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Abstract 

 
Lightning morphology during thundersnow storms is not fully understood due to the 
infrequent occurrence and lack of lightning sensing equipment capable of detecting total 
lightning.  This is especially true for thundersnow due to its infrequent occurrence.  
While all thunderstorms by definition contain lightning, the dynamics of thundersnow 
storms differ greatly from most convective thunderstorms due to inertial instability.  The 
dynamics can be investigated by evaluation of frontogentical forcing and equivalent 
potential vorticity (EPV).  Previous studies reveal that cloud-to-ground (CG) lightning is 
rarely the first type of lightning observed, highlighting the importance of total lightning 
detection, but it remains unknown if this applies to lightning within mesoscale snow 
bands.  Existing lightning detection through the National Lightning Detection Network 
(NLDN) only reliably recognizes cloud-to-ground strikes, with the exception of a few 
sparsely located Lightning Mapping Array (LMA) systems.  The LMA employs very 
high frequency (VHF) and Global Positioning System Time-of-Arrival (GPS-TOA) 
signals to determine latitude, longitude, altitude, and time of a lightning strike.  A case 
study that includes observed data from the Washington, DC, LMA and Rapid Update 
Cycle (RUC) model output from 5-6 February 2010 has been analyzed in order to gain an 
improved understanding of how lightning progresses through time in convective 
snowstorms.  The LMA data serves as a proxy for total lightning which will soon be 
available through emerging satellite technology. With the upcoming launch of 
Geostationary Operational Environmental Satellite–R Series (GOES-R), total lightning 
detection will be available for thunderstorm activity across the United States and 
surrounding waters, drastically increasing the current lightning spatial coverage.  In order 
for forecasters to become familiar with the total lightning product, proxy data from a 
ground-based experimental network and the current ground-based lightning detection 
network can be used with similar results when combined.  This research operationally 
demonstrates the benefits of the emerging satellite technology of total lightning detection 
in that ground-based lightning data will be used to investigate the rarely occurring 
phenomenon of mesoscale banded thundersnow. 
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1. Introduction 

The ground-based sensors that encompass the National Lightning Detection Network 

(NLDN) currently detect lightning across the United States with a cloud-to-ground (CG) 

detection efficiency of above 90% (Orville et al. 2011).  CG lightning has the most 

impact on day-to-day safety simply due to the strike discharging to the Earth’s surface; 

high detection efficiency is therefore needed.  However, the detection efficiency at which 

the NLDN detects in-cloud (IC) lightning is only 10-20% (Cummings and Murphy 2009).  

Evidence supports that more than 80% of thunderstorms produce IC before other stroke 

types (MacGorman et al. 2011).  A total lightning approach, which is the evaluation of 

CG and IC lightning, is needed within weather operations.  Observations of total 

lightning do not currently exist outside of very localized research networks.  However, 

the upcoming launch of the Geostationary Operational Environmental Satellite–R Series 

(GOES-R) will enable nationwide total lightning detection for the first time, a feat that 

has never been accomplished either from the ground or by satellite (Goodman et al. 

2012).   

Much training needs to be done to prepare the operational weather community for the 

new observational capabilities created by the next generation of weather satellites.  One 

approach is to investigate previous meteorological events using proxy data, existing 

datasets that simulate the capabilities of the forthcoming observation framework.  By 

using an extant experimental lightning detection network in concert with the current 

operational lightning detection network, forecasters can gain a glimpse into future 

operations as well as familiarize themselves with the data that GOES-R will provide.   
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Thundersnow is a rare phenomenon that has been challenging to research due to the 

limited occurrence and the low detection efficiency of IC lightning associated with the 

NLDN.  The LMA, frequently used in research, detects IC lightning and upper portions 

of CG lightning at a very high resolution.  Unfortunately, the Lightning Mapping Array 

(LMA) networks are sparse and the domain of the LMA is relatively small, especially 

compared to the national coverage of the NLDN.  Combining these two networks 

provides a total lightning approach within the range of the LMA.  In order to better 

understand total lightning occurring in thundersnow, the unique storm dynamics will be 

evaluated and the NLDN and LMA data are combined to serve as a proxy for total 

lightning detection.  The storm dynamics, characterized by inertial instability, are 

evaluated through EPV and frontogenetical analysis.  

The aim of the present research is to demonstrate the capabilities of this emerging 

technology by using ground-based lightning data as a proxy to investigate the seldom-

occurring phenomenon of mesoscale banded thundersnow.  In the following sections of 

this paper, the background of thundersnow dynamics and instrumentation are discussed.  

The methods applied to this research are then reviewed, followed by the examination of 

the case study results.  And lastly, overall conclusions are summarized. 
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2.  Background 

2.1. Banded thundersnow dynamics 

Thundersnow occurs infrequently in the contiguous United States and has only 

recently begun to be studied.  A 30-year climatological analysis by Market et al. (2002) 

showed that only 191 thundersnow events occurred during that time frame, and were 

concentrated primarily around the Great Salt Lake as well as in another broad area from 

central Colorado extending eastward into the Central Plains.  Thundersnow can be caused 

by cyclones, orographic lift, upslope conditions, stationary or artic frontal lifting, lake 

effect events, or under coastal influences (Market et al. 2002).  The study revealed that 

52% of thundersnow events were associated with extratropical cyclones and surface 

temperatures were most commonly just below freezing near 30 oF with dew point 

temperatures only 2-3 oF lower (Market et al. 2002).  Only recently did Market and 

Becker (2009) conduct the first study of lightning characteristics associated with banded 

thundersnow in the United States. 

Previous studies of elevated thunderstorms (Moore and Blakley 1988, Colman 

1990, Holle and Watson 1996) conclude that embedded thunderstorms in a broad 

precipitation field were possibly initiated by the release of conditional symmetric 

instability (CSI) in which a parcel can be stable to horizontal and vertical movements but 

unstable to slantwise movements (McCann 1999).  As a parcel is displaced upward, its 

equivalent potential temperature (𝜃𝑒) value will be slightly higher than the surrounding 

air.  Buoyancy will allow the parcel to accelerate upwards, while geostrophic momentum 

(Mg) will push the parcel to the left, resulting in a combine slantwise motion 

(Weismueller and Zubrick 1998).  This slantwise motion is parallel to the thermal wind.  
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CSI is associated with an inertial instability, which can be determined by little to no 

directional wind shear with height through the column of air.  Inertial instability results 

from an imbalance between the Coriolis and pressure gradient forces (McCann 1999). An 

inertially unstable parcel will slowly climb a sloped surface to a specific height, but will 

experience a significant horizontal displacement as it does so. For an environment 

conducive to mesoscale banded snow, an inertially unstable environment but 

convectively stable environment is favored in order to avoid CI dominance; when 

environments exhibit both CSI and convective instability (CI), the buoyant instability 

associated with CI will dominate (Bennetts and Sharp 1982).  Convective instability is a 

more efficient process because the parcel follows a more direct path to a specific height. 

The presence of equivalent potential vorticity (EPV) indicates unstable conditions 

in either the form of CSI or CI.  Two-dimensional EPV in is mathematically defined as 

(Moore and Lambert 1993): 

                       𝐸𝑃𝑉 = 𝑔 𝜕𝑀𝑔

𝜕𝑝
𝜕𝜃𝑒𝑠
𝜕𝑥

− 𝜕𝑀𝑔

𝜕𝑥
𝜕𝜃𝑒𝑠
𝜕𝑝

,                                     (1) 

      (A) (B)        (C)(D) 

where Mg represents geostrophic momentum, defined by 𝑀𝑔 = 𝑉𝑔 + 𝑓𝑥  (where Vg is the 

geostrophic wind component and 𝑓 is the Coriolis parameter), 𝜃𝑒𝑠    represents the 

saturation equivalent potential temperature, and the x-axis is perpendicular to the thermal 

wind and pointing towards warmer air.  All terms are multiplied by the gravitational 

constant to result in potential vorticity units (PVU, 1 x 10-6 m2 K s-1 kg-1).  Term A in (1) 

defines the rate of change in geostrophic momentum with respect to pressure changes 

characterizing the vertical wind shear.   Term B is the horizontal potential temperature 

gradient.  When evaluating CSI, it is acceptable to use 𝜃𝑒 instead of 𝜃𝑒𝑠 with relative 
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humidity values greater than 80% (Sanders and Bosart 1985).   Term C is the absolute 

vorticity, which is almost always positive in areas of interest due to mesoscale banding 

being associated with a baroclinic low-pressure system (Moore and Lambert 1993).  

Static stability of the atmosphere is represented by term D, where a positive number 

reflects static stability.  The area with negative or near zero EPV, specifically less than 

.25 PVU, was found by Schumacher (2003) to indicate an environment favorable to CSI.  

Moore and Lambert (1993) developed a method to operationally identify areas of EPV by 

assessing of 𝜃𝑒 and Mg from this equation.  On a cross-section perpendicular to the 

thermal wind, the slope of the 𝜃𝑒 and Mg surfaces indicates presence of EPV if 𝜃𝑒 is more 

upright than Mg (Moore and Lambert 1993).  McCann (1995) derived an equation to 

compute CSI in three dimensions taking into account the horizontal temperature gradient. 

Convection can initiate when CSI is in the presence of strong frontogenetic 

forcing (Market et al. 2007).  With mid-level frontogenesis, moisture is lifted and the 

atmospheric column approaches saturation (Sanders and Bosart 1985).  Emanuel (1984) 

found the frontogenetic circulation becomes contracted and enhanced on the warm side of 

the circulation under weak symmetric stability conditions. This modified circulation 

produces enhanced precipitation banding, resulting in a narrow region of increased 

snowfall.  One indication of the presence of mid-level frontogenesis is a trough of warm 

air aloft (TROWAL). Caused by the cyclonic turning of the warm conveyor belt, the 

TROWAL can be identified by a slight bump or ridge in the 𝜃𝑒 values in the midlevels 

(Martin 1999). 

Nicosia and Grumm (1999) introduced a conceptual model containing EPV 

reduction, frontogenesis, and the cold, warm, and dry conveyor belts in relation to a low-
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pressure system.  Per their conceptual model (Fig. 2.1), frontogenetic forcing is located at 

the intersection of the westward moving cold conveyor belt and the northward movement 

of the warm conveyor belt.  The conveyor belts are trajectories within a low-pressure 

system determined by evaluating system relative air motions that originate from the same 

wet-bulb potential temperature, represented by constant 𝜃𝑤 surfaces (Carlson 1980).  

Heavy snow tends to be located to the southeast of mid-level frontogenesis, while EPV is 

in the proximity of the frontogenesis.  Due to the tilted upslope of the ascent, features are 

adjacent to each other instead of being superimposed.  The air brought into the system via 

the dry conveyor belt destabilizes the environment, resulting in a decrease in 𝜃𝑒𝑠 with 

height as it interacts with either the warm or cold conveyor belt (Nicosia and Grumm 

1999). 

Ice crystals initially form by heterogeneous nucleation and grow by deposition, 

but the habit, or shape, of an ice crystal is a function of available moisture and 

temperature and influences the amount of moisture accreted.  Therefore, total snowfall is 

a function of humidity and temperature at subfreezing levels of the cloud.  Ice crystal 

production is maximized near -15 oC where dendrites are produced (Pruppacher and Klett 

1997).  The heaviest snowfall is found with dendrites due to the spacing of the ice 

crystals allowing for maximum moisture accumulation (Pruppacher and Klett 1997). 

High storm total snow accumulations have been observed both near and 

associated with banded snow, despite the bands only impacting a geographical area for a 

relatively small time.  Moderate to heavy snowfall rates are observed in the vicinity of 

lightning, usually seen in a substantial 24-hour snowfall accumulation (Market and 

Becker 2009, Crowe et al. 2006).  This is based on higher snow rates occurring with the 
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precipitation bands resulting in a higher long-term accumulation rate.  It is important to 

understand when and where high snowfall accumulations associated with mesoscale 

banded snow will impact a community.  

Lightning is an electrical discharge between negative and positively charged 

electric fields. The charge is transferred from one electric field to the other in order to 

decrease the charge difference.  Lightning occurs when a charged leader begins to 

propagate towards an opposing charge, initiating a return stroke (MacGorman and Rust 

1998).  The leader and return stroke meet closing a path for electrical discharge.  Most 

strikes contain two to four return strokes, but upwards of twenty can exist (Cummings 

and Murphy 2009).  The length of the return stroke is on the order of tens of 

microseconds, with typically 20-100ms of separation (Cummings and Murphy 2009). 

There are two main classifications of lightning determined by the discharge point, IC, 

discharges not reaching the ground, and CG, discharges to the Earth’s surface.  IC 

lightning can be farther specified by cloud-to-cloud (CC) and cloud-to-air (CA), and does 

not have to be solely confined to inside the cloud (MacGorman and Rust 1998).  There 

are four variations of lightning discharges depending on the charge of the leader: an 

active leader originates in the cloud (positive or negative polarity) or an active leader 

originates from Earth’s surface (both positive and negative).  In each case the charge that 

is transferred to the ground.  CG lightning can be naturally occurring or triggered by 

artificial means, such as tall buildings and airplanes.  IC charges usually originate near 

the negatively charged core of the storm and propagate towards the positive charge, 

usually located at higher elevations (Cumming and Murphy 2009).  

Lightning experienced in a sub-freezing atmospheric column primarily results 



	   8	  

from ice-to-ice collisions, a process known as inductive charging.  Inductive charging is 

defined as charge transfer between two polarized hydrometeors during collision, in this 

case snow or ice (MacGorman and Rust 1998).  Inductive charging is less efficient than 

non-inductive charging, where ice and supercooled water droplet collide (Rauber et al. 

2014), which helps to explain the infrequency of thundersnow. Inductive charging is 

maximized when located in the updraft when upward and downward velocities are close 

to equal (MacGorman and Rust 1998).  Despite less favorable conditions, charge 

differentiation within nimbostratus clouds is often associated with embedded convection 

(Brook et al. 1982, Holle and Watson 1996, Crowe et al. 2006, Market and Becker 2009, 

Rauber et al. 2014).  Rust and Trapp (2002) studied electric field profiles in six winter 

nimbostratus systems containing no embedded convection.  In one case, which exhibited 

sub-freezing temperature producing moderate snowfall, vertical electric field values of 3 

kV m-1 were observed.  Imyanitov et al. (1972) also noted modest electric fields values 

of 2-3 kV m-1 within winter stratocumulus clouds.  The electric fields found in stratiform 

clouds are much lower compared to the electric fields produced by the non-inductive 

charging mechanism associated with mixed-phase updrafts of convective cells (Warner et 

al. 2014), where values of 100-200 kV m-1 are common (Imyanitov et al. 1972)   

Studies that address wintertime lightning through inductive charging are limited 

and a consensus on the preferred discharge polarity has not been established (Rakov and 

Uman 2003).  Winter thunderstorm studies were first conducted in Japan and Russia but 

most did not address specific lightning characteristics but rather generalized the events as 

a ‘snowstorm’ (MacGorman and Rust 1998).  Negative lightning strikes are observed 

more than 90% of the time annually (Orville and Huffines 2001, Orville et al. 2011), but 
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these initial winter studies conducted in Japan predominantly observed positive lightning 

strikes (Takeuti et al. 1973, Orville et al. 1987).  Holle and Watson (1996) examined two 

wintertime embedded convective cells that produced greater than 53% positive lightning 

strikes, consistent with Takeuti et al. (1973) and Orville et al. (1987). However, Rauber et 

al. (2014) investigated 16 winter cyclones and concluded that 96% of the ground flashes 

had negative polarity.  Similarly, Warner et al. (2014) researched the 1-2 February 2011 

blizzard and observed 96.5% of all lightning had negative polarity.  These values are 

higher, but supported by the 80% negative polarity determined by Market and Becker 

(2009) in 24 winter storms.  Rakov and Uman (2003) concluded after evaluating multiple 

Japanese winter studies that approximately 33% of strikes were positive.  While these 

studies demonstrate a wide range of lightning polarity values for thundersnow events, 

consensus is that positive lightning strikes do occur more often in winter months (Orville 

et al. 2011). 

The NLDN effectively observes only 10-20% of IC lightning occurrences 

(Cummings and Murphy 2009).  The capability to detect IC lightning with the NLDN has 

been available since 2003 (Cummings and Murphy 2009).  Since IC strikes are often the 

first type of lightning discharged by a thunderstorm and are observed greater than 80% of 

the time, the total lightning perspective is important (MacGorman et al. 2011).  It is not 

understood if this relationship holds true for inductive lightning associated with snow.  

Lightning has not been well studied within mesoscale banded thundersnow due to the 

lack of equipment and rarity of these events.  

2.2. Instrumentation 

In order to obtain a total perspective of lightning activity, both CG and IC 



	   10	  

lightning data provided by the NLDN and the Washington, DC LMA respectively, were 

evaluated as shown by Rudlosky and Fuelberg (2013).  Lightning emits electromagnetic 

radiation over a wide range of the spectrum (Cummings and Murphy 2009).  The NLDN 

is most sensitive to low frequency (LF) and very low frequency (VLF) emissions from 

CG return strokes, but does classify low-power strokes (less than 15 kA) as IC (Orville et 

al. 2011).  The LMA network detects very high frequency (VHF) radio waves emissions, 

which are largely associated with IC strokes (MacGorman et al. 2011, Cummings and 

Murphy 2009).  

The NLDN produces real-time observations of lightning strikes across the 

contiguous United States.  A brief history of the network as summarized from Cummings 

and Murphy (2009) notes that lightning detection equipment was first used in the early 

1980s in New England while further development was driven by the Electric Power 

Research Institute in an effort to safeguard their workers in the field.  By 1989 the 

network of sensors had greatly expanded and spanned the contiguous United States.  The 

private network was soon commercialized to help pay operating expenses and provide 

lightning data to a broader audience.  Through many upgrades over the years the number 

of strikes accurately detected by the network has improved.  With the 2002-2003 sensor 

upgrade, the added capability to detect IC lightning was achieved, but only observes 10-

20% of the events that occur (Cummings and Murphy 2009).  Today, the NLDN network 

consists of more than 100 sensors that provide lightning detection across the United 

States, including Alaska and extending 200-300 km off the coast (Orville et al. 2011).  

The sensors detect time-of-arrival and direction finder information.  Two sensors are 

needed to detect the flash and then latitude, longitude, and time are calculated (Orville et 
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al. 2011).  Strikes are displayed in one-second intervals with a spatial resolution of 120 m 

(Orville et al. 2011).  

The LMA is a relatively new technology detecting total lightning and is currently 

primarily used in research.  The Washington, DC, LMA is a joint collaboration between 

the National Aeronautics and Space Administration (NASA), the National Oceanic and 

Atmospheric Administration (NOAA), and the New Mexico Institute of Mining and 

Technology.  A network of 10 stations is used to locate total lightning activity around the 

greater metropolitan DC area by monitoring unused VHF television channels for 

lightning activity (Krehbiel 2002).  Narrow VHF bands employ time-of arrival 

geolocation to distinguish latitude, longitude, altitude and time which enables a three 

dimensional depiction of lightning (Cummings and Murphy 2009).  The detection 

efficiency of the LMA is close to 100% within a 60 km x 80 km range and decreases 

beyond those distances (Harris et al. 2010).  Line of sight propagation is a limitation of 

the LMA, which restricts the range to approximately 150 km, but is not an issue for the 

NLDN due to dense sensor coverage (Cummings and Murphy 2009). The LMA provides 

high-resolution detection of lightning events with an accuracy of hundredths of meters.   

As described in the introduction, a significant aim of this research is to better 

understand total lightning within banded thundersnow prior to the launch of GOES-R to 

demonstrate applications of the new total lightning product that will soon be available.  

GOES-R is a collaborative project between NASA and NOAA and is currently scheduled 

for launch early 2016.  This satellite series will replace the current GOES-East and 

GOES-West satellites (Goodman et al. 2012) and will introduce significant 

improvements to the spatial, spectral, and temporal scales of observations.  Satellite 
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imagery will be available with resolution as fine as 30-second intervals.  Increased 

coverage over ocean waters provided by GOES-R will drastically increase current spatial 

coverage received through the ground-based networks (Goodman et al. 2012).  The 

Geostationary-Global Lightning Mapper, a single channel near-infrared optical transient 

detector, will detect total lightning flashes at a spatial resolution of 8 km (Goodman et al. 

2012). Currently LMA data are being used as a proxy to prepare for this new capability 

through the GOES-R Proving Ground and is available to the National Weather Service 

(NWS) (Goodman et al. 2012).  The proxy data provides thorough total lightning 

detection due to its high lightning detection efficiency, high resolution and ability to 

detect both IC and upper portions of CG strikes, but is confined by the limited range of 

the LMA.   
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Figure 2.1 Conceptual model depicting locations of EPV and frontogenesis in relation to 
the surface low pressure (Nicosia and Grumm 1999). 
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3. Methodology 

In order to determine the banded thundersnow events for this study, daily 

lightning data from three LMA installations was investigated.  Data from Colorado (Oct 

2012-April 2014), Oklahoma (Jan 2011-April 2014), and Washington DC (Nov 2006-

April 2014) were reviewed.  On days that exhibited lightning activity, surface 

observations for the closest observation point were checked to determine the precipitation 

type occurring with the lightning.  Only cases with observed snow were subjected to 

further analysis to focus on inductive charging.  Despite searching across over a 

combined decade of data, only one case met these criteria, a thundersnow event over the 

Washington, DC, metropolitan area on 5-6 February 2010.     

Model output and and radar and lightning data were visualized using the 

Integrated Data Viewer (IDV).  Rapid Update Cycle (RUC) data were used due to its 

high spatial (13km) and temporal (1-hr) resolution compared to radiosonde soundings 

(Rudlosky and Fuelberg 2013).  While the RUC does not natively compute EPV and 

frontogenesis, formulas were created within IDV to calculate these values from the model 

output.  EPV is a function of 𝜃𝑒𝑠 and winds.  Frontogenesis is a function of 𝜃! and winds. 

Sterling, Virginia, radar imagery was obtained from National Climatic Data 

Center for the 5-6 February 2010 case.  In order to identify the bands, reflectivity values 

greater than 30 dbZ are displayed.  The criteria for snow bands were adopted from Novak 

et al. (2004), who defined the spatial scale of snow bands as a length greater than 250 km 

and width between 20-100 km while maintaining 30 dbZ base reflectivity for more than 2 

hours.  One band was identified over Baltimore, depicted in Fig. 4.12, although it did not 
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meet the length criteria.  The band was measured from the 0730 UTC base reflectivity 

due to the best band organization occurring at this time.  

In order to gain the total lightning perspective, lightning data were obtained from 

both the NLDN and the Washington DC LMA.  Using both data sets allowed for an 

initiation point identified from the LMA data to be compared to discharges reported by 

the NLDN. NLDN data were confined to a 3 degree latitude by 3 degree longitude box 

around the convection.  Each lightning strike was plotted along with the corresponding 

radar reflectivity. The LMA data required filtering to eliminate radio frequency noise, 

using the same process as Rudlosky and Fuelberg (2013) in which at least six sensors 

must detect the source.  Initiation sources were identified and compared to NLDN data. 

Together, these data recorded 44 CG strikes and 2 IC strikes occurred; these 

results are outlined in Table 4.1.  Multiple flashes or events can compose a strike so the 

Rauber et al. (2014) filtering was applied: data points within 110 m and 0.1 s of each 

other were identified and only the peak current event was retained.  An additional 

filtering was applied for strikes within 1 s of each other and 220 m.  Initial data contained 

58 flashes, with 44 strikes being identified through this filtering process.   
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4. Case study 

February 2010 was the snowiest February on record for Baltimore, Maryland, 

since 1892.  Three major snowstorms impacted the area that month with the first 

occurring 5-6 February 2010.  An occluded cyclone system originating in Texas on 4 

February 2010 moved up the Atlantic coast, while a secondary surface low located over 

Kentucky had split from the main cyclone.  The slow moving primary low-pressure 

system redeveloped off the Atlantic coast bringing record-breaking snowfall amounts 

across northern Virginia and Maryland significantly impacting the mid-Atlantic region 

disrupting air, auto, and train travel.  Near-blizzard conditions existed for much of the 

mid-Atlantic due to the heavy snow and windy conditions.  Snowfall totals recorded by 

the NWS averaged 27-30 inches in the Baltimore area (Fig. 4.1).  Lift from the system, 

coupled with moisture from the Gulf of Mexico and the Atlantic Ocean, provided deep 

moisture throughout this system with snowfall peaking in some areas of Baltimore in 

excess of 36 inches due to a snow band. 

4.1. Synoptic discussion  

On 6 February 2010 at 0000 UTC, the analysis at 300 hPa (Fig. 4.2) indicates a 

meridional trough located over Missouri extending into Louisiana, associated with a 

secondary 135 kt jet max.  Divergence is located over the mid-Atlantic associated with 

the right rear quadrant of the primary 200 kt jet max over Novia Scotia.  The 500 hPa 

(Fig.  4.3) height and isotherm analysis showed a closed low over Missouri and an 

associated negatively tilted trough extending east-southeast into Tennessee and Georgia.  

Redevelopment of the primary surface low occurs over the next 12-hrs due to the 

interaction of this trough and the primary surface low.  Analysis of the 700 hPa (Fig.  4.4) 
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features reveal a closed low centered over western Kentucky with strong winds in excess 

of 50 kts on the east side of the storm, associated with the ascending warm conveyor belt.  

Strong moisture advection was observed by small dew point depressions south of West 

Virginia peaking over North Carolina.  The 850 hPa (Fig. 4.5) height and isotherm 

analysis showed a closed low located over western Kentucky.  A 55 kt low-level jet 

extended northward up the Eastern Seaboard just south of the warm front, quickly 

advected moisture into the area.  Strong cold air advection, as indicated by the tight 

thermal packing is associated with the cold front.  Surface analysis (Fig. 4.6) shows a 

primary low centered in eastern West Virginia and a secondary low pressure over central 

Kentucky, with pressures of 998 and 999 respectively.     

On 6 February 2010 at 1200 UTC, the 300 hPa (Fig. 4.7) analysis showed the 

longwave pattern has decreased in amplitude with a zonal Polar Front Jet across the 

western and central United States located relatively far south over Mexico extending 

across the Gulf of Mexico.  The Polar Front Jet becomes meridional off the Atlantic coast 

with an associated 125 kts jet max off the coast of Georgia.  Remnants of the primary jet 

max seen earlier remain with wind speeds only reaching 125 kts as the jet stream 

propagates eastward.  The low located at 500 hPa (Fig. 4.8) has progressed quickly 

eastward to the Kentucky and West Virginia border with minimal change in heights.  The 

pressure gradient at 700 hPa (Fig. 4.9) tightened as the low deepened 260 m and was 

centered over Kentucky.  The 850 hPa analysis (Fig. 4.10) showed the low quickly 

progressed eastward, located in the Atlantic just off shore of Delaware.  The primary 

surface low, located off the Delaware and Virginia coast, began to occlude and the 

pressure deepened to 988 hPa (Fig. 4.11).  The secondary low, located over the 
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Kentucky, West Virginia, and Virginia border, deepened slightly by 1 hPa to a surface 

pressure of 998 hPa.  

4.2. Mesoscale discussion 

4.2.1. Radar 

Imagery from the Sterling, West Virginia, radar was obtained from the National 

Climatic Data Center.  Analysis was restricted to the time period from 0700 UTC to 1100 

UTC 06 February 2010 due to the lightning activity occurring from 0818 UTC to 1004 

UTC.  Reflectivity returns were modest overall with maximum values ranging from 35 to 

40 dBZ.  One band is discernable by higher reflectivity values as seen in Fig. 4.12 at 

0730 UTC. Only reflectivity values greater than 30 dBZ are displayed to facilitate band 

identification.  The band located over Baltimore has a width of 46 km and a length of 192 

km. It is predominantly stationary, but slowly stretches southwest to northeast along the 

thickness gradient.  The orientation of the band was parallel to the thermal gradient, 

consistent with as observed in other bands by Schultz and Schumacher (1999). 

4.2.2. Observations 

As Baltimore/Washington International Thurgood Marshall Airport (KBWI) was 

close to the snow band, observations from that location were used to assess surface 

conditions.  Precipitation at KBWI began at 1525 UTC on 5 February 2010 with light 

snow with a surface temperature of 2 oC. Despite a surface temperature above freezing, 

only frozen precipitation fell at this location.  Late in the evening of 5 February the snow 

rates began to increase.  All but two hours between 0055-1755 UTC experienced snow 

increasing rapidly at rates around 1 inch per hour.  Snow rates peak at 0755 UTC and 

0855 UTC with 2 and 3 inches per hour respectively.  This peak in snowfall rates 
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occurred during the time in which lightning was observed by the NLDN and LMA.  

Lightning was not directly observed at KBWI.  Precipitation changed to snow pellets 

from 1154-1302 UTC indicating the presence of supercooled water aloft approximately 

two hours after lightning ceased.  Light snow persisted until 2111 UTC culminating a 

storm total snowfall of 24.8 inches. 

4.2.3. Model output 

A derived skew-t sounding from RUC model data (Fig. 4.13) at 0800 UTC shows 

saturation throughout the tropospheric column, with dew point depressions less than 1 oC  

below 400 hPa.  The lifted condensation level is in close proximity to the surface at 996 

hPa (146 m above the ground).  The surface temperature is just below freezing and the 

temperature profile remains below freezing.  The dendritic zone (-18 oC to -12 oC) is just 

over approximately 1500 m thick with complete saturation in the layer, maximizing ice 

crystal production and contributing to high snowfall accumulations. 

Atmospheric stability was assessed through EPV analysis (Fig. 4.14).  In order to 

determine the type of instability present, a vertical cross section of 𝜃! values was derived 

(Fig. 4.16), oriented west-southwest to east-northeast through the maximum area of 450 

hPa EPV (Fig. 4.15).  The presence of CI is indicated by 𝜃! values decreasing with height 

near 6500 m, which roughly converts to 450 hPa.  The main features evaluated and 

depicted in Fig. 4.14 correspond with the Nicosia and Grumm (1999) EPV conceptual 

model (Fig. 2.1). 

4.2.4. Lightning 

The ground-based lightning observation networks detected a total of 46 lightning 

strikes, with two IC strikes detected by the LMA and 44 strikes detected by the NLDN.  
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Coincidently, the positive strikes that were observed were associated with the IC 

lightning strikes while 96% of lightning was negative CG lightning.  Figure 4.17 reflects 

lightning strikes detected with CG displayed by their polarity signs, in this case all were 

negative, and IC depilated by a circle.  The lightning was located with reflectivities of 25 

dBZ or greater similar to trends noted by Market and Becker (2009) who noted lightning 

was often associated with 30 dBZ.  The LMA events were evaluated to identify any 

coinciding CG strikes, in order to determine a more specific location.  The LMA records 

strikes accurately of hundredths of meters, compared to hundreds of meter accuracy of 

the NLDN.  There were no CG discharge events that both systems simultaneously 

detected. 

In order to determine if lightning strikes are correlated with higher reflectivity 

values, the strikes were classified based on their position within the storm as leading edge 

(LE), trailing edge (TE), core (C), or not correlated (NC) after Market and Becker (2009).  

The leading edge was defined as the northern side of the band due to the slight northward 

progression of the band, with the axis intersecting the highest reflectivities.  As time 

progresses, the bands movement becomes hard to define due to the wrapping around of 

the TROWAL.  Of the 46 strikes that occurred, all but one was associated with the band. 

The LE of the band contained 74% of the strikes while the core contained the rest of the 

lightning activity.  No lightning activity was seen with the TE.  Market and Becker 

(2009) saw only a slight increase in lightning activity associated with C compared to LE 

and TE.  The mean (median) distance of the lightning from the reflectivity core was 8.7 

km (7.7 km) with a standard deviation of 7.3 km.  At 0944 UTC the distances drastically 

increase as the band starts to dissipate.  Overall lightning is not correlated with the band 
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core, but during the peak of lightning activity lightning was associated with the core for a 

short time, just before the band started to dissipate.  These finding are consistent with 

Market and Becker (2009), who detected a mean (median) distance of 17 km (9 km).   

Due to the large amount of negative CG strikes observed, self-initiated upward 

lightning (SIUL) was thought to be a possibility, especially since the majority of the 

lightning occurred in or near the Baltimore metropolitan area where large buildings are 

located. Warner et al. (2014) observed a high negative CG lightning occurrence during 

the 1-2 February 2011 blizzard and concluded 93% of the lightning appeared to involve 

SIUL discharges from relatively tall structures in downtown Chicago.  Objects of modest 

height have been known to initiate upward discharges of predominately negative 

lightning (Rakov and Uman 2003).  Lightning observed in this case was plotted on high-

resolution satellite imagery and indicated that most of the strikes discharged in 

residential, business areas, or small wooded areas with no large towers observed or 

known antennas in the area, indicating that SIUL was unlikely. 

  



	   22	  

 

Figure 4.1 NWS storm total snowfall map depicting Virginia area snowfall in inches. 
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Figure 4.2 The NOAA 300hPa analysis valid at 00 UTC 6 February 2010. 
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Figure 4.3 The NOAA 500 hPa analysis valid at 00 UTC 6 February 2010. 
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Figure 4.4 The NOAA 700 hPa analysis valid at 00 UTC 6 February 2010. 
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Figure 4.5 The NOAA 850 hPa analysis valid at 00 UTC 6 February 2010. 
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Figure 4.6 The NOAA surface analysis valid at 00 UTC 6 February 2010. 
 



	   28	  

 
Figure 4.7 The NOAA 300 hPa analysis valid at 12 UTC 6 February 2010. 
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Figure 4.8 The NOAA 500 hPa analysis valid at 12 UTC 6 February 2010. 
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Figure 4.9 The NOAA 700 hPa analysis valid at 12 UTC 6 February 2010. 
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Figure 4.10 The NOAA 850 hPa analysis valid at 12 UTC 6 February 2010. 
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Figure 4.11 The NOAA surface analysis valid at 12 UTC 6 February 2010. 
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Figure 4.12 Mesoscale snow band identified from Sterling, VA WSR-88D Radar at 0730 
UTC 6 February 2010. 
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Figure 4.13 RUC model derived skew-t for Baltimore at 0800 UTC 06 February 2010. 
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Figure 4.14 Radar base reflectivity, 450 hPa EPV and 700 hPa frontogenesis diagram.  
Red contours represent negative EPV at 450 hPa while blue contours represent 
frontogenesis.  These features are adjacent to each other and overlap just slightly, where 
the snow band is located. 
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Figure 4.15  Contours depict area of negative EPV overlaid upon 0937 UTC base 
reflectivity.  The cyan line identifies the location 𝜃! of the cross-section, shown in Fig. 
4.16. 
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Figure 4.16  Vertical 𝜃! cross-section of through area of 450 hPa EPV marked in Fig. 
4.15.  A 𝜃! interval of 2 K is displayed to depict instability across the layer.  EPV roughly 
located 6500 m above the surface. CI is indicated by 𝜃! decreasing with height. 
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Figure 4.17  Total lightning composite overlaid with 0937 UTC 06 February 2010 .5 
degree elevation reflectivity from Sterling, VA Radar.  A line represents CG lightning 
strikes.  A circle represents IC lightning strikes. 
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Time (z) Latitude Longitude Peak Current (kA)  Type Band Location 
0815 39.333 -76.646 -7.5 CG LE 
0815 39.333 -76.652 -4.4 CG LE 
0815 39.335 -76.646 -13.4 CG LE 
0815 39.329 -76.653 -13.4 CG LE 
0815 39.348 -76.635 -12.2 CG LE 
0815 39.345 -76.636 -9.5 CG LE 
0818 38.704 -75.191 -8.2 CG NC 
0818 39.335 -76.646 -6.3 CG LE 
0818 39.336 -76.643 -4.5 CG LE 
0829 39.413 -76.55 -11.2 CG LE 
0829 39.417 -76.549 -15 CG LE 
0829 39.415 -76.552 -14.3 CG LE 
0829 39.415 -76.55 -10.1 CG LE 
0829 39.436 -76.63 -5.1 CG LE 
0830 39.337 -76.636 -5 CG LE 
0830 39.334 -76.647 -6.1 CG LE 
0857 39.294 -76.68 -14.1 CG C 
0857 39.293 -76.68 -14.2 CG C 
0857 39.297 -76.674 -4 CG C 
0857 39.295 -76.685 -5.9 CG C 
0857 39.315 -76.587 -8.7 CG C 
0857 39.32 -76.584 -32.8 CG C 
0857 39.317 -76.587 -10.8 CG C 
0940 39.332 -76.646 -7.3 CG LE 
0940 39.336 -76.647 -4.5 CG LE 
0940 39.239 -76.737 -48.1 CG C 
0940 39.187 -76.894 -37 CG C 
0940 39.188 -76.897 -15.5 CG C 
0942 39.333 -76.641 -13.3 CG LE 
0943 39.28626 -76.614907 3.7 IC C 
0944 39.335 -76.646 -22.9 CG LE 
0944 39.332 -76.638 -13.2 CG LE 
0947 39.336 -76.648 -17.4 CG LE 
0947 39.346 -76.687 -4.7 CG LE 
0947 39.332 -76.648 -12.5 CG LE 
0949 39.341 -76.639 -11.4 CG LE 
0952 39.336 -76.642 -4.5 CG LE 
0952 39.334 -76.644 -15.8 CG LE 
0952 39.332 -76.648 -13.3 CG LE 
0955 39.336 -76.647 -20.4 CG LE 
0955 39.334 -76.648 -13.6 CG LE 
0955 39.332 -76.647 -7.9 CG LE 
0955 39.335 -76.645 -19.6 CG LE 
0955 39.333 -76.643 -14.2 CG LE 
0955 39.335 -76.64 -5.1 CG LE 
1004 39.268017 -76.666497 7 IC LE 

Table 4.1 Total lightning strikes observed 6 February 2010.   Time, latitude, longitude, 
and peak current are listed for each strike.  The strikes were classified as CG or IC based 
on the discharge point and categorized as LE, TE, C, NC based off the location of the 
strike compared to the highest dBZ values located in the core of the band.  
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5. Conclusions 

The main purpose of this research was to operationally demonstrate emerging 

total lightning technology by using proxy data from the NLDN and Washington DC 

LMA to investigate the rarely occurring phenomenon of mesoscale banded thundersnow.  

Due to the sparseness of LMA sensors and infrequent occurrence of banded thundersnow, 

only one case that solely consisted of frozen precipitation and lightning was available .  

While one cannot draw conclusions about all mesoscale banded snow events from a 

single case study, however conclusions from this study were made concerning snowfall 

accumulation and lightning polarity, type and association with maximum reflectivities 

within mesoscale banded thunder snow.   

Lightning was observed in the vicinity of increased snow rates, consistent with 

previous studies (e. g. Crow et al. 2006).  Peak snowfall rates of two to three inches per 

hour were observed at KBWI between 0755 UTC and 0855 UTC corresponding with 

convection.  Increased snowfall totals observed just southwest of Baltimore coincided 

with portions of the snow band of interest. 

Negative polarity CG lightning was predominantly detected in this event.  IC 

lightning was not the first type of lightning detected upon convection initiation, which 

was inconsistent with MacGorman et al. (2011) findings, which dealt more with non-

inductive lightning.  CG lightning was observed as 96% of lightning occurrences, with all 

CG strikes exhibiting negative polarity.  Lightning polarity was consistent with the 

findings of Warner et al. (2014) and Rauber et al. (2014) who found that negative CG 

strikes represented at least 90% of total lightning.  An evaluation of lightning strikes 

found that they were not associated with SIUL.  Much larger values of CG lightning were 
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observed compared to previous studies:  96% of the strikes in this case were CG 

compared to only 55% of the strikes in Rauber et al. (2014). 

Lightning flashes were colocated with the precipitation bands but were not highly 

correlated to the maximum reflectivity, consistent with Market and Becker (2009).  

Hopes to expound upon these findings by exploiting higher resolution data from the 

LMA was not obtained due to lack of simultaneous CG strikes.  

There is still more research needed to be performed in the area of lightning within 

mesoscale banded snow.  The continued study of inductive lightning would be beneficial 

in understanding if the same patterns exist with non-inductive lightning.  Does IC 

lightning precede CG lightning 80% of the time (MacGorman et al. 2011) within 

inductive lightning?  Does negative lightning occur greater than 90% of the time (Orville 

and Huffines 2001, Orville et al 2011) associated with inductive lightning?   

Upon the deployment of GOES-R, the availability and coverage of total lightning 

observations will prove useful in continuing the research and daily operations of 

mesoscale banded thunder snow.  Current ground based lightning detection covers just 

15% of the range GOES-R will provide.  This drastic increase in coverage will allow for 

the investigation of more mesoscale convective bands, because the range will not be 

limited to the contiguous United States.  The expected IC lightning detection efficiency 

for GOES-R is expected to be much higher than the current detection efficiency of the 

NLDN.  The void of IC lightning detection will be filled with the employment of GOES-

R. 
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