Haiyan shifted
toward the northwest, and the storm began to weaken.

4. Results

4.1. Lightning evolution and large-scale environmental conditions

Fig. 1c presents lightning stroke density of Haiyan detected by
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Fig. 1. JTWC best tracks, TRMM 3B42 rainfall, and lightning density for the life cycle of Super Typhoon Haiyan in November 2013. (a) Accumulated rainfall
(shading) and 0000 UTC best tracks (open circles). (b) Maximum sustained winds (blue) and minimum central pressures (orange). (c) Lightning stroke density (stroke
(100 km)−2 h−1) detected by WWLLN. The red line segment in (a) and the shaded area in (b) indicate the RI period (between 0000 UTC 4 Nov and 1800 UTC 6 Nov).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Time series of the hourly lightning rate (str h−1) within inner core (100 km) and rainbands (100–500 km) detected by (a) the WWLLN and (b) the GLD360.
Haiyan's landfall was made at 2040 UTC 7 Nov, ~2 h after the MI. The RI period lasted 66 h from 0000 UTC 4 Nov to 1800 UTC 6 Nov. ERC started at 0800 UTC 6
Nov and ended at 2000 UTC 6 Nov. The gray shadings indicate three periods of inner-core lightning outbreaks.
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WWLLN during its life cycle and Fig. 2a the evolution of WWLLN
lightning stroke rates (str h−1) within a 100 km (inner-core lightning)
and 100–500 km (rainband lightning) radius from the JTWC-estimated
center of Haiyan. To facilitate comparisons, the above radii criteria
were purposively chosen to be similar than those used in many studies
on TC lightning (Corbosiero and Molinari, 2002, 2003; Abarca et al.,
2011; DeMaria et al., 2012; Zhang et al., 2015; Xu et al., 2017; Fierro
et al., 2018). The tropical depression stage (i.e., before 0000 UTC 4
Nov) was characterized by low lightning rates. As the system developed
into a tropical storm and entered the RI phase, both the inner-core and
rainband lightning increased substantially. When Haiyan achieved ty-
phoon intensity (24 h after the RI onset), lightning in both the inner
core and outer rainbands became frequent. This behavior continued for
the first half of the RI phase until 1200 UTC 5 Nov. When the intensity
of Haiyan reached super typhoon strength, lightning was largely con-
fined in the outer rainbands. Meanwhile, the rainband lightning un-
derwent a decrease until the occurrence of an ERC. When Haiyan
reached its maximum intensity, the rainbands and the inner core si-
multaneously produced high lightning activity. After the landfall in the
Philippines, the rainband lightning began to notably increase with a
similar increase of the inner-core lightning seen 4 h later. During this
period, Haiyan experienced a sharp weakening and lightning activity
ceased 12 h later. Fig. 2b presents the evolution of lightning rates de-
tected by the GLD360. A comparison between Fig. 2a and b shows same
patterns in lightning rates for both the inner-core and the rainbands.
The two networks are consistent in the relationship between lightning
rate and TC intensity. The lightning peaks and outbreaks observed by
WWLLN were also detected by the GLD360.

Inner-core lightning outbreaks detected by WWLLN were de-
termined as a period with high lightning stroke rate (> 300 str h−1,
i.e., the upper 10% of all hourly rates) within 100 km of the storm
center that persisted several hours. Three inner-core lightning out-
breaks were identified during the life cycle of Haiyan (Fig. 2a). The first
outbreak (OB1, termed the RI outbreak) took place during the RI
period, from 1200 UTC 4 Nov to 1500 UTC 5 Nov, when the storm
intensity was upgraded from tropical storm to typhoon status. This
stage was comprised of several very short periods of enhanced lightning
activity, highlighting the transient nature of the deep convection during
this outbreak (Squires and Businger, 2008; Fierro et al., 2011). The
inner-core lightning dropped rapidly after OB1, and there were no large
values of inner-core lightning rate during the following 35 h. A second
outbreak (OB2, termed the MI outbreak) occurred after the ERC, from
1200 UTC to 1700 UTC 7 Nov, coincident with the storm's MI. The third
outbreak (OB3, termed the weakening outbreak), from 1400 UTC to
2200 UTC 8 Nov, occurred during the weakening stage after the storm's
landfall. The first two outbreaks occurred during the stages when the
system intensified rapidly from a tropical storm to a super typhoon.
This is consistent with lightning behaviors in Atlantic Hurricanes Rita
and Katrina (2005) (Squires and Businger, 2008; Fierro et al., 2011),
and Earl (2010) (Stevenson et al., 2014; Susca-Lopata et al., 2015).
Although the third outbreak occurred during the weakening stage, the
storm maintained typhoon intensity (category 4 equivalent on the
Saffir-Simpson scale) at that time. Lightning outbreaks during the
weakening stage were also observed in Typhoons Saomai (2006) and
Jangmi (2008) (Pan et al., 2010). Relatively few inner-core lightning
strokes occurred after this point in time.

Fig. 3 shows the time series of large-scale environmental parameters
for Haiyan. The large-scale environment was very favorable for the
storm's rapid development (Shu and Zhang, 2015). Haiyan developed in
a warm and moist environment under weak wind shear. All the out-
breaks occurred under the conditions of elevated SST (29–30 °C,
Fig. 3a), enhanced RH (75–80%, Fig. 3b), and moderate shear
(3–8m s−1, Fig. 3c). Based on the NCEP monthly gridded climate da-
tasets, the climatological mean values (starting in 1979) of SST and
wind shear for November within the Haiyan region [5–25°N,
105–160°E] were 27.9 °C and 12.3m s−1, respectively. The values of

Fig. 3. Time series of maximum sustained winds from Haiyan and large-scale
environmental parameters from the NCEP analysis. (a) Sea surface temperature
(°C) averaged within 300 km of the storm center; (b) relative humidity (%)
averaged in the 850–700 hPa layer at radii of 200–800 km from the storm
center; and (c) 850–200 hPa vertical wind shear (m s−1, difference in wind
between 850 and 200 hPa) averaged within 500 km of the storm center. The
gray shading indicates the RI period. OB indicates the inner-core lightning
outbreak.
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SST (wind shear) of Haiyan were clearly higher (lower) than the No-
vember climatology. Thus, these combined conditions provided a very
favorable environment for Haiyan's development and intensification. A
recent storm in Atlantic, Hurricane Maria (2017), which produced
several lightning outbreaks during intensification, was also embedded
in a similar environment (SST of 29–30 °C, wind shear< 3m s−1 at the
beginning of intensification) than Haiyan and underwent two dee-
pening phases to a category-5 hurricane (Fierro et al., 2018).

4.2. Inner-core lightning structure

Haiyan was characterized by vigorous lightning activity in the inner
core. Table 1 shows the radial distribution of average lightning density
for Haiyan compared with Rita and Katrina, two category-5 hurricanes
in 2005 that also presented intense inner-core lightning (Shao et al.,
2005; Squires and Businger, 2008; Fierro et al., 2011). Lightning data
for Rita and Katrina were multiplied by an adjustment factor (3.32)
derived from TRMM LIS/OTD that made the WWLLN DE in 2005 equal
to that of the Haiyan-era. A significant proportion of lightning in
Haiyan (49%) occurred within the inner-core region. The difference in
lightning density between the inner core and the outer rainbands was
more obvious in Haiyan than Rita and Katrina (Table 1). The inner-core
lightning rates were as high as 936 str h−1 in Haiyan and lightning
density in the inner core was 27.9 str (100 km)−2 h−1. For comparison,
Rita and Katrina exhibited lightning density of 8.3 and 1.7 str
(100 km)−2 h−1, respectively, in the inner-core region. Haiyan showed
a large lightning density ratio (20:1) between the inner core and outer
rainbands during the life cycle. Fierro et al. (2018), using total lightning

data, found this ratio was 30:1 for Hurricane Maria (2017), a category-5
storm in Atlantic evolving in a similar environment to Haiyan and also
undergoing an ERC. The high ratios contrast with previous studies using
CG lightning that outer rainbands tended to dominate the lightning
density distribution (e.g., Molinari et al., 1994, 1999).

Fig. 4 shows the lightning density within the inner core of Haiyan as
a function of time and distance from the center, with RMW from the
JTWC overlaid for comparison. The radial coverage of frequent light-
ning within the inner core stems for the presence of intense convection
near the center. Generally, the radial lightning distribution indicates a
shift in the maximum lightning density toward the RMW during the
intensification stage, and a shift outwards during the weakening stage.
The first outbreak of inner-core lightning began to develop at 30–40 km
radius from the RMW. As the storm strengthened to typhoon intensity
and continued to intensify rapidly, the maximum density of inner-core
lightning moved gradually close to the RMW and the minimum distance
between the maximum lightning density and the storm center was re-
duced to 10 km. The inner-core lightning rate was reduced during the
ERC after the first outbreak. After the ERC, the second outbreak began.
Frequent lightning was present during this MI outbreak, indicating deep
convection within the inner core. The inner-core lightning extended to
a larger radial area with the radii distance of 50–60 km. However, the
maximum of lightning density (deep convention) was still located in-
side the RMW during this outbreak. In contrast, the lightning density
maximum (core of the deep convection) during the final outbreak was
located outside the RMW. Dense lightning activity gradually shifted
outward from the storm center and moved to the distance of 70–80 km
at the end of the final outbreak.

Table 1
Radial distribution of average lightning density, percentage of stroke number (in brackets in the right-most columns), and peak intensity for the life cycle of Haiyan
(2013), Rita (2005) and Katrina (2005).

TC name (year) Peak intensity Maximum lightning rate in
inner core (str h−1)

Lightning density (str (100 km) −2 h−1) and percentage (%) in radial regions

Minimum
pressure (hPa)

Maximum wind
(kt)

Eyewall
(0–50 km)

Inner core
(0–100 km)

Inner rainband
(100–200 km)

Outer rainband
(200–500 km)

Haiyan (2013) 895 170 936 86.2 (38%) 27.9 (49%) 0.2 (1%) 1.4 (50%)
Rita (2005)a 895 155 475 17.6 (3%) 8.3 (5%) 8.0 (14%) 6.3 (81%)
Katrina (2005)a 902 150 86 4.3 (2%) 1.7 (3%) 2.7 (13%) 2.3 (84%)

a As the detection efficiency of WWLLN varied considerably from 2005 to 2013, WWLLN data for Rita and Katrina were multiplied by an adjustment factor that
made the detection efficiency equal to that of Haiyan-era. The High Resolution Full Climatology (HRFC) data (http://lightning.nsstc.nasa.gov/data/) from TRMM
LIS/OTD were used to calculate the adjustment factor (3.32), following the procedures by DeMaria et al. (2012), Bovalo et al. (2014) and Zhang et al. (2015). The
best-track data for Rita and Katrina were from the NHC best-track dataset.

Fig. 4. Lightning density (10−2 str km−2 h−1) within the inner core as a function of time and distance from the storm center. Bins on the distance axis are 10 km
wide. The dashed line indicates hourly interpolated RMW from the JTWC best-track data. OBs indicate three outbreak periods of inner-core lightning.
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A radial distribution of convection located inside the RMW will be
more favorable for TC intensification. Satellite and airborne observa-
tions have noted the potential role of precipitation and convection in-
side the radius of RMW on TC intensification (Jiang, 2012; Rogers et al.,
2013; Tao and Jiang, 2015). A recent observational study by Wadler
et al. (2018) showed that deep convection in intensifying TCs were
preferentially located inside the RMW, with stronger updrafts and
higher echo tops compared with steady-state TCs. Lightning outbreaks
inside the radius of RMW were also found to precede or accompany RI
in Hurricanes Rita and Katrina (2005) (Squires and Businger, 2008;
Fierro et al., 2011), Earl (2010) (Stevenson et al., 2014; Susca-Lopata
et al., 2015), and Maria (2017) (Fierro et al., 2018). Theoretically,
when convection occurs closer and especially within the RMW, the
convective heating is more easily retained allowing the vortex to in-
tensify further (Hazelton et al., 2017; Wadler et al., 2018).

The azimuthal distribution of convection is important in TC asym-
metric structures and intensification. Previous studies have indicated
that the response of storm to deep-layer wind shear governs the azi-
muthal distribution of convection (Fierro and Mansell, 2017; Fierro
et al., 2017; Wadler et al., 2018). Using lightning data as a proxy for
vertical motion and deep convection, Corbosiero and Molinari (2002,
2003) found that lightning occurrence showed a marked downshear
and downshear-left preference. Fig. 5 shows the temporal evolution of
lightning density in the inner-core region as a function of azimuthal
angle between lightning and wind shear. It is interesting to note that
Haiyan was dominated by lightning in the upshear–left quadrant of the
inner core at the very beginning of the RI stage. Such a relationship
between deep convection in the upshear-left quadrant and intensifica-
tion was also shown in Hurricanes Earl (2010) (Stevenson et al., 2014;
Rogers et al., 2015) and Edouard (2014) (Rogers et al., 2016), and the
composite study of airborne Doppler measurements of CBs by Wadler
et al. (2018). As the storm intensified, intense convection and lightning
tended to be more downshear. Table 2 shows that> 85% of inner-core
lightning during the intensification period occurred downshear, which
is in agreement with previous studies of Atlantic storms. After Haiyan
made landfall, during the weakening stage, the inner–core convection
shifted to upshear–left quadrant. The Guiuan Doppler radar also ob-
served strong reflectivity in the upshear side of the storm during
Haiyan's landfall (Shimada et al., 2018). The strong tangential wind and
relatively large translation speed (the averaged wind shear was
7.1 m s−1 easterly at this time) may contribute to the upshear

distribution of deep convection in the inner core during this period
(Shimada et al., 2018).

4.3. Inner-core convective properties by satellite

The evolution of lightning density and pattern described above in-
dicates that there were three inner-core lightning outbreaks (i.e., the RI,
MI, and weakening outbreaks) in Haiyan. In this subsection, using sa-
tellite data, we investigated the evolution and distribution of deep
convection during these outbreaks. Fig. 6 shows hourly evolution of IR
TBB and microwave 91-GHz PCT within the inner-core overlaid by
lightning rates. All three inner-core lightning outbreaks were associated
with significant decreases (10–20 K drops) in TBB. Cloud tops devel-
oped colder temperatures during the periods of lightning outbreak,
suggesting deeper convection in the inner core. On the other hand, the
91-GHz PCT decreased persistently throughout the developing, in-
tensifying, and mature stages of the TC, indicating continuous increase
of vertically integrated ice content within the inner core until the storm
became mature. The 91-GHz PCT exhibited the largest depression
during the RI lightning outbreak period (i.e., change of ~20 K from the
beginning to the end of the period), suggesting the production of large
amount of ice particles enhancing latent heating within the inner core,
which helped to further promote TC intensification (Guimond et al.,
2010; Rogers et al., 2015). As the storm weakened, the inner-core PCT
at 91-GHz increased rapidly (due to the decrease of vertically integrated
ice content). This is intriguing, given that an inner-core lightning out-
break occurred during the same period. However, this could be com-
plicated by the influence from land on the inner-core convection during
landfall.

Using TRMM passive microwave observations in hurricanes, Cecil
and Zipser (2002) constructed a conceptual model of microphysical
features for eyewall region. It is shown that hydrometeors were spread
out over a great horizontal area and supercooled liquid water was
confined to a narrow region on the inward edge of the eyewall (Black
and Hallett, 1999). In the passive microwave imageries, the coverage of
PCT < 250 K can serve as a proxy for the precipitation coverage and
PCT < 200 K for intense convection coverage (Cecil and Zipser, 1999;
Cecil et al., 2002; Susca-lopata et al., 2015). In the inner-core region,
the probability of lightning began to increase when 85-GHz PCTs were
below 170 K (Cecil and Zipser, 2002). Figs. 7-9 show several satellite IR
imageries overlaid with SSMIS 91-GHz PCT and lightning during the RI,
MI, and weakening stages. Between 2 and 16 h before the onset of OB1
(Fig. 7a-b), a considerable fractional area of intense convection
(PCT<200 K) appeared in the core. Highly asymmetric cold cloud was
evident in the rainbands. At the time of the onset of OB1 (Fig. 7c-d), a
clear eyewall had formed and the storm center was characterized by a
ring of intense convection. Additionally, a strong outer rainband with
large lightning rates (Fig. 7d and consistent with Fig. 2) developed
during this period. Cold cloud in the rainbands exhibited an arc-like
structure and was located in the downshear–right quadrant relative to
the storm center. After the OB1 (Fig. 7e-f), Haiyan intensified to a ty-
phoon (category 2 equivalent on the Saffir-Simpson scale). Wind shear
continued to increase (to 9.9m s−1; Table 2), but strong axisymmetric
convection still persisted in the storm core. At this time, lightning ac-
tivity in the rainbands ceased to near zero. The deep-layer shear or-
ientated easterly to northeasterly during this outbreak, and intense
convection developed preferentially in the downshear quadrant within
the inner core (consistent with Fig. 5). These results agree with the
typical patterns of inner-core lightning relative to wind shear (e.g.,
Corbosiero and Molinari, 2002, 2003; Molinari and Vollaro, 2010;
Abarca et al., 2011). However, inner-core lightning could also peak in
the upshear quadrant of a storm. This atypical pattern was observed in
Hurricane Earl (2010) (Stevenson et al., 2014; Susca-Lopata et al.,
2015).

Strong TCs have often been observed to go through an ERC process:
formation of a secondary eyewall, decaying of the original eyewall,

Fig. 5. Inner-core lightning density (10−2 str km−2) as a function of time and
angle between lightning and the wind shear (measured clockwise from the
lightning direction). Lightning have been rotated with respect to the shear
vector during each 6 h period. The labels ‘UL’, ‘DL’, ‘DR’, and ‘UR’ mark the
upshear–left, downshear–left, downshear–right, and upshear–right quadrants,
respectively, and the hatched area highlights the two most fully downshear
octants. The x-axis labels ‘left’ and ‘right’ are with respect to the shear vector.
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contraction of the secondary eyewall, followed by the re-intensification
of the cyclone (e.g., Willoughby et al., 1982). The ERC process is often
accompanied with temporary weakening of the storm, due to the
changes in the radial pressure gradient within the eyewall (Sitkowski
et al., 2012). After the secondary eyewall envelops the original one, the
new larger-diameter eyewall may contract in radius, causing re-in-
tensification of the storm (Houze et al., 2007). Based on data from the
Morphed Integrated Microwave Imagery (Wimmers and Velden, 2007),
Haiyan underwent a complete concentric ERC beginning at 0800 UTC
and ending at 2000 UTC 6 Nov. The development of an outer eyewall

was evident in Fig. 8a as a ring-like region of deep convection
(PCT < 200 K) was observed outside the inner eyewall. An area of
strong updrafts, indicated by intense inner-core lightning, was located
much closer to the RMW than the during RI periods. Two convective
cores with high lightning flash rates were present in the rainbands,
located in the downshear-right quadrant of the storm center. The storm
continued to intensify during the ERC, and reached category-5-
equivalent super typhoon intensity at 2043 UTC 6 Nov (Fig. 8b).
Squires and Businger (2008) and Fierro et al. (2011) showed that
eyewall lightning outbreaks occurred during the ERC in Hurricanes Rita

Table 2
Vertical wind shear between 850 and 200 hPa, averaged within 500 km of the center of Haiyan; minimum central pressure and maximum surface wind; average
lightning rate in the inner core and percentage of inner-core lightning in the downshear–left (DL), downshear–right (DR), upshear–left (UL), and upshear–right (UR)
quadrants. Vertical shear angles were measured in the meteorological direction.

Stage Date, time (UTC) Vertical wind shear TC intensity Inner-core lightning

Direction (°) Magnitude (m s−1) Pressure (hPa) Wind (kt) Rate (str h−1) % DL % DR % UL % UR

RI 4 Nov 0000 91 4.6 996 35 3 56 38 6 0
0600 87 4.8 993 40 1 17 0 83 0
1200 63 6.1 989 45 109 38 1 56 5
1800 51 8.0 982 55 26 58 20 7 15
5 Nov 0000 41 9.2 970 70 49 12 6 35 47
0600 66 7.7 967 75 123 34 1 57 8
1200 49 9.9 956 90 339 22 70 2 6
1800 33 5.9 941 110 67 2 93 1 5
6 Nov 0000 33 8.5 926 130 105 11 64 9 17
0600 51 7.9 922 135 50 45 42 4 9
1200 36 6.6 911 150 76 18 65 6 12
1800 49 7.5 907 155 47 31 17 18 35

MI 7 Nov 0000 48 7.1 907 155 178 25 31 15 30
0600 22 5.0 903 160 133 11 37 17 36
1200 44 3.2 895 170 472 12 74 2 13
1800 57 3.2 895 170 167 28 34 18 20

Weakening 8 Nov 0000 20 6.2 899 165 23 38 32 15 15
0600 63 7.6 914 145 17 56 3 37 4
1200 101 6.0 926 130 368 27 1 68 5
1800 95 7.3 933 120 254 42 0 58 0
9 Nov 0000 86 7.8 937 115 140 31 6 62 1
0600 66 7.8 944 105 15 58 26 3 13

Fig. 6. The maximum sustained wind speed (kt), inner-core lightning rate (str h−1), median TBB (K) from MTSAT-1R and median 91-GHz PCT (K) from SSMIS within
the inner-core. Gray shadings indicate three inner-core lightning outbreaks (OB1, OB2 and OB3) during the RI, MI, and weakening stages, respectively.
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(2005) and Katrina (2005). In the case of Haiyan, heightened lightning
activity was also observed in the inner core during the ERC, but with
relatively lower rates compared to that during the RI period (Fig. 2).
The new eyewall was evident from the distinct lightning ring at a 20-km
radius of the storm center (Fig. 8b).

By the time of the second outbreak (OB2), the storm had developed
into a deep axisymmetric primary circulation (Fig. 8c-e). This MI out-
break was observed with lightning in every azimuthal quadrant of the
inner core. Lightning density maxima were located in the downshear
quadrants of the eyewall (Fig. 5), coincident with minimum 91-GHz
PCT values. It is noteworthy that deep convection with active lightning
was observed in the inner-core region at the time of landfall (Fig. 8d-e).
Deep convection was also observed in the outer rainbands to the north
of the storm center.

Lightning outbreak during the weakening stage (OB3) of Haiyan
exhibited the highest inner-core lightning rate of the entire life cycle,
but was less persistent and of shorter duration than the previous two
outbreaks (Figs. 2 and 4). Wind shear changed from northeasterly to
easterly during this outbreak. Deep convection core was displaced to
the southeast of the center with an upshear orientation at this time
(Fig. 9a-b), compared to the CBs during the RI and MI stages. Eight
hours after this final outbreak, Haiyan's motion changed from westward
to northwestward. Relatively few lightning flashes occurred within the
inner core and rainbands after this point of time (Fig. 9c).

5. Discussion

5.1. Convective bursts during the RI, MI, and the weakening stages

Haiyan developed in the presence of high SST (29–30 °C), high low-
level humidity (75–80%), and weak wind shear (3–8m s−1) (Fig. 3).
The values of SST (wind shear) of Haiyan were clearly higher (lower)
than the November climatology in the northwest Pacific, providing
favorable large-scale environmental conditions for its RI. CBs within the
inner core during the RI stage began 12 h after the onset of RI. Elec-
trified TC inner cores were generally associated with strong updrafts
and deep mixed-phase layers, e.g., updraft speeds of 10–20m s−1 in
Hurricane Karl (2010) (Reinhart et al., 2014) and exceeding 10m s−1 in
simulated hurricanes (Fierro and Reisner, 2011; Fierro et al., 2015;
Fierro and Mansell, 2018). These microphysical environments were
favorable for the presence of graupel, ice particles and supercooled
water (Black and Hallett, 1999; Houze et al., 1992). Summary graphic
(Fig. 10a) shows that during the RI outbreak of Haiyan, deep convec-
tion and high coverage of azimuthal convection were maintained inside
the RMW. The location of the inner-core CBs relative to the RMW (r/
RMW) was 0.9. Deep convection moved gradually inward as the storm
rapidly intensified (Fig. 4). Haiyan encountered moderate vertical shear
(7.8 m s−1) during this RI period, with CBs and strong updrafts (in-
dicated by lightning) appearing more systematically in the downshear-
left quadrant (Fig. 10a). The favorable environmental conditions, pre-
sence of deep convection within the RMW, and contraction of the
eyewall allowed RI to be maintained for a long period of time (66 h).
This prolonged period of intensification eventually allowed Haiyan to
become a category-5-equivalent super typhoon.

The second episode of intense inner-core convection and lightning
outbreak occurred just after the new eyewall formed (ERC) when the
storm reached its peak intensity. The shear at the time was overall
marginal (3.2 m s−1). CBs were more evident and more symmetrically
distributed around the center. Lightning rates were more frequent
within the inner core during the MI stage than during the RI stage.

Satellite observations showed that the MI outbreak appeared to be as-
sociated with deeper convection (as indicated by lower median TBB and
91-GHz PCT, Fig. 6) than was the RI outbreak. A symmetric area of very
low PCT expanded around the inner core (Fig. 10b), suggesting an
axisymmetric eyewall after the ERC. The fractional area with PCT<
200 K could be used as an indicator of CB coverage (Susca-lopata et al.,
2015). During the MI phase in Haiyan, the inner core exhibited very
low brightness temperatures, with 87% of pixels falling below 200 K.

Significant differences in radial and shear-relative locations of CBs
existed during the weakening stage compared to the RI and MI periods.
Summary graphic (Fig. 10c) showed an asymmetric distribution of low
brightness temperature and CB activity during the weakening stage
with more vigorous convection confined to the upshear-left quadrant of
the storm. Furthermore, the radial distribution showed that the primary
CB activity during this stage was located outside the RMW (r/
RMW=2.0, Fig. 10c). Both the asymmetric structure and the upshear-
orientated deep convection outside the RMW were associated with the
weakening of the storm.

5.2. Possible mechanisms for lightning outbreak during the weakening stage

The most striking aspect of the convection occurring during the
weakening stage were the new CBs that formed upshear (especially
upshear–left) of the center. Compared to the CBs in the downshear
quadrant in the RI and MI outbreaks, 60% of the inner-core lightning in
the weakening outbreak was in the upshear–left quadrant. Corbosiero
and Molinari (2003) found that it was rare for lightning to peak in this
quadrant (see their Fig. 7): only 4% of the cases in their study featured
an upshear–left maximum. Lightning locations are related to both the
direction of the deep-layer shear and the direction of motion of the
storm, but more precisely lightning distribution is determined by the
relative orientations of the shear and motion vectors (Corbosiero and
Molinari, 2003). Fig. 11 shows time series of the wind shear and motion
vector directions, and the angle between the two vectors in Haiyan. The
wind shear direction changed noticeably at 1200 UTC 8 Nov, at the
beginning of the weakening outbreak. With the change in shear direc-
tion, the angle between the shear and motion vector changed by 77°.
This likely represents one of the possible causes of lightning outbreak
during the weakening stage. Land effects when Haiyan crossed the
Philippines, notably frictional convergence could also have contributed
to this final outbreak of lightning in the inner core.

After the outbreak of inner-core lightning during TC weakening,
Haiyan changed direction from westward to northwestward. Previous
studies have noted increasing lightning rates accompanying or pre-
ceding an imminent change in TC track. Black and Hallett (1999) first
suggested that lightning activity could be an indicator of TC track
changes. Molinari et al. (1999) found in Hurricane Bob (1991) an
outbreak of eyewall lightning occurred 3 h before the change of its
direction and motion speed. Molinari et al. (2006) found the in-
tensification and track fluctuations of Tropical Storm Gabrielle (2001)
were initiated by wind shear in an environment with upward motion.
Such shear-induced changes are important in storms approaching the
coastlines. In a study of northwest Pacific landfalling TCs, Zhang et al.
(2012) also observed that lightning outbreaks in the eyewall were as-
sociated with changes in storm track. In tropical storms or weak hur-
ricanes, outbreaks of asymmetric convection usually mark the start of
quiescence. Asymmetric convection erupting near the center of weak
hurricanes may cause the cyclone tracks to become irregular and cy-
clone centers to move erratically (Willoughby, 1990). Numerical study
showed that the motion effect arises from asymmetric frictional forcing

Fig. 7. Lightning from WWLLN (black circles), SSMIS 91-GHz PCT (K, color shading) and MTSAT IR brightness temperature (gray shading) during the RI stage. The
inner-core lightning outbreak during this stage (OB1) began at 1200 UTC 4 Nov and ended at 1500 UTC 5 Nov. The thick black circles mark the radii of 100 and
500 km from the storm center. Lightning within± 15min of the stated observation time are included. The arrow in the lower left corner of each image shows the
direction of the shear vector for the 6 h bin nearest to the observation time. The white lines show the land-sea boundary.
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Fig. 8. As Fig. 7, but for the ERC and MI stages. The inner-core lightning outbreak during this stage (OB2) began at 1200 UTC and ended at 1700 UTC 7 Nov.
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in the boundary layer and could force an asymmetry in the distribution
of convection (Shapiro, 1983). Using lightning data from the National
Lightning Detection Network (NLDN), Corbosiero and Molinari (2003)
examined the effects of wind shear and storm motion on convective
asymmetries in 35 Atlantic TCs. The study found that wind shear plays
a greater role in determining the distribution of TC lightning. The in-
fluence of asymmetric friction has little impact on convective asym-
metries unless wind shear is insignificant. Whether it is possible to use
lightning data as an indicator of TC track changes is an issue worthy of
further study.

6. Conclusions

Using a combination of lightning observations, microwave and in-
frared satellite data, and global atmospheric analysis, this study in-
vestigated the environmental conditions, lightning outbreak char-
acteristics, and convective evolution within the inner core of Super
Typhoon Haiyan that occurred on November 2013. A significant pro-
portion (49%) of lightning occurred within the inner core. Contrary to
previous findings that the largest lightning density typically occurs in
the outer rainbands (e.g., Molinari et al., 1994, 1999; Abarca et al.,

2011; Zhang et al., 2012), the ratio in lightning density between the
inner core and outer rainbands in Haiyan was 20:1. The temporal
evolution of lightning rates showed that there were three outbreaks of
inner-core lightning during the life cycle (Fig. 2). An examination of
global analysis fields (Fig. 3) revealed lightning outbreaks within the
inner core developed under large-scale environmental conditions with
high SST (29–30 °C), high RH (75–80%), and weak to moderate deep-
layer wind shear (3–8m s−1).

The first outbreak (RI outbreak) occurred during the RI period when
the storm's intensity increased from tropical storm to typhoon intensity.
A second outbreak (MI outbreak) occurred at the time of the storm's MI,
just after the ERC period. The final outbreak (weakening outbreak)
occurred during the weakening stage when the storm crossed the cen-
tral Philippines. The radial distribution of lightning indicated an inward
shift in the lightning density maximum, and a preference for the
downshear region, during the RI and MI outbreaks and an outward shift
and preference for the upshear–left quadrant during the weakening
outbreak (Figs. 4 and 5). Time series of satellite signatures showed that
high lightning rates were associated with low 91-GHz PCT, and all three
outbreaks occurred along with sharp decreases in the median TBB in the
inner core (Fig. 6).

Fig. 9. As Fig. 7, but for the weakening stages. The inner-core lightning outbreak during this stage (OB3) began at 1400 UTC and ended at 2200 UTC 8 Nov.
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CBs during the RI stage were located within the RMW in the
downshear quadrant, and moved gradually closer to the center as the
storm intensified. The favorable environmental conditions, location of
deep convection, and the contraction of the eyewall combined to pro-
long the RI stage for 66 h. The shear decreased to a weak magnitude
(< 5m s−1) in the MI period when the second lightning outbreak oc-
curred. CBs were apparent and lightning were more frequent during the
MI stage than during the RI period. A symmetric distribution of very
low brightness temperatures (< 200 K) (Fig. 8) due to increased ice
scattering expanded around the inner core, suggesting that the coverage
and strength of intense convection was greater after the ERC than be-
fore. The final CB was situated with an upshear–left orientation, in
contrast to earlier bursts during the RI and MI stages. The asymmetric
structure, the location of the deep convection outside the RMW, and the
strong wind shear led to the weakening of the storm. In addition to the
wind shear, interaction with the underlying land surface could also
have contributed to the final outbreak of CBs and lightning in the inner
core.

The possible role of wind shear in the formation of lightning out-
break during the weakening stage was investigated. A sharp change in
the orientation of the deep-layer wind shear was present at the time of
the weakening outbreak, resulting in a decrease in the angle between
the shear and motion vectors (Fig. 11). Haiyan changed direction just
after the final outbreak during the weakening stage, consistent with
previous studies that indicate the potential use of lightning data in the
forecasting of track changes due to TC structure changes.

To date a clear/systematic relationship between lightning activity,
especially inner-core lightning and TC intensity changes has not yet
been established. Several studies found that TC intensification was
preceded or accompanied by an increase in inner-core lightning activity
(Squires and Businger, 2008; Abarca et al., 2011; Stevenson et al., 2014;
Susca-Lopata et al., 2015; Zhang et al., 2015). Others found a negative
relationship and hypothesized lightning flash rate in the outer rain-
bands was more likely to increase prior to TC intensification (DeMaria
et al., 2012; Stevenson et al., 2016; Xu et al., 2017). One possible reason
for this inconsistency may be related to the different DEs of each of the
networks used. The regional ground lightning detection networks (e.g.,
NLDN, LLDN) are confined to land and coastline with a high DE of CG
lightning. The WWLLN, a global ground lightning detection network,
detects both IC and CG lightning at a relatively low DE and most of the
detected lightning are CG strokes. Total lightning can be measured with
a high DE by LIS, but the observational region is temporally confined to
a 90-s snapshot. In this study, using the WWLLN data, no correlation
was found between inner-core lightning bursts and intensity changes in
Super Typhoon Haiyan (2013), i.e., inner-core lightning bursts could
occur during both the intensification and the weakening phases.
However, it is worth noting that, the inner-core lightning bursts that
occurred inside the RMW and downshear were preferentially associated
with the RI of Haiyan. This is consistent with the findings by Stevenson
et al. (2018) for a 10-year survey of inner-core lightning bursts in TCs in
North Atlantic and eastern North Pacific basins.

In this study, we found that lightning flash rates in the rainbands
were much lower than or similar to those in the inner core during all
three main outbreaks (Fig. 2). Thus, for this super typhoon, CG light-
ning burst in the rainband could not have been used to diagnose in-
tensity changes contrary to the findings of DeMaria et al. (2012). Recent

Fig. 10. Summary graphics highlighting the radial and azimuthal location of
inner-core deep convection in Haiyan for (a) rapid intensification, (b) max-
imum intensity, and (c) weakening stages. The SSMIS 91-GHz polarization
corrected temperatures (K, color shading), radius of maximum wind (dashed
black line), and the vertical wind shear (vector) are the median values of all
overpasses at each stage. The thick black circles mark the radii of 100 km from
the storm center. Shear values are 7.8 m s−1, 3.2 m s−1 7.2 m s−1 for the RI, MI,
and weakening stages, respectively.
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works documented potential differences in the respective behavior of IC
and CG lightning flashes between the inner core and outer rainbands of
TCs. Griffin et al. (2014) reported a higher ratio of IC flashes within the
eyewall compared to that in the outer rainbands in Tropical Storm Erin
(2007). Xu et al. (2017) found total lightning density was much lower
in the inner core than in the outer rainbands in RI TCs, suggesting a
lower IC:CG ratio in the inner core of RI TCs. A more recent study by
Fierro et al. (2018) further pointed out the difference of lightning types
between the inner core and outer rainbands in Hurricane Maria (2017).
They suggested that the IC:CG ratio differs between the two regions and
the inner core may have a larger fraction of IC flashes. Therefore, the
combination of CG-only and total lightning measurements is antici-
pated to provide a more complete depiction of convective vigor and
updraft enhancement within TCs. The continuous, high DE coverage of
total lightning from spaceborne instruments such as the GLM aboard
GOES-16 or the LMI on FY-4A, could help researchers and forecasters to
better understand the evolution of deep, electrified convection within
TCs and, in turn, establish more meaningful relationships between
lightning activity and TC intensity changes.
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