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Research investigating tornado outbreaks has primarily focused on events that
have occurred during daylight hours. While nocturnal outbreaks tend to be less
significant in terms of spatial extent and severity than daytime outbreaks, they still pose a
serious threat to the general public, owing to the increased difficulty of conveying risk
information during nighttime hours. Additionally, the meteorological conditions driving
these events are less well established, increasing forecast difficulty. The goal of this
research is to establish a climatology of purely nocturnal tornado outbreaks. Events that
met the criteria set in this study for nocturnal outbreaks were analyzed spatially and
temporally. A diagnostic mesoscale analysis was also performed on the environments
present at the onset of the outbreaks. These analyses yielded new information regarding
nocturnal tornado outbreaks, as well as results similar to findings of other research
focused on nocturnal tornadoes.
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CHAPTER I
INTRODUCTION
A majority of tornado research focuses on tornadoes and tornado outbreaks that
occur during the afternoon and evening hours, due to these events typically being more
significant. While nocturnal tornado activity is the focus of relatively limited research,
they pose a unique threat to the population compared to tornadoes that occur during the
day due to several operational and social issues. Findings by Brotzge and Erickson
(2010) show that tornadoes that occur when the public is least likely to be aware are also
those that had the greatest probability of being unwarned, suggesting nocturnal tornadoes
are particularly problematic with being properly warned. This study also concluded that
since visibility is reduced during overnight hours, nocturnal tornadoes are not as easily
spotted and reported, which hinders the issuance of warnings. Significant nocturnal
tornadoes (tornadoes of F/EF2 intensity or greater) commonly occur in quasi-linear
convective systems (QLCS), contrary to significant daytime tornadoes, which occur in
isolated supercells (Kis and Straka 2010; Trapp et al. 2005). Davis and Parker (2014)
found that tornadoes spawned from shallow QLCS mesovortices may not be detected if
they occur too far away from radar sites, lessening chances of detecting tornadoes
produced by them. This leads to the fact that linear storm modes, such as QLCSs, have a
higher ratio of unwarned tornadoes (Brotzge and Erickson 2010).
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Ashley et al. (2008) found after analyzing tornadoes from 1950-2005 that
nocturnal tornadoes were twice as likely to cause fatalities as tornadoes occurring during
the day, even though only 27.3% of tornadoes occur nocturnally. Nocturnal tornadoes
have also been found to occur more commonly in areas that are not typically associated
with tornado activity, such as in the southern and southeastern United States, outside of
the traditional “Tornado Alley” in the Great Plains (Ashley 2007). This research also
pointed out that the southern U.S. has several other factors that increase vulnerability to
nocturnal tornadoes, such as their occurrence outside of the climatologically seasonal
peak of tornado activity. Over half of the nocturnal tornadoes examined by Kis and
Straka (2010) occurred during the cool season, defined in their study as 16 October to 15
February. Galway and Pearson (1981) found that cool season tornadoes are common in
the southern states and Gulf Coast region, and Smith et al. (2012) found that linear storm
modes, such as QLCSs, are common during this period. Tornadoes that occur during the
cool season have increased forward storm speeds as they traverse the heavily forested and
uneven terrain of the southern U.S. due to stronger flow aloft (Ashley 2007).
Additionally, this region has the highest density of mobile homes in the CONUS,
emphasized by the fact that around 55% of mobile home deaths due to nocturnal
tornadoes occurred in Arkansas, Mississippi, Alabama, Georgia, and Florida (Ashley et
al. 2008). All these factors combine to catch the affected population off guard and make
this region and others highly vulnerable to nocturnal tornadoes and nocturnal tornado
outbreaks.
As an understanding of tornadoes has developed, progress has been made in
developing climatologies focused on these events. Climatologies of severe weather are
2

valuable to different groups such as weather forecasters, the public, emergency managers,
and insurance companies (Brooks et al. 2003). While these climatologies have helped to
increase forecasters’ ability to predict tornadoes and tornado outbreaks, their biases
towards daytime tornadoes may be misleading when it comes to predicting nocturnal
tornado activity (Kis and Straka 2010). Because nocturnal tornadoes and nocturnal
tornado outbreaks occur under different kinematic and thermodynamic conditions than
afternoon or evening outbreaks, they are expected to exhibit unique spatial and temporal
characteristics (Kis and Straka 2010; Mead and Thompson 2011). Much of this research
has shown that environments and conditions indicated in previous studies to be
unfavorable for late afternoon and early evening tornadoes are especially favorable for
nocturnal tornadogenesis (Kis and Straka 2010). The goal of this research is to develop a
climatology of purely nocturnal tornado outbreaks that will better the understanding of
the characteristics and environments of these events.
1.1

Objectives and Hypothesis
The objectives of this study are:
1.

To define and identify nocturnal tornado outbreaks over the period of
1979-2014;

2.

To identify spatial and temporal characteristics, as well as injury and
fatality rates associated with these outbreaks;

3.

To identify unique mesoscale dynamic and thermodynamic parameter
values associated with nocturnal tornado outbreaks.

3

In this study, the following hypothesis will be tested: A nocturnal tornado
outbreak climatology will yield unique spatial, temporal, and mesoscale characteristics
from typical outbreak scenarios as seen in the literature.
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CHAPTER II
LITERATURE REVIEW
A common way to summarize the environments of different meteorological
phenomena is through climatologies. In order to form a climatology of nocturnal tornado
outbreaks, a reasonable sample size of these types of outbreaks needs to be gathered.
However, the criteria by which a nocturnal tornado outbreak is defined have yet to be
established; therefore, these criteria need to be determined and should be based on past
studies of outbreaks. In previous research, the definition of a tornadic outbreak has
varied slightly depending on the goal of the study. Using the tornado outbreak
classification set by Pautz (1969), Galway (1975) defined tornado outbreaks as small (6-9
tornadoes), moderate (10-19 tornadoes), and large (20 or more tornadoes) to study fatality
rates associated with these classes of outbreaks. Galway (1977) further refined the
definition, looking at outbreaks that contained 10 or more tornadoes and emphasized the
need for examination of the temporal and spatial attributes of tornadoes in the outbreaks.
Using these definitions, more recent research has sought to rank tornado
outbreaks or determine the most significant tornado outbreaks based on different factors.
Outbreaks have been ranked by their physical power, which factors in hectopascal miles
or Fujita miles (Fuhrmann et al. 2014). Their study defined outbreaks as a sequence of
six or more tornadoes of F/EF1 intensity or greater, with no more than six hours
transpiring between consecutive tornadoes. Doswell et al. (2006) developed a ranking
5

scheme that ranked tornado outbreaks based upon several weighted characteristics of the
outbreaks, such as number of tornadoes, violent tornadoes, significant tornadoes, injuries,
fatalities, killer tornadoes, tornadoes with >80km tracks, path length, and destruction
potential index. This study did not define an outbreak based upon a specific threshold of
number of tornadoes, but yet used a “Tornado Outbreak Day”, defined as all severe
reports occurring between 12:00 UTC and 11:59 UTC to define an outbreak. Shafer et al.
(2009) used the top 50 tornadic outbreaks and primarily nontornadic outbreaks defined by
the Doswell et al. (2006) ranking scheme to initialize the Weather Research and
Forecasting (WRF) model to determine its ability to accurately distinguish between the
two types of outbreaks. Shafer and Doswell (2011) built upon the work of Doswell et al.
(2006) by factoring in time and distance into the ranking method, removing spatial and
temporal inconsistencies amongst outbreaks and creating a database of outbreaks by
using kernel density estimation (KDE). Additional research examined the coverage of
severe weather parameters and their relation to these outbreaks found using KDE (Shafer
et al. 2012). Using the top 50 tornadic and non-tornadic outbreaks from Doswell et al.
(2006), Mercer et al. (2009) examined the synoptic regime present during the outbreaks
using the WRF to distinguish synoptic signals between the two different types of events.
Using the same definition, Mercer et al. (2012) built upon this research by creating
synoptic composites of tornadic and non-tornadic outbreaks and using them to initialize
WRF in order to determine if the WRF could distinguish between the two types of
outbreaks.
In regards to research examining various meteorological parameters associated
with nocturnal tornadoes, it has been documented that nocturnal convective environments
6

differ from daytime convective environments. Past research has also concluded that
nocturnal environments are less than ideal for tornado-producing convection.
Tornadogenesis has been found to be hindered by stable boundary layers present at night
(Leslie and Smith 1978). Nocturnal convection occurring in an environment
characterized by a stable boundary layer or large amount of convective inhibition (CIN)
is often regarded as “elevated”, hampering tornadogenesis (Colman 1990; Nowotarski et
al. 2011). This is due to that large amounts of CIN serve as a layer of stability,
preventing air parcels from rising from the surface (Davies 2004), causing storms to draw
air from a buoyant layer above the stable layer (Rasmussen and Blanchard 1998). The
latter study determined that the ideal value of CIN for tornadic convection to be less than
-16 J kg-1; a low value typically not found in nocturnal environments. Markowski et al.
(2002) stated that tornadogenesis is a surface phenomenon, further emphasizing the need
for convection to be surface based in order to produce tornadoes.
However, Nowotarski et al. (2011) also concluded that storms above shallow
stable boundary layers and in the presence of large CIN may not truly be elevated. Kis
and Straka (2010) also support this claim in finding that environments with large CIN and
stable boundary layers have some surface-based convective available potential energy
(SBCAPE). This suggests that surface air may be dynamically forced upward into storms
through the stable layer, meaning that the storms are not truly elevated. Furthermore, 26
of the 28 cases with Rapid Update Cycle 2 (RUC-2) soundings examined by Kis and
Straka (2010) found CIN values in nocturnal tornado environments to exceed the ideal
value (-16 J kg-1) set by Rasmussen and Blanchard (1998) for tornadogenesis. Kis and
Straka (2010) also found that out of 28 cases of nocturnal tornadoes, sounding data
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revealed that all but one of these cases had mean-layer convective available potential
energy (MLCAPE) below 2,100 J kg-1, found to be the ideal threshold for tornadogenesis
by Rasmussen and Blanchard (1998). However, studies performed by Fischer and Davies
(2009) and Mead and Thompson (2011) found that median MLCAPE values for
significant nocturnal tornadoes in the Plains to be 2,654 J kg-1 and 2,410 J kg-1,
respectively. It should be noted that the nocturnal tornadoes from those two studies
occurring in the spring and summer, while a majority of the nocturnal tornadoes from Kis
and Straka (2010) were during the cool season. Davies and Fischer (2009) separated
significant nocturnal tornadoes occurring in the Plains from those occurring in states
along the Gulf Coast, finding that the mean value of MLCAPE for tornadoes in the latter
region to be 1,120 J kg-1, closer to the values of MLCAPE calculated by Kis and Straka
(2010).
The presence of a low-level jet (LLJ), common mostly at night (Bonner 1968),
may aid in nocturnal tornadogenesis by overcoming the previously mentioned stable
surface layer and large values of CIN. Kis and Straka (2010) concluded that nocturnal
LLJs may produce strong low-level storm-relative helicity (SRH), aiding in nocturnal
tornadogenesis. 0-1km SRH has been shown to increase dramatically, from 99 m2 s-2 to
368 m2 s-2, during the onset of the nocturnal period based off of RUC-2 soundings of
significant nocturnal tornado environments in the Plains (Mead and Thompson 2011).
Davies and Fischer (2009) used RUC soundings and found that median value of 0-1km
SRH was much higher at 352 m2 s-2 for significant nocturnal tornadoes than the median
value for daytime significant tornadoes at 201 m2 s-2. This study concluded that large
SRH may aid in low-level mesocyclone health when levels of CAPE are lower in
8

nocturnal environments. These values are also much higher than the median SRH value
of 89.2 m2 s-2 calculated by Rasmussen (2003) for significant tornadoes. Looking at two
cases of significant nocturnal tornadoes, Fischer and Davies (2009) found that values of
environmental helicity index (EHI), which is a parameter combining both CAPE and
SRH, were at 11.3 and 6.6, which is above the 90th percentile for daytime and nocturnal
significant tornadoes based on the tornadoes Davies and Fischer (2009) examined. The
latter study found 0-1km EHI median values to be 1.9 for states along the Gulf Coast and
4.2 for states in the Plains. Again, these values are higher than the median value of 01km EHI of 0.67 found by Rasmussen (2003) in significant tornado environments.
Provided that past research has shown nocturnal environments that produce tornadoes
exhibit different levels of mesoscale variables relative to day time tornadoes, nocturnal
environments that produce tornado outbreaks are expected to have a similar tendency.
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CHAPTER III
DATA AND METHODOLOGY
Data from the Storm Prediction Center’s (SPC) Severe Weather Database was
used to examine tornadoes that occurred during the period of 1 January 1979 to 31
December 2014. This period was chosen in order to utilize the full temporal extent of the
North American Regional Reanalysis (NARR) database for examination of mesoscale
parameters present in the cases. The CONUS east of the Rocky Mountains, or 105oW,
was the geographical domain, as can be seen in Figure 3.1. The appropriate synoptic and
mesoscale conditions are not usually present to produce tornadoes or tornado outbreaks in
the western U.S. due to topography, mid-latitude cyclones forming leeward of the
mountains, and lack of access to the relatively warmer, more humid air the Gulf of
Mexico provides the eastern two-thirds of the CONUS. The center points of latitude and
longitude for the outbreaks were gathered from data collected by Shafer and Doswell
(2011). That study factored all severe weather reports to determine the center of an
outbreak using KDE, sometimes causing a displacement of the severe weather outbreak
center relative to the tornado reports. If a center latitude and longitude was deemed to be
too far displaced from the tornadoes, or the outbreak was not a part of their data set, a
center latitude and longitude was manually calculated. An example of this situation can
be seen in Figure 3.2. In this case, the outbreak center based on all severe reports and the
center based on just the tornado reports differed by nearly 300 km. NARR grid points
10

within a radius of 400 km from the center coordinates of each outbreak were used in
order to examine mesoscale parameters present in each outbreak environment. The
radius of 400 km was determined by examining the spatial coverage of the tornado
locations that comprised the outbreaks and determining which outbreak’s area was the
largest. The area of the largest outbreak line was then applied to all of the outbreaks,
producing the radius of 400 km from the center point. During the period covered, NARR
data is available every day from 0000-2100 UTC at intervals of 3 hours. For this study,
data from the NARR hour closest to the onset of the nocturnal outbreak was used to
assess the pre-outbreak environment or the environment shortly after the onset of the
outbreak. In most cases, a NARR hour prior to the start of the outbreak was able to be
used, but for six cases, the outbreak had already begun relative to the NARR hour used.
These outbreaks were the ones that began between the hours of 16-17:59 CST, and if the
2100 UTC (15:00 CST) data from the NARR was used; it would be sampling a daytime
environment vs. a nocturnal environment.
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Figure 3.1

Spatial domain used in this study.

The domain was the contiguous United States east of 105oW, denoted by the red line.
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Figure 3.2

Example of an outbreak center being displaced from tornado reports

Outbreak center defined by Shafer and Doswell (2011) based on all severe reports from
18:00-23:59 CST (top), and map displaying center used in this study based on only
tornado reports during the same time frame (bottom). Center points are denoted by star.
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In order to include nocturnal tornado events as accurately as possible, a method
similar to Ashley et al. (2008) and Kis and Straka (2010) was used to define the nocturnal
period. From the latitude and longitude of each tornado’s initiation point in the dataset,
as well as the solar declination angle, sunset and sunrise in Local Solar Time (LST) was
calculated for each tornado from 1979-2014. Solar declination angle was calculated by
𝛿 = 23.5° ∙ cos(

360°∙(𝑑−173)
365.25

)

(3.1)

where δ is the solar declination angle, 23.5o is the max tilt of the earth, 360o is the degree
of revolution around the sun, 365.25 is the number of days for a complete revolution
around the sun, d is number of Julian days starting from January 1, and 173 is the amount
of days from the beginning of the year to the summer solstice. This value was then used
to compute the geometric sunset and sunrise times for each tornado in LST, defined as
𝑆𝑢𝑛𝑠𝑒𝑡 =
𝑆𝑢𝑛𝑟𝑖𝑠𝑒 =

24
360°
24
360°

∙ (𝜆𝑒 − cos −1 (tan 𝜙 ∙ tan 𝛿))

(3.2)

∙ (𝜆𝑒 + cos −1 (tan 𝜙 ∙ tan 𝛿))

(3.3)

where 24 is the length of a day in hours, 360o is the degree of earth’s rotation, λe is
longitude, ϕ is latitude, and δ is the solar declination angle. Tornadoes that occurred after
their respective sunset and before their respective sunrise were considered nocturnal. For
an outbreak to be purely nocturnal, tornadoes could not have occurred six hours prior to
the first nocturnal tornado of the outbreak, nor could high levels of tornado activity carry
on after sunrise. This was to limit the impact of events that transition from afternoon
outbreaks to overnight outbreaks or outbreaks that transition into the day. Several
nocturnal outbreaks had 1-2 tornadoes occur within an hour after sunrise, and these were

14

deemed as part of the outbreak since the majority of activity occurred during the
overnight period, transitioning into daylight.
From the tornadoes that met the spatial and temporal criteria, outbreaks were
found using the following standards, similar to those used by Galway (1975, 1977) and
Fuhrmann et al. (2014): six or greater tornadoes of any intensity, occurring during the
period of a single night but without more than six hours transpiring between tornado
occurrences, and spawned by the same synoptic system. If tornadoes were deemed to be
too far removed in space and time from the outbreak center and/or time of the last
tornado occurrence, they were considered to not be part of that outbreak and were not
counted. An example of a situation where nocturnal tornadoes could not be counted due
to distance apart is shown in Figure 3.3. Tornadoes that occurred as a result of landfalling tropical systems were excluded from this study, as their atmospheric
characteristics and environments are different from those of mid-latitude cyclones. These
methods yielded 32 nocturnal tornado outbreaks for this study.
From the tornado outbreaks that met the criteria, the outbreaks’ amount of
tornadoes, injuries, fatalities, killer tornadoes, start time, duration, and end time were
analyzed using percentile statistics. These characteristics were bootstrapped in order to
limit the impacts of outliers and extreme events on the data set. The geographical
location of the outbreaks was also analyzed, as well as the intensity and path length of the
individual nocturnal tornadoes that comprised the nocturnal tornado outbreaks.
Additionally, a diagnostic analysis of these outbreaks’ mesoscale characteristics was
performed using NARR data. The following parameters were analyzed: SBCAPE,
SBCIN, 0-3km SRH, 0-3km EHI, 1,000-850mb theta lapse rate, 0-1km velocity
15

difference, 0-3km velocity difference, 0-6km velocity difference. Several of these
parameters are not native to the NARR and had to be calculated, such as 0-3km EHI,
which is defined for this study as
𝐸𝐻𝐼 =

(𝑆𝐵𝐶𝐴𝑃𝐸) (0−3𝑘𝑚 𝑆𝑅𝐻)
1.6 ×105

(3.4)

where SBCAPE is the measure of surface-based convective available potential energy, 03km SRH is the measure of storm relative helicity from the surface to 3km, and 1.6 x 105
is a constant. Velocity differences were calculated by taking the wind speed at a
designated level (900mb ≈ 1km, 700mb ≈ 3km, and 500mb ≈ 6km) and subtracting the
wind speed at the surface (10m ≈ 0km). 1000-850mb theta lapse rate served as a
determinant of the stable layer strength, with theta defined as
𝑃

𝜃 = 𝑇( 𝑃0 )

𝑅⁄
𝑐𝑝

(3.5)

where T is absolute temperature, P is final pressure, P0 is the reference pressure
(1,000mb), and R/cp for air is 0.286. The lapse rate is then determined by calculating the
change in theta over the change in pressure. Two different methods of bootstrapping
were performed on these parameters. The first method, hereafter called M1, was
bootstrapping the mean of all parameter values from each NARR grid point that fell
within the 400 km radius circle of each outbreak. The second method, hereafter called
M2, was bootstrapping the mean of the mean and standard deviation values of each
parameter individually calculated for each outbreak. In order to spatially view the
variability of the outbreak environments, fields of each mesoscale parameter from the
highest and lowest ranked nocturnal tornado outbreak based off the N15 ranking scheme
of Shafer and Doswell (2011) were plotted. Finally, a radar analysis using archived radar
16

data from the National Climatic Data Center (NCDC) was performed on the nocturnal
tornado outbreaks that had radar data available. This was done in order to determine the
dominant convective mode present in these types of outbreaks.

Figure 3.3

Nocturnal tornadoes that occurred on April 19, 1981.

Due to the fact that five nocturnal tornadoes occurred in Oklahoma and one occurred in
South Carolina, they were deemed to not be part of the same synoptic system; therefore,
these nocturnal tornadoes were not considered a nocturnal tornado outbreak.
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CHAPTER IV
RESULTS AND DISCUSSION
4.1
4.1.1

General Outbreak Characteristics
Temporal Characteristics
Of the 32 nocturnal tornado outbreaks found, six occurred in both the months of

December in January. Four cases occurred in both February and November, with the
remaining 12 cases being distributed across the months of March, April, June, September,
and October, as can be seen in Figure 4.1. More specifically, 20 outbreaks occurred in
the cool season (Oct. 16 - Feb. 15), nine events during the spring season (Feb. 16 – May
15), and the remaining three cases transpiring during the summer season (May 16 – Oct.
15). Of the 20 outbreaks that occurred during the cool season, 11 of them transpired in
the Southeastern U.S. These findings are similar to those of Kis and Straka (2010), who
found that 38 of the 70 nocturnal tornadoes in their study occurred during the cool
season, with a majority of them transpiring in the Southeast. It is suspected that purely
nocturnal outbreaks are not as common in the spring and summer seasons due to
nocturnal outbreaks during these seasons being a result of transitioning day time events,
which were excluded from this study. As mentioned previously, nocturnal tornadoes rely
on greater dynamics than thermodynamics. The polar jet stream is more active during the
cool season, providing the dynamics needed for nocturnal tornadoes and nocturnal
tornado outbreaks, causing an increase in the amount of these events during this season.
18

The polar jet stream is then relatively inactive during the summer season, which is why
there is a decrease in nocturnal tornado outbreak activity during this period. Out of the
three outbreaks that did occur in the summer season, two occurred at relatively higher
latitudes: one transpiring in the Upper Midwest and one transpiring in New England.
This is expected due to the poleward migration of the jet stream through the warm
season, causing a poleward migration of the storm track as well.
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Figure 4.1

Nocturnal tornado outbreak occurrence by month.

Only the months in which nocturnal tornado outbreaks occurred were plotted.
In order to observe outbreak activity temporally during the nocturnal period, the
data were divided up into single-hour bins in Central Standard Time (CST). As can be
seen in Table 4.1, the median start time for outbreaks was 20:47 CST, with a median
duration of 6.4 hours. Eight cases lasted just three hours or less, and seven cases
continued for more than 10 hours. The median end time of the outbreaks was 3:15 CST.
Regarding the timing of the outbreaks, it is expected that nocturnal outbreaks would
20

mostly begin during the first several hours of the nocturnal period and end near sunrise.
Given the typically low CAPE values found in nocturnal environments, abundant
amounts of shear provided by the nocturnal LLJ are needed to compensate in order for
nocturnal tornadogenesis to occur. The nocturnal LLJ only forms after sunset, increasing
in magnitude through the first half of the night, relating to an increase in nocturnal
tornado production. As it weakens in the second half of the night and dissipates towards
sunrise, SRH decreases as well, causing nocturnal tornado activity to diminish. This was
the case in this study, but the trend in nocturnal tornado activity from the nocturnal
outbreaks was different from that of nocturnal tornado activity found by Kis and Straka
(2010). They found that nocturnal tornado hourly frequency peaked early in the period
(around 21-22:59 CST), with a lull through the remainder of the night, only to increase
slightly right before sunrise. The results found in this study were nearly opposite, with
activity increasing early on through the period (16-22:50 CST), peaking in the middle of
the night (23-2:59 CST), and then dropping off steadily near sunrise (3-7:59 CST) as can
be seen in Figure 4.2. This may be due to differences in sample size, but most likely due
to differences in defining the nocturnal period; Kis and Straka (2010) having a concrete
definition of 21:00-7:00 LST and this study’s definition being fluid, depending on sunset
and sunrise of the location of the tornadoes composing the outbreaks. Also, some the
nocturnal tornadoes in the work of Kis and Straka (2010) may be part of transitioning
events, causing increased amount of tornadoes at the beginning of their period.
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Table 4.1

Bootstrap of the means of nocturnal tornado outbreak characteristics.
Nocturnal Tornado Outbreak Characteristics

Characteristic

2.5%

50%

97.5%

Start Time (CST)

19.86155

20.79531

21.82189

Duration (hours)

5.216875

6.416094

7.724750

End Time (CST)

2.173125

3.251875

4.271586

Number of Tornadoes

8.75000

10.78125

13.50000

Number of Injuries

8.155469

23.406250

44.969531

Number of Fatalities

0.46875

1.43750

3.21875

Number of Killer Tornadoes

0.28125

0.50000

0.75000

50% serves as the median value and 2.5% and 97.5% depict the 95% confidence interval.
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Figure 4.2

4.1.2

Hourly frequency of the start and end time of nocturnal tornado outbreaks
and the hourly frequency of the nocturnal tornadoes that comprised them.

Spatial Characteristics
Mississippi was impacted the greatest by nocturnal tornado outbreaks, with nine

outbreaks affecting the state during the study period (Figures 4.3 and 4.4). The
surrounding states in the southeastern United States also had a high frequency of
outbreaks, with 18 events affecting this region. These findings reflect conclusions made
by Kis and Straka (2010) and Ashley et al. (2008) in that the Southeast and Mid-South
have a higher frequency of nocturnal tornado activity compared to other regions in the
U.S. As can also be seen in Figure 4.3, the northernmost tornado activity from nocturnal
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outbreaks occurred in central South Dakota, southern Minnesota, southern Wisconsin,
and extreme southwest Michigan. This outbreak also spawned tornadoes in eastern
Nebraska and extreme northwest Indiana. As mentioned prior, this was one of two
outbreaks that occurred during the summer season and at a higher latitude relative to the
majority of the nocturnal outbreaks. The Florida Peninsula was struck by four outbreaks,
with three occurring exclusively within the state. South Carolina, eastern North Carolina,
and eastern Virginia also had a maximum in outbreak activity. A relatively low amount
of tornadoes spawned by nocturnal tornado outbreaks can be seen in the Great Plains, a
region known as “Tornado Alley” for its comparatively high amount of tornadoes that
occur there on a yearly basis. Reasons for this spatial distribution have not been stated in
past research, with the only study making a conclusion being Kis and Straka (2010),
citing the climatological seasonal shift of severe weather from the central U.S. in the
warm season to the Southeast during the cool season. As mention previously, the polar
jet is most active during the cool season, aiding in the formation of nocturnal tornado
outbreaks. As it shifts more equatorward during this season, it takes the storm track with
it, increasing the amount of storm activity in the Mid-South and Southeast. This leads to
the high amount of tornadoes produced by nocturnal tornado outbreaks in these regions.
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Figure 4.3

Spatial distribution of the 348 nocturnal tornadoes comprising the 32
nocturnal tornado outbreaks.
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Figure 4.4

4.1.3

Outbreak centers of the 32 nocturnal tornado outbreaks.

Injuries and Fatalities
As can be seen in Table 4.1, during the period of 1979-2014, injuries caused by

nocturnal tornado outbreaks have a median value of 23.4 per outbreak, with a combined
total of 778 injuries. There were three extreme events that accounted for 68% of the
injuries, with two events causing over 100 injuries and one event causing over 200
injuries. Outbreaks during the study period had a median value of 1.43 fatalities per
outbreak, with a combined total of 49 fatalities. However, nearly 50% of these deaths
came from a single outbreak that caused 24 fatalities. Of the 10 events that caused
greater than 10 deaths, eight of them occurred in the South and Mid-South. Likewise, of
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the 13 events that caused any number of fatalities, eight of them occurred in these
regions. These results reflect what was found by Ashley (2007) and Ashley et al. (2008),
which was that the Southern U.S. has increased vulnerabilities to tornadoes, especially
nocturnal tornadoes. However, with 22 of the 32 outbreaks in this study occurring in the
Southeast and Mid-South, it is expected that there would be a greater number of fatalities
in these regions. Furthermore, as can be seen in Table 4.1, the median value for killer
tornadoes per outbreak was 0.5, with 16 killer tornadoes transpiring between the 32
events.
4.1.4

Characteristics of Tornadoes within Outbreaks
Nocturnal tornado outbreaks included in this study produced a combined 348

tornadoes. The median value of tornadoes per outbreak was 10.78 (Table 4.1). There
were three outbreaks that produced 25, 30, and 36 tornadoes (Figure 4.5), much above the
median value. Regarding tornado intensity, it was expected that those rated F/EF0 would
occur most frequently, with each increase in intensity rating having a decrease in tornado
amount. However, while that was relatively true, more F/EF1 tornadoes occurred in this
data set than F/EF0 tornadoes, with 96 tornadoes rated F/EF0, while 145 were rated
F/EF1. For the remaining intensities, 74 tornadoes were rated F/EF2, 17 rated F/EF3, and
1 rated F/EF4 (Figure 4.6). No F/EF5 rated tornadoes were produced by outbreaks in this
study.
While it is not pertinent to the goals of this study, additional analysis was
performed on this trend to determine its cause. The tornadoes that composed the
nocturnal tornado outbreaks were divided between whether they occurred from 19791994 or from 1995-2014. F/EF0 intensity tornadoes produce relatively minimal damage
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and often occur under relatively weaker atmospheric regimes; therefore, may not always
be spotted and/or reported, especially if they occur at night. Wide-spread implementation
of the WSR-88D radars across the United States around 1995 allowed forecasters to
better detect and track these weaker tornadoes, as well as survey them. Thus, it was
thought that dividing the tornadoes pre-1995 and post-1995 would possibly change this
trend. However, as can be seen in Figure 4.7, this was not the case, with both sets of data
yielding the same trend. Exact reasons for this are beyond the scope of this research, but
could be a result of small sample size, or the infamous tornado ranking issues,
highlighted in Doswell and Burgess (1988) and Doswell (2007). Ashley et al. (2008)
hypothesized that the accuracy of reporting nocturnal tornadoes would be lower than the
accuracy of reporting tornadoes occurring during the day, which may support this
finding. However, their study was unable to support this claim. It is assumed that due to
F/EF0’s overall weakness and typical short life span that they may be harder to spot at
night; thus, go unnoticed and without survey. Finally, the median value of the tornadoes’
path length was 2 miles, with a standard deviation of 8.41 miles, as there were many
extreme cases with path lengths exceeding 20 miles.
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Figure 4.5

Number of tornadoes produced by each of the 32 nocturnal tornado
outbreaks.

X-axis label is the date of the outbreak and NARR hour (UTC) closest to the beginning of
the outbreaks in YYYYMMDDHH format.
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Figure 4.6

Intensity rating of tornadoes that were produced by nocturnal tornado
outbreaks.
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Figure 4.7

4.2
4.2.1

Intensity rating of tornadoes that were produced by nocturnal tornado
outbreaks from 1979-1994 and 1995-2014.

Mesoscale Climatology of Nocturnal Tornado Outbreaks
Mesoscale Parameter Values Produced by M1
As mention previously, M1 included bootstrapping the means of all the parameter

values from each NARR grid point that was included in the 400 km radius circle from
each outbreak. The results of this method can be found in Table 4.2. First, M1 produced
a median value of SBCAPE at 562 J kg-1, with 95% confidence the mean is between 551
and 573 J kg-1. While it is important to note that Kis and Straka (2010) did not examine
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nocturnal tornado outbreaks, just nocturnal tornadoes, they found similar SBCAPE values
present in nocturnal tornado environments. Also, most of the nocturnal tornado
outbreaks (63%) occurred during the cool season, and Shafer et al. (2009) found that
SBCAPE was relatively low (<1,000 J kg-1) in outbreaks that occur during the cool
season. It should be noted that Shafer et al. (2009) examined the most significant
outbreaks in meteorological history in their research. While their methods are different
from those of this study for defining and examining outbreaks, their findings allow for a
rough comparison between daytime outbreak environments and the nocturnal outbreak
environments found in this study. SBCIN had a median value of -32 J kg-1, which is
much lower than the median value of around -120 J kg-1 found by Kis and Straka (2010)
when examining nocturnal tornadoes. This value paired with the median theta lapse rate
value of -0.044 K mb-1 shows that the environments in which nocturnal tornado outbreaks
occur may not be as stable as environments with single nocturnal tornadoes found in
previous studies.
The median value of 245 m2 s-2 0-3km SRH calculated by M1 is slightly less than
the threshold value of 250 m2 s-2 for distinguishing between tornadic and nontornadic
outbreaks found by Shafer et al. (2009). A similar scenario occurs when comparing
median 0-3km EHI values obtained in this study to the tornadic outbreak threshold
determined by Shafer et al. (2009). These relatively low 0-3km EHI values were not
surprising, given the relatively low SBCAPE values found, which are used to calculate 03km EHI. M1 produced a median value of 0.7, while the latter study calculated 3-5 and
above to be conducive for a tornadic outbreak. Median values calculated by M1 for 01km, 0-3km, and 0-6km were lower than expected at 4.9 m s-1, 7.0 m s-1, and 10.7 m s-1,
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respectively. Higher values were anticipated due to the presence of the nocturnal LLJ, a
key factor mentioned by Kis and Straka (2010), Fischer and Davies (2009), and Mead
and Thompson (2011) in nocturnal tornadogenesis. While a deeper analysis should be
done to in order to fully confirm this, a possible reason can be seen in Figures 4.13-4.15,
which display 0-1km, 0-3km, 0-6km velocity differences. In these images, the regions of
greatest velocity difference are displaced slightly from the center of the outbreak areas.
This may cause the median value of these parameters to be lower.
Table 4.2

Bootstrap of the means of mesoscale parameters at each NARR grid point
produced by M1.
Nocturnal Tornado Outbreak Mesoscale Parameters
(M1: Bootstrap of mean of all grid points)
Parameter

2.5%

50%

97.5%

SBCAPE (J kg-1)

551.1084

562.2564

573.6767

SBCIN (J kg-1)

-33.14073

-32.49912

-31.85523

0-3km SRH (m2 s-2)

243.2333

245.4532

247.6481

0-3km EHI

0.7221439

0.7375538

0.7534318

Theta Lapse Rate (K mb-1)

-0.04458452

-0.04431564

-0.04405131

0-1km Velocity Difference (m s-1)

4.899563

4.942700

4.986414

0-3km Velocity Difference (m s-1)

6.984719

7.033917

7.083315

0-6km Velocity Difference (m s-1)

10.69860

10.75706

10.81883

50% serves as the median value and 2.5% and 97.5% depict the 95% confidence interval.
4.2.2

Mesoscale Parameter Values Produced by M2
In M2, the bootstrap of the mean of the mean and standard deviation of each

parameter of each of the outbreaks was performed in order to better see variability in the
data. The bootstrapped mean values can be found in Table 4.3, and the bootstrapped
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standard deviation values can be found in Table 4.4. For every parameter, the median
values of M2 were extremely close, if not identical the median values of M1. However,
M2 shows a greater range in the 95% confidence intervals in each parameter. While the
95% confidence intervals for some of these parameters, such as SBCAPE, 0-3km SRH,
theta lapse rate, and all levels of velocity difference are still within an expected and
appropriate range, parameters such as 0-3km EHI and SBCIN are a different matter.
Regarding 0-3km EHI, the 95% confidence interval of 0.5-1.0 is still below the threshold
found by Shafer et al. (2009) for distinguishing between TOs and NTOs, but a spread of
0.5 is rather large with this parameter. This is further emphasized by looking at the
median standard deviation of 0.6, which relative to the median value of the means, shows
significant variability not only between the outbreaks, but within the outbreak
environments themselves. A similar result can be seen with SBCIN, with a spread of
nearly 15 J kg-1, seen in Table 3 in the 95% confidence interval. While these values
within the confidence interval are still high and typical of a nocturnal environment, a
median standard deviation value of 33 J kg-1 again shows extreme variability amongst the
outbreaks and within the outbreaks. SBCIN has been emphasized as a crucial indicator
of tornadic convection in studies of both day time tornadoes and nocturnal tornadoes, so
less variability in this parameter would ideal.
Median standard deviation values were high with other parameters as well.
SBCAPE had a median standard deviation value of 471 J kg-1. While this shows rather
high variability, it still has values in the range expected for nocturnal convective activity.
The median standard deviation value for 0-3km SRH showed it was one of the least
variable parameters at 101 m2 s-2. The theta lapse rate median standard deviation value
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also showed relatively low variability, indicating that a somewhat stable surface layer is
an expected feature in nocturnal tornado outbreaks. Median standard deviation values for
the 0-1km, 0-3km, and 0-6km velocity difference were each of similar magnitude, and
while seemingly small, still show a rather large amount of variability in these parameters
as well.
Table 4.3

Bootstrap mean of the means of mesoscale parameters per outbreak
produced by M2.
Nocturnal Tornado Outbreak Mesoscale Parameters
(M2: Bootstrap mean of means)
Parameter

2.5%

50%

97.5%

SBCAPE (J kg-1)

404.8571

556.6307

761.9816

SBCIN (J kg-1)

-40.79360

-32.41645

-25.18403

0-3km SRH (m2 s-2)

214.2071

245.2982

278.3744

0-3km EHI

0.5841494

0.7944579

1.0663728

Theta Lapse Rate (K mb-1)

-0.04805789

-0.04426920

-0.04041325

0-1km Velocity Difference (m s-1)

4.273465

4.946063

5.605212

0-3km Velocity Difference (m s-1)

6.388503

7.055477

7.708722

0-6km Velocity Difference (m s-1)

9.850602

10.766162

11.701104

50% serves as the median value and 2.5% and 97.5% depict the 95% confidence interval.
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Table 4.4

Bootstrap mean of the standard deviations of mesoscale parameters per
outbreak produced by M2.
Nocturnal Tornado Outbreak Mesoscale Parameters
(M2: Bootstrap mean of standard deviations)
Parameter

2.5%

50%

97.5%

SBCAPE (J kg-1)

385.8308

471.7233

585.0502

SBCIN (J kg-1)

27.98001

33.34810

39.08031

0-3km SRH (m2 s-2)

87.00378

101.70824

120.23247

0-3km EHI

0.5221988

0.6655043

0.8380905

Theta Lapse Rate (K mb-1)

0.01077218

0.01255774

0.01455817

0-1km Velocity Difference (m s-1)

1.776097

1.993504

2.225017

0-3km Velocity Difference (m s-1)

2.077096

2.421727

2.805638

0-6km Velocity Difference (m s-1)

2.518523

2.837525

3.180695

50% serves as the median value and 2.5% and 97.5% depict the 95% confidence interval.
4.3

Case Studies
Due to the amount of variability in parameters associated with nocturnal tornado

outbreaks, two case studies were performed. The cases were ranked using the N15
ranking scheme from Shafer and Doswell (2011). The case with the highest rank and the
case with the lowest rank were January 22-23, 2012 and December 13, 2001,
respectively. The 2012 case produced 25 tornadoes, with five of those being F/EF0s, 10
being F/EF1s, nine being F/EF2s, and one being an F/EF3. The 2001 outbreak produced
six tornadoes, with five of those being F/EF0s and one being an F/EF1. The 2012
outbreak injured 77 people, caused two fatalities, and spawned two killer tornadoes. The
2001 outbreak did not produce any injuries or fatalities. Both of the outbreaks occurred
during the cool season and both transpired in the Mid-South/Southeast, with the 2012
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outbreak impacting the states of AR, IL, MS, AL, KY, and TN, and the 2001 outbreak
impacting the states of MS and LA.
As can be seen in Figure 4.8, the 2012 case had up to 1,500 J kg-1 of SBCAPE
within the outbreak area, while the 2001 case had only around 1,000 J kg-1 on the
southern fringes of the outbreak area. SBCIN between the two outbreaks was similar
(Figure 4.9), with both cases having relatively small pockets of -100 J kg-1 within larger
areas of little to no SBCIN. 0-3km SRH coverage (Figure 4.10) was also similar between
the two outbreaks at around 400 m2 s-2. The tornado activity in the lowest ranked case
occurred just to the south of an area with high values (> 1,000 m2 s-2) of 0-3km SRH, as
can be seen in Figure 4.10. In Figure 4.11, the previously stated findings of M2 are
clearly visible; EHI magnitude is extremely different between the two cases, with the
2012 case showing much higher values than the 2001 case. This may be an indicator that
0-3km EHI can distinguish between weaker and stronger nocturnal tornado outbreaks.
Regarding theta lapse rates (Figure 4.12), the fields show that the stable boundary layer
was not as strong in the highest ranked case as it was in the lowest ranked case. These
results indicate that a weaker stable layer may be a determining feature between a
significant nocturnal tornado outbreak and a weaker nocturnal tornado outbreak. For 01km, 0-3km, and 0-6km velocity differences (Figures 4.13-4.15), a similar trend was
noted between the weak and strong case. A gradient from greater magnitudes to lesser
magnitudes bisects both outbreak areas at similar orders of magnitude. This could
potentially mean that velocity difference is not a critical component in distinguishing
between weaker nocturnal tornado outbreaks and stronger nocturnal tornado outbreaks.
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Figure 4.8

SBCAPE fields

Both fields were derived at 0000 UTC. Lowest ranked case is on the left, highest ranked
case is on the right. Outbreak areas are denoted by black circles.

Figure 4.9

SBCIN fields

Both fields were derived at 0000 UTC. Lowest ranked case is on the left, highest ranked
case is on the right. Outbreak areas are denoted by black circles.
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Figure 4.10

0-3km SRH fields

Both fields were derived at 0000 UTC. Lowest ranked case is on the left, highest ranked
case is on the right. Outbreak areas are denoted by black circles.

Figure 4.11

0-3km EHI fields

Both fields were derived at 0000 UTC. Lowest ranked case is on the left, highest ranked
case is on the right. Outbreak areas are denoted by black circles.
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Figure 4.12

1000-850mb theta lapse rate fields

Both fields were derived at 0000 UTC. Lowest ranked case is on the left, highest ranked
case is on the right. Outbreak areas are denoted by black circles.

Figure 4.13

0-1km velocity difference fields

Both fields were derived at 0000 UTC. Lowest ranked case is on the left, highest ranked
case is on the right. Outbreak areas are denoted by black circles.
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Figure 4.14

0-3km velocity difference fields

Both fields were derived at 0000 UTC. Lowest ranked case is on the left, highest ranked
case is on the right. Outbreak areas are denoted by black circles.

Figure 4.15

0-6km velocity difference fields

Both fields were derived at 0000 UTC. Lowest ranked case is on the left, highest ranked
case is on the right. Outbreak areas are denoted by black circles.
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4.4

Radar Analysis
Archived NCDC radar data is available starting from 1 January 1995, so only

nocturnal tornado outbreaks that occurred after that time were analyzed. This resulted in
23 out of the 32 outbreaks being examined. The dominant storm mode for these 23
outbreaks was identified by analyzing the outbreaks over their duration, which is defined
starting at the time of the first tornado produced to the time of the last tornado produced.
The storm mode that was present through a majority of the outbreak was considered the
dominant storm modes. The storm modes were classified four different ways: discrete
supercells, linear mode, mixed mode, and transitional mode. Of the outbreaks analyzed,
one of the least common dominant storm modes was discrete supercells at 17.3%. The
most common were linear storm modes, such as QLCSs, occurring in 48% of the
outbreaks. As mentioned previously, QLCS tornadoes are typically spawned from
shallow mesovortices, which are not as easily detected by radar, especially if they occur
too far away from radar sites (Davis and Parker 2014). The remaining cases were 17.3%
mixed storm modes, which were tornadic discrete cells forming ahead of and merging
with a severe/tornadic squall line, and 17.3% transitional storm modes. Transitional
storm modes were either discrete cells merging together to form a linear storm mode or a
linear storm mode breaking into discrete cells.
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CHAPTER V
SUMMARY AND CONCLUSION
While nocturnal tornado outbreaks have been the focus of relatively little research
compared to day time outbreaks, which tend to be more significant, they still do pose a
threat to the public and must be analyzed. Knowledge of their spatial and temporal
characteristics, as well as the mesoscale parameters associated with them will be of use to
future research as well as forecasters with additional studies. Nocturnal tornado
outbreaks have been shown to occur mainly in the cool season, a time of year not
typically associated with tornado activity. Additional temporal behavior includes a peak
in tornado production in the middle of the night, when it is assumed a majority of the
population is sleeping. Nocturnal tornado outbreaks also tend to transpire in the
Southeast and Mid-South, regions highlighted in previous studies to have several unique
vulnerabilities to nocturnal tornadoes. The reason for their seasonal and regional
behavior most likely lies in the fact that during the cool season, the active polar jet stream
tracks through the Southeast and Mid-South, aiding in the dynamics needed for nocturnal
tornadogenesis.
Mesoscale parameter values found in environments that produced nocturnal
tornado outbreaks were, for the most part, as expected. Median values of SBCAPE and
0-3km SRH were similar to those found in other studies of nocturnal tornadoes. These
parameters, while showing somewhat large amounts of variability amongst the outbreaks,
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were still within expected ranges. Theta lapse rate values did not show much variability
amongst the outbreak environments, indicating a stable layer of reasonable magnitude
present in all of events. Parameters such as SBCIN and EHI were showed extreme
variability between outbreaks. While SBCIN was found to still be rather high for
tornadic convection, its variability amongst the outbreaks was not ideal. A similar
conclusion can be made about EHI, showing that the variability of this parameter may
limit its use in predicting nocturnal tornado outbreaks. 0-1km, 0-3km, and 0-6km
velocity difference values were not as high as expected and showed relatively high
variability between the outbreaks, also showing their limited usefulness in potentially
predicting nocturnal tornado outbreaks.
Looking at the most significant outbreak and least significant outbreak of the
dataset, levels of SBCAPE were similar between the two, but encompassing more of the
outbreak environment in the stronger outbreak. SBCIN was similar between the two
different outbreaks, and did not display any significant trends. While the weaker case
had an area of higher levels of 0-3km SRH, the stronger case had relatively lower values
encompassing more of the outbreak area. 0-3km EHI was drastically different between
the outbreaks, with the stronger case having much higher values within the outbreak area.
This may show that 0-3km EHI is a good indicator in determining between a weaker
outbreak and stronger one. A similar trend was also seen in the theta lapse rate field,
indicating that a weaker stable boundary layer may be present in stronger outbreaks.
Velocity differences across the three levels showed similar patterns and magnitudes;
possibly meaning these parameters are not a good indicator of nocturnal tornado outbreak
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strength. A radar analysis showed the dominant storm mode is linear, which have been
found by past research to produce tornadoes that are difficult to detect.
A possible expansion of this research would involve looking at additional
mesoscale parameters to get a better assessment of the environment of these events.
Using variables solely from the NARR, while useful, most likely does not provide a
completely accurate diagnostic mesoscale analysis. Sample size (32 outbreaks) was
sufficient, but changing the criteria regarding how much time can occur between daytime
activity and nocturnal activity could lead to additional outbreaks in the data set. It may
also be useful to see how changing the time between daytime tornado activity and
nocturnal activity would yield different results. Building upon that thought, analyzing
nocturnal events that transitioned from daytime events or from nocturnal to daytime
would determine how different these events are from purely nocturnal outbreaks.
Analyzing the environment present in nocturnal outbreaks through their entire duration
may be of use as well. Seasonal and regional analysis and comparison of mesoscale
parameters amongst nocturnal tornado outbreaks could yield significant results.

45

REFERENCES
Ashley, W.S., 2007: Spatial and temporal analysis of tornado fatalities in the United
States: 1880–2005. Wea. Forecasting, 22, 1214-1228.
Ashley, W.S., A.J. Krmenec, and R. Schwantes, 2008: Vulnerability due to nocturnal
tornadoes. Wea. Forecasting, 23, 795-807.
Bonner, W.D., 1968; Climatology of the low level jet. Mon. Wea. Rev., 96, 833-849.
Brooks, H.E., C.A. Doswell III, and M.P. Kay, 2003: Climatological estimates of local
daily tornado probability for the United States. Wea. Forecasting, 18, 626-640.
Colman, B. R., 1990: Thunderstorms above frontal surfaces in environments without
positive CAPE. Part I: A climatology. Mon. Wea. Rev., 118, 1103-1121.
Davies, J. M., 2004: Estimations of CIN and LFC associated with tornadic and
nontornadic supercells. Wea. Forecasting, 19, 714-726.
Davies, J. M., and A. Fischer, 2009: Environmental characteristics associated with
nighttime tornadoes. Electron. J. Operational Meteor., 10(3), 1-29.
Davis, J.M. and M.D. Parker, 2014: Radar climatology of tornadic and nontornadic
vortices in high-shear, low-CAPE environments in the Mid-Atlantic and
southeastern United States. Wea. Forecasting, 29, 828-853.
Doswell, C. A., III, 2007: Small sample size and data quality issues illustrated using
tornado occurrence data. Electron. J. Severe Storms Meteor., 2(5), 1-16.
Doswell, C. A., III, and D. W. Burgess, 1988: On some issues of United States tornado
climatology. Mon. Wea. Rev., 116, 495-501.
Doswell, C.A., III, R. Edwards, R. L. Thompson, J. A. Hart, and K. C. Crosbie, 2006: A
simple and flexible method for ranking severe weather events. Wea. Forecasting,
21, 939–951.
Fischer, A., and J. M. Davies, 2009: Significant nighttime tornadoes in the plains
associated with relatively stable low-level conditions. Electron. J. Operational
Meteor., 10(4), 1-33.
46

Fuhrmann, C. M., C. E. Konrad II, M. M. Kovach, J. T. McLeod, W. G. Schmitz, and P.
G. Dixon, 2014: Ranking of tornado outbreaks across the United States and their
climatological characteristics. Wea. Forecasting, 29, 684-701.
Galway, J.G., 1975: Relationship of tornado deaths to severe weather watch areas. Mon.
Wea. Rev., 103, 737-741.
Galway, J. G., 1977: Some climatological aspects of tornado outbreaks. Mon. Wea. Rev.,
105, 477–484.
Galway, J. G., and A. Pearson, 1981: Winter tornado outbreaks. Mon. Wea. Rev., 109,
1072-1080.
Kis, A.K., and J. M. Straka, 2010: Nocturnal tornado climatology. Wea. Forecasting, 25,
545–561.
Leslie, L., and R. Smith, 1978: The effect of vertical stability on tornadogenesis. J.
Atmos. Sci., 35, 1281-1288.
Markowski, P. M., J. M. Straka, and E. N. Rasmussen, 2002: Direct surface
thermodynamic observations within rear-flank downdrafts of nontornadic and
tornadic supercells. Mon. Wea. Rev., 130, 1692-1721.
Mead, C. M., and R. L. Thompson, 2011: Environmental characteristics associated with
nocturnal significant-tornado events in the central and southern Great Plains.
Electron. J. Severe Storms Meteor., 6(6), 1-35.
Mercer, A. E., C. M. Shafer, C. A. Doswell III, L. M. Leslie, and M. B. Richman, 2009:
Objective classification of tornadic and nontornadic severe weather outbreaks.
Mon. Wea. Rev., 137, 4355-4368.
Mercer, A. E., C. M. Shafer, C. A. Doswell III, L. M. Leslie, and M. B. Richman, 2012:
Synoptic composites of tornadic and nontornadic outbreaks. Mon. Wea. Rev., 140,
2590-2608.
Nowotarski, C. J., P. M. Markowski, and Y. P. Richardson, 2011: The characteristics of
numerically simulated supercell storms situated over statically stable boundary
layers. Mon. Wea. Rev. 139, 3139-3162.
Pautz, M. E., 1969: Severe local storm occurrences, 1955-1967. ESSA Tech. Memo.
WBTM FCST12, Washington, DC, 3–4.
Rasmussen, E. N., 2003: Refined supercell and tornado forecast parameters. Wea.
Forecasting, 18, 530-535.

47

Rasmussen, E. N. and D. O. Blanchard, 1998: A baseline climatology of soundingderived supercell and tornado forecast parameters. Wea. Forecasting, 13, 11481164.
Shafer, C. M., A. E. Mercer, C. A. Doswell III, M. B. Richman, and L. M. Leslie, 2009:
Evaluation of WRF forecasts of tornadic and nontornadic outbreaks when
initialized with synoptic-scale input. Mon. Wea. Rev., 137, 1250-1271.
Shafer, C. M., A. E. Mercer, M. B. Richman, L. M. Leslie, and C. A. Doswell III, 2012:
An assessment of areal coverage of severe weather parameters for severe weather
outbreak diagnosis. Wea. Forecasting, 27, 809-831.
Shafer, C. M., and C.A. Doswell III, 2011: Using kernel density estimation to identify,
rank, and classify severe weather outbreak events. Electron. J. Severe Storms
Meteor., 6(2), 1-28.
Smith, B. T., R. L. Thompson, J. S. Grams, C. Broyles, and H. E. Brooks, 2012:
Convective modes for significant severe thunderstorms in the contiguous United
States. Part I: Storm classification and climatology. Wea. Forecasting, 27, 1114–
1135.
Trapp, R. J., S. A. Tessendorf, E. S. Godfrey, and H. E. Brooks, 2005: Tornadoes from
squall lines and bow echoes. Part I: Climatological distribution. Wea.
Forecasting, 20, 23–34.

48

