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ABSTRACT

Total lightning data obtained from theGeostationary LightningMapper (GLM)were analyzed to present a

first glimpse of relationships with intensity variations and convective evolution in Hurricane Maria (2017).

The GLMhas made it possible, for the first time, to analyze total lightning within a major hurricane for a long

period, far from ground-based detection networks. It is hoped that these observations could enlighten some of

the complex relationships existing between intensity fluctuations and the distribution of electrified convection

in these systems.

Prior to rapidly intensifying from a category 1 to category 5 storm, Maria produced few inner-core flashes.

Increases in total lightning in the inner core (r # 100 km) occurred during both the beginning and end of an

intensification cycle, while lightning increases in the outer region (100 , r # 500 km) occurred earlier in the

intensification cycle and during weakening. Throughout the analysis period, the largest lightning rates in the

outer region were consistently located in the southeastern quadrant, a pattern consistent with modeling

studies of electrification within hurricanes. Lightning in the inner core was generally tightly clustered within a

50-km radius from the center and most often found in the southeastern portion of the eyewall, which is

atypical. Bootstrapped correlation statistics revealed that the most robust and systematic relationship with

storm intensity was obtained for inner-core lightning and maximum surface wind speed. A brief comparison

between flash rates fromGLMand a very low-frequency ground-based network revealed that not all lightning

peaks are seen equally, with hourly flash-rate ratios between both systems sometimes exceeding two orders of

magnitude.

1. Introduction

At low to midlatitudes, tropical cyclones (TCs) cause

considerable loss of life and property around the globe

annually. Coastal communities and the shipping in-

dustry are particularly vulnerable to the hazards posed

by TCs. While track forecast errors have greatly im-

proved over the last decades, TC intensity predictions

have improved at only about half the rate of track

forecasts (Marks and Shay 1998; Kaplan et al. 2015;

DeMaria et al. 2014). This is because the intensity fluc-

tuations of a TC chiefly rely on cloud-scale, hard-to-forecast

stochastic processes taking place within the inner core of

the TC (e.g., Anthes 2003; Hendricks et al. 2004;

Montgomery et al. 2006; Nolan et al. 2007; Guimond

et al. 2010; Smith andMontgomery 2015; Hazelton et al.

2017; Wadler et al. 2018). Most active observing plat-

forms (ground-based or hurricane hunter aircraft) and

polar orbiting satellites do not provide continuous
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coverage of cloud-scale properties of TCs, since these

systems develop and intensify over open oceans.

The lack of a systematic availability of critical

observations, coupled with our incomplete understanding

of the small-scale physical processes leading to TC in-

tensification, imposes an inherent limit to their pre-

dictability (e.g., Zhang and Sippel 2009).

To fill this gap, many have proposed that another data

source—lightning—could be utilized to supplement

available datasets to augment our ability to better pre-

dict hurricane intensity changes through an improved

representation of their convective state. The recent

successful launch of the Geostationary Lightning

Mapper (GLM; Goodman et al. 2013) on board the

Geostationary Operational Environmental Satellite 16

(GOES-16; Gurka et al. 2006) provides researchers and

forecasters an unprecedented opportunity to analyze

continuous coverage of total lightning data [i.e., cloud-

to-ground (CG) plus intracloud (IC) flashes] associ-

ated with high-impact weather (including TCs) near

and over the Americas. Total lightning is emphasized

here, given that, in contrast to ground flashes, these were

shown to better correlate with bulk storm quanti-

ties, such as graupel/hail volume, updraft volume,

and maximum vertical velocity (e.g., Goodman et al.

1988; MacGorman et al. 1989; MacGorman and Rust

1998; Carey and Rutledge 1996; Lang and Rutledge

2002;Wiens et al. 2005; Kuhlman et al. 2006; Fierro et al.

2006). An example of the application of total lightning

data toward the forecast of high-impact weather events

is best illustrated by the lightning jump algorithm, which

was shown to precede the occurrence of severe weather

events, including tornadoes (e.g., Schultz et al. 2011;

Chronis et al. 2015). Explicit cloud-scale numerical

simulations of the electrification processes within TCs

also revealed robust relationships between total light-

ning and graupel/updraft volume within both the inner

core and outer region (Fierro et al. 2015; Fierro and

Mansell 2017, 2018).

Past observational studies focusing on lightning within

TCs primarily utilized CG flash data detected by global,

long-range, very low-frequency (VLF) ground-based

networks, such as the World Wide Lightning Location

Network (WWLLN; Jacobson et al. 2006) or the Väisälä
Global Lightning Detection Network (GLD360; Said

et al. 2010; Holle et al. 2016). Although these works

paved the way toward our understanding of the general

patterns, evolution, and morphologies of lightning

within TCs, the low detection efficiency of VLF systems

for low peak current flashes does not allow an in-depth

analysis of the majority of lightning flashes within TCs.

This is because IC flashes comprise about 75%of all flashes

in continental storms (Rakov 2016; Medici et al. 2017)

and are, on average, characterized by lower peak cur-

rents than CGs (Rison et al. 1999; Koshak et al. 2004;

Goodman et al. 2005). A notable portion of observa-

tional studies within TCs documented the existence of a

relationship between the increase in CG flashes in the

inner core of some TCs and their imminent in-

tensification (Lyons et al. 1989; Molinari et al. 1994,

1999; Samsury and Orville 1994; Orville and Coyne

1999; Shao et al. 2005; Squires and Businger 2008;

Thomas et al. 2010; Fierro et al. 2011; Bovalo et al. 2014;

Stevenson et al. 2018). DeMaria et al. (2012) and

Stevenson et al. (2016) suggested, however, that CG

flash bursts in the inner core were, rather, associated

with the end of an intensification phase, while a CG in-

crease in the outer region of the TC was a better sur-

rogate for the imminent intensification of these systems.

Xu et al. (2017) supported DeMaria’s findings using

total lightning data from the spaceborne Lightning Im-

aging Sensor (LIS; Christian et al. 1999).

A comprehensive 10-yr survey of CG activity within

North Atlantic TCs revealed that inner-core CG bursts

inside (outside) the radius of maximum wind (RMW)

were more conducive to intensification (weakening)

(Stevenson et al. 2018). These observations are consistent

with the modeling study of Hazelton et al. (2017), which

confirmed the composite radar studies of Rogers et al.

(2013), Wadler et al. (2018), and the seminal theoretical

work of Schubert and Hack (1982) that convective heat-

ing inside the RMW is more efficiently retained by the

inner core, leading to TC intensification. Following the

earlier findings of Molinari et al. (1999), Stevenson et al.

(2018) also documented that for a given inner-core CG

burst, the future intensity of a TC is highly dependent on

its prior intensity, with intensifying or steady-state TCs

being more prone to intensify in the following 24h.

To provide a better picture of the relationships be-

tween convective patterns and intensity fluctuations of

the TC, additional analyses utilizing total lightning data

are desirable. This work is thus a logical follow-on to

previous observational studies by providing an in-depth

analysis of the evolution of total lightning within the

major TC Maria (2017).

2. Data description

In this analysis, the following main datasets were used:

1) the total lightning data from theGLM, 2) the composite

radar reflectivity fields from the French Lesser Antilles

and Puerto Rico, and 3) a selected spectral band [i.e., in-

frared channel 14 (11.2mm)] from the advanced baseline

imager (ABI).Theanalysis covers theperiod from1200UTC

18 September until 0000 UTC 21 September 2017, during

which TCMaria reached its maximum intensity.
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Before beginning the descriptions of the datasets

employed in this study, it is relevant to highlight that at

the time of this writing, NOAA’sGOES-16 satellite was

not yet declared operational. Owing to the satellite’s

very recent launch on 19 November 2016, the data col-

lected during the 2017 hurricane season are considered

preliminary, as GOES-16 was still undergoing testing

at the time (http://www.goes-r.gov). Moreover, given

that the official best track data/storm reports for TC

Maria (2017) have not yet been officially released, the

current study made use of the National Hurricane

Center (NHC) preliminary best track data. Owing to

the small differences generally seen between the

preliminary and best track datasets, especially when

aircraft reconnaissance is actively flying, the overall

impact on the current analysis is expected to be

negligible.

a. Lightning

As mentioned in the introduction, the total lightning

data utilized in this work were detected by the GLM

instrument aboard the GOES-16 satellite. GLM cam-

era pixels detect lightning flashes day and night with a

horizontal resolution ranging between 8 and 12 km,

with an average detection efficiency nearing 90%

(Goodman et al. 2013). Although a topic of ongoing

research, the detection efficiency of the GLM will

likely vary depending on the time of day, geographical

location (e.g., Fuchs et al. 2016), and optical cloud

depth (Yoshida et al. 2009). The lightning detections

from the GLM consist of a hierarchy of Earth-located

lightning radiant energy measures, including events,

groups, and flashes—all of which will be examined in

this study. The lightning event is the primary element

detected by the GLM, with the two other variables

derived from the events by an algorithm adapted from

the LIS instrument (Christian et al. 1999; Mach et al.

2007; Goodman et al. 2013). Lightning groups are a

collection of one or more lightning events that satisfy

temporal and spatial coincidence thresholds. Similarly,

lightning flashes are a collection of one or more light-

ning groups that satisfy temporal and spatial co-

incidence thresholds [cf. Fig. 5 in Goodman et al.

(2013) for an illustration]. To provide a simple illus-

trative context for the GLM lightning variables, Mach

et al. (2007) suggested that a group could be thought of

as a single lightning pulse (e.g., return stroke) and a

flash as an amalgamation of several lightning pulses

(e.g., negative CG flash producing multiple return

strokes). A similar analogy with common meteoro-

logical terms for the GLM events is more difficult to

establish since these essentially consist of transient

optical (photon) emissions from a lightning flash that

are instrument-dependent pixel measurements. Each

pixel event is associated with a latitude–longitude co-

ordinate of its centroid. For this analysis, the lightning

data centroids initially stored in 20-s intervals were

binned in 1-h intervals and then projected onto a

uniform 10-km Mercator grid, which was generated

by the Weather Research and Forecasting Model post-

processing suite of tools (Skamarock and Klemp 2008).

In the production/operational processing code for the

GLM, a single-group flash filter, removing flashes asso-

ciated with only one group, is applied to reduce false

alarm rates (D. Mach 2018, personal communication).

This is because most single-group flashes are typically

viewed as noise. Knowing that some may be valid

lightning flashes, however, no specific filtering was ap-

plied in this study for simplicity. Future and ongoing

research with the GLM beyond the scope of this study

should provide insight on the anticipated fraction of

valid flashes within cohorts of single-group flashes in

different classes of convective systems, including TCs.

It is relevant to note that, owing to recently

addressed inaccuracies in the processing algorithm

used during a large portion of 2017, the preliminary

GLM dataset utilized in this study does suffer from

location inaccuracies. To estimate the average error for

this analysis, a distance offset histogram between GLM

groups and the ‘‘best’’ match with either the Earth

Networks Total Lightning Network (ENTLN; Liu and

Heckman 2012) or GLD360 (Said et al. 2010; Holle

et al. 2016) was computed for the entirety of the anal-

ysis period (from 1200 UTC 18 September to 0000

UTC 21 September 2017) within the spatial domain in

Fig. 1 (K. Virts 2018, personal communication). The

histogram data exhibited a peak at;17km, which would

be equivalent to a mean location error of about two

pixels over the Caribbean region, as this area lies near

the center of the GLM field of view. We were informed

that reprocessing of some of these data is planned, but no

definite timeline could be provided at this time (K. Virts

2018, personal communication). While such a small dis-

placement error would likely not affect the salient con-

clusions of this work, it may affect the portions of the

current analysis focused on the location of the lightning,

with respect to the RMW or inner-core quadrants, or on

the exact spatial collocation between lightning and re-

flectivity maxima. Therefore, for the sake of complete-

ness, potential discrepancies arising from this calibration

error will be highlighted whenever appropriate in this

analysis.

b. Radar

To establish temporal and spatial associations between

lightning and precipitation/convection, the S-band radar
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data from Météo France of the French Antilles in La

Martinique (Le Diamant, wavelength l 5 10.7 cm) and

La Guadeloupe (Le Moule, wavelength l 5 10.6 cm)

were perused. The reflectivity products provided by

Météo France are static composite reflectivity fields

derived from seven (six) scan elevation angles for

Le Diamant (Le Moule), ranging between 08 and 68
(4.28) (S. Denizanne 2017, personal communication).

The original data are provided in 5-min intervals in

GeoTIFF format on an azimuthally equidistant grid,

with origin set at the respective radar locations. To

establish comparisons with the lightning fields, the

composite reflectivity fields were reprojected onto

a Mercator grid. Hurricane Maria was in good range

from these two radars between about 1200 UTC

18 September and 1200 UTC 19 September. After

that, the U.S. Weather Surveillance Radar-1988

Doppler (WSR-88D) in Cayey, Puerto Rico (TJUA),

was utilized for the period beginning at 1800 UTC

19 September until the destruction of the radar at about

2000 UTC 20 September. While Maria was sampled

multiple times by the Air Force Hurricane Hunter air-

craft starting on 17 September 2017, no NOAA WP-3D

aircraft reconnaissance missions were flown into Maria

prior to 22 September 2017 (P. Reasor 2017, personal

communication). The lack of radar data on 21 September

2017 in the case of this major hurricane illustrates

how the high spatiotemporal data from GOES-16 hel-

ped fill a critical void. Radar data from Barbados were,

unfortunately, not made available for this study.

FIG. 2. Stack bar charts of the hourly rates for the GLM

(a) events, (b) groups, and (c) flashes. The hourly rates were ac-

cumulated within a storm-following disk mask with radius r of

500 km, with the origin based on the estimated storm center from

theNHC(preliminary) best track data (http://www.nhc.noaa.gov/data/).

The total hourly rates were subdivided by the outer region (white

bars) and the inner core (gray bars). Inner-core rates include data

within an r 5100-km disk, while the outer region sums all data

within the area defined by 100, r# 500 km. The sum of the white

and gray bar flash rates is the ‘‘storm total’’ rate, which is shown on

the left axis. Overlaid with the lightning hourly rates is the hourly

pressure trace based on the estimates from theNHCbest track data

(dashed black line; hPa). For reference, time series of the maxi-

mum 1-min sustained surface wind speeds (thick black line) are

shown in (a). The x axis shows the time in hours after 1200 UTC

18 Sep, and for convenience, the time in day/hour (UTC) format.

Vertical black lines show the times of landfall in Barbuda and

Puerto Rico. With this setup, the first hour with accumulated GLM

data is at 1300 UTC 18 Sep.

FIG. 1. Sketch of the preliminary 6-hourly track and intensity

estimates from the NHC best track (http://www.nhc.noaa.gov/data/)

during the period of analysis between 1200 UTC 18 Sep and 0000

UTC 21 Sep. Storm locations are highlighted by diamonds and

color coded by intensity. To better highlight the main intensification

period, two earlier times also are displayed.
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c. ABI

The ABI is the primary instrument aboard GOES-16

in terms of payload and features 16 spectral bands

(compared to five on GOES-13), which include two

visible channels, four near-infrared channels, and 10

infrared (IR) channels. The ABI on GOES-16 provides

3 times more spectral information, 4 times the spatial

resolution, and 5 times faster coverage than GOES-13

(http://www.goes-r.gov).

The displacement errors vary with satellite viewing

angle (cloud latitude and longitude, satellite location).

For latitudes near 408N, displacements are around 10km

for a cloud height of 10 km. In the case of GLM data

overlaid on uncorrected GOES-16 ABI imagery, there

is little error between the cloud and lightning relative

locations if the parallax correction is removed from the

GLM data (as done herein; see online supplemental

material). If the cloud locations are corrected for par-

allax, and GLM data include the default parallax cor-

rection, then relatively small errors are expected.

In this study, emphasis will be placed on the ABI IR

channel 14 (11.2mm) radiance fields in mesoscale scan

mode. In this mode, the ABI provides coverage over a

1000 3 1000km2 domain every 30–60 s at a spatial res-

olution of 2 km. This provides an unprecedented op-

portunity for forecasters and researchers to analyze the

evolution of deep convective regions (and their associ-

ationwith total lightning) within TCs. To establish direct

comparisons with both the radar and the GLM data, the

ABI data were interpolated from their native geosta-

tionary projection onto a Mercator grid.

3. Results

a. General lightning evolution

During the analysis period, Hurricane Maria experi-

enced two main deepening phases. The first, most

prominent one started about 6 h prior to the beginning

of the analysis period—namely, at about 0600 UTC

18 September—and ended at 0000 UTC 19 September

(Figs. 1, 2a). During this 18-h period, Maria deepened

from a category 1 to a category 5 hurricane on the Saffir–

Simpson scale just prior to making landfall on the island

of Barbuda at about 0200 UTC 19 September (Figs. 1, 2a).

In the first 9 h of the analysis period during this first in-

tensification cycle, total lightning was largely confined in

the outer region (Fig. 2a). During this time, the GLM

events, groups, and flashes all underwent a slight

decreasing trend (Figs. 2a–c). After about 2200

UTC 18 September, the inner-core hourly rates of GLM

events and groups experienced a notable increase by

about a factor of 4 to 5 (Figs. 2a,b). A similar increase for

the inner-core flashes occurred only 3 h later, namely,

at 0100 UTC 19 September. This period coincided

with the time just prior to landfall in Barbuda, during

which Maria experienced a brief period of weakening

from a category 5 to a category 4 TC between about

0000 and 0600 UTC 19 September. During this 6-h

interval, the total lightning rates in the inner core

exhibited a sharp increase for about a 2-h period.

Additionally, lightning in the outer region also in-

creased, especially after the eye of Maria passed the

island of Barbuda at about 0400 UTC 19 September

(Figs. 1, 2). Though land may have played a role in the

short 6-h observed weakening and the sharp increase

in lightning, the above results agree with DeMaria

et al. (2012) and Stevenson et al. (2016), in which an

inner-core lightning burst is indicative of the end of an

intensification cycle, while lightning in the outer re-

gions peaks earlier in the intensification phase.

During the second intensification phase, between 0600

UTC 19 September and 0000 UTC 20 September, Maria

regained strength into a category 5 storm and reached its

maximum intensity at about 0000 UTC 20 September

[minimum surface pressure (minSLP) ’ 910hPa; Fig. 2].

The first 6h of this deepening phasewere characterized by

notable inner-core and, especially, outer-region lightning

activity. After 1200 UTC 19 September—when Maria

regained category 5 status—total lightning rates in both

the inner core and outer region experienced a no-

ticeable drop, with the largest seen in the outer region.

From 1200 UTC 19 September until Maria reac-

hed its maximum intensity 12 h later, relatively less

lightning was produced in the outer region for the

events (Fig. 2a). During this 12-h period, Maria

showed a nearly steady inner-core lightning activity in

terms of hourly rates of events and groups. The GLM

flash rates, however, exhibit a distinct peak during

this period (cf. Fig. 2c and Figs. 2a,b). This indicates

that, for a given hourly lightning event (group) rate,

Maria’s inner core produced more flashes at and a few

hours after 1200 UTC than later on at 1900–2200

UTC 19 September (Figs. 2a–c). In other words, the

average number of events (groups) associated with a

single flash near 1200 UTC was larger than at 1900–2200

UTC 19 September. It is relevant to note that this result

might be affected if a single-group flash filter was ap-

plied to the GLM data. Consistent with DeMaria et al.

(2012), the beginning of this second intensification cycle

is characterized by a marked increase in outer-band

lightning flash rates (with similar trends seen for groups

and events). Inner-core flash rates also exhibit a relative

increase during the early stage of that intensification

period, which is less marked for the GLM groups and,

especially, for the events. This second deepening cycle
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FIG. 3. Storm-centered Hovmöller diagrams of the azimuthally averaged hourly

GLM (a) events, (b) groups, and (c) flashes. GLMdata were interpolated onto a storm-

following cylindrical grid with a resolution of 10 km in the radial and 28 in the azimuthal

directions. As in Fig. 2, time is shown in hours after 1200 UTC 18 Sep, and for con-

venience, in day/hour (UTC) format with two horizontal black lines denoting the

approximate time of landfall in Barbuda (hour 14) and Puerto Rico (hour 46). The

yellow crosses with black outlines denote the flight-level (700 hPa) RMW estimated

from USAF reconnaissance flight, HDOB, 30-s data. As will be documented later, TC

Maria underwent an eyewall replacement cycle later in the analysis period. Thus, some

of the times on the y axis, namely, hours 41–44 and 60, show the estimated RMW

associated with the wind maxima in the inner and outer eyewall, respectively.
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occurred within a 24-h period of the inner-core burst

documented above, which was preceded by the main

deepening phase of Maria (i.e., prior to 0000 UTC

19 September; Fig. 2). This observation is in line with the

comprehensive survey study of Stevenson et al. (2018),

in which intensifying TCs experiencing an inner-core

burst were more likely to intensify within the next 24 h.

After reaching its maximum intensity, Maria gradu-

ally weakened to a category 4 storm prior to making

landfall in Puerto Rico (Figs. 1, 2a), coincident with an

eyewall replacement cycle (discussed later). After in-

teracting with the mountainous terrain of Puerto Rico,

Maria quickly weakened further to category 2 status.

During this period, Maria’s lightning was almost exclu-

sively confined in its outer region, with very similar

trends seen for the events, groups, and flashes (Fig. 2).

To provide a more comprehensive view of the total

lightning evolution in this hurricane, the GLM data

were interpolated onto a storm-following cylindrical

grid to visualize the GLM events, groups, and flashes

in Hovmöller space (time–radius; Figs. 3, 4). The resolu-

tion in the radial direction was 10km and 28 in azimuth.

These Hovmöller diagrams also display RMW estimates

based on flight-level (700hPa), 30-s high-density obser-

vations (HDOB) from the U.S. Air Force (USAF) re-

connaissance missions. The period of analysis includes

RMW data estimates from 27 flight legs from seven

separate reconnaissance flights (https://www.nhc.noaa.

gov/archive/recon/2017/AHONT1/). The RMW from

each individual flight leg was computed using a complete

pass through the eyewall, eye, and back through the

eyewall. To ensure that both the RMW and lightning

remain in the same reference coordinate system with

respect to the TC center, the latitude–longitude loca-

tions of the maximum wind from the HDOB observa-

tions were compared to the respective times of the

hourly interpolated best track data used in Fig. 2. The

flight-level RMW was preferred over the surface-

estimated RMW because it is closer to the layer where

the bulk of the noninductive charging, and hence light-

ning discharges, occurs in the eyewall of a TC (between

08 and 2208C; Brooks et al. 1997; Saunders and Peck

1998; Black and Hallett 1999; Saunders et al. 2001;

Fierro et al. 2007, 2013, 2015; Fierro and Mansell 2017,

2018). Moreover, the flight-level RMW is measured,

whereas the RMWat the surface that is estimated by the

Stepped-Frequency Microwave Radiometer (SFMR)

suffers from attenuation in regions of high rain rates

(Uhlhorn and Black 2003).

The Hovmöller diagrams illustrate that the lightning

was tightly packed near the inner core within a radius r

of about 50 km (Figs. 3, 4). These also reveal the pres-

ence of a systematic minimum in total lightning between

about r 5 75 and 125 km, which is associated with the

inner-band stratiform region of the TC (Cecil et al. 2002;

Cecil and Zipser 2002). The inner core of Maria pro-

duced the largest values of lightning event, group, and

flash densities (Fig. 4). The respective azimuthal max-

ima of hourly density rates of events, groups, and flashes

coincide generally well in space and time, although some

quantitative differences should be noted. For instance,

the inner-core flash density maximum at about 13 h is

smaller than themaximumoccurring at about 22 h, while

for the events, the converse is observed (Figs. 4a,c). For

the groups, however, these two maxima remain com-

parable (Fig. 4b).

During about 0000 and 1200 UTC 19 September,

some of the GLM lightning contours appear to be more

systematically clustered near the flight-level (700 hPa)

RMW (Figs. 3, 4), with the highest flash rates (.50

flashes per hour) occurring within the flight-level RMW.

Coincidentally, TC Maria underwent a brief deepening

period (from 0600 UTC 19 September until 0000

UTC 20 September; Fig. 2), which would be consistent

with the recent findings of Stevenson et al. (2018) for

Atlantic TCs. Recalling that the preliminary GLM data

used in this analysis suffer from a;17-km location error

(K. Virts 2018, personal communication), and given the

relatively short period of analysis, it is important to

reiterate that caution should be advised in interpret-

ing results of this particular analysis relying on posi-

tioning precision of the lightning on the order of

10–20 km. It is also important to note that given the

outward tilt of the eyewall updraft and the fact that an

optical instrument, such as the GLM, detects upper-

level ($10 km) flashes (mainly ICs) more readily than

lower-level (#7 km) flashes (Yoshida et al. 2009),

the lightning contours located outside the 700-hPa

RMW in Figs. 3 and 4 may represent latent heating

inside the 700-hPa RMW.

To complement theHovmöller diagrams in Figs. 3 and

4 and the time series in Fig. 2, the lightning data were

subdivided into four quadrants relative to intercardinal

directions and to the 850–200-hPa shear vector (Fig. 5).

While it is common usage to refer to the TC quadrants

relative to storm motion, this would not change the sa-

lient conclusions of this analysis, which are later sup-

ported by the results presented in the subsequent

section. Figure 1 shows that during the analysis period,

Maria had an almost constant storm motion vector al-

most due west-northwest. Thus, the main impact of

including a ;22.58 tilt in the intercardinal quadrants’

configurations in Fig. 5 would be to increase (decrease)

the amount of lightning in the northeast (southeast)

quadrant, with little change seen in the northwest

quadrant. The 6-hourly deep-layer shear (850–200 hPa)
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data were extracted from the Statistical Hurricane

Intensity Prediction Scheme (SHIPS; DeMaria and

Kaplan 1994, 1999; DeMaria et al. 2005; Kaplan et al.

2010) database. To determine the shear relative quad-

rants at each hour within a given 6-h bin, the average

shear calculated from the beginning and end time values

was perused.

During the period of maximum intensity, Maria

produced the vast majority of its inner-core and

outer-region lightning in the southeast quadrant, with

percentiles ranging between 77% and;90% (Figs. 5a,b).

Incidentally, the least electrically active region of this

TC for both the inner core and the outer region was the

northwest quadrant, with the northeast and southwest

FIG. 4. As in Fig. 3, but for the maximum values at each radius.
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quadrants producing overall similar respective lightning

fractions. Given the weak ambient wind shear in the

vicinity of TC Maria at the time (,4ms21; see later in

the analysis), these results for the inner core appear to

contrast with the idealized modeling study of Fierro and

Mansell (2017), wherein a major TC evolving in an ini-

tial environment at rest (no ambient wind shear) with

favorable sea surface temperatures (SSTs) (;288C;
Williams and Renno 1993) and a very slow (,5ms21)

westward mean storm motion produced the vast majority

of its inner-core lightning in the northwest quadrant

(equivalent to the front-right quadrant in their case).

Thiswas hypothesized to arise from storm-motion-induced

enhancement of boundary layer convergence in the

front-right quadrant (Shapiro 1983; Shapiro and Franklin

1999). Because of displacement errors mentioned earlier

with the GLM, it is thus possible that the azimuthal

placement of the lightning relative to the quadrants in the

inner core may not be correct. At this time, Maria was

moving west-northwest at;4ms21 and exhibited a rather

compact RMW (Fig. 5), which would likely amplify any

southeast displacement of theGLM lightning. Reinforcing

FIG. 5. Diagram showing the (a) total count and (b) percentiles of the events, groups, and flashes in black, dark

gray, and light gray, respectively, relative to the cardinal directions over the entire analysis period (1200 UTC 18

Sep–0000 UTC 21 Sep) within the inner core and outer region, divided by quadrants within the cylinders described

in Fig. 2, which are on the Mercator grid. (c),(d) As in (a),(b), but for the 850–200-hPa shear relative totals. The

6-hourly shear data were extracted from the SHIPS database. For hourly data within a given 6-h bin, the average

shear direction from the beginning and end values of the 6-h bin was used to compute the shear-relative quadrants.
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this, a later analysis using the WWLLN data with track

data interpolated to theminute and theABI/GLMoverlay

animation in the supplemental material both suggest that,

instead, the inner-core CG lightning was more confined to

the northwest quadrant. One potential viable explanation

for this atypical lightning pattern, however, could be tied to

the respective detection of IC flashes at upper levels versus

CGs farther down. In TC Rita (2005), which exhibited a

similar eyewall diameter and TC intensity to Maria during

the analysis periods considered, Fierro et al. (2011) found

that in contrast to CGs, IC flashes could be used to track

the revolution of individual convective events around the

eyewall. Most IC flash clusters completed a full revolution

in about 15–25min. Given that CG flashes seen by

WWLLN are more consistently located in the northwest

(front right) quadrant (see section 3c), it is thus possible

that the flash density maximum in the southern eyewall of

TCMariamay be associated with the rotation of IC flashes

from electrified convection initially developing in the

front-right quadrant of the TC. The apparent maximum in

lightning density there would be consistent with 1) the

GLM optical instrument being able to detect upper-level

ICs more readily than CG flashes at lower levels (Yoshida

et al. 2009), 2) IC flashes generally outnumbering CGs by a

factor ranging from 2 to 3 in nonsevere storms (e.g.,

Boccippio et al. 2001; Schultz et al. 2011), and 3) the

WWLLN analysis (see section 3c) showing a noticeably

larger IC to CG ratio in the inner core of Maria.

The shear heading changed from about 3008–3308
between 0000 UTC 19 September and 0000 UTC

20 September to values ranging within 508–1308 after
0000 UTC 20 September. When the deep-layer shear

was accounted for in the calculation of the lightning

totals within each quadrant (Figs. 5c,d), some no-

table differences ought to be highlighted. First, the

inner-core lightning becomes more evenly distributed

between the lower-left (upshear right) and lower-right

(downshear right) quadrants, and second, the lightning

totals in the outer band become more evenly distrib-

uted among all four quadrants. Given that Maria

reached category 5 status with a nearly perfectly axi-

symmetric inner core (see later in this section), it is not

surprising to find that during the analysis period, the

850–200-hPa shear magnitudes in the SHIPS data were

overall small (i.e., ,4.5m s21). These results contrast

with Corbosiero andMolinari (2002), who found that in

weak shear (,5m s21), inner-core (CG) lightning still

occurs downshear a majority of the time (69%).

Of interest to operational forecasters is the existence

of potential relationships among lightning rates in

specific regions of the TC and intensity trends (partic-

ularly future intensity changes). For instance, SHIPS

(DeMaria and Kaplan 1994, 1999; DeMaria et al. 2005;

Kaplan et al. 2010) makes use of environmental pa-

rameters (predictors) for the rapid intensification index

(RII; DeMaria et al. 2012). Some experimental versions

of the RII include the axisymmetric component of CG

flash rates within the inner core and outer region of the

TC derived from ground-based, very low-frequency

sensors (e.g., World Wide Lightning Location Net-

work; Abarca et al. 2011; DeMaria et al. 2012). It is thus

relevant to determine if total lightning data from

the GLM could be used as a potential predictor in

SHIPS or other similar statistical schemes. Since light-

ning in TCs is generally very episodic, it is also of interest

to researchers focusing on storm-scale electrification

processes to gain a better understanding of the

relationship(s) between an estimate of ‘‘current’’ light-

ning activity (i.e., hourly rates) and the present estimate

of storm intensity. Thus, two separate correlation sta-

tistics were computed among each of the three lightning

metrics (events, groups, and flashes) provided by the

GLM for the inner core, outer region, and storm total

lightning counts. The first considered the hourly accu-

mulated lightning and the current estimate of storm in-

tensity, namely, the minSLP and the maximum 1-min

surface wind speed (maxWSP). The second employed

the 6-hourly lightning rates and the future 6-h change in

storm intensity. For the correlation statistics using

hourly data, the 6-hourly best track data (minSLP and

maxWSP) were linearly interpolated to hourly time se-

ries to match the hourly binning of the lightning. Be-

cause of the relatively small sample size of the time

series in either the hourly dataset (i.e., 60 elements;

Fig. 2) or the 6-hourly dataset (i.e., 10 elements) and the

desire to establish the statistical significance of the cor-

relations obtained, the data were subjected to a boot-

strapping technique (i.e., no a priori distribution

assumed) involving 1000 random samples. Additional

tests (not shown) were conducted using 5000 samples

and revealed, overall, quantitatively similar results. To

better visualize and interpret the results from the

bootstrapped correlation statistics, box-and-whisker di-

agrams highlighting the significance at the 5% variance

level were computed (Fig. 6). A given correlation is

deemed insignificant whenever the 5% variance level

crosses the zero correlation line. For clarity, references

to correlations in this section imply median correlation

values R.

Overall, the most robust relationship between light-

ning and TC intensity was obtained between maxWSP

and the inner-core groups and flash density rates with

R values near 0.5 (Fig. 6a). The inner-core events

exhibited a slightly lower, but nonetheless statistically

significant, correlation with maxWSP of about 0.4. The

outer-region lightning, on the other hand, was generally

1650 MONTHLY WEATHER REV IEW VOLUME 146



negatively correlated with maxWSP, with only the

groups and flashes showing statistically significant R

of;20.3 and;20.35, respectively (Fig. 6a). Storm total

lightning rates showed, overall, no statistically sig-

nificant relationship with maxWSP (Fig. 6a). Because

minSLP and maxWSP in a TC generally are mutually

highly negatively correlated (when minSLP increases,

maxWSP decreases, and vice versa; Fig. 2), the corre-

lation statistics obtained between minSLP and lightning

reverse sign (Figs. 6a,b). Although arguably marginal,

all three measures of lightning rates in the inner core

show statistically significant correlations with minSLP,

withR ranging from about20.2 for the events to;20.25

for the groups and flashes. The magnitudes of the

aforementioned R values for minSLP in the inner core

are smaller (by ;0.1) than the respective R values for

maxWSP (Figs. 6a,b). The R magnitudes between

lightning in the outer region and minSLP are, overall,

quite similar to those for maxWSP. When storm total

lightning rates are considered, only the flashes exhibit a

statistically significant relationship with minSLP, which

is marginal (R ; 0.2; Fig. 6b). We note that because the

majority of the storm total flashes occurred in the outer

region during this analysis period (Figs. 2, 5), the cor-

relations for the whole storm are largely reflected by

those in the outer region (Fig. 6). The overall pattern

with intensity suggests that more total lightning occurs

with a stronger TC (i.e., highermaxWSPor lowerminSLP),

FIG. 6. Box-and-whisker plots of 1000-sample bootstrapped Pearson’s correlation between the hourly time series of events (Ev), groups

(Gr), and flashes (Fl) for (a) maxWSP and (b) minSLP. (c),(d) As in (a),(b), but for future 6-h change in maxWSP and minSLP, re-

spectively. The red line depicts the median correlation. The blue box shows the lower and upper quartiles (25% and 75%). The 2.5th- and

97.5th-percentile correlation values are shown at the end bars of the dotted lines outside the blue box. The correlation statistics for

Ev, Gr, and Fl were computed for the inner core, outer region, and storm total, respectively. For convenience, the statistics for the inner

core, outer region, and storm total are separated by a vertical black line.
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which contradicts the CG-based study of Abarca et al.

(2011) that found higher lightning rates in weaker TCs.

The current study only examines one case for 60 h, so

more research is necessary to confirm if this relationship

holds for a larger sample.

When considering the future 6-hourly changes in

either minSLP or maxWSP, most correlations become

insignificant owing to the very small sample size used

(Figs. 6c,d). Bearing this in mind, it is interesting to

note, however, that the best correlations obtained are

between the future 6-hourly changes in minSLP and

the 6-hourly lightning rates in the outer region

(Fig. 6d). Despite the short duration of the analysis

for operational standards and the fact that only one

single case is considered, this may suggest consistency

with the more general results of DeMaria et al.

(2012), in which lightning in the outer region serves

as a better surrogate for future intensity changes in

contrast to the inner core, which indicates the end of

an intensification phase.

b. Relationships among lightning, radar, local
environment, and cloud fields

Before beginning the description of the results, it is

relevant to note that this analysis considered GLM

events, groups, and flashes. Because the above results

showed that, overall, their respective trends are similar,

this section will only focus on the horizontal cross-

sections of GLM flashes.

To complement the overall view of Maria’s total

lightning evolution presented in the previous section,

this analysis examines how the spatial distribution of

lightning densities relates to 1) the precipitation fields,

as measured by composite radar reflectivity, 2) cloud

depth/morphology, as measured by the ABI outgoing

radiance fields (in the IR range for day/night coverage),

and 3) the local environment in the vicinity of the TC in

terms of the SST fields, the ocean heat content (OHC),

and the 850–200-hPa shear (heading and magnitude).

The SST data are the daily Reynolds SST on a 0.258 grid,
based on a combination of satellite observations and

in situ platforms (Reynolds et al. 2007; Reynolds and

Smith 1994). The OHC fields, also on a 0.258 grid, were
extracted from the Navy Coupled Ocean Data Assimi-

lation database described in Knaff et al. (2013). The data

assimilation used the approach from Cummings (2005).

The OHC values are computed from the surface to the

depth of the 268C isotherm.

At the beginning of the analysis period at 1200–1300

UTC 18 September, Maria did not yet show evidence of

any discernable eye in the ABI imagery (Fig. 7a). The

reflectivity fields from theMétéo France radar site in La

Martinique, however, indicate that at this time, Maria

was starting to exhibit a well-defined eye in its pre-

cipitation field (Figs. 7b,c), which was associated

with weak lightning activity (Fig. 7a). This is consis-

tent with the U.S. Air Force reconnaissance vortex

data message at that time (1300 UTC 18 September),

indicating a circular eye with a diameter of ;22 km

and that was open in the southwest. Despite an inner

core being characterized by comparably low values of

outgoing radiance, the outer bands within the eastern

semicircle produced the bulk of the lightning at this

time (Fig. 7a), which were outside the ;400-km range

from the Météo France radars (dashed white rectangle

in Fig. 7a). The western semicircle also contains nar-

row precipitation bands, characterized by 401 dBZ,

but these were devoid of lightning (Fig. 7). At this

time, SST and OHC fields ahead of the TC, combined

with relatively weak deep-layer shear (,3m s21),

indicate relatively more favorable conditions for in-

tensification, with SST values ranging between 298 and
308C and OHC nearing 70 kJ cm22 (Figs. 7d,e). These

SST (shear magnitude) values are noticeably higher

(lower) than the climatology for the month of Sep-

tember, based on the entire SHIPS database in the

Atlantic (starting in 1982), which is 27.68C (;8.1ms21).

This still holds when only considering the September

climatology of the SSTs and deep-layer shear magni-

tudes within the analysis domain (Fig. 1), which are

28.88C and ;7.3m s21, respectively. Thus, based on the

evidence provided by the climatological averages de-

rived from the SHIPS database, the environment in

which TC Maria intensified into a category 5 storm was

unusually favorable. Incidentally, the lightning in the

outer region to the east and southeast (Fig. 7a) is col-

located with regions of relatively higher OHC and SSTs

(Figs. 7d,e).

A few hours prior tomaking landfall in Barbuda (0000

UTC 19 September), Maria exhibited a well-defined

solid ring of composite reflectivities exceeding 35 dBZ

on radar (Figs. 8b,c), which was associated with a clear

eye in the ABI IR imagery, surrounded by low outgoing

radiance values (Fig. 8a). At this time, which coincided

with the end of the first intensification phase (Figs. 1, 2),

the inner core/eyewall of Maria produced relatively

larger flash density rates (.25 flashes km22 h21, Fig. 8a)

an observation consistent with DeMaria et al. (2012).

Figure 6a shows that during this 1-h period, the southern

portion of the eyewall produced the overwhelming ma-

jority of the lightning. The outer region in the southern

semicircle was characterized by lightning-active cells

with comparatively lower flash densities ranging between

1 and ;15 km22 h21, which are well captured by the

Météo France radar in La Martinique (Figs. 8b,c).

Elsewhere around the TC (i.e., r # 500 km), lightning
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FIG. 7. Horizontal cross section of (a) 1200–1300 UTC 18 Sep hourly flash densities (per 100 km2, color

shaded) overlaid on ABI channel 14 (11.2mm) radiance [mWm22 sr21 (cm21)21, gray shading] at 1300 UTC

18 Sep. Composite reflectivity fields from the Météo France Doppler radar in La Martinique are shown at

(b) 1200 and (c) 1300 UTC 18 Sep, with a thick black cross indicating the radar site. (d),(e) Horizontal cross

sections of the OHC (kJ cm22) and the Hadley SST (8C), respectively, overlaid with the SHIPS 850–200-hPa
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was generally weak and sporadic (Figs. 3, 8a). From this

location onward, TC Maria is embedded in an environ-

ment very favorable for intensification with SST (OHC)

values commonly exceeding 298C (70kJ cm22) com-

bined with weak deep-layer shear (,3ms21; Figs. 8d,e).

Near the time of the onset of the second intensifi-

cation cycle at 0600 UTC 19 September, lightning was

again tightly clustered near the storm center (Figs. 3, 4),

primarily in the southern portion of the eyewall

(Fig. 9a). Consistent with this, both composite radar

imageries from La Martinique and La Guadeloupe

indicated that the southern portion of Maria’s eyewall

was characterized by relatively larger reflectivities,

compared to the northern eyewall (Figs. 9b,c). This

suggests that even after considering the ;17-km lo-

cation error of the GLM data, this observation might

be valid. The sharp increase in lightning rates in the

outer region documented earlier in Figs. 2 and 3 is

associated with deep convective rainbands in the

southeastern (rear left) quadrant, characterized by

isolated 401dBZ echoes (Fig. 9c) and relatively lower

radiance values (Fig. 9a). These lightning-active

rainband cells, yet again, appear to collocate rela-

tively well with regions of relatively higher SST and

OHC values (Figs. 9d,e). The persistence of very low

deep-layer shear thus far (,3m s21) accounts for the

cloud pattern of TC Maria to become progressively

more axisymmetric (Fig. 9a). The precipitation

structure over La Guadeloupe (Fig. 9b) appears more

stratiform, with maximum echoes seldom exceeding

35 dBZ, which is consistent with the dearth of light-

ning seen in this region (Fig. 9a).

A few hours into the second intensification cycle at

1200 UTC 19 September (Figs. 1, 2), the inner core

continues to exhibit lightning concentrated near its

center (Figs. 3, 4) with a slight southeastward positional

shift relative to the storm center estimates (Fig. 10a).

Radar imagery from both Météo France radars in-

dicates, however, that during that 1-h period, the

northwestern portion of the eyewall exhibited the larg-

est reflectivities, which occasionally exceeded 45 dBZ

(Figs. 10b, c). Although this collocation disagreement

between the lightning and reflectivity maxima in the

inner core exceeds 17 km, it is likely that taking the

GLM location error into account could potentially help

reduce this difference. The outer-region lightning at this

time (Figs. 2, 3) is, again, associated with deep convec-

tion in the southeastern quadrant of the TC, with some

cells reaching maximum reflectivities near 40 dBZ

(Fig. 10b). Compared to 6 h earlier (Fig. 10a), the areal

coverage of the central dense overcast cloud shield

shrunk noticeably in the ABI imagery (Fig. 10a), while

the outgoing radiance values in the inner core showed

slightly lower values (indicative of colder cloud tops).

Together with the increase of inner-core flash rates

documented earlier (Figs. 2c, 3c), this would be sup-

portive of a gradual strengthening of the convection in

the eyewall of Maria (MacGorman and Rust 1998;

Kelley et al. 2004; Fierro et al. 2011; Fierro and Mansell

2018). Maria’s continuing intensification into a category

5 storm stems from continuing favorable conditions

for intensification with very weak deep-layer shear

(,2ms21) and high SSTs (308C; Figs. 10d,e). The

lightning-active regions in the outer bands to the south,

again, collocate well with regions of relatively higher

SSTs and OHC (Figs. 10d,e).

A few hours after reaching its maximum intensity

near 0600 UTC 20 September (Figs. 1, 2), Maria un-

derwent an eyewall replacement cycle, as evidenced by a

concentric eyewall configuration in the radar sweeps

(Figs. 11b,c). This eyewall replacement cycle resulted in

the slow weakening of Maria until it made landfall

in Puerto Rico at about 1000 UTC 20 September

(Figs. 1, 2). As documented by several studies,

eyewall replacement cycles often precede TC weak-

ening due to the expansion of the RMW and changes

in the radial pressure gradient in the inner core

(Willoughby et al. 1982; Sitkowski et al. 2012; Kossin 2015).

This double eyewall configuration is associated with an

increase of the areal coverage of the central dense

overcast in the ABI imagery (cf. Fig. 10a and Fig. 11a),

consistent with previous findings (e.g., Willoughby et al.

1982; Sitkowski et al. 2011; Kossin and Sitkowski 2012).

During this period, lightning in the inner core was oc-

casionally seen ahead of the storm center (Fig. 11a)

near the outer eyewall (Figs. 11b,c). Based on the storm

 
shear vector at 1200 UTC 18 Sep. Interpolated storm centers from the NHC best track are shown by

black crosses in (a), (d), and (e) at the beginning and end of the 1-h lightning accumulation period (note: best

track estimate may differ slightly from ABI and radar imagery eye center location). For reference, the

domain covered by the radar imageries in La Martinique in (b) and (c) is shown as a dashed white rectangle

in (a). Subsequent Figs. 8–10 include radar imageries of Météo France from either La Guadeloupe or

La Martinique based on availability, data quality, and coverage of the lightning-active portion(s) of the TC.

La Guadeloupe radar domain coverage is shown by a yellow dashed rectangle in the ABI imagery, when

applicable.
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center locations at 0500 and 0600 UTC 20 September in

Fig. 10a and the lightning totals in Fig. 2a, it appears

that the arc-shaped lightning contours near the inner

core are likely associated with electrified convection

occurring near the beginning of the 1-h interval (i.e.,

0500 UTC 20 September). This is another particular

instance where the 17-km average location error of

the GLM documented earlier renders such a precise

FIG. 8. As in Fig. 7, but between 2300 UTC 18 Sep and 0000 UTC 19 Sep.
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diagnosis difficult. As documented earlier in Figs. 2

and 3, the bulk of Maria’s lightning at the time was

found in the outer region, which again was associated

with deep convection in its southeastern quadrant

(Fig. 11a) over regions of relatively higher SSTs and

OHC (Figs. 11d,e).

FIG. 9. As in Fig. 7, but between 0500 and 0600 UTC 19 Sep.
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Between 0600 UTC 20 September and the time

when theWSR-88D radar in Puerto Rico was destroyed

by the hurricane shortly before 2000 UTC 20 September,

the vast majority of the lightning, again, occurred in

the outer region (Figs. 2, 3) in the southeast quadrant

(not shown).

FIG. 10. As in Fig. 7, but between 1100 and 1200 UTC 19 Sep.
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FIG. 11. As in Fig. 7, but between 0500 and 0600 UTC 20 Sep and for composite reflectivity imageries from the

Cayey radar site (TJUA), the location of which is shown by a thick black cross in (b) and (c). The radar imageries

are courtesy of B. McNoldy, University of Miami, Rosenstiel School (http://andrew.rsmas.miami.edu/bmcnoldy/

tropics/radar/).
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In summary, this analysis showed that during the time

period considered, the lightning in the outer region of

Maria was primarily confined in the southeast quadrant

in regions of relatively higher SSTs and OHC. This be-

havior is consistent with the simulated rainband light-

ning in idealized (Fierro et al. 2007; Fierro and Mansell

2017, 2018) and real case studies (Fierro and Reisner

2011; Fierro et al. 2015). As hypothesized by some of

these modeling studies, in a large-scale environment

favorable for TC development (low shear, high sea

surface temperatures), the warm air advection from

lower latitudes in that quadrant (in the Northern

Hemisphere) may be more favorable for the systematic

development of thunderstorms (Williams and Renno

1993) through enhanced isentropic ascent (Callaghan

and Tory 2014, their Fig. 10). This analysis also indicated

that, at most times, lightning was primarily located in the

southern portion of the eyewall, which contrasts with the

modeling studies of Fierro and Mansell (2017, 2018),

who found that in steady-state or intensifying TCs in an

environment at rest (i.e., no ambient wind shear), the

preferred location for lightning occurrence was in the

northwest quadrant. The persistence of very weak deep-

layer shear (,3m s21) cannot explain alone why the

inner-core lightning in this TC preferentially occurred in

the southwest (Figs. 5a,b), though it is unknown if the

GLM location errors that were present during its testing

phase in 2017 may reveal an inner-core azimuthal pat-

tern that is more consistent with previous studies.

c. Brief comparisons with WWLLN

Several previous studies employed the WWLLN to

better understand the association between lightning

flash rates and TC intensity change. The WWLLN has

the longest record of time-continuous global lightning,

making it ideal for TC studies; however, since it is a

very low-frequency network, the detection efficiency of

WWLLN for IC flashes (,10%) is notably lower than

GLM (;70%–90%). In contrast to CG flashes, total

lightning (ICs1 CGs) was shown to better correlate with

storm-scale bulk properties, such as graupel or updraft

volumes, within convective storms (MacGorman et al.

1989; Carey and Rutledge 1996; Wiens et al. 2005;

Kuhlman et al. 2006; Fierro et al. 2006) and TCs (Fierro

et al. 2015; Fierro and Mansell 2017, 2018). Because ICs

outnumber CGs by an average ratio of 3:1 in non-

severe storms (e.g., Boccippio et al. 2001; Schultz et al.

2011; Medici et al. 2017), it is relevant to determine

preliminarily how the hourly rates from the WWLLN

(primarily CG) compare to the GLM (total light-

ning). Such systematic comparisons are warranted to

examine whether a simple scaling between the two

datasets is possible or if lightning characteristics

documented by WWLLN will translate to similar

features captured by GLM.

Table 1 summarizes the number of WWLLN strokes

and GLM events, groups, and flashes during the 60-h

analysis period. The WWLLN counts differed most

significantly from the GLM events (from approximately

two to three orders of magnitude) and were closest to

the GLM flashes (one order of magnitude or less).

Overall, the GLM captured about 4 times as many

flashes as WWLLN within 500 km of Hurricane Maria

during the analysis period. Around 30 times more

flashes were detected byGLM in the inner core over this

entire 60-h period, a stark contrast to the outer region,

which only saw about 3 times as many flashes in GLM,

compared to WWLLN. This may suggest that more CG

flashes occurred in the outer region.

A direct comparison between Figs. 12 and 2c reveals

overall similar patterns in the outer-region lightning

flashes, but differences in the inner-core hourly flash

rates with respect to storm intensity. The initial inner-

core CG lightning peak at 1700 UTC 18 September, 7 h

prior to the end of the first intensification cycle, was seen

by WWLLN but is absent in GLM total lightning data,

which hints at a rather steady, relatively weak total

lightning activity. The inner-core GLM flash rate max-

ima that occurred near the beginning of the first 6-h

weakening period (0200 UTC 19 September) was cap-

tured by the WWLLN, though with much fewer flashes.

During the second intensification cycle, the GLM

registered peak flash rates in the inner core at 1000

UTC 19 September, while those recorded by WWLLN

occurred slightly later at 1600 UTC 19 September. The

differences in the timing of peak lightning activity dur-

ing the intensification period on 19 September may in-

dicate that the dominant type of lightning (CG or IC)

changed: weak CG or IC flashes may have occurred

more frequently early in this intensification period, as

evidenced by high (low) hourly flash rates for GLM

(WWLLN), which transitioned to a larger fraction of

CG flashes toward the end. Similar to the GLM, the

WWLLN captured a semiregular diurnal variability in

outer-region lightning flash rates, peaking around 1200

UTC each day.

Despite differences in the total flash rates between

the two observing platforms, some correlation between

the WWLLN and GLM flash rates does exist. Figure 13

shows the (Pearson’s) correlations between theWWLLN

and the three GLM lightning products (events, groups,

and flashes) for the inner core (top) and outer region

(bottom) normalized by their respective maximums

throughout the 60-h analysis period. WWLLN strokes

were weakly correlated with GLM events and exhibited

the largest correlation with GLM flashes. As expected
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based on Fig. 12, the correlation coefficient between the

two datasets was more robust in the outer region,

reaching values of r 5 0.70 (r 5 0.75) when analyzing

the hourly (6 hourly) data (Fig. 13f). The inner-core

flash correlations were notably smaller, with r 5 0.33

(r 5 0.51) in the hourly (6 hourly) analysis (Fig. 13c).

Because the GLM senses the optical emission from a

lightning flash, while the WWLLN measures the broad-

band electromagnetic impulses emitted by lightning

flashes within a very low-frequency band, many lower-

amplitude flashes (such as ICs) are missed by WWLLN.

The smaller correlations in the inner core may be further

indication of different lightning strengths (peak current)

and types occurring near the TC center.

To complement the temporal comparisons, spatial

locations of WWLLN strokes are shown in Fig. 14 for

the time periods highlighted for the GLM in Figs. 7a,

8a, 9a, and 10a. Comparing Fig. 14a with the GLMflash

densities between 1200 and 1300 UTC 18 September

(Fig. 7a), it becomes obvious that the WWLLN does,

overall, remarkably well at capturing the spatial dis-

tribution of outer-region flashes but fails to record

inner-core flashes seen by the GLM. The same spatial

patterns exist from 2300 UTC 18 September to 0000

UTC 19 September (Figs. 14b, 8a); however, the

WWLLNbegins tomatch theGLM spatially in the inner

core during the beginning of the second intensification

period around 0500 UTC 19 September (Figs. 14c, 9a).

By 1100 UTC 19 September, the large GLM inner-core

flash density corresponds to a significant number of

WWLLN strokes (Figs. 14d, 10a). The spatial patterns

observed between the two networks suggests that

WWLLN captures the overall distribution of lightning

relatively well, particularly in the outer region; however,

more work needs to be done tomore accurately evaluate

and understand the discrepancies in inner-core light-

ning. It is hypothesized that the ratio of IC to CG flashes

differs between the two TC regions, such that the inner

TABLE 1. Number of WWLLN strokes and GLM events, groups, and flashes for the regions of the TC during the 60-h analysis period

beginning at 1200UTC 18 Sep, with the ratio between the two lightning platforms (GLM toWWLLN) indicated in parentheses for each of

the three GLM products.

WWLLN GLM (GLM to WWLLN ratio)

Strokes Events Groups Flashes

Inner core 668 480 723 (719.6) 170 363 (225.0) 21 021 (31.5)

Outer region 20 044 2 267 882 (113.1) 717 624 (35.8) 58 718 (2.9)

Total 20 712 2 748 605 (132.7) 887 987 (42.9) 79 739 (3.8)

FIG. 12. As in Fig. 2, but for WWLLN hourly strokes.
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core experiences a larger fraction of IC flashes. This may

suggest that the previous WWLLN studies could have

been observing CG flash correlations to intensity

change, and that IC flashes may show a different re-

lationship. Thus, translation of inner-core WWLLN

studies to GLM should be taken cautiously until further

research is done. The utilization of the WWLLN and

GLM in unison will help advance the understanding of

TC lightning and its relationship to intensity changes.

4. Discussion and conclusions

This study provides a glance of the evolution of total

lightning activity with a major hurricane undergoing

several distinct intensification cycles. Toward this goal,

three separate lightning metrics provided by the GLM

instrument were investigated, which also provides a

broad initial overview and an appreciation of their dif-

ferences/similarities. The total lightning activity in two

key regions of the TC, namely, the inner core (r ,
100km) and outer region (100 , r # 500 km), were

analyzed first to identify potential linkages between

their trends and intensity fluctuations of the TC. Al-

though it is relevant to stress that the GLM data used in

this study are considered preliminary and contain av-

erage location errors on the order of;17km for the time

period and domain considered, this would not affect the

salient conclusions of this study.

During the analysis period beginning 1200 UTC

18 September and ending 0000 UTC 21 September,

Hurricane Maria underwent two distinct intensification

and weakening cycles, respectively. Although not cover-

ing the entirety of its pressure drop, the first, more

prominent, intensification cycle is reasonably well cap-

tured by this period. Overall, the beginning of each in-

tensification cycle was characterized by an increase in

lightning in the outer region, consistent with DeMaria

et al. (2012) and Xu et al. (2017). Inner-core lightning

increases occurred after the end of the first and at the

beginning of the second intensification cycle, of which the

latter agrees with earlier findings for some TCs (Molinari

et al. 1994, 1999; Stevenson et al. 2018). After reaching its

FIG. 13. Normalized scatterplots of the (top) inner core and (bottom) outer region hourly (green) and 6-hourly (blue) lightning rates

recorded by GLM (x axis) andWWLLN (y axis) during the 60-h period of interest beginning at 1200 UTC 18 Sep. WWLLN comparisons

were made with GLM (a),(d) events, (b),(e) groups, and (c),(f) flashes. The black line shows a 1:1 relationship (i.e., exactly similar), and

the respective Pearson correlation coefficients are displayed for both the hourly and 6-hourly data.
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peak intensity at about 1000 UTC 20 September, Maria’s

gradual weakening was associated with virtually no

lightning in its inner core and abundant lightning in its

outer region. During this weakening period, the outer

region lightning increased abruptly from (hourly) flash

rates , 100 to rates exceeding 1000 and then maintained

those high rates. Storm-centered Hovmöller diagrams

of each of the GLM lightning metrics revealed that the

inner-core lightning was chiefly confined within a 50-km

radius from the storm center and highlighted the relative

minimum in total lightning associated with the inner-band

stratiform precipitation at the periphery of the eyewall.

Bootstrapped correlation statistics with 1000 random

samples showed that, overall, the most robust relation-

ship between lightning and storm intensity was obtained

between inner-core rates (particularly groups and

flashes) and maxWSP with R ; 0.4–0.5. Additional

noteworthy associations were obtained between the

flash rates in the outer region and either minSLP or

maxWSP. Interestingly, storm total lightning rates ex-

hibited, overall, insignificant to marginal correlations

with storm intensity. The correlations statistics for the

future 6-hourly changes in either minSLP or maxWSP in

the inner core was generally negative, and it was positive

for the outer region, suggesting again some agreement

with DeMaria et al. (2012).

This broader, TC-scale analysis of the lightning was

followed by a more detailed view of the spatial associ-

ation among total lightning, precipitation structures,

local environment (shear, SST, and OHC) and cloud

depth/morphologies (outgoing IR radiance). The vast

majority of the lightning in the outer region occurred in

the southeastern quadrant, a behavior consistent with

recentmodeling studies of electrification within TCs, either

idealized or focusing on real cases. These lightning-active

regions in the outer band were systematically collocated

FIG. 14. Geographical locations of recorded WWLLN strokes (red circles) at hours chosen to match the first

panel of Figs. 7–10. The hourly WWLLN data correspond to the following times: (a) 1200–1300 UTC 18 Sep,

(b) 2300–0000UTC 18/19 Sep, (c) 0500–0600UTC 19 Sep, and (d) 1100–1200UTC 19 Sep. The TC center locations

for the beginning and end of the hour are also shown by black crosses.
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with regions of relatively higher SSTandOHC. In the inner

core, lightning was most frequently seen in the southern

eyewall, with the exception of occasional weaker bursts in

the northwest quadrant of a secondary eyewall as Maria

underwent an eyewall replacement cycle prior to making

landfall in Puerto Rico. These preferential locations of in-

ner lightning cannot be explained by deep-layer shear

alone, which remained weak (,3ms21) throughout the

analysis period. The combinationof the location errorswith

the 2017 GLM dataset, the small uncertainty errors of the

ground-based networks it was compared to, the likely small

uncertainties in the preliminary track, and an overall ex-

tremely small eye diameter (,;25km), where a good

portion of the lightning was occurring, rendered it chal-

lenging to confidently determine whether this atypical

inner-core lightning pattern was real or spurious. Given,

however, that several previous studies have looked at ma-

tured lightning datasets over many TCs and consistently

found that either deep-layer shear and/or TC motion con-

trolled the preferential location of the lightning in the inner

core, this would suggest that the inner-core quadrant dis-

tribution of the GLM obtained herein contains non-

negligible errors. On the other hand, Fierro et al. (2011)

found that in contrast to CGs, IC flashes could be used to

track the revolution of individual convective events around

the eyewall of Hurricane Rita (2005), which featured

comparable intensity and eyewall diameter to TC Maria

during the period investigated. Complete revolutions of

individual IC flash clusters around the eyewall in Rita were

generally on the order of 15–25min.Given that upper-level

IC flashes are more readily detected than low-level flashes

(mainly CGs) by optical instruments due to an increasing

(cold) cloud depth (Yoshida et al. (2009), it is thus possible

that the flash density maximum in the southern eyewall of

TCMaria may be associated with the rotation of IC flashes

from electrified convection initially developing in the front-

right quadrant of the TC. This appears consistent with the

later analysis with WWLLN CG data, which shows flashes

clustering more systematically near the front-right quad-

rant of the TC andwith the inner core showing a noticeably

larger ratio of IC to CG.

Climatological averages of the weekly SSTs and deep-

layer shear derived from the 6-hourly SHIPS data revealed

that over the study region, the environment in which TC

Maria intensified into a category 5 storm was unusually

favorable with SSTs noticeably above average (by 18–38C)
and deep-layer shear below average (by asmuch as a factor

of 2).

A last aspect of this study was a brief comparison of

the GLM total lightning flashes with those detected by

the very low-frequency WWLLN network, which pri-

marily consist of CG flashes. Direct comparisons be-

tween the respective evolutions of inner-core hourly

flash rates revealed some noteworthy differences in

terms of 1) the ratio between GLM and WWLLN rates

often exceeding two orders of magnitude and 2) the

respective timing/presence of lightning bursts with re-

spect to intensity fluctuations. WWLLN detected an

inner-core CG burst a few hours into the first in-

tensification cycle, while GLM revealed a relatively

steady and weak total lightning activity at that time.

WWLLN detected two additional distinct CG bursts

right after the end of the first intensification cycle and

several hours into the second intensification cycle—both

of which were also present in the GLM total lightning

evolution, with slight time differences. Akin to GLM,

WWLLN showed lightning in the outer region to be

associated with deep moist convection in the south-

eastern quadrant of the TC.

The findings presented herein illustrate that

continuous-in-time, satellite-based total lightning has

provided a promising new tool for studying TCs. Although

the data analysis is suggestive of at least some agreement

with past observational and modeling studies, general

statements cannot be made from a single case. It is thus

anticipated that forthcoming observational and model-

ing studies focusing either on Maria or on other TCs

during the 2017 Atlantic season (e.g., Irma, Harvey, or

Jose) will help to further augment our understanding of

the complex relationship(s) existing among total light-

ning, storm intensity, precipitation fields, and convective

evolution.
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