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Abstract A major central U.S. winter cyclone on 1–2 February 2011 produced a band of high winds, up to
75 cm of snow, and numerous reports of thundersnow from Oklahoma into Ontario over a 26 h period. The
National Lightning Detection Network (NLDN) recorded 282 ﬂashes comprised of 1153 events which were
>96% negative polarity. Hopes of imaging winter sprites associated with energetic positive cloud-to-ground
events that sometimes accompany such winter storms did not materialize. However, the lack of lightning
over the Great Lakes waters, plus media reports of numerous thundersnow events in downtown Chicago,
prompted a detailed analysis of the NLDN data. This revealed that >93% of all lightning in the snow band
was likely or possibly associated with self-initiated upward lightning (SIUL) events from a variety of tall,
and some not so tall, structures. In addition to 43 events from two Chicago skyscrapers, many shorter
structures were involved, including wind turbines (13.1% of the total) and transmission line towers (6.7%).
Wind speeds for all events exceeded the 8 m s!1 minimum threshold associated with SIULs in Japanese
winter lightning storms. Radar reﬂectivities at the event locations had a mean of 28 dBZ and were almost
always <35 dBZ. While conventional radar displays suggested stratiform precipitation in the thundersnow
region, detailed analysis of 3-D-gridded NMQ (National Mosaic and Multi-Sensor Quantitative Precipitation
Estimation) radar reﬂectivity data conﬁrmed elevated embedded cellular convection spanning the !10°C
region associated with isentropic lifting above a frontal surface, evidence of noninductive charge generation
sufﬁcient to allow upward leader initiation from tall objects.
1. Introduction
Lightning accompanied by snowfall, also referred to as thundersnow, is a relatively uncommon event.
Inspection of cloud-to-ground (CG) ﬂash reports from the National Lightning Detection Network (NLDN)
revealed only 7701 ﬂashes out of a total of 1,410,272 occurred with surface temperatures of 0°C or below
during six winter seasons from 1988–1989 to 1993–1994 [Moore and Idone, 1999]. Given the forecast for a
major central U.S. winter cyclonic storm expected to produce severe blizzard conditions from Oklahoma to the
Great Lakes region on 1–2 February 2011, researchers were closely monitoring the region for indications of
thundersnow. Our focus was on the possibility of energetic positive CG (+CG) events lowering large amounts of
charge to the ground, large enough to induce wintertime sprites in the mesosphere above a midcontinental,
winter cyclonic storm, an event that has been anticipated but has yet to be conﬁrmed by optical sensors [Lyons,
2006]. The 1–2 February 2011 blizzard did materialize as predicted. It generated a 100–200 km wide swath of
thundersnow moving parallel to and west to northwest of the low pressure center as it tracked from Texas to
Michigan and then into southern Ontario over a 26 h period. The lightning detected in the region of heavy
snowfall, however, was almost entirely of negative polarity, lowering modest amounts of charge to ground, at
least in comparison to sprite-producing lightning [Lang et al., 2013; Lyons and Cummer, 2008; Rauber et al., 2013].
Closer inspection of the reported lightning, however, indicated it was unusual in another regard, speciﬁcally,
virtually all appeared to originate as upward lightning discharges from tall structures.
Most winter lightning does not necessarily occur while snow is falling at the time and place of the ﬂash. Holle
and Watson [1996] reported on an isolated high peak current +CG in New England during winter, but this
event was associated with an out-of-season, small hail-producing thunderstorm. Orville [1993] documented
over 59,000 ﬂashes in the eastern U.S. blizzard of 12–14 March 1993. Almost all these ﬂashes occurred with
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deep convection in the warm sector of the intense cyclone. A climatological study by Market et al. [2002]
uncovered only 191 thundersnow events between 1961 and 1990. They generally occurred in a broad area
from eastern Nevada, the Great Salt Lake region and eastward from Colorado into the central plains, and
the Great Lakes states, with relatively few in the southern plains or southeast. Market and Becker [2009] noted
that of 1088 CGs in 24 thundersnow events, 80% were of negative polarity. This is in contrast to the
general perception that thundersnow is often associated with +CGs. For example, Holle and Watson [1996]
documented two outbreaks of CGs during subfreezing conditions in the central U.S., both producing >50%
positive CGs, associated with freezing rain north of a warm front and embedded convective cells with
“moderate reﬂectivity.” Observations from the original R*SCAN time-of-arrival National Lightning Detection
Network suggested that Midwestern U.S. “snow bursts” could sometimes be correlated with CGs, frequently
with large numbers of +CGs [Lyons, 1989].
Interest in winter lightning can be traced back to ancient China (see discussion in Rauber et al. [2013]).
Modern research studies became invigorated by the discovery of the “anomalous” winter lightning storms
during arctic air outbreaks along the Hokuriku coast of western Japan [Takeuti et al., 1976, 1978; Brook et al.,
1982]. These shallow, often highly sheared convective snow squalls frequently produce high peak
current +CGs. Moreover, these +CGs often possess intense continuing currents, thus resulting in large charge
moment changes (CMC) capable of producing transient luminous events (sprites and halos) as documented
in numerous studies [Takahashi et al., 2003; Suzuki et al., 2006; Matsudo et al., 2007]. Analogous regimes
producing shallow convective snow squalls occur over and downwind of the Great Salt Lake and the Great
Lakes, with lightning occasionally reported during such lake-effect snows [Moore and Orville, 1990; Schultz,
1999; Steiger et al., 2009]. Lightning, often with large CMCs, is frequent during the winter arctic airﬂow
over the Gulf Stream [Orville, 1990; Orville et al., 2011; Beavis et al., 2014]. It has long been speculated that
sprites occur above the Gulf Stream, especially during cold air outbreaks [Price et al., 2002]. Energetic
lightning with characteristics of sprite-producing +CGs have been noted on occasion during lake-effect
snow squalls, such as near Buffalo, NY, on 2 December 2011 [Warner et al., 2011; Lyons et al., 2012], coincident
with televised reports of thundersnow.
Sprites are induced (almost always) by positive CGs with large CMCs. Such events can be monitored in near
real time using the National Charge Moment Change Network (CMCN) [Cummer et al., 2013]. The CMCN
display updates every 5 min showing CGs with large (>75 C km) impulse CMC (iCMC), the change moment
change during approximately the ﬁrst 2 ms of the stroke, which has been found a reliable surrogate for the
full CMC [Lyons et al., 2009]. Once iCMC values exceed 100 C km (several times larger than a “garden variety”
CG [Brook et al., 1962]), the probability of an optically detectable sprite begins to rise, reaching 75–80%
for +CG strokes of >300 C km. These latter are referred to as sprite-class CGs [Cummer and Lyons, 2005; Lyons
et al., 2009; Lang et al., 2011a; Beavis et al., 2014].
With the establishment of routine monitoring with the CMCN in 2007, sprite-class +iCMC lightning events
are detected sporadically during winter weather regimes, including cyclonic storms. The CMCN has
documented sprite-class +iCMCs events from convective cells as warm air overran an arctic air mass
producing sleet and freezing rain in Missouri on 2 February 2008 [Lyons and Cummer, 2008; Lyons et al.,
2012; Lang et al., 2011b]. Very large +iCMCs were detected in the comma cloud of an occluded cyclone in
the region of widespread snow in Kansas, Nebraska, and South Dakota on 24 February 2008 [Lyons and
Cummer, 2008].
Thus, given the small but nonzero possibility of sprites during a winter cyclonic storm, sprite observation
cameras [Lu et al., 2013] were trained above the 1–2 February 2011 cyclone. Considerable CG and in-cloud (IC)
lightning activity was detected within the region experiencing heavy snow. However, the CG polarity was
overwhelmingly negative. Only eight !CGs had detectable iCMC values, all <75 C km, far below any
threshold for negative sprite production [Lang et al., 2013]. Moreover, only a single +iCMC lightning event, of
a modest +100 C km, was recorded within the snowfall region.
While this cyclonic storm failed to produce the hoped-for capture of a winter sprite image or spriteclass +CGs, it yielded another ﬁnding. Most unexpectedly, close examination of the lightning reports
suggested that the overwhelming majority of the NLDN lightning events, both CG and intracloud (IC), within
the band of heaviest snow appeared to be related to self-initiated upward lightning (SIUL) discharges from
tall structures and towers.
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2. Upward Lightning From Tall Structures
A brief review of the several modes of upward lightning initiating from tall towers and grounded objects is
included to provide context for the remainder of this paper. The recent ﬁnding that sprite-class +CGs can
often also be the parents of one type of upward lightning [Lyons et al., 2011; Warner et al., 2011] underlies the
close interactions between two research efforts on these topics: the Duke University/FMA Research’s PhOCAL
(Physical Origins of Coupling to the upper Atmosphere from Lightning), and the UPLIGHTS (Upward
Lightning Triggering Study) program of South Dakota School of Mines and Technology.
The various meteorological regimes that produce sprites have been documented [Lyons, 2006; Lyons et al.,
2009; Lang et al., 2010, 2011a, 2013]. While a minute fraction of sprites are triggered by exceptionally
powerful !CGs [Lang et al., 2013], the vast majority (>99%) are induced by +CGs with large +CMCs. While
almost any convective storm can produce a sprite-class +CG, the most favorable environments are the
trailing stratiform regions of large mesoscale convective systems (MCS) [Lyons, 1996, 2006; Lyons et al., 2009].
These sprite-class +CGs are often associated with horizontally extensive in-cloud leaders that cover
thousands of km2 and can extend horizontally for >100 km [Lang et al., 2010; Lyons et al., 2012, 2014].
For many years it has been suspected that sprite-class +CGs within MCS trailing stratiform regions were also
associated with spectacular displays of upward lightning from tall towers [Lyons et al., 2014]. According to
Stanley and Heavner [2003], it has been known for decades that upward lightning leaders were launched by
tall objects, aided by the height-enhanced electric ﬁelds at the top of the conducting structure, when an
applied electric ﬁeld changes faster than the shielding corona discharge layer is able to compensate
[McEachron, 1939; Berger, 1967; Orville and Berger, 1973]. Stanley and Heavner [2003] documented NLDNdetected !CGs to a 457 m above ground level (AGL) tower less than 1 s after sprite-class +CGs struck as much
as 40 km distant during Florida summer thunderstorms. Stanley and Heavner [2003] suggested that “large and
rapid charge transfers from such + CGs can initiate upward positive leaders from tall structures while
simultaneously initiating downward positive streamers from the base of the ionosphere in the form of
sprites.” These initial upward positive leaders from the tower are usually not detected by the NLDN due to
their slowly varying current, but the subsequent complex impulsive processes including recoil leaders [Mazur,
2002] and dart leaders/return strokes propagating down the channel to the grounded object are registered
as !CGs by the NLDN. In Florida thunderstorms, Stanley and Heavner [2003] showed a threefold enhanced
probability of !CGs being reported near towers >400 m AGL after a prior +CG in the general vicinity.
These results prompted an ongoing collaboration between the PhOCAL and UPLIGHTS programs, the former
monitoring sprites over western South Dakota, and the latter investigating upward lightning leaders
initiating from 10 hilltop broadcast towers (91 to 191 m AGL) in the Rapid City area [Warner, 2011]. Indeed,
over a half dozen cases of large CMC +CGs triggering both sprites and upward lightning from towers have
been documented to date [Warner et al., 2011; Lyons et al., 2011, 2012, 2014].
The UPLIGHTS results have been extensively reported by Warner et al. [2012a, 2012b, 2012c]. During the
summers of 2004–2010, a total of 81 upward initiating ﬂashes from towers were documented. In all but one
case, visible ﬂash activity preceded the development of the upward leaders. In 83% of the upward ﬂashes, the
NLDN indicated lightning within 50 km and 500 ms prior to the upward leader initiating. The preceding
lightning included a +CG return stroke 67% of the time. In the additional cases, the prior lightning was detected
by the NLDN as an IC (all but two of which were positive) or there was video conﬁrmation of IC discharges in the
vicinity of the towers in all save one case. The above scenarios are classic examples of what has been termed
lightning-triggered upward lightning (LTUL) [Warner et al., 2012a, 2012b]. The LTUL events observed in Rapid
City always initiate as positive upward leaders, often with considerable upward and outward branching,
followed by a series of recoil leaders and downward dart leaders often extending over considerable time
periods (>> 100 ms) [Rakov, 2003; Wang and Takagi, 2012; Wang et al., 2008; Diendorfer et al., 2009].
The NLDN would currently classify an impulsive event during the complicated development of an upward
positive leader from a tall object as negative polarity (i.e., !CG or !IC), though the initial upward leader itself
is not detected by the NLDN [Warner et al., 2012a, 2012b]. In 44% of the 81 upward discharges mentioned
previously, the NLDN reported a total of 151 subsequent, relatively low peak current (~13 kA) negative
events. They were usually within ~200 m of the tower, with 70% being listed as !CGs and 30% as !ICs, even
though connections were made with either with a luminous main channel or tower tip. Correlated
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high-speed optical observations showed that the NLDN-indicated events were impulsive connections
resulting from the development of recoil leaders on decayed upward positive leader branches. The negative
end of the bipolar recoil leaders connected with either a luminous main channel at a branch point or the
tower tip in the case of complete upward positive leader decay [Warner et al., 2012b]. We note an upward
ﬂash with upward propagating positive leaders is commonly deﬁned in the literature as upward negative
lightning [e.g., Berger, 1967; Rakov and Uman, 2003, p. 5; Diendorfer et al., 2009].
Thus, the UPLIGHTS results show LTUL upward leaders are triggered by a preceding discharge which locally
enhances the electric ﬁeld, with the most common being a +CG within 50 km and/or with the passage
overhead of a horizontally propagating negative leader associated with the parent ﬂash. The most common
meteorological regime for LTULs was the trailing stratiform region of large MCSs, and indeed the observations
included a number of coincident sprite observations [Warner et al., 2012a; Lyons et al., 2012, 2014].
LTULs are distinguished from a second class of upward lightning termed “self-initiated upward lightning”
(SIUL). Returning to the winter thunderstorms on Japan’s west coast, ongoing studies of strikes involving tall
towers, especially wind turbines with blade tip heights typically at ~100 m AGL, have motivated considerable
research given the rapid proliferation of wind turbines worldwide [Wilson et al., 2013; Montanya et al., 2014].
Wang et al. [2008] collected detailed video and electric ﬁeld data on 53 upward lightning discharges, ﬁnding
just over half had nearby preceding lightning (LTULs). The remaining upward leaders, however, were selfinitiating in the absence of a preexisting lightning trigger (SIULs). Under the typical prevailing conditions of
very low cloud bases, low freezing levels, and falling snow, the ﬁndings suggest if the electric ﬁeld atop a
grounded structure becomes large enough to initiate breakdown, an upward leader forms even without
additional transient enhancement from a nearby CG or IC lightning discharge. Also notable is that the SIULs
would only launch from the towers if the ambient winds were >8 m s!1 near the tower top. SIULs could
originate from rotating turbine blade tips at almost any ambient wind ambient velocity. Space charge from
local corona discharge in high local electric ﬁelds can reduce the electric ﬁeld enhancement and inhibit
initiation of upward leaders [Wang and Takagi, 2012; Montanya et al., 2014]. This suggests strong ambient
winds (or relative wind from turbine blade tip rotation) can effectively limit such space charge buildup on tall
structures enough to allow for leader initiation [Wang et al., 2008; Wang and Takagi, 2012]. The manner in
which the NLDN would detect the various processes associated within upward discharges appears to be
similar for both LTUL and SIULs.
SIULs have been noted in other geographic regions. Zhou et al. [2012] reported on 205 upward ﬂashes observed
from 2005 to 2009 at the Gaisberg Tower near Salzburg, Austria. Their analysis of coordinated electric ﬁeld
and current measurements, along with lightning location data, showed that 87% of the upward ﬂashes
were self-initiated whereas only 13% were initiated by nearby triggering lightning discharges (i.e., LTULs).
Ten +CG ﬂashes, one !CG, and 15 cloud ﬂashes were identiﬁed as the LTUL triggers. The majority of the
SIUL events (79%) occurred during the nonconvective season (September–March), whereas a majority of
the LTULs (85%) occurred during the convective season (April–August). No wind speed information was
presented for this study. Zhou et al. [2012] suggested that during the winter months the lower freezing
levels and cloud bases, with towers frequently penetrating into the clouds [Diendorfer et al., 2009] may be a
factor in the high percentage of SIUL ﬂashes experienced during this period due to cloud charge centers
being closer to the tower top.
As discussed by Rakov [2003], both LTUL and SIUL discharges are distinctly different from “normal” downward
lightning. The typical CG is initiated by stepped leaders originating between charge centers in overhead
convective clouds. As they approach the ground, the stepped leaders begin interacting with one of potentially
several upward leaders launched from the surface. A connection between one stepped leader and one upward
leader closes the circuit, producing the return stroke. Taller objects offer a preferential lightning termination
point. As a general rule, strikes to towers of ~100 m AGL height on ﬂat terrain are presumed the result of
“normal” downward lightning. As the object height increases to ~500 m AGL, the vast majority of strikes are
either of the LTUL or SIUL variety [Rakov, 2003; Eriksson and Meal, 1984]. On ﬂat terrain, structures of >200 m
height frequently experience upward discharges. This is lightning which would otherwise not occur if the object
were not there. The factors that control upward lightning, whether LTUL and especially SIUL, are complex and
not completely understood [Wang et al., 2008; Zhou et al., 2012]. For the cases discussed below, the evidence
suggests that most of the lightning events recorded within the 1–2 February 2011 snow band were SIULs.
WARNER ET AL.
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Figure 1. Final snow depth reported from the blizzard of 1–2 February 2011 (Source: NOAA/National Weather Service).

3. The Blizzard of 1–2 February 2011
The 2011 “Groundhog Day Blizzard” storm evolved from an open frontal wave in eastern Texas early on
1 February, along the boundary of a massive surge of very cold arctic air. By 0000 UTC 2 February, the low
pressure center had moved northeastward into east central Illinois and had already begun occluding. By
1200 UTC 2 February, the main low pressure center was over Lake Erie but with a trough extending westward
into northern Indiana. Though the central pressure barely dropped below 1000 hPa, the strong 1046 hPa
anticyclone in South Dakota resulted in extremely strong pressure gradients. In Chicago, the National
Weather Service reported the 21.1 in (54 cm) of snow (third greatest on record) combined with winds
approaching 80 km/h (22 m s!1) and gusts reported near 113 km/h (31 m s!1) along the Lake Michigan shore,
resulted in only the second true blizzard in the city since 1900. Hundreds of vehicles were stranded in
immense drifts on Lake Shore Drive. During the height of the storm in Chicago (0000–0500 UTC 2 February),
cloud bases were totally obscured or < 200 ft (60 m) AGL. Around 0300 UTC 2 February, Weather Channel
meteorologist Jim Cantore was doing a live report from the snow-clogged streets of the Chicago Loop when
a massive ﬂash of lightning and crack of thunder produced a memorably startled on-air reaction.
According to the National Climatic Data Center, the storm impacted over 100 million people, claimed at least
36 lives, and property damage estimates ranged upward to $1.8 billion. Signiﬁcant snow fell in 21 states from
New Mexico to Maine (and southern Ontario). Figure 1 shows the band of heaviest snow, 12 in (30 cm) to almost
30 in (76 cm), was focused in a relatively narrow band stretching from Tulsa, OK, through central Missouri and into
the Chicago-Milwaukee area, and then across central lower Michigan. The heaviest snowfalls were found on
western shore of Lake Michigan suggesting additional lake effect enhancement was also a factor.
As in the 1993 super storm reported by Orville [1993], there was considerable warm sector lightning from
Arkansas-Louisiana eastward and south of the Ohio River. In this study, we will concentrate only on the NLDN
CG and IC lightning reported in the band of heaviest snowfall. In the heavy snowfall zone, the NLDN reported
a total of 1153 CG and ICs, of which 96.5% were of negative polarity (Table 1). Figure 2a shows the distribution
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Table 1. NLDN Flashes and Events (Strokes) by Tall Object Interaction Classiﬁcation in the Heavy Snow Region During the
1–2 February 2011 Blizzard
Flashes

Yes
204 (72.3%)

All
!CG
!IC
+CG
+IC

865 (75.0%)
417 (36.2%)
440 (38.2%)
3 (0.3%)
5 (0.4%)

Maybe
Number
60 (21.3%)
Events
220 (19.1%)
134 (11.6%)
72 (6.2%)
1 (0.1%)
13 (1.1%)

No

Total

18 (6.4%)

282

68 (5.9%)
28 (2.4%)
22 (1.9%)
6 (0.5%)
12 (1.0%)

1153
579 (50.2%)
534 (46.3%)
10 (0.9%)
30 (2.6%)

of NLDN reports in the snow band. Only a single energetic (> +75 C km) +CG was noted throughout the
entire snow band (Figure 2c). With a peak current of +112 kA and modest iCMC value of +100 C km, it was the
only lightning stroke in the snow band with characteristics similar to those observed during summer
convective systems and was only marginally capable of triggering a sprite and potentially inducing an LTUL
[Warner et al., 2012a].
Though the storm failed to produce any sprite-class lightning, given the media reports of thundersnow in
urban areas with many tall buildings and other elevated objects, a detailed investigation of the lightning
reports was undertaken.

4. Data and Methodology
4.1. NLDN
The National Lightning Detection Network (NLDN) has been used extensively in studies of both winter
lightning [Market and Becker, 2009; Orville, 1990] and upward lightning discharges [Warner, 2011; Warner et al.,
2012a; Schultz et al., 2011; Stanley and Heavner, 2003]. The NLDN performance and data characteristics have
been well documented by the atmospheric electricity community [Cummins et al., 1998; Biagi et al., 2007;
Cummins and Murphy, 2009]. Locational accuracy has continued to improve and is now well below 500 m.
In the central U.S., the nominal CG ﬂash detection efﬁciencies at the time of this storm were >90% and
estimated at >60–80% for component strokes. IC detection efﬁciencies were considerably lower, in the
10–20% range. The estimated minimum peak current detection (50% probability) in the central U.S. was
approximately 5 kA. We here utilized the NLDN stroke-level data, which provide millisecond timing,
latitude/longitude strike location, peak current, polarity, and type (CG versus IC).
It is well known that there are considerable numbers of misclassiﬁed IC and CG events in the NLDN data
[Cummins and Murphy, 2009]. Warner et al. [2012a] used optical evidence to determine that 8 of 19 NLDNindicated +IC events were actually +CG return strokes with conﬁrmed terminations with the ground.
Furthermore, it was shown that 30% of NLDN reported subsequent negative events following the
development of upward positive leaders from towers in Rapid City were classiﬁed as !IC events due to their
narrow pulse width.
In this study, however, we are accepting the NLDN data stream as is, understanding that some ICs may be
CGs, and vice versa. We accept all peak currents (some as small as 2 kA) as valid. Also, one upward discharge
can generate a multitude of NLDN reports. In the Rapid City UPLIGHTS program, roughly half the LTUL
positive upward leaders resulted in additional NLDN reports [Warner et al., 2012a]. These ﬁndings are not
restricted to South Dakota. One notable PhOCAL high-speed camera observation showed an LTUL triggered
by a 64 kA +CG near Graham, TX, on 29 May 2012 resulted in 19 subsequent NLDN reports. These small !CG
and !IC events were located as far as 10 km from the originating wind turbine tower and were associated
with the multiple discharge processes within the highly branched upward positive leader channels [Lyons
et al., 2014].
Detailed manual inspection of the 1–2 February NLDN stroke data for each suspected upward discharge
determined if there was a prior triggering CG or IC within several tens of kilometers of the originating upward
leader (if detected), thus identifying it as a likely LTUL. For both LTULs and SIULs, subsequent NLDN detections,
WARNER ET AL.
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usually small peak current !CGs or !IGs,
are the signatures of recoil leaders and/or
stepped leader return strokes attaching to
the tower comprising the ongoing complex
discharge. In this study, clusters of CGs and
ICs believed associated with and following
an initial upward discharge from a tall
object, which can sometimes persist for up
to a second, is termed a ﬂash, while the
individual CG or IC components are referred
to as events. These clusters can include
elements several tens of kilometers distant
from the tower initiating the upward leader.
During the 1–2 February storm, there were
282 NLDN ﬂashes, comprised of 1153 CG
and IC events (Table 1), recorded from
1 February 2012 (0902 UTC) through
2 February 2012 (1104 UTC) (Figure 2a).
Examples of such clustering about tall
objects will be presented below.
4.2. CMCN

(c) iCMC >75 C km 2/1-2/2 2011

Figure 2. (a) All NLDN-reported lightning, both IC and CG events, in the
heavy snow region of the 1–2 February 2011 blizzard. Many are overplotted as multiple events comprising a single localized ﬂash resulting
from SIUL upward discharges from tall structures. Yes (red) indicates a
clear link to a speciﬁc tall object. Maybe (yellow) means strong but not
conclusive link to tall objects. No (green) indicates no obvious tall object
could be veriﬁed in the vicinity of the reported lightning. Considerable
lightning occurred in the warm sector south of the Ohio River and east
of Arkansas and Louisiana (not shown). The blue box indicates the
region shown in Figure 2b. (b) Zoomed-in view of the lightning shown in
Figure 2a. The several events offshore from Chicago were believed to be
from extensive leaders propagating aloft from their origins at shoreline
skyscrapers. (c) Plot of CGs with impulse charge moment changes of
>75 C km in the heavy snow region of the 1–2 February 2011 blizzard.
Only a single event was noted, a 100 C km +CG in northeastern Illinois.
Large iCMC events in the warm sector are not shown.

The National Charge Moment Change
Network (CMCN) consists of two extremely
low frequency sensors: one near Durham,
NC, USA, and one at Yucca Ridge near Fort
Collins, CO, USA [Cummer et al., 2013]. These
sensors provide near real-time estimates of
iCMC values for the most energetic CG
lightning strokes within the contiguous
United States. The NLDN is used to
geolocate strokes with reported iCMC
values and also provides peak current
information. Retrievals of iCMC values are
obtained for only the most energetic ~10%
of CGs having iCMC values substantially
larger than for “typical” CGs (~10–20 C km)
and are monitored in near real time by the
CMCN [Lyons and Cummer, 2008; Lu et al.,
2013]. Sprite-class +CGs (>300 C km) also
frequently possess the vast horizontal
leader networks favorable for LTUL
outbreaks [Lyons et al., 2011, 2012; Lang
et al., 2011a]. CGs with large +iCMCs are
observed primarily during the warm season,
but occasionally during winter storms
producing frozen precipitation at the
surface [Lyons et al., 2012; Lyons and
Cummer, 2008; Beavis et al., 2014].

4.3. Locations of Towers and Tall Structures
Each lightning event was compared with several data sources to determine whether a tall tower or structure
was involved. The primary resource was the U.S. Federal Communications Commission Antenna Structure
Registration (ASR) database, which catalogs the locations and heights of communication towers. This was
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supplemented by Google Earth imagery. The ASR database currently lists 115,769 towers, of which 20,123 are
>100 m above local terrain. Some 1775 towers are >200 m. However, not all tall structures are included in the
ASR database, and it became necessary to visually inspect the reported ﬂash location on Google Earth to
determine the presence of tall objects.
Some 204 ﬂashes (72%) had at least one NLDN-indicated event within 1 km of an ASR tower or a visible tall
object as identiﬁed in Google Earth (e.g., tall building, wind turbine, transmission line tower, non-ASR tower,
smoke stack, and water tower). In addition, 60 ﬂashes (21%) had NLDN-indicated events that (1) fell within
3 km of an ASR tower or visible tall structure or (2) NLDN events that occurred beyond 3 km from the tall
object that were temporally (and for at least part of the ﬂash, spatially) associated with recent ﬂashes
associated with a tall object.
4.4. Radar, Satellite, and Wind Data
GOES satellite infrared and visible imagery, and regional surface weather maps, were obtained from the
online National Center for Atmospheric Research Image Archives (http://www.mmm.ucar.edu/imagearchive).
Hourly, low-resolution national composite radar reﬂectivity maps were available online from the National
Climatic Data Center (NCDC) allowing animations of cyclone-scale precipitation behavior. The full composite
reﬂectivity data set from the KLOT Next Generation Weather Radar (NEXRAD) (closest to Chicago and in the
region of heaviest snow and maximum lightning activity) was downloaded from NCDC for the 0000 to
1200 UTC 2 February 2011 time period. The NLDN ﬂash reports were superimposed on the scan closest to the
reported lightning and animated. Unfortunately vertical cloud proﬁling radars utilized in recent winter storm
electriﬁcation studies [Rauber et al., 2013] were not available for this case.
The primary radar data sets used for quantitative analysis were 3-D reﬂectivity mosaics produced by the
National Oceanic and Atmospheric Administration (NOAA) National Mosaic and Multi-Sensor Quantitative
Precipitation Estimation (NMQ) system [Zhang et al., 2011]. These mosaics, available since 2009, utilize the
nationwide network of S-band NEXRAD Weather Surveillance Radar, 1988 Doppler (WSR-88D) weather radars.
Radar reﬂectivity is provided every 5 min on a 0.01° latitude/longitude grid, with a vertical coordinate that
ranges from 0.25 km MSL to 18 km, with vertical spacing of 0.25 km near the surface gradually stretching to
2 km aloft [Lang et al., 2013].
For each NLDN event in the snowfall region, both the lowest level (base) and composite (maximum in the
vertical column) reﬂectivity was extracted for the grid cell nearest in time and space with the lightning, as
well as the average value for a ~3 km by ~3 km grid centered on that point.
The horizontal wind speed at the location of each NLDN event was retrieved from the NOAA Rapid Update
Cycle (RUC) hourly analysis ﬁelds. At the time of each NLDN event, we interpolated the RUC data between
the time periods to determine the wind ﬁeld, using the closest RUC grid point to each event (which was
always <10 km distance). Winds were retrieved from the surface layer (10 m) and at 25 hPa increments, from
1000 hPa to 850 hPa.

5. Findings
5.1. Lightning Strikes and Tall Structures
For this analysis, a ﬂash was deﬁned as the grouping of NLDN events that occurred both within 1 s and
within 50 km of any initial NLDN event in the heavy snowfall region. The spatial criterion was based on the
observation that clearly identiﬁable, temporally isolated discharges frequently can have events that
progress up to 50 km from the initial NLDN-indicated event [Warner, 2011]. This criterion may be
conservative as Schultz et al. [2011] reported horizontal leaders emanating from tall tower SIULs during
thundersnow events near Huntsville, AL, were tracked using a 3-D LMA (Lightning Mapping Array) to
distances of 80 km. On 1–2 February, some events longer than 1 s were increasingly further from the
object, sometimes extending to >50 km, but temporally constrained by typical horizontal leader
propagation velocities (~1.0 × 106 m s!1).
If there was one event in a ﬂash that was within 1 km of a tall object, then all of the events for that ﬂash, as
well as the ﬂash itself, were assigned a classiﬁcation of Yes, indicating they were associated with a suspected
upward ﬂash from a tall object. Those ﬂashes that had at least one event within 3 km of a tall object, but none
WARNER ET AL.
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Table 2. NLDN SIUL Flashes and Events (Strokes) Classiﬁed by Tall Object Type
Flashes

ASR towers
Trump Tower
Willis Tower
CN Tower
Smoke stack
Unknown tower
Water tower
Power line
Wind turbine
Total

Events

Yes

Maybe

Yes

Maybe

136 (48.2%)
4 (1.4%)
5 (1.8%)
1 (0.4%)
2 (0.7%)
2 (0.7%)
1 (0.4%)
15 (5.3%)
38 (13.5%)
204

53 (19%)
2 (0.7%)

581 (50.4%)
15 (1.3%)
20 (1.7%)
1 (0.1%)
14 (1.2%)
22 (1.9%)
1 (0.1%)
72 (6.2%)
139 (12.1%)
865

194 (16.8%)
8 (0.7%)

1 (0.4%)
2 (0.7%)
2 (0.7%)
60

1 (0.1%)
6 (0.5%)
11 (1.0%)
220

within 1 km, were assigned the classiﬁcation of Maybe indicating that ﬂash may have begun with an
undetected upward ﬂash from a tall object. Similarly, all of the events within a ﬂash classiﬁed as Maybe were
assigned a classiﬁcation of Maybe. If a ﬂash did not meet the previous criteria, it was assigned a classiﬁcation
of No along with the associated events.
Based on this criteria, 72% of the 282 ﬂashes were classiﬁed as Yes, 21% as Maybe, and 7% as No
(see Table 1). Furthermore, 75% of the NLDN events were classiﬁed as Yes, 19% as Maybe, and 6% as No.
The classiﬁcation was broken down by event type as well, which consists of negative cloud-to-ground
stroke (!CG), negative in-cloud event (!IC), positive cloud-to-ground stroke (+CG), and positive in-cloud
event (+IC). The total number of ICs is likely considerably underestimated based on their relatively low
detection rate by the NLDN.
Figure 2a shows all the examined NLDN events, color coded as to whether they were very likely (Yes),
possibly (Maybe), or not apparently (No) associated with tall objects. And even the relatively few (6.4%) No
events could still potentially be associated with tall objects. Inspection of currently available Google Earth
imagery for each event revealed a number of obvious tall structures, including transmission line towers,
not included in the latest ASR update. Many of the participating structures, such as transmission lines
and wind turbines, are less than 100 m tall. Even smaller towers, such as new cell phone towers or ham
radio antennas not in the ASR database, may also be difﬁcult to spot in Google Earth imagery and were
thus not identiﬁed. Also, not all Google Earth imagery was contemporaneous with this storm, and thus, newer
structures could have been built at these locations.

Hourly NLDN (1-2 Feb 2011)
250
Yes+Maybe
Yes
Maybe
No

Events

200
150
100
50
0
06

12

18

2 Feb

06

12

Time (UTC)
Figure 3. Hourly NLDN event rates for the 1–2 February
2011 storm, broken down by Yes, Maybe, Yes + Maybe,
and No with respect to whether the event was an upward
discharge from a tall object.
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Interestingly, 96.5% of all events were negative, and a
positive event was the ﬁrst event for only three
ﬂashes. One case had a +IC and +CG (both just over
20 km from a tower) precedes a !CG that was within
1 km. This may be the one case in this storm in which a
preceding +CG ﬂash triggered an upward ﬂash from
the tower and thus could be termed an LTUL as
described by Warner et al. [2012a]. One ﬂash had only
a single +IC, 130 m from a tower, and another ﬂash
had a +IC at 205 m from a tall building, which was
followed by a !IC even closer. The remaining positive
events came at the middle or more frequently at
the end of the ﬂash. When the positive events came at
the end of the ﬂash, they were typically further than
5 km from the object.
Table 2 lists the object types and the number of
ﬂashes associated with each of the object types based
on the Yes and Maybe criteria. Some 71 different ASR
towers participated in a total of 189 ﬂashes; however,
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Figure 4. (a) Typical example of the clustering of NLDN events during the 1–2 February blizzard around identiﬁable tall
broadcast towers. Note the clustering within the nominal locational accuracy (<500 m) of the NLDN. (b) Example of the
clustering of NLDN events during the 1–2 February blizzard around identiﬁable power line transmission towers.

only one object is assigned to each ﬂash. In some cases though, it appeared that more than one tall object
initiated upward lightning during a ﬂash. The storm system moved over the Chicago Loop area after
0200 UTC, 2 February 2011. Two of the taller skyscrapers experienced multiple ﬂashes (9) comprised of
34 events. The Willis (Sears) Tower, which stands at 527 m AGL, experienced ﬁve ﬂashes, and the Trump Tower
(423 m) experienced four. Interestingly, the John Hancock Tower, which is 1 km north of the Trump Tower
and 34 m taller, did not appear to experience any ﬂashes. The snow system moved eastward to the
Toronto, Ontario, area and at 1039 UTC, 2 February 2011, the 533 m tall CN Tower, which has long been
instrumented to record lightning strike parameters [Hussein et al., 1995] experienced one ﬂash containing
a single NLDN-indicated !IC event. Unfortunately, no ground truth lightning-related data were collected
from the CN Tower for this ﬂash (Figure 3).
One aspect of this storm that caught our immediate attention was the lack of lightning over the waters of the
Great Lakes, especially given the apparent lake-effect enhancement of the snowfall. Detailed views of the
events around Chicago do reveal a few lightning events 10–20 km offshore (Figure 2b). However, temporal
analysis reveals these are likely NLDN-detected events from energetic portions of the extensive horizontally
branched channels emanating from the upward leaders launched by the shoreline skyscrapers.
WARNER ET AL.
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Figure 5. (a) Example of the typical clustering of NLDN events during the 1–2 February 2011 blizzard around identiﬁable
wind turbines. (b) The same but around two major skyscrapers in the Chicago Loop. Interestingly, there were no events
around the tall Hancock Building located on the north edge of the picture.

We suspect that almost all of the ﬂashes in the snow sector were self-initiated upward lightning (SIUL). Except
for the three ﬂashes mentioned previously, these ﬂashes were characterized by negative NLDN-indicated
events close to the tower without preceding positive events nearby. The negative events recorded close to
the tower locations were likely recoil leader connections within the main luminous channels [Mazur, 2002] or
dart leader/return stroke sequences following main channel current cutoff [Warner et al., 2012a; Lyons et al.,
2014]. By analogy to detailed high-speed video observations during UPLIGHTS [Warner et al., 2012a, 2012b,
WARNER ET AL.
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Figure 6. (a) Histograms of base and composite reﬂectivity at the locations of 1153 NLDN-detected events in the 1–2 February 2011 storm,
broken down by Yes, Maybe, and No with respect to whether the event
was an upward discharge from a tall object or tower. (b) Same as Figure 6a
but for the 950 hPa RUC wind speeds.

Figures 4 and 5 map clusters of NLDN
events with respect to their assigned tall
objects. Figure 4a shows a typical
clustering of events about two ~440 m
tall towers (likely radio or TV masts).
Surprisingly, power line transmission
towers, less than 100 m tall, also
appeared to launch SIULs, representing
6.7% of the total (Figure 4b). Less
surprisingly, wind turbines (Figure 5a)
were frequent sources of upward
lightning (13.1% of the total). It is
unknown whether any of the turbines
were tethered due to the strong winds
or potential icing issues during this time
period. The clustering of events around
the Chicago’s Trump and Willis (Sears)
Towers is dramatic (Figure 5b).

5.2. Lightning, Radar, and Wind Characteristics
Real-time inspections of operational radar reﬂectivity displays, especially over northern Illinois where a
preponderance of the events occurred, suggested largely stratiform precipitation, with little hint of obvious
cellular or embedded convection. However, detailed poststorm analyses employing CAPPI (constant altitude
plan position indicator) reﬂectivity presentations and vertical cross sections demonstrated the existence of
cellular convection in the region where tall objects were initiating lightning. This ﬁnding is consistent with
the results of Rauber et al. [2013] for the same storm.
A comprehensive analysis of both conventional base and composite reﬂectivities using the NMQ data at
the grid cell nearest each event found the vast majority were associated with values <30 dBZ, with a mode
of 28 dBZ (Figure 6a). Nearly identical results (not shown) were found using the average reﬂectivity
values for a ~3 km by ~3 km grid centered on each event. A widely used forecasting “rule of thumb” suggests
lightning usually begins to appear in a variety of convective regimes when reﬂectivities exceed 30–35 dBZ
[Petersen et al., 1996; Lang and Rutledge, 2011; Michimoto, 1993]. Almost all the inspected events from
Oklahoma to Michigan, whether or not a tower appeared to be involved, occurred with a reﬂectivity
<30–35 dBZ, and apparently within stratiform clouds, if based only upon visual inspection of conventional
NEXRAD radar displays.
Using the NMQ-gridded data, the 0300 UTC composite reﬂectivity in the Chicago area is recreated, along with
plots of the Yes (and several No) NLDN events for the 0255–0305 UTC period (Figure 7a). The color scale
employed closely mimics that used for many operational radar reﬂectivity displays, and by appearance the
precipitation appears essentially stratiform. Yet this region was at the southern fringe of the cyclone’s comma
cloud and just north of the occluding frontal zone, suggesting a frontal surface aloft. A 4 km altitude CAPPI
reﬂectivity presentation at the same time, using a nonconventional reﬂectivity color scale, clearly shows
elevated embedded cellular convection with horizontal spatial scales ~5–10 km (e.g., roughly within the
circled region in Figure 7b) Using the contemporaneous RUC wind ﬁeld analyses, horizontal wind vectors in
the lower layer (950 hPa) show the intense northeasterly ﬂow coming onshore from Lake Michigan
(Figure 7a). At 4 km, however, the ﬂow is southerly, indicative of intense overrunning by warmer, unstable air
above the frontal surface (Figure 7b).
The isentropic lifting of unstable air above the frontal surface in northern Illinois is revealed in east-west
(Figure 8a) and north-south (Figure 8b) vertical cross sections through the active lightning region at
0300 UTC. These reveal coarsely resolved elevated cellular reﬂectivity structures, with reﬂectivities >30 dBZ
WARNER ET AL.
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Figure 7. (a) Composite NMQ reﬂectivity at 0300 UTC on 2 February 2011. Also shown are 0300 UTC RUC 950 hPa horizontal
vector winds (grey; degraded to 0.2° latitude/longitude resolution for clarity). NLDN events during 0255–0305 UTC are
indicated by symbols (red – SIUL; green – no tall object involved). (b) Same except that the display is a 4 km CAPPI with the
RUC winds at the 600 hPa (~4 km) level. Note that a nonstandard reﬂectivity color scale is used to accentuate the
embedded convective cells. The dotted circle roughly indicates a region of elevated convection. The dashed lines indicate
the vertical cross sections in Figure 8.
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Figure 8. (a) Vertical cross section of 0300 UTC NMQ radar reﬂectivity (shaded) and RUC temperatures (°C, black contours)
along a constant latitude near a cluster of suspected SIULs. (b) Same as Figure 8a but along a constant longitude. The
vertical dashed black line in each subplot indicates the location of the other vertical cross section. Note that a nonstandard
reﬂectivity color scale is used to accentuate the embedded convective cells.
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above the frontal surface including regions where temperatures were near !10°C. The strongest vertical
structures tended to be preferentially arranged north and east of the SIUL clusters. Thus, while reﬂectivities at
the actual strike locations were often modest, just upstream in the strong airﬂow there typically existed
cellular-style convection with reﬂectivities >30 dBZ in suspected regions of mixed-phase hydrometeors.
During the peak lightning activity in northern Illinois (02–05 UTC, 2 February 2011), many of the NLDN events
occurred within and up to 50 km downwind of pockets of somewhat higher reﬂectivity (30–45 dBZ). This is
reminiscent of the ﬁndings of Market and Becker [2009] in which thundersnow lightning tended to appear
some 15 km downwind of the region of maximum snowfall.
A cluster of No events in north central Illinois (see Figure 2b) appeared between 0100 and 0400 UTC on 2 February,
when radar indicated the snowfall to be at its most intense. These could indeed represent “natural” downward
!CGs, although the presumed negative over positive charge structure in the convective cells would appear
opposite to our inferred low-level negative charge layer. Perhaps there were pockets of horizontal charge
inhomogeneity near convective cells resulting from strong wind shear which “exposed” the negative layer? Or
perhaps an additional very low level negative charge layer, as is suspected in summertime LTUL events in MCS
stratiform regions, was present? Insufﬁcient information is available to ascertain this. The distinct possibility
remains that for some or all of the No events, the tall object involved simply could not be identiﬁed by the
methods utilized. To the extent this is the case, the conclusions would be further strengthened.
The intense pressure gradient on the western side of the storm resulted in strong low-level winds throughout
the length and breath of the heavy snow region. We used the RUC hourly analysis winds to estimate the
sustained boundary layer (10 m) winds at each event point. The winds averaged a brisk 10 m s!1, with the
minimum being 4 m s!1 and the maximum 18 m s!1. However, most participating tall structure and
skyscraper heights were in the 200–400 m AGL range. The RUC analysis winds for the same event points at
950 hPa (Figure 6b), averaged 20 m s!1, peaked at 28 m s!1, and had a minimum of 10 m s!1, all above the
8 m s!1 threshold proposed by Wang and Takagi [2012] for SIULs from tall objects (without rotating turbine
blades). The winds were strong wherever lightning was occurring, with no signiﬁcant differences between
the Yes, Maybe, and No lightning categories.

6. Discussion
As to what produced the required charge in the snow-laden nimbostratus clouds, there is considerable
evidence that thundersnow events are usually associated with resolvable convective elements embedded
within the precipitation shields [Brook et al., 1982; Lyons, 1989; Holle and Watson, 1996; Crowe et al., 2006; Market
and Becker, 2009; Rauber et al., 2013]. During thundersnow events in Oklahoma blizzards, Kuhlman and Manross
[2011] detected the clear signature of substantial mixed-phase regions aloft associated with embedded
convection, which produced the lightning. Market and Becker [2009] noted thundersnow tended to occur with
reﬂectivities around 30 dBZ, but the CGs were usually up to 15 km downwind of higher-reﬂectivity (~45 dBZ)
cells. Curran and Pearson [1971] compiled proximity soundings for 76 cases of thundersnow and noted
while the boundary layer was clearly stable, the sounding was able to support elevated convection.
There are few measurements of surface electric ﬁelds during blizzards. Williams [1988] reported wildly
ﬂuctuating surface electric ﬁelds as large as ±8 kV m!1 during the New England blizzard of 1978, which had
sporadic reports of thundersnow. He also speculated that the strong winds with blowing and drifting snow
generated positive space charge in the surface layer.
There is little research on charging and electric ﬁelds within nimbostratus clouds in the absence of
embedded convection. Rust and Trapp [2002] did obtain electric ﬁeld proﬁles in six winter nimbostratus
systems, though all but one had above freezing surface temperatures. Vertical and horizontal electric ﬁeld
values as large as 12 kV m!1 and 28 kV m!1, respectively, were noted. These are considerably lower than
found in electrically active convective cells [Rakov and Uman, 2003]. Multiple charge layers of alternating
polarity were noted, but charge densities were generally quite small, less than 0.2 nC m!3. Early work in
Russia [Imyanitov et al., 1972] also documented that modest electric ﬁelds can occur within winter stratiform
clouds. While stratiform clouds can become marginally electriﬁed, it seems that whatever mechanisms are in
play, it is unlikely they can achieve electric ﬁelds that would rival those produced by the noninductive
charging mechanism present in the mixed-phase updrafts of even modest convective cells.
WARNER ET AL.
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Figure 9. Time color-coded display of interferometer sources showing the development of a massive SIUL discharge emerging from the top of a 163 m tower in Rapid City at 1145.47 UTC on 4 October 2013 during heavy snow and strong winds.
In addition to producing 11 NLDN reports from recoil and reconnecting dart leaders, a three-stroke !CG ﬂash also
came to ground northeast of the originating tower.

The source of the required charge producing the considerable lightning observed in the 1–2 February 2011
blizzard can be understood from the results from the PLOWS (Proﬁling of Winter Storms) ﬁeld program
conducted in 2008–2010 [Rauber et al., 2013; Rosenow et al., 2013]. An array of sounding systems and
especially airborne cloud proﬁling radars and cloud microphysical measurements probed the comma head of
mature winter cyclones. It was found that the southern portion of the comma cloud contained imbedded
elevated convective cells of sufﬁcient intensity to produce the required charge. These ﬁndings provided a
more detailed look at convective structure than that provided by observing conventional, low-altitude
NEXRAD reﬂectivity patterns. In fact, the convective cell snow, originating above the frontal surface and the
result of dry slot air mass overrunning resulting in destabilization, can be masked by the streakiness of the
falling snow in the highly sheared lower portion of the radar volume. As shown in Figure 7a, the cells are
there but cannot be easily resolved in typical low-elevation WSR-88D PPI scans. More in-depth analysis using
the 3-D NMQ-gridded reﬂectivity data, however, found evidence for these modest convective cells aloft, and
they appeared to be arranged upwind of suspected SIULs and contained reﬂectivities >30 dBZ near !10°C,
indicative of noninductive charging (Figures 7b and 8).
Rauber (personal communication, 2013), based upon signiﬁcant experience with aircraft research in winter
cyclonic storms, noted in strong cyclones, like that of 1–2 February, air within the storm’s dry slot overruns the
warm front. North of the dry slot intrusion over the warm front, the clouds are deep stratiform. Within the
overrunning zone, potential instability develops over the warm front, and elevated convection is triggered.
The convection originates just above the warm frontal surface (typically 2–4 km above the ground) and rises
to the tropopause, producing updrafts that range from 2 to 8 m s!1 depending on the particulars of the
storm. Elevated CAPE (convective available potential energy) values in this region can reach 250 J kg!1. The
convective cells penetrated with the aircraft consistently had supercooled water in the temperature ranges of
about !7 to !16°C (probably colder too, based on attenuation of the cloud lidar data), along with graupel
and small ice particles. This is all consistent with noninductive charging.
Indeed, inspection of the GOES visible and the IR imagery during the period when the SIUL activity was
most active in Illinois and Wisconsin shows clear evidence of convective cloud elements in the southern edge
of the comma cloud adjacent to the overrunning dry slot intruding behind the surface cold front which was
well to the east.
WARNER ET AL.
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Recent observations of thundersnow in Rapid City, SD, on 4 October 2013 suggest the phenomena reported
herein may occur with some regularity. An early season but exceptionally intense blizzard produced
widespread heavy snow (totals in excess of 60 cm) and strong winds gusting to 25–30 m s!1 for more
than 24 h. During a 20 h period beginning at 1130 UTC on 4 October in western South Dakota, it appears
there were at least 57 SIUL ﬂashes, accompanied by 357 NLDN reports, all but two of negative polarity.
They were launched not only the ridge top broadcast towers in Rapid City [Warner et al., 2013] but by
other tall objects ranging from a 500+ m tall TV broadcast mast to several much shorter cell phone towers.
Fortuitously, before a regional power outage commenced, the ﬁrst ﬁve of the SIULs from ~150 m tall
Rapid City ridge top towers were documented by a digital interferometer (a custom made, ﬁve-antenna
VHF system provided by Vaisala, similar to their TLS200 system, providing azimuth and elevation signals in
4 μs windows). In each case, the upward positive leader initiated at the tower tip. Figure 9 shows the time
color-coded progression of a SIUL at 1145.47 UTC, which was accompanied by 10 subsequent !CG and
one !IC NLDN report. In addition to producing 11 NLDN reports from recoil and reconnecting dart
leaders, a three-stroke !CG ﬂash also came to ground ~20 km northeast of the originating tower at the
end of the event. An electric ﬁeld mill 5 km west of the tower indicated the prior electric ﬁeld was steady
positive (foul weather) at 3 kV m!1 prior to the ﬂash, indicating negative charge aloft. Upon development
of the upward positive leader, the electric ﬁeld experienced a negative excursion and reversed polarity.
The same pattern was observed for all ﬁve SIUL ﬂashes captured by the interferometer. Analysis of 3-D
NMQ radar reﬂectivity data conﬁrmed elevated 30–35 dBZ embedded convective cells spanning the
!10 to !20°C layer aloft. In contrast to the 1–2 February 2011 blizzard, this system was electrically very
active in the region of heavy snowfall, with at least nine sprite-class +CGs being recorded by the CMCN.
Unfortunately, daylight prevented optical conﬁrmation.

7. Conclusions
The 1–2 February 2011 winter cyclone did not produce the hoped-for outbreak of sprite-class +iCMC
lightning during thundersnow. The NLDN revealed a preponderance of negative polarity lightning, more
typical of central U.S. thundersnow outbreaks. The major unexpected ﬁnding was that during a 26 h period
over six states and one province, at least 93% of 242 lightning ﬂashes (as herein deﬁned), comprised of 1153
events, appeared to involve self-initiated upward lightning (SIUL) discharges from tall, and some not so tall,
structures. The NLDN-detected events were 96.5% negative polarity. Two of Chicago’s tallest skyscrapers
(the >400 m Willis and Trump Towers) launched nine ﬂashes, comprised of 34 events. However, many of the
suspected origination points for the upward positive leaders were considerably shorter. Some 6.7% were
associated with electrical transmission lines, while 13.1% appeared to launch from wind turbines, which
typically have hub heights on the order of 80 m.
An intriguing question arises as to whether most of the thundersnow lightning would have occurred at all but
for the human-built environment. The dearth of any NLDN events initiating over the Great Lakes’ water
strongly suggests this would have been the case. It appears that enhanced electric ﬁelds at the top of the
participating structures, along with the presumably lower altitude of the charge centers within the
precipitating nimbostratus clouds, were sufﬁcient to allow the initiation of upward positive leaders without
(with one possible exception) a prior triggering lightning discharge. The notable winds in this blizzard may
also have played a key role by “stripping” away much of the corona discharge shielding grounded tall
structures, as appears to be the case with the tower and wind turbine observations of SIULs in Japan winter
snowstorms [Wang and Takagi, 2012].
While detailed analyses of NEXRAD reﬂectivity data revealed embedded cellular convection in the region
where the SIULs were occurring, the vertical charge structures within the comma region of occluding winter
cyclones have not been well documented. The origin of a very low level negative charge layer into which the
SIUL upward positive leaders presumably discharged is not well understood. Further research on the
electrical structure of winter cyclonic storms is warranted.
The 1–2 February 2011 thundersnow cyclone tended to ﬁt the climatology presented by Market et al. [2002].
About 53% of U.S. thundersnow reports are associated with cyclones traversing the midcontinental and Great
Lakes states. The peak concentration of central U.S. thundersnow reports are typically within 200 and 400 km
north and northwest of an occluded low pressure center, as was the case here.
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There may also be interesting forensic implications of these results. For both LTUL and SIUL lightning, the
NLDN can often report what appear to be clusters of !CGs in the vicinity of a tall tower. Yet these may not
all actually strike the “ground” in the normal sense of the term (houses, telephone poles, trees, etc.).
Rather, they represent processes within the inverted tree of the upward tower discharge or reattachments
to the tower itself. Given the nonzero locational error of the NLDN, these would appear to create CG
clusters around the structure. It has been argued [Byerley et al., 1999] that tall towers create and “attract”
lightning and apparently enhance the number of lightning strikes in their immediate vicinity. Given that any
SIUL or LTUL attachments are likely to involve the grounded tall object, it is unclear if this represents an
enhanced threat to surrounding property or personnel.
The initial interest in the 1–2 February 2011 blizzard was the anticipation of documenting sprite-class +CG
lightning ﬂashes in thundersnow regions. This did not materialize. However, given the observations in
western South Dakota on 4–5 October 2013, it appears that sprite-class iCMC +CGs do occur, albeit
infrequently, in cyclonic storms producing frozen precipitation at the surface. Observations will continue with
hopes of capturing images of a winter sprite induced by an energetic +CG in a cold season midcontinental
cyclonic storm system.
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