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This study integrates past research methodologies, data from the National Lightning
Detection Network (NLDN), and geographic information system techniques to
assess the lightning and severe weather hazard relationship for the 27–28 April 2011
United States tornado outbreak. NLDN and Doppler radar data are used to examine
the cloud-to-ground (CG) lightning characteristics associated with seven supercell
thunderstorms that produced long-track, significant and/or violent tornadoes. Analy-
ses indicate that CG lightning flashes alone do not provide enough information for
the detection of a lightning jump prior to tornadogenesis. All seven supercells were
dominated by negative-polarity CG lightning flashes; which is expected due to the
geographic location and elevated low-level moisture found in the outbreak environ-
ment. The correlation between low-level mesocyclone strength and total CG light-
ning flash rate was varied and inconsistent among all storms despite their formation
and sustenance in similar environmental and geographic space. Additional case stud-
ies, as well as climatological approaches, are required to discover if the varying
lightning–tornado relationships found in this study are consistent with other tornadic
environments.

Keywords: supercells; tornadoes; cloud-to-ground; lightning; mesocyclone;
geographic information systems; 27 April 2011

Introduction

Since the installation of the National Lightning Detection Network (NLDN) in the late
1980s, remotely sensed lightning attributes have been employed as useful nowcasting
tools for deep, moist convection (Cope, 2006; Kufa & Snow, 2006). Most notably, light-
ning characteristics and patterns associated with supercells, including those capable of
producing tornadoes, have been examined extensively using a variety of research and
geographical techniques. These methods include: relating updraft strengthening (weaken-
ing) to the production of convective hazards that include tornadoes, large hail, and down-
bursts (McKinney, Carey, & Patrick, 2009; Murphy & Demetriades, 2005); analyzing a
supercell’s charge structure and the surrounding environment’s role on modifying a
supercell’s charge structure (Smith, LaDue, & MacGorman, 2000); and assessing
lightning flash rates in relation to the timing of tornadogenesis (Bluestein & MacGorman,
1998; Carey, Petersen, & Rutledge, 2003; Knapp, 1994; Knupp, Paech, & Goodman,
2003; MacGorman & Burgess, 1994; McCaul, Buechler, Hodanish, & Goodman, 2002;
McDonald, McCarthy, & Patrick, 2006; McKinney et al., 2009; Perez, Wicker, & Orville,
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1997; Schultz, Petersen, & Carey, 2009; Seimon, 1993; Steiger, Orville, Murphy, &
Demetriades, 2005). Many of these studies contend that the timing of tornadogenesis and
lightning flash rate relationship could potentially provide a tool for operational forecasters
that would allow them to better predict tornadogenesis, increase lead time, and ultimately
save lives (Cope, 2006; Kufa & Snow, 2006).

This study integrates past research methodologies along with unique geographic
information system (GIS) techniques to analyze the cloud-to-ground (CG) lightning and
severe weather hazard relationship for the 27–28 April 2011 United States tornado out-
break. Data from the NLDN are used to examine the lightning characteristics associated
with seven supercell thunderstorms (11 tornado events) that produced long-track, signif-
icant, and/or violent tornadoes. Statistical and graphical analyses are used to determine
how each tornadic supercell’s total CG lightning flash rate varied throughout its life
cycle, and evaluate the strength of the relationship between total CG lightning flash rate
and low-level mesocyclone intensity.

Lightning and severe weather hazard relationship

A number of researchers have examined lightning flash rates in relation to severe
weather hazards; ultimately, a wide range of conclusions in the literature have been pre-
sented. For instance, Seimon (1993), Knapp (1994), Perez et al. (1997), and McDonald
et al. (2006) found that tornadogenesis had a tendency to occur during times of
decreased, or time-series minimum in, CG lightning flashes. Past research has also con-
cluded that there is a propensity for a rapid increase in total lightning flash rate when
large hail is reported (Changnon, 1992; Knupp et al., 2003; Lang & Rutledge, 2005;
MacGorman & Burgess, 1994; McCaul et al., 2002; McKinney et al., 2009; Shafer,
MacGorman, & Carr, 2000). Others have observed similar results to those who ana-
lyzed the lightning–hail or lightning–tornado relationships with severe downburst
events; their results suggest that the total lightning flash rate increased rapidly to its
maximum value and was followed by a rapid decrease in total lightning flash rate in
the moments prior to the wind event (Martinez & Schroeder, 2004; Seimon, 1993).
Numerous studies (e.g., Deierling & Petersen, 2008; Kuhlman, Ziegler, Mansell,
MacGorman, & Straka, 2006; Lang & Rutledge, 2002; Schultz et al., 2009; Wiens,
Rutledge, & Tessendorf, 2005) have illustrated the relationship between updraft inten-
sity in severe thunderstorms and lightning flash rates. More recently, total lightning
activity (CG plus intracloud) detected using the NLDN and a local lightning mapping
array (LMA) has proven useful in uncovering “lightning jumps” (i.e., a rapid increase
in lightning flash rate) prior to severe convective hazard production (Schultz et al.,
2009, Schultz, Petersen, & Carey, 2011). Greater updraft volumes and speeds are
highly correlated (r ≥ 0.8) to amplified lightning flash rate intensity because of the
increased hydrometeor concentrations in the mixed ice-phase region (Deierling &
Petersen, 2008). The elevated concentrations of hydrometeors in this region of a storm
leads to a higher number of collisions between graupel and ice crystals, ultimately pro-
moting greater charge separation and increased lighting activity (Deierling & Petersen,
2008). Thus, it is surmised that, given the strong (>40 ms−1; Knupp et al., 2013)
updraft velocities of the supercells on 27 April 2011, a relationship between lightning
flash rates and updraft (mesocyclone) intensity and, ultimately, tornado production
would be expected. Moreover, like Steiger et al. (2005) and Kufa and Snow (2006), we
contend that, to understand fully the lightning and severe convective hazard
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relationship, there needs to be a more comprehensive detailed approach to analyzing
these severe weather events and their associated lightning attributes.

Data and methodology

NLDN

The United States has the largest network of lightning detection instruments in the
world due to cooperation among government, private, and university sectors (Orville,
2008). The NLDN was the first lightning detection network implemented for the con-
tiguous United States. The system was placed into operation in the late 1970s and early
1980s and underwent considerable expansion during the late 1980s. The installation of
a lightning detection network permitted research into improving the understanding of
the spatial distribution and density of total lightning flashes and thunderstorms across
the contiguous United States (Orville, 2008).

A “total lightning” product, which is created by using the NLDN in combination
with data derived from an LMA, appears more efficient at the detection of lightning
jumps prior to tornadogenesis in comparison to utilizing CG data solely (Schultz et al.,
2009, 2011); however, current LMAs are not, at this time, intended for operational use,
restricting their suitability for real-time warning operations (Hodanish, Williams, &
Boldi, 2013). Further, the spatial extent of LMA networks – e.g., the North Alabama
LMA (NALMA), Washington DC LMA (DCLMA), Oklahoma LMA (OKLMA), and
Kennedy Space Center LMA (KSC LDAR) – are limited and do not provide complete
contiguous, or even regional, United States coverage. Hence, converse to the NLDN,
LMAs provide limited applicability for present-day operational forecasting situations
due to their restricted spatial coverage and operational usage status. While some of the
supercells examined in this particular study did occur within the NALMA domain, the
NALMA did not provide complete coverage for the southern and westernmost storms
evaluated. Furthermore, many supercell lightning attributes were not available for
NALMA-based analysis due to widespread power outages caused by the long-lived out-
break impacting the region (Carcione & Stano, 2012; NOAA, 2011). The primary moti-
vation for this research was to determine if CG lightning data from the NLDN, which
is operationally available, can be used solely in such an extreme severe weather situa-
tion to effectively analyze lightning flash rate characteristics and signals.

Employing similar statistical methods used for the detection of lightning jumps with
total lightning data (i.e., time rate of change of the total flash rate thresholds; Schultz
et al., 2009, 2011) is not valid when using CG lightning flash data from ground-based
sensors solely (Ronald L. Holle, personal communication, 2012). CG lightning flash
rates only represent a relatively small portion of the total lightning flash rates associated
with a particular storm. Yet, it is possible that total CG lightning flash rates may be a
proportional indicator of total lightning activity, thus providing useful information on
the total lightning flash rate and tornadogenesis relationship (Ronald L. Holle, personal
communication, 2012).

For this investigation, a lightning flash (CG lightning flash) is defined as the natural
occurrence of electric discharge of very short duration and high voltage (that comes
into contact with the ground) (Glickman, 2000; MacGorman, 1993; Schultz et al.,
2009). For each flash, the NLDN data-set includes location (latitude and longitude),
time (milliseconds), peak flash polarity (+ or −), amplitude (kiloamp (kA)), multiplic-
ity, and error ellipse values (km). In 2011, the NLDN had a self-reported (Cummins &
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Murphy, 2009) lightning detection efficiency of 99%, a flash detection efficiency of
95%, and a median location accuracy of 250–500 m. Variations in total flash density,
positive flash density, percent positive, first stroke peak currents for both polarities, and
multiplicity for both polarities seem to be influenced by topography (e.g., elevated ter-
rain (Kotroni & Lagouvardos, 2008) and large bodies of water).

April 2011 severe weather event overview and methodology

During April 2011, more than 600 tornadoes were documented in the United States,
making it the most active month for reported tornadoes on record (NOAA, 2011). Over
180 tornadoes were recorded during the 24-h period between 12:00 UTC 27 April and
12:00 UTC 28 April 2011 (NOAA, 2011). A total of 316 fatalities across six states
were reported with the 27 April 2011 tornado outbreak, making it the second-deadliest
day for tornadoes since record keeping began at the National Oceanic and Atmospheric
Administration (NOAA, 2011). Overall, the 27 April 2011 tornado outbreak was one of
deadliest and most destructive weather events in United States history.

For this investigation, seven long-lived, tornadic supercells (EF-3 or greater peak
damage rating and damage paths of 32 km or longer) that occurred during the time-
frame of 12:00 UTC 27 April to 12:00 UTC 28 April 2011 are examined using the
NLDN and Doppler radar data from the National Climatic Data Center’s (NCDC) radar
archive (Table 1; Figure 1). Employing spatiotemporal methodologies, we present a
comprehensive and controlled examination of the CG lightning flash–tornado relation-
ship of long-lived tornadic supercells that developed, matured, and evolved in an envi-
ronment and geographic region with similar kinematic and thermodynamic ingredients
(i.e., low-level moisture values, storm relative helicity, convective available potential
energy).

This study is the first to analyze the CG lightning–tornado relationship for such a
violent severe weather outbreak. Similar to past studies, this research contends that
lightning flash rates, in conjunction with radar observations and other forms of meso-
analysis, may be useful to understand better severe thunderstorm dynamics and evolu-
tion (e.g., Carey & Rutledge, 1998; Harlin et al., 2000; Kufa & Snow, 2006;
MacGorman et al., 1989; Steiger et al., 2005).

Data processing involved three main tasks: (1) concatenating and placing the
NLDN data into five-min lightning data bins, (2) converting the Doppler radar reflectiv-
ity data to shapefile format, and (3) combining and mapping CG lightning and radar
reflectivity data using GIS software. All +CG lightning flashes from 0.1 to 10 kA were
removed from the analysis because they are likely indicative of cloud discharges
(Bentley & Stallins, 2005; Cummins et al., 1998; Wacker & Orville, 1999). The filter-
ing of lightning flashes from 0.1 to 10 kA is attributable to the upgrade in the minimum
waveform width criterion that was implemented to detect large, long-duration cloud
pulses but, in turn, led to the misclassification of these large, long-duration intracloud
(IC), cloud-to-cloud (CC), or cloud-to-air (CA) lightning pulses as weak CG flashes
(Cummins et al., 1998). Evidence of this issue can be observed when examining peak
currents of +CG flashes for both 1994 (pre-NLDN upgrade) and 1995 (post-NLDN
upgrade) where the 1995 +CG flash detection counts were two times greater than those
of the 1994 + CG counts’ (Cummins et al., 1998). Though Cummins et al. (1998) sug-
gest that the NLDN lightning sensor instrumentation upgrade, as opposed to instrumen-
tation error, is responsible for the difference between 1994 and 1995 weak −CG
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detection counts, −CG lightning flashes from −10 to −0.01 kA were removed to avoid
any possible misclassification of IC, CC, CA flashes as CG lightning flashes.

Using methodologies similar to those used by Perez et al. (1997), Carey et al.
(2003), and Knupp et al. (2003), lightning data were separated into five-min intervals
or bins (e.g., 00:00:00 UTC–04:59.99 UTC, 05:00.00 UTC–09:59.99 UTC, etc.;
Figure 2). Five-minute time intervals were selected as an analysis metric since this
temporal binning most accurately resolved the lightning flash rates in comparison to the
10- and 15-min time periods (Perez et al., 1997; Figure 2).

Table 1. Summary of the NWS survey results for tornadoes produced by the seven supercells
examined in this study.

Storm Tornado location
Tornado
event

Peak
damage
rating

Path
length
(km)

Tornadogenesis
(UTC)

Tornado
dissipation
(UTC)

A Mississippi – Smithville;
Chickasaw county

A-1 EF-5 111.7 20:04 21:20

Alabama-Shottsville

B Alabama – Hackleburg;
Franklin, Lawrence.
Morgan, Limestone,
Madison counties

B-1 EF-5 212.5 20:05 22:20

C Mississippi – Neshoba,
Kemper, Winston,
Noxubee counties

C-1 EF-5 46.7 19:30 20:00

Alabama – Cordova;
Pickens, Tuscaloosa,
Fayette, Walker, Blount
counties

C-2 EF-4 187.4 20:40 22:50

Alabama – DeKalb
county

C-3 EF-5 54.4 23:19 23:56

Georgia – Catoosa county C-4 EF-4 80.5 00:15 01:02
Tennessee – Hamilton
county

D Tuscaloosa, AL D-1 EF-4 129.8 21:43 23:14
Birmingham, AL
Alabama – Jefferson, St.
Clair, Calhoun, Etowah,
Cherokee counties

D-2 EF-4 114.7 23:28 24:47

E Alabama – Greene, Hale,
Bibb counties

E-1 EF-3 116 22:30 23:55

F Mississippi – Smith,
Jasper, Clarke counties

F-1 EF-4 148.5 22:42 01:40

Alabama – Choctaw
county

G Alabama – Elmore,
Tallapoosa, Chambers
counties

G-1 EF-4 71.1 01:12 02:09
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Though past studies analyzed lightning flash rates 30 min prior to tornadogenesis
and 30 min following tornadolysis; for this particular study, each storm’s initial
lightning bin was created 15 min prior to the storm’s first tornado report (e.g., a tornado
is produced at 15:00 UTC, the initial lightning bin is then created for 00:00.00

Figure 1. Paths of the tornadoes produced by the seven supercells examined.
Note: The letters represent the storms that were responsible for producing the tornadoes and the
numbers represent the sequential order of the tornadoes produced by a particular storm through-
out the severe weather event. (e.g., C-2 was the path of a tornado produced by Storm C and was
the second tornado examined for supercell C within the research domain; cf. Table 1).
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UTC–04:59.99 UTC timeframe; Figure 2). This temporal restriction is attributable to
the speed at which the storms were moving (23 m s−1 or greater) and the exceptionally
rapid morphological evolution from convective initiation to isolated, unorganized cells,
to supercell storm structure within the early stages of storm life cycle that typified this
outbreak. As an example of this rapid evolution from isolated, unorganized cells to
supercells, Storm B (Hackleburg, AL EF5) underwent rapid intensification from an
isolated, unorganized cell (19:50.00 UTC) to producing a tornado (20:05.00 UTC) in
15–20 min. Similarly, each storm’s final lightning data bin was created 15 min after the
storm’s final tornado had been produced (i.e., a tornado dissipates at 01:00 UTC then
the final lightning bin is created for 01:10.00–01:14.99 UTC timeframe) (Figure 2).
The initial lightning bin had its lowest bound rounded down to the nearest five-min
integer if the tornado was not reported on a specific five-min integer (i.e., a tornado is
reported at 32:00.00 UTC then the initial lightning bin is rounded down and created
for the 10:00.00–14:59.99 UTC timeframe).

Manual and automated lightning determination methods

Properly determining, or matching, remotely sensed lightning flashes with their causa-
tive storm continues to be a challenge in lightning research (Kane, 1991, 1994; Perez
et al., 1997). For this investigation, both a subjective and objective method was
employed for CG lighting flash storm attribution.

First, a “lasso” method was used to determine and acquire the CG lightning flash
data that are associated with each storm for every time stamp (Figure 3). The lasso

Figure 2. A conceptual model of the five-min lightning data binning scheme and hypothetical
lightning flash rate for a tornadic storm based on previous literature (Perez et al., 1997). An
example of a storm’s lightning flash rate is overlaid to show how a local maximum prior to tor-
nadogenesis, a local minimum coincident with tornadogenesis, and an increase coincident with
tornado dissipation was evaluated.
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method selects or encapsulates, clusters of the CG lightning flashes given Doppler radar
base reflectivity imagery and the spatial extent of the storm. As in past research, a dis-
crete or isolated thunderstorm is defined as 40 dBZ base reflectivity radar pixels adja-
cent to each other (Bentley, Stallins, & Ashley, 2012; Falconer, 1984; Parker &
Knievel, 2005; Rickenbach & Rutledge, 1998). Determining the spatial extent of the 40
dBZ radar pixels adjacent to each other allowed for the separation and determination of
the discrete, isolated storms. Once the storm’s spatial extent was determined, a free-
handed boundary (i.e., lasso) was used to select all CG lightning flashes and Doppler
radar base reflectivity pixels associated with the storm (Figure 3). The selected CG
lightning flashes were then used to represent the total CG lightning flashes associated
with that storm over the given five-minute interval. The creation of a subjective,

Figure 3. Example of objective (automated) buffer and manual lasso lightning selection meth-
ods for Storm D/Tornado D-1 (22:07.00 UTC through 22:12.99 UTC). The solid line illustrates
the automated 30-km buffer being applied by selecting the storm center (highest reflectivity
value); dashed line illustrates the manual lasso; the star and asterisk indicate areas of differentia-
tion between the objective buffer and manual lasso methods discussed in the text.
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user-defined lasso around a particular storm is desirable because of the non-uniform
and/or inconsistent storm morphologies and characteristics (e.g., size, shape) associated
with each case and the characteristics of the severe weather event (e.g., multiple long-
lived supercells in close proximity to one another).

To compare the effectiveness of the manual lasso method, an objective (automated;
fixed-distance) buffer method was also used. First, an objective buffer of 30 km was
centered on the highest base reflectivity value for each reflectivity time stamp associ-
ated with a storm (Figure 3). Correspondingly, the CG lightning flash data associated
with the five-min data bin that overlapped the reflectivity time stamp were overlaid on
the radar data. The objective buffer then selected the CG lightning flashes within the
30-km radius, which were then used to represent the total CG lightning flashes for that
particular storm over the five-min interval. All CG lightning flashes that fell within the
30-km automated buffer radius were presumed to be the CG lightning flashes associ-
ated with the storm. The buffer radius of 30 km was chosen since, based on assess-
ments of a multitude of storms during the outbreak, that threshold appeared to most
accurately encompass the individual storms and their associated CG lightning flashes.

Comparisons of the manual lasso and automated buffer methods illustrate that the
manual lasso method performed better in determining the CG lightning flashes associ-
ated with a particular storm over a given five-minute interval (Table 2; e.g., Figure 3).
As an illustration of this comparison, the automated buffer recorded a greater number
of total CG lightning flashes throughout the life cycle of Storm D and included more
CG lightning flashes (57), which is primarily due to the greater spatial extent of the
automated buffer encompassing other discrete storms in close proximity (Table 2;
Figure 3). For this storm, the automated buffer contained 55 more +CG lightning
flashes than the manual lasso, which equates to a 9.6% difference (Table 2). Given the
relatively rare occurrence of +CG lightning flashes for this severe weather event, a per-
cent difference of 9.6% is noteworthy. The disparity in +CG lightning flash detection is
likely due to a supercell’s propensity to produce + CG lightning flashes in its forward-
flank downdraft (FFD) region (Bruning, Rust, MacGorman, Biggerstaff, & Schuur,
2010).

While increasing the automated buffer, spatial extent could potentially better capture
the + CG lightning flashes occurring in the FFD region of the supercell, it would also
result in greater likelihood for the detection of CG lightning flashes associated with
other discrete storms in close proximity (Figure 3; as indicated by the star and aster-
isk). Though the automated buffer had a sizeable spatial extent of 30 km and was cen-
tered on the highest radar reflectivity pixel of a particular storm of interest, it does not

Table 2. Storm D lightning counts from automated buffer and manual lasso methods. Values in
bold indicate greater automated buffer difference metrics.

Metrics
Automated

buffer
Manual
lasso

Absolute
difference

Percent
difference

Total CG lightning flashes 10,553 10,496 57 0.5%
Total +CG lightning flashes 543 598 55 9.6%
Total −CG lightning flashes 10,010 9898 112 1.1%
Mean total lightning flash

rate
47.97 46.80 – –
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always provide complete coverage of an isolated storm like a supercell which has
tendencies to continually evolve and display complex morphological structure.

Whereas employing TITAN (Dixon & Wiener, 1993), SCIT (Johnson et al., 1998),
and/or other storm-tracking algorithms allows for the employment of an objective lasso
lightning flash selection method, these algorithms tend to suffer from false mergers,
incorrect identification, tracking, and forecasting in cases where there are dense cells
whose shape changes rapidly (cf. Figure 1 in Han et al., 2009). Though the manual lasso
is variable in spatial extent and, by definition, requires subjective input, it is the optimal
method for determining the ‘natural’ spatial breaks or clusters in CG lightning distribu-
tion associated with multiple storms in close proximity for small sample size studies.

Relationships between CG lightning flash rate, tornado life cycle, and mesocyclone
strength

Time series analyses of total CG lightning flashes (both positive and negative polari-
ties), total +CG lightning flashes, total −CG lightning flashes, time of tornadogenesis,
duration of tornado, and time of tornadolysis were conducted throughout the life cycle
of each of the seven storms in the study. These time series permitted statistical evalua-
tions, such as percent difference, count, CG lightning flash rates, and measures of cen-
tral tendency (mean), which were used to evaluate each storm/tornado event in
comparison to the others. Further, they were used to assess if the following lightning
hazard associations occurred: lightning maximum prior to tornadogenesis, local mini-
mum coincident with tornado touchdown, an increase in total CG lightning flash rate
coincident with tornadolysis, and/or a polarity shift coincident with tornado touchdown
or during tornado production.

As in the work of Perez et al. (1997) and Gilmore and Wicker (2002), a local maxi-
mum in total CG lightning flash rate was defined as a peak in total CG lightning flash
rate in the 15 min prior to tornadogenesis, whereas a local minimum in total CG light-
ning flash rate concurrent with tornadogenesis was defined as a minimum in total CG
flash rate during the five-min lightning data bin that encompassed the time of touch-
down (Figure 2). An increase in total CG lightning flash rate coincident with tornadoly-
sis was defined as an increase in total CG lightning flash rate in the five min prior to
tornado dissipation or during the 5-min lightning data bin that encompassed the time of
tornado dissipation.

The low-level mesocyclone strength (measured from lowest elevation scan altitude
to 4 km or, effectively, 0–4 km AGL) for a select number of tornado events (A-1, C-2,
D-2, and E-1) within the research domain is examined and compared to their total CG
lightning flash trends. Rotational velocity (Vr) and azimuthal (rotational) shear (S) were
calculated and utilized to determine the strength of the low-level mesocyclone. As in
the work of Stumpf et al. (1998), Atkins, Bouchard, Przybylinski, Trapp, and Schmock-
er (2005), and Wolf (2006), rotational velocity (Vr) was defined as

Vr ¼ Vmax � Vmin

2
(1)

where Vmax and Vmin are the outbound and inbound storm-relative velocities, respec-
tively. Also, as by Stumpf et al. (1998), azimuthal (rotational) shear (S) was defined as

S ¼ Vr

D
(2)
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where D is the distance between Vmax and Vmin. Due to Doppler radar coverage issues
(i.e., power outages at National Weather Service facilities (Carcione & Stano, 2012;
NOAA, 2011) and the radar beam’s inability to sample the lowest 4 km of the storm,
precluding information on the strength of the low-level mesocyclone) some storms
within the research domain were excluded from this specific analysis. Once the rota-
tional velocity and azimuthal (rotational) shear values were calculated, they were com-
pared to total CG lightning flash rates throughout a specified time interval for a
particular supercell investigated.

Results

Individual storm analysis: CG lightning flash rates and polarity

Of the seven tornadic supercells investigated in this study, all experienced mean total
CG lightning flash rates greater than 11 flashes min−1 throughout their life cycles
(Table 3). The percentage +CG lightning flashes was 7.5% for the seven supercells,
which is much lower than the 22.9% found in Perez et al. (1997). Previous lightning
climatology research (Mäkelä, Pecca, & Shultz, 2010; Orville, Huffines, Burrows, &
Cummins, 2010) suggests that the geographic location and season of occurrence of this
particular event may be the reason +CG lightning flashes were less common. Moreover,
storms dominated by +CG flashes tend to occur in environments with drier low- to
mid-level tropospheric air. As illustrated by Carey and Buffalo (2007), storms consist-
ing of low (~32%) 700–500 hPa layer mean relative humidities, low (~14.2 °C) mean
surface dew points, low (~10.9 g kg−1) mean mixing ratios in the lowest 100 hPa of the
troposphere, higher (~2080 m) mean lifted condensation levels (LCL), and low (~2.7
cm) precipitable water (PW) values from the surface to 400 hPa are more often domi-
nated by +CG lightning flashes. Conversely, the supercells that occurred on 27 April
2011 formed in a favorable environment for the production of −CG lightning flashes
(i.e., low-level dew point temperatures greater than 20 °C and PW values greater than
3.5 cm; accessed via 22:00 UTC BMX RUC storm proximity sounding and 22:00 UTC
RUC model analysis) and contained storm characteristics commonly associated with
the production of −CG lightning flashes (i.e., LCL heights less than 800 m; Carey &
Buffalo, 2007). The storms assessed in this investigation had LCL heights of 400 m or
less, which are appreciably low compared to typical LCL heights associated with non-
tornado producing storms, non-significant tornado (EF2 or lower) producing storms,
and pulse-style storms (Coleman, Knupp, & Murphy, 2012; Rasmussen & Blanchard,
1998).

In addition to lower than average LCL heights, the supercells in the outbreak exhib-
ited higher than average freezing level (FL) heights. The lower than average LCL heights
and higher than average FL heights resulted in a greater warm cloud depth (WCD), which
can increase the efficiency of the relatively warm rain-collision-coalescence process and
lead to greater −CG lightning flash rates (Carey & Buffalo, 2007; Rosenfeld & Woodley,
2003). Though previous research (Kotroni & Lagouvardos, 2008) has indicated terrain
influences on lightning occurrence, we contend that terrain effects are negligible in these
cases, given the intense updraft velocities and intensity which had a much greater influ-
ence on lightning flash rates.

As illustrated by Carey and Buffalo (2007), the mean WCD depths and FL heights
for storms dominated by −CG lightning flashes are 2950 and 4070 m, respectively.
Conversely, storms represented by a majority of +CG lightning flashes exhibited mean
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WCD depths and FL heights of 1700 m and 3780 m, respectively. The storms on
27–28 April 2011 were characterized by lower than average LCL heights (<400 m) and
higher than average FL heights (>4500 m), which resulted in WCD of 4000 m or
greater (accessed via 22:00 UTC BMX RUC analysis storm proximity sounding and
18:00 UTC BMX observed sounding). These environmental characteristics and storm
features led to greater −CG lightning efficiency and, in turn, resulted in a much greater
percentage of −CG flashes in comparison to +CG flashes. Overall, the supercells that
occurred on 27–28 April 2011 were not only efficient producers of long-lived, long-
tracked, violent tornadoes, but they also produced greater CG lightning flash rates in
comparison to typical long-lived supercells assessed in prior research (Perez et al.,
1997).

Of the seven supercells examined, Storm B (Hackleburg, AL) was the most prolific
in terms of total CG lightning flash rate, exhibiting a mean total CG lightning flash rate
of 59.7 flashes min−1 (Table 3). Storm B had the greatest mean total lightning flash rate
because of its high liquid water, ice, and graupel content (i.e., it was a high-precipita-
tion supercell) as well as ice particle seeding from the anvil of an upstream storm.
Previous research has suggested that high liquid water, ice, and graupel content, as well
as ice particle seeding from an upstream storm, can lead to greater total lightning flash
rates (Brooks, Doswell, & Wilhelmson, 1994; Knupp et al., 2003; MacGorman &
Burgess, 1994; Saunders, 1994). Seeding occurs when an upstream storm’s anvil and
downstream storm’s mid-level precipitation processes interact (Knupp et al., 2003;
Figure 4); in these cases, the upstream storm lofts small hail and graupel that is then
carried downstream to the mid-levels of a downstream storm (Knupp et al., 2003).
Generally, ice particle seeding occurs when the maximum reflectivity cores of two iso-
lated storms are separated approximately 60–100 km from each other and their
mid-to-upper level storm motions are similar (Knupp et al., 2003). In the case of Storm
B (Figure 4), mid-to-upper level storm motions were analogous and the upstream
storm’s reflectivity core was 50–80 km from the core of Storm B, suggesting there was
ice particle seeding occurring, which ultimately enhanced Storm B’s precipitation effi-
ciency and CG lightning production (Knupp et al., 2003).

Lightning and tornado relationship

Examining lightning patterns of multiple long-lived supercells is paramount to under-
standing the potential lightning–tornado relationship. In this section, the CG lightning
attributes throughout the lifetimes of seven long-lived tornadic supercells (A-G) and 11
tornado events are assessed. Additionally, the low-level mesocyclone strength for a
selected number of tornado events (A-1, C-2, D-2, and E-1) within the research domain
is examined and compared to the total CG lightning flash trends associated with those
tornadic events.

Employing the five-min lightning data binning scheme, a majority of storms (5 of
7) experienced a local maximum in total CG lightning flash rate prior to tornadogene-
sis. However, only tornado events A-1, B-1, C-2, C-3, and G-1 (5 of 11) have a local
maximum using a three consecutive, five-min binning scheme (i.e., 15-min window;
Table 4; Figures 2 and 5). Given the variability in timing of a total CG lightning flash
maximum prior to tornadogenesis, the 15-min window provides the greatest confidence
in capturing a local maximum in total CG lightning flashes prior to tornadogenesis as
opposed to 10- or 5-min windows.
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While tornado events D-1 and E-1 initially appear to indicate a local maximum in
total CG lightning flash rate prior to tornadogenesis, further analysis indicates that these
events did not experience a local maximum in CG lightning flash rate (Figure 6). For
both of these events, the local maximum in total CG lightning flash rates is a decline
from a local maximum in total CG lightning flashes preceding the 15-min window
prior to tornadogenesis. Given this uncertainty, tornado events D-1 and E-1 were
recorded as having “not experienced” a local maximum in total CG lightning flash rate
prior to tornadogenesis (Table 4). Further, tornado event D-2 did not experience a local
maximum in total CG lightning flash rate in the 15-min window prior to tornadogene-
sis. Event D-2’s local maximum in total CG lightning flash rate is concurrent with the
increase in total CG lightning flash rate during tornado dissipation. Therefore, tornado
D-2 was also recorded as having “not experienced” a local maximum in total CG light-
ning flash rate in the 15-min window prior to tornadogenesis.

Figure 4. Doppler radar base reflectivity from KHTX at 21:15.58 UTC illustrating evidence of
downstream–upstream storm ice particle seeding. The arrow represents the storms’ directional
motion.
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Using the five-min binning scheme, four of the seven supercells assessed contained a
local minimum in total CG lightning flash rate coincident with tornadogenesis (Table 4;
Figure 5). Yet, only 5 of 11 tornado events affiliated with these storms (C-2, C-3, D-1,
F-1, and G-1) indicate a local minimum coincident with tornadogenesis (Table 4;
Figure 5). To objectively test the relationship and statistical significance of a lightning
jump prior to tornadogenesis, piecewise regression and spline regression modeling (with
known knots) were employed (Marsh & Cormier, 2002; McDowall, McCleary,
Meidinger, & Hay, 1980; Table 5). These tests permit the detection and evaluation of
statistical significance of lightning jumps prior to tornadogenesis using total CG lightning
flash rates. Tornado events A-1, C-2, D-2, and G-1 all illustrate statistically significant
lightning jumps prior to tornadogenesis for at least the 90% confidence interval, while
only tornado events A-1 and C-2 demonstrate statistically significant lightning jumps
prior to tornadogenesis for all confidence intervals (90, 95, 99%; Table 5).

Four of the seven storms (A, B, D, and G) examined illustrate an increase in total
CG lightning flash rates in the 5 min prior to or coincident with tornado dissipation.
Tornado events A-1, B-1, C-3, C-4, D-1, D-2, and G-1 (7 of 11) had an increase in
total CG lightning flash rates in the 5 min prior to or coincident with tornado dissipa-
tion (Table 4). While the five-minutes binning scheme indicates that 7 of 11 tornado
events experience an increase in CG lightning flash rates, 9 of 11 tornado events indi-
cate a decrease in total CG lightning flash rates in the five-min bin preceding the light-
ning bin coincident with tornadolysis. Thus, caution should be taken with these results
as there is substantial variability in lightning flash trends during tornado dissipation.

Contrary to the results of Perez et al. (1997) and (Martinez and Schroder, 2004), none
of the supercells presented in this investigation experienced a polarity shift that occurred
prior to tornadogenesis, or simultaneously with tornadogenesis (Table 4). The lack of
storms experiencing a polarity shift can be attributed to the time of year and location of
the of the severe weather event (e.g., early spring, Southeast United States), as well as the
moisture characteristics of the storms (i.e., the high dew point temperatures, high

Table 4. Lightning trends and attributes associated with each storm (A-G) employing the five-
minute lightning data binning scheme (U indicates experienced and X indicates not experi-
enced).

Storm
Tornado
event

Local max. total
CG flash rate prior
to tornadogenesis
(15-min window)

Local min. total
CG flash rate
coincident with
tornadogenesis

Polarity shift
coinciding with
tornadogenesis or
during tornado
production

Increase in total
CG flash rate
coincident with

tornado
dissipation

A A-1 U X X U
B B-1 U X X U
C C-1 X X X X

C-2 U U X X
C-3 U U X U
C-4 X X X U

D D-1 X U X U
D-2 X X X U

E E-1 X X X X
F F-1 X U X X
G G-1 U U X U
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precipitable water values, and low LCL heights; Carey & Buffalo, 2007; Mäkelä et al.,
2010; Orville et al., 2010). The majority of storms that commonly experience a polarity
shift typically comprise a majority of +CG lightning flashes during the early stages of the
thunderstorm life cycle (Carey & Buffalo, 2007; MacGorman & Burgess, 1994; Perez
et al., 1997; Seimon, 1993; Smith et al., 2000).

All storms examined in this investigation formed in a region of weak surface equiv-
alent potential temperature (θe) gradient and east of a surface θe maximum which likely

Figure 5. Temporal lightning trend analysis for Storms A-G.
Notes: Thick black lines indicate total CG flashes; gray lines with the triangle marker illustrate
total −CG flashes; gray lines with the square marker represent the total +CG flashes; thick gray
lines with no marker represent the duration of the tornado (cf. Table 1).
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Figure 6. Left column: Rotational velocity (Vr) and total CG flashes.
Notes: Solid black line represents the total CG flashes; darker gray line with the square marker
illustrates the rotational velocity at radar elevation angle 0.5°; light gray line with the diamond
marker indicates the rotational velocity at radar elevation angle 0.9°; gray line with the triangle
marker represents the rotational velocity at radar elevation angle 1.3°/1.4°. Right column: As in
the left column except for azimuthal shear and total CG flashes. Tornado events A-1 (panel A
and B); C-2 (panel C and D); D-2 (panel E and F); E-1 (panel G and H).
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influenced storm polarity characteristics. Storms that typically experience a polarity
shift have a tendency to propagate from a region of strong θe, experience weakening
updrafts, and are no longer able to support the mass of hydrometeors and ice aloft (cf.
figure 9 in Smith et al., 2000). This liquid water and ice fallout often results in a polar-
ity reversal (Smith et al., 2000). All storms examined in this study initiated downstream
and moved adjacent to the surface θe axis. Moreover, none experienced rapid updraft
intensification due to a sudden increase in buoyancy of low-level inflow air or abrupt
precipitation fallout that could have led to a CG lightning polarity shift (Smith et al.,
2000).

In comparison to the results found in previous studies (e.g., Carey et al., 2003;
Schultz et al., 2009; Seimon, 1993), the lightning–tornado relationships in the extreme
storms examined in this study were inconsistent and/or conflicting. This finding sug-
gests that storm-specific lightning production variables, such as updraft strength, hydro-
meteor content, FL heights, and WCD, may vary widely across spatial and
environmental spaces, leading to differences in total CG flash rates in individual
storms.

Lightning and low-level mesocyclone intensity

A storm’s updraft is a key factor in determining total lightning activity (MacGorman
et al., 1989; Ziegler & MacGorman, 1994). The relationship between lightning flash
rates and updraft intensity provides valuable information on a storm’s internal charge
and dynamical processes. Past studies have examined the relationship among low-level
mesocyclone intensity, CG lightning flash rates, as well as IC lightning flash rates and
have found that, as the low-level mesocyclone intensifies, the separation between upper
charge regions and lower charge regions of the storm increases while CG lightning
flash rates decrease (MacGorman et al., 1989; Ziegler & MacGorman 1994). Evidence
of this relationship is outlined in MacGorman et al. (1989) where it was established
that CG lightning flash rates were negatively correlated with cyclonic shear at the

Table 5. Significance testing using a piecewise linear regression and spline regression model
test with known knot locations. A U mark indicates a statistically significant lightning jump prior
to tornadogenesis utilizing the five-minute binning scheme; an X represents no statistically signif-
icant lightning jump prior to tornadogenesis utilizing the five-min binning scheme.

Confidence interval

Tornado event t P 90% 95% 99%

A-1 −5.639 0.000 U U U
B-1 1.273 0.214 X X X
C-1 −1.213 0.271 X X X
C-2 4.535 0.000 U U U
C-3 1.097 0.305 X X X
C-4 −0.710 0.496 X X X
D-1 0.722 0.478 X X X
D-2 2.783 0.015 U U X
E-1 0.850 0.406 X X X
F-1 −0.849 0.401 X X X
G-1 2.575 0.018 U U X
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low- and mid-levels of a storm (1.5 and 6 km). Accordingly, assessing the strength of
the negative correlation between CG lightning flash rate and low-level mesocyclone
intensity could provide insight into the lightning flash rate–tornadogenesis relationship
during the 27–28 April 2011 event.

An assessment of tornado events A-1, C-2, D-2, and E-1 revealed that the associa-
tion between low-level mesocyclone strength and the total CG lightning flash rate was
diverse and variable. Statistical tests were applied to examine further the relationship
between azimuthal (rotational) shear total CG lightning flash rates. Correlation coeffi-
cient values of −1.0 to −0.5 are argued to be of high strength −0.5 to −0.3 of moderate
strength, and −0.3 to −0.1 of weak strength, values greater than −0.1 are indicative of
little to no linear relationship between the two variables examined. All tornado events
assessed (A-1, C-2, D-2, E-1) were expected to have a negative correlation (r value
equal to −1.0 to −0.01) between rotational velocity or azimuthal shear and total CG
lightning flash rate.

Tornado event A-1 (Smithville, MS) illustrated a negatively correlated relationship
of moderate strength between azimuthal shear and total CG lightning flash rate, tornado
event D-2 exemplified a negatively correlated relationship of moderate-to-high strength
between rotational velocity and total CG flash rate, and tornado event E-1 had a nega-
tively correlated relationship of moderate strength between azimuthal shear (0.9° eleva-
tion angle) and total CG flash rate (Table 6; Figure 6). Tornado event C-2 did not
contain a statistically significant negative correlation between rotational velocity or azi-
muthal shear and total CG lightning flash rate using the one-tailed t-test (Table 6;
Figure 6).

Results suggest that the intensification or weakening of the low-level mesocyclone
is one of many dynamical processes that influence a supercell’s internal charge structure
that can affect the overall lightning production within the storm. These dynamical pro-
cesses include precipitation development within the supercell updraft and downdraft
regions (Bruning et al., 2010; MacGorman et al., 2005; Stolzenburg, Rust, & Marshall,

Table 6. Tornado events A-1, C-2, D-2, and E-1 regression analysis (R2), Pearson’s product-
moment correlation (r), significance testing with the t-distribution (t-calc; one-tailed; α = 0.05)
between total CG lightning flashes and rotational velocity (Vr)/azimuthal (rotational) shear (S) by
Doppler radar scan elevation angle; values in bold font represent moderate correlation strength;
values italicized illustrate significant correlation values.

Tornado event Statistic Vr (0.5) Vr (0.9) Vr (1.4) S (0.5) S (0.9) S (1.4)

A-1 R2 0.000 0.037 0.094 0.233 0.158 0.343
r −0.018 −0.194 −0.307 −0.482 −0.397 −0.586
Sig. test −0.079 −0.883 −1.441 −2.462 −1.934 −3.232

C-2 R2 0.404 0.394 0.436 0.102 0.094 0.120
r 0.635 0.628 0.660 0.320 0.307 0.346
Sig. test 4.275 4.270 4.570 1.752 1.706 1.952

D-2 R2 0.240 0.234 0.425 0.035 0.062 0.120
r −0.489 −0.483 −0.652 −0.186 −0.249 −0.346
Sig. test −3.125 −2.974 −4.787 −1.054 −1.382 −2.052

E-1 R2 0.052 0.039 0.003 0.037 0.257 0.004
r 0.228 −0.198 0.053 −0.192 −0.507 −0.064
Sig. test 0.968 −0.834 0.184 −0.805 −2.427 −0.224
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1998; Weins, Rutledge, & Tessendorf, 2005), hydrometeor type (Bringi et al., 1997;
Goodman, Buechler, Wright, & Rust, 1988; MacGorman et al., 2005; Weins et al.,
2005; Williams, Zhang, & Rydock, 1991), hydrometeor fall speeds (Gilmore & Wicker,
2002), and potential influence of lofted debris (Winn, Hunyady, & Aulich, 2000).

While the relationship between CG lightning flash rates and low-level mesocyclone
intensity is an indicator of a storm’s internal physical and dynamical processes, an
increase in total lightning flash rates (IC plus CG) during a time of low-level mesocyclone
intensification is principally due to an increase in IC lightning flashes (MacGorman et al.,
1989). Thus, the CG lightning flash rate and low-level mesocyclone relationship provides
little insight into the lightning flash rate and tornadogenesis connection.

Discussion and conclusions

This study examined the CG lightning–tornado relationship for a set of supercells that
occurred during the 27–28 April 2011 United States tornado outbreak. While past
research has explored the lightning and severe weather hazard connection, no investiga-
tion has observed the lightning–tornado relationship for such a violent severe weather
event. Moreover, this research analyzed the CG lightning characteristics of multiple,
long-lived, tornadic supercells that formed in a similar kinematic and thermodynamic
environment.

Results on the CG lightning–tornado relationship indicate that only 3 of the 11 tor-
nado events demonstrated a local maximum in total CG lightning flash rate prior to tor-
nadogenesis and a local minimum in total CG lightning flash rate coincident with
tornadogenesis utilizing the five-min binning scheme (Table 4). Seven of eleven torna-
dic events exemplified an increase in total CG lightning flash rate in the 5 min prior to
or concurrent with tornadolysis (Table 4).

An examination of the low-level mesocyclone intensity in relation to total CG light-
ning flash rate led to inconsistent results, suggesting that that low-level mesocyclone
strengthening (weakening) is only one of many potential dynamical processes that
influence a storm’s internal charge structure and subsequent CG lightning flash rates
(Bringi et al., 1997; Gilmore & Wicker 2002; Goodman et al., 1988; Weins et al.,
2005; Williams et al., 1991). Like MacGorman et al. (1989), we surmise that IC light-
ning flashes are mainly responsible for the increase (i.e., lightning jump) during a time
of low-level mesocyclone intensification, and that the CG lightning flash rate and low-
level mesocyclone relationship represents a much weaker depiction of total lightning
flash activity in relation to tornadogenesis. Overall, results illustrate that an increase in
total CG lightning flash rates in the moments prior to tornadogenesis was not evident
in a majority of storms. The inconsistent storm-to-storm results found in this particular
case suggest that more research is required to determine the efficacy of the lightning–
tornado relationship in nowcasting operations.

Objective analyses of the relationship between CG lightning flash rate and tornado-
genesis revealed that employing CG lightning flashes as a sole metric was not necessar-
ily a robust indicator of lightning jumps prior to tornadogenesis (Table 5). Though CG
lightning flash rates do provide a proportional indicator of total lightning activity, it is
not sufficient to determine whether or not a statistically significant lightning jump has
occurred prior to tornadogenesis. Similar to those of Schultz et al. (2009), our results
suggests that when assessing the strength of the lightning jump signal, total lightning
flash data, if available, should be employed as they provide a more complete represen-
tation (i.e., possible stronger signal) of the lightning–tornado relationship.
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When examining the lightning–tornado relationship in the future, research should
focus on the spatial aspects, as opposed to magnitude characteristics, of total CG light-
ning flashes in relation to storm morphology and structure. This spatial analysis should
be conducted with a three-dimensional and time-evolving approach to comprehend fully
the total lightning flash and storm morphology relationship, which will improve overall
understanding of charge formation and lightning production as it relates to updraft size,
location, and intensity. The use of satellite-derived total lightning flash detection (IC
and CG) as opposed to solely ground-based sensor CG flash detection could improve
the overall accuracy and understanding of the lightning and severe thunderstorm hazard
relationship (Hodanish et al., 2013; Schultz et al., 2011) and provide a more complete
depiction of lightning activity within a thunderstorm. Future research should also
increase the sample size of storms examined, with the focus on storms that form in
similar kinematic and thermodynamic environments. Increasing the sample size of
storms assessed will lead to a more comprehensive understanding of lightning–tornado
relationships and allow for increased confidence of utilizing the relationship as a fore-
casting tool. While the manual lasso method best captured the CG lightning flashes
associated with a storm of particular interest in this particular study, future studies
should incorporate radar-based cell identification algorithms such as ETITAN (Han
et al., 2009) in cases where the storm sample size examined is greater. The implication
is that an objective storm-tracking algorithm would eliminate the subjective, user bias
that can ultimately impact lightning–tornado relationship findings. Overall, future
research needs to put forth an objective, comprehensive, and collaborative effort in
order to understand better the lightning–tornado relationship. Only then will the light-
ning flash rate and tornado relationship become a useful tool for operational forecasters
and modelers.
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