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Cloud electrification leads to the production of nitrogen oxides (NOx), which has an effect on ozone concentra-
tions. Currently large uncertainties exist regarding the contribution of lightning to the global and local NOx bud-
get, even on a per flash basis. Most lightning NOx (LNOx) models distribute the LNOx at reflectivities (Z) ≥ 20 dBZ
in the horizontal, while vertically, a Gaussian distribution function with a peak at −15 °C is used for cloud-to-
ground (CG) flashes and a bimodal distribution function with peaks at −15 °C and −45 °C is used for inter-
and intra-cloud (IC) flashes. This research aims to improve our basic understanding of lightning location relative
to radar Z as a function of storm and flash type. Using data from the North Alabama Lightning Mapping Array
(NALMA) and the Multi-Radar Multi-Sensor data suite, the results from analyzing a multicell storm, mesoscale
convective system and supercell storm showed that 29.7%, 15.9% and 6.9% of all flashes initiated in regions
where Z b 20 dBZ, respectively. The bimodal lightning initiation distribution for IC flashes was also not observed
for any of the three storms. In addition, it is shown that when incorporating the propagation of the flash, the per-
centage of NALMA lightning sources located in regionswhere Z b 20 dBZ increases. Finally, when comparing flash
types, the results show that Hybrid flashes have consistently larger sizes than IC and CG flashes, while IC and Hy-
brid flashes tend to have more sources located at Z b 20 dBZ than CG flashes.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Cloud electrification is known to play an important role in the produc-
tion of nitrogen oxides (NOx), which has an effect on ozone (O3) concen-
trations. Stratospheric O3 is important as it shields the Earth from the
Sun's harmful radiation, but tropospheric O3 absorbs infrared radiation,
making it a greenhouse gas and a harmful pollutant. Davis et al. (1987),
Murphy et al. (1993) and Hauglustaine et al. (2001) found that NOx con-
centrations in the upper (10–15 km) tropical troposphere are substantial,
but that these concentrations are highly variable, while Singh et al.
(1996), Zang et al. (2003) and Schumann and Huntrieser (2007) state
that lightning is the dominant source of NOx production in the upper tro-
posphere. Thus, improving the modeling of lightning-produced NOx

(LNOx) is very important, while numerical modeling of lightning flash
type, rate, and length are significant due to their hypothesized role in
the production of NOx (Price et al., 1997; Pickering et al., 1998; Wang et
al., 1998; DeCaria et al., 2000, 2005; Dye et al., 2000; Ott et al., 2007;
Barthe and Barth, 2008; Barth et al., 2015). Various methods exist to
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calculate and disperse LNOx in a cloud; some of the differing methodolo-
gies are related to: (1) flash type, (2) flash size, (3) lightning location rel-
ative to altitude and reflectivity (Z), and (4) flash initiation. However
none of thesemethodologies take storm type orflashpropagation into ac-
count even though enough evidence exists to show that different storm
types will have different charge structures and therefore different flash
initiation and propagation characteristics (Marshall and Rust, 1991;
Stolzenburg et al., 1994, 1998a, b, c; MacGorman and Rust, 1998;
Schuur and Rutledge, 2000; Rakov and Uman, 2003). This research there-
fore aims to improve on the current lightning characteristics incorporated
into LNOx modeling schemes by (1) distinguishing between three storm
types (i.e., multicellular storm, mesoscale convective systems [MCSs]
and a supercellular system), (2) distinguishing between three flash
types (i.e., intra- and inter-cloud [IC], cloud-to-ground [CG] and Hybrids)
and (3) including flash propagation instead of only using flash initiation
or return stroke information. Although the analysis presented herein is
based on only three storms (one of each type), future analysiswill include
multiple storms from each storm type.

2. Background

It is widely accepted that electrification is caused by the interaction
of graupel and ice particles in the presence of supercooled liquid
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water through the non-inductive charging method (Takahashi, 1978;
Saunders et al., 1991; Saunders, 1993; MacGorman and Rust, 1998;
Rakov and Uman, 2003). Numerous studies have specifically examined
the relationship between kinematic and microphysical properties of
convective storms and their electrical behavior. Goodman et al.
(1988), Carey and Rutledge (1996, 2000), Jameson et al. (1996), Bringi
et al. (1997), Lang and Rutledge (2002), Wiens et al. (2005), Kuhlman
et al. (2006), Bruning et al. (2007), Deierling and Petersen (2008),
Deierling et al. (2008), and Mecikalski et al. (2015) reported that kine-
matic and microphysical radar properties trend well with lightning
flash rates. The most important finding is that ice processes occurring
in the mixed phase region (0 °C to −40 °C) are critical for lightning to
be observed. However, little research exists relating these radar proper-
ties to all components of a flash. This is partly because oneneeds various
lightning instruments in order to record all the information from a light-
ning flash (such as a LightningMapping Array [LMA] network, a Nation-
al Lightning Detection Network™ [NLDN], electric field mills, and many
more, that range from the very low frequency [VLF] to the very high fre-
quency [VHF]) as each of these instruments record a different character-
istic of a flash. For instance, NLDN records the current, multiplicity,
latitude and longitude location of a return stroke at the ground, so
there is no information on the flash propagation within the cloud.
LMA, on the other hand, records information on electrical breakdown
near the leader tip of a flash, but has no information about the return
stroke.

Even with this lack of multiple lightning instruments observing the
same storm, the combination of results from diverse research experi-
ments has given us enough insight to understand that different storm
types (such as multicellular storms, MCSs and supercells) will produce
different electrical structures and therefore different lightning charac-
teristics. Also, based on environmental characteristics needed for orga-
nization and longevity of storms (such as directional and speed shear
in the lowest 6 km of the atmosphere, convective available potential en-
ergy [CAPE], moisture) and previous research that have shown that
flash rate and updraft speed are correlated, storms with stronger up-
drafts (i.e., supercells) will have higher flash rates than storms with
weaker updrafts (i.e., ordinary multicells). Furthermore, Carey et al.
(2005), Dye and Willett (2007), Ely et al. (2008), Hodapp et al.
(2008), Bruning and MacGorman (2013), and Calhoun et al. (2013)
showed that flash sizes varied depending on the location within MCSs
and supercells. Bruning and MacGorman (2013) specifically found an
anti-correlation between flash rates and flash sizes for a supercell
storm while Mecikalski et al. (2015) found this anti-correlation for a
multicell storm.

There is also large variability in the charge structure within storms,
although it is widely accepted that thunderstorms exhibit a dipole or
tripole structure, with regions of opposite charge occurring in vertical
layers (MacGorman and Rust, 1998; Rakov and Uman, 2003). Some
studies have shown that this dipole/tripole structure may not be suffi-
cient for all storm types (Marshall and Rust, 1991; Stolzenburg et al.,
1994, 1998a, b, c; Schuur and Rutledge, 2000). The charge regions
(CRs) are related to the different charges that each hydrometeor carries
(i.e., graupel, ice) after small-scale charge separation occurred in the
cloud. The charged hydrometeors will then either be lofted by the up-
draft to higher altitudes, or fall due to gravitational forces to lower alti-
tudes in the cloud, leading to storm-scale charge separation. The
amount and vertical location of CRs in a cloud seem to be a function of
both temperature and storm type (i.e., Marshall and Rust, 1991;
Stolzenburg et al., 1998a, b, c; MacGorman and Rust, 1998; Schuur
and Rutledge, 2000; Rakov and Uman, 2003). Stolzenburg et al.
(1998c) showed that the main negative CR is located at−16 °C in con-
vective regions of MCSs, at−22 °C in supercell updrafts and at−7 °C in
NewMexican mountain storm updrafts (of the multicell type). In addi-
tion, Stolzenburg et al. (1998a) found at least four (six) CRs existed
within (outside) updrafts of convective regions of MCSs, while Schuur
et al. (1991) indicated that there were five CRs in the transition zone
of MCSs, plus Stolzenburg et al. (1994) and Schuur and Rutledge
(2000) showed that there were up to five CRs in the stratiform regions
of MCSs. On the other hand, Stolzenburg et al. (1998b) found that with-
in (outside) the updraft core of supercells, there were at least four (six
to eight) CRs. In the “middle of small, isolated storms”, as noted by
Marshall and Rust (1991) it was found that anywhere between 2 and
7 different CRs existed, depending on the location of the storm
(Alabama versus Oklahoma or New Mexico). Besides these differing
CRs, research has shown that lightning in multicells tend to be concen-
trated in or near the updraft and reflectivity cores, while in supercell
storms, lightning tends to be located outside the updraft and reflectivity
cores, andwithin areas of reflectivity gradients (Ray et al., 1987; Steiger
et al., 2007) while propagating either within the updraft core or into the
anvil region (Weiss et al., 2012). However, both Kuhlman et al. (2009)
and Weiss et al. (2012) observed lightning in supercells that initiated
in the anvil region, while Kuhlman et al. (2009) noted that some flashes
initiated in the anvil region and propagated towards the convective
cores. For MCS storms, Carey et al. (2005) and Hodapp et al. (2008)
noted that lightning tended to occur in a rearward and downward
fashion from the back of the convective line into the stratiform region.
Interestingly, Vuković and Ćurić (1998, 2005), using a 1-D cloud
model, found that acoustic-electric effects caused by lightning may
lead to enhanced droplet coalescence processes shortly after lightning
occurs. This acoustic-electric coalescence process leads to larger drops
and therefore could lead to an increase in Z in regions where lightning
occurs. Therefore, the relationship between lightning and its effect on
the droplet spectra is also important. Due to the above, it is evident
that when doing LNOx research, one has to distinguish between storm
types, as each storm type has different lightning characteristics and
thus should have different LNOx characteristics.

In addition to storm type not currently being taken into account in
LNOx modeling, large uncertainty exists regarding LNOx production on
a per flash basis (DeCaria et al., 2000). There is disagreement in the lit-
erature as to whether CG or IC flashes have different effects on NOx pro-
duction (Price et al., 1997; Pickering et al., 1998; Dye et al., 2000;
DeCaria et al., 2000, 2005; Ridley et al., 2005; Ott et al., 2007; Koshak
et al., 2014; Carey et al., 2016). However, Hybrid flashes (as described
by Bitzer et al., 2013) are effectively ignored or grouped into CG flashes
in all the LNOx algorithms that do include flash typing. In short, Hybrid
flashes are a combination of an ICflash, that usually travel large horizon-
tal distances, before eventually coming to ground as a CG flash (and
therefore producing a return stroke that is recorded by NLDN). Accord-
ing to Wang et al. (1998), Rakov and Uman (2003), and Barthe and
Barth (2008) flash length may be important in LNOx modeling, with
Barthe and Barth (2008) stating that large flashes (N30 km) contributed
up to 80% to the total NOx produced in their study, although these large
flashes only occurred 30% of the time. Defer et al. (2003), Ott et al.
(2007) and Carey et al. (2016) also incorporated flash sizes into their
calculations of LNOx and although Carey et al. (2016) did not specifically
separate Hybrid flashes from CG flashes, they showed that during times
of higher LNOx production, flash sizes were larger and these flashes
were Hybrid flashes.

Another weakness with current LNOx modeling schemes is where
LNOx is distributedwithin a storm associatedwith lightning production.
Barthe and Barth (2008) stated that the horizontal and vertical distribu-
tion of a flash is fundamental whenmodeling LNOx. Many of the current
LNOx parameterization schemes (i.e., Pickering et al., 1998; DeCaria et
al., 2000, 2005; Barthe and Barth, 2008; Ott et al., 2010) distribute the
LNOx uniformly in the horizontal where Z ≥ 20 dBZ. These methodolo-
gies also incorporate a vertical Gaussian distribution function for CG
and a bimodal distribution function for IC flashes to compute where
the NOx per flash will be distributed relative to a vertical temperature;
the altitude of the maximum negative charge density is chosen as
−15 °C for CG flashes and −45 °C (upper mode) and −15 °C (lower
mode) for IC flashes (see also Fig. 1 in DeCaria et al., 2000). The upper
mode of the vertical distribution of IC flashes is modified as needed to



Fig. 1. Summary depiction of the evolution of the MRMS radar and NALMA lightning structure in (a, b) the multicell storm cluster; (c, d) the MCS and (d, e) the supercells. Left (a, c, e)
shows Z (dBZ) at 2 km altitude in color shade and flash initiation points that occurred within 100 km from NSSTC in red circles while flashes that initiated outside this range are
shown in black circles. The red box depicts the radar and lightning analysis domain. Right (b, d, f) shows Z (in dBZ) at 8 km altitude in gray shade and all NALMA VHF sources
associated with the individual flashes (color coded by flash). Note that the Z scale for all panels is from 10 to 60 dBZ. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Table 1
Indicating how theflash typeswere grouped for the specificflash typing analysis.

Flash type Classified flash

CG Normal negative CG
Normal positive CG

IC Normal IC
Inverted IC

Hybrid Normal IC-CG Hybrid negative CG
Normal IC-CG Hybrid positive CG

Table 2
Summary of convective parameters for themulticell, MCS and supercell case days. For the
multicell, the UAHmobile RAOB that was taken near Capshaw, Alabama at 2037 UTC was
used. The 1200 UTC BMX sounding data was used for the MCS case, while the 0000 UTC
BMX on 20140429 was used for the supercell case, as this was more representative. Both
of these BMX sounding profiles were obtained from the UWYO website.

Convective parameters
20120521
2037 UTC

20140404
1200 UTC

20140429
0000 UTC

0–6 km shear (deep layer
wind magnitude
difference)

2.0 × 10−4 s−1

(1.2 m s−1)
3.2 × 10−4 s−1

(19.55 m s−1)
3.9 × 10−4 s−1

(23.7 m s−1)

CAPE 785 J kg−1 367 J kg−1 1,276 J kg−1

0 °C level 3.5 km 3.6 km 4.2 km
−10 °C level 5.5 km 5.3 km 5.5 km
−40 °C level 9.5 km 9.3 km 9.8 km

131R.M. Mecikalski, L.D. Carey / Atmospheric Research 191 (2017) 128–140
account for higher or lower cloud tops (Ott et al., 2010). These assump-
tions are based on results presented by MacGorman and Rust (1998)
who inferred their results after findings from Proctor (1991), which
was based on a total of 773 flash initiation points only. However, light-
ning initiates where there is a strong electric field and propagates into
regions where there is charge (i.e., as discussed in Bruning and
MacGorman, 2013). Furthermore, Boccippio et al. (2000) and Hansen
et al. (2010) showed that peaks in the vertical distribution of LMA
VHF sources (i.e., where flashes propagate) occur at different altitudes
than was found for flash initiation points only, even for the same region
when no distinction is made between storm types. As a result, one can-
not ignore the remaining VHF sources and one cannot assume that the
distributions are the same across different storm types. Moreover,
Ivanov et al. (2014) showed that the highest volume content of NO pro-
duction occurs at temperatures above a threshold between ~3,000 and
4,000 K, while stepped leaders have characteristic channel tempera-
tures of ~10,000 K, as summarized in Rakov and Uman (2003), and be-
cause LMA detects the location of a leader tip, all sources of a lightning
flash recorded by the LMA need to be taken into account when doing
LNOx production estimates. Therefore, based on the above, this research
is focused on improving our understanding of where lightning initiates
and propagates relative to Z and altitude (or temperature), as a function
of both storm and flash type.

3. Data and methods

The North Alabama LMA (NALMA) consists of a total of 13 VHF sen-
sors (11 sensors in northern Alabama and 2 sensors in north central
Georgia) and is centered over the National Space Science and Technolo-
gy Center (NSSTC, 34.724511 N, −86.644905 W) in Huntsville, AL
(Koshak et al., 2004; Goodman et al., 2005). Using Monte Carlo simula-
tions, Koshak et al. (2004) showed that within 100 km of the center of
the network, typical horizontal and vertical spatial errors of NALMA de-
tected sourceswere ~50–500mand on the order of ~1 km, respectively.
In this research, only flashes that initiatedwithin ≤100 km from NSSTC
were used in the analysis. However, all NALMA sources that were relat-
ed to these flashes were used in the analysis, so theremay be some hor-
izontal and vertical errors of N500 m.

The NLDN is a national lightning network across the continental U.S.
(CONUS) that operates at the low frequency to VLF range and was used
as a detector of CG andHybrid flashes in this study. Themedian location
accuracy error associated with return strokes is on the order of 200–
500 m (Cummins et al., 1998; and Biagi et al., 2007) and the detection
efficiency across CONUS is ~95% (Cummins et al., 2006; Cummins and
Murphy, 2009). In addition, a+15kA thresholdwas applied for positive
CG (+CG) flashes (Cummins et al., 1998, 2006; and Biagi et al., 2007).

The individual NALMA sources, together with data from the NLDN,
were clustered into a lightning flash, based on spatial (maximum of
3 km between individual VHF sources in x, y and altitude directions)
and temporal (maximum of 0.15 s between individual VHF sources
and 3 s for the entire flash) criteria, using xlma (Thomas et al., 2003).
A minimum of 10 VHF sources were required for it to be classified as a
flash in an attempt to remove erroneous radiation sources, such as
noise (Wiens et al., 2005; Murphy, 2006; Schultz et al., 2009). For the
flash initiation results, the first VHF source of each flash was used as
the flash initiation point. The flash size of each flash, as well as each IC,
CG and Hybrid flash was calculated as the square root of the convex
hull (or polygon) area surrounding the sources in the horizontal, as in
Bruning and MacGorman (2013) and Mecikalski et al. (2015).

As part of the flash clustering algorithm, each flash is classified per
flash type (using xlma, Thomas et al., 2003). There are 11 flash types;
for the overall flash results (i.e., when flash type is not specifically men-
tioned), all flash types were used and no distinction wasmade between
the flashes. For the IC, CG and Hybrid specific comparisons, only flashes
that were unambiguously classified (as in Table 1) were used in the
analysis. The reason for only using unambiguously classified flashes is
because even thoughmany LNOxmodeling studies distinguish between
IC and CG flashes (by using NLDN as a flash type distinguisher) no study
exists where Hybrid flashes were separately classified or where flash
size was calculated as a function of flash type. If the flash size is indeed
important in calculations of LNOx, then it is important to analyze the
sizes between these three flash types. Therefore, in order to not bias
the results, all ambiguously classified flashes (i.e., “unclassified IC” or
“unclassified flash”) were removed from the flash dataset used to com-
pare the IC, CG and Hybrid flash sizes.

TheMulti-Radar Multi-Sensor (MRMS) data suite has made it possi-
ble to do radar-related analysis over CONUSwith great ease. This system
creates mosaic datasets of multiple radar-based products by using over
140 WSR-88D radars. These radars have a 10.7 cm wavelength (S-
band), with a range of 460 km (300 km) for coastal (inland) radars
when Z ismeasured (Zhang et al., 2011). From these radars, quality con-
trolled 3D radar Zmosaic products are created in real-time over CONUS,
spanning−130 to−60° (West) and 20 to 55° (North), that is projected
on a cylindrical equidistant map with a resolution of 0.01° (~0.638–
1.045 km in the longitudinal and ~1.112 km in the latitudinal direction,
Lakshmanan et al., 2006, 2007, 2010; Zhang et al., 2004, 2005, 2011).
The temporal resolution varies from 5 min prior to August 2013,
where after it increases to 2 min.

The vertical profiles of lightning initiation and propagation informa-
tion are imperative, as flashes initiate and propagate relative to where
the CRs are located and these CRs are related to altitude and tempera-
ture profiles. As such, radiosonde data from the University of
Wyoming's upper-air soundings website (http://weather.uwyo.edu/
upperair/sounding.html) were used for the time and location closest
to the storm in question, which included Birmingham (BMX), Nashville
(BNA), the Redstone Arsenal and the University of Alabama in Hunts-
ville (UAH).

There were three storm types that were considered: (1) a multicell
storm that occurred on 20120521 during the Deep Convective Clouds
and Chemistry (DC3) Field Campaign (also refer to Mecikalski et al.,
2015; and Carey et al., 2016, for an in-depth analysis of this storm),
(2) an MCS that occurred on 20140404, and (3) a supercell system
that occurred on 20140428 over northern Alabama. Fig. 1 shows a sum-
mary depiction of the storms. Table 2, which is a summary of the con-
vective parameters for each storm, shows that the 0–6 km shear
increased from 2.0 × 10−4 s−1 for the multicell, to 3.2 × 10−4 s−1 for
theMCS and 3.9 × 10−4 s−1 for the supercell case. In addition, although

http://weather.uwyo.edu/upperair/sounding.html
http://weather.uwyo.edu/upperair/sounding.html


132 R.M. Mecikalski, L.D. Carey / Atmospheric Research 191 (2017) 128–140
the CAPE was higher for multicell (785 J kg−1) than for the MCS
(367 J kg−1), it was highest for the supercell case at 1,276 J kg−1.
These values of shear and CAPE roughlyfit the conceptualmodel ofmul-
ticells, MCSs and supercells (larger shear and CAPE values lead to more
organization of storms), and therefore, based on previous research
mentioned above, these three storms should exhibit different lightning
characteristics.

Once the storms were chosen, the MRMS radar data obtained and
the flashes clustered and classified as per the methods above, 2D histo-
gram plots and vertical profiles of where the lightning flashes initiated
and propagated were created for each storm. The 2D histogram data in-
volved obtaining the x, y and altitude location of each NALMA source
point and then finding the Z value for that location. The data were
binned into 5 dB intervals (for the horizontal axis) for 0.01 b Z
b 70 dBZ and into 1 km intervals in the vertical from0.01 kmto themax-
imum height of the LMA sources associated with a flash (which varied).
This 5 dB interval was chosen based on results from Gourley et al.
(2003) where it was found that calibration differences among 10
WSR-88D radars could be as high as 7 dB, while the mean difference
varied between ~0.5 and ~2.5 dB. In order to minimize this calibration
difference, MRMS incorporates an exponential weighting function, giv-
ing more weight to the closest radar and less weight to the radars fur-
ther away from the storm (Zhang et al., 2005). This 5 dB bin size
would then serve the purpose of (1) smoothing the data, and (2)
being mostly larger than the calibration differences, thereby also ac-
counting for possible inter-radar Z variations. A histogramwas then cre-
ated from either just the NALMA flash initiation point or for all VHF
sources related to each flash (i.e., where the flash propagated), on a
per-storm basis. The altitude of where the highest frequency of VHF
sources occurred was then obtained and related to a range of tempera-
tures for that altitude bin. These steps are repeated for all flashes, in-
cluding those obtained for each flash type (i.e., IC, CG and Hybrid
flashes).
4. Possible errors

As stated, both NALMA and NLDN have location and detection effi-
ciency errors; the largest location errors for NALMA occur in the vertical
and could be on the order of 1 km at distances of 100 km or more (as
modeled by Koshak et al., 2004). However, because a minimum of six
sensors are used to obtain the x, y, and altitude locations of a source,
these large location errors should be minimized. Histogram bin sizes
were set to 1 km to furtherminimize the effect of the location errors. Fi-
nally, due to the larger location errors in the vertical, it was decided to
not calculate the flash size relative to the “convex hull volume”, but to
only focus on the “convex hull area”. Also, Bruning and Thomas
(2015) showed that the vertical distribution of the total convex hull
channel length is approximately proportional to the vertical distribution
of all VHF sources related to aflash. Therefore using the vertical distribu-
tion of these sources to weight NOx production, as done by Hansen et al.
(2010), is appropriate (Bruning and Thomas, 2015).

Another point of error is related to the fact that all LMAs (and not
just NALMA) do not detect positive breakdown in the negative CR as
well as they detect negative breakdown in the positive CR, because pos-
itive leader breakdown radiates less power than negative leader break-
down. Thomas et al. (2001) found that the source powers recorded by
the New Mexico LMA ranged from 1 W up to 10–30 kW at 60–
66 MHz, and that ICs radiated more power than CG flashes. As such,
the first recorded LMA VHF source may not be the actual initiation
point. However, because so many flashes were used in this analysis,
and the focus is on the peak of the histogram, we are confident that
even if a few flash initiation points were not truly the initiation point,
our results are still valid. These sensitivities are another reason for
NOx schemes to start applying the region where flashes propagate and
using the “convex hull area” to calculate flash sizes – this way these
location and detection efficiency errors are minimized and one obtains
a more complete view of the flash.

NLDN is only used in the xlma algorithm to separate IC, CG and Hy-
brid flashes from each other. It is possible that because NLDN did not re-
cord a return stroke, or incorrectly recorded an IC return stroke as a CG
return stroke (and vice versa), that some of the flash types may be am-
biguous. However, xlma also takes leader velocity (i.e., direction and
speed), whether single or bi-level breakdownwas observed, and the lo-
cation where 75% of the sources occurred into account when classifying
flashes (Thomas et al., 2003). These ambiguously classified flashes are
therefore due to (1) initial velocity errors or (2) location and/or detec-
tion efficiency errors of both NLDN and LMA data.

In addition, because VHF source grouping into flashes is based on
time and location constraints, it is possible, especially for storms that
produce very high flash rates, that some flashes were either grouped
into a single flash, or a single flash was separated into more than one
flash. Because the multicell and MCS flash rates were ~5 min−1 and
~65 min−1, respectively, we were not concerned that the VHF sources
were incorrectly grouped into flashes. For the supercell, which had
flash rates of up to 585 min−1, there is a chance that some of the VHF
sources were not correctly grouped into flashes. However, the flash
rates were obtained over a 10,000 km2 area, while the flash algorithm
had a maximum distance of up to 3 km in the x, y, and altitude direc-
tions as well as a maximum time of 0.15 s between VHF sources in
order for a source to form part of the flash. Therefore, in spite of the
large flash rates of the supercell system, with the combination of the
horizontal distance, vertical distance and time constraints, we are fairly
confident that the VHF sources were correctly grouped into flashes.

Furthermore, not all of the VHF source points had co-located Z values.
This could be due to some hydrometeor Z values being erroneously re-
moved by the “clutter-removal” algorithm during MRMS processing. It
is also important to note that there could be gaps in the radar data; at
scan strategies higher than ~4.3°, the vertical spacing of the elevation an-
gles decreases relative to the beamwidth, while at scan strategies below
0.5°, there is a lack of sampling due to the earth's curvature. Both of
these could lead to ring-shaped discontinuities in the radar data (Zhang
et al., 2005). As such, whenever a VHF source point had no Z value co-lo-
catedwith it, the adjacent cell to the north, east, south andwest was test-
ed. If an adjacent point did have a Z, then this Z was used for the source
point. If there were still no Z values available, then the source point was
not included in the Z-source location calculations and therefore there
were VHF sources (including those from the initiation calculations) that
had no corresponding Z values. In some instances, this procedure would
also serve as a quality control step of theNALMAdata; if Z iswell-sampled
and quality controlled, then absent Z may imply that the VHF source was
mislocated or was associated with noise.

Finally, as stated in the Introduction section, the analysis presented
herein is based on only three storms,which undoubtedlymay introduce
uncertainties in the results, especially for the multicell case that pro-
duced only 104 flashes (21,866 VHF sources). However, the results for
the MCS and the supercell case should be more robust, as these storms
produced a total of 2,342 flashes (409,116 VHF sources) and 72,068
flashes (5,513,350 VHF sources), respectively, while in the domain.

5. Results

As stated, three storms have been analyzed thus far; the first is a
multicell storm that occurred on 20120521 during DC3 (Fig. 1a and b),
the second is an MCS that occurred on 20140404 (Fig. 1c and d) and
the third is an embedded supercell system that occurred on 20140428
(Fig. 1e and f). Note that for the supercell storm system, no distinction
was made between the individual supercells, as this is very difficult be-
cause the flashes propagated into adjacent cells and therewas no objec-
tive way to separate these flashes easily (see Fig. 1f). Fig. 2a, c, e shows
the results when doing the 2D histogram of all flash initiation altitudes
compared to Z for each storm type, while Fig. 2b, d, f shows the results
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for flash propagation, when no distinction is made between flash types
for themulticell (Fig. 2a, b), MCS (Fig. 2c, d) and the supercell (Fig. 2e, f)
storms. Note that for Fig. 2 only NALMA initiation and propagation
points with co-located Z values were included in the analysis; the per-
centages of points with Z values compared to all initiation points are
shown in the top left of each plot. As shown, the distribution of flash ini-
tiation points varies both in terms of Z and altitude (and temperature)
between the three storm types. In fact, for the multicell storm, 29.7%
Fig. 2. 2D histogram of flash initiation (left) and flash propagation (right) altitude compared to
(Fig. 2a) and 47.1% (Fig. 2b) of the flashes initiated and propagated in
Z b 20 dBZ, respectively. For the MCS these percentages are reduced to
15.9% (Fig. 2c) and 31.0% (Fig. 2d), respectively, while for the supercell,
these percentages are further reduced to 6.9% (Fig. 2e) and 11.7% (Fig.
2f), respectively. This shows that more flashes propagate into lower re-
flectivity regions, irrespective of storm type, which could have signifi-
cant impacts on where NOx is distributed in a storm. In addition, the
altitude (temperature) at which the flashes initiate and propagate also
radar Z for (a, b) the multicell storm, (c, d) the MCS, and (e, f) the embedded supercells.

Image of Fig. 2
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varies, depending on storm type (refer to Table 3).More specifically, the
temperature at which the maximum number of flashes initiated for the
multicell, MCS and supercell were−13.5 to−20.5 °C,−2.9 to−8.7 °C,
and −42.5 to −50.6 °C, respectively, indicating that the temperature
difference could be as small as ~10 °C, but also as large as ~40 °C, de-
pending on storm type. Furthermore, the temperature of the peak of
the vertical VHFflash propagation also varies per storm type; it occurred
at−28.3 to−36.2 °C for themulticell, while for theMCS and supercell,
the temperature changed to−22.5 to−31.1 °C and−42.5 to−50.6 °C,
respectively. Therefore, there are clear differences between where
flashes initiate and propagate relative to storm type. This is similar to
Hansen et al. (2010) who showed that the peak of the vertical VHF
source distribution occurs at higher altitudes, as compared to the VHF
flash initiation sources only, even when no distinction is made between
storm types. However, Hansen et al. (2010) did note that considerable
storm-to-storm and intra-storm variability occurred for four case stud-
ies that were analyzed. Our results show that for both the multicell and
theMCS, the distribution of the VHFflash propagation relative to the dis-
tribution of VHF flash initiation sources are shifted to higher altitudes
(colder temperatures). More specifically, there is a +2 km and a
+3 km increase in the peak altitude between where flashes initiated
and propagated for the multicell and MCS cases, respectively. For the
supercell case, there is no difference between the peak altitudes in
flash propagation versus initiation. This could be related to findings by
Pruppacher and Klett (1997) and Kumjian et al. (2012). Both showed
that larger precipitation drops can take up to 4 min longer to freeze
completely as compared to smaller precipitation drops at the same tem-
perature, while Kumjian et al. (2012) found that stronger updrafts will
lead to raindrops freezing at higher altitudes (colder temperatures) as
compared to weaker updrafts. These findings could then lead to the al-
titude where non-inductive charging dominates also being located at
higher altitudes (colder temperatures), while the charged particles
themselves will be lofted to higher altitudes due to the stronger up-
drafts. This process could then lead to the elevated dipole as described
by MacGorman et al. (1989), Lang et al. (2000), and Lang and
Rutledge (2002). In fact, Lang et al. (2000) found an anti-correlation be-
tween storm intensity and CG flash rates, which they stated supports
the elevated dipole theory. Although more detail about flash types is
given later in this paper, 14.42% and 14.01% of all the flashes produced
by themulticell andMCS cases (respectively)were unambiguously clas-
sified as CG flashes, while for the supercell case this is reduced to only
2.56%. These findings are in accordance with Lang et al. (2000),
indicating that for the supercell case, the main negative charge region
may have been lofted to higher altitudes as compared to the multicell
and MCS cases. Therefore, from our results, it seems that as the inferred
updraft strength and CAPE increases (i.e., MCS isweakest, aswe take the
stratiform region into account as well [thereby reducing the overall
inferred updraft strength], and the supercell is strongest), the altitude
of the peak of the flash initiation and propagation increases, while the
distance between the peak flash initiation and peak flash propagation
decreases.
Table 3
Altitudes and temperatures of the location of largest frequency of flash initiation and propagat

Initiation Altitude (km) Initiation tempera

20120521 All 6.0 to 7.0 −13.5 to −20.5
IC 6.0 to 7.0 −13.5 to −20.5
CG 2.0 to 3.0 10.8 to 3.8
Hybrid 7.0 to 9.0 −20.5 to −36.2

20140404 All 4.0 to 5.0 −2.9 to −8.7
IC 6.0 to 7.0 −15.3 to −22.5
CG 4.0 to 5.0 −2.9 to −8.7
Hybrid 6.0 to 7.0 −15.3 to −22.5

20140428 All 10.0 to 11.0 −42.5 to −50.6
IC 10.0 to 11.0 −42.5 to −50.6
CG 4.0 to 5.0 −0.5 to −8.0
Hybrid 10.0 to 11.0 −42.5 to −50.6
Fig. 3 is essentially a conversion of Fig. 2 from 2D to 1D as a function
of Z (Fig. 3a, c) and altitude (Fig. 3b, d) for flash initiation (Fig. 3a, b) and
flash propagation (Fig. 3c, d) for the multicell (in red), MCS (in green)
and supercell (in blue). From Fig. 3 it is clear that the distribution of
both flash initiation and flash propagation varies per storm type relative
to both Z and altitude (temperature) and therefore one cannot assume
that flash initiation and propagation is the same for different storm
types. More specifically, and in relation to the discussion for Fig. 2,
10.9%, 5.4% and 11.0% of all flashes initiated, while 5.6%, 2.0%, and
33.1% of all flashes propagated in regions where Z ≥ 40 dBZ for the mul-
ticell, MCS and supercell cases, respectively (see Table 4). Also, the peak
of the Z-distribution varied per storm type;most of the lightning initiat-
ed between 25 and 30 dBZ for both themulticell and theMCS, while for
the supercell, this peak occurred between 40 and 45 dBZ (Fig. 3a). On
the other hand, when flash propagation is taken into account (Fig. 3c),
these Z-peaks change to 15–20 dBZ for the multicell case, and to 20–
25 dBZ for both the MCS and supercell cases, with a secondary peak at
~40–45 dBZ, for the supercell cases.

Figs. 4–6 show the results for IC (Fig. 4), CG (Fig. 5) and Hybrid (Fig.
6) flashes specifically and are similar in description as for Fig. 3. The first
significant observation from Fig. 4b is that the bimodal distribution of IC
flash initiation points as applied by many LNOx studies (see references
above) is not observed and instead a single peak is observed for IC
flashes irrespective of storm type. The distribution of Z relative to
storm type for IC flashes also vary, with more flashes initiating (Fig.
4a) and propagating (Fig. 4c) at lower reflectivities for the multicell
and MCS as compared to the supercell storm (also refer to Table 4).
On the other hand, more IC flashes initiate and propagate in higher Z
(≥40 dBZ) for the supercell as compared to the multicell and MCS. Fur-
thermore, the altitudes of where IC flashes initiated (Fig. 4b) and prop-
agated (Fig. 4d) also varies for the three storm types, especially for the
flash initiation points, with IC flashes from supercells initiating at alti-
tudes ~4 km higher (~27 °C colder) than observed for the multicell
and MCS systems (refer also to Table 3 for IC, CG and Hybrid flash initi-
ation and propagation temperatures and altitudes). The elevated dipole
theory, as explained earlier, could also explain why IC flashes in the
supercell initiate and propagate at higher altitudes than the multicell
and MCS. These differences in initiation and propagation altitudes for
storm types are also applicable to the Hybrid flashes (Fig. 6). The differ-
ence in the CG flashes (Fig. 5) is not as apparent as for the IC (Fig. 4) and
Hybrid (Fig. 6) flashes.

Fewer CG flashes (Fig. 5) initiated and propagated into Z b 20 dBZ as
compared to IC flashes, while more CG flashes initiated and propagated
into Z ≥ 40dBZ (refer to Table 4) irrespective of storm type. The altitudes
of initiation and propagation of CG flashes were not much different be-
tween the three storm types and were centered around ~2.0–5.0 km
(~+5 to−5 °C), although this is at least 10 °Cwarmer thanwhat is cur-
rently used for the CG flash initiation distributions in LNOx models. On
the other hand, fewerHybrid flashes initiated at Z b 20 dBZ as compared
to IC flashes (Table 4), while the results for the Hybrid flash propagation
appear to fall between those found for IC andCGflashpropagations. Hybrid
ion per storm type.

ture (°C) Propagation altitude (km) Propagation temperature (°C)

8.0 to 9.0 −28.3 to −36.2
8.0 to 9.0 −28.3 to −36.2
3.0 to 4.0 3.8 to −2.0
9.0 to 10.0 −36.2 to −44.8
7.0 to 8.0 −22.5 to −31.1
7.0 to 8.0 −22.5 to −31.1
4.0 to 5.0 −2.9 to −8.7
8.0 to 9.0 −31.1 to −38.2
10.0 to 11.0 −42.5 to −50.6
10.0 to 11.0 −42.5 to −50.6
4.0 to 5.0 −0.5 to −8.0
10.0 to 11.0 −42.5 to −50.6



Fig. 3. Similar to Fig. 2, but showing the 1D histogram relative to Z only (a and c) and 1D histogram for flash initiation points relative to altitude only (b and d) for themulticell (red), MCS
(green) and supercell (blue) storms. The top row shows the results for the flash initiation points only and the bottom row shows the results for the flash propagation (i.e., all NALMA VHF
sources related to the flashes). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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flashes also have fewer flashes initiating and propagating at Z ≥ 40 dBZ as
compared to CGflashes, butwith comparable values as found for IC flashes.
This is not unexpected, as IC and Hybrid flashes tend to initiate and
Table 4
Percentage of VHF source locationswhere Z b 20dBZ and Z ≥ 40dBZ forflash initiation and
propagation per storm type.

Initiation Propagation

% Z b 20 dBZ % Z ≥ 40 dBZ % Z b 20 dBZ % Z ≥ 40 dBZ

20120521 All 29.7 10.9 47.1 5.6
IC 40.9 4.5 54.4 2.7
CG 20.0 33.3 13.8 18.4
Hybrid 14.3 0.0 43.2 6.6

20140404 All 15.9 5.4 31.0 2.0
IC 23.8 3.7 37.5 0.8
CG 11.8 7.4 13.1 8.9
Hybrid 19.3 4.5 38.0 0.7

20140428 All 6.9 11.0 11.7 33.1
IC 6.9 44.3 12.1 30.3
CG 4.8 62.0 4.3 48.9
Hybrid 6.6 49.2 16.7 24.5
propagate at higher altitudes in storms, where precipitation particle sizes
are usually smaller and frozen as compared to CG flashes that initiate and
propagate at lower altitudes where precipitation particle sizes are larger
and consist of a mixture of frozen and liquid particles. In addition, there
were differences of up to 4 km (~20 °C) and up to 2 km (~12 °C) in both
the Hybrid initiation and propagation altitudes, respectively, between the
multicell and MCS and the multicell and supercell storms.

Finally, Table 5 shows the percentage of occurrence of each flash
type relative to all flashes as well as how the mean size of each flash
type compares to the mean size of all the flashes. For all cases, Hybrid
flashes are consistently the largest; while IC's N CG's for the multicell
and MCS cases but bCG for the supercell case. In fact, Hybrid flashes
are at least 1.44 the size of IC flashes and N1.96 the size of CG flashes
for the multicell and MCS. For the supercell case, Hybrid flashes are
1.12 and 1.71 larger than the size of CG and IC flashes, respectively.
This could be related to the stronger updrafts in this type of storm,
which will lead to higher flash rates and thus smaller flash sizes across
the board (Bruning and MacGorman, 2013). For the multicell storm,
even though Hybrid flashes only made up 6.73%, while CG flashes
made up 14.42% of all the flashes (here “all” flashes includes the flashes

Image of Fig. 3


Fig. 4. Same as Fig. 3, but for IC flashes only.
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that are ambiguously classified), Hybrid flashes comprised 10.5% while
CG flashes comprised only 9.95% of the total size relative to all flashes
(the total size here means that all the sizes from all the flashes were
summed for the entire storm). For the MCS case however, Hybrid
flashes only occurred 16.23% of the time, but their total flash size contri-
bution to the storm is 26.20%, this is more than was obtained for the IC
and CG flashes. For the supercell case, Hybrid flashes actually occurred
more often than CG flashes (8.08% compared to 2.56%, respectively),
and also had a larger total size contribution as compared to CG flashes
(13.44% versus 3.82%); this, again, could be related to the elevated di-
pole theory (MacGorman et al., 1989; Lang et al., 2000; Lang and
Rutledge, 2002). The above shows that it is imperative to separately
classify Hybrid flashes from CG flashes in LNOxmodels that doflash typ-
ing and/or include flash size in their calculations (such as Pickering et
al., 1998; DeCaria et al., 2000, 2005; Defer et al., 2003; Ott et al., 2007,
2010; and Barthe and Barth, 2008). If Hybrid flashes are not separately
classified, and IC versus CG classification is dependent on NLDN only,
then Hybrid flashes will be grouped into the CG flash category. Thus, the
amount and location of LNOx production per CG flash typewill be skewed
due to: (1) Hybrid flashes being consistently larger in size than CG flashes
(as well as IC flashes) and therefore will lead to more NOx being produced
than CG flashes (as well as IC flashes) and (2) Hybrid flashes have more
VHF sources that initiate and propagate in regions where

Z b 20 dBZ as compared to CG flashes, while the vertical distribution
of VHF initiation and propagation sources are very different from CG
flashes, but similar to IC flashes.

Lastly, as the CAPE and the inferred updraft strength increased from the
MCS to themulticell and finally to the supercell, the overallmean flash size
per storm type decreased. This decrease in flash size as the inferred updraft
strength and CAPE increases also leads to more confidence that the xlma
flash grouping algorithm performed well for the supercell case, otherwise
theflash sizes for this casewould'vebeenmuch larger and the total number
of flashes would have been much lower.

6. Discussion and conclusions

Three storms were analyzed to compare their lightning characteris-
tics to radar Z and altitude. These storms included a multicell storm
(20120521), an MCS (20140404) and an embedded supercell system
(20140428) over northern Alabama. A total of 104 (multicell), 2,342
(MCS) and 72,068 (supercell) flashes were used in the analysis. It was
shown that even if oneonly compares flash initiation points, the altitude

Image of Fig. 4


Fig. 5. Same as Fig. 4, but for CG flashes only.
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and Z at which flashes initiate vary per storm type and could be related
to updraft strength. The peak of theVHFflash initiation source points for
themulticell occurred at higher altitudes (colder temperatures) than for
the MCS, but at much lower altitudes (much warmer temperatures)
than for the supercell, with a difference of up to ~6 km (40 °C) between
the three storm types. In addition, it is shown that LNOx cannot only be
distributed where Z ≥ 20 dBZ, as flashes both initiate and propagate in
regions where Z b 20 dBZ. It is also shown that more flashes initiate
and propagate in Z b 20 dBZ for the multicell than for the MCS and
supercell, while more flashes initiate and propagate in Z ≥ 40 dBZ for
the supercell than for the multicell and MCS. Therefore, even if no dis-
tinction is made between flash types, and only flash initiation points
are used in LNOx models, then differentiating between storm types
with respect to the vertical distribution of initiation points and horizon-
tal distribution of Z, will lead to improved LNOx production rates.

On the other hand, we show there is a clear difference between
where flashes initiate and propagate relative to both Z and altitude
(temperature) for all three storm types. In particular, we show that
the difference between the peak initiation and peak propagation altitude
decreases as the inferred updraft strength and CAPE increases, in accor-
dancewith the elevated dipole theory.We also show that it is important
to include the region where flashes propagate, as LNOx production is a
function of temperature, and LMAs record leaders with temperatures
N10,000 K. Therefore one cannot ignore these flash propagation regions
if accurate LNOx production is required. In fact, for the multicell, 29.7%
and 47.1% of all flashes initiated and propagated, respectively, in regions
where Z b 20 dBZ. Because multicellular convective storms occur most
often out of the three storm types analyzed, it means that at minimum,
30% of the LNOx that is produced by certainmodelswill be distributed in
the incorrect location for flash initiation points (both horizontally and
vertically) and this percentage is increased to almost half of the LNOx

production when one considers flash propagation. It is also shown
that more flashes propagate than initiate in regions of lower Z.

When flash typing is included in the analysis, we show that the bi-
modal vertical distribution of IC flash initiation points, that have been
used by many in current LNOx parameterization schemes, are not evi-
dent in the three storms analyzed here and that only a single peak is
found, irrespective of storm type. In addition, the −45 °C upper mode
in the bimodal distribution function is almost 30 °C too cold for themul-
ticell andMCS storms, but seems to be appropriate for the supercellular
storm. Even when flash propagation is included, this upper mode is too
cold by approximately 20 °C for both the multicell and MCS storms. For
CG flashes, it was shown that the peak of the distribution of flash initia-
tion and propagation VHF source points are located at temperatures

Image of Fig. 5


Fig. 6. Same as Fig. 5, but for Hybrid flashes only.

Table 5
Comparison showing the percentage of occurrence of each flash type relative to all flashes as well as how the mean size of each flash type compares to the mean and summed size of all
flashes.

Number of flashes Mean flash size (km) Total length (km) Percentage of all flashes (%) Percentage length to total flash length (%)

20120521 multicell
All flashes 104 8.11 843.10 100.00 100.00a

IC flashes 44 8.41 369.93 42.31 43.88
CG flashes 15 5.59 83.89 14.42 9.95
Hybrid flashes 7 12.65 88.55 6.73 10.50

20140404 MCS
All flashes 2,342 11.02 25,811.81 100.00 100.00a

IC flashes 441 12.40 5,466.92 18.83 21.18
CG flashes 328 9.07 2,973.49 14.01 11.52
Hybrid flashes 380 17.80 6,763.69 16.23 26.20

20140428 supercell
All flashes 72,068 5.73 412,784.43 100.00 100.00a

IC flashes 36,763 5.58 205,013.26 51.01 49.67
CG flashes 1,847 8.53 15,759.47 2.56 3.82
Hybrid flashes 5,825 9.53 55,485.15 8.08 13.44

a The total number of ambiguously classified flashes is 38 (36.5%), 1,193 (50.9%) and 27,633 (38.3%) for the multicell, MCS and supercell storms, respectively.
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almost 20 °Cwarmer for themulticell case and up to ~10 °Cwarmer for
both theMCS and supercellular storm cases. In addition, both IC and CG
flashes had initiation and propagation points in Z b 20 dBZ,with theper-
centage of occurrence in Z b 20 dBZdecreasingwith increasing storm in-
tensity. In fact, if one only takes the multicell storm into account, 40.9%
and 54.4% of IC flashes initiated and propagated, respectively, in regions
where Z b 20 dBZ, while these percentages are reduced by ~25 to 30%
for CG flashes. These findings clearly show that if LNOx is only distribut-
ed uniformly in regions where Z N 20 dBZ, and following a bimodal and
Gaussian vertical distribution function for IC and CG flashes, respective-
ly, while assuming all storm types have the exact same lightning charac-
teristics, one would incorrectly distribute the LNOx both horizontally
and vertically in a cloud.

Finally, past research also only distinguishes between IC and CG
flashes and either ignore Hybrid flashes or group these flashes with
CG flashes. It is shown herein that Hybrid flashes need to have their
own separate classification, as these flashes consistently have larger
sizes than both IC and CG flashes, irrespective of storm type. Also, Hy-
brid flashes, like IC flashes, initiate and propagate in lower Z's than CG
flashes. Because of this, Hybrid flashes cannot be ignored and also can-
not be grouped into the CG category. If Hybrid flashes are ignored, the
total LNOx production per storm may be reduced by at least 10% if
only flash size is taken into consideration; if Hybrid flashes are grouped
with CG flashes, the total LNOx production of CGs will be distributed in
the incorrect location, both vertically and horizontally, and the total
LNOx production from CGs will be increased if flash size is included in
the parameterization scheme.

Because the results herein are based on only three storms, it is clear
that a larger sample of additional storms are needed in order to verify
the above-mentioned results relative to storm and flash type. As such,
ongoing work includes analyzing numerous storms for each of these
storm types and statistically verifying the differences between the
storm and flash types. The results from this statistical analysis will be
used to create a methodology that is more appropriate for use in LNOx

parameterization schemes than is currently being used.
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Glossary

CG: Cloud-to-ground flash
CR: Charge (or charging) region
IC: Inter- or intra-cloud flash
LMA: Lightning Mapping Array
LNOx: Lightning-produced nitrogen oxides
MCS: Mesoscale convective system
MRMS: Multi-Radar Multi-Sensor
NALMA: North Alabama Lightning Mapping Array
NLDN: National Lightning Detection Network™
NOx: Nitrogen oxides, NOx = NO + NO2

NSSTC: National Space Science and Technology Center
VHF: Very high frequency
VLF: Very low frequency
Z: Horizontal reflectivity
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