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Abstract 27 

We investigate global atmospheric convection and thundercloud charging mechanisms using data from 28 

the World Wide Lightning Location Network (WWLLN) and passive microwave radiometer 29 

observations. The radiometric database is provided by the Tropical Rainfall Measuring Mission satellite 30 

(TRMM) Microwave Imager (TMI), and the Special Sensor Microwave Imager/Sounder (SSMIS) on the 31 

Defense Meteorological Satellite Program (DMSP) satellite F16.  Radiometric frequency channels range 32 

from 37 to 183 GHz, allowing observations related to several types of precipitating hydrometeors and 33 

vertical updrafts. For the first time, measurements from a land-based lightning network are compared with 34 

satellite microwave radiometric signatures from multiple platforms on a global scale, thus expanding and 35 

complementing the capabilities of previous lightning/radiometer studies. WWLLN lightning rates and 36 

minimum radiometer brightness temperatures (BTs) are compared for two northern and southern 37 

hemisphere summers (2009-2011) for the broad tropics.  We find that: 1) the probabilities of cold BTs, 38 

therefore frozen hydrometeors, increase about tenfold in lightning producing clouds compared with non-39 

lightning producing ones, and 2) BTs decrease with increasing lightning rates for all frequency channels 40 

examined.  These findings are generally independent of land, coast, and ocean regimes. However, the 41 

highest probabilities of cold BTs for non-lightning producing clouds are found over the ocean.  The 42 

results generally support the noninductive thundercloud charging mechanism for the tropics and 43 

subtropics. Moreover, WWLLN provides a similar picture of global convection related to BTs as satellite 44 

lightning sensors. Thus, WWLLN, or other similar global lightning networks, can potentially be used to 45 

fill gaps in satellite lightning and microwave radiometer data.   46 

 47 

 48 

 49 

 50 

 51 

 52 
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1. Introduction 53 

The present investigation uses two years of data from the World Wide Lightning Location Network 54 

(WWLLN), a ground-based, global network that continually measures lightning discharges, and a dataset 55 

of passive microwave radiometer observations at 37 to 183 GHz from two satellite platforms. The 56 

Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) provides brightness temperature 57 

(BT) radiances at 37 and 85 GHz, and the Special Sensor Microwave Imager/Sounder (SSMIS) on 58 

Defense Meteorological Satellite Program (DMSP) satellite F16 provides radiances at 91, 150 and 183 59 

GHz. The goals of this analysis are to: (1) describe global convection in terms of lightning rate and 60 

microwave radiometer data, and (2) study the fundamental relationships between lightning and cloud 61 

hydrometeor characteristics on a global scale, particularly ocean/land contrasts.  62 

 63 

There are tight relationships between lightning, convection, and cloud hydrometeor distribution and mass 64 

[e.g., Toracinta et al., 2002]. High concentrations of hydrometeors can be identified by increased radar 65 

reflectivity and decreased passive microwave BTs in the mixed phase region of a thundercloud (located 66 

around 0°C to -40°C) [e.g., Cecil and Zipser, 2002]. Numerous investigations have found high 67 

correlations between lightning flash rate and precipitation-sized ice mass or ice mass-related parameters, 68 

such as ice water path [e.g., Cecil and Zipser, 2002; Petersen et al., 2005; Latham et al., 2007; Deierling 69 

and Petersen, 2008; Pessi and Businger, 2009]. Moreover, lightning rates are well correlated with updraft 70 

velocities above a threshold of approximately 5 m/s in the mixed-phase environment [e.g, Deierling and 71 

Petersen, 2008].  72 

 73 

Lightning rates have also been compared with BTs derived from passive microwave channels, especially 74 

the ice-scattering signatures. BTs at 37 to 183 GHz are depressed via scattering of upwelling radiation by 75 

liquid and frozen cloud hydrometeors [e.g., Wu and Weinman, 1984].  Each frequency has different 76 

scattering properties, with higher frequencies more sensitive to smaller particles than lower frequencies. 77 

Moreover, the higher frequency channels are more sensitive to emissions by liquid water than the lower 78 
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frequency channels [Bennartz and Bauer, 2003], and although supercooled water in the mixed-phase 79 

environment is required for charge separation [e.g., Takahashi, 1984], some studies suggest that 80 

supercooled water emissions increase the BTs in the 37 -150 GHz range, masking the scattering signal 81 

from graupel at the same level. However, this effect has not been quantified [e.g., Cecil and Zipser, 2002]. 82 

Commonly used frequency channels reported in past studies are 37 GHz [e.g., Zipser et al., 2006; Liu et 83 

al., 2011], 85 - 91 GHz [Toracinta and Zipser, 2001; Boccippio et al., 2000; Nesbitt et al., 2000; Zipser et 84 

al., 2006; Cecil et al., 2002; Cecil et al., 2005; Kodama et al., 2007; Nakamura et al., 2011; Liu et al., 85 

2011], 150 - 157 GHz [Hong and Heygster, 2008; Nakamura et al., 2011], all of which are modulated by 86 

the ice layer. Other important channels, but not as commonly used, are the water vapor frequencies 183 ± 87 

1, 3 and 7 GHz, which are intense convection trackers [e.g., Hong and Heygster, 2008].  88 

 89 

Strong correlations between lightning and cloud ice-related parameters indicate that the noninductive 90 

mechanism plays a major role in cloud electrification, dominating the electric field growth and 91 

subsequent lightning production in all seasons, on a global scale, for oceanic and land-based 92 

thunderstorms [e.g., Latham et al., 2007]. This mechanism involves ice-ice collisional charging, is 93 

independent of external electric fields [e.g. Jayaratne et al., 1983; Takahashi, 1984], and relies on 94 

vigorous updrafts in the mixed phase region [e.g., Reynolds et al., 1957; Lang and Rutledge, 2002; Wiens 95 

et al., 2005; Deierling and Petersen, 2008].  The inductive mechanism, another mean of cloud charging, is 96 

described as a non-dominant process that, similarly to the noninductive mechanism, depends on 97 

hydrometeor collisions but requires external electric fields [e.g., Mansell et al., 2005]. Inductive charging 98 

might play a significant role in the final stages of field-growth, but the efficacy of this mechanism is 99 

reduced as the ice content increases in the mixed phase region [e.g., Petersen et al., 2005; Latham et al., 100 

2007]. Conversely, the noninductive mechanism relies on ice production rate. Thus, positive correlations 101 

between lightning rates and cloud ice concentration, and therefore BT depressions, support the 102 

noninductive mechanism rather than the inductive mechanism. 103 

 104 
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In the present analysis, intense convection and mixed phase cloud electrification in the tropics and 105 

subtropics are investigated by comparing continuous lightning measurements with microwave radiometer 106 

data from two satellite platforms. This includes probing the noninductive vs. inductive thundercloud 107 

electrification mechanisms on a global scale for land, coast, and ocean regimes. With the exception of 108 

Nakamura et al. [2011], who compared WWLLN data to AMSU-B radiometrics, all previous global 109 

lightning/radiometer studies used satellite lightning observations from the Lightning Imager Sensor (LIS) 110 

on TRMM or the Optical Transient Detector (OTD). Here, for the first time, lightning from a global, land-111 

based network (WWLLN) is compared with microwave data from multiple satellite platforms. 112 

 113 

2. Data and Methods 114 

The WWLLN (currently 60 stations worldwide, http://wwlln.net) provides real-time lightning locations 115 

globally by measuring the Time Of Group Arrival (TOGA) of Very Low Frequency (VLF) 116 

electromagnetic radiation (3-30 kHz) generated by lightning discharges [Dowden et al., 2002; Rodger et 117 

al., 2006].  The location accuracy and efficiency of WWLLN have been determined for certain regions of 118 

the globe by comparison to regional, ground-based, lightning detection systems [Lay et al., 2004; Rodger 119 

et al., 2005, 2006, 2009; Jacobson et al., 2006; Abarca et al., 2010; Hutchins et al., 2012a].  Rodger et al. 120 

[2009] used a comparison between WWLLN and the New Zealand Lightning Detection Network 121 

(NZLDN) and Monte Carlo simulation techniques to estimate the global location accuracy of WWLLN, 122 

and Abarca et al. [2010] conducted a performance assessment of WWLLN using the National Lightning 123 

Detection Network (NLDN) as ground-truth over the contiguous US.  In these studies, the overall 124 

detection efficiency of cloud-to-ground (CG) flashes increased from about 4% in 2006-2007 to about 11% 125 

in 2008-2009 (>30% for strokes with peak currents > 35 kA), and location and timing errors were less 126 

than 10 km and 10 microseconds, respectively.  In a comparison of WWLLN with the Earth Networks 127 

Total Lightning Network (ENTLN) for 2011 over the continental US, Hutchins et al. [2012a] found that 128 

the WWLLN detection efficiency was about 16% for CG strokes, 2% for in-cloud (IC) lightning, and 5% 129 

overall. The mean location accuracy was about 5 km, and for CG strokes above 20 kA the detection 130 

http://wwlln.net/
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efficiency increased to 38%. Approximately 64% of WWLLN-ENTLN matched lightning were CG 131 

strokes, whereas 19% of all ENTLN detected lightning were CG strokes.  Thus WWLLN detects both CG 132 

and IC lightning, but since it is biased towards lightning that radiate strongly in the VLF, it detects CG 133 

strokes more efficiently than IC lightning.  134 

 135 

Quantifying the detection efficiency of WWLLN is important for comparing lightning with radiometer 136 

data. Hutchins et al. [2012b] developed a technique to generate near real-time, global relative detection 137 

efficiency (DE) maps for WWLLN with a temporal resolution of 1-hr and spatial resolution of 1°×1°. The 138 

relative DE corrections account for changes in the ionosphere and the operational status of stations, and 139 

thus provide uniform global detection efficiency.  Relative DE corrections can be applied to all archived 140 

WWLLN data recorded since Apr. 2009, and we use only relative DE corrected data in our analysis. 141 

 142 

The radiometric database used in this study combines TMI and SSMIS/F16 measurements of BTs.  These 143 

are Level 1C data from Colorado State University (http://mrain.atmos.colostate.edu/LEVEL1C/). Table 1 144 

summarizes the characteristics of the TMI and SSMIS microwave channels we use. In addition to these 145 

channels, polarization corrected temperatures (PCT), a weighted difference of vertical and horizontal 146 

polarizations to minimize surface emissivity effects from land and ocean, are found for TMI 37 and 85 147 

GHz, and SSMIS 91 GHz channels [e.g., Nesbitt and Zipser, 2003].  TMI and SSMIS have some notable 148 

similarities and differences.  Firstly, both have conical scan geometries that provide uniform spatial 149 

resolution, polarization purity, and common concentric fields for all instrument channels across their 150 

swaths [Kummerow et al., 1998; Yan and Weng, 2009].   Moreover, both instruments are on low-earth 151 

orbiting (LEO) satellites allowing a particular region of Earth to be observed for only a few minutes each 152 

day.  Although both are on LEO satellites, their actual orbits are quite different.  The polar-orbiting 153 

DMSP satellites are in circular sun-synchronous low orbits (830 km altitude), and they cross the equator 154 

at the same local solar time (LST) twice each day, once ascending (N to S) and once descending.  155 

Specifically, during the years studied here (2009-2011), DMSP/F16 crossed the equator at about 19:00 156 

http://mrain.atmos.colostate.edu/LEVEL1C/)
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LST ascending and 07:00 LST descending with a period of 101 minutes (~14 orbits daily) (orbit 157 

degradation causes slow changes in these values over time; see 158 

http://www.ssmi.com/support/crossing_times.html).  In contrast, the TRMM orbit is circular, non-sun-159 

synchronous, and at an inclination of 35° (~400 km altitude) with a period of about 90 minutes (~16 160 

orbits daily) that allows it to observe surface locations at different daily local times and provide extensive 161 

coverage of the tropics. The main implication of these orbital differences is that SSMIS/F16 tends to 162 

observe thunderstorms that occur at about 19:00 and 07:00 LST, whereas TMI observes thunderstorms at 163 

various LSTs.  164 

 165 

The TMI and SSMIS/F16 radiometers provide BTs with resolutions and swath widths as indicated in 166 

Table 1.  We parse these data by taking the minimum BTs in 0.5° × 0.5° mapping-bins for the TMI and 167 

SSMIS/F16 frequency channels listed in Table 1, and the corresponding calculated PCTs. WWLLN data 168 

are parsed in the same 0.5° × 0.5° mapping-bins by counting the number of DE-corrected lightning within 169 

± 15 min. of the BT measurements. Hence only WWLLN lightning coincident with BTs are considered. 170 

We thus define a data sample as one ± 15 min. lightning count and the minimum BTs for all channels and 171 

corresponding PCTs for each 0.5° × 0.5° mapping-bin scanned by TMI or SSMIS/F16.  Mapping-binned 172 

data for two northern and southern hemisphere summers are combined into a summer database, namely 173 

Jul., Aug., and Sep. (JAS) of 2009 and 2010 for 0°-35° N and Jan., Feb., and Mar. (JFM) of 2010 and 174 

2011 for 0°-35° S.  These mapping-binned data are then organized into ocean, coast, and land domains 175 

using 0.5° × 0.5° resolution, and lightning rates are converted into units of 1/km
2
/day.  In total, this 176 

analysis includes more than 7 million relative DE corrected WWLLN lightning events coincident with 177 

satellite radiometer observations from TMI and SSMIS/F16.   178 

 179 

Data presented in Figures 1, 2, and 3 require some additional processing using the mapping-binned data 180 

described above as input.  Namely, Figure 1 a and c display the probabilities of BTs below a given 181 

threshold and require at least five samples per 0.5° × 0.5° mapping-bin, where each sample must have a 182 
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minimum of two lightning counts (or 0.016 lightning 1/km
2
/day).  Figures 2 and 3 are scatter plots that 183 

present mapping-binned data redistributed by lightning rate in lightning-bins with a width of five 184 

lightning per ± 15 min. per 0.5° × 0.5° (or 0.08 lightning 1/km
2
/day).  To remove statistical outliers, only 185 

lightning-bins with at least five samples are included. Circles represent the average of minimum BTs 186 

within a lightning-bin and the error bars are the standard deviations of the BTs. 187 

 188 

3. Results and Discussion 189 

Figure 1 presents a time-integrated, panoramic view of the broad tropics (35 S to 35 N) from two ice-190 

scattering signatures, TMI 85 GHz PCT and SSMIS/F16 150 GHz H. The maps show the probabilities of 191 

cold BTs with and without lightning for the warm seasons of 2009-2010 in the Northern Hemisphere 192 

(JAS), and 2010-2011 in Southern Hemisphere (JFM). Figures 1a and c display the probabilities (in 193 

percent) of BTs below a threshold for TMI 85 GHz PCT and SSMIS 150 GHz H, respectively, for at least 194 

five samples per mapping-bin, where each sample must have a minimum of two lightning counts. The 195 

two-lightning count criterion is chosen to exclude mapping-bins with a single WWLLN DE corrected 196 

lightning event, which helps to assure that only active thundercloud cells are selected. The BT threshold 197 

for TMI 85 GHz PCT is 195 K, while the threshold for SSMIS 150 GHz H is 180 K.  These criteria are 198 

based on the population of BTs in terms of lightning rate as displayed in Figures 2b and 3b. As in Figures 199 

1a and c, Figures 1b and d also contain the probabilities of BTs. However, here the probabilities are 200 

conditioned to zero lightning in each 0.5° × 0.5° mapping-bin. The TMI 85 GHz PCT channel is one of 201 

the most commonly used frequencies for comparisons between an ice-modulated channel and lightning, 202 

and the SSMIS 150 GHz H results, also frequently used in such comparisons, are displayed here for 203 

comparative purposes. 204 

 205 

In general, the main convection regions shown in Figures 1a and c agree with the description by Mohr et 206 

al. [1999] as the areas where the majority of the tropical rainfall and the mesoscale convective systems 207 

occur, and by Boccippio et al. [2000] in terms of regional variability in the lightning distribution (see 208 
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Figure 1 in Mohr et al. [1999] and Figure 1 in Boccippio et al. [2000]). They used a database of 209 

precipitating cloud clusters from 85 GHz data for three consecutive months during each region’s wet 210 

seasons and found significant differences between their BT spectra. The present work confirms these 211 

areas as highly convective in the summer. Importantly, although there is good qualitative agreement 212 

between Figures 1a and c and Boccippio et al. [2000], the scope of this report is a global analysis. 213 

Detailed regional analyzes using WWLLN and microwave data are the focus of ongoing studies. Note 214 

that data are parsed using different months for each hemisphere (JAS for Northern Hemisphere and JFM 215 

for Southern Hemisphere), causing the apparent BT discontinuity around the equator. Overall, Figures 1a 216 

and c also qualitatively agree with Figure 1 of Petersen et al. [2005] (for example), who used LIS 217 

lightning and ice water path (instead of BTs) for summer months.  218 

 219 

According to Bennartz and Bauer [2003], the response of microwave BTs to ice scattering markedly 220 

increases with frequency and the 150 GHz channel is 2 – 2.5 times more sensitive to cloud water 221 

emissions than 85 GHz. Thus, the probabilities of cold BTs in Figure 1 are related mostly to ice and water 222 

scattering in clouds, possibly with a warming effect from supercooled water. The 85 GHz PCT and 150 223 

GHz probabilities are generally very similar for much of the globe.  But there are some differences that 224 

are likely attributed to the contrasting sensitivities to cloud hydrometeors, such as the presence of higher 225 

probabilities of colder BTs at 150 GHz H in the Sub-Saharan region in Figure 1c.  Bennartz and Bauer 226 

[2003] also found that the 85 GHz H/V channels are more affected by surface emissivity, but in Figure 1 227 

85 GHz PCT rather than V or H is presented, hence most of the surface effects are minimized.  However, 228 

ice and snow coverage in the Andes and Himalayan Mountain regions (for example) are likely causing 229 

anomalously low probabilities in Figure 1a and c and high probabilities in Figure 1b.  230 

 231 

Figures 1b and d display the probabilities of BTs conditioned to zero lightning. Note that there is an 232 

order-of-magnitude difference in the results with and without lightning, and that there are different color 233 

scales for 85 and 150 GHz. While, in the presence of lightning, the typical probability of BTs below the 234 
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thresholds for each channel is 50%, the probability of cold BTs in the absence of lightning is usually 235 

below 5% for both channels. Through the contrasts in BT probabilities with and without lightning, it is 236 

possible to see that, generally, if there is lightning present, then the BTs are colder.  In other words, 237 

lightning is associated with larger masses of frozen hydrometeors. These contrasts would be expected in 238 

the context of both the inductive and noninductive mechanisms of cloud electrification, as both involve 239 

collisions between hydrometeors. Figure 1 does not provide evidence that one mechanism would prevail, 240 

since the noninductive mechanism can only be probed by comparing the lightning rate with BTs 241 

(therefore mass of frozen hydrometeors). This relationship is presented in Figures 2, 3 and 4.  242 

 243 

An interesting feature of Figures 1a – d is the oceanic probabilities of BTs. Figures 1a and c indicate that 244 

the probabilities of cold BTs associated with lightning over the oceans are often high. Moreover, Figures 245 

1b and d show that the probabilities of cold BTs that are independent of lightning occurrence are higher 246 

over the oceans when compared to the land, especially around the equator. These results add to the 247 

findings of Xu and Zipser [2012], who pointed out that mixed-phase processes dominate continental 248 

convection, while only about 10% of the oceanic convection involves such processes. The noninductive 249 

mechanism requires the presence of supercooled water and vigorous updrafts in addition to frozen 250 

hydrometeors in the mixed phase region [Latham et al., 2007]. Thus, depressed BTs alone, which do not 251 

quantify supercooled water, are not indicators for cloud electrification over the ocean.  252 

 253 

To probe noninductive vs. inductive charging, scatter plots of average minimum BTs vs. lightning rates 254 

for land (green), coast (red), and ocean (blue) regimes are shown in Figures 2 (TMI) and 3 (SSMIS/F16). 255 

Circles represent the average of minimum BTs using a lightning-bin width of five lightning per ± 15 min. 256 

per mapping-bin° (or 0.08 lightning 1/km
2
/day), and the error bars are the standard deviations of the BTs.  257 

Outliers are removed by requiring at least five samples per lightning-bin. As described in Section 2, the 258 

lightning-bins used to find the averages and standard deviations in Figure 2 and 3 are distinct from the 259 

0.5° × 0.5° mapping-bins used to initially parse the data. Cubic least-squares fits to the average BTs (solid 260 
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lines connecting the circles) are shown, along with the total number of lightning used and removed in 261 

each regime. The cumulative distribution functions (CDFs) of the lightning rate samples for each channel 262 

are presented on the right ordinates.  263 

 264 

Figures 2 and 3 convey that increased lightning activity is associated with decreased BTs (hence 265 

increased frozen hydrometeor population) for all the channels, indicating that the noninductive 266 

mechanism plays a significant role in land, coast, and ocean regimes.  Although a cubic fit is chosen, the 267 

standard deviations are large, and thus this kind of relationship can be approximately linear, such as, for 268 

example, the results found by Petersen et al. [2005], or cubic, as proposed by Nakamura et al. [2011]. The 269 

only notable differences between regimes are seen at high lightning rates, where the negative trends of 270 

ocean regime curves are much weaker than land and coastal trends. This could be indicative of less 271 

dependence on the noninductive mechanism at high lightning rates over the ocean, but this is only 272 

speculative because the number of samples at high lightning rates is low.   273 

 274 

Figure 2a presents TMI 37 GHz PCT versus lightning rates, presenting a markedly weaker trend 275 

(compared to the other channels) between minimum BTs and lightning. This is due to the reduced 276 

response of this channel to ice particles as reported by Bennartz and Bauer [2003] (for example). Figure 277 

2b (TMI 85 GHz PCT) shows a strong relationship between frozen hydrometeors and lightning counts. In 278 

comparing Figures 2b (TMI 85 GHz PCT) and 3a (SSMIS 91 GHz PCT), the cubic fit curve is steeper for 279 

the 85 GHz channel. This could be the result of inherent, nonlinear physical differences between 85 and 280 

91 GHz ice scattering, such as reported by Hawkins et al. [2008], who compared SSMIS 91 GHz and 281 

Special Sensor Microwave/Imager (SSM/I) 85 GHz channels. Differences between the TMI and SSMIS 282 

sensors and platforms could also play a role. TMI 85 GHz has higher resolution than SSMIS 91 GHz (see 283 

Table 1), and TRMM observes storms at various local solar times (LSTs) while DMSP/F16 observes at 284 

fixed LSTs. And it should be noted that TRMM and SSMIS have not been cross-calibrated at these 285 

frequencies. For the three SSMIS water vapor channels (183.3 ± 1, ±3, ±7 GHz), two of which are shown 286 
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Figure 3, the BT depressions increase with channel width (183.3 ±3 GHz is not shown in Figure 3 but is 287 

intermediate in slope to 183.3 ± 1 and ±7 GHz). Moreover, the relationships between BTs and lightning in 288 

Figures 3b (SSMIS 150 GHz H) and 3d (SSMIS 183 ± 7 GHz H) are remarkably similar. This is because 289 

the 183.3 ± 7 GHz channel can view deeper into clouds than the other two water vapor channels [Burns et 290 

al., 1997; Hong et al., 2005], and, like the 150 GHz channel, is highly sensitive to frozen hydrometeors. 291 

These similar behaviors show that these two SSMIS channels deliver similar responses to intense 292 

convection.  293 

 294 

The cumulative distribution functions (CDFs) on the right ordinates of Figure 2 and 3 give the proportion 295 

(in percent) of the lightning rate sample population less than or equal to the lightning rate value on the 296 

abscissa. Steeper CDF slopes correspond to distributions with a higher percentage of lower lightning 297 

rates. The CDFs in Figures 2 and 3 present a different behavior than observed by Petersen et al. [2005], 298 

who found that the land regime was associated with a less steep CDF increase (compared with the ocean 299 

and the coast) and higher lightning rate sample population for higher ice water path values. Conversely, 300 

Figures 2 and 3 show that steeper CDFs are associated to the land regime. It is speculated that this 301 

difference can be explained by the types of lightning that WWLLN detects, since WWLLN is biased 302 

towards lightning that radiate strongly in the VLF, but it could also be due to different processing 303 

techniques employed by Petersen et al. to remover outliers. 304 

 305 

Figure 4 shows scatter plots of (a) TMI 37 vs. 85 GHz PCT and (b) SSMIS 91 GHz PCT vs. 150 GHz H 306 

with coincident mean lightning rates for land, coast, ocean and all three regimes integrated.  The objective 307 

here is to probe the noninductive mechanism by using dual-frequency space. Because the presence of ice 308 

particles noticeably depresses BTs at 37 and 85 GHz [e.g., Wu and Weinman, 1984], examining lightning 309 

coincidence with dual-channels such as 37 and 85 GHz corresponds to comparing lightning activity with 310 

a vertically-integrated ice water path weighted towards the larger frozen hydrometeors, although the 311 

presence of cloud water prevents the complete vertical characterization of the ice mass [e.g., 312 
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Vivekanandan et al., 1991; Cecil et al., 2005]. Unlike in Figures 2 and 3, no data are excluded from these 313 

plots, allowing the full picture of lightning rates to be presented with dual frequencies. As in Figures 2 314 

and 3, warmer BTs are related to decreased lightning rates, and the highest lightning rates are mostly at 315 

the coldest BTs, a result that is especially evident for the oceanic and coastal regimes.  In agreement with 316 

reports such as Cecil et al. [2005] and Nakamura et al. [2011], high lightning rates favor the right side of 317 

the population (towards higher 85 GHz PCT or 150 GHz H BTs).  Cecil et al. [2005] speculated that this 318 

could be due to the transition from Rayleigh scattering to Mie scattering as hydrometeor sizes change, or 319 

emissions from supercooled water or rainwater warming the higher frequency (85 and 150 GHz) 320 

temperatures and enhancing conditions for cloud electrification.  Both explanations have implications for 321 

cloud charging mechanisms and will be the focus of future analyses. The results presented in Figure 4 322 

evince a negative, although nonlinear, trend between lightning rates and dual frequency BTs. In the 323 

noninductive charging mechanism, lightning rates increase with increasing frozen hydrometeor mass (or 324 

BT depressions); thus, the data presented in Figure 4 support the noninductive mechanism and further 325 

solidify the results presented in Figures 2 and 3.  326 

 327 

4. Conclusions 328 

Lightning from a ground-based, global network and radiometer data from two satellite platforms were 329 

compared.  For the tropics and subtropics, it is found that the probabilities of cold brightness temperatures 330 

(BTs) increase by about one order-of-magnitude in lightning producing clouds compared with non-331 

lightning producing clouds, and BTs decrease with increasing lightning rates for all frequency channels 332 

examined.  These findings are generally independent of land, coast, and ocean regimes.  However, the 333 

highest probabilities of cold BTs for non-lightning producing clouds are found over the ocean.  The 334 

steepness of BTs vs. lightning rate trends depends on the frequency channel employed, with SSMIS 150 335 

and 183 ± 7 GHz H measurements showing nearly identical relationships to lightning. The quantitative 336 

results generally support the noninductive thundercloud charging mechanism, and they agree with 337 

previous studies that focused mainly on lightning and radiometer data at 37 and 85 GHz from the LIS and 338 
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TMI instruments on the TRMM satellite. Ongoing and future analyses include examining seasonal and 339 

regional variations of relationships between WWLLN lightning and microwave radiometer data, as well 340 

as case studies of storm systems such as mesoscale convective systems and tropical cyclones [Solorzano 341 

et al., 2011].  342 

 343 

Our results have important implications for future applications of data from VLF lightning networks such 344 

as WWLLN.  It is shown that these networks can provide a similar picture of global convection related to 345 

BTs as satellite lightning sensors such as LIS, even though VLF networks are biased towards strong 346 

lightning. Additionally, since low-earth orbiting satellites like TRMM and DMSP/F16 only observe a 347 

particular region on Earth for a few minutes daily, VLF networks can potentially be used to fill in these 348 

microwave radiometer data gaps.  The utilization of lightning data may become even a higher priority in 349 

the near future, as the number of space-borne observing instruments of NASA and NOAA may decline to 350 

25% of the current number by 2020 as reported by the National Academy of Sciences/National Research 351 

Council Report of May 2012 (https://download.nap.edu/catalog.php?record_id=13405).  This study has 352 

also helped to quantify lightning as a proxy for deep convection and cloud hydrometeor distributions for 353 

future geostationary lightning imagers such as the Geostationary Lightning Mapper (GLM) on the GOES-354 

R/GOES-S satellites scheduled to be launched starting in 2015 (www.goes-r.gov).  355 
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Tables and Figures 517 

Table 1: Satellite microwave radiometer data           518 

 519 
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 536 

 537 

 538 

Platform Orbit Instru

ment  
Scanning 

Geometry 

Frequencies 

(GHz) and 

Polarization 

Resolution or 

Effective Field of 

View (km) 

Swath 

Width 

(km)  

Operational 

Period 

Reference 

TRMM 35° / 

400 km 

TMI  Conical  37 V/H, 85 V/H 7 × 5 at 85 GHz 

16 × 9 at 37 GHz 

759 1997-present Kummerow et al., 

1998 

DMSP / 

F16 

Polar / 

830 km 

SSMIS Conical 91.7 V/H, 150 H, 

183.3 ± 1, 3, 7 H 

12.5  × 12.5 1707 2003-present 

 

Yan and Weng , 

2009 
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 555 

 556 

Figure 1: Probabilities of cold brightness temperatures (BTs) with and without lightning for warm 557 

seasons of 2009-2010 in the Northern Hemisphere (JAS) and 2010-2011 in the Southern Hemisphere 558 

(JFM). Percent of TMI 85 GHz PCT BTs below 195 K:  (a) for at least two lightning counts and (b) no 559 

lightning in 0.5° × 0.5° mapping-bins.  Percent of SSMIS/F16 150 GHz H BTs below 180 K:  (a) for at 560 

least two lightning counts and (b) no lightning in 0.5°× 0.5° mapping-bins.  Notable regions of convection 561 

include Central Africa, Madagascar, the Amazon Basin, the Congo Basin, Central America, Sub-Saharan 562 

Africa, India and Southeast Asia, East Pacific, and South Pacific Convergence Zone (SPCZ) as reported 563 

in Figure 1 of Mohr et al. [1999] and Figure 1 of Boccippio et al. [2000].  564 
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 573 

 574 

 575 

Figure 2:  TMI 37 (a) and 85 (b) GHz PCT brightness temperatures (BTs) vs. WWLLN lightning rates 576 

for land (green), coast (red), and ocean (blue) regimes during warm seasons of 2009-2010 in the Northern 577 

Hemisphere (JAS) and 2010-2011 in the Southern Hemisphere (JFM).  Lightning counts and minimum 578 

BTs are found in 0.5°×0.5° mapping-bins. Lightning occurred within +/- 15 min. of the BT observations. 579 

Circles are the averages of the minimum BT within the lightning-bins, and the error bars are the standard 580 

deviations of the BTs.  Cubic least-squares fits to the average BTs are shown as thick lines, and 581 

cumulative distribution functions (CDFs) of the lightning rate samples are shown on the right ordinate as 582 

thinner lines.  583 
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 604 

Figure 3: SSMIS/F16 91 GHz PCT (a), 150 (b), 183.3 ±1 (c), and 183.3 ±7 GHz H vs. WWLLN 605 

lightning rates. Data are from the warm seasons of 2009-2010 in the Northern Hemisphere (JAS) and 606 

2010-2011 in the Southern Hemisphere (JFM). See Figure 2 caption for details.  607 
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 637 

Figure 4: Scatter plots of (a) TMI 37 and 85 GHz PCT and (b) SSMIS/F16 91 GHz PCT and 150 GHz H 638 

along with mean WWLLN lightning rates.  Data are from the warm seasons of 2009-2010 in the Northern 639 

Hemisphere (JAS) and 2010-2011 in the Southern Hemisphere (JFM).  Lightning counts and minimum 640 

BTs are found in 0.5°×0.5° mapping-bins.  Lightning occurred within +/- 15 min. of the BT observations. 641 

 642 


