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ABSTRACT

This study investigates relationships between storm-scale properties and the electrification and lightning

of two simulations of an intensifying idealized tropical cyclone (TC) using the cloud-resolving Collabo-

rative Model for Multiscale Atmospheric Simulation (COMMAS). To produce an intensifying storm, an

initial weak TC is subjected to a linear increase in sea surface temperature.

As the TC intensifies, lightning flash rates increase in both the inner core (r # 100 km) and outer region

(100, r# 300 km). As time progresses, lightning in the outer region gradually decreases, while the inner-core

lightning remains relatively steady. Bootstrapped correlation statistics using 1000 random samples between

the pressure trace and time series of lightning rates shows a statistically significant negative correlation be-

tween inner-core lightning and TC intensification. Lightning rates in the outer bands were found to lag

minimum surface pressure by 12 h.

The increases in lightning in both the inner core and outer region coincided well with increases in 0.5 g kg21

graupel and 5m s21 updraft volumes in each respective region. Correlation statistics with selected kinematic

and microphysical variables known to be associated with lightning in thunderstorms, such as the ice water

path, integrated updraft volume, and graupel volume, revealed that their increase in the inner core indicated

an ongoing deepening, similar to the lightning. Trends in these proxy variables in the outer bands were also

found to lag TC intensification by 12 h.

Overall, the best linear relationships with lightning in either the inner core or the outer region were ob-

tained with the 0.5 g kg21 graupel volume and total graupel mass.

1. Introduction

Given the well-established relationship between

convective cloud processes in the inner core of tropical

cyclones (TCs) and their intensity (e.g., Anthes 2003;

Hendricks et al. 2004; Montgomery et al. 2006; Nolan

et al. 2007; Guimond et al. 2010; Fierro and Reisner

2011; Rogers et al. 2013, 2016), trends in cloud-to-

ground (CG) lightning activity within TCs have also

been found to exhibit some association with storm

intensity changes (e.g., Lyons et al. 1989; Molinari

et al. 1994, 1999; Kelley et al. 2004; Samsury and

Orville 1994; Shao et al. 2005; Squires and Businger

2008; Price et al. 2009; Fierro et al. 2011; Bovalo et al.

2014; Stevenson et al. 2016). Most of these studies

reported that bursts of inner-core lightning (mostly

CG flashes) were a potential precursor to storm in-

tensification. This relationship did not hold across all

TC cases investigated because the future intensity

trend of the TC was often contingent upon the prior

trend, with changes in trend (weakening to intensify-

ing or vice versa) being more likely within 6–12 h

following an inner-core burst (e.g., Molinari et al.

1999). A handful of recent observational studies have

further suggested that, regardless of the previous in-

tensity trend, inner-core lightning bursts coincided

with the end of an intensification phase or with the

weakening of the TC (Thomas et al. 2010; DeMaria

et al. 2012). These studies also found that lightning in

the outer bands of the TC was a preferred surrogateCorresponding author: AlexandreO. Fierro, alex.fierro@noaa.gov
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for the imminent intensification of the TC. Besides un-

derstanding the processes connecting lightning and TC in-

tensity (or intensity changes), there is wide interest in

applications of lightning observations to diagnose or fore-

cast TC characteristics.

Relatively few modeling endeavors have included

explicitly simulated cloud-scale electrification processes

within TCs: namely, Fierro et al. (2007), Fierro and

Reisner (2011), Fierro et al. (2013, 2015), and Fierro and

Mansell (2017, hereafter FM17). Using idealized TC

simulations, FM17 investigated some of the relation-

ships between electrification/lightning, storm intensity,

and various cloud-scale properties of the TC. Their

study placed emphasis on a steady-state strong TC and

two weakening TC scenarios. For the steady-state case,

electrical activity in either the inner core (radius r# 100km)

or the outer region (100 , r # 300km) exhibited note-

worthy linkages with cloud-scale properties that were

similar to those documented in electrified convective

storms (e.g., MacGorman et al. 1989; MacGorman and

Rust 1998; Lang and Rutledge 2002; Wiens et al. 2005;

Mansell et al. 2005; Fierro et al. 2006; Kuhlman et al.

2006). For instance, total lightning trends were generally

well associated with trends in updraft volume and

graupel volume. Despite a nearly identical filling rate,

the two weakening cases exhibited a contrasting re-

lationship between pressure rise and inner-core light-

ning rate: the first weakening TC case (SST) had a

gradually reduced homogeneous sea surface tempera-

ture, and the second case (SHEAR) introduced deep

shear into the base state. The inner-core lightning of the

SST case decreased monotonically, whereas the SHEAR

case produced a marked increase in inner-core lightning

before the TC eventually became torn apart.

The present study is a logical follow-on to FM17 by

conducting a parallel analysis for the case of an in-

tensifying TC. Emphasis on this is pertinent to the chal-

lenge of accurate prediction of intensification cycles of

TCs given their greater potential for loss of life and

property (e.g., Pielke and Landsea 1998; Schmidt et al.

2009). Comparatively few modeling studies thus far fo-

cused on the relationships between explicitly simulated

electrification and selected key microphysical and dy-

namical variables within TCs (let alone intensifying

ones), thus a thorough analysis of the mechanism(s) at

play during the intensification of the TCs in the present

simulations is beyond the scope of this study.

2. Numerical model and experimental design

This work employs the Collaborative Model for Multi-

scale Atmospheric Simulation (COMMAS; Wicker and

Wilhelmson 1995; Coniglio et al. 2006), which is based on

the equation set of Klemp andWilhelmson (1978). The

cloud microphysics are modeled by the NSSL two-

moment, four-ice-category bulk scheme (Mansell et al.

2010; Ziegler 1985; Mansell and Ziegler 2013). Non-

inductive charging parameterizations were derived from

Saunders and Peck (1998) and Brooks et al. (1997) and

inductive charging from Ziegler et al. (1991). The electric

field is computed from the charge distribution using an el-

liptic equation solver (Dendy 1987; Dendy and Moulton

2010), and lightning discharges are simulated by the three-

dimensional stochastic branched lightning scheme of

Mansell et al. (2002). The horizontal grid is the same as

FM17, namely, a 4503 450 point, 16003 1600km2 domain

with constant 2.5-km spacing on an inner-grid area of 6003
600km2 and stretched to 5km in the outer-grid region.

The horizontal spacing for the lightning computation is half

that of the regular grid (i.e., 1.25km stretched to 2.5km).

The vertical grid has 60 levels with a grid spacing

stretching from 100m at the lowest level to a maximum

of 500m above 8.25 km MSL. The model top is set at

22 kmMSL. The equations ofmotion were integrated on

an f plane with a constant assumed latitude of 258 and an

initial background flow at rest. The time step was set to

5 s with open lateral boundary conditions. A Newtonian

cooling term was applied in the simulations following

Rotunno and Emanuel (1987) to help reduce the detri-

mental effects of subsidence in the far field after long

integrations. For more details behind the numerical

model, parameterizations used, initialization procedures,

and settings of the simulation domain, the reader is in-

vited to consult FM17.

In this work, two separate simulations of an in-

tensifying TC were conducted. This was achieved by

restarting from a selected time the SST simulation pre-

sented in FM17, which produced a weakening TC. Re-

call that for their SST experiment, the horizontally

homogeneous SST was linearly decreased over the first

10 h of simulation (out of a total of 30 h) from an initial

value of 278C down to 228C. To produce an intensifying

TC, the output from the SST simulation at 34 h was used

as initial conditions of a new simulation wherein the SST

was subsequently increased from its initial low value of

228C to a value above 268C (e.g., Williams and Renno

1993). To balance the high computational burden of

these simulations with the desire to obtain a larger

sample size (i.e., broader range of lightning rates), two

separate simulations were devised: the first increased the

SST to 288C (SST28), and the second to 308C (SST30).

This gradual SST increase was applied over the first 7 h

with each simulation integrated for a total of 36 h.

COMMAS does not include an ocean model (surface

conditions are thus specified) and does not include a full

radiation scheme.
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3. Results

For consistency and to facilitate comparison, the

analysis focuses on the same two TC regions on a storm-

centered cylindrical grid defined in FM17, namely, the

inner core (r# 100km) and the outer region (100, r#

300km). It is relevant to reiterate that this particular

definition of the outer region includes both the outer-

rainband region and part of the inner-band region

characterized, respectively, by the maximum and a

minimum in lightning within the TC (Cecil et al. 2002;

Cecil and Zipser 2002). As in FM17, all height levels are

above mean sea level (MSL).

a. General evolution

Both simulations produced qualitatively similar evo-

lution in terms of intensity trend [as measured by the

minimum surface pressure (minSLP)] and lightning

trends in both the inner core and outer region (Fig. 1).

A few hours after the onset of pressure fall, both the inner

core and outer region exhibited a marked increase

in lightning rates. For SST28, which, as anticipated, pro-

duced a less intense storm than SST30 (minSLP of

935hPa compared to 910hPa), the onset of the intensifi-

cation period occurred about 5h later than in SST30.

Concomitant with this, noticeable growth in storm-total

lightning activity occurred later in SST28 than in SST30,

namely,;9–10h into the simulation for SST30 compared

to about 18h for SST28 (Figs. 1a,b). The lightning activity

in the outer region gradually faded in both simulations

after the first 8–10h of higher flash rates (Fig. 1). Given

that lightning detected within observed TCs (i) primarily

consists of CG flashes, (ii) is episodic, and (iii) varies no-

ticeably from case to case, the simulated total flash rates in

FM17 and, by extension, those in Fig. 1 herein are within

the range of observed values (e.g., Molinari et al. 1999;

DeMaria et al. 2012) when scaled by an average intra-

cloud:CG ratio of roughly 3:1 for nonsevere storms

(Boccippio et al. 2001; Schultz et al. 2011).

Our examination of how lightning behaviors relate to

particular changes in basic storm structures begins with

an inspection of the evolution of the spatial collocation of

the horizontal precipitation structure and the respective

locations of lightning-active regions in the horizontal

(Fig. 2) and in the Hovmöller space (Fig. 3). Note that

because the SST is gradually increased from an initial

value of 228C to a final target value above 268C over a 7-h

period, the vortex continues to spin down during the first

5–7h in both simulations (Fig. 3) because the SST is still

relatively cool. The TC in both simulations then begins

intensifying once the SST reaches about 268C (Williams

and Renno 1993). Before organizing into a well-defined

eyewall (Figs. 2c,d,g), convective precipitation regions

(dBZ. 40 at 1km) in both simulations gradually increase in

area in theperiphery (r; 60–100km)of an initial center of

circulation predominantly characterized by weak to

moderate precipitation (dBZ# 40; Figs. 2a, 3) and weak

updrafts (W , 5m s21; Fig. 4g). The earlier and sharper

pressure fall in SST30 is manifested by a more rapid

organization of deep moist convection around the inner

core, as evidenced by heightened lightning activity there

in comparison to SST28 (Figs. 2b–g).

Successive snapshots of storm-centered radius–height

diagrams of the radial winds (Vr) and tangential winds

(Vt; Figs. 4a–f) alongside a Hovmöller diagram of mean

FIG. 1. Stacked bar charts of the time series of the hourly flash

rates for (a) SST28 and (b) SST30 on the native Cartesian grid. The

flash rates were computed on prescribed storm-centered cylinders

containing the outer region (gray portion of each bar) and inner-core

region (black portion of each bar). The inner-core rates include all

flashes within a radius r 5 100 km from the storm center, and the

rates of the outer region include all flashes within 100, r# 300 km.

The storm center is the gridpoint location with the minimum total

pressure at the surface. The sum of the respective flash rates of the

black and gray portions of each bar represents the ‘‘storm total’’ rate,

which is shown on the left y axis (i.e., over the entire r 5 300-km

storm-centered cylindermask). The time series also show the surface

pressure trace (hPa) for each experiment as a solid black line (right y

axis). To facilitate comparison, the respective scale for the storm-

total flash rates and the pressure trace use the same upper and lower

bounds for each experiment.
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FIG. 2. Horizontal cross sections of radar reflectivity fields at 1 km MSL overlaid with

the hourly lightning initiation locations (black cross) for (b)–(d) SST30 and (e)–(g) SST28

during intensification at 10, 15, and 20 h, respectively. (a) The initial conditions, which are

identical for both simulations, are shown for reference.
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midlevel vertical velocities (Fig. 4g) illustrate the grad-

ual enhancement of the secondary circulation of the TC

in SST30 during intensification (SST28 being qualita-

tively similar). The intensification of the vortex involved

the merging of moderate updrafts (W $ 5m s21 above

5 km AGL) collocated with appreciable vertical vortic-

ity (z $ 1024 s21; not shown) near r 5 60km (Fig. 4g)

into a well-defined ring (e.g., Hendricks et al. 2004;

Montgomery et al. 2006). At ;7–8h, axisymmetric

midlevel updraft speeds on the order of 2–3ms21

appear near r 5 60km and progressively move inward

near r 5 40km as time progresses (Fig. 4g). This is

indicative of the simultaneous contraction and

axisymmetrization of the eyewall convection. This be-

havior is also seen in SST28a few (i.e., 2–3) hours later,

as evidenced by the appearance of a distinct outer eye-

wall at 10 h (Fig. 2e). During the intensification period,

deep moist convection in the eyewall is usually located

around the radius of maximum tangential winds, with

some convection occurring inside it (Figs. 4d–g). This be-

havior is consistent with many recent modeling stud-

ies suggesting a noteworthy association between TC

intensification and the presence of deep moist convection

near and, particularly, inside the radius of maximum winds

where latent heating can be more efficiently retained in the

inner core (e.g., Nolan et al. 2007; Rogers et al. 2013, 2016;

Guimond et al. 2010, 2016; Hazelton et al. 2017).

The organization of convective updrafts around the

inner core is reflected by a simultaneous increase in

inner-core lightning (Fig. 4g). Consistent with many

modeling studies, the strengthening of the radial inflow

within the lowest kilometer is coincident with an in-

crease in outflow between 1 and 2km (associated with a

persistent updraft component) just inside the radius of

maximum tangential winds [r; 15–30 km; cf. Figs. 4c,e;

Smith and Montgomery (2015) and citations therein].

This localized strong outflow region just above the

boundary layer was shown to arise from a departure from

gradient wind balance near the top of the boundary layer

(i.e., supergradient flow; Smith and Montgomery 2015).

As each TC gradually intensifies, the radial width of

the eyewall reflectivity slightly contracts (Fig. 3) while

the lightning activity in the outer region gradually wanes

(Figs. 1 and 3). This reduction in lightning in the outer

region is associated with a gradual weakening of the

convection in the far field, which is a well-documented,

longstanding limitation of long integrations of idealized

TC simulations (e.g., Rotunno and Emanuel 1987;

D. Nolan 2016, personal communications; FM17). This

is discussed in more detail in the conclusions.

To provide a more comprehensive view of the re-

lationships between the electrification in both regions of

the TC and their bulk microphysical and kinematic

quantities, time–height volume plots of total lightning

channels (.0.5), graupel mass (.0.5 gkg21), and verti-

cal velocities (.5m s21) were computed (Fig. 5). These

also provide further evidence that, as time progresses,

the inner-core updrafts (and, hence, secondary circula-

tion) and graupel volume increase coincidentally with

the weakening of the convection in the outer region. As

also seen in Fig. 1, this development is more pronounced

for SST30. One interesting behavior can be noted in

both simulations for the inner-core volumes: after the

period of largest pressure drop (at about 20–22h), the

highest altitudes of the lower-value contours of graupel,

updraft speeds, and, hence, lightning channels also

exhibit a gradual descent with time (Fig. 5). This descent

of the maximum altitudes of hydrometeors (Figs. 5b,e)

and, hence, charge volumes (not shown) in the inner

core is coincident with an increase of intracloud (IC)

flashes in both simulations at lower levels (,7 km; not

shown). Akin to the strengthening convection in the

FIG. 3. Storm-centered Hovmöller diagrams of the radar re-

flectivity fields averaged within the layer 4–7 kmMSL and overlaid

with the azimuthally averaged total number of lightning channels

(sum of positive and negative channels; black contours) for

(a) SST28 and (b) SST30.
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inner core of the control case in FM17, the increase in

low-level (,7 km) ICs in both runs is associated with the

formation and progressive enhancement of a main

negative charge region at midlevels (;7–9km) atop a

layer of positive charge as indicated by regions of space

charge density magnitudes exceeding 0.1 nCm23 in the

inner core (Fig. 6c). Contours of lower space charge

magnitude threshold (not shown) reveal a persistent

weaker upper (.9 km) positive charge region. Conse-

quently, the gross charge structure in the eyewall con-

vection could be classified as a bottom-heavy normal

tripole (Mansell et al. 2010). This strengthening of the

main midlevel charge region in the inner core arises

from an increase in magnitude (and volume; not shown)

of noninductive negative charging between graupel and

ice crystals/snow (7–9km in Fig. 6a), which is associated

with an increase in graupel volume (Figs. 5b,e) and mass

(Figs. 6a,c). At lower levels in the inner core, graupel

acquires positive charge, owing to higher ambient tem-

peratures and sufficient cloud water contents (CWCs;

below 7km in Figs. 6a,c). In terms of net charge mag-

nitude and volumetric extent, the dominant lower-level

dipole of the bottom-heavy tripole (Fig. 6c) is associated

with equally strong magnitudes of negative and positive

electrical potential (not shown). As shown in Mansell

et al. (2010), such a vertical configuration of electrical

potential would favor the production of lower-level IC

flashes (near and below 7km; Fig. 6c). Because the

magnitude of the lower positive electrical potential is

comparable to the midlevel negative potential (not

shown), the downward-propagating negative leaders of

IC discharges initiating at ;7 km will carry a weak

FIG. 4. Radius–height diagrams of radial winds (Vr; m s21) at (a) 10, (b) 20, and (c) 30 h of simulation. (d)–(f) As in (a)–(c), respectively,

but for the tangential winds (Vt; m s21). (g) Storm-centered Hovmöller diagram of layer-averaged 6–10-km vertical velocities (shaded

contours) overlaid with total lightning channels (black contours). The legends for colors and shading are shown at the bottom of each

corresponding column. The results in this figure are for SST30.
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electric potential, which inhibits channel propagation

down to ground.

Overall, the convection in the outer region exhibited

more vertically erect updrafts that reached higher alti-

tudes compared to the inner core (cf. Fig. 6b and the left

cell in Fig. 6d). As a result, graupel mass mixing ratio

contours, 30-dBZ echo tops, and contours of cloudwater

contents within some of the strongest cells reached

higher levels as well (cf. Fig. 6a and the left cell in

Fig. 6b). The presence of graupel mass farther aloft in

some of these cells coincides, in turn, with the bulk of the

noninductive collisional charging occurring at higher

levels as well, which is generally above the 2108C iso-

therm between 7 and 11km (Figs. 6c,d). At these lower

temperatures (i.e., #2108C), graupel is charging more

negatively, resulting in the positively charged ice crystals

being lofted to upper levels above2308C (;10km). The

updraft within the southern (left) cell of the outer region

(Figs. 6b,d) reached ;15ms21, causing both the nega-

tively charged graupel at midlevels and positively

FIG. 5. Time–height volumeplots (km3) for SST28 of (a) total lightning channel (.0.5), (b) graupel (Qg. 0.5 g kg21),

and (c) vertical velocity (W. 5 m s21). (d)–(f) As in (a)–(c), respectively, but for SST30. All time–height volume plots

herein were computed frommodel data interpolated on a storm-centered cylindrical grid to better isolate the inner-core

region (cylinder of radius r5 100 km) and outer region (cylinder volume within 100, r# 300 km), respectively. As in

FM17, the volumes for a given variable A interpolated on the cylindrical grid are computed using the following pro-

cedures: At each level in the model, an algorithm counts instances whenA exceeds a fixed threshold (e.g., 0.5 g kg21 for

graupel mass). The total count at each level is then scaled (multiplied) by the average volume of the grid cell (because

of the stretched grid). Shaded areas show the volumes for the eyewall, and similarly, the contours show the volumes for

the outer region. The legends for colors and shading are shown to the right of each row. To facilitate comparison, the

contour levels are the same as for the shading.
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charged ice crystals to be lofted to even higher levels

above the 2308C isotherm (between 12 and 14km).

Also evident is a stark contrast in the rain mass content

between the inner core and outer region (Figs. 6b,d and

2), which indicates a notably more aggressive warm rain

regime in the inner core (FM17). This is also deduced from

the 0.1gm23 cloud water content contours in the inner

core that are largely confined below the 2108C isotherm

(Fig. 6c), which indicates efficient autoconversion and ac-

cretion by rain. Those results, overall, are consistent with

the control run in FM17.

b. Analysis of proxy variables for lightning

Complementing the volume plots described above,

hourly time series of integrated inner-core and outer-

region totals of various microphysical and kinematic

FIG. 6. Horizontal cross sections of selected electrical and microphysical variables for SST30 at 20 h across

a representative section of convection in (a),(c) the eyewall (x–z plane) and (b),(d) the outer region (y–z plane).

(a),(b) Radar reflectivity fields in their usual shading overlaid with graupel mass mixing ratio (Qg; g kg21; green

contours), horizontal wind speed (HWIND; m s21; black contours), total positive (negative) noninductive

charging rate (NIC; nCm23 s21) in red (blue) contours, and the 08C isotherm (thin horizontal black line). (c),

(d) Positive (negative) net charge density r (nCm23) in red (blue) shading; CWC (gm23; gray shading); vertical

velocity W (m s21; dashed gray contours); 30-dBZ echo outline (black contour); hourly flash initiation locations

(FLSHI; green crosses); 08, 2108, 2208, and 2308C isotherms (thin horizontal black line); and rainwater content

(Qr; gm23; blue contours). The cloud outline, depicted by the 0.1 g kg21 contour of the sum of cloud mixing ratio

(Qc), ice mixing ratio (Qi), and snow mixing ratio (Qs), is also shown in all panels for reference. Legends for CWC

are shown in (c). Legends for colors and shadings are indicated beneath each respective set of panels with all the

contour levels explicitly listed for convenience.
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quantities known to be well associated with lightning

in thunderstorms (referred to as proxy variables) are

shown in Fig. 7 along with the pressure trace. The proxy

variables examined in this study are total 5m s21 updraft

volume (w5vol), total 10m s21 updraft volume (w10vol),

total graupel echo volume (qgvol; threshold of 0.5 gkg21),

total ice water mass (IWM), ice water mass computed

using the ice water path defined as in Petersen et al.

(2005; IWM-P05), 30-dBZ echo volume above 08C
(dbz30vol), and total graupel mass (qgmass). Because

the trends rather than the absolute values are empha-

sized, these quantities were scaled in Fig. 7 to fit within

the specified range of the y axis (Table 1). Given that the

vast majority of these proxy variables for lightning still

are, at best, very challenging to observe within TCs, it is

desirable to establish quantitative estimates of their as-

sociation with TC intensity change and total lightning.

Taken together, these provide an overview of the asso-

ciation between intensity, microphysics, dynamics, and

electrification with the TC. Furthermore, the Pearson

correlation coefficient used in the subsequent statistical

analyses is invariant to location and scale transformations.

For clarity and brevity, only themost significant results are

shown and discussed.

Three lightning metrics were evaluated in this analy-

sis, namely, the integrated flash origin density (FOD),

the integrated flash extent density (FED), and total

lightning channels (or source) density. The FOD is a

measure of the total lightning flash rate, FED provides

additional information regarding the horizontal area of

FIG. 7. Time series of hourlyminSLP (hPa; right y axes; black dots) overlaid with the hourly time series (left y axes)

of the following scaled quantities: FED (red), FOD (green), w5vol (blue), w10vol (orange), qgvol (black), IWM-P05

(dark gray), dbz30vol (dashed green), and qgmass (dashed blue). For convenience, the legend is illustrated at the

bottom of the figure. The time series for SST28 are shown for (a) the inner core and (b) the outer region. (c),(d) As

in (a) and (b), respectively, but for SST30.With the exception ofminSLP, the variables listed in the legends in (a) were

scaled by a factor ranging between 1023 and 1 to fit on the y axis (Table 1). Note that the scale factors may differ

between panels to improve visual comparisons. Further rationale for not placing emphasis on the scale factors includes

(i) the trends rather than the absolute values are emphasized and (ii) these intend to complement the correlation

statistics shown in Figs. 8 and 9 (which are invariant to scaling).
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each flash, and the channel density is a measure of the

integrated volumetric electrical activity. Although a

single bidirectional lightning flash can traverse the same

column multiple times, FED only counts one crossing

per flash, while the total channel or source density rates

sums them all (regardless of channel polarity). The

analysis will focus on the (hourly integrated) FEDs, in

part because the linear correlations between FOD,

FED, and the sources densities were relatively high (R.
0.95; not shown) but also because FED is perhaps the

closest proxy for the lightning data delivered by the

Geostationary Lightning Mapper (GLM) instrument

(Goodman et al. 2013) aboard the Geostationary Op-

erational Environmental Satellite R series (GOES-R;

Gurka et al. 2006). Note also that because the pressure

trace is chiefly dominated by an intensification signal

(Fig. 1), these will be used interchangeably throughout

the remainder of the analysis.

In line with the general trends obtained with the vol-

umes at nearly all levels (Fig. 5), the respective totals of

FOD and FED and most of the proxy variables in either

the inner core or outer region (Fig. 7) follow a generally

consistent evolution: for the inner core, the proxy vari-

ables show a notable increase after the onset of in-

tensification in both simulations (Figs. 7a,c). In other

words, marked increases in inner-core integrated FED

and, therefore, lightning proxies indicate an ongoing

intensification. It is interesting to note that, while nearly

all the lightning proxy variables show a gradual increase

in the inner core in SST28 throughout the simulation

(Fig. 7a), this result does not hold for the inner core of

SST30 wherein most proxy variables exhibit weak, if

any, trends after about 22–23h (Fig. 7c). This is because

SST30 reaches its steady-state peak intensity status (and

slower SLP decrease) more quickly than SST28, as evi-

denced by their respective pressure traces (Fig. 1). For

the outer region, both simulations exhibit similar evo-

lution, with all proxy variables increasing notably a few

hours after the onset of intensification followed by a

more gradual decrease after the period of most intense

pressure drop, which again is more marked in SST30.

This is because the areal coverage of the convection in

the outer region decreases, which may be related to

large-scale, midlevel subsidence induced by the TC

secondary circulation in the far field (D. Nolan 2016,

personal communications).

c. Correlation statistics

While not directly proving causation, predictors (i.e.,

proxy variables for lightning) can be useful if correla-

tions are robust between a quantity that is more easily

observed than a desired one that is not. Because of the

relatively small sample size of the time series in Fig. 7

(i.e., 37 elements) and the desire to establish the sta-

tistical significance of the correlations obtained, the

data were subjected to a bootstrapping technique (i.e.,

no a priori distribution assumed) involving 1000 ran-

dom samples. Additional tests (not shown) were con-

ducted using 5000 samples and revealed, overall,

quantitatively similar results. To better visualize and

interpret the results from the bootstrapped correlation

statistics, box-and-whisker diagrams highlighting the

significance at the 5% variance level are indicated in

all the corresponding/appropriate diagrams, namely,

Figs. 8–11. A given correlation is deemed insignificant

whenever the 5% variance level crosses the zero-

correlation line. For clarity, references to correla-

tions in this section imply median correlation values,

which also are displayed in Figs. 8–11. To further es-

tablish the robustness of the correlation statistics, one

of the simulations (SST30) was restarted prior to the

intensification of the TC and the model output data

saved every 5min for a 10-h period. The correlation

statistics of this section were reevaluated with these

data and revealed, overall, very similar qualitative

behavior. Because the analysis based on the hourly

output covers the entire duration of the simulation,

and because hourly intervals remain more realistic in

the context of systematic routine TC monitoring, the

results obtained with the hourly dataset are shown.

TABLE 1. Units and scale factors accompanying the time series in Fig. 7 for the inner core and outer region in SST28 and SST30.

Lightning proxy variables

SST28 SST30

Inner core Outer region Inner core Outer region

Integrated FED (h21) 1021 1021 1022 1021

Integrated FOD (h21) 1 1 1 1

w5vol (km23 per average level) 1022 1022 1022 1022

w10vol (km23 per average level) 1021 1021 1021 1021

qgvol (km23 per average level) 1022 1022 1022 1022

IWM-P05 (kg) 1022 1022 1023 1022

dbz30vol (km23 per average level) 1022 1022 1023 1022

qgmass (kg) 1022 1022 1022 1022
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In both the inner core and outer regions and for each

simulation, qgvol and qgmass produced the largest corre-

lations with hourly integrated FED (R$;0.8; Fig. 8). For

the inner core, the smallest positive correlations were seen

forw10vol and dbz30vol. The volumes of 10ms21 updrafts

in the inner core in both simulations were substantially

smaller (by about a factor of 4–5; not shown) than the

5ms21 volumes. Thus, the generally poor (R , 0.5) as-

sociation obtained between FED and w10vol in the inner

core can likely be explained by vertical velocities seldom

reaching this threshold (i.e., 10ms21) in contrast to the

outer region (Fig. 6), a result consistent with observations

in mature TCs (Black and Hallett 1999).

In the outer region, most of the SST28 mean corre-

lation values are,0.8, whereas all but one of the SST30

are.0.8. The time series in Figs. 7b and 7d give a similar

qualitative impression, with the lightning in SST28 being

more episodic (noisy) although still clearly correlated

with qgmass. Overall, the outer region of SST30 pro-

duced collectively the highest correlations between

FED rates and the proxy variables considered. Because

these proxy variables were shown to be well associated

with lightning in both continental and maritime thun-

derstorms, the systematic high correlations between

FED and qgvol (or qgmass) indicate that the convection

in both regions of both TCs collectively behaves simi-

larly, consistent with Fig. 6 and Petersen et al. (2005).

Of interest to operational forecasters is the existence of

potential relationships between lightning rates, lightning

proxies such as the ones examined in Figs. 7 and 8, and

FIG. 8. Box-and-whisker plots of 1000-sample bootstrapped Pearson’s correlations between the time series of

hourly FED and the proxy variables listed on the x axis (and defined in the captions of Fig. 7). The red line depicts

the median correlation. The blue box shows the lower and upper quartile (25% and 75%). The 2.5nd- and 97.5th-

percentile correlation values are shown at the end bars of the dotted lines outside the blue box. Correlation statistics

for SST28 are shown for (a) the inner core and (b) the outer region. (c),(d) As in (a) and (b), respectively, but for

SST30. Given the very high correlation between FOD and FED (i.e.,R. 0.95), the same bootstrapped correlation

statistics for FOD are very similar and, thus, not shown. FED were preferred because this lightning metric is

a better proxy for the anticipated data from GLM.
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intensity trends. For instance, the predictors for the rapid

intensification index (RII;DeMaria et al. 2012), which is a

component of the Statistical Hurricane Intensity Pre-

diction Scheme (SHIPS; Kaplan et al. 2010), make use of

environmental parameters (input variables) such as

ocean heat content or deep-layer shear. Recently, an

experimental version of RII added 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 Lo-

cation Network; Abarca et al. 2011; DeMaria et al. 2012).

A first step is to determine to what extent the simu-

lated total lightning rates (as measured by the integrated

FED) relate to the simulated pressure trends. Figure 9

shows that, for both simulations, the FED in the inner

core is negatively correlated with the pressure trace

(R , 20.7; i.e., that FED increases as minSLP de-

creases). The FED in the outer region shows overall

statistically insignificant correlations as indicated by the

5% variance level remaining near or crossing the zero-

correlation line (Fig. 9). The inner-core lightning has a

longer, more gradual increase than the outer region

(Fig. 7), which in contrast has a sharper rise followed by a

longer decrease. Thus, when the FED time series in the

outer region are shifted backward by 12h, notably larger

(and positive) R values are obtained (R ; 0.5 for SST28

andR; 0.7 for SST30; Fig. 9). This indicates that the212-h

shift is capturing an association between the decrease in

minSLP and the decrease in FED in the outer region. In

other words, the initial decrease in minSLP leads the

onset of the decrease in FED in the outer region by

roughly 12 h. The increase in inner-core lightning is

aligned with an ongoing or, even, the near end of a

pressure fall, which is consistent with DeMaria et al.

(2012). The lag seen for the outer-region lightning,

however, contrasts with their findings.

This SLP-FED correlation result for the outer region

may be dependent on the idealized setup, which cannot

replicate the many complex mesoscale inhomogeneities

existing in nature in the far-field environment of many

TCs, and which could lead to increased lightning activity

in the TC’s outer region. Examples of such mesoscale

features include regions of enhanced or reduced mid-

tropospheric moisture content, regions of stronger or

weak deep-layer shear, areas of higher or lower SSTs

(e.g., loop currents), fronts/troughs, and jets (among

others). Nevertheless, case studies with full mesoscale

environmental initiation (Fierro and Reisner 2011;

Fierro et al. 2015) have also seen simulated outer rain-

bands that are weaker (at least electrically) than ob-

served, so this is a topic that merits further study.

When examining the correlation statistics for both

simulations between the pressure trace and the lightning

proxies first shown in Figs. 7 and 8, it is found that for the

inner-core w5vol, qgvol, IWM, IWM-P05, and qgmass

produce relatively high negative correlations (R,20.8)

with minSLP (Figs. 10a,c). These statistically significant

high negative correlations can be inferred from their

respective time series shown in Fig. 7a, wherein these

lightning proxies increase markedly during the sharpest

decrease in minSLP. The dbz30vol shows an overall

moderate negative association with minSLP (20.6 ,
R,20.4) and w10vol only weak inner-core linkage. As

indicated earlier, this lack of association between

minSLP and w10vol in the inner core is chiefly explained

by updraft speeds seldom reaching 10ms21 (example in

FIG. 9. As in Fig. 8, but between the hourly time series of minSLP and FED in the inner core and outer region

for (a) SST28 and (b) SST30. Correlation statistics of minSLP with FEDs lagged by 212 h are also shown. As

mentioned in Fig. 8, the statistics using FODs are very similar given the high correlation between FOD and FED

(R . 0.95).
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Fig. 6b). These results for the inner core contrast with

the outer region, where weak associations are found

with the pressure trace (Figs. 10b,d).

When the time series of the lightning proxies of Fig. 10

are shifted backward by 12h, the new correlation statis-

tics exhibit dramatically contrasting results: namely, all

the lightning proxy variables exhibit statistically signifi-

cant high positive correlations (0.6,R, 0.9) in the outer

region (Figs. 11b,d). In the inner core, only dbz30vol is

characterized by comparably high (positive) correlations

(R . 0.8), with nearly all the other variables showing

overall statistically insignificant linkages (the exception

being w5vol for SST30 in Figs. 11a and 11c). In line with

the correlation statistics obtained earlier between the

hourly time series of FED and minSLP, Fig. 11 highlights

that the salient trends in proxy variables in the outer re-

gion lag the trends in the pressure trace (i.e., deepening)

by 12h. Figure 7 further indicates that whenmost of these

proxies experience a sharp increase in the inner core, the

TC is already intensifying.

The above analysis focusing on Figs. 5–11 provided an

overview of the relationships between the time series of

lightning rates (FEDs), key lightning proxy variables, and

minimum surface pressure trends (largely dominated by

an intensification signal). A further analysis will now ex-

amine potential linear relationship(s) between data pairs

composed of hourly lightning rates (FEDs) and each of the

lightning proxy variables analyzed herein without consid-

ering their dependence in time. To achieve this, scatter-

plots of the paired datawere constructed for the inner core

and the outer region (Fig. 12). The datasets from both

simulations were merged to broaden the range of each

variable and, simultaneously, to increase the size of the

sample to establish more general linear relationships.

Similar to the bootstrapped correlation statistics dis-

cussed earlier based on Fig. 8, the best linear fits with

FED in the inner core and outer region are obtained

with qgvol and qgmass with coefficient of determination

R2 exceeding 0.75 (Figs. 12b,c). The least significant

relationships for both regions of the TC are obtained

with dbz30vol and w10vol (Figs. 12a,e). Note that, over-

all, the integrated FED in the inner core exhibits good

associations with all the proxy variables withR2. 0.65. In

contrast, the FED in the outer region showed markedly

FIG. 10. As in Fig. 8, but for the correlation statistics with the hourly pressure trace (SLP; hPa).
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weaker relationships with dbz30vol (R2 5 0.36; Fig. 12e),

w10vol (R2 5 0.35; Fig. 12a), and, arguably, showed a

moderate association with both measures of ice water

mass (R2 5 0.59 for IWM-P05; Fig. 12f; not shown

for IWM).

4. Conclusions and discussion

Using an explicit cloud-scale lightning model, this

work used two TC simulations to investigate the re-

lationships between intensification, lightning rates, and

variables known to be well associated with lightning in

thunderstorms over continent and the tropics. Given the

recent successful launch of GOES-R, this study places

emphasis on flash extent densities (FEDs) as this mea-

sure of lightning rate and area is a reasonable proxy for

the data delivered by GLM.

As the TC intensified in both simulations, lightning

rates in both the inner core (r # 100 km) and the outer

region (100 km , r # 300 km) experienced a notable

increase as well, which coincided with an increase in

updraft and graupel volumes in both regions. This result

is consistent with the companion study of Fierro and

Mansell (2017) and previous modeling studies of elec-

trification within TCs (e.g., Fierro et al. 2015). Lightning

in the outer region increased rapidly (3–5 h) just fol-

lowing the beginning of the minimum SLP decrease and

then tended to slowly decrease during the continued

rapid pressure fall. In contrast, lightning activity in the

inner core remained relatively steady.

Bootstrapped correlation statistics using 1000 random

samples revealed that an increase in lightning in the

inner core indicated an ongoing pressure fall, consistent

with DeMaria et al. (2012). When the lightning (FED)

time series were shifted backward by 12 h, it was found

that, in contrast to the inner core, the FED rates in the

outer region exhibited statistically significant high positive

correlations with the pressure trace. These correlations

thus pick up both the gradual decreasing (15–20h) and the

sudden rapid increase (about 5h) in the lightning trend.

FIG. 11. As in Fig. 10, but with the time series of the proxy variables lagged by 212 h.
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Although DeMaria et al. (2012) primarily used CG data,

this contrasts with their main results that the outer region

was a better surrogate/predictor for TC intensification.

During the period ofmost intense pressure drop, nearly

all the lightning proxies examined herein—namely, the

5 and 10ms21 updraft volumes, 30-dBZ echo volume

above 08C, two definitions of ice water path, graupel

volume, and graupel mass—increased in both the inner

core and outer region. The bootstrapped correlation

statistics revealed that the increase of most of the light-

ning proxy variables in the inner core was negatively

correlated with the pressure trace. When the time series

FIG. 12. Scatterplots between the hourly FED (x axis) and selected proxy variables on the y axis (defined in Fig. 7)

for the inner core (red) and the outer region (blue). To broaden the range of FED rates and data points, these

graphs were constructed using the output from both SST28 and SST30. The coefficients of determination (or R2

values) for the linear best-fit equations shown on the top left of each panel also are indicated at the bottom right

of each corresponding panel. All results are statistically significant at the p 5 0.01 level.
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of these proxies in the outer region were lagged by212h,

it was found that, akin to the FEDs, these variables be-

came more positively correlated with the pressure trace.

In other words, the decrease in these variables in the outer

region of the TC lags the pressure trends by about 12 h.

One notable caveat of the present simulations is that

the lightning and deep moist convection in the outer

region progressively wane in both simulations. This was

traced back to a gradual reduction of midlevel relative

humidity potentially associated with the development of

large-scale subsidence in the far field (D. Nolan 2016,

personal communications). Similar rainband evolution

has been well documented for long integrations of ide-

alized TCs. Additional idealized simulations performed

either with COMMAS or with the Weather Research

and Forecasting (WRF) Model on noticeably larger

domains (2–6 times the size in kilometers) with similar

and different physics exhibited similar behavior in the

outer region, as did simulations that included an addi-

tional nudging term for qy that gradually forced the

simulated qy back toward its initial larger value. It is not

clear whether outer-region convection can be improved

through the use of more sophisticated physics (e.g.,

coupled air–sea oceanmodel, full radiation scheme) or if

perhaps interactions with environmental inhomogeneities

play a more important role, although case studies with

real-data initialization (Fierro and Reisner 2011; Fierro

et al. 2015) have also exhibited outer rainbands that were

electrically weaker than observed.

The second limitation worth underlining is that while

themodel was able to reasonably reproduce the increase

in inner-core lightning during intensification docu-

mented inDeMaria et al. (2012), the results for the outer

region were inconsistent with their study. This is because

in contrast to inner-core lightning, the invigoration of

convection in the far field of the TC also owes its exis-

tence to mesoscale inhomogeneities—such as SST gra-

dients, midtropospheric moisture content gradients,

fronts/jets—that the current idealized setup does not

include. Another issue is that there is virtually no

lightning before the intensification in these simulations,

and thus, they may not represent the mean of cases

considered by DeMaria et al. (2012).

Consequently, future modeling endeavors wishing to

examine the possibly more complex relationships be-

tween pressure fall and rainband lightning should make

use of an explicit cloud-scalemodel able to simulate real

case studies through inhomogeneous initializations via

reanalysis or forecast data (e.g., Fierro et al. 2015). Data

assimilation could also be considered to further im-

prove the shorter-term representation of the con-

vective structure of the TC (e.g., Fierro and Reisner

2011; Fierro et al. 2015).
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