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Key Points 35 

TC inner-core lightning activity is less sensitive to SST increases but more sensitive to 36 

vertical wind shear compared to the outer rainband 37 

Rapidly intensifying TCs have the lowest flash density in the inner core but the highest 38 

flash density in the outer rainband  39 

Inner core flash density decreases 12-18 h preceding the onset of TC rapid intensification 40 

but increases 6-12 h before TC weakening  41 
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ABSTRACT 59 

 60 

            This study investigates the characteristics of total lightning in the inner-core 61 

(INCO, 0-100 km) and outer rainband (OB, 200-400 km) of tropical cyclones (TC). 62 

Relationships between flash density (FLD), convective intensity, and TC intensity change 63 

are further examined. FLD shows a bimodal structure with a strong maximum in the 64 

eyewall (INCO, 0-50 km), and a secondary maximum in the OB. FLD maximizes under 65 

conditions of warmest sea surface temperature (SST) and medium values of vertical wind 66 

shear. Compared to OB FLD, INCO FLD is less sensitive to SST increase but shows 67 

greater variability in relation to shear. Intensifying TCs have substantially lower INCO 68 

(but higher OB) FLD compared to weakening and neutral TCs. Similar trends are shown 69 

in radar quantities (volume of 30-dBZ echoes in the mixed-phase). RI TCs also shows 70 

significantly smaller FLD and VOL30 than slowly intensifying TCs, indicating the 71 

potential of these parameters in forecasting RI. INCO (OB) FLD decreases (increases) 72 

12-18 h preceding the onset of RI, while INCO (OB) FLD increases (decreases) 6-12 h 73 

prior to TC weakening. These relationships between lightning and TC intensity change 74 

(+24 h) are generally maintained regardless of prior (-24 h) TC intensity change status. 75 

However, convective depth and vertically integrated ice content in the INCO increased 76 

preceding TC intensification, suggesting the lack of supercooled liquid content and 77 

establishment of glaciated conditions (evident by a increase in the 20 dBZ and decrease 78 

in the 30 dBZ echo volume) in the INCO of intensifying TCs, especially RI. 79 

 80 
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 84 
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Index Terms and Keywords 85 
 86 
TC – Tropical Cyclone  87 

INCO – Inner Core 88 

OB – Outer Rainband 89 

RI – Rapid Intensification 90 

TRMM – Tropical Rainfall Measuring Mission 91 

LIS – Lightning Imaging Sensor 92 

FLD – Flash Density 93 
 94 
VOL30 – Volume of 30-dBZ radar echoes in the mixed-phase region 95 
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1. Introduction  124 
 125 
            Despite dramatic improvements in forecasting tropical cyclone (TC) track in the 126 

last decade, forecasting TC intensity change remains a challenge [DeMaria et al. 2014]. 127 

This is because TC intensity is not only affected by external factors such as sea surface 128 

temperature (SST), vertical shear, and lower-tropospheric humidity [Kaplan and DeMaria 129 

2003], but is also modulated by episodic convective-scale processes within the inner core 130 

(INCO) region [Hendricks et al. 2010]. In recent years, the role of INCO deep convection 131 

has been widely considered to be an important factor in TC intensification, marked by an 132 

increase in TC maximum sustained winds (MSW). Satellite imagery and airborne 133 

Doppler observations indicate that intensifying TCs have more frequent outbursts of 134 

intense convection in the eyewall compared to neutral TCs [Steranka et al. 1986; Rogers 135 

et al. 2013]. The possibility of TC intensification (within ±6 hours) increases remarkably 136 

(from 17% to 82%) when one or more “hot towers” exist in the eyewall [Kelley et al. 137 

2004, 2005]. Rapidly intensifying TCs also have a greater number of overshooting tops 138 

than slowly intensifying and steady-state TCs as revealed by satellite infrared imageries 139 

[Griffin 2017]. Other satellite-based studies indicate that TC intensification is strongly 140 

correlated with increasing radar echo-top heights and stronger depression of microwave 141 

brightness temperatures owing to ice-scattering [Jiang 2012; Jiang and Ramirez 2013]. 142 

Model simulations also emphasized the importance of hot towers and convective bursts 143 

near the eye during TC rapid intensification [Rogers 2010; Guimond et al. 2010]. A TC 144 

warm core can rapidly develop if deep convection occurs within the radius of MSW in 145 

the INCO region [Vigh and Schubert 2009]. Asymmetric deep convection, e.g., intense 146 

‘‘vortical hot towers’’, can generate potential vorticity anomalies or transform a midlevel 147 
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vortex into a near-surface vortex, with both leading to vortex intensification [Hendricks 148 

et al. 2004; Montgomery et al. 2006]. Montgomery and Smith [2011] further emphasized 149 

the importance of asymmetric heating due to sub-mesoscale deep convection in the spin 150 

up of TC INCO winds. However, recent studies showed that symmetric distribution of 151 

convection in the INCO, especially shallow-to-moderate convection, is the most marked 152 

feature distinguishing rapidly intensifying (RI) and non-RI TCs [Tao and Jiang 2015; 153 

Alvey et al. 2015]. These observational findings supported previous numerical studies 154 

emphasizing symmetric heating in TC intensification [Nolan and Grasso 2003; Nolan et 155 

al. 2007], which found that asymmetric heating has a very small impact on vortex 156 

intensification. Tao and Jiang [2015] argued that RI is triggered by increases in 157 

symmetric shallow-to-moderate convection whereas asymmetric deep convection is more 158 

likely a response to vortex intensification during RI.  159 

            As an indicator of intense convection, lightning was also found to be closely 160 

associated with TC intensity change [Molinari et al. 1999]. Many studies reported 161 

eyewall lightning outbreaks slightly prior to or during TC intensification [Lyons and 162 

Keen 1994; Squires and Businger 2008; Stevenson et al. 2014; Zhang et al. 2015]. For 163 

example, lightning bursts inside the radius of MSW were found to precede rapid 164 

intensification by six hours in Hurricane Earl (2010) [Atlantic basin; Stevenson et al. 165 

2014; Susca-Lopata et al. 2015]. Remarkable eyewall lightning outbreaks during periods 166 

of RI, eyewall replacement cycle, and maximum intensity were observed in Rita (2005) 167 

and Katrina (2005), two of the strongest storms in the Atlantic hurricane record, [Squires 168 

and Businger 2008]. Based on 5 years of TC samples in the northwestern Pacific basin, 169 

Zhang et al. [2015] showed that RI TCs exhibit substantially higher INCO lightning 170 
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density than rapidly weakening (RW) TCs, although INCO lightning density in RI and 171 

neutral TCs was similar. Other studies found a strong positive correlation (r = 0.7-0.8) 172 

between lightning frequency and MSW in major hurricanes when the entire TC region is 173 

included [Price et al. 2009; Pan et al. 2014; Whittaker et al. 2015]. These latter studies 174 

showed that TC peak intensity is preceded (~24 h) by increased cloud-to-ground (CG) 175 

lightning activity. Whittaker et al. [2015] further demonstrated that timescales of 176 

lightning leading TC winds are highly dependent upon the TC area used for the lightning 177 

estimation. Lightning density in the outer rainband (OB) region is more likely to increase 178 

prior to TC intensification [DeMaria et al. 2012; Stevenson et al. 2016]. 179 

                 However, a statistical negative relationship between INCO lightning and TC 180 

intensity change (i.e., significant increase of INCO lightning in weakening TCs compared 181 

to intensifying TCs) was reported for North Atlantic and eastern North Pacific TCs 182 

[DeMaria et al. 2012; Stevenson et al. 2016], leading to the conclusion that lightning 183 

bursts in the INCO may be indicative of the end of TC intensification. Similarly, Thomas 184 

et al. [2010] found an increase in the relative number of positive CG lightning flashes in 185 

the INCO of three weakening Atlantic TCs. DeMaria et al. [2012] hypothesized that the 186 

observed relationship between INCO lightning activity and TC intensity change could be 187 

explained by the interaction of environmental shear with high potential vorticity (PV) in 188 

the INCO [Davis et al. 2008] and/or the eyewall replacement process [Kossin and 189 

Sitkowski 2009]. Environmental shear can tilt the vertical column of very high PV in the 190 

TC INCO region and cause secondary upward motion due to vortex balance [Davis et al. 191 

2008; Corbosiero and Monlinari 2003]. Strongly-sheared environments may disrupt the 192 

TC’s INCO structure and reduce the organization of eyewall convection leading to 193 
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convective dissipation. Molinari et al. [1999] suggested that the sign of the intensity 194 

change may be dependent on prior intensity changes, where weakening or slowly 195 

intensifying TCs are likely to intensify after a lightning outbreak in the INCO.  196 

              To date most TC lightning studies used ground-based measurements from the 197 

National Lightning Detection Network (NLDN) [Black and Hallett 1999; Molinari et al. 198 

1999] and the World Wide Lightning Location Network (WWLLN) [Price et al. 2009; 199 

DeMaria et al. 2012; Pan et al. 2014; Zhang et al. 2015; Whittaker et al. 2015; Stevenson 200 

et al. 2016]. While the NLDN detects lightning only within a few hundred kilometers of 201 

land, the WWLLN detects mainly CG lightning over open oceans (and land). There are 202 

benefits of using total lightning data (including intracloud and CG) compared to CG-only 203 

data. Intracloud (IC) lightning has been shown to be an excellent surrogate for convective 204 

vigor and strong updrafts [Lang and Rutledge 2002], while CG information has been 205 

found to be mostly indicative of reflectivity core descent, which may at times indicate 206 

collapse of an updraft [Reap and MacGorman 1989; Lang et al. 2000]. The IC:CG ratio 207 

has been shown to vary greatly from 3:1 in average thunderstorms to as much as 100:1 in 208 

some severe continental storms [Boccippio et al. 2001; McCaul et al. 2002]. Therefore, 209 

total lightning may provide more detailed information on storm structure and 210 

microphysics compared to CG alone. Comparatively fewer observational [Fierro et al. 211 

2011] and modeling studies [Fierro and Reisner 2011; Fierro et al. 2015] have shown the 212 

importance of total lightning for TC intensification and forecasting. With the recent 213 

launch of GOES-R Geostationary Lightning Mapper [Goodman et al. 2013], soon 214 

providing continuous total lightning observations over most of the TC regions of the 215 

Atlantic and eastern North Pacific TC basins, the application of total lightning 216 
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observations in forecasting TC intensity change is now a very achievable objective.  217 

                 Based on two years of total lightning observations from the Optical Transient 218 

Detector (OTD), Cecil and Zipser [1999] found no clear relationship between total 219 

lightning activity and TC intensification. Jiang and Ramirez [2013] reported a generally 220 

negative relationship between INCO total lightning and TC intensity change based on 221 

precipitation features derived from the Tropical Rainfall Measuring Mission (TRMM) 222 

satellite. To go beyond the aforementioned studies, we analyzed 16 years of total 223 

lightning observations from the Lightning Imaging Sensor (LIS) onboard TRMM. The 224 

LIS detects total lightning flashes with a flash detection efficiency of 70-90% [Christian 225 

et al. 2003]. While ground-based networks (e.g., WLLNN) monitor lightning activity 226 

continuously, the LIS observes lightning in a 1-2 min period during a satellite overpass, 227 

and is thus unable to provide temporal evolution of individual storms. However, it is 228 

reasonable to assume the long record of TC overpasses by TRMM well samples the full 229 

spectrum of the TC life cycle. In this study we will also examine observations from the 230 

precipitation radar (PR), the microwave imager (TMI), and the visible/infrared imager 231 

(VIRS) regarding convective intensity and mixed-phase precipitation microphysics.   232 

                 This study first examines the characteristics of TC total lightning in all TC 233 

basins (Section 3), in terms of lightning occurrence frequency, flash rate, flash density, 234 

radial distribution, and flash density as a function of SST and shear. We further address 235 

several fundamental questions regarding the relationship between total lightning, intense 236 

convection, and TC intensity change (Section 4): 1) Does total lightning show similar 237 

relationships to TC intensity change compared to CG lightning [e.g., DeMaria et al. 238 

2012]? 2) Does the total lightning-TC intensity change relationship vary between INCO 239 
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and OB, and if so, what factors contribute to this behavior? 3) Is increasing or decreasing 240 

total lightning a leading signal for RI, if so, what are characteristic lead times? 4) Do 241 

TRMM radar observations of intense convection show similar relationships to TC 242 

intensity change as does lightning flash density (LIS)? 5) Does the relationship between 243 

lightning and TC intensity change depend on prior (e.g., -24 h) intensity change status 244 

(e.g., neutral or has been weakening)? 245 

 246 

2. Data and methodology 247 

2.1 Selection of TRMM individual TC overpasses (ITPs) 248 

           This study examines TCs in all six TC-prone basins including the Atlantic, Eastern 249 

Pacific, Northwest Pacific, Southwest Pacific, Northern Indian Ocean, and Southern 250 

Indian Ocean. We use the 6-hourly TC best track data from the International Best Track 251 

Archive for Climate Stewardship (IBTrACS) [Knapp et al. 2010] and version 7 TRMM 252 

level-1 orbital data [Kummerow et al. 1998] during the period 1998-2013. We selected 253 

all TRMM overpasses of TCs reaching at least tropical storm category (MSW ≥ 34 kt) 254 

during the TC lifecycle. For the TC intensity, tropical depression (TD) are defined as 255 

MSW between 0-33 kt, tropical storm (TS) as MSW between 34-63 kt, category 1 to 2 256 

(CAT12) as MSW between 64-95 kt, and category 3 to 5 (CAT35) as MSW > 95 kt. TC 257 

center location and intensity (MSW) during the TRMM overpass time were linearly 258 

interpolated from the 6-hourly data using IBTrACS. TRMM overpasses associated with 259 

any missing intensity values in the 6-hourly IBTrACS were excluded.   260 

           To minimize land effects on TC convective structure and intensity change, the 261 

sample is restricted to ITPs with TC centers > 100 km from the nearest coastline (defined 262 
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by storm distance from land in IBTrACS). The sample also excludes TC stages during 263 

and after extratropical transitions (defined in IBTrACS). In order to ensure a significant 264 

fraction (> 40%) of the TC INCO region (e.g., 0-100 km) is sampled by LIS, which has a 265 

680 km wide field of view after the TRMM boost in 2001 (Fig. 1a), the sample is 266 

constrained in such a way that the distance between the TC center and the TRMM central 267 

line is no greater than 350 km (Figs. 1a-b). In our TC dataset, the mean TC  areal 268 

coverage (within 500 km radius) by LIS (with viewtime > 1 min) is 57%. After 269 

considering the aforementioned constraints, a final set of 8,587 TC periods from 1,401 270 

TCs sampled by TRMM were selected for analysis (Table 1), which we define as 271 

individual TC overpasses (ITPs). Geographical distributions of these ITPs (in different 272 

TC intensity categories) are shown in Fig. 1c.  273 

2.2 TC total lightning and TRMM convective parameters  274 

            Similar to previous studies [Kelley et al. 2004; DeMaria et al. 2012; Tao and 275 

Jiang 2015], the TC area (or an ITP) is defined within 500 km in radius from the TC 276 

center as shown in Fig. 1. Considering the variability of the eyewall extent [Jiang et al. 277 

2013], limited sample in the eyewall (10s of km in width), and consistency with previous 278 

studies [DeMaria et al. 2012; Zhang et al. 2015; Stevenson et al. 2016], INCO and OB 279 

are defined as areas within 0-100 km and 200-400 km radius of the TC center, 280 

respectively. Compared to the dataset with INCO identified manually [Jiang and Ramirez 281 

2013], the fixed (0-100 km) INCO definition yields only trivial differences concerning 282 

the statistics of INCO deep convection [Tao and Jiang 2015].  283 

            Selected TRMM variables from LIS, PR, TMI, and VIRS are interpolated onto 284 

Cartesian grids of 10 km horizontal res. (and 250 m vertical res. for PR vertical profiles) 285 
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within the ITP using the closest-point method (Fig. 1). Since lightning is the primary 286 

interest of this study, TRMM data (e.g., TMI) outside the LIS viewing areas (680 km 287 

wide swath) are not considered (Fig. 1b). Lightning flash rate (fl min-1) is defined as total 288 

flash counts divided by the LIS view time ranging from 20 to 120 seconds (Fig. 1a). 289 

Flash density (FLD), which has a unit of fl (100km)-2 h-1, is further defined as flash rate 290 

divided by rain area estimated by TMI in the LIS field of view (Fig. 1b). Here, rain area 291 

(TMI rainrate > 0.1 mm hr-1) instead of total area [DeMaria et al. 2012] is used for FLD 292 

calculation, given the noticeable difference in TC size (or rain area) across intensities and 293 

basins [Knaff et al. 2007; DeMaria et al. 2012]. Jiang et al. [2013] used a similar method 294 

to normalize lightning flashes, except that we further consider the variability of LIS 295 

viewtime (ranging 20-120 s) and swath difference between TMI (878 km, Fig. 1b) and 296 

LIS (680 km, Fig. 1a).  297 

               In parallel to FLD, a PR radar proxy (volume of 30-dBZ radar reflectivity in the 298 

mixed-phased region, VOL30) for convective intensity and mixed-phase microphysics is 299 

investigated. VOL30 has been suggested to be a good proxy of updraft intensity and 300 

lightning production [Petersen and Rutledge 1999; Xu et al. 2010; Liu et al. 2012]. In this 301 

study, VOL30 is defined as the total volume of radar pixels (≥30-dBZ) between 6 km 302 

(near -5 oC) and 12 km (-40 oC) deriving from PR reflectivity vertical profiles. VOL30 is 303 

further normalized by the precipitation area derived from PR to cancel PR sampling bias, 304 

e.g., lower (greater) VOL30 could be due to smaller (larger) PR coverage. This 305 

normalization is done through multiplying the VOL30 by the ratio of precipitation area of 306 

individual ITPs to the mean rain area of all ITPs (with INCO and OB areas separated).  307 

              In addition, we also examine TRMM proxies of convective depth (20 dBZ echo-308 
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top height from PR, MAXHT20), vertically integrated ice content or ice scattering 309 

signature as defined by microwave polarization-corrected brightness temperature at 85 310 

GHz [PCT85, Cecil et al. 1999; Cecil and Zipser 2002] from TMI, and cloud top 311 

temperature (infrared brightness temperature, IR Tb) from VIRS. To emphasize the role 312 

of deep convection, we only examine the highest (or coldest) 5% MAXHT20 echo-top 313 

heights (PCT85 and IR brightness temperatures) in the INCO and OB. Cecil et al. [2002] 314 

suggested that only 2-4% of the TC precipitation corresponds to deep convective towers. 315 

Therefore, the top 5% echo top heights and Tb depression are argued to be reasonable 316 

proxies of deep convection from both the scale and intensity perspective.  317 

2.3 Environmental variables 318 

           To better understand the lightning-TC intensity change relationship, this study also 319 

investigates the environmental conditions (SST and vertical wind shear) underlying TC 320 

intensity change, and how lightning density varies as a function of SST and shear. SSTs 321 

are calculated using the daily SST data from the TRMM Microwave Imager and 322 

Advanced Microwave Scanning Radiometer for EOS [Gentemann et al. 2010]. 323 

Environmental shear is derived from the European Centre for Medium-Range Weather 324 

Forecasts re-analysis Interim reanalysis data [Dee et al. 2011], respectively. Mean SST of 325 

each ITP is the average SST within 500 km of the TC center [Stevenson et al. 2016]. 326 

Environmental vertical wind shear is defined as the wind shear between 200-850 hPa 327 

(V200 – V850) and averaged over a 500-750 km annulus around the TC center of each ITP, 328 

to remove the influence of the TC circulation [Hence and Houze 2011].  329 

 330 

 331 
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3. Characteristics of TC total lightning 332 

3.1 Occurrence frequency, flash rate, and FLD 333 

           This study examined the total lightning characteristics of 8,587 TRMM overpasses 334 

(ITPs) for 1,401 individual TCs, including 766 major hurricane ITPs (Table 1 and Fig. 335 

1c). Approximately 35% of the total ITPs had at least one lightning flash (within 500 km 336 

of the TC center), resulting in an averaged flash rate of 3.6 flashes per min and a FLD of 337 

15 flashes per 10,000 km2 per hour (Table 1). Based on the mean TC areal coverage by 338 

LIS (57%) and the lightning occurrence frequency of LIS-sampled ITPs (34%), the 339 

probability to have lightning somewhere within a 500 km radius from the TC center is 340 

estimated to be ~55%. The mean TC flash rate (3.6 fl min-1) is roughly a factor of five 341 

smaller than continental thunderstorms, which is on the order of 10-20 fl min-1 [Toracinta 342 

et al. 2002; Cecil et al. 2015], suggesting the maritime nature of TC convection [Cecil 343 

and Zipser 2002]. The TD category has the lowest lightning occurrence frequency (32%), 344 

whereas CAT35 storms have the highest (44%), possibly due to their greater storm size 345 

or precipitation area (Table 1). TS, CAT12, and CAT35 storms share similar flash rate 346 

magnitudes, although their TC size is different, while TD shows the lowest flash rate 347 

owing to its smallest storm size. However, TD/TS systems produce greater FLD than 348 

hurricanes/typhoons, consistent with previous studies using ground-based lightning 349 

measurements (mainly CG) [Abarca and Corbosiero 2011; Zhang et al. 2015; DeMaria et 350 

al. 2012]. Compared to TD/TS, hurricanes/typhoons exhibit evident eyewall and rainband 351 

structure including well-defined inner rainband and inter-rainband regions where 352 

lightning is relatively rare [Cecil et al. 2002; Jiang et al. 2013]. Of the six TC basins, 353 

Atlantic and northwest Pacific events have the largest population of lightning-ITPs (Fig. 354 
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2a). Significant TC lightning flash rates (> 5 fl min-1) generally occur over warmer 355 

oceans (> 28 oC) such as the Gulf Stream and eastern Pacific basin offshore from Mexico 356 

(Fig. 2b). ITPs containing substantial lightning flashes (e.g., > 30 fl min-1) are mainly 357 

situated close to land (within 1000 km) possibly due to increase of coastal convergence, 358 

greater atmospheric instability [Houze et al. 2010], or increasing continental aerosol 359 

loading [Khain et al. 2008] near the coast.       360 

3.2 Radial distribution 361 

              Fig. 3 shows the mean FLD of TCs in various intensity categories as a function 362 

of radial distance from the TC center. Generally, FLD maximizes in both the INCO and 363 

OB regions (Fig. 3a), and is a minimum in the region between the INCO and OB (100-364 

200 km, Fig. 3a). Similar lighting distributions (bimodal) were found in previous studies 365 

using various sources of measurements [Molinari et al. 1999; Cecil et al. 2002; Abarca et 366 

al. 2011; Jiang et al. 2013]. However, a monotonic lightning structure, that is lightning 367 

density decreases monotonically outward from the TC center, was also reported 368 

[Yokoyama and Takayabu 2008; DeMaria et al. 2012; Zhang et al. 2015]. The major 369 

factor responsible for this difference (monotonic vs. bimodal structure) could be 370 

attributed to whether or not the actual precipitation area is considered for flash rate or 371 

FLD calculation. In this study, as well as Cecil et al. [2002] and Jiang et al. [2013], flash 372 

rate is normalized by satellite-based rain area as lightning is tightly coupled to 373 

precipitating clouds, whereas precipitation area was not considered in the flash rate/FLD 374 

calculation by Yokoyama and Takayabu [2008], DeMaria et al. [2012], and Zhang et al. 375 

[2015].             376 
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              The lightning bimodal structure is the most evident for CAT35 storms, less for 377 

TS/TD systems, and least defined in CAT12 storms (Fig. 3a). More detailed INCO 378 

structures (Fig. 3b) show that FLD maximizes in the eyewall region (0-40 km) and 379 

decreases rapidly outside the eyewall. The region between the eyewall and OB (~50-150 380 

km) is termed the inner rainband where convection is sporadic and of moderate intensity 381 

[Cecil et al. 2002; Jiang et al. 2013]. In short, eyewall FLD is about 3 times the FLD in 382 

the OB, while OB FLD is about 3 times that of the inner rainband FLD. The eyewall FLD 383 

in CAT35 TCs is about twice that of TD/TS and CAT12 TCs (Fig. 3b), suggesting 384 

substantially stronger convective vigor and updrafts of eyewall convection in stronger 385 

TCs (CAT35 TCs). However, CAT35 TCs show a minimum of lightning activity in the 386 

inner rainband, resulting in a comparable FLD in the general INCO (0-100 km) as TD/TS 387 

storms (Fig. 3a). Studies based on WWLLN data also find a similar (CG) lightning-388 

sparse region between 50-150 km from the TC center [DeMaria et al. 2012; Stevenson et 389 

al. 2016]. Considering the variability of the eyewall extent, limited eyewall sampling, and 390 

consistency with previous studies, INCO (OB) is generally defined as the area within 0-391 

100 (200-400) km radius of the TC center (Fig. 3a).   392 

  393 
 3.3 Relationship to SST and vertical wind shear 394 

              To better understand the variability of INCO and OB lightning, the FLD in these 395 

two regions have been examined as a function of SST and vertical wind shear (Fig. 4). 396 

Generally, higher FLD in both the INCO and OB occur over warmer SSTs (Fig. 4a), 397 

consistent with previous studies based on WWLLN [Virts et al. 2013; Stevenson et al. 398 

2016]. Similarly, Fierro and Mansell [2017] showed that the introduction of cooler SST 399 

in TC simulations causes rapid decrease of lightning activity in both the INCO and OB. 400 
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This is mainly because higher SST’s generate higher moisture and heat fluxes leading to 401 

higher moist static energy and greater instability [Zhang and McPhaden 1995], promoting 402 

intense convection. Lightning activity is minimal over relatively cool SSTs (i.e., below 403 

26 oC ), while FLD significantly increases for SST > 27 oC (for INCO) or 28 oC (for OB). 404 

FLD for SSTs between 28-30 oC is about 3-5 times greater compared to FLD for SST < 405 

26 0C. Previous studies found that deep convection (for tropical convection in general) is 406 

mostly enhanced for SST ≥ 28 oC as convective available potential energy (CAPE) is 407 

elevated under this condition, while CAPE is reduced and dominated by convective 408 

inhibition thus inhibits convection when SST < 27 oC [Fu et al. 1994]. Therefore, the TC 409 

lightning-SST relationship discussed here is consistent with the relationship between 410 

general oceanic convection and SST found by Fu et al. [1994].     411 

               Significant differences also exist regarding the lightning-SST relationship 412 

between INCO (red bars) and OB (blue bars, Fig. 4a). For SST > 27 oC, INCO FLD only 413 

increases slightly as SST increases, while the OB FLD increases remarkably with 414 

increasing SST. In other words, it appears that the INCO lightning activity is less 415 

sensitive to SST changes compared to OB lightning when SSTs reach a relatively high 416 

threshold (> 27 oC). Enhanced OB convection (lightning) under high SST conditions may 417 

act to suppress convection in the INCO [Wang 2009], as deep convection in the OB can 418 

reduce the mass convergence into the eyewall [Wang 2002], produce compensating 419 

subsidence over the eyewall [Willoughby et al. 1982], and block or dilute the high 420 

potential temperature boundary layer inflow [Wang 2002]. Also, INCO FLD maximizes 421 

at SST of 30 oC and decreases at higher SST. In contrast, the OB FLD continues to 422 

increase for extreme SSTs. However, the significance of the FLD trends at SSTs > 31 oC 423 
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is open to question given the limited sample size (~50 ITPs) involved. 424 

              Fig. 4b shows TC lightning FLD as a function of environmental vertical wind 425 

shear (200-850 hPa). Both INCO and OB FLD peak at higher shear (12-16 m s-1) 426 

environments, but INCO FLD shows a larger peak and greater shear-related variability. 427 

The INCO total lightning pattern in this study is generally consistent with studies based 428 

on WWLLN data [Corbosiero and Molinari 2003; DeMaria et al. 2012; Zhang et al. 429 

2015]. It is hypothesized that environments with stronger shear may enhance updrafts 430 

near the storm center by forcing TC asymmetries [Corbosiero and Molinari 2003; Fierro 431 

and Mansell 2017]. Environmental shear can tilt the vertical column of very high PV 432 

downshear in the INCO region and cause a secondary upward motion in the downshear 433 

region due to vortex balance [Davis et al. 2008]. Environments with extreme shear may 434 

disrupt the TC’s INCO structure and reduce the organization of eyewall convection 435 

leading to convective dissipation. On the other hand, the OB is outside of the high-PV 436 

region and OB convection (and lightning activity) is therefore less influenced by the 437 

shear-PV interaction [DeMaria et al. 2012].         438 

             439 

4. Relationship between Total Lightning and TC Intensity Change 440 

               In order to guarantee valid 24 h TC intensity change, the ITPs are further 441 

restricted to be remaining over water and having valid intensity values within ±24 h of 442 

the TRMM overpass time. These restrictions reduce the sample from 8,587 to 7,432 ITPs 443 

for the investigation of TC intensity change. Fig. 5 shows the distribution of ITPs as a 444 

function of +24 h intensity (MSW) change, which is defined as the MSW change during 445 

the 24 h period following each TRMM overpass (ITP). Of all ITPs, the 5th percentile and 446 
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95th percentile +24 h intensity changes are around -30 kt and 30 kt (Fig. 5a), given the 5 447 

kt resolution of the best track data. Following previous studies, the 95th percentile (30 kt) 448 

and 5th percentile (-30 kt) of the 24 h intensity change will be used for defining RI and 449 

RW TCs. By this definition, our dataset includes a large sample of TCs across various 450 

intensity changes (Fig. 5b), e.g., 451 RI ITPs (compared to ~125 in DeMaria et al. 451 

[2012], 139 in Tao and Jiang [2015], and 170 in Zhang et al. [2015]). RI storms are 452 

mostly contributed by TCs of TS and CAT12 intensity, while RW mainly due to CAT12 453 

and CAT35 TCs (Fig. 5b). About 12% (8%) of the CAT12 (TD) storms experience RI, 454 

and 20% (10%) of the CAT35 (CAT12) hurricanes undergo RW (Fig. 5a).     455 

               SST and vertical wind shear have been examined as a function of +24 h TC 456 

intensity change as shown in Fig. 6. Generally, intensifying (weakening) TCs are 457 

associated with elevated (reduced) SSTs and reduced (increased) shear, consistent with 458 

previous TC intensity change studies [e.g., Kaplan and DeMaria 2003]. However, SSTs 459 

and shear are not distinguishable between RI storms (> 30 kt increase) and slowly 460 

intensifying TCs (increase of 15-30 kt). Similarly, Hendricks et al. [2010] found that 461 

environmental conditions (a set of variables including such as SST, shear, instability, and 462 

low-level humidity) are quite similar between RI TCs and slowly intensifying (non-RI) 463 

TCs in the NWPC and ATL basins. The false-alarm ratio of forecasting RI remains 464 

undesirably high when only large-scale environmental parameters are included in the 465 

statistical TC intensity forecast model [Kaplan et al. 2010].  466 

4.1 Relationships between lightning, intense convection, and TC intensity change 467 

             Fig. 7 shows total lightning and our proxy for intense convection (VOL30) in the 468 
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INCO and OB regions as a function of +24 h TC wind change. Of primary note is that 469 

both FLD and VOL30 are reduced in the INCO region of intensifying (> 15 kt) TCs 470 

compared to neutral (-15 to 15 kt) and weakening (<15 kt) storms (Fig. 7a,b). This 471 

finding, for total lightning (CG and IC) is consistent with CG lightning patterns observed 472 

by WWLLN [DeMaria et al. 2012; Stevenson et al. 2016], suggesting both types of 473 

lightning in the INCO region decrease for intensifying TCs. Furthermore, RI (> 30 kt 474 

increase within 24 hrs) TCs produce substantially lower FLD in the INCO than slowly 475 

intensifying TCs (e.g., 15 kt increase), suggesting the potential use of total lightning 476 

information in forecasting RI. The consistency between LIS lightning measurements 477 

(FLD) and PR radar observations (VOL30) validates the lightning patterns in relationship 478 

to TC intensity change. VOL30 usually indicates the presence of large ice particles (e.g., 479 

hail/large graupel) owing to sufficient supercooled liquid water in the mixed phase 480 

region, necessary ingredients for electrification leading to lightning [Petersen et al. 1999; 481 

Liu et al. 2012]. To briefly summarize, intensifying TCs are associated with reduced 482 

INCO FLD/VOL30 with RI storms producing minimum FLD/VOL30 values, while 483 

neutral and weakening TCs show enhanced FLD/VOL30 in the INCO. These 484 

relationships between lightning and TC intensity change stay the same even when 485 

treating the CAT12 and CAT35 samples separately (e.g., with and without CAT35 ITPs 486 

in the dataset, not shown).  These negative relationships may be partially explained by the 487 

environmental shear differences between neutral/weakening TCs and intensifying TCs 488 

(Fig. 6). As shown in Fig. 4b, INCO FLD maximizes under strong shear conditions (12-489 

16 m s-1). However, 75% of the intensifying (or RI) TCs develop under low-to-moderate 490 

shear conditions (< 8 m s-1), which is not favorable for INCO lightning production (Fig. 491 
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4b). In contrast, a significant portion (30%-50%) of neutral/weakening TCs occur in 492 

conditions of stronger shear (12-16 m s-1), which promotes INCO lightning activity. As 493 

previously discussed, environments with stronger shear (compared to weakly-sheared 494 

environments) may enhance updrafts near the storm center by forcing TC asymmetries 495 

[Fierro and Mansell 2017]. The reason why FLD is reduced during RI but enhanced 496 

during TC weakening will be further discussed in Section 5.2.   497 

             In contrast to INCO convection, FLD and VOL30 in the OB region show a 498 

generally positive relation with +24 h TC intensity change (blue bars in Fig. 7). 499 

Intensifying TCs exhibit significantly greater FLD/VOL30 in the OB region than 500 

weakening TCs. OB FLD/VOL30 is, however, similar between slowly intensifying and 501 

RI TCs possibly owing to their similar SST and shear conditions (Fig. 6). There is a slight 502 

trend for FLD/VOL30 to decrease in very rapidly intensifying TCs. As shown earlier, 503 

when SSTs exceed 27 oC, OB lighting FLD increases significantly with further increase 504 

of SSTs (Fig. 4a). However, INCO lightning activity changes only slightly as a function 505 

of SST (Fig. 4a) when SST reaches above 27 C, and is possibly more influenced by shear 506 

(Fig. 4b). The OB is outside the high-PV region (INCO), thus less influenced by the 507 

interaction between environmental shear and PV [Davis 2008]. These observations may 508 

explain to some extent the opposite FLD/VOL30 patterns (in relation to TC intensity 509 

change) between the INCO and OB. In addition to the FLD trends, the comparison in 510 

FLD between INCO and OB is also interesting. INCO FLD is higher than OB FLD for 511 

weakening TCs, but this switches for intensifying or RI cases (Fig. 7a), which is also 512 

reported regarding CG lightning patterns by DeMaria et al. [2012].  513 

 514 
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4.2 Relationships of MAXHT20, IR Tb, and PCT85 to TC intensity change 515 

              Fig. 8 shows the convective depth (MAXHT20), microwave ice scattering 516 

signature (PCT85), and cold cloud top Tb (IR Tb) as a function of +24 h TC intensity 517 

change. Each of these convective-depth-related parameters in both the INCO and OB 518 

increases from neutral TCs to intensifying storms. For weakening TCs (24 h decrease > 519 

15 kt), greater convective depths and increased vertically integrated ice contents 520 

(indicated by PCT85) are present compared to neutral TCs, possibly because TC 521 

weakening mostly occurs in substantial TCs (CAT12 and CAT35, Fig. 5). Convective 522 

depth and vertically integrated ice content are somewhat similar in RI and slowly 523 

intensifying TCs, consistent with previous studies [Jiang and Ramirez 2013; Tao and 524 

Jiang et al. 2015]. In short, MAXHT20, IR Tb, and PCT85 in the INCO region show an 525 

opposite trend to FLD and VOL30 preceding TC intensification, especially RI. Lightning 526 

is correlated with the combination of vertically integrated ice content and the presence of 527 

supercooled cloud water [Takahashi 1978; Saunders et al. 2001]. In the INCO of 528 

intensifying TCs, overall convective depth and vertically integrated ice content are 529 

elevated but VOL30 and lightning activity are reduced, suggesting the possible lack of 530 

supercooled liquid content (required for formation of graupel) and establishment of 531 

glaciated conditions. Tall convective towers (e.g., hot towers) [Kelley et al. 2004, 2005] 532 

in the INCO may lead to eyewall vorticity enhancement [Montgomery and Enagonio 533 

1998] thus TC intensification. However, only a fraction of RI storms (< 10%, not shown) 534 

have convective hot towers (i.e., MAXHT20 > 14.5 km) in the INCO, suggesting that 535 

TRMM only observed a marginal relation between the presence of INCO hot towers and 536 

RI. In short, INCO deep convection appears to be linked to TC intensification, but our 537 
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observations suggest that hot towers and abundant lightning-producing intense 538 

convection are not strong characteristics of TCs that undergo RI.  539 

4.3 Lightning “evolution” in rapidly intensifying and weakening TCs    540 

               In order to test whether lightning shows any leading signal for TC intensity 541 

change, especially RI, this subsection examines the “evolution” (composite of TRMM 542 

overpasses in every 6 h) of lightning FLD for the RI TCs (Fig. 9). Again, RI TCs are 543 

defined as 24 h MSW increase > 30 kt. For comparison, evolution of weakening TCs are 544 

also included, which are defined as 24 h MSW decrease > 15 kt. In the time line (x-axis) 545 

of Fig. 9, 0 h represents the onset of RI or weakening, while negative and positive values 546 

indicate before and after the onset. This time evolution (Fig. 9) is constructed in the 547 

following steps: 1) a TRMM overpass is identified, 2) search RI or weakening events 548 

within a 48 h time frame (-24 to +24) of the TRMM overpass, 3) derive the specific time 549 

of the TRMM overpass relative to the onset of the RI or weakening event (value in x-axis 550 

of Fig. 9), 4) composite all TRMM overpasses in each time interval through the 551 

RI/weakening lifecycle.  552 

               In the INCO region, FLD substantially decreases 12 h prior to the onset of RI 553 

and increases again during RI (red bars, Fig. 9a). Similarly, DeMaria et al. [2012] found 554 

that eyewall lightning (CG) increase only occurs during or after RI. However, weakening 555 

TCs show an opposite INCO lightning evolution pattern: FLD starts to increase 6-12 h 556 

before TC weakening (green bars, Fig. 9a). Weakening TCs produce significantly higher 557 

INCO FLD than RI TCs slightly prior to (-6 h) and during (0 h) intensity change, 558 

consistent with results in section 4.2. VOL30 in the INCO exhibits a similar evolution 559 
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trend through the life cycle of RI and weakening TCs (Fig. 9b). VOL30 decreases 560 

substantially leading up to RI, then remains steady during and after RI onset. This 561 

suggests that deep, vigorous convection, as marked by the volume containing mixed 562 

phase microphysics (conducive to lightning production) decreases prior to the onset of 563 

RI. On the other hand, in weakening TCs, the opposite trend is observed.  564 

                Regarding the OB region, FLD begins increasing 6-12 h prior to RI onset and 565 

reaches a maximum 6 h after RI begins (Fig. 9c). OB FLD decreases 12 h before TC 566 

starts weakening, and keeps decreasing during the TC weakening cycle. Similarly, 567 

VOL30 shows an increasing (decreasing) trend prior to RI (weakening) onset, although 568 

with a smaller magnitude (Fig. 9d). Another interesting feature of RI TCs is that OB FLD 569 

(red bars in Fig. 9c) is more than twice that of the INCO FLD (red bars in Fig. 9a) 6-12 h 570 

preceding RI.                 571 

 4.4 Does the lightning-TC intensity change relationship depend on prior TC status? 572 

             Recent studies suggested that the relationship between eyewall convection and 573 

future TC intensity change (e.g., +24 h) may depend on preceding TC intensity change 574 

status. For example, the areas of INCO deep convection (20-dBZ radar echo-top > 12 575 

km) is very similar between weakening, neutral, and RI TCs that spin up from neutral 576 

status (so-called initial RI), whereas RI-continuing TCs (which have already underwent 577 

RI in the last 24 h) show substantially larger INCO deep convective areas [Tao and Jiang 578 

2015; Alvey et al. 2015]. Molinari et al. [1999] proposed that weakening or slowly 579 

intensifying TCs are likely to intensify after a lightning burst in the INCO. To examine 580 

this hypothesis, our TC sample was broken down into three categories based on the TC 581 



 

25 

intensity change during the 24 h prior to TRMM overpass (-24 h): 1) neutral change, 582 

where MSW change is between -10 and 10 kts; 2) slow intensification (SI), where 583 

increase of MSW is between 10 and 30 kts; 3) RI, where increase of MSW exceeds 30 584 

kts.  585 

               Fig. 10 shows the mean values of FLD in the INCO and OB for RW (+24 h 586 

MSW decrease > 30 kt), average (+24 h MSW change between -30 and 30 kt), and RI 587 

(+24 h MSW increase > 30 kt) TCs. In general, RI TCs have the smallest INCO FLD but 588 

the greatest OB FLD, while RW TCs show similar INCO FLD but lower OB FLD 589 

compared to average TCs (Fig. 4a). The “RI signal” (minimum INCO FLD but maximum 590 

OB FLD) is most evident for TCs that underwent little intensity change in the last 24 h 591 

(Fig. 10b), but it is less defined for TCs after slow intensification (Fig. 10c). It is 592 

interesting that the “RI signal” also applies to RI-continuing TCs (Fig. 10d), suggesting 593 

that RI is more likely to continue if only minimum (maximum) INCO (OB) lightning 594 

occurs. RW TCs show enhanced INCO FLD but reduced OB FLD for TCs that already 595 

underwent intensification (especially RI) in the previous 24 h period (Figs. 10c-d). This 596 

“RW signal” is not clear for TCs that experienced little change in the last 24 h (Fig. 10b). 597 

Therefore, the onset of a lightning burst in the INCO may signal the end of TC 598 

intensification (or RI) and the onset of RW [consistent with Molinari et al. 1999 and 599 

DeMaria et al. 2012].       600 

 601 

5. Summary and discussion  602 

5.1 Summary              603 
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                Previous studies suggested that lightning activity (mainly CG) could be an 604 

indicator of TC intensity change, but their relationships vary greatly and at times appear 605 

contradictory. This study leverages the 16-yr total lightning data recorded by TRMM LIS 606 

to investigate (globally) the TC lightning characteristics and their relationships with TC 607 

intensity change, in parallel to analysis of TC convection observed by the TRMM PR, 608 

TMI, and VIRS. Results from this study can be summarized as follows: 609 

1) Approximately 35% of the TRMM TC overpasses contain lightning, with TSs having 610 

the highest FLD and CAT35 TCs the lowest. TC total lightning shows a bimodal 611 

structure with FLD maximizing in both the eyewall and OB regions and achieving a 612 

minimum in the inner rainband region between the eyewall and the OB.  613 

2) Higher SST and strong vertical wind shear (12-16 m s-1) promote maximum FLD in 614 

both the INCO and OB regions. However, when SST > 27 oC, INCO FLD only increases 615 

slightly as SSTs increase beyond this value, while OB FLD increases remarkably above 616 

this SST threshold, possibly due to the negative impact of OB convection on the INCO 617 

convection. INCO FLD shows greater variability than OB FLD in relation to shear, 618 

owing to the interaction between high potential vorticity (mainly in the INCO) and 619 

environmental shear. 620 

3) INCO (OB) lightning is generally negatively (positively) correlated to TC intensity 621 

change in the next 24 h (+24 h), with intensifying TCs having lower FLD than weakening 622 

and neutral TCs. These lightning patterns are consistent to patterns of 30-dBZ echo 623 

volume in the mixed-phase region (VOL30), which is an indicator of convective intensity 624 

and the presence of robust mixed-phase microphysics. RI TCs (24 h wind increase > 30 625 
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kt) also shows significantly smaller FLD and VOL30 than slowly intensifying TCs (24 h 626 

wind increase of 15-30 kt), indicating the potential of these parameters in forecasting RI.   627 

4) In contrast to the INCO lightning and VOL30, TRMM parameters of convective depth 628 

and vertically integrated ice content (MAXHT20, PCT85, and IR Tb) in both the INCO 629 

and OB show an increasing trend from neutral to intensifying TCs, suggesting the lack of 630 

supercooled liquid content and establishment of glaciated conditions in the INCO of 631 

intensifying, especially RI TCs. Glaciated conditions are associated with reduced charge 632 

generation and lightning flash rates.  633 

5) INCO FLD and VOL30 start to decrease 18 h preceding the onset of RI and reaches a 634 

minimum 6 h before RI, whereas they begin increasing 12 h prior to TC weakening. FLD 635 

and VOL30 in the OB region show opposite trends to FLD/VOL30 in the INCO.  636 

6) The negative (positive) INCO (OB) lightning relationship with TC intensity change in 637 

the next 24 h (+24 h) generally persists regardless of prior (-24 h) TC intensity change 638 

status. However, the INCO signature of RI (i.e., suppressed INCO FLD) is the strongest 639 

for TCs that experienced little intensity change in the last 24 h, whereas the INCO 640 

signature of RW (i.e., enhanced INCO FLD) is the most evident for TCs that already 641 

underwent RI in the last 24 h.   642 

5.2. Discussion  643 

              Since global lightning measurements became available from long-range 644 

lightning detection networks (e.g., WWLLN), many efforts have been directed towards 645 

determining the relationship between lightning and TC intensity change. However, 646 

findings from these CG-based studies have a large variance and in some cases appear 647 
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contradictory (as reviewed at the beginning of this paper). By making use of the full 648 

spectrum of the large TRMM dataset, this study improves the clarity of the relevant 649 

issues from multidimensional perspectives regarding TC convection, e.g., total lightning 650 

density, mixed-phase radar echo volume, echo-top heights, and vertically integrated ice 651 

content. Using total lightning, we did not find that RI was preceded by an increase in 652 

eyewall lightning activity as some of the CG-based studies argued [Lyons and Keen 653 

1994; Squires and Businger 2008; Stevenson et al. 2014; Susca-Lopata et al. 2015]. The 654 

studies that found eyewall lightning increases (or lightning bursts) prior to RI were 655 

however case-study-based, thus the generality of the finding is in question. For example, 656 

increases in eyewall CG lightning flashes were also found in individual weakening TCs 657 

[Squires and Businger 2008; Thomas et al. 2010]. Other studies found a strong positive 658 

correlation (r = 0.7-0.8) between CG lightning frequency and TC intensity for a 659 

significant number of major hurricanes [Price et al. 2009; Pan et al. 2014; Whittaker et al. 660 

2015]. These studies analyzed CG lightning flashes within the entire TC, not sub-dividing 661 

by the INCO and OB regions, the latter dominating the TC total area. These studies 662 

however are consistent with our findings for a positive relationship between total 663 

lightning in the OB and TC intensity change.   664 

                 Findings from this study confirm the negative (positive) relationship between 665 

INCO (OB) CG lightning and TC intensity change found by DeMaria et al. (2012). Both 666 

total lightning (this study) and CG lightning [DeMaria et al. 2012] showed: 1) RI TCs 667 

have the least INCO lightning density, but the highest OB lightning density; 2) FLD in 668 

the INCO (or eyewall) increases 6-12 h preceding the onset of TC weakening, but 669 

decreases 12-18 h prior to TC intensification (or RI). However, there are also some 670 



 

29 

specific differences and new details emerging from our study. For example, in RI TCs 671 

total lightning density is much lower in the INCO than in the OB (Fig. 7a), while CG 672 

density in the INCO is higher than or close to OB CG density (Fig. 8 in DeMaria et al. 673 

2012). This may suggest a lower IC:CG ratio in the INCO of RI TCs. While DeMaria et 674 

al. [2012] showed no changes of CG density in the OB preceding the onset of 675 

intensifying events (their Fig. 6), this study demonstrates that total flash density in the 676 

OB  increases significantly 6-12 h prior to the onset of RI (Fig. 9c).           677 

 678 
                 As mentioned above, one of the more intriguing findings in this study is that 679 

intensifying TCs (especially RI) are marked by significantly lower INCO lightning FLD 680 

and lower convective intensity (VOL30) than weakening or neutral TCs. Specifically, 681 

INCO FLD substantially decreases 12-18 h preceding the onset of RI but increases 6-12 h 682 

prior to TC weakening. However, OB lightning shows the opposite pattern in relation to 683 

TC intensity change. Similar differences between the INCO and OB FLD has also been 684 

reported for CG lightning density, and were proposed to be caused by the impact of PV 685 

tilting by vertical shear [DeMaria et al. 2012]. Our results indicate that INCO lightning 686 

activity is more likely controlled by vertical wind shear of the TC environment (small 687 

variability with SST but significant variability with shear, as shown in Fig. 4) provided 688 

favorable SST conditions (SST > 27 oC). Environmental shear can tilt the high PV 689 

column in the INCO leading to asymmetric but more vigorous convection [Davis et al. 690 

2008, Corbosiero and Molinari 2003], which have been seen in many TCs [Lyons and 691 

Keen 1994; Molinari et al. 2006; Squires and Businger 2008]. One example is that 692 

convection became very asymmetric and very intense (with large FLD) when Hurricane 693 

Gabrielle (2001) interacted with an upper-level trough in the Gulf of Mexico [Molinari et 694 
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al. 2006]. Recent cloud-resolving model simulations also demonstrated that increased 695 

wind shear will induce a more asymmetric INCO, and produce substantially higher INCO 696 

flash rates [Fierro and Mansell 2017]. Enhanced asymmetric deep convection in the 697 

INCO may induce short-term intensification, but the negative effects of the vertical shear 698 

are detrimental to long-term intensification. On the other hand, the OB is less influenced 699 

by this shear-PV interaction but more influenced by convective instability of the storm 700 

environment (related to SST), as the OB is outside the high-PV region of the INCO 701 

[DeMaria et al. 2012]. This is supported by the fact that OB lightning is sensitive to SST 702 

increase (Fig. 4a) but only varies slightly as a function of shear (Fig. 4b).  703 

               Another possible reason is that RI is more likely determined by the increase of 704 

symmetric convection instead of asymmetric intense convection (usually stronger than 705 

symmetric convection) in the INCO as proposed by recent studies [Tao and Jiang 2015; 706 

Alvey et al. 2015]. Nolan and Grasso [2003] and Nolan et al. [2007] showed that the 707 

intensification of the vortex near the storm center is mainly a symmetric response to the 708 

azimuthally averaged latent heating release and pure asymmetric heating has a very small 709 

impact on vortex intensification, suggesting the more important role of symmetric 710 

convection than asymmetric intense convection. Jiang et al. [2012] reported that the 24 h 711 

RI probability remains the same between TCs with and without hot towers (e.g., 20-dBZ 712 

echo-top height > 14.5 km) in the inner-core region, suggesting hot towers (or very 713 

intense convection) are neither a necessary nor a sufficient condition for RI. In contrast, 714 

recent studies showed that the best-defined feature of RI TCs (distinguishable from non-715 

RI TCs) is the higher degree of symmetry of the INCO convection, especially shallow-to-716 

moderate convection [Tao and Jiang 2015; Alvey et al. 2015]. Compared to asymmetric 717 
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TCs, symmetric TCs usually produce a limited amount of eyewall lightning due to their 718 

relatively weak updrafts [Corbosiero and Molinari 2003; Demetriades and Holle 2005]. 719 

Furthermore, supercooled liquid water, which is key for charge separation [Takahashi, 720 

1978], may be lacking in symmetric eyewalls (or RI TCs). Ice particles generated in 721 

intense convective cells will be distributed more evenly throughout the eyewall (in the 722 

mixed-phase region), which could lead to depletion of the available supercooled liquid 723 

water through the riming process. In fact, this study shows that reduced INCO lightning 724 

and VOL30 (Fig. 7) is accompanied by enhanced convective depth and vertically 725 

integrated ice content (Fig. 8) in the INCO of RI TCs, which suggests the lack of 726 

supercooled liquid content and establishment of glaciated conditions in the eyewall of 727 

these TCs. 728 
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Table 1. TRMM sampled TC population and individual TC overpasses (ITPs), ITPs with 949 

lightning, mean flash rate, mean flash density (FLD), and mean rain area as a function of 950 

TC intensity (category definition in Section 2). Note that rain area is defined by areas 951 

(within the LIS field of view) having rainrate > 0.1 mm h-1 derived from TMI. The mean 952 

TC areal coverage (within 500 km radius) by LIS (with viewtime > 1 min) is 57%. 953 

 954 

 ALL TD TS CAT12 CAT35 

TCs 1401 1176 1038 489 283 

All ITPs 8587 3391 3110 1320 766 

ITPs w. lightning 
(frequency) 

2955 
(34%) 

 1097 
(32%) 

 1067 
(34%) 

 452 
(34%) 

 339 
(44%) 

Mean Flash Rate 
[fl min-1] 3.6 3.1 3.9 3.6 3.9 

Mean FLD 
[fl (100km)-2 h-1] 15 15 16 14 13 

Mean Rain Area 
[105 km2] 1.9 1.7 1.9 2.2 2.4 
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 965 
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Figures  969 
 970 
 971 

 972 
 973 
Fig. 1. An individual TC overpass (ITP) example and locations of all selected ITPs 974 
during 1998-2013. LIS viewtime (color shaded) and LIS-observed lightning flashes (a) 975 
and TMI microwave polarization-corrected brightness temperature at 85 GHz (b), both 976 
for the TRMM overpass of Typhoon Hagupit (2008) at 0721 UTC on 12 July 2002. 977 
Locations of all ITPs > 100 km from the coast of different TC intensity categories (c). In 978 
(a) and (b), the TC center is marked by the bold plus sign, and the two solid circles 979 
denote 100 and 500 km from the TC center, respectively. TRMM central line is 980 
represented by bold dash line, and the edge of LIS field of view is marked by thin dash 981 
line.  982 
 983 
 984 
 985 
 986 
 987 
 988 
 989 
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 990 

 991 
 992 

Fig. 2. (a) Geographical distribution of TRMM ITPs over oceans > 100 km from the 993 
coast during 1998-2013. ITPs are categorized by total flash rate (fl min-1) within 500 km 994 
radius from the TC center. (b) Monthly mean global SSTs, with Northern Hemisphere in 995 
September and Southern Hemisphere in February.  996 
 997 
 998 
 999 
 1000 
 1001 
 1002 
 1003 
 1004 
 1005 
 1006 
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 1007 
 1008 

 1009 
 1010 

Fig. 3. Mean lightning flash density as a function of radial distance from the TC center 1011 
for TCs with various TC intensities: (a) lightning across the entire TC with 100 km 1012 
interval, and (b) lightning within the inner core region with 20 km interval. Note that 1013 
TD/TS stands for tropical depression and tropical storm, CAT12 for category 1-2 TCs, 1014 
and CAT35 for category 3-5 TCs.      1015 
 1016 
 1017 
 1018 
 1019 
 1020 
 1021 
 1022 
 1023 
 1024 
 1025 
 1026 
 1027 
 1028 
 1029 
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 1030 
 1031 
Fig. 4. Total lightning flash density in the TC inner core and outer rainband regions as a 1032 
function of (a) SST, and (b) vertical wind shear (200-850 hPa). Sample of ITPs are 1033 
shown by green curves.   1034 
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 1041 
 1042 
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 1045 
 1046 
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 1049 
 1050 
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 1051 
 1052 
Fig. 5. Distribution of ITPs as a function of TC intensity (maximum sustained wind 1053 
speed) change in +24h relative to the TRMM overpass: (a) cumulative distribution 1054 
function, and (b) probability distribution function. Labels in the x-axis represent value 1055 
bins in such a way: -45 (-60 to -45), -30 (-45 to -30), -15 (-30 to -15), 0 (-15 to +15), +15 1056 
(+15 to +30), +30 (+30 to +45), etc.     1057 
 1058 
 1059 
 1060 
 1061 
 1062 
 1063 
 1064 
 1065 
 1066 
 1067 
 1068 
 1069 
 1070 
 1071 



 

47 

 1072 
 1073 
Fig. 6. Distribution of SST and vertical wind shear during TRMM overpass as a function 1074 
of TC intensity change in the +24 h. The box of the Whisker represents 25%, median, and 1075 
75% percentiles, while two ends of the Whisker stand for 2% and 98% percentiles, 1076 
respectively. Labels in the x-axis represent value bins in such a way: -45 (-60 to -45), -30 1077 
(-45 to -30), -15 (-30 to -15), 0 (-15 to +15), +15 (+15 to +30), +30 (+30 to +45), etc. 1078 
Only data bins with TRMM overpass sample number > 20 are shown.  1079 
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 1097 
 1098 

Fig. 7. Lightning and radar convective proxy as a function of +24 h TC intensity change: 1099 
(a) mean flash density (FLD), and (b) volume of radar reflectivity > 30 dBZ between -5 1100 
to -40 C (VOL30), which is normalized by the mean rain area. All red and blue bars 1101 
represent inner core and outer rainband convection, respectively. Volume of 30 dBZ is 1102 
normalized by ratio of rain area to the mean rain area of all ITPs.  1103 
 1104 
 1105 
 1106 
 1107 
 1108 
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 1109 
 1110 
 1111 
 1112 
 1113 

 1114 

 1115 
Fig. 8. Same as Fig-7, but for TRMM convective proxies of (a) 20 dBZ echo-top height 1116 
(MAXHT20), (b) microwave polarization-corrected brightness temperature at 85 GHz 1117 
(PCT85), and (c) infrared brightness temperature (IR Tb). Note that MAXHT20 are in 1118 
95% percentile, while PCT85 and IR Tb in the 5% percentile.  1119 
 1120 
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 1121 
 1122 
Fig. 9. Flash density (left) and 30 dBZ echo volume (VOL30) between -5 and -40 C 1123 
(right) in the inner core region: (a)-(b) and outer rainband region: (c)-(d), as a function of 1124 
time period relative to the onset of TC weakening (green bars) and rapid intensification 1125 
(red bars).  1126 
 1127 
 1128 
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 1130 
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 1132 
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 1136 
 1137 
 1138 
 1139 
 1140 
 1141 
 1142 
 1143 
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 1144 
 1145 
Fig. 10. Flash density (FLD) in the INCO and OB regions as a function of +24 h TC 1146 
intensity change: rapid weakening (+24h wind change < -30 kt), average intensity change 1147 
(-30 kt < -24h wind change < 30 kt), and rapid intensification (+24h wind change > 30 1148 
kt). ITPs are categorized by: (a) All cases, (b) TCs after neutral ntensity change (-10 kt < 1149 
-24h wind change < 10 kt), (c) TCs after slow intensification (10 kt < -24h wind change < 1150 
30 kt), and (d) TCs after rapid intensification (-24h wind change > 30 kt).  1151 
 1152 
 1153 
 1154 
 1155 
 1156 
 1157 
 1158 

 1159 

 1160 

 1161 


