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Abstract 

 

Thundersnow (TSSN) is linked to increased snowfall intensity and accumulation 

totals within cyclones. Although rare, TSSN has been observed and studied across 

various regions of the U.S., although most attention has been given to the Midwest, Great 

Salt Lake and Great Lakes regions. On 20 February 2013 an upper level low with 500-

hPa temperatures below 243 K tracked slowly eastward across the Southwestern U.S. and 

brought with it a wide swath of precipitation mostly in the form of rain over the low 

deserts. In the late afternoon, localized snow and graupel accumulations occurred in the 

Phoenix Metropolitan Area (PMA), with coincident reports of thunder. The Earth 

Network Total Lightning Network (ENTLN) confirmed lightning strikes in the area. This 

is an unusual event in that convective snowfall and snow accumulation at lower 

elevations of the PMA are extremely rare. Initial analysis of 3-km High Resolution Rapid 

Refresh (HRRR) output showed an isolated region of instability over the PMA (e.g., 

surface CAPE greater than 500 J kg-1 per the HRRR simulations) along with warm 

temperatures at the lower levels and the surface. This suggests that enough of an updraft 

was present to initiate charge separation, and that the event was likely surface based in 

nature. Temperatures likely cooled due to cooling effects of melting, evaporation and 

sublimation as precipitation fell, and allowed for a deepening of the 0°C isotherm and for 

frozen precipitation to reach the surface. This upper level storm continued eastward 

towards the central Great Plains on 21 February 2013, and produced more TSSN across 

the panhandles of Texas and Oklahoma, Kansas and Missouri, including Columbia, MO. 

Synoptic and mesoscale analysis hinted at an evolution in TSSN environments, and that 
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TSSN likely was the result of a developing lower level warm front with elevated 

instability above. 
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Chapter 1: Introduction 

 

Introduction 

 

 Thundersnow (TSSN) can be defined as a snow event which exhibits instances of 

thunder and lightning. It is a rare mesoscale phenomenon which has been studied 

frequently over the past decade. It is found mainly within intense synoptic scale 

snowstorms (Market et al. 2002) and lake effect snow bands (Schultz 1999, Steiger et al. 

2009). TSSN is often associated with storms that produce high snowfall accumulations, 

although the highest accumulation may not be directly over the point where lightning was 

observed (Crowe et al. 2006). Areas that are most prone to observing TSSN within the 

United States include Utah and Nevada, the Great Plains and the Great Lakes, with lesser 

likelihood as latitude decreases (Market et al. 2002) (Figure 1.1).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: 3-hourly observations in which thunder was coincident with snow from 1961-1990. Adopted from Market et al. 

(2002). 
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 On 20 February 2013, a strong upper level storm system with an associated 

surface low propagated across the southwestern U.S. and tracked directly over the 

Phoenix Metropolitan Area (PMA) that afternoon. Small areas of rain were observed on 

radar as the upper level storm progressed eastward and intensified during the late 

afternoon. As the storm system moved over the PMA, a particularly strong cell tracked 

northward and impacted the suburb of Scottsdale, AZ. The local Automated Surface 

Observing Station (ASOS) at the Scottsdale airport (KSDL) issued a special bulletin at 

4:15 P.M MST (2315 UTC) and reported thunder in the vicinity: 

“KSDL  202315Z  06009KT  10SM  VCTS  FEW045  05/02  A2977  RMK  A02  TSE2254B09” 

Graupel and snow accumulated as the cell past over Scottsdale. Unlike the mountains to 

the north, it is rare to see snow and graupel accumulations at lower elevations in the 

vicinity of the PMA. Early speculation of why that may have occurred was due to the 

intensity of the precipitation associated with the cell. 

 The upper level storm continued to progress eastward across the southwest U.S. 

and approached the southern/central Great Plains on 21 February 2013, where it produced 

severe weather (e.g. hail, tornadoes) ranging from Texas to Louisiana, in addition to 

heavy snow from Kansas to Missouri. TSSN was reported over Columbia, MO during the 

morning. When the storm ended in the late afternoon, 10.2 inches of snow was recorded 

as the final storm total in Columbia by the National Weather Service in St. Louis. 
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1.1: Purpose and Hypotheses 

The purpose of this research is to answer the following questions:  

1. “How does the environment vary spatially between Phoenix and Columbia 

during the 20-21 February 2013 TSSN event?”  

2. “Expanding upon Question 1, what differences are noticed in potential 

TSSN environments as the system moved from the Southwest to the central 

U.S.?” 

3.  “Although thunder is not uncommon across the PMA in winter, 

snow/graupel is not common. What is the likely reason snow/graupel 

reached the surface in this case?”  

The first question is necessary as no research, to the author’s knowledge, has been 

performed on any frozen precipitation event that has taken place over the PMA. The 

second question is necessary as no research, to the author’s knowledge, has been 

performed that has examined occurrences of TSSN within a large storm system domain. 

The third question is necessary for determining what factors likely led to snow/graupel 

reaching the surface. Climatologically, the PMA has an average of zero inches of snow 

per year. 

With no research existing on environments that favor TSSN production over 

southern Arizona and the PMA, this thesis will be primarily based as a comparison to 

what is found over the PMA versus what is found over the Great Plains as TSSN research 

has been mainly confined to the regions outlined in Figure 1.1. The first (this one will 

answer RQs #1 and #2) and second (RQ #3) hypotheses of this comparison study are: 
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1. Given that these locations have different climates, geography and are 

likely at different points in the storm system evolution, environments 

conducive to TSSN between Phoenix, Columbia and areas in-between will 

exhibit different characteristics. The main characteristics will likely be 

different skew-T log-P structures with regards to temperature/dewpoint 

values and wind direction/speeds. Given the more scattered nature of radar 

reflectivity, cross sections and the center of the upper level storm being 

over Phoenix, it is hypothesized that convection that occurred over 

Phoenix will likely be surface based (e.g. temperature decreasing with 

height close to or greater than the moist adiabatic lapse rate of -6°C km-1 

beginning at the surface). Moving towards the Central Plains and the 

Midwest, convection capable of producing snow should transition to a 

more elevated nature (e.g. an unstable layer similar to the surface based 

case sitting over a more stable layer). 

2. Temperatures at the surface of the PMA were in the lower to middle 40s 

(~ 8°C) at the time the areas of rain moved through the area. A surface 

temperature in the lower to middle 40s hints that the 0°C level is likely 

several hundred feet above the ground. This indicates that there must have 

been cooling at the surface and lower levels to allow frozen precipitation 

to reach and accumulate at the surface. An observational study during an 

entire winter season found snow-level displacement heights (i.e., the 

altitude difference between the 0oC isotherm and the level that snowfall 

transitions to a rain-snow mix) greater than 400 meters (White et al. 2010). 



5 
 

Since the average terrain of the area is roughly 400-masl, It is expected 

that the 0oC isotherm will drop below 800-masl. 

1.2: Data and Methods 

 To evaluate different environments for TSSN, it will be easiest to follow Market 

et al. (2006) and create vertical skew-T log-Ps (also can be referred to as vertical profiles 

or soundings) of the atmosphere to evaluate the behavior of temperature, dewpoint and 

wind speed/direction as height increases. The preferred model of choice to observe these 

features is the High Resolution Rapid Refresh (HRRR) as it is the most spatially and 

temporally favorable in terms of resolution and time run. The HRRR files were obtained 

in a GRIB format from NOAA affiliate Bob Lipschutz. The files were analyzed and 

plotted as skew-T log-P diagrams. In addition to determining atmospheric favorability for 

TSSN, the HRRR will also be used to determine if processes such as latent cooling 

(includes melting, evaporation, sublimation) played a role in aiding frozen precipitation 

to reach the surface. For dealing with synoptic scale influences such as determining low 

pressure placement and track, the North American Regional Reanalysis (NARR) will be 

utilized. 

 

1.3: Organization of Thesis 

 Literature review and identification of key points of a topic are necessary before 

beginning any kind of research project. Therefore, chapter 2 will be comprised of a 

review of past research and publications to gain more knowledge of TSSN as well as 

identify the holes that have inspired the research questions. A more detailed explanation 
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of data and methodology will be given in chapter 3. Results of vertical profile computing, 

discussion of HRRR images and model interpretations for Phoenix, Columbia and 

locations in-between will be given in chapters 4, 5 and 6. Lastly, conclusions and 

possible future directions of research of work will be given in chapter 7. 
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Chapter 2: Literature Review 

 

Introduction 

 The objectives of this thesis are to determine potential TSSN environments for 

Phoenix, Columbia and points in-between from a storm that moved across these areas 

from 20-21 February 2013 and to determine how snow/graupel reached the surface at the 

PMA through a layer which was likely warmer than freezing. Prior to conducting the 

study, determining results and discussing future studies, it is critical to first perform a 

search for literature that has previously investigated TSSN and what environments were 

found to be favorable for it to occur in. Despite that TSSN is rare, attention to it is 

important because TSSN events are capable of producing regions of locally enhanced 

snowfall, which worsen already hazardous conditions for the public and emergency 

responders (Market et al. 2002).  

 The chapter begins with a section describing the history and research of TSSN. 

This will include a climatology, how TSSN forms, TSSN in cyclones and TSSN with 

regards to snow accumulations. Since this study is dealing with an evolving storm 

system, it will be wise to examine different scenarios in which TSSN has been observed 

to occur in, thus the section following will deal with elevated versus surface based cases. 
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Part 1: History and Research of TSSN 

2.1 TSSN Climatology 

Market et al. (2002) took hourly surface observations from 204 weather stations 

from across the entire contiguous United States in a 30 year period between 1961 and 

1990. It is important to note that this climatology utilized three-hour synoptic 

observations. Events were defined as any occurrence of thunder with snow. The 

following constituted separate events in the climatology:  

1. More than six hours passing between TSSN reports (six hours is double the 

timescale for slantwise convection) 

2. Stations that contained reports were more than 1100-km apart (1100-km is in the 

middle of the meso-α spatial scale).  

The months of October through April were used in this study as snow events have been 

shown to occur most in the early fall and late spring (this is especially true with lake-

effect snow events). 

The following are key results of Market et al. (2002): 

1. TSSN reports were most common over Utah and Nevada, the central 

plains states and over the Great Lakes. The maximum over Utah and 

Nevada is likely due to orographic forcing. The maximum over the Great 

Lakes is likely due to lake enhancement (orographic forcing is also 

prevalent east of Lake Ontario). 

2. There is no favored time for TSSN occurrence, which means that it is 

independent from daytime heating effects and is caused mainly by 

dynamic forcing. 
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3. Although reports are shown for each month, March was the most preferred 

one for TSSN occurrence. 

4. More than half of the events (52%) were associated with only light 

snowfall and had short durations with little areal extent. 

5. TSSN events were more prevalent with cyclones in the northeast and 

northwest sectors. 

6. Surface reports featuring TSSN events mainly had overcast skies, 

northerly breeze, surface temperatures around 30°F and dewpoint 

temperatures 2°-3°F cooler. These results suggest a stable surface layer 

which is subfreezing and very moist. 

 

2.2 TSSN Formation 

 Three ingredients are necessary for convection: moisture, a source of lift and 

some form of instability (Doswell 1987). TSSN can be present in a phenomenon known 

as mesoscale banding, which can be described as an area of enhanced lift (normally 

provided by frontogenesis) and conditional symmetric instability (CSI) and is normally 

present in extratropical cyclones (Nicosia and Grumm 1999). The development of 

mesoscale banding can dramatically affect the intensity, timing and accumulation of 

precipitation (Novak et al. 2004). This section will examine the features that can be 

responsible for banding, including frontogenesis, CSI, potential instability (PI) and 

equivalent potential vorticity (EPV). 
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2.2.1 Development of Lightning in Banded Snowfall 

 A study to address lightning in mesoscale banding was performed by Market and 

Becker (2009).  To do this, two primary sources of data were used in the study. First, 

cloud-to-ground lightning data was obtained from the National Lightning Detection 

Network. Lastly, snowfall intensity estimates were derived from Level III radar-based 

reflectivity data from the National Weather Service Weather Surveillance Radar (referred 

to as WSR-88D) utilizing the 0.5° elevation scan. One downfall with this method is that 

the WSR-88D radar scans are completed approximately every 6 min. To accommodate 

for this, lightning flashes were matched to the time of each radar scan. Flashes were only 

recorded for between 20-km and 70-km from the radar to ensure decent quality control 

and eliminate ground clutter. After assessing snow band definitions, four categories of 

snow bands were established mainly based on location of the lightning flashes. The four 

categories are as follows: 

1. Leading Edge (lightning flashes located in the front one third portion of the band, 

ahead of stronger reflectivity)  

2. Trailing edge (lightning flashes located in the rear one third portion of the band, 

behind the stronger reflectivity) 

3. Core (inside the inner one third of the snow band, inside the stronger reflectivites) 

4. Not Correlated (not correlated to anyone of the previous three) 

In all, 24 cases that showed banded snowfall across the central United States were 

studied. Each of these cases took place during the cold season months (October – April). 

Analysis found that negative flashes were most dominant in cases compared to positive 

flashes (80% and 20%, respectively). This was found to be in contrast to previous studies 
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that showed positive flashes being more dominant in convective precipitation, but this 

may be due, at least in part, to the fact that a majority of these past studies took place 

over Japan, which has a more maritime influence on its weather (in comparison to 

continental over the central U.S.). It was also found that while lightning flashes can occur 

with high reflectivites, a correlation occurred in only 6% of the cases analyzed. Also, the 

mean and median distance of a lightning flash from the area of maximum reflectivity was 

17-km and 9-km, respectively. This supports work done by Crowe et al. (2006) which 

showed that lightning flashes did occur in the vicinity of areas of high reflectivity. 

 

2.2.2 Frontogenesis 

 The concept of frontogenesis was first discussed by Petterssen (1936). 

Frontogenesis occurs when a temperature gradient, normally potential temperature, 

changes in magnitude (i.e. gradient becomes tighter) or orientation due to changes in 

wind speed or direction over time. Frontogenesis may be represented as: 

(1) 

which equals the overall change with time of a horizontal gradient ∇pθ (θ is potential 

temperature and p is pressure).  

 Frontogenesis in the atmosphere is preferred in areas where winds are converging 

or a deformation field exists (Figure 2.1). According to Banacos (2003), formation of 

mesoscale banding and heavy precipitation is favored when a horizontal deformation 

zone is present in the 850-500-mb layer and is most prominent at 700-mb.  Deformation 
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is usually the initiator of the banding process since synoptic divergence is small. After 

some time, convergence will increase due to the thermal wind disruption and a 

development of a new ageostropic circulation. 

 

Figure 2.1: A field of pure deformation where red dashed lines indicate isotherms and black lines represent the kinematic 

field. Adopted from Banacos (2003). 
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Figure 2.2: Representative hodographs for the northwest portion of a cyclone (Cc1), col point over a deformation zone (Nc), 

eastern portion of a deformation zone (Wc1), mean vertical wind profile (Wc2) and Nf/Cf representing an analogous situation 

where winds remain calm in the 850-500-mb layer in a frontal pattern. S and T represent the surface and tropopause, 

respectively. Image taken from Banacos (2003). 

 

 

Banacos (2003) also describes a col point, which is defined as a point where there is zero 

velocity in the horizontal field. In the case of a hodograph, a col point can be identified if 

the line goes through the origin (Figure 2.2). The col point is significant such that it is an 

area where a strong deformation field may be present. This is an area where forecasters 

need to look for strong frontogenetical forcing which can lead to heavy precipitation. 

This will be favored to occur so long as strong vertical shear and horizontal wind speeds 

are present. However, it should be noted that this is not a precondition for banding; this 

only shows the environment is favorable. If a col point is observed on a sounding, 

profiler, etc., it should be kept closely watched for banding potential. 
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2.2.3 Conditional Symmetric Instability, Potential Instability and Equivalent 

Potential Vorticity 

 

 Conditional symmetric instability (CSI), unlike frontogenesis, is much more 

complex in understanding. In order to understand the concept of CSI and why it is 

important when forecasting wintertime precipitation, it will be best to take a look at all 

forms of symmetric instability that have been studied. A good review of symmetric 

instability is given in Schultz et al. (2000).  

Schultz et al. (2000) highlighted that the term instability originated in the late 

1800s with Reye (1864) and Peslin (1868), whom each independently identified absolute 

instability, absolute stability and conditional instability. However, Rossby (1932) is said 

to have officially “coined" the term conditional instability (CI) as an environmental lapse 

rate less than the dry lapse rate but greater than the moist adiabatic lapse rate. 

 According to Schultz et al. (2000), there were some problems with CI as noted by 

Normand (1938) and Sherwood (2000). Sherwood (2000) attempted to help identify the 

proper use of CI, and noted that there were two definitions being used in the literature: 

the more popular lapse-rate definition (the definition made by Rossby (1932) where the 

lapse rate is steeper than the moist-adiabatic lapse rate, but less that the dry-adiabatic 

lapse rate) and a definition stating that as parcels would rise in the atmosphere they 

would become more positively buoyant (called available-energy definition by Schultz et 

al. (2000)). Sherwood (2000) argues that the lapse rate definition of CI does not give us 

any measure of actual instability because it does not account for any mechanism which 

could initiate a disturbance; rather it is more of a statement of uncertainty with regards to 

instability.  
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Normand (1938) knew that moisture needed to be accounted for when diagnosing 

an instability. Thus, Normand (1938) came up with the concept of available energy, and 

introduced subdivisions of CI into additional classifications which would become terms 

we know as convective inhibition (CIN) and convective available potential energy 

(CAPE). Both terms are helpful in determining the amount of instability released when 

parcels are lifted vertically. Normand (1938) also developed a classification scheme for 

stability (Table 2.1), although Schultz et al. (2000) state some parts are no longer used. 

The main points of his classification scheme are as follows: 

1. If the atmosphere is saturated and conditionally unstable, this is a true state of 

instability. 

2. If the atmosphere is unsaturated and conditionally unstable, CAPE and CIN must 

be evaluated to determine the degree of instability. 

Table 2.1: Normand (1938) classification of instability. Schultz et al. (2000) state the sub classifications i and ii are no longer in 

use. 

 

Sherwood (2000) argued that the available-energy definition is more useful for 

calculating instability as it accounts for a forcing mechanism. However, he also stated 

that each definition is important for different locations and use of each is dependent on 

one’s forecast philosophy. 

Schultz et al. (2000) found more shortcomings with utilizing the traditional lapse 

rate definition of CI. They found that when assessing an environment and obtaining a 
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model or observed sounding that is trying to represent an environment that storms will 

form in, it will likely be subject to a host of problems. This is because parcel theory, 

which is utilized with the traditional association between conditional instability and 

parcel instability, does not take into account important atmospheric processes, such as 

mixing and ice phase. The processes that allow parcels to be lifted also affects the 

environment, so the sounding will evolve over time. 

 To deal with the past issue, the term potential instability (PI) was introduced. Also 

known as convective instability, it was also first defined by Rossby (1932) and had to 

meet one of the following requirements over a layer in the atmosphere: 

1. The wet bulb temperature lapse rate must be greater than the moist-adiabatic lapse 

rate 

2. equivalent potential temperature decreases with height, or, 

3. wet bulb potential temperature decreases with height 

Rossby’s definition of convective instability states that when a layer of the atmosphere 

that is bounded by two pressure levels is lifted, with the bottom of the layer becoming 

saturated before the top, it will lead to steepening of the lapse rate within the layer with 

continuous ascent, possibly leading to increase values of CAPE. However, Rossby’s 

definition was meant for the case of a layer being lifted while ascending over a front 

rather than for instances of isolated convection, so Hewson (1937) introduced PI to the 

frontal scenario to avoid confusion. PI is often present in situations where deep, moist 

convection is likely to occur, although it’s noted that it is possible not all convective 

environments will have any kind of potential/convective stability. PI is also utilized for 

larger areas of convection rather than isolated pockets of convection. 
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 Schultz et al. (2000) also discusses the ingredients-based methodology, which 

reiterates Doswell (1987) in saying that the three necessary ingredients of lift, instability 

and moisture are obligatory for deep, moist convection to occur. According to Schultz et 

al. (2000), Sherwood (2000) argued that instability as an ingredient is not necessary 

because we are often attempting to diagnose an instability from the three ingredients, 

which is oftentimes confusing. Although disadvantages have been presented with this 

method, it is good for the fact that moisture and lapse rates are separately considered. 

This makes it easy for forecasters to visualize destabilization of the atmosphere from 

either lapse rate or moisture separately. 

 Lastly, Schultz et al. (2000) discuss CSI and how it can be determined. The study 

focuses on diagnosing CSI in two ways: the lapse rate definition and available-energy 

definition. The lapse rate definition of CSI can be diagnosed by comparing the absolute 

geostrophic momentum to saturated equivalent potential temperature relationship (Mg – 

θe*) or by calculating negative saturated geostrophic potential vorticity (negative 

MPVg*); available energy is the same as slantwise convective available potential energy 

(SCAPE).  

 Since CSI is a complicated topic, it is often that it can be misused or overused in 

diagnosing banded precipitation. Schultz and Schumacher (1999) are the first to fully 

identify this problem, and explain that the misuse of CSI could be caused due to the 

following reasons: 

1. The theory of CSI has restrictions and limitations which are often understated, not 

properly interpreted or not considered by researchers or forecasters who rely on 

CSI when trying to provide an explanation for banded precipitation. 
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2. Implementation of more advance technologies such as Doppler radar and satellite 

that have high resolution have shown us banded clouds and precipitation 

frequently, and explanation why has been needed. CSI is often cited as the cause 

of this when other atmospheric processes may be at work. 

3. Accessibility of gridded model data and the popularization of CSI diagnostics by 

forecasters has made evaluation of CSI more common in universities and 

meteorological facilities. Computational ease of CSI has allowed it to become a 

frequent explanation for banded precipitation. 

4. Although studies with models that process CSI have been performed, applicability 

of those results to observations are in question. These results can be unappreciated 

by meteorologists, nor are they described from a theoretical or numerical-

modeling framework. 

For diagnosing CSI, Schultz and Schumacher (1999) state that using absolute geostrophic 

momentum Mg and the basic state of saturated equivalent potential temperature θe* is 

recommended, although θe* may be substituted because the atmosphere is hydrostatic and 

doing so will likely result in minimal error. However, M in place of Mg is not 

recommended especially when working with areas of cyclonic shear which can cause the 

environment to be ‘inertially’ stable along a basic potential temperature surface θ. 

Recommendations that θe* should be used in assessing CSI and θe be used for diagnosing 

potentially symmetric instability (PSI) are also made. 

Schultz and Schumacher (1999) continue to identify issues that should be 

resolved when one tries to identify if banded precipitation or clouds are related to CSI. 

For example, utilizing a specific thermodynamic quantity such as equivalent potential 
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temperature (θe) or saturated equivalent potential temperature (θe*) can affect the 

assessment of instability; one situation in the study showed that θe was increasing with 

height (potentially stable) but θe* was decreasing with height (conditionally unstable). It 

is recommended that θe* should be used in assessing CSI and θe be used for diagnosing 

potentially symmetric instability (PSI) because moisture is assumed to not be present for 

PSI (in the definition of PI it was noted the layer was lifted to saturation). In the special 

case of a saturated atmosphere, θe* = θe and θe would be useful in determining CSI. 

 Although Schultz and Schumacher (1999) recommended that θe* is a good 

variable for use in forecasting CSI, they make mention that θe would also be useful in the 

case of a saturated atmosphere, as well as of the use of negative saturated geostrophic 

potential vorticity (negative MPVg*).  Moore and Lambert (1993) utilized θe in their 

study to show the potential that equivalent potential vorticity (EPV) could have with 

forecasting CSI over the Mg – θe method. Their argument for using θe was that in the 

winter, saturation is achieved when the relative humidity is 80% or higher. In this case 

cross sections could be plotted of Mg and θe. An area of CSI would be diagnosed where 

the slope of the Mg lines are more horizontal than the θe lines (Figure 2.3). 
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Figure 2.3: Diagram from Schultz and Schumacher (1999) that was adopted from James Moore and Sean Nolan that shows 

the location of CSI. Mg are represented as thick black lines and θe are represented as grey lines. 

 

 Moore and Lambert (1993) expand on the equation for EPV that was given by 

Martin et al. (1992). The expansion assumes geostrophic flow, neglects vertical motion 

(ω), neglects variations with respect to y and is multiplied by gravitational acceleration g 

(= 9.806 ms-2). The result yields: 

 

Term A is the change in absolute geostrophic momentum (Mg) with respect to 

pressure, where Mg = Vg + fx (geostrophic wind plus Coriolis parameter, Mg is 

proportional to Vg). This term is normally negative below the level of the jet stream since 

Vg increases with decreasing pressure (i.e. increasing height). When the vertical wind 

shear increases, term A becomes more negative and the slope of Mg becomes more 

horizontal. This allows more of an opportunity for development of PSI, especially in 

frontal regions where θe surfaces are more vertically sloped.  

Term B is normally a positive value thanks to the definition of Mg because the 

cross section must be taken normal to the geostrophic wind. At the same time the cross 

               A          B                  C         D 

(2) 
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section is also taken normal to the thickness lines. Since warmer air is mainly in the 

positive x direction, θe lines will slope downward and the term will be positive. 

Term C is the absolute geostrophic vorticity and is also related to Mg = Vg + fx. 

Since absolute vorticity is usually greater than 0 in the Northern Hemisphere, term C will 

be positive. However, this is not true if Vg decreases substantially in the x direction and 

offsets the increase from the Coriolis parameter (this case is rare). 

Term D is a measure of convective instability of the atmosphere and can be 

interpreted as follows: 

 Term D < 0: Convectively stable 

 Term D = 0: Convectively neutral 

 Term D > 0: Convectively unstable 

Since the first term (Term A × Term B) is normally negative and term C is normally 

positive, Term D can have a huge impact on the second term (Term C × Term D) and the 

value of EPV. Moore and Lambert (1993) obtained 3 possible scenarios: 

1. When the atmosphere is convectively stable (Term D < 0), the second term will 

be negative. Subtracting the second term from the first term will yield an increase 

in the value of EPV and will decrease the chances of PSI. 

2. When the atmosphere is convectively neutral (Term D = 0), the second term has 

no effect on the value of EPV. Since the first term is negative, EPV will also be 

negative. 

3. When the atmosphere is potentially unstable (Term D > 0), the second term will 

be positive and thus EPV will be negative.  
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The following is taken from using this equation: 

 When EPV < 0 and the atmosphere is potentially stable, then the atmosphere is 

potentially symmetrically unstable (conditionally when RH > 80%) 

 When EPV > 0, the atmosphere is symmetrically stable 

 

2.3 TSSN in Cyclones 

 Expansion on the 1961-1990 climatology of TSSN was done by Market et al. 

(2004), which mainly focused on TSSN events that took place with a cyclone (there were 

a total of 80 events after analysis and classification of 97 cases). Classification on where 

the TSSN occurred in relation to the cyclone center was also performed. 

 The analysis of this study was performed by generating mean fields of standard 

atmospheric pressure variables at 900, 850, 700, 500 and 300-mb. They were generated at 

time of initiation of TSSN (T-00) and also for 12 (T-12), 24 (T-24), 36 (T-36) and 48 (T-

48) hours prior to the occurrence. This was done to gain an idea and understanding of the 

environment during and before TSSN onset. The center of the composites were done over 

the TSSN onset locations. 

 From the analysis, it was determined that out of the 80 cases, 33 took place in the 

northwest portion of the cyclone. This situation was associated with a deeper, better 

developed and negatively tilted cyclone. It was also found by analyzing at each level that 

in the majority of these cases the cyclone was beginning to decay and weaken 

(characteristics that showed weakening included positive vorticity advection at 500-mb, 
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heights are at the lowest at 900-mb and at 850-mb and that temperature advection at 700-

mb had hit its peak). 

 The cases that took place in the northeastern portion of cyclones yielded different 

environmental results. It was found that there were a total of 19 events that took place in 

this area. While height falls at 900 and 850-mb took place, temperature advection at 700-

mb was continuing. There was also vorticity advection at 500-mb. It was determined that 

these cases are likely the result of symmetric instability release, and elevated convection 

near a surface warm front. It was also noted that TSSN events that occur in the 

northeastern portion of the cyclone do so when the system is still developing and has not 

reached maturity. 

  

2.4 TSSN and Snow Accumulations 

 Crowe et al. (2006) initially stated that it’s a general assumption that within an 

area of TSSN one would expect there to be heavier snow accumulations. However, they 

make mention that MacGorman and Rust (1998) had pointed out that this claim is invalid 

as there had been no study to support it. Crowe et al. (2006) would be the first to 

challenge validity of this assumption. In their study, they utilized the same time period as 

the Market et al. (2002) climatology study (1961-1990), and focused on hourly weather 

observations taken from large airports staffed by weather observers on a 24-hour 

schedule (termed “first order” observing stations) to determine existence of TSSN events. 

They also compared them to daily 24-hour snowfall totals taken by local National 

Weather Service Cooperative Climate Observer (COOP) stations. They note that while 

there might be some discrepancies with the snowfall amounts that were measured (i.e.: 
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blowing snow, melting snow, compacting, etc.), the COOP stations represent the best 

measurement of 24-hour accumulated snowfall. Preference was given to observing 

stations who reported TSSN at least 3 hours before their usual reporting time of daily 

snowfall (most report in the morning ~12z). This was done to make sure that the snowfall 

total was representative of the period in which TSSN occurred. Also, it was necessary to 

make sure that the TSSN observation occurred along or near the axis of snow 

accumulations within the area between the maximum snow accumulation to where the 

snow accumulations are at least half the maximum. 

 The hypothesis assumed was that TSSN occurred in areas of heavy snow 

accumulations. It was found that for a majority of cases, the heaviest 24-hour snowfall 

accumulations took place nowhere near a report of TSSN. However, in the 22 storms that 

were analyzed, there were deep snow accumulations. This lead to the alternative 

hypothesis that TSSN reports occurred NEAR an area of deep snowfall accumulations. 

This ended up only being valid for 1 out of 3 storms in the study. The following were the 

conclusions: 

1. TSSN events tend to be associated with regions of high snowfall accumulations, 

but not necessarily the deepest in the system. 

2. The existence of TSSN show that the system is capable of producing heavy 

snowfall in excess of 15 cm somewhere in the system. 
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Part 2: Elevated vs. Surface TSSN 

2.5 TSSN Soundings in Cyclones (Elevated Case) 

Expanding upon the study of TSSN skew-T log-Ps done by Curran and Pearson 

(1971), Market et al. (2006) examined proximity skew-T log-Ps of TSSN but also 

included examination of the stability of the environment. The primary goal of this 

research was to determine a mean vertical profile of temperature and moisture when an 

environment that favors snow produces lightning. In order to do this study, two sets of 

skew-T log-Ps were compared. The first set (11 cases) encompassed balloons flown at or 

near a time and location (proximity) of an active TSSN event while the second set (12 

cases) featured non-TSSN cases with similar synoptic environments to the first set. Both 

sets of cases were associated with extratropical cyclones (must have had at least two 

close isobars on a 4-mbr contour interval), occurred between the Rocky and Appalachian 

Mountains and were not influenced by lakes or orography. 

The first set of cases were examined for instability, averaged and also compared 

to the second set. A comparison was also performed in the first set of cases between 

radiosondes launched on the northeast and northwest sides of cyclones. Mean profiles for 

both TSSN and non-TSSN cases using the raw data from radiosonde flights (e.g. 

temperature, dew point, wind speed, etc.) were created for analysis. It was found that the 

mean proximity TSSN skew-T log-P had a less stable environment, had more moisture 

and were warmer than the mean non-TSSN skew-T log-P. By performing a Mann-

Whitney test, Market et al. (2006) found a higher pressure that the most unstable parcel 

was lifted (MULPL), a greater 700-500-mb lapse rate and a most unstable lifted index 

(MULI) ≤ 0 in TSSN skew-T log-Ps compared to the non-TSSN skew-T log-Ps. The final 
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composite skew-T log-P profile, which was comprised of the mean of the values of the 

TSSN cases and non-TSSN cases, showed that the vertical was cold enough for snow in 

the whole depth, a moist neutral environment above the frontal inversion, the most 

unstable level 30 to 50-mb above the top of the inversion and significant drying that 

occurs 100-mb within the MULPL. It's also interesting to note that more potential 

instability (PI) was discovered in the skew-T log-Ps that were northwest of the cyclone 

center versus the northeast skew-T log-Ps (PI is defined as a layer that is lifted to 

saturation and thus cools at a lapse rate greater than the moist adiabatic lapse rate). 

 

2.6 Convection in the Midwest during the winter (Surface Case) 

It is uncommon to see a situation in the wintertime where a squall line like 

structure forms and is granted issue of a severe thunderstorm warning. Pettegrew and 

Market (2009) looked at one such situation, which took place in the late afternoon and 

evening of 11 February 2013 across eastern Iowa and north-central Illinois. The National 

Weather Service in Lincoln, IL had issued severe thunderstorm warnings ahead of this 

squall line for a damaging wind threat only. This warning was justified as damage was 

reported across the country warning area (CWA) along with spotter reports of wind gusts 

near or just above 50 knots. It is not often that a severe thunderstorm warning is issued in 

the wintertime, so this was definitely a challenge for forecasters. To analyze this event, 

the following were utilized: 

1. Surface and upper air data, with emphasis on 1200 UTC 11 February 2013 and 

0000 UTC 12 February 2013. 
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2. WSR-88D radar guidance from Lincoln, IL (ILX) and Davenport, IA (DVN) to 

see storm structure. 

3. Lightning detection from Vaisala’s National Lightning Detection Network 

(NLDN) 

4. 20-km Rapid Update Cycle (RUC) to study synoptic, meso-α and meso-β 

variables 

From a synoptic point of view, the squall line was the result of a cold front and an 

upper level trough right above it. A worthy point of note was that a jet streak was present 

at 300-mb, with the core located over northern Missouri and central Illinois and the 

poleward entrance region located over southern Iowa. Pettegrew and Market (2009) agree 

that this is not typical for a severe weather setup, but argue that others have pointed out 

similar situations in other studies. Also, based on this situation it is arguable that there is 

lower to mid-level forcing at work. Analysis of Q-vectors showing convergence over 

central Illinois is one of those arguments. 

Mesoscale analysis was done using the RUC. Frontogenetical forcing, CAPE and 

vertical motion were all found in a shallow layer along and behind the surface front. 

Although there was marginal CAPE present in both the ILX and DVN skew-T log-Ps in 

the evening, both skew-T log-Ps did show some degree of instability in the mid-levels. In 

an adjustment of temperature of the 0000 UTC 12 February 2013 skew-T log-P (which 

was released at the time the front was nearly at the location), the value of CAPE 

increased to 169 J kg-1, which according to Steiger et al. (2009) is sufficient for lightning 

creation. Temperatures throughout all the profiles were supportive for all snow. 
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2.7 Lake Effect Environments (Surface Case) 

 As mentioned in the climatology section, TSSN is prevalent over the Great Salt 

Lake and the Great Lakes. Schultz (1999) detailed the environmental patterns for lake-

effect thunderstorms that occurred over the Great Salt Lake and Western New York (i.e. 

Lake Erie snow bands). Schultz (1999) analyzed 49 events from the Great Salt Lake and 

26 events over western New York and categorized them as either having lightning or no 

lightning present. It’s important to note that all the events that were used had been written 

about in previous research, but not for the purpose of examining differences between the 

environments. Lightning data was taken from the Bureau of Land Management for the 

Great Salt Lake and the NLDN for western New York to determine if these events were 

active in lightning strikes. Surface and thunder data for thunderstorm start and end times 

were taken from the following observing stations: Salt Lake City, Hill AFB (both in UT), 

Buffalo and Ogden (both in NY). Skew-T log-Ps were also obtained from the North 

American Radiosonde Database for all of the events. 

 Analysis of the vertical profiles showed very few differences in environments 

between the Great Salt Lake and western New York. It was found that the most useful 

parameters for predicting lightning in the lake effect events was lower-tropospheric 

temperatures and lifted index (LI), with CAPE and dewpoint depression playing a 

minuscule role. It is hypothesized that as water vapor is lifted in a strong updraft that 

rimed particles will form and the air will become supersaturated. The interaction of these 

rimed particles and non-rimed particles will cause a charge separation. This is only 

favorable when lower-tropospheric temperatures are warm  (more water vapor will be 

available and the -10°C isotherm height is higher). 
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A more recent paper by Steiger et al. (2009) examines conditions that are 

favorable for lightning to occur with lake effect snow bands associated with Lakes Erie 

and Ontario. There are two parts to this study:  

1. Focus on a lake-effect lightning climatology 

This part of the study simply took a look at the frequency and location of most 

prevalent lightning strikes. In the period of study, 95 days of lighting were 

reported with a calculated average of 7.9 days per season (standard deviation of 

4.3). There is an average of 5.8 lake effect storm events per season (standard 

deviation of 2.6). In terms of lightning location, the highest density of strikes were 

found to be on the eastern and southern portions of both lakes and was over the 

water. This was hypothesized to be due to the band moving away from its heat 

and moisture source as it moves over land (i.e. the concentration of supercooled 

water droplets and graupel decreases with more of an ice crystal presence). 

 

 

2. Focus on lake-effect thundersnow 

The majority of lake effect snow events have been shown to occur in the early 

part of the cold season (75% from November to December). This is hypothesized 

to be due to this being the time that both lakes are at their warmest temperatures. 

TSSN was less common/infrequent in the second half of meteorological winter 

(past January). More than 70% of lake effect thunder snow occurred with lake 

temperatures above 10°C while 10% occurred with the lake temperature less than 

4°C. Lake Erie tended to stop producing lake effect snow by mid-February as the 



30 
 

surface freezes over due to the lake shallowness (thus Lake Erie sees more 

lightning reports in the early season events). Lake effect events are associated 

with a warm lower troposphere. This was determined using the height of the lake 

induced equilibrium level and the heights of the -10°C and the -20°C isotherms. 

The -10°C isotherm is important in this case because it is a location associated 

with graupel initiation. Deep layers between the surface and the -10°C isotherms 

are important because it will contain more supercooled water droplets, and the 

preferred height of this isotherm is greater than 1 km AGL. This combined with 

graupel and ice crystals allow for charge separation in convective clouds.  

 

Conclusion 

From performing this literature review, the following conclusions can be made: 

1. TSSN research has gained more ground in the past decade, with investigations 

primarily confined to synoptic scale storms (Crowe et al. 2006; Market and 

Becker 2009;  Market et al. 2004; Market et al. 2006; ) and lake effect storms 

(Schultz 1999; Steiger et al. 2009). 

2. TSSN can also occur in areas of mesoscale banding (Market and Becker 2009). 

Factors such as frontogenesis, CSI, PI and EPV should be all be considered as 

presence of these show potential for banding. 

3. TSSN can occur in cases of elevated (Market et al. 2006) and surface (Pettegrew 

and Market 2009; Schultz 1999; Steiger et al. 2009) convection. 

From these publications and a literature search, it is seen that TSSN research has been 

mainly confined to areas that we mentioned by Market et al. (2002) to be the most 
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favorable for its potential to occur. Once again, these include Utah/Nevada, the central 

Great Plains and the Great Lakes. Research of TSSN potential and environments is 

lacking across the southwest U.S. as well as over large storm domains, where there is 

focus of this thesis. 

 Publications in this literature review will help to answer the research questions 

and hypotheses developed in Chapter 1. Examining the validity of these hypotheses 

requires knowledge of an accurate depiction of the vertical profile to see how the 

atmosphere is behaving with increasing height. It is also necessary to have an accurate 

depiction of analysis to show storm track and evolution. The next chapter will focus on 

the data sources that will be used to analyze and structure the vertical profiles and storm 

progression. 
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Chapter 3: Data and Methodology 

Introduction 

 The previous chapter established that TSSN research has grown significantly in 

the past decade, with research focus generally leaning to the areas emphasized by Market 

et al. (2002). Research of TSSN in the southwest U.S. was lacking, along with TSSN 

research across a large storm domain. The purpose of this research is to examine the 

differences in environments between two areas that have both seen thundersnow, with the 

added condition that the thundersnow be produced by the same system. Thus, the main 

focus will stick with analysis of one storm that first impacted Phoenix, AZ and then 

moved on to impact Columbia, MO and locations in-between the very next day. This 

event took place in the period of 20-21 February 2013. 

 

3.1 Study Area 

 The general area of study for this thesis will follow the track of the storm system 

across the southwest U.S. through the Great Plains (Figure 3.1). The upper level portion 

of the storm moved onshore in southern California on the morning of 20 February 2013 

and continued to progress until it was directly over the PMA at 0000Z 21 February 2013. 

The storm tracked towards the New Mexico/Texas border and then moved sharply 

northeast towards north central Kansas that evening. 



33 
 

 The domain of the storm track is characterized by varying topography. According 

to the Western Regional Climate Center, Arizona is dominated by three topographical 

features: (1) a high plateau averaging between 5,000 and 7,000 feet in elevation in the 

 

Figure 3.1: 500-mb storm track for 20-21 February 2013. 500-mb was chosen as lower pressure levels can often be distorted by 

higher terrain in this area. 

 

northeast; (2) a mountainous region oriented southeast to northwest with maximum 

elevations between 9,000 and 12,000 feet about mean sea level; and (3) low mountain 

ranges and desert valleys in the southwestern portion of the state. Precipitation is most 

dominant in the mountains to the north, with snow accumulations approaching 100 inches 

each season.  

Moving into New Mexico, the average elevation is roughly 1,400 meters above 

sea level, with mountain ranges scattered across the state. Snow is common in the 
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mountain ranges when Pacific storms pass, and may also be seen in the desert valleys. 

Ranges go from around 3 inches in the valleys to upwards of 100 inches in the mountains 

per season. 

Moving into Texas takes us to more level territory according to the National 

Weather Service, with terrain flattening out to around 1,100 meters above sea level. 

Terrain elevation remains roughly the same moving northward into Oklahoma and central 

Kansas. Probabilities of snow are low in these areas, but average amounts increase going 

into Kansas and Missouri as these areas are sometimes prone to Arctic impacts. 

 

3.2 HRRR Data 

 The best vertical truth in the atmosphere comes from launching radiosondes, and 

they are able to give a near instantaneous picture of how the atmosphere is behaving. In 

our cases, however, there are no stations nearby to Phoenix and Columbia to obtain 

vertical data at the times that TSSN impacted each area. The next best representation to a 

radiosonde will be a vertical profile produced by a model. While the North American 

Mesoscale (NAM) and Global Forecast System (GFS) models are able to produce skew-T 

log-Ps, lacking resolution (27-km for GFS before upgraded 13-km versus 12-km for 

NAM) and time outputs make them unfavorable for use. The best choice for resolution 

and time was the HRRR model, which is explained more in depth in the next section. 

 It is important with any model to understand their biases and weaknesses. Given 

time constraints with this thesis, determining model performance across fifteen runs is 
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not possible. To make up for this, examination of previous research into the HRRR 

forecasting of cold season precipitation is done. 

 

3.2.1 The HRRR and Cold Season Precipitation Forecasting 

 Being able to pinpoint and forecast where heavy precipitation will fall is very 

important to society and everyday life. For example, forecasting areas that will receive 

heavy snow is very crucial for the transportation industry (ground, air, etc.), power 

industries and for public safety. It is crucial that areas such as these receive timely and 

accurate predictions of snowfall amounts in order for people to prepare for any impacts.  

Ikeda et al. (2013) is one of the latest studies to analyze model performance in 

regards to forecasting wintertime precipitation. In studies of performance of Numerical 

Weather Predictions (NWP), they note that handling of precipitation associated with 

cold-season systems such as fronts, troughs and synoptic scale systems was done better 

than with warm-season convective precipitation. However, determining the precipitation 

type in these cold-season systems (snow, rain, ice, etc.) is still difficult despite the high 

resolution capabilities and parameterization schemes that current numerical weather 

prediction models have. 

The HRRR model, which was developed by NOAA, the Earth System Research 

Laboratory and Global Systems Division (NOAA/ESRL/GSD) and was recently made 

operational by the National Centers for Environmental Prediction (NCEP). is an hourly 

updating model with a 3 km resolution nested inside a larger parent domain. It currently 

runs with a core of the Weather Research and Forecasting-Advance Research WRF 
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(WRF-ARW) model, uses the Thompson cloud microphysics scheme and the Rapid 

Update Cycle (RUC)-Smirnova land surface model. Before April 2011, it was nested 

(defined by NCEP as a finer resolution model run, embedded inside a parent domain 

which is driven along its lateral boundaries by the parent domain)  inside the 13-km 

RUC, and presently it runs with the Rapid Refresh (RAP) and utilizes its initial and 

boundary conditions. Both of these models assimilate current radar reflectivity 

observations into the HRRR. 

The focus period for the study was January-March 2011, when the HRRR was 

still using the RUC for its domain. It also used the following physics schemes: 

 Goddard radiation scheme 

 Rapid Radiation Transfer Model longwave radiation scheme 

 RUC-Smirnova land surface model 

 Mellor-Yamada-Janjic surface and boundary layer parameterization 

 Thompson et al. (2008) mixed phase microphysics scheme 

To analyze model performance of the HRRR with prediction of correct precipitation 

phase, Ikeda et al. (2013) gathered ASOS data from only stations in the eastern portion of 

the U.S. (stations in the western U.S. do not fully take into account elevation as they are 

located in valleys). The ASOS is able to determine precipitation type using an algorithm 

to analyze data from the Light Emitting Diode Weather Identifier (LEDWI) sensor. With 

this data, Ikeda et al. (2013) assigned “truth” as either rain, snow, mixed, UP (unknown 

precipitation) or NP (no precipitation) from a classification that involved computing 

fractions of model predicted rain, snow, mixed and NP inside a spatial neighborhood. The 
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spatial neighborhood is necessary because of mismatches in timing and/or location of 

precipitation in the HRRR forecasts and observations. An example of a spatial 

neighborhood is shown on Figure 3.2. 

 

Figure 3.2: An example of a spatial neighborhood in Ikeda et al. (2013). The resolution is 3-km. According to Ikeda et al. 

(2013), the closest grid point (dot) to a surface site (the x) is found and the model predictions at all the grid points inside the 

neighborhood box of a given width (the grey area) are used for the evaluation. 

 

Once the factions are calculated they are arranged into an evaluation matrix (Table 3.1). 

It’s noted that if the maximum values line up diagonally, then the HRRR performance 

was good. 

Table 3.1: Example of the evaluation matrix from Ikeda et al. (2013) 

 

 

Before Ikeda et al. (2013) did their case studies, they did an analysis on how accurately 

the HRRR predicts surface temperatures. Both the surface wet-bulb temperature (this is 

important because of evaporation and sublimation effects as precipitation falls) and air 

temperature were examined. It was found that in areas of predicted rain, the overall 

HRRR bias was negligible, but there was a pronounced warm bias when the observed air 
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and wet-bulb temperature was less than 0°C. In areas of predicted snow, temperatures 

were underestimated when the observed air and wet-bulb temperatures were greater than 

2°C. 

 Once two storms were analyzed, the following conclusions were made: 

 Precipitation coverage was well represented by the HRRR, with ~60-80% of the 

neighborhood areas in agreement with observations. Mismatches were less than 

10%. Any false alarms were near the outer edges of the precipitation coverage. 

 Transitions from rain-to-snow and mixed precipitation were handled well. Mixed 

precipitation was correctly identified in ~40-60% of the neighborhood areas. 

Mismatches were ~25-45%. In the areas that were misclassified, forecasts of rain 

were more likely than snow. This could be due to a number of factors such as the 

HRRR temperature bias, data processing and spatial-temporal offsets between the 

model and the observed mixed precipitation areas. 

 The larger the size of the weather system, the better the HRRR did in predicting 

precipitation phase as larger systems tend to have better precipitation coverage 

than smaller and more disorganized systems.  

It is important to remember that these results pertain mainly to when the RUC was the 

parent model for the HRRR. However, Ikeda et al. (2013) note that early analysis of the 

2011-12 season yielded impressions that this list would likely be the same for the RAP. 

Recent implementation of dual-pol capabilities to all of the WSR-88D radars it will open 

new doors to analysis of model performance. 
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3.2.2 Analysis of Vertical Profiles and the Mesoscale  

 An advantage that the HRRR presents over the NAM and GFS is that it initializes 

every hour and provides an hourly forecast for fifteen hours after it initializes, whereas 

both the GFS and NAM only initialize four times daily and are capable of forecasts with 

3 hour intervals. This makes it easier to study an environment’s potential and also to see 

how the environment evolves over different model runs. Our times of focus in this study 

are 2200 UTC for Phoenix and 1400 UTC for Columbia. 

 The HRRR data will be analyzed via a program in Python and NSHARP, which is 

a skew-T log-P analyzation program provided in the general meteorology package 

(GEMPAK). NSHARP will display vertical profiles to the closest latitude and longitude 

of each point of concern. Temperature, dewpoint, wind speeds and directions will be 

plotted. The program will also be able to calculate Convective Available Potential Energy 

(CAPE), Convective Inhibition (CIN), Lifted Condensation Level (LCL) and Level of 

Free Convection (LFC) from the most unstable (MU) level.  

 Market et al. (2006) will provide a base of which to determining if the 

environment will potentially be favorable for elevated TSSN. The following will be 

important keys to look for: 

1. Profile is cold enough for all snow 

2. Moist neutral layer above a frontal inversion 

3. Unstable 700-500-mb lapse rate above the moist neutral layer 

4. Most Unstable Lifted Index ≤ 0 
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Steiger et al. (2009) and Pettegrew and Market (2009) will provide as a base to 

determine if the environment will be favorable for surface TSSN. The following will be 

keys to looks for: 

1. Overall unstable profile  

2. Lifted Index ≤ 0 

3. Presence of CAPE  

For both elevated and surface cases, the height of the -10°C will also be crucial. Schultz 

(1999) and Steiger et al. (2009) stressed that lower tropospheric temperatures should be 

high enough to allow a higher level for the -10°C to allow more supercooled water 

droplets to mix with ice particles. The height above ground level for the -10°C level is 

preferred above 1.4 km for TSSN production according to Michimoto (1993). 

 In the previous chapter it was noted that TSSN doesn’t always occur with upright 

convection, thus it will be important to determine if any other kinds of instability are 

present. While evaluating for symmetric instabilities is a crucial, doing so on a high 

resolution model is not feasible. The reason is due to the model’s capability to calculate 

and disseminate finite features that a larger scale model can’t perform. When plotting 

values such as Mg (proportional to Vg), these values will be dependent upon the models 

interpretation of how the geostrophic wind is behaving over the area. It is best to evaluate 

symmetric instabilities like CSI and EPV using a larger scale model such as the NAM 

and GFS. However, a high resolution model like the HRRR can be used to show how 

temperatures change with height, so an analysis of PI will be performed. 
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Showing that temperatures at the lower levels and surface cooled for the Phoenix 

case will be done by analyzing various model runs of the HRRR that produces images 

every 15 minutes. Areas where the model is showing convection occurring will be 

analyzed via model skew-T log-Ps over the location before and after convection moved 

through. Two cases will be taken from each model run. 

 

3.3 NARR Data and Synoptic Analysis 

 The North American Regional Reanalysis (NARR), according to the Earth 

Science Research Laboratory, is an extension of the National Center for Environmental 

Prediction Global Reanalysis which runs over North America. It uses a very high 

resolution Eta model (32-km/45 layers) and along with the Regional Data Assimilation 

System assimilates data such as precipitation to improve forecasts. The NARR will be 

utilized for synoptic analysis of this thesis and will be plotted via programs in Python. 

Pressure levels that will be focused on will be as Market et al. (2004) established, which 

were surface, 900, 850, 700, 500 and 300-mb. The only level that the NARR will not 

analyze (only in the Phoenix case) is the surface as its resolution will not be able to 

account for terrain. At the surface, mean sea level pressure (4-mb interval) will be plotted 

from the HRRR. Temperature (°C), geopotential heights and wind speed/direction (knots) 

will be plotted at 900, 850, (both of these will be neglected in the analysis of the 

southwest due to terrain) and 700-mb (heights every 30 gpm). At 500-mb, geopotential 

height (interval 60 gpm), temperature (°C), winds (knots), and vorticity (every 1×10-4 s-1) 

will be plotted. Geopotential height (interval 80 gpm) and wind speeds (knots) will be 

plotted at 300-mb to determine if any jet streaks were present. 
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 Omega, which is a variable used to help diagnose areas of rising motion, will be 

plotted at 900, 850, 700 and 500-mb (starting at 700-mb in the southwest). Moisture 

content will be represented in the form of relative humidity (%), and will be averaged 

between 700-500-mb out in the west and 900-700-mb and 700-500-mb moving out east. 

Thickness maps for 1000-500-mb, 1000-850-mb, 1000-700-mb and 850-700-mb (only 

this one in the west) will also be plotted to determine areas where rain likely transitioned 

to snow. 

 

Figure 3.3: Example NARR data plotted with Python of 500-mb heights (red lines), temperature (C) and wind (measured in 

knots) centered over Arizona. 
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Figure 3.4: Example NARR data plotted with Python of 850-mb omega (units are Pa s-1) centered over Arizona. 

 

3.4 Lightning Data 

 Lightning data for this case was obtained through the Earth Networks Total 

Lightning Network (ENTLN) and was processed via Microsoft Excel. It is a global 

lightning detection network that includes 800 sensors across 40 countries including the 

United States. It is able to detect both intra-cloud and cloud-to-ground lightning. The 

lightning data, combined with the thickness plots previously mentioned, will aid in 

determining areas between Phoenix and Columbia that likely experienced TSSN as the 

storm progressed east. 
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3.5 Banding Analysis 

  It was established that TSSN may also accompany banded precipitation in the 

literature review. To analyze a system for banding, the method created to identify bands 

by Novak et al. (2004) will be used (Table 3.2). Novak et al (2004) defines six types of 

bands: Single, Multi, Narrow cold frontal, Transitory, Undefined and Nonbanded. Single 

bands are 20-100-km in width, greater than 250-km in length and maintain and intensity 

greater than 30 dBZ for at least 

Table 3.2: Explanation and types of mesoscale bands. Adopted from Novak et al. (2004). 

 

 

2 hours. Multi bands are defined as being greater than 3 finescale bands that are roughly 

5-20 km in width with periodic spacing and similar special orientation with intensities 

greater than 10 dBZ over the background for around 2 hours. Narrow cold frontal bands 

are around 10-50-km in width, greater than 300-km in length, are located along a cold 

front or in the warm sector and are greater than 40 dBZ for around 2 hours. Transitory 

bands are described as bands which may meet the criteria for one of the previous bands 

except for one factor. These factors, according to Novak et al. (2004) are either intensity 

or lifetime. Undefined bands are not able to be discerned due to incomplete data or bright 

banding. Nonbanded events display none of the above criteria. Radar analysis will be 

used to determine if any banding is present in any of these events. 
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Conclusion 

 The purpose of this thesis is to determine and compare potential TSSN 

environments between Phoenix, AZ, Columbia, MO and points in-between that likely had 

TSSN. To conduct this study, a variety of data was collected to help determine how 

environments likely evolved over the large storm domain. There are two main data sets 

for this thesis. 

1. Analyzing vertical profiles is an invaluable tool to aid in diagnosing 

atmospheric instability. Unfortunately, launching radiosondes is only done 

twice a day at 102 stations across North America, the Caribbean and the 

Pacific and nowhere near our main points of interest. Utilizing model data 

from the HRRR, which contains sufficient resolution and forecast times, 

vertical skew-T log-Ps will be constructed to determine if any locations show 

favorability for TSSN. 

2. Analyzing synoptic environments is key for diagnosing drivers of TSSN. Each 

level from the surface up to 300-mb can contain a feature that could influence 

the environment above or below it. Utilizing data from the NARR, plots 

analyzing synoptic levels will be made and will include analysis of variables 

such as temperature, geopotential heights, winds and omega. 

The 15-minute HRRR will be used in this study to determine if convection likely helped 

cool the environment. Lightning data from Earth Networks was also obtained to help with 

diagnosing areas that likely were associated with TSSN. When combined with NARR 

thickness, it will help determine locations between Columbia and Phoenix for which to 

analyze environments. The next chapter will begin putting the NARR and HRRR 
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together to analyze Phoenix and the southwest U.S. for the environment behind TSSN on 

20 February 2013.  
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Chapter 4: Case Analysis: Phoenix, AZ 

 

Introduction 

 

 In this thesis, examination of the likely differences that exist between 

environments in Phoenix, AZ, Columbia, MO and locations between them that likely 

experienced TSSN is performed. The procedure to analyze these differences was 

discussed in the previous chapter, with the NARR, HRRR and the ENTLN being the 

primary data sources. Plots were created via python. 

 While determining the characteristics of the environment in this chapter, the 

following question introduced in Chapter 1 will be answered: Although thunder is not 

uncommon across the PMA in winter, snow/graupel is not common. What is the likely 

reason snow/graupel reached the surface in this case? Answering this question will 

mainly be done through analysis of the HRRR with the plotting of the model’s 

interpretation of temperature change and convection. The reason for this is due to the fact 

that no surface observing station was located near the areas that received frozen 

precipitation.  

 

4.1 Lightning Data 

 Before beginning with this portion of the study, it was critical to obtain 

confirmation that lightning had occurred in the PMA as part of these convective cells, 

otherwise no comparison could be performed. Using data from the ENTLN, a map has 
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been constructed which shows lightning strike locations, both cloud-to-ground and intra-

cloud, from 2200 UTC to 2300 UTC on 20 February 2013 (Figure 4.1). This was the time 

that the strongest cell moved east from the eastern portions of the PMA towards the 

southern portion of Scottsdale, AZ. 

        

 

Figure 4.1: Lightning plot from the ENTLN which shows lightning strikes from 2200 UTC to 2300 UTC on 20 February 2013 

as the cell that produced TSSN moved from Phoenix to southern Scottsdale. 

 

4.2 Synoptic Analysis 

 Synoptic analysis in each chapter will start with the bottom of the atmosphere and 

will work upwards. In this chapter, one exception to the NARR’s synoptic analysis will 

be in analyzing the surface as the HRRR’s 3-km resolution is better able to account for 

terrain than the NARR’s 32-km resolution. The 2100 UTC HRRR at its initialization 

(Figure 4.2) displays a closed surface low just southwest of the PMA. The max closed 

contour is 1008-mb, which is indicative of a weaker area of low pressure. Surface 
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temperatures around the area are between 8 and 12 degrees Celsius (Figure 4.3), with 

temperatures increasing to the south and west and decreasing to the north and east. 

 

 

Figure 4.2: Surface analysis from the 2100 UTC HRRR initialization for mean sea level pressure, interval is 4-mb. The 

crosshair is the location that received TSSN near Scottsdale, AZ. 
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Figure 4.3: Surface analysis from the 2200 UTC HRRR initialization of 2-m temperature (°C). The black marker is the 

location that received TSSN near Scottsdale, AZ. Temperatures across the area are in the lower 40s.  

 

Because of the high terrain across the southwest U.S., it will be wise to start at a 

pressure level where it’s likely to not encounter any distortions. The first level chosen for 

analysis above the surface is 700-mb. 700-mb is useful for identifying fronts as well as 

mid-level components of fronts and cyclones (Crandall 2010). Looking at the NARR 

700-mb (Figure 4.4), a mid-level trough can be seen with the axis extending southward 

from southern Utah into northwest Mexico. The NARR is also showing an area of cold 

temperatures less than -10°C directly over the PMA. Cold air advection (CAA) is present 

over eastern Arizona down to northern Mexico and warm air advection (WAA) is present 

over western and northwestern Arizona. 
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700-mb omega was also plotted at this time. Omega can is the pressure vertical 

velocity, where a negative value of omega is considered to represent upward vertical 

motion. Looking at the NARR 700-mb omega at 2100 UTC (Figure 4.5), there is an area 

of large negative omega just east of the PMA, indicating sufficient mid-level vertical 

motion. The PMA itself is in an area where omega is between -0.50 Pa s-1 and -0.75 Pa s-

1. 

 

Figure 4.4: 700-mb analysis of the NARR with geopotential height (every 30 gpm, solid black lines), wind direction and speed 

(knots) and temperature (C) at 2100 UTC 20 February 2013. The red marker is the location that received TSSN near 

Scottsdale, AZ. 
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Figure 4.5: 700-mb analysis of the NARR omega (every 0.25 Pa s-1) at 2100 UTC 20 February 2013. The black marker is the 

location that received TSSN near Scottsdale, AZ. 

 

 Analysis at 500-mb is useful for showing areas of vorticity and vorticity 

advection. This is because 500-mb is located close to the level of non-divergence, where 

no horizontal motions are present. Cyclonic vorticity advection (CVA), also thought of as 

positive vorticity advection, can be thought of as rising motion when referencing quasi-

geostrophic (Q-G) theory (it is best employed when grid spacing is ≥ 80-km according to 

Barnes et al. (1996)). Plotted first is the NARR 500-mb heights, winds and temperature 

(Figure 4.6), which also shows a 5400-gpm low centered just west of the PMA inside a 

deep trough. 500-mb temperatures at this time are at or below -30°C over the PMA, 

which is extremely cold for this height. The NARR 500-mb absolute vorticity analysis 

(Figure 4.7) shows low negative vorticity over the PMA, with CVA present in south 

central Arizona, which would indicate favorability for rising motion. AVA is present not 
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far to the northeast, which can be observed in the 700-mb omega plot as an area where 

there is less rising motion. In the area of negative absolute vorticity, the likelihood of 

inertial instability also increases. Analysis of 500-mb omega (Figure 4.8) shows an area 

of negative omega just east of the PMA, and this area coincides with CVA across central 

Arizona. 

 

Figure 4.6: 500-mb analysis of the NARR with geopotential height (plotted every 60 gpm), temperature (C) and wind speed 

(knots) and direction at 2100 UTC 20 February 2013. The red marker is the location that received TSSN near Scottsdale, AZ. 
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Figure 4.7: 500-mb analysis of the NARR with absolute vorticity (plotted every 1×10-4 s-1) at 2100 UTC 20 February 2013. The 

red marker is the location that received TSSN near Scottsdale, AZ. 

 

Figure 4.8: 500-mb analysis of the NARR omega (every 0.25 Pa s-1) at 2100 UTC 20 February 2013. The black marker is the 

location that received TSSN near Scottsdale, AZ. 
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Analysis at 300-mb is useful for determining locations of jet streaks. Depending 

on the quadrant or curvature, jet streaks may aid rising motion by promoting upper level 

divergence. The favorable areas of a jet streak for divergence are the equatorial entrance 

region and the poleward exit region in the case of North America. Looking at the NARR 

300-mb analysis (Figure 4.9), a jet streak between 120 and 140 knots with a small pocket 

of 140-160 knots inside stretches from the Gulf of California through southeast Arizona 

and southern New Mexico. By this map, there is no certain indication of any aid from 

upper level jet streaks in rising motion. The closest quadrant to the area of TSSN 

occurrence is the poleward entrance region, which is associated with promoting 

divergence at the surface and convergence upwards. When divergence is plotted (Figure 

4.10), an area high positive values can be seen in southeast AZ near the exit region of the 

jet streak. Divergence is lacking across the PMA. 

 

Figure 4.9: 300-mb analysis of the NARR with geopotential height (plotted every 80 gpm, black lines) and isotachs for 2100 

UTC 20 February 2013. The red marker is the location that received TSSN near Scottsdale, AZ. 
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Figure 4.10: 300-mb Divergence analysis from` the NARR for 2100 UTC 20 February 2013. The black marker is the location 

that received TSSN near Scottsdale, AZ. 

 

 Focus is now placed on relative humidity (RH). Moisture is one of the three 

ingredients that Doswell (1987) stated would be important for convection, and a relative 

humidity of 80% or larger would be favorable for creating clouds and precipitation, and 

helping diagnose CSI as discussed by Moore and Lambert (1993) in the case of θe. 

Analysis of NARR RH that was calculated from the NARR specific humidity was 

performed for 700-500-mb (Figure 4.11). This map shows that RH over the PMA is 

between 70% and 80%. 
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Figure 4.11: 700-500-mb relative humidity analysis of the NARR for 2100 UTC 20 February 2013. The black marker is the 

location that received TSSN near Scottsdale, AZ. 

 

The last component in this section that will be discussed is thickness, which is the 

vertical distance between two isobaric surfaces. Thickness is also proportional to mean 

layer temperature and is often used to aid in forecasting whether precipitation will be rain 

or snow. The different thicknesses that can be calculated are 1000-500-mb, 1000-700-mb, 

1000-850-mb and 850-700-mb, with the latter being the more popular choice in the 

western U.S. In our case, the 850-700-mb thickness (Figure 4.12) over the PMA is less 

than the critical thickness of 1540-m, which is supportive for snow. 
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Figure 4.12: 850-700-mb thickness analysis of the NARR for 2100 UTC 20 February 2013. The black marker is the location 

that received TSSN near Scottsdale, AZ. 

 

 

4.3 Mesoscale and Sounding Analysis 

 

 It is extremely important to analyze instability because instability is one of the 

necessary ingredients for convection. As previously mentioned, analysis of instability, 

temperature and moisture will be done by examining HRRR model skew-T log-Ps. 

Although there are fifteen model runs that could be used, this thesis will focus on model 

runs closest to the time that TSSN occurred near Phoenix, which was roughly around 

2230 UTC. 1900 UTC, 2000 UTC and 2100 UTC will be the model runs used in analysis 

for this section, with the forecast outputs for 2200 UTC and 2300 UTC being the times 

chosen to analyze. The figures of the outputs have been edited to account for terrain.  



59 
 

 The first plot is derived from the 1900 UTC run of the HRRR valid for 2200 UTC 

(Figure 4.13), which will give a rough idea at what the environment potentially looked 

like before TSSN occurred. Temperatures at the surface are roughly 7°C with a sharp 

decrease to roughly -30°C at 500-mb. The skew-T log-P reveals dry air is present above 

800-mb and temperatures decreasing with height at a rate greater than the moist adiabatic 

lapse rate when lifted from the most unstable level at 925-mb, which is nearest to the 

surface. The lapse rate from 700-500-mb and from 850-500-mb is 7.5°C and 7.8°C, 

respectively, which indicated conditional instability. Around 29 J kg-1 of CAPE is shown 

to be present in this profile. Also of note is the slight backing of winds from 600-mb up 

to around 400-mb and in the hodograph, which is indicative of CAA. 

 The second plot is of the 1900 UTC run of the HRRR valid for 2300 UTC (Figure 

4.14). Many characteristics that were observed at the previous time are retained at this 

time, with an unstable profile present as well as cold upper level temperatures. The 

dewpoint and temperature lines are approximately equal from 750-mb to 550-mb, 

indicating the presence of moisture. There is also CAPE present at this time with the 

same value as the previous hour. The major difference between these two times is the 

moisture and wind speed and direction between 800-mb and 550-mb. Winds are still 

slightly backing with height. 
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Figure 4.13: Sounding analysis from the HRRR valid for 2200 UTC from the 1900 UTC run over the area where TSSN 

occurred (33.55°N, -111.88°W).  
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Figure 4.14: Sounding analysis from the HRRR valid for 2300 UTC from the 1900 UTC run over the area where TSSN 

occurred (33.55°N, -111.88°W).  
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 The next model run is the 2000 UTC of the HRRR with the first plot valid for 

2200 UTC (Figure 4.15). The skew-T log-P profile remains similar to the 1900 UTC plot 

of the same time. The overall profile continues to be dry above 800-mb and unstable with 

a CAPE value roughly around 231 J kg-1 when lifted from 925-mb. CAA also exists 

between 800-mb and 550-mb as the winds show backing with height. 

 The second plot of the 2000 UTC run of the HRRR valid for 2300 UTC (Figure 

4.16) still retains many of the characteristics of the 1900 UTC HRRR valid for the same 

time. The more noticeable differences are with the temperature/dewpoint profile and the 

winds. Compared with the previous run, this run does lose some moisture when going 

above 700-mb. CAPE is still maintained, but has decreased, with a value around 82 J kg-

1. 

 The last model run that will be studied is the 2100 UTC run of the HRRR. The 

first plot is valid at 2200 UTC (Figure 4.17). This profile when compared to the previous 

two runs has more noticeable differences. First, the temperature and dewpoint lines are 

much closer together, indicating high RH. The value of CAPE is roughly 421 J kg-1, 

which is much higher than the previous runs. In the wind field, it is easy to see an area of 

warm air advection (WAA) between the surface and 800-mb, with an area of CAA 

directly above it up to around 550-mb.  

 The second plot of the 2100 UTC run of the HRRR valid for 2300 UTC (Figure 

4.18) maintains the trend of differences. There is more moisture present around 600-mb 
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Figure 4.15: Sounding analysis from the HRRR valid for 2200 UTC from the 2000 UTC run over the area where TSSN 

occurred (33.55°N, -111.88°W).  
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Figure 4.16: Sounding analysis from the HRRR valid for 2300 UTC from the 2000 UTC run over the area where TSSN 

occurred (33.55°N, -111.88°W).  



65 
 

 

Figure 4.17: Sounding analysis from the HRRR valid for 2200 UTC from the 2100 UTC run over the area where TSSN 

occurred (33.55°N, -111.88°W).  
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Figure 4.18: Sounding analysis from the HRRR valid for 2300 UTC from the 2100 UTC run over the area where TSSN 

occurred (33.55°N, -111.88°W).  
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compared to the previous runs. CAPE remains high with a value around 153 J kg-1 (in a 

separate 2-D plot of CAPE, the highest value was > 650 J kg-1). The lapse rate from 700-

500-mb and 850-500-mb continues to remain around 8.0°C. 

 A commonality among all of these plots is the height of the -10°C level. Every 

plot shown has the height of the -10°C level roughly 1.7-km. This distance above the 

ground is favorable for lightning according to Michimoto (1993). 

 

4.4 HRRR Surface Analysis 

 This section of this chapter will cover how the lower levels and surface changed 

as convection moved over the area. To do this, analysis of the 15-minute HRRR time 

since last convective activity = 15 minutes (drawn in blue contours) variable and surface 

temperature change will be plotted. Subsequently, areas that have convection over them 

for longer periods in the model will have hourly model skew-T log-Ps plotted over them 

to show how the lower levels changed as well. The 15-minute times of the HRRR are 

restricted to 2-D only, thus hourly runs of the HRRR will be used to plot the skew-T log-

Ps. 

 Two model runs will be used in the body of this thesis to show the surface and 

lower level temperature changes. The runs that will be used are 2100 UTC and 2200 UTC 

20 February 2013 as they are closer to the TSSN time. Two cases will be chosen from 

each time and these locations will remain below 1000 m above sea level as the freezing 

line will be closer to the ground with increasing elevation. Chosen locations will be 

marked with a purple star. 
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 The first time that is used will be the 2100 UTC run of the HRRR. Images of 

convection and temperature change are plotted at 2300 UTC (Figure 4.19), 2315 UTC 

(Figure 4.20), 2330 UTC (Figure 4.21) and 2345 UTC (Figure 4.22). The first location 

chosen for analysis is located in southwestern AZ. This location has the coordinates 

32.35°N and -112.78°W with an elevation of 502-m according to Google Earth. 

Advancing forward in time shows an area of convection and decreasing temperature at 

the surface at this location at 2315 UTC and 2330 UTC.  

 Skew-T log-Ps are now plotted at 2300 UTC 20 February 2013 (Figure 4.23) and 

0000 UTC 21 February 2013 (Figure 4.24). This will allow for a before and after shot of 

how the atmosphere changed as convection moved through the area in the model. 

Looking at the two skew-T log-Ps, a noticeable decrease in temperature at the surface and 

lower levels is present at 0000 UTC versus 2300 UTC, indicating that the convection 

cooled the air as it passed over. The location of the 0°C level, however, seems to 

maintain its height. 
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Figure 4.19: 15-minute 2100 UTC HRRR analysis of 2-m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 2300 UTC 20 February 2013 for the first location (32.35°N, -112.78°W). 
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Figure 4.20: 15-minute 2100 UTC HRRR analysis of 2-m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 2315 UTC 20 February 2013 for the first location (32.35°N, -112.78°W). 
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Figure 4.21: 15-minute 2100 UTC HRRR analysis of 2-m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 2330 UTC 20 February 2013 for the first location (32.35°N, -112.78°W). 
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Figure 4.22: 15-minute 2100 UTC HRRR analysis of 2-m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 2345 UTC 20 February 2013 for the first location (32.35°N, -112.78°W). 
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Figure 4.23: Sounding analysis of the 2100 UTC HRRR valid for 2300 UTC 20 February 2013 valid over (32.35°N, -
112.78°W). The two yellow lines represent the 0°C and 10°C isotherm, the red line at the bottom is indicative of the surface 

temperature and the dark blue line represents the 0°C level. 
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Figure 4.24: Sounding analysis of the 2100 UTC HRRR valid for 0000 UTC 21 February 2013 valid over (32.35°N, -112.78°W). 

The two yellow lines represent the 0°C and 10°C isotherm, the red line at the bottom is indicative of the surface temperature 

and the dark blue line represents the 0°C level. 

 

 The second case for 2100 UTC is for a location not too far away to the northeast 

from the first location. The second location has the coordinates of 32.55°N and -

112.40°W and an elevation in the 799-m contour according to Google Earth. Times 

analyzed for this case are 2330 UTC (Figure 4.25), 2345 (Figure 4.26) and 0000 UTC 21 

February 2013 (Figure 4.27). Advancing in time shows that convection and the 

temperature decreases were over the location at 2345 UTC. 
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Figure 4.25: 15-minute 2100 UTC HRRR analysis of 2-m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 2330 UTC 20 February 2013 for the second location (32.55°N, -112.40°W). 
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Figure 4.26: 15-minute 2100 UTC HRRR analysis of 2-m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 2345 UTC 20 February 2013 for the second location (32.55°N, -112.40°W). 
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Figure 4.27: 15-minute 2100 UTC HRRR analysis of 2m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 0000 UTC 21 February 2013 for the second location (32.55°N, -112.40°W). 

 

 Skew-T log-Ps were plotted at 2300 UTC 20 February 2013 (Figure 4.28) and 

0000 UTC 21 February 2013 (Figure 4.29). The benefit of this case is that the convection 

is just exiting the area right at 0000 UTC, so an instantaneous picture of the atmosphere 
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right after convection is expected. Compared to the 2300 UTC skew-T log-P, the 0000 

UTC skew-T log-P shows a drop in temperatures both at the surface and the lower levels. 

Also of interest is the drop of the 0°C level, which according to the skew-T log-P has 

dropped around 500-ft, which equals roughly 152-m. 

 

Figure 4.28: Sounding analysis of the 2100 UTC HRRR valid for 2300 UTC 20 February 2013 valid over (32.55°N, -
112.40°W). The two yellow lines represent the 0°C and 10°C isotherm, the red line at the bottom is indicative of the surface 

temperature and the dark blue line represents the 0°C level. 
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Figure 4.29: Sounding analysis of the 2100 UTC HRRR valid for 0000 UTC 21 February 2013 valid over (32.55°N, -
112.40°W). The two yellow lines represent the 0°C and 10°C isotherm, the red line at the bottom is indicative of the surface 

temperature and the dark blue line represents the 0°C level. 

 The next run chosen for analysis is the 2200 UTC HRRR. The first case for this 

run will zoom in and bring us closer to the latitude and longitude of the TSSN occurrence 

near Phoenix. The coordinates of this location are 33.68°N and -111.85°W and has an 

elevation of 660-m according to Google Earth. The times for analysis are 0000 UTC 21 

February 2013 (Figure 4.30), 0015 UTC (Figure 4.31), 0030 UTC (Figure 4.32), 0045 

UTC (Figure 4.33) and 0100 UTC (Figure 4.34). Advancing in time shows convection 

remaining over the area for around 45 minutes before 0100 UTC. The main pocket of 2-

m temperature cooling stays well south of the location. 
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Figure 4.30: 15-minute 2200 UTC HRRR analysis of 2m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 0000 UTC 21 February 2013 for the third location (33.68°N, -111.85°W). 
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Figure 4.31: 15-minute 2200 UTC HRRR analysis of 2m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 0015 UTC 21 February 2013 for the third location (33.68°N, -111.85°W). 
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Figure 4.32: 15-minute 2200 UTC HRRR analysis of 2m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 0030 UTC 21 February 2013 for the third location (33.68°N, -111.85°W). 
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Figure 4.33: 15-minute 2200 UTC HRRR analysis of 2m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 0045 UTC 21 February 2013 for the third location (33.68°N, -111.85°W). 
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Figure 4.34: 15-minute 2200 UTC HRRR analysis of 2m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 0100 UTC 21 February 2013 for the third location (33.68°N, -111.85°W). 

 

 Skew-T log-Ps for this case were plotted at 0000 UTC 21 February 2013 (Figure 

4.35) and 0100 UTC 21 February 2013 (Figure 4.36). Comparing the two skew-T log-Ps 

shows that the 0100 UTC skew-T log-P has cooler temperatures at the surface as well as 

a somewhat lower 0°C line, which has fallen roughly 250-ft or 76-m. 
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Figure 4.35: Sounding analysis of the 2200 UTC HRRR valid for 0000 UTC 21 February 2013 valid over (33.68°N, -
111.85°W). The two yellow lines represent the 0°C and 10°C isotherm, the red line at the bottom is indicative of the surface 

temperature and the dark blue line represents the 0°C level. 
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Figure 4.36: Sounding analysis of the 2200 UTC HRRR valid for 0100 UTC 21 February 2013 valid over (33.68°N, -
111.85°W). The two yellow lines represent the 0°C and 10°C isotherm, the red line at the bottom is indicative of the surface 

temperature and the dark blue line represents the 0°C level. 

 

The last location chosen for this run is located in a valley towards the east of the 

first location. The coordinates for this location are 33.72°N and -111.67°W with an 

elevation of 769-m according to Google Earth. The times chosen for analysis are 0015 

UTC 21 February 2013 (Figure 4.37), 0030 UTC (Figure 4.38), 0045 UTC (Figure 4.39) 
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and 0100 UTC (Figure 4.40). Advancing in time shows the convection over the location 

between 0000 UTC and 0100 UTC.  

Figure 4.37: 15-minute 2200 UTC HRRR analysis of 2m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 0015 UTC 21 February 2013 for the fourth location (33.72°N, -111.67°N). 
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Figure 4.38: 15-minute 2200 UTC HRRR analysis of 2m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 0030 UTC 21 February 2013 for the fourth location (33.72°N, -111.67°N). 
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Figure 4.39: 15-minute 2200 UTC HRRR analysis of 2m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 0045 UTC 21 February 2013 for the fourth location (33.72°N, -111.67°N). 
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Figure 4.40: 15-minute 2200 UTC HRRR analysis of 2m temperature change and time since last convective activity = 15 

minutes (blue contours) valid for 0100 UTC 21 February 2013 for the fourth location (33.72°N, -111.67°N). 

 

 The model skew-T log-Ps for this location are plotted at 0000 UTC (Figure 4.41) 

and 0100 UTC (Figure 4.42). Comparing 0000 UTC and 0100 UTC shows that 0100 

UTC has a decrease in surface temperature and also a drop of the 0°C line of 

approximately 1000-ft, or 304-m, which is the highest drop in the four chosen cases. 
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Figure 4.41: Sounding analysis of the 2200 UTC HRRR valid for 0000 UTC 21 February 2013 valid over (33.72°N, -
111.67°W). The two yellow lines represent the 0°C and 10°C isotherm, the red line at the bottom is indicative of the surface 

temperature and the dark blue line represents the 0°C level. 
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Figure 4.42: Sounding analysis of the 2200 UTC HRRR valid for 0100 UTC 21 February 2013 valid over (33.72°N, -
111.67°W). The two yellow lines represent the 0°C and 10°C isotherm, the red line at the bottom is indicative of the surface 

temperature and the dark blue line represents the 0°C level. 

 

4.5 Radar Analysis 

 

 The last section of this chapter will cover a simple radar analysis of what took 

place over Phoenix at the time TSSN occurred. The cell that would impact Scottsdale was 

just to the east of Phoenix around 2200 UTC and had a maximum reflectivity of 51.0 

dBZ (Figure 4.43). It was also producing lightning at the time according to the lightning 

data. As it progressed northeastward, the cell gradually increased in strength to where it 

achieved its maximum reflectivity of 57.5 dBZ (Figure 4.44). In one area just north of 

Scottsdale, the cell maintained high dBZ for roughly 10 minutes according to the radar, 

and this area happens to fall around the location of the Salt River Fields, where images 
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were taken before a spring training game showing the frozen precipitation at the surface 

(Figure 4.45). 

 

Figure 4.43: Imagery from GR2 of the KIWA radar taken centered over Phoenix at 2203 UTC 20 February 2013. 
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Figure 4.44: Imagery from GR2 of the KIWA radar taken centered over Phoenix at 2231 UTC 20 February 2013. 

 

Figure 4.45: Salt River Fields after TSSN occurrence, taken from http://blog.themoengroup.com/2013/02/21/snow-in-

scottsdale-phoenix-valley-of-the-sun-weather/. 
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 Vertical cross sections parallel to the radar beam of the convection in 

northernmost portion of the high reflectivity from Figure 4.43 show a vertical updraft 

present with cloud tops around 20-kft and a core of 54.5 dBZ centered around 3800-ft 

(above the surface) (Figure 4.46). The southernmost portion of the higher reflectivity 

from Figure 4.43 in a cross section has a weaker vertical updraft but higher reflectivites at 

the base (Figure 4.47). Divergence is also noticeable in the southernmost portion around 

15-kft where the reflectivity begins to take an anvil shape. In between the two branches 

of higher reflectivites, a rather interesting feature was noticed around 2700-ft, where 

there is a layer of higher reflectivity (Figure 4.48). A layer of higher reflectivity between 

two areas of low reflectivity is known as a melting layer, and is the area where snow 

changes to rain as it falls. A slight melting layer can also be seen on the cross section of 

the southern branch, but not in the northern branch. This melting layer can only be seen 

in the reflectivity and is not present in the correlation coefficient. Reason for that could 

lie in that the radar beam is not scanning below 2500-ft. 
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Figure 4.46: Vertical cross section from the northern branch of convection north of Scottsdale at 2231 UTC showing a vertical 

updraft. 

 

Figure 4.47: Vertical cross section from the southern branch of convection north of Scottsdale at 2231 UTC showing a weaker 

vertical updraft and divergence in the upper levels. 
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Figure 4.48: Vertical cross section taken between the northern and southern branch of convection at 2231 UTC. A possible 

melting layer is highlighted around 2700-ft. 

 

Conclusion 

 

 Through analysis of the NARR and HRRR, obtaining an idea of the environment 

in the synoptic and mesoscales over the PMA has been performed. Using the NARR, it 

has been shown that the area which experienced thundersnow was located towards the 

base of a strong trough and inside a closed low at the mid and upper levels. The PMA 

was under the influence of extremely cold temperatures, especially at 500-mb where 

temperatures are close to being below -30°C. The NARR showed CVA over the area at 

500-mb, and omega plotted at both 700-mb and 500-mb agrees and showed areas of 

rising motion not far to the east of the PMA. A large jet streak was located at 300-mb 

towards southeastern AZ, but despite the curvature favorability, the location is not close 

to a favorable quadrant of the jet streak to promote upper level divergence. NARR low 

level relative humidity averaged from 700-500-mb is between 70 and 80%. The thickness 
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value over the PMA was found to be below the critical thickness for the 850-700-mb 

layer, which is favorable for frozen precipitation. 

 Analysis of the HRRR model data has allowed for the answer to the research 

question proposed: Although thunder is not uncommon across the PMA in winter, 

snow/graupel is not common. What is the likely reason snow/graupel reached the surface 

in this case. What differences exist in the model interpretation across different model 

runs between Phoenix and Columbia?  

1) HRRR model skew-T log-Ps of the area that experienced TSSN show a relatively 

moist column and CAPE. Each model had a lapse rates in the 850-500-mb and 

700-mb layer greater than the moist adiabatic lapse rate, indicating conditional 

instability was like present over the area. Every skew-T log-P also maintained a 

consistent height of the -10°C level favorable for TSSN. 

2) 15-minute analysis of the HRRR has allowed for diagnosis of areas with 

convection and for areas that likely experienced 2-m temperature drops. Various 

areas of convection that impacted areas below 1000-masl were picked and 

analyzed with the hourly 3-D outputs of the HRRR to obtain a before and after 

picture of the environment after convection moved through. In the 4 cases studied 

in the body of this thesis, the overall trend showed that convection cooled the 

surfaces to temperatures below 5°C. The 0°C level did lower in the majority of 

cases, with the maximum drop being roughly 304-m between skew-T log-Ps. The 

locations that had the higher drops in the 0°C level were those that had convection 

for the most time over the location in the model runs. Although we are dealing 

with a situation that only occurred for 10 minutes and that the temporal resolution 
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of the HRRR is at the least 15 minutes, it’s important to remember that even on 

this high resolution the HRRR may not be sufficient enough to capture the true 

intensity of the precipitation.  

Both the HRRR and radar analyses have shown that this situation was likely 

surface based. The updrafts present in the vertical cross sections of the convection, cold 

temperatures in the mid and upper levels and the lack of an inversion near the surface 

were clear giveaways. No elevated convection was present at any time. 

This chapter provided a detailed analysis of what likely led to TSSN occurring 

over Phoenix, AZ. The next chapter will begin a detailed analysis of selected locations 

which likely experienced TSSN between Phoenix and Columbia as the system progressed 

east. Analysis of vertical profiles from the HRRR will continue to be essential. 
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Chapter 5: Case Analysis: Locations between 

Phoenix, AZ and Columbia, MO 

 

Introduction 

 

 The previous chapter presented a thorough analysis of why TSSN occurred over 

Phoenix, AZ on 20 February 2013. In this chapter, analysis of that storm system will 

continue and cover its eastward movement towards New Mexico and the south central 

Great Plains. Analysis of what likely led to TSSN will be performed in similar fashion to 

the previous chapter, with both a synoptic analysis and mesoscale analysis. Unlike the 

previous chapter, the synoptic analysis here will cover more times to show the system’s 

evolution. The mesoscale analysis will also be done at a variety of locations, which will 

be determined using lightning data and various plots of thickness. 

 

5.1 Lightning Data and Locations 

 Choosing locations to study for this portion of the thesis will be done using the 

lightning data from the ENTLN and various thickness plots from the NARR, which are 

1000-500-mb, 1000-850-mb, 1000-700-mb and 850-700-mb. The thickness is calculated 

from the NARR, and the thickness used is the average thickness for 21 February 2013. 

The critical thickness for each plot will be used to aid in choosing locations, and lightning 

strikes located in the areas less or equal to the critical thickness will receive most focus. 

This procedure is similar to the separation analysis performed by Pettegrew (2008). 
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The first plot will be the 1000-500-mb thickness with lightning strikes (Figure 

5.1). The critical thickness for this level is 540-dm, and in this plot the locations that have 

lightning strikes less than 540-dm are located from the panhandle of Oklahoma to Kansas 

City to NE Missouri. 

 

Figure 5.1: 1000-500-mb average thickness and lightning strikes for 21 February 2013. 

The second plot is the 1000-850-mb thickness with lightning strikes (Figure 5.2). The 

critical thickness for this level 130-dm, and locations that have lightning strikes less than 

or equal to 130-dm are located from southcentral Kansas and northern Oklahoma 

eastward towards south central Missouri. 
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Figure 5.2: 1000-850-mb average thickness and lightning strikes for 21 February 2013. 

The third plot is the 1000-700-mb thickness with lightning strikes (Figure 5.3). The 

critical thickness for this level is 284-dm, and locations that have lightning strikes less 

than or equal to 284-dm are similar to the 1000-500-mb plot, stretching from the 

panhandle of Oklahoma towards central and northern Missouri. 



103 
 

 

Figure 5.3: 1000-700-mb average thickness and lightning strikes for 21 February 2013. 

The last thickness plot is 850-700-mb with lightning strikes (Figure 5.4). The critical 

thickness for this level is 154-dm, and locations that have lightning strikes less than or 

equal to 154-dm stretch from the northeastern portion of the Texas panhandle towards 

north central Missouri, similar to 1000-500-mb and 1000-700-mb. 
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Figure 5.4: 850-700-mb average thickness and lightning strikes for 21 February 2013. 

 Three out of the four thickness plots have lightning strikes located in areas less 

than their respective critical values beginning near the Texas and Oklahoma panhandles, 

so two locations will be chosen from this area. Following these thickness plots, locations 

will be chosen from southcentral Kansas, eastern Kansas and western Missouri for 

analysis. Considering that there is still higher terrain in New Mexico, and that most 

thickness levels do not account for terrain, a location for analysis will be chosen from 

there as well. 

The locations chosen for analysis are: 

 Fort Sumner, NM (34.47°N, -104.25°W) 

 Canadian, TX (35.91°N, -100.38°W) 
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 Laverne, OK (36.71°N, -99.90°W) 

 Pratt, KS (37.70°N, -98.75°W) 

 Wichita, KS (37.68°N, -97.34°W) 

 Emporia, KS (38.97°N, -96.18°W) 

 Lawrence, KS (38.97°N, -95.24°W) 

 Warrensburg, MO (38.76°N, -93.74°W) 

These locations will be emphasized mainly for the mesoscale analysis portion of this 

chapter, when skew-T log-Ps derived from the HRRR will be plotted for each location at 

specific times. The times for each location for analysis will be determined from the 

ENTLN lightning data. 

 

5.2 Synoptic Analysis (0300-1200 UTC 21 February 2013) 

 Synoptic analysis for this portion of the thesis will focus on data from the NARR 

from 0300-1200 UTC, as this is the time period between TSSN occurrences between 

Phoenix to Columbia. Compared to synoptic analysis over Phoenix from the previous 

chapter, this analysis will a include 900-mb and 850-mb. The reason is because there is 

not much of an impact from terrain getting into the central Great Plains. However, special 

consideration for New Mexico and the Texas Panhandle will be given as these areas have 

terrain exceeding 900-mb and 850-mb. The NARR will be used in this section to plot the 

surface maps.  

 The NARR MSLP was plotted at 0300 UTC, 0600 UTC, 0900 UTC and 1200 

UTC.  The dominant feature that was in each of these images is an area of strong high 
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pressure extending from eastern Kansas northward to Manitoba and Saskatchewan. A 

closed 1032-mb high pressure is present mainly in NE Kansas and NW Missouri at 0600 

UTC; it then integrates into a larger area of 1032-mb high pressure beginning at 0900 

UTC, and remains this way through 1200 UTC. The area of high pressure remains fairly 

stagnant throughout the whole time frame. MSLP at 1200 UTC is plotted (Figure 5.5) to 

give an idea of the environment, which was similar throughout all the times. 

 

Figure 5.5: MSLP analysis from the NARR (every 4-mb) valid for 1200 UTC 21 February 2013. The ‘+’ markers are 

indicative of each location mentioned in section 5.1. 

2-m temperature from the NARR was plotted at 0300 UTC, 0600 UTC, 0900 

UTC and 1200 UTC. At 0300 UTC, temperatures across eastern New Mexico, the 

panhandles of Texas/Oklahoma and southern Kansas were above zero, but do slowly fall 

below zero at 0600 UTC and 0900 UTC. After this time, temperatures across each area of 

interest were below zero (Figure 5.6). Cold surface temperatures could be seen moving 

south across central Iowa and Kansas with time, with aid likely from northerly winds. 
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Figure 5.6: 2-m temperature (C) analysis from the NARR valid for 0900 UTC 21 February 2013. This is the point in time 

where temperatures across each location are below 0°C. The ‘+’ markers are indicative of each location mentioned in section 

5.1. 

 

 The 900-mb analysis is plotted at 0300 UTC (Figure 5.7), 0600 UTC (Figure 5.8), 

0900 UTC (Figure 5.9) and 1200 UTC (Figure 5.10). In each image, a closed low is 

present across the southwestern US, starting off at 870-gpm with a finish of 900-gpm. 

However, these height lines are likely in the ground at this level over the southwestern 

U.S., so that feature will be ignored for this analysis. From Laverne, OK north and east, 

where terrain is below 900-mb, temperatures are below zero. WAA can be seen from 

southern Oklahoma to southern Missouri. A warm front can also be seen beginning at 

0600 UTC extending from north central Texas eastward towards Mississippi, and seen by 

the kinks in the height lines. At 1200 UTC, the warm front has moved north across 

southern Missouri. 



108 
 

 

Figure 5.7: 900-mb analysis of geopotential height (every 30 gpm, solid black lines), winds and temperature (C) from the 

NARR valid for 0300 UTC 21 February 2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 
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Figure 5.8: 900-mb analysis of geopotential height (every 30 gpm, solid black lines), winds and temperature (C) from the 

NARR valid for 0600 UTC 21 February 2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 

 

Figure 5.9: 900-mb analysis of geopotential height (every 30 gpm, solid black lines), winds and temperature (C) from the 

NARR valid for 0900 UTC 21 February 2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 
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Figure 5.10: 900-mb analysis of geopotential height (every 30 gpm, solid black lines), winds and temperature (C) from the 

NARR valid for 1200 UTC 21 February 2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 

 

The next variable that is plotted is 900-mb omega at 0300 UTC (Figure 5.11), 0600 UTC 

(Figure 5.12), 0900 UTC (Figure 5.13) and 1200 UTC (Figure 5.14). At first, low 

negative values of omega are widespread, but do begin to increase in intensity and 

concentration by 0600 UTC with the most pronounced time at 1200 UTC. The highest 

negative values of omega are mainly located east central Oklahoma and southwestern 

Arkansas.  
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Figure 5.11: 900-mb analysis of omega (every 0.25 Pa s-1) from the NARR valid for 0300 UTC 21 February 2013. The ‘+’ 

markers are indicative of each location mentioned in section 5.1. 

 

Figure 5.12: 900-mb analysis of omega (every 0.25 Pa s-1) from the NARR valid for 0600 UTC 21 February 2013. The ‘+’ 

markers are indicative of each location mentioned in section 5.1. 
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Figure 5.13: 900-mb analysis of omega (every 0.25 Pa s-1) from the NARR valid for 0900 UTC 21 February 2013. The ‘+’ 

markers are indicative of each location mentioned in section 5.1. 

 

Figure 5.14: 900-mb analysis of omega (every 0.25 Pa s-1) from the NARR valid for 1200 UTC 21 February 2013. The ‘+’ 

markers are indicative of each location mentioned in section 5.1. 
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The 850-mb analysis was plotted at 0300 UTC, 0600 UTC, 0900 UTC and 1200 

UTC and shows similarities to 900-mb, and will therefore not be shown here. The 700-

mb analysis is plotted at 0300 UTC (Figure 5.15), 0600 UTC (Figure 5.16), 0900 UTC 

(Figure 5.17) and 1200 UTC (Figure 5.18) as differences between this level and 900-

mb/850-mb can be seen. A broad closed 2910-gpm low is seen centered over Colorado at 

0300 UTC with an intensification to 2910-gpm by 0600 UTC. The warm front that was 

seen at 900-mb and 850-mb can still be seen here, although it is not extremely noticeable 

unless one looks for the strong temperature gradient, which can be seen in SE Kansas and 

southern Missouri at the beginning of the period. Going off the height lines, it can been 

seen most clearly on the 1200 UTC plot stretching from southern Kansas to southern 

Missouri. The temperature gradient can be seen moving slowly northward throughout the 

timeframe. WAA is present as the front moves north across SE Kansas and southern 

Missouri. Temperatures are below zero across the focus areas but are close to zero across 

southern Kansas by 1200 UTC. 
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Figure 5.15: 700-mb analysis of geopotential height (every 30 gpm, solid red lines), winds and temperature (C) from the NARR 

valid for 0300 UTC 21 February 2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 
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Figure 5.16: 700-mb analysis of geopotential height (every 30 gpm, solid red lines), winds and temperature (C) from the NARR 

valid for 0600 UTC 21 February 2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 

 

Figure 5.17: 700-mb analysis of geopotential height (every 30 gpm, solid red lines), winds and temperature (C) from the NARR 

valid for 0900 UTC 21 February 2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 
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Figure 5.18: 700-mb analysis of geopotential height (every 30 gpm, solid red lines), winds and temperature (C) from the NARR 

valid for 1200 UTC 21 February 2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 

700-mb omega is plotted at 0300 UTC (Figure 5.19), 0600 UTC (Figure 5.20), 

0900 UTC (Figure 5.21) and 1200 UTC (Figure 5.22). Unlike 900-mb and 850-mb, much 

higher negative omega is present around our locations rather than a widespread area of 

low negative omega. As time progresses, a large concentration of negative omega less 

than -1.00 Pa s-1 appears in SW Oklahoma and begins to expand as it moves northward 

towards central and eastern Kansas. By 1200 UTC, the large concentration of high 

negative omega has overspread east central Kansas, western Missouri and northernmost 

Oklahoma. 
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Figure 5.19: 700-mb analysis of omega (every 0.25 Pa s-1) from the NARR valid for 0300 UTC 21 February 2013. The ‘+’ 

markers are indicative of each location mentioned in section 5.1. 

 

Figure 5.20: 700-mb analysis of omega (every 0.25 Pa s-1) from the NARR valid for 0600 UTC 21 February 2013. The ‘+’ 

markers are indicative of each location mentioned in section 5.1. 
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Figure 5.21: 700-mb analysis of omega (every 0.25 Pa s-1) from the NARR valid for 0900 UTC 21 February 2013. The ‘+’ 

markers are indicative of each location mentioned in section 5.1. 

 

Figure 5.22: 700-mb analysis of omega (every 0.25 Pa s-1) from the NARR valid for 1200 UTC 21 February 2013. The ‘+’ 

markers are indicative of each location mentioned in section 5.1. 
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 500-mb analysis at 1200 UTC (Figure 5.23) is plotted to gain an idea of the 

environment. A large closed 5460-gpm low was present from 0300 UTC to 1200 UTC 

slowly moving east from the Rockies. Very cold air was present on the southern portion 

of this low, and was seen in east central New Mexico at 0600 UTC. A weak ridge was 

also seen over the Midwest beginning at 0300 UTC and was moving east as the low 

entered the Great Plains. CAA was present over the Texas panhadle, western Oklahoma 

and western Kansas.  

 

Figure 5.23: 500-mb analysis of geopotential height (plotted every 60 gpm, solid red lines), winds and temperature (C) from 

the NARR valid for 1200 UTC 21 February 2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 
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The 500-mb absolute vorticity is plotted at 0300 UTC (Figure 5.24), 0600 UTC 

(Figure 5.25), 0900 UTC (Figure 5.26) and 1200 UTC (Figure 5.27). A small pocket of 

positive vorticity is noted in western Oklahoma at 0600 UTC and moves towards 

southwestern Kansas by 0900 UTC. A maximum of vorticity forms at 0900 UTC at the 

New Mexico/Texas border. This high vorticity advects eastward towards northern Kansas 

by 1200 UTC, bringing CVA across northern Kansas and southern Nebraska while 

promoting rising motion. The vorticity maximum remains in NE New Mexico at 1200 

UTC. An area of negative vorticity begins to take shape over northeastern Oklahoma 

around 0900 UTC, and moves northward into southern Missouri by 1200 UTC. This area 

of negative vorticity is right along the warm front, along with the potential for inertial 

instability. 

 

Figure 5.24: 500-mb analysis of absolute vorticity (plotted every 1×10-4 s-1) from the NARR valid for 0300 UTC 21 February 

2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 
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Figure 5.25: 500-mb analysis of absolute vorticity (plotted every 1×10-4 s-1) from the NARR valid for 0600 UTC 21 February 

2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 

 

Figure 5.26: 500-mb analysis of absolute vorticity (plotted every 1×10-4 s-1) from the NARR valid for 0900 UTC 21 February 

2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 
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Figure 5.27: 500-mb analysis of absolute vorticity (plotted every 1×10-4 s-1) from the NARR valid for 1200 UTC 21 February 

2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 

 

The 500-mb omega was plotted at 0300 UTC, 0600 UTC, 0900 UTC and 1200 

UTC, and shows similarities to 700-mb; although at 500-mb the higher values of negative 

omega extend a bit further northward than 700-mb. A large concentration of high 

negative omega appeared over the panhandle of Texas and moved northeast towards 

north central Oklahoma by 0900 UTC. The high negative omega became more 

widespread by 1200 UTC, covering an area from northwestern Kansas to central 

Missouri and eastern Oklahoma to central Arkansas. Many of these areas of high negative 

omega are collocated with areas of CVA. 500-mb omega is plotted at 1200 UTC (Figure 
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5.28) to show the environment when many of the locations had high values of negative 

omega. 

 

Figure 5.28: 500-mb analysis of omega (every 0.25 Pa s-1) from the NARR valid for 1200 UTC 21 February 2013. The ‘+’ 

markers are indicative of each location mentioned in section 5.1. 

 

The 300-mb analysis is plotted at 0300 UTC (Figure 5.29), 0600 UTC (Figure 

5.30), 0900 UTC (Figure 5.31) and 1200 UTC (Figure 5.32). One jet streak is noted at 

0300 UTC, however it breaks off as another jet streak appears at the base of the 300-mb 

trough at 0600 UTC. The jet streak’s location at 0900 UTC puts the area of low pressure 

over New Mexico in a favorable position over the poleward exit region. By 1200 UTC, 

the jet streak has increased in size and the poleward exit region is near the 

Texas/Oklahoma border, which is where the 900-mb and 850-mb low pressure centers 

were located. 300-mb plots of divergence at 0300 UTC (Figure 5.33), 0600 UTC (Figure 

5.34), 0900 UTC (Figure 5.35) and 1200 UTC (Figure 5.36) show an area of high upper 
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level divergence moving from the panhadles northeast towards southern Kansas from 

0600 to 0900 UTC. At 0600 UTC, the area of divergence is located at exit region of the 

jet streak as well as over the area of omega at 700-mb. With time it appears this area of 

divergence moves along with the convection, indicating the divergence is likely because 

of this. 

 

Figure 5.29: 300-mb analysis of geopotential height (plotted every 80 gpm, solid black lines), and isotachs from the NARR 

valid for 0300 UTC 21 February 2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 
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Figure 5.30: 300-mb analysis of geopotential height (plotted every 80 gpm, solid black lines) and isotachs from the NARR valid 

for 0600 UTC 21 February 2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 

 

Figure 5.31: 300-mb analysis of geopotential height (plotted every 80 gpm, solid black lines) and isotachs from the NARR valid 

for 0900 UTC 21 February 2013. The ‘+’ markers are indicative of each location mentioned in section 5.1. 
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Figure 5.32: 300-mb analysis of geopotential height (plotted every 80 gpm, solid black lines) and isotachs from the NARR valid 

for 1200 UTC 21 February 2013. The ‘+’ markers are indicative of each location mentioned in section 5.1.  

 

Figure 5.33: 300-mb analysis of divergence (units are s-1) from the NARR valid for 0300 UTC 21 February 2013. The ‘+’ 

markers are indicative of each location mentioned in section 5.1.  
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Figure 5.34: 300-mb analysis of divergence (units are s-1) from the NARR valid for 0600 UTC 21 February 2013. The ‘+’ 

markers are indicative of each location mentioned in section 5.1.  

 

Figure 5.35: 300-mb analysis of divergence (units are s-1) from the NARR valid for 0900 UTC 21 February 2013. The ‘+’ 

markers are indicative of each location mentioned in section 5.1.  
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Figure 5.36: 300-mb analysis of divergence (units are s-1) from the NARR valid for 1200 UTC 21 February 2013. The ‘+’ 

markers are indicative of each location mentioned in section 5.1.  

 

The last variable that will be discussed in this section will be the relative 

humidity. In this case, two different levels of relative humidity will be studied: 900-mb to 

700-mb and 700-mb to 500-mb. The reason for this is because the NARR changes the 

interval between pressure levels beginning at 700-mb. From 1000-mb to 700-mb, the 

interval is every 25-mb, and above 700-mb the interval changes to every 50-mb. The first 

plot was 900-700-mb starting at 0300 UTC, 0600 UTC, 0900 UTC and 1200 UTC. Each 

map was plotted with relative humidity from 0-100%. Analyzing these maps showed high 

relative humidity mainly confined to the central Great Plains for the entire duration, 

which includes most of our locations with the exception of Fort Sumner. It progressed 
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eastward with time and encompassed just about every location at 1200 UTC, which is 

plotted in Figure 5.37. 

 

Figure 5.37: Analysis of 900-700-mb relative humidity from the NARR valid at 1200 UTC 21 February 2013. The ‘+’ markers 

are indicative of each location mentioned in section 5.1. 

 

 Analysis of 700-500-mb relative humidity at 0300 UTC, 0600 UTC, 0900 UTC 

and 1200 UTC showed a different situation. Relative humidity at 0300 UTC was at its 

highest across NW Kansas with values greater than 80%, and it’s not as widespread as 

900-700-mb. 0900 UTC is where relative humidity began to show signs of increasing, 

with values greater than 90% appaearing across west central Oklahoma. This area of high 

relative humidity moved eastward towards eastern Kansas and western Missouri. By 

0900 UTC, releative hunidity greater than 80% can be seen oriented from west to east 

from the Kansas/Oklahoma border into SW Missouri. This moves northward along the 

warm front and is across central Missouri by 1200 UTC (Figure 5.38). 
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Figure 5.38: Analysis of 700-500-mb relative humidity from the NARR valid at 1200 UTC 21 February 2013. 

 

5.3 Mesoscale and Sounding Analysis 

 This section will focus on two matters for this chapter: analysis of how the 

environment differs at locations as this storm moves from west to east and analysis of PI 

for the potential for CSI in these environments. This section will primarily cover the 

analysis of each location established at the beginning of this chapter. Skew-T log-Ps 

derived from the HRRR will be plotted at each location according to the times that the 

ENTLN recorded lightning at or near each location. The HRRR will be plotted at its 

initialization hour to see the potential features of the environment. Analysis of locations 

will go from west to east. 
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 Fort Sumner, NM, according to the ENTLN, received lightning strikes just after 

0915 UTC 21 February 2013. Therefore, the 0900 UTC HRRR at initialization will be 

used to analyze this event. Taking a brief look back at the synoptic analysis, the area 

around Fort Sumner had a relative humidity from 700-500-mb greater than 80%, CVA at 

500-mb and negative omega at 500-mb at 0900 UTC. It is important to remember in this 

analysis that Fort Sumner is roughly 1200-m above sea level. 

 The 0900 UTC skew-T log-P derived from the HRRR was created for Fort 

Sumner, NM (Figure 5.39). This skew-T log-P shows a very similar scenario to the 

environment for the PMA, characterized by temperatures decreasing with height and 

temperatures above freezing at the surface. The temperature and dew point are roughly 

the same from roughly 775-mb to 650-mb, indicating a relative humidity close to 100%. 

The -10°C level is roughly 1.5 km above the surface. The program shows a high 

instability of 159 J kg-1 of CAPE, along with conditional instability when the parcel is 

lifted from the surface. Given these characteristics, lightning strikes were likely the result 

of surface based convection at Fort Sumner. Observational data from the National 

Weather Service in Albuquerque, NM NOWData archive shows that roughly a trace of 

snow was measured over Fort Sumner on this day, and 0.16 inches of precipitation was 

recorded. Given that there was only a trace of snow over the area and this NOWData 

includes the past 24 hours, and that Fort Sumner does not have an ASOS, it is not 

conclusive to assume this event had TSSN.  
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Figure 5.39: Sounding analysis from the HRRR valid at 0900 UTC from the 0900 UTC run over Fort Sumner, NM. The yellow 

line is the 0°C temperature line while the red line represents the surface temperature. The brown line is the height of the -10°C 

level. 
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 Moving eastward takes us to Canadian, TX, which is located in the eastern 

portion of the Texas Panhadle. The ENTLN shows that lightning occurred near Canadian 

around and after 0600 UTC. Therefore, the 0600 UTC HRRR at its initialization will be 

used to analyze this event. A brief recap of the synoptic analysis at 0600 UTC showed 

that Canadian was under the influence of CVA at 500-mb, negative omega at 500-mb, 

700-mb and 850-mb, was inside a closed low at 850-mb and was located under the warm 

front at 700-mb. 
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Figure 5.40: Sounding analysis from the HRRR valid at 0600 UTC from the 0600 UTC run over Canadian, TX. The brown 

line is the height of the -10°C level, and the black line is the surface. 

 

The 0600 UTC HRRR skew-T log-P was created for Canadian, TX (Figure 5.40). 

The skew-T log-P when compared to Fort Sumner is vastly different across the whole 

vertical. At the surface, temperatures are below zero, but increase with height to 800-mb 
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followed by a decrease with height. The 700-500-mb lapse rate according to NSHARP is 

6.8°C km-1, indicating the atmosphere is conditionally unstable. This area of instability 

coincides with winds backing with height, indicating CAA. However, no CAPE is 

present in the sounding when lifted from the MU level. The height of the -10°C level 

rises significantly compared to Fort Sumner, going up to 2.5-km above the surface. 

However, temperatures are above freezing from roughly 840-mb to 750-mb according to 

the model. Given this condition, this skew-T log-P would promote sleet as the main 

precipitation type rather than snow. Based upon these characteristics, elevated convection 

was likely here, with mixed precipitation occurring at times. The nearest observing 

station to Canadian, which is located in Pampa, TX, recorded 2.8 inches of snow and 0.40 

inches of total liquid precipitation. However, Canadian does have an ASOS located at 

their airport, which is KHHF, and the ASOS did report TSSN at 0600 UTC (see below, 

courtesy of Plymouth State). 

“KHHF  210555Z  AUTO 07007KT  3SM  -VCTSSN  OVC005  01/01  A2977  RMK  A02  LTG  

DSNT  SE  AND  S” 

 

The next location for analysis is Laverne, OK, which is located in northwestern 

Oklahoma close to the panhandle. The ENTLN shows that lightning strikes occurred in 

Laverne after 0800 UTC. Therefore, the 0800 UTC HRRR at its initialization will be 

used to analyze this event. A brief recap of synoptic analysis showed relative humidity 

greater than 80% between 900-mb and 500-mb, high negative omega at 700-mb and 500-

mb, CVA at 500-mb, a warm front at 700-mb just to the south and a jet streak just to the 

north at 300-mb in a favorable quadrant for rising motion. 
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 The 0800 UTC HRRR skew-T log-P was created for Laverne, OK (Figure 5.41). 

The skew-T log-P shows similar characteristics to Canadian, TX. Temperatures decrease 

with height from the surface to around 875-m, followed by an increase of temperature up 

to roughly 775-mb until it decreases with height again. The 700-500-mb lapse rate is 

6.1°C km-1, which indicates conditional instability is present in this layer. CAA can also 

be seen in this layer in the wind profile. No CAPE is detected when the parcel is analyzed 

from the MU level. The height of the -10°C is roughly 2.5-km, similar to Canadian. This 

skew-T log-P also shows a region where temperature is greater than 0°C between 825-mb 

and 775-mb, indicating precipitation other than snow was possible over the area. 

Lightning strikes here were likely caused by elevated convection. The National Weather 

Service in Norman, OK NOWData shows that Laverne recorded 6.0 inches of snow with 

0.70 inches of total liquid precipitation. There is no ASOS located near Laverne to 

officially confirm TSSN. 
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Figure 5.41: Sounding analysis from the HRRR valid at 0800 UTC from the 0800 UTC run over Laverne, OK. The brown line 

is the height of the -10°C level, and the black line is the surface. 
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 The next location for analysis is Pratt, KS, which is located in southwestern 

Kansas. The ENTLN shows that lightning strikes occurred in Pratt right after 0900 UTC, 

and therefore the 0900 UTC HRRR will be used for analysis. Recap of the synoptic 

analysis shows that Pratt had high negative omega at 700-mb and 500-mb and some 

negative omega at 850-mb, CVA at 500-mb, warm front at 700-mb, was inside a closed 

low at 850-mb and had relative humidity between 900-mb and 500-mb greater than 80%.  

The 0900 UTC HRRR skew-T log-P was created for Pratt (Figure 5.42). Starting 

from the bottom, the temperature at the surface is below zero, but increases with height 

up to 800-mb until it decreases again. The temperature and dewpoint from the surface to 

800-mb are almost equal, indicating high relative humidity. The 700-500-mb lapse rate is 

exactly 6°C km-1, which indicates the layer is moist neutral. Pratt is the first location to 

have CAPE present, which is 26 J kg-1 according to NSHARP. Winds veer with height up 

to 700-mb, indicating WAA. Above 700-mb, winds begin to back with height, indicating 

CAA. The height of the -10°C level is roughly 2.5-km above the ground. Based on these 

characteristics, elevated convection likely occurred here with snow being the dominant 

form of precipitation. The National Weather Service in Dodge City, KS NOWData shows 

that Pratt received 12 inches of snow and 0.70 inches of precipitation. This is comparable 

to Laverne, which also received 0.70 inches of total liquid precipitation and half the 

amount of snow. The Pratt, KS ASOS does confirm TSSN at 0935 UTC (see below, 

courtesy of Plymouth State). 

“KPPT  210935Z  AUTO  09008KT  1/4SM  +VCTSSN  OVC002  M05/M05  A2983  RMK  A02  

P004  LTG  DSNT  S  AND  SW” 



139 
 

 

Figure 5.42: Sounding analysis from the HRRR valid at 0900 UTC from the 0900 UTC run over Pratt, KS. The brown line is 

the height of the -10°C level, and the black line is the surface. 
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 The next location for analysis will be Wichita, KS, which is located in south 

central Kansas. Wichita is an interesting location in that the ENTLN showed lightning 

strikes occurring in the area over a span of 3 hours. Strikes began just after 0800 UTC 

and continued until shortly after 1000 UTC. Three skew-T log-Ps will be evaluated to 

determine exactly what may have caused this, and the 0800 UTC, 0900 UTC and 1000 

UTC HRRR at their initializations will be plotted for analysis. A recap of the synoptic 

analysis shows that Wichita had high negative values of omega at 500-mb, 700-mb and 

somewhat high negative values at 850-mb, high relative humidity between 900-mb and 

500-mb and a warm front just south of the area at 700-mb. 

The 0800 UTC HRRR (Figure 5.43), 0900 UTC HRRR (Figure 5.44) and 1000 

UTC HRRR (Figure 5.45) skew-T log-Ps were created for Wichita. Analyzing from the 

bottom up shows temperature increasing with height until around 750-mb for 0800 UTC, 

but this level begins to fall getting to 0900 UTC and 1000 UTC. Temperatures begin to 

decrease with height at the top of the inversion for all three images, although some do 

decrease at different rates. For all three images, the 700-500-mb lapse rate is greater than 

6°C km-1, indicating the presence of conditional instability. A noticeable difference 

between these three images is the amount of dry air between 700-mb and 500-mb 

beginning at 0800 UTC. As time progresses, the dewpoint begins to increase significantly 

and the temperature somewhat decreases until they come closer together at 1000 UTC, 

indicating moisture increased in this level. This increase in moisture likely lead to CAPE 

of 14 J kg-1 at 1000 UTC. Temperatures between 900-mb and 700-mb also increased in 

this time frame; it was below zero at 0800 UTC, close to zero at 0900 UTC and above 

zero at 1000 UTC. This increase in temperature likely allowed for a mix of precipitation. 
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The -10°C level was also very high in all three skew-T log-Ps, starting at roughly 3-km 

above the ground and slowly rising a few meters by 1000 UTC. Winds can be seen 

veering with height to a degree in all three images, and this cooresponds to the area that 

warmed in temperature. Winds can also be seen backing with height at 0900 UTC and 

1000 UTC between 700-mb and 600-mb, which explains why the temperature decreased 

and the temperature line became more moist adiabatic. Based upon these characterisitics, 

lightning strikes in Wichita, KS were produced by elevated convection.  

 Wichita, KS is unique as it is one of the few locations in this study that does have 

a climate recoord kept by the National Weather Service. Preliminary climate data from 

the National Weather Service in Wichita, KS confirms that mixed precipitation including 

ice pellets and freezing rain along with thunder did occur in the 24 hours prior to the 

morning 21 February climate observation, which is after lightning strikes were recorded 

by the ENTLN. Wichita recorded 8.0 inches of snow and 0.95 inches of total liquid 

precipitation according to NOWData. The Wichita ASOS also recorded TSSN at 0925 

UTC, 0953 UTC and 1053 UTC (see below, courtesy of Plymouth State).  

“KICT  210925Z  COR  07016KT  1/2SM  R01L/2600V5000FT  TSSN FZFG BKN011  OVC20CB  

M04/M05  A2988” 

“KICT  210953Z  07015KT  1/2SM  R01L/2800V3500FT  TSSN FZFG  OVC005CB  M04/M05  

A2986” 

“KICT  211053Z  07015KT  1/2SM  TSSN  FZ  FG  OVC005CB  M04/M05  A2986  RMK  

TSB20E49B52  SLP125  OCNL  LGT  ICCC  CC  E-S  TS  GC  E-S  MOV  NE  SNINCR  1/7  

P0009” 
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Figure 5.43: Sounding analysis from the HRRR valid at 0800 UTC from the 0800 UTC run over Wichita, KS. The brown line 

is the height of the -10°C level. 
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Figure 5.44: Sounding analysis from the HRRR valid at 0900 UTC from the 0900 UTC run over Wichita, KS. The brown line 

is the height of the -10°C level, and the black line is the surface. 
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Figure 5.45: Sounding analysis from the HRRR valid at 1000 UTC from the 1000 UTC run over Wichita, KS. The brown line 

is the height of the -10°C level, and the black line is the surface. 

 

 The next location for analysis will be Emporia, KS, which is located in east 

central Kansas. According to the ENTLN, lightning strikes occurred in Emporia between 

1200 UTC and 1400 UTC, so the 1200 UTC and 1300 UTC HRRR will be utilized here. 
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A synoptic recap shows that relative humidity between 900-mb and 500-mb was well 

over 80%, omega was present at 500-mb and 700-mb, CVA was present at 500-mb and a 

warm front was just over the area at 700-mb. 

 Skew-T log-Ps from the 1200 UTC HRRR (Figure 5.46) and 1300 UTC HRRR 

(Figure 5.47) were created for Emporia. At first glance, these skew-T log-Ps show 

similarities to the 0800 UTC and 0900 UTC skew-T log-Ps from Wichita. Starting from 

the bottom at 1200 UTC, temperature decreases with height at first but then immediately 

increases with height at roughly 925-mb and continues to do so until around 875-mb, 

when the temperature becomes isothermal. It continues to remain this way until it 

decreases with height at 725-mb. It decreases with height at an orientation around the 

moist adiabat until it reaches 600-mb, when the rate of temperature decrease decreases 

slightly. The temperature and dewpoint are about the same from the surface to 725-mb, 

but remain close throughout the rest of the column for both images. Temperature also 

stays below zero for the 1200 UTC HRRR, but does come close to zero for the 1300 UTC 

HRRR. The wind profile for the 1200 UTC HRRR shows veering of winds from the 

surface to around 700-mb, with a slight backing of winds between 650-mb and 600-mb. 

The 1300 UTC wind profile shows a similar profile, although the winds do begin to back 

at around 825-mb compared to around 700-mb for 1200 UTC. This backing of winds in 

the profile likely caused the lapse rate to steepen from 725-mb to 650-mb in the 1300 

UTC HRRR, which shows the temperature line having a steeper orientation than the 

moist adiabate but not greater than the dry adiabat, indicating conditional instability. The 

height of the -10°C level was roughly 2.8-km above the surface, and remained this way 
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for both skew-T log-Ps. Based upon these characterisitics, elevated convection likely 

caused the lightning strikes over Emporia.  

 Emporia, like Wichita, also has a climate record availible with details about 

observations. Along with snow, freezing rain was recorded in the daily observations. The 

National Weather Service in Topeka, KS NOWData recorded 8.9 inches of snow along 

with 0.58 inches of liquid precipitation. The Emporia, KS ASOS did not record TSSN. 
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Figure 5.46: Sounding analysis from the HRRR valid at 1200 UTC from the 1200 UTC run over Emporia, KS. The brown line 

is the height of the -10°C level, and the black line is the surface. 
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Figure 5.47: Sounding analysis from the HRRR valid at 1300 UTC from the 1300 UTC run over Emporia, KS. The brown line 

is the height of the -10°C level, and the black line is the surface. 

 

 The next location for analysis will be Lawrence, KS, which is located in eastern 

Kansas and is between Topeka and Kansas City. The ENTLN shows lightning strikes 

occurred in the area just after 1300 UTC, so the 1300 UTC HRRR will be used. A recap 
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of the synoptic analysis shows that relative humidity between 900-mb and 500-mb was 

greater than 80%, CVA was present at 500-mb, high negative omega was present at 700-

mb and 500-mb and a warm front was present at 700-mb. 

 A skew-T log-P from the 1300 UTC HRRR (Figure 5.48) was created for 

Lawrence. Starting from the bottom, temperature decreases slightly but then begins to 

increase with height until around 800-mb. Temperatures begin to decrease with height at 

725-mb. The temperature and dewpoint are roughly the same up to 875-mb, and then 

separate but remain close together throughout the remainder of the profile. Between 850-

mb and 800-mb, the temperature appears to be greater than zero. The 700-500-mb lapse 

rate is 6.3°C km-1, indicating conditional instability. A value of 13 J kg-1 of CAPE is also 

analyzed by NSHARP. The wind profile shows winds veering with height, indicating 

WAA, until around 700-mb, when winds begin to back slightly, indicating CAA. This 

corresponds to the level where the conditional instability is occurring. The height of the -

10°C level is roughly 3-km above the surface. Based upon these characteristics, lighting 

strikes were likely caused by elevated convection with mixed precipitation. 

 While Lawrence does have a climate data archive, a value for the amount of snow 

from both the NOWData and climate report from Topeka is missing. Using the National 

Operational Hydrologic Remote Sensing Center (NOHRSC) interpolated snowfall, which 

takes into account radar and ground observations, Lawrence received 9.2 inches of snow 

with 0.55 inches of liquid precipitation. The observation archive showed that mixed 

precipitation including freezing rain with thunder occurred. Lawrence does not have an 

ASOS at their airport, so no ground truth could be made that TSSN occurred over the 

area. 
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Figure 5.48: Sounding analysis from the HRRR valid at 1300 UTC from the 1300 UTC run over Lawrence, KS. The brown 

line is the height of the -10°C level, and the black line is the surface. 

 

 The last location for analysis in this chapter will be Warrensburg, MO, which is 

located in western Missouri. The ENTLN showed lightning strikes occurred in 

Warrensburg after 1300 UTC and through 1400 UTC, and therefore the 1300 UTC 
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HRRR will be used. Recap of the synoptic analysis shows high relative humidity between 

900-mb and 500-mb, high negative omega at 700-mb and 500-mb, CVA at 500-mb and a 

warm front over the area at 700-mb. 

 A skew-T log-P from the 1300 UTC HRRR (Figure 5.49) was created for 

Warrensburg. Starting from the bottom, temperature decreases slightly but then increases 

with height until around 875-mb. The temperature profile becomes near isothermal but is 

decreasing slightly until about 700-mb, when temperature begins decreasing with height 

close to the moist adiabat; the 700-500-mb lapse rate is 6.5°C km-1 which indicates 

conditional instability. The temperature and dewpoint are equal or close through the 

profile up to 300-mb. Temperature also stays below zero with increasing height. The 

wind profile shows wind veering with height, indicating WAA. The height of the -10°C 

level is roughly 3.3-km above the surface. Based upon these characteristics, lightning 

strikes were likely caused by elevated convection. 

 Like with Lawrence, the archived NOWData from the National Weather Service 

in Kansas City is also missing a value of snow for Warrensburg. Using the NOHRSC, the 

snowfall for Warrensburg was 8.0 inches while the NOWData shows that 0.87 inches of 

total liquid precipitation fell. Comparing it to Lawrence, which received more snow with 

a lesser total liquid precipitation amount, mixed precipitation likely occurred in 

Warrensburg. The Warrensburg ASOS did record lightning while snow was falling at 

1335 UTC and TSSN at 1435 UTC (see below, courtesy Plymouth State): 

“KRCM  211335Z  AUTO  06013G21KT  3/4SM  -SN  VV005  M05/M07  A3001  RMK  AO2  P0001  

LTG  DSNT  SE  AND  S” 

“KRCM  211435Z  AUTO  05008G15KT  1/4SM  +VCTSSN  VV002  M05/M07  A3008  RMK  AO2  

P0002  LTG  DSNT  SE  AND  S” 
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Since vertical CAPE was present at several of these locations, an analysis of PI will not 

be performed in this chapter. 

 

Figure 5.49: Sounding analysis from the HRRR valid at 1300 UTC from the 1300 UTC run over Warrensburg, MO. The 

brown line is the height of the -10°C level, and the black line is the surface. 
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5.4 Banding Analysis 

 The last section of this chapter will focus on banding analysis from this system as 

it progressed from the southwestern U.S. to the Central Plains. Recalling from the 

methodology, the banding analysis will be performed using a classification created by 

Novak et al. (2003) that uses radar reflectivity. There were 5 different band types in the 

classification. 

 0930 UTC (Figure 5.50) is the time that shows a well-defined stripe of reflectivity 

greater than 30 dBZ stretching across southern Kansas. This was about the time TSSN 

was occurring in Pratt, KS and Wichita, KS. 1030 UTC (Figure 5.51) and 1130 UTC 

(Figure 5.52) show the stripe of high reflectivity maintaining its strength and is 

progressing northward. By Novak et al.’s (2003) classification, this is a single band as it 

has a length greater than 250-km, a width of around 100-km and reflectivity greater than 

30 dBZ for more than 2 hours.  

 

Figure 5.50: Base reflectivity for 21 February 2013 valid for 0930 UTC. The legend on the lower right is the color table for 

reflectivity. 
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Figure 5.51: Base reflectivity for 21 February 2013 valid for 1030 UTC. The legend on the lower right is the color table for 

reflectivity. 

 

Figure 5.52: Base reflectivity for 21 February 2013 valid for 1130 UTC. The legend on the lower right is the color table for 

reflectivity. 

 

 

Conclusion 

 A continued analysis of a storm system that first produced TSSN over the PMA 

and then progressed into the central Great Plains is analyzed. The goal of this chapter was 

to give a detailed investigation of how the synoptic and mesoscale environments at 

several locations that were favorable for TSSN likely changed as the system progressed 
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eastward. Thorough analysis of focus levels in the atmosphere and vertical profiles for 

selected locations was done to observe these changes. Each location was chosen based 

upon if it had lightning strikes and if it was located below the critical thicknesses of 

several levels, with the exception of Fort Sumner, NM as it is located at a high elevation. 

 All but one of the selected locations likely experienced lightning strikes due to 

elevated convection, with the one location being Fort Sumner, NM that likely 

experienced surface based convection. As said before, Fort Sumner was at the highest 

elevation of the selected locations and also had a colder temperature at 500-mb and 700-

mb compared to the other locations because, like the PMA, Fort Sumner was closer to or 

inside the 500-mb and the 700-mb low. Locations in western NM that received lighting 

strikes the previous day likely had similar characteristics. It was difficult to officially 

conclude that TSSN occurred in Fort Sumner as there was no ground truth, but the 

presence of snow in maps derived by models support snow over the area at the time 

lightning strikes were recorded by the ENTLN.  

 Canadian, TX is where the HRRR skew-T log-Ps began to show elevated 

convection. It is also the first location that has a recorded observation of TSSN from the 

local ASOS, with the other locations being Pratt, Wichita and Warrensburg. Emporia was 

the only selected location that did not record TSSN; Fort Sumner, Laverne and Lawrence 

do not have an ASOS. The features in the skew-T log-Ps from Canadian eastward were 

an inversion present with an area of moist neutral or conditional instability above the 

inversion. One feature that many of the skew-T log-Ps showed was that temperature 

inside the inversion was greater than 0°C, which fails the criteria for TSSN by elevated 

convection presented by Market et al. (2006). However, it is important to keep in mind 
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that this is a model forecast and is only a guidance tool. The warmer temperature inside 

the inversion and the high heights of the -10°C level show that a more wide selection of 

particles were likely able to be mixed in to the environment, increasing the likelihood of 

charge separation. A unique feature that appeared on some skew-T log-Ps was the 

presence of CAA above the inversion, which likely helped increase the instability at some 

of the locations.  

 This chapter gave a detailed analysis of how this storm system evolved as it 

progressed eastward from the PMA and an investigation of how the environments 

favorable for TSSN changed as this storm evolved. The next chapter will provided a 

detailed analysis for Columbia, MO, which also experienced TSSN from this system. It 

will also answer the last two research questions for this thesis. 
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Chapter 6: Case Analysis: Columbia, MO 

 

Introduction 

 

 The previous chapter presented a thorough analysis of how a storm system that 

produced TSSN originally over the PMA evolved and produced TSSN as it progressed 

from the southwestern U.S. towards the central Great Plains. It showed that surface based 

convection likely led to TSSN over Arizona and New Mexico, with elevated convection 

taking over from Canadian, TX to Warrensburg, MO. The elevated convection was seen 

in the model skew-T log-Ps located above an inversion in the lower levels of the 

atmosphere, and was supported in the NARR with negative omega at 700-mb and 500-

mb, a warm front at 700-mb and CVA at 500-mb. These features will also be looked for 

in this chapter when analyzing the environment over Columbia.  

 In this chapter, the last two research questions from Chapter 1 will be answered, 

which were: “How does the environment vary spatially between Phoenix and Columbia 

during the 20-21 February 2013 TSSN event?”, and “What differences are noticed in 

potential TSSN environments as the system moved from the Southwest to the central 

U.S.?”. The second to last research question is put here and not in the previous chapter to 

answer after Columbia’s likely environment is determined. These questions will be 

answered using the same analysis of the synoptic and mesoscale environments that was 

done in the previous chapters along with model skew-T log-Ps. 
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6.1 Lightning Data 

 Lightning data from the ENTLN is plotted (Figure 6.1) to confirm that lightning 

did occur over Columbia. The lightning strikes took place from after 1430 UTC to just 

past 1600 UTC. This is the time when the heaviest precipitation based upon radar 

reflectivity began to enter Columbia. 

 

Figure 6.1: Lightning plot from the ENTLN which shows lightning strikes from the morning of 21 February 2013.  

 

 

6.2 Synoptic Analysis  

 Since lightning occurred between 1430 UTC and 1600 UTC across Columbia, the 

best time to perform a synoptic analysis with the NARR will be 1500 UTC. This time 

will show the likely environment over Columbia as TSSN was occurring. Like the 

previous chapter, 900-mb and 850-mb will be included in this analysis. 
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 Starting from the bottom, the NARR MSLP valid at 1500 UTC 21 February 2013 

was plotted. High pressure continued to remain present in the MSLP plot with surface 

winds from the north, carrying over from the previous chapter’s analysis. The NARR 2-m 

temperature for 1500 UTC showed that Columbia’s surface temperature was between 

0°C and -5°C with colder temperatures across Iowa, consistent with the previous chapter. 

 900-mb analysis of geopotential height, temperature and wind was plotted at 1500 

UTC. A closed 930-gpmm low was seen across Oklahoma with a warm front extending 

out of the low northeastward from eastern Oklahoma across southern Missouri, with 

WAA occurring in southern and eastern Missouri. According to the NARR, Columbia’s 

temperature at this level was less than 0°C. 900-mb omega at 1500 UTC continued to 

remain consistent with the previous chapter’s analysis at 1200 UTC and showed that 

Columbia was located inside an area of omega equal to 0 Pa s-1, indicating no rising 

motion was occurring. High negative omega at this level was present across eastern 

Oklahoma where surface based convection was occurring. 

850-mb analysis of geopotential height, temperature and wind is plotted at 1500 

UTC (Figure 6.2). The values of each contour are plotted in a way to see the height lines. 

A broad closed 1380-gpmm low can be seen over western Oklahoma into the Texas 

Panhandle. The warm front at 850-mb, when compared with 900-mb, is a bit further 

northward, and can be seen across southwestern Missouri northeast into central Missouri. 

Temperatures near Columbia are much closer to 0°C, with WAA occurring in central 

Missouri.  
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 850-mb omega plotted at 1500 UTC had similarities to 900-mb. Much of central 

Missouri, including Columbia, does not have omega below zero. However, southwestern 

Missouri does have high values of negative omega when compared with 900-mb. 

 

Figure 6.2: 850-mb analysis of geopotential height (every 30 gpm, solid black lines), winds and temperature (C) from the 

NARR valid for 1500 UTC 21 February 2013. The red marker is the location of Columbia. 

 

 700-mb analysis of geopotential height, temperature and wind is plotted at 1500 

UTC (Figure 6.3). A closed 2910-gpm low can be seen across southwestern Kansas. A 

warm front can be seen extending out of the closed low across eastern Kansas eastward 

towards the eastern portion of Missouri via the broad kinks in the height lines. The 
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temperature over Columbia for this level is back to being below 0°C, although 

temperatures above 0°C are very close by to the south.  

 

Figure 6.3: 700-mb analysis of geopotential height (every 30 gpm, solid black lines), winds and temperature (C) from the 

NARR valid for 1500 UTC 21 February 2013. The red marker is the location of Columbia. 

 

700-mb omega (Figure 6.4) is vastly different than 900-mb and 850-mb. Very 

high negative omega (< -1.00 Pa s-1) is present across eastern Kansas extending into 

western and central Missouri. The high negative omega in central Missouri is along the 

axis of the warm front. 
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Figure 6.4: 700-mb analysis of the NARR omega (every 0.25 Pa s-1) at 1500 UTC 21 February 2013. The black marker is the 

location of Columbia. 

 

 500-mb analysis of geopotential height, temperature and winds is plotted at 1500 

UTC (Figure 6.5). No closed low can be seen definitely in this map, but evidence of one 

appears to be present near western Kansas. Over Columbia, temperatures are around -

18°C. The height lines and the winds appear to diverge from southwest to northeast. This 

upper level divergence would indicate that rising motion would be favorable in lower 

levels, which agrees with the 700-mb omega.  

500-mb omega (Figure 6.6) is similar to 700-mb omega, with higher negative 

values of omega existing northward of Columbia as well. Columbia is located on the 

southern edge of an area of high negative omega, indicating rising motion is also present 

at this level. 500-mb absolute vorticity (Figure 6.7) shows an area of negative vorticity 

with values around -2×10-4 s-1 over Columbia, with CVA present just to the southwest. 
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The presence of negative vorticity indicates that inertial instability could be present over 

the area.  

 

Figure 6.5: 500-mb analysis of geopotential height (every 60 gpm, solid black lines), winds and temperature (C) from the 

NARR valid for 1500 UTC 21 February 2013. The red marker is the location of Columbia. 
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Figure 6.6: 500-mb analysis of the NARR omega (every 0.25 Pa s-1) at 1500 UTC 21 February 2013. The black marker is the 

location of Columbia. 

 

Figure 6.7: 500-mb analysis of the NARR absolute vorticity (plotted ever 1×10-4 s-1) for 1500 UTC 21 February 2013. The red 

marker is the location of Columbia. 
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 300-mb analysis of geopotential height and isotachs is plotted at 1500 UTC 

(Figure 6.8). At 300-mb Columbia is located almost inside a ridge with a strong trough to 

the west. No jet streaks are found near Columbia at this level. However, the height lines 

appear to be diverging over Columbia, similar to what 500-mb showed. Divergence 

plotted at 300-mb (Figure 6.9) shows Columbia under low values of divergence, with 

maximums present in southwest Missouri and western Kansas. 

 

Figure 6.8: 300-mb analysis of the NARR with geopotential height (plotted every 80 gpm, black lines) and isotachs for 1500 

UTC 21 February 2013. The red marker is the location of Columbia. 



166 
 

 

Figure 6.9: 300-mb analysis of divergence (units are s-1) from the NARR valid for 1500 UTC 21 February 2013. The black 

marker is the location. The black marker is the location of Columbia.  

 

 

 Relative humidity is plotted from 900-700-mb (Figure 6.10) and from 700-500-

mb (Figure 6.11) in the similar fashion to the previous chapter. Starting with 900-700-

mb, Columbia can be seen with an RH of 80-90%. The higher values of RH are located in 

western Missouri and eastern Kansas. Moving upward to 700-500-mb, the value of RH 

increases for Columbia, which is now between 90% and 100%. It is interesting as the 

high RH is oriented in a west to east line across the central portion Missouri. 
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Figure 6.10: Analysis of 900-700-mb relative humidity from the NARR valid at 1500 UTC 21 February 2013. The black 

marker is the location of Columbia. 

 

Figure 6.11: Analysis of 700-500-mb relative humidity from the NARR valid at 1500 UTC 21 February 2013. The black 

marker is the location of Columbia. 
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 The last plots for this section will cover the various thicknesses at 1500 UTC. 

Although thickness for this day was plotted in the previous chapter, that was only the 

average for the day. The thicknesses for 1000-500-mb, 1000-700-mb, 1000-850-mb and 

850-700-mb were plotted. Through analyzing all of the maps, 1000-850-mb and 1000-

700-mb had Columbia below their respective critical thicknesses. 1000-500-mb and 850-

700-mb had Columbia having a thickness greater than their respective critical 

thicknesses, although Columbia was close to both critical thickness lines. This shows that 

the idea of mixed precipitation occuring along with snow is possible. 

 

6.3 Mesoscale and Sounding Analysis 

 Instability, temperature and moisture analysis via model skew-T log-Ps will now 

be examined. Like the first results chapter for Phoenix, a few model runs will be chosen 

to analyze the environment before and during the time that TSSN was occurring. In the 

first section of this chapter, it was established that lightning strikes began around 1430 

UTC and continued past 1600 UTC. Therefore, 1400 UTC, 1500 UTC and 1600 UTC 

will be plotted. The HRRR model runs that will be used for this analysis will be 1100 

UTC, 1200 UTC and 1400 UTC. 1300 UTC is skipped as the data file for this hour 

lacked a forecast for 1500 UTC and 1600 UTC. 

The first run analyzed is 1100 UTC 21 February 2013, and images plotted are 

valid for 1400 UTC (Figure 6.12), 1500 UTC (Figure 6.13) and 1600 UTC (Figure 6.14). 

All three profiles show temperature increasing with height up to 850-mb, with 

temperature beginning to slowly decrease up to around 700-mb with a stronger decrease 
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above that. Moisture is plentiful throughout the profile in all times, and the lower levels 

show an increase in moisture at 1500 UTC. However, the profiles don’t appear to show 

any instability in any of the times TSSN occurred as the temperature line doesn’t come 

close to the slope of the moist adiabat. The height of the -10°C level rises about 150-m 

from 1400 UTC to 1600 UTC, which shows WAA is occuring where the winds veer with 

height. 
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Figure 6.12: Sounding analysis from the HRRR valid for 1400 UTC from the 1100 UTC run over Columbia, MO. The brown 

indicates the height of the -10°C level and the black line is the surface. 
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Figure 6.13: Sounding analysis from the HRRR valid for 1500 UTC from the 1100 UTC run over Columbia, MO. The brown 

indicates the height of the -10°C level and the black line is the surface. 
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Figure 6.14: Sounding analysis from the HRRR valid for 1600 UTC from the 1100 UTC run over Columbia, MO. The brown 

indicates the height of the -10°C level and the black line is the surface. 

 

 The next HRRR run that was analyzed was the 1200 UTC run, and images were 

plotted valid for 1400 UTC, 1500 UTC and 1600 UTC. This model run behaved similarly 



173 
 

to 1100 UTC in each time frame. Any sign of instability could only be seen at 1400 UTC 

just above 700-mb. The height of the -10°C level remained high above the ground, and 

increased in height with time. 

 

 The last HRRR run that was analyzed was the 1400 UTC, and was plotted at 1400 

UTC, 1500 UTC and 1600 UTC. Many of the same characteristics from the previous two 

HRRR runs carried over in this run as well. However, the instability that may have been 

present at 1400 UTC just above 700-mb was not present in this run. 

 

6.3.1 PI Analysis 

 The last quantity that will be analyzed is PI. This will be of interesting analysis as 

vertical instability appeared to be lacking visually in the model skew-T log-Ps in all the 

times. The presence of negative absolute vorticity, however, gives hint that inertial 

instability may be present. 

 PI is best evaluated in a vertical cross section showing θe taken normal to the 

1000-500-mb thickness. For our case, 1400, 1500 and 1600 UTC runs of HRRR vertical 

cross sections will be plotted from Cedar Rapids, IA (CID) to Marion County Regional 

Airport, AR (FLP) (Figure 6.15) in GEMPAK so that Columbia will be located roughly 

in the middle of the cross section. At 1400 UTC 21 February 2013 (Figure 6.16), two 

areas of PI are identified. The area of PI on the right side is the result of the northward 

moving warm front over southern Missouri as a tongue of high θe is seen. Towards north 

central Missouri, another area of PI is seen closer to the center of the cross section over 
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Columbia. With time, this area of PI over north central MO begins to become more 

neutral, while the PI across southern Missouri expands northward with the approach of 

the warm front. 

 

Figure 6.15: 2-D plot of the RAP geopotential height (m) valid for 1400 UTC 21 February 2013. The white line from CID to 

FLP is indicative of the path of the vertical cross section, and is normal to the thickness lines.  
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Figure 6.16: Vertical cross section of θe from CID to FLP from the 1400 UTC HRRR valid at 1400 UTC. The yellow dashed 

lines denote areas where θe decreases with height, or PI.  

 

Figure 6.17: Vertical cross section of θe from CID to FLP from the 1500 UTC HRRR valid at 1500 UTC. The yellow dashed 

lines denote areas where θe decreases with height, or PI.  
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Figure 6.18: Vertical cross section of θe from CID to FLP from the 1600 UTC HRRR valid at 1600 UTC. The yellow dashed 

lines denote areas where θe decreases with height, or PI. 

 

6.4 Radar/Banding Analysis 

 In the previous chapter, a single band identified in this storm at times before 1400 

UTC across southern Kansas where TSSN was occurring. The band was slowly 

progressing northward in the radar scans that were analyzed with the last time analyzed 

being 1130 UTC. At 1400 UTC (Figure 6.19), a strong band still appears on radar 

extending from Topeka eastward to south central Missouri. This band is roughly 450-km 

in length and has a reflectivity greater than 30 dBZ. As time progresses towards 1500 

UTC (Figure 6.20), the reflectivity has become a bit more disorganized, but a band can 

still be seen from just north of Kansas City extending east towards Jefferson City and is 

just about to enter Columbia. By 1600 UTC (Figure 6.21), the band appears to have split, 
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with high reflectivity to the east and west of Columbia. At this point the band would not 

be considered a single band. However, it is important to keep in mind that the Kansas 

City and St. Louis radar, whose beams scan the area at roughly 10-kft, likely miss a 

majority of the precipitation and therefore underestimates the reflectivity.  

 

Figure 6.19: Base reflectivity for 21 February 2013 valid for 1400 UTC. The legend on the lower right is the color table for 

reflectivity. 

 

 

Figure 6.20: Base reflectivity for 21 February 2013 valid for 1500 UTC. The legend on the lower right is the color table for 

reflectivity. 
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Figure 6.21: Base reflectivity for 21 February 2013 valid for 1600 UTC. The legend on the lower right is the color table for 

reflectivity. 

 

 Analyzation the local radar is also performed. The radar chosen here is Kansas 

City as it captures the precipitation as it is approaching Columbia. Reflectivity is 

disregarded in this portion for the reason being the high scanning level. A few interesting 

features are found in the radar imagery. Plotting echo tops (Figure 6.22) shows cloud tops 

above 20-kft over Columbia. High echo tops can indicate convection. Plotting correlation 

coefficient (CC) (Figure 6.23), which is used to help discern meteorological targets and 

precipitation type, at 1550 UTC shows a relatively uniform CC across much of the area. 

Some areas to the south are receiving a mix of precipitation. Over Columbia, a stripe of 

high and low CC can be seen, which could indicate mixing precipitation. The archived 

climate data from the National Weather Service in St. Louis for Columbia agrees with the 

radar, and shows that observations on this day had instances where freezing rain and ice 

pellets mixed with snow at times along with thunder. 10.2 inches of snow fell in 

Columbia on this day. TSSN was also confirmed by the KCOU ASOS at 1520 UTC and 

1624 UTC (on next page, courtesy Plymouth State). 
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“KCOU  211520Z  08015KT  1/4SM  +TSSN  FZFG  VV009  M06/M07  A3004” 

“KCOU  211624Z  06010KT  1/4SM  +TSSN FZFG  VV010  M05/M07  A3009  RMK  AO2  LTG  

DSNT  E-SW  P0006  T10501067” 

  

 

Figure 6.22: Echo tops from the KEAX radar plotted on GR2 Analyst, valid for 1530 UTC 21 February 2013. 

 

Figure 6.23: CC from the KEAX radar plotted on GR2 Analyst, valid for 1550 UTC 21 February 2013. 
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Conclusion 

 

 A continued analysis of a storm that produced TSSN over the PMA and much of 

the central USA is presented. Analysis of the synoptic and mesoscale environments was 

presented to determine how TSSN likely formed over Columbia. The same focus levels 

from the previous chapter were used in the synoptic analysis. 

 Environmental features that stood out the most in the synoptic analysis of this 

chapter included the continued presence of a warm front at 700-mb, presence of 

diffluence at 500-mb and 300-mb, high RH from 900-500-mb and high surface pressure. 

A different trend was found in this chapter in the mesoscale analysis. While the skew-T 

log-Ps showed similar characteristics to those at the end of Chapter 5, PI was detected at 

each time, with 1400 UTC having an area of PI closest to Columbia. 

 In the radar analysis, banding continued to appear on the national radar across 

eastern Kansas and western Missouri at 1400 UTC and 1500 UTC. By 1600 UTC, the 

single band appeared to split over Columbia into two areas of high reflectivity. This split 

may have been due to the fact that the local radar beams for the area scan Columbia at 

10-kft or higher and likely miss a majority of the precipitation. Some features on the 

Kansas City radar were noted, including the presence of high echo tops and mixed CC 

over Columbia. 

 Analyzing the potential environment for Columbia has allowed for the answer of 

the following research question: “How does the environment vary spatially between 

Phoenix and Columbia during the 20-21 February 2013 TSSN event?” 
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1) The PMA was under the influence of a strong 700-mb and 500-mb trough. In 

addition to the extremely low heights, 500-mb featured extremely cold 

temperatures around -30°C, which both the NARR and HRRR model showed. 

Along with sufficient moisture, this allowed for temperatures to decrease with 

height at a rate between the moist and dry adiabatic lapse rates, which is favorable 

for instability. The surface temperature and lower levels at Phoenix were above 

zero in the NARR and HRRR, which showed that the vertical column had to cool 

to allow frozen precipitation to reach the surface. In analyzing the HRRR, areas 

that had convection present were analyzed before and after convection occurred. 

Skew-T log-Ps showed that the surface cooled to or just around zero and that the 

0°C isotherm lowered to 900-masl, which would allow frozen precipitation to 

reach the surface with little difficulty. Based on temperature profiles and the 

scattered nature of precipitation, TSSN that occurred was likely surface based. 

2) Columbia, MO was mainly under the influence of a 700-mb warm front. Along 

with that warm front, negative 700-mb and 500-mb omega was present. 

Diffluence in wind was present at 500-mb and 300-mb. In the model skew-T log-

Ps, vertical instability (when focusing on CAPE) was not present as the 

temperature lines weren’t close to the slope of either the moist or dry adiabats. 

However, PI was present over or just near Columbia around 1400 UTC at a level 

higher than 700-mb. The average pattern of the temperature lines showed a slight 

decrease from the surface to around 950-mb, with a sharp increase in temperature 

to roughly 850-mb. Temperatures began to decrease above the inversion. Based 

on these profiles, TSSN likely occurred due to elevated convection. 
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The last research question can also be answered in this conclusion: “What differences are 

noticed in potential TSSN environments as the system moved from the Southwest to the 

central U.S.?”. 

1) Environments in New Mexico, which were under the influence of the trough at 

and the extremely cold temperatures at 500-mb, possessed an environment similar 

to the PMA, characterized by decreasing temperature with height near the moist 

and dry adiabatic lapse rates along with scattered precipitation. Canadian, TX is 

where the environment for TSSN changed from a surface based to an elevated 

nature as seen from the HRRR model skew-T log Ps. Profiles showed 

temperatures increasing with height to a certain level followed by a sometimes 

sharp decrease in temperature just above the inversion.  

In the following chapter, a brief discussion of how this thesis addresses literature 

gaps is explained. A brief recap and summary of the data and methods and summary of 

results will also be discussed. Lastly, suggestions for future research will be discussed. 
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Chapter 7: Conclusion 

 

7.1 Summary of Research Problem 

 Thundersnow, or TSSN, is a rare mesoscale phenomena which is simply the 

occurrence of lightning and thunder with snowfall. It occurs mainly in the presence of 

synoptic scale snowstorms (Market et al. 2002) and in lake effect snow bands (Schultz 

1999, Steiger et al. 2009). It is most common from the fall to early spring in Utah and 

Nevada, the central Great Plains and the Great Lakes (Market et al. 2002). On the dates 

of 20-21 February 2013, a strong synoptic scale storm tracked from southern California 

towards the southwest U.S. and then northeast to the central Great Plains. TSSN occurred 

across the PMA, New Mexico, the southern/central Great Plains and Columbia, MO with 

this system. While previous literature has been written concerning TSSN and synoptic 

scale storms across the Great Plains and Midwest, literature detailing TSSN across the 

southwest U.S. and across a path of a storm have not received attention. 

 

7.2 Summary of Data and Methods 

 Answering these two hypotheses was performed using the following methods: 

1. Two scales were studied in each chapter of results: the synoptic scale and 

mesoscale. The synoptic scale analysis was plotted and analyzed at various levels 

according to what Market et al. (2006) established in their case. In two of the 

three chapters, the surface, 900-mb, 850-mb, 700-mb, 500-mb and 300-mb were 

analyzed for mainly geopotential heights, temperature, wind and omega. The 
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chapter detailing analysis of Phoenix only focused on the surface and above 700-

mb due to the high terrain. The North American Regional Reanalysis, or the 

NARR, was the primary data provider for analysis of the synoptic scale.  

2. For the mesoscale, the primary data provider was the High Resolution Rapid 

Refresh, or HRRR, model. The HRRR’s purpose in this thesis was mainly for the 

creation of vertical skew-T log-P diagrams over selected locations. The model 

skew-T log-P diagrams are able to paint a picture of what the environment 

potentially could be showing as TSSN is occurring over the location. Analysis of 

instability, temperature and moisture were performed with these diagrams. The 

HRRR was also used for determining locations that likely experienced 

convection, and these locations were used to see a before and after of how TSSN 

impacted the lower levels. 

3. Determining locations to see potential TSSN environments along the track of this 

storm was done using lightning data from the Earth Networks Total Lightning 

Network, or ENTLN, and the average thickness for 21 February 2013 for 1000-

500-mb, 1000-700-mb, 1000-850-mb and 850-700-mb. Locations that had 

lightning strikes along with a value of thickness less than a majority of the levels 

critical thicknesses were chosen. Each location was analyzed by the HRRR skew-

T log-Ps valid at times that lightning occurred. 
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7.3 Summary of Results 

 Results from analysis of the NARR synoptic analysis and HRRR skew-T log-P 

analysis show different TSSN environments from the southwestern U.S. to the central 

Great Plains. The following summarizes the major findings from the three chapters of 

results: 

1. A large and strong upper level trough and closed upper level low were present 

over the PMA on the evening of 20 February 2013. Along with this trough and 

low was the presence of extremely cold temperatures at 500-mb. These features in 

the NARR carried over to the HRRR model skew-T log Ps that were created over 

the PMA at the time TSSN occurred. Model skew-T log Ps overall showed 

surface temperatures close to or above zero with temperatures decreasing with 

height through much of the vertical. The model parcel, when lifted from or near 

the surface, detected the presence of CAPE in the profile, showing that instability 

is present. Analyzing the 850-500-mb and 700-500-mb lapse rates in the table 

below each skew-T log-P confirmed this, as temperature decreased at a rate 

greater than the moist adiabatic lapse rate, indicating the presence of conditional 

instability. It is concluded that the PMA likely experienced surface based 

convection. 

2. Eight locations from New Mexico to western Missouri were chosen for 

environmental analysis as the storm moved towards the central Great Plains. It 

was found that the environment in New Mexico exhibited similar characteristics 

to the PMA, and if TSSN occurred it was likely a result of surface convection. 

The panhandle of Texas is where TSSN began to be a result of elevated 
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convection. This was seen in the model skew-T log Ps above an inversion and in 

the 700-mb and 500-mb omega. TSSN was confirmed over many of the chosen 

locations from archived ASOS data. 

3. Columbia, MO was under the influence of a northward advancing warm front. 

This warm front allowed for TSSN to occur from an elevated standpoint. 

Although no vertical instability appeared to be present in the model skew-T log-P 

from analysis of the temperature profile, PI was detected at 1400 UTC just above 

700-mb, which indicated that PSI may have been present over the area. Absolute 

geostrophic momentum was not able to be analyzed to the model resolution. 

 

7.4 Future Research 

 Due to an issue of time constraint with this thesis, a few initial approaches to this 

thesis were not able to be studied. One of the first ideas before bringing about the HRRR 

was to do an analysis of this event utilizing the Weather Research and Forecasting (WRF) 

model at different resolutions. Different schemes would be implemented and tested to see 

which one had a better analysis of the environment.  

 Analyzing HRRR model performance in this case is also of worthy interest. Since 

the HRRR has 15 forecasts for a given location, it will be worth studying to see how the 

forecast evolves with each model run and if it remains consistent. Analysis could be 

performed similarly to Ikeda et al. (2013). 
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