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Abstract

This study presents an assessment of the spatial and temporal characteristics of large tornado outbreak
(LTOs) days, in which several counties were impacted by tornadoes rated F2(EF2) or greater on the
Fujita (Enhanced Fujita) scale in one day. A statistical evaluation of changes in the LTO clusters for two
periods, 1950-1980 and 19892019, has been performed. There is a geographical shift of the nucleus
(central impact location) towards the southeast United States. This spatial shift is also accompanied by
reduced spatial variance, suggesting LTOs have become less dispersed (or more localized) in the recent
period. The overall inter-arrival rate of LTOs, and how it changed during successive 31-year
climatological blocks between 1950—-2019 was investigated using an exponential probability model.
The arrival rate has changed from 124 days during 1950-1980 to 164 days during 1977-2007 and
remained relatively constant during later periods, indicating that LTOs are becoming less frequent.

1. Introduction

Tornadoes are one of the most devastating severe weather events in the United States (US) that have posed a risk
to human life and resulted in extensive property damage. The US has experienced an annual average loss of 5.4
billion dollars due to the severe thunderstorms accompanied by tornadoes [1]. Tornado outbreaks, defined as
sequences of several tornadoes closely spaced in time, routinely rank among the deadliest severe weather events
and cause billion-dollar losses [2, 3].

Several studies illustrate that the annual number of reliably reported US tornadoes have remained relatively
constant; however, there is a decrease in the number of days per year with tornados [1, 4—6]. This suggests that
tornadoes are beginning to cluster more in time [7]. According to Brooks et al [4], while there is a lower chance of
aday having one tornado, there is a much higher probability of having many tornadoes if a day experiences a
tornado. Elsner et al [8] study on tornado outbreaks (rated F1/EF1 or higher) also confirmed an increasing trend
in the risk of having multiple tornado days with densely concentrated clusters. Tippett et al [3] also analyzed
tornado outbreaks (rated F2/EF2 or higher) during 1977-2014 and showed that the mean number of tornadoes
per outbreak and its variance had increasing trends.

Recent studies also indicate geographical shifts of tornadoes over time [5, 7, 9, 10]. For instance, Agee et al [9]
compared tornado activity (rated F1/EF1 or higher) between the two periods 1954-1983 and 1984-2013 over a
gridded domain covering the central region of tornado activity (80°~105°W, 30°~50°N). They showed that the
maximum gridded tornado counts have shifted from the Great Plains to the Southeast. They also observed that
the new center of violent tornado days (rated F3/EF3 or higher) is in northern Alabama and Tennessee.

In this study, we present a distinct analysis of the changing spatial manifestation and the inter-arrival rate of
large tornado outbreaks, which impacted several US counties on any given day. Tornado outbreaks have been
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previously defined as six or more tornadoes (F1 or greater) that are closely spaced in time [11]. We propose an
alternate identification scheme to determine only the strong to violent outbreaks that impacted several counties
simultaneously in a day. We term these ‘large tornado outbreaks (LTO).” A systematic analysis of such
simultaneous large tornado outbreaks in the principal region of tornado activity covering 28 US states is
conducted.

We examine large tornado outbreaks’ temporal properties, including their inter-arrival rates, seasonality,
and quasi-periodic behavior. We illustrate their spatial characteristics and compare the statistics on the number
of LTO days and the spatial variation between two (early and late) 31-year periods. Finally, we investigate how
their return time has changed over 70 years using an exponential probability model. Understanding spatial and
temporal shifts in large tornado outbreaks are of great importance, knowing that the recent Southeastward
change could involve regions with a high density of mobile homes and forested terrain. The findings of this study
have important implications for tornado risk management in the United States.

2. Methods

2.1.Large tornado outbreaks

Researchers have provided several definitions for the tornado outbreak depending on the requirement of their
research. Some of them specified a threshold and provided a measurable characteristic, and some did not [12]. In
anumber of previous studies [ 13, 14] the number of tornadoes in an outbreak are typically between 6 to ten, no
matter they impacted one county or more. In our study, we considered a new definition which is close to the
typical definition of an outbreak, while provides additional information on the affected municipalities which can
be later helpful for policy making and insurance agencies.

Several studies also reported that population change and better observational tools contributes to an
increasing report of ‘weaker’ tornadoes over the last decades [4, 15, 16], since weaker tornadoes may not leave an
observable damage, especially in areas with lower population. Evidence also suggests that (E)F2—(E)F5 tornadoes
are more likely to be reported due to their greater intensity and longer duration [17, 18] and there is no secular
trend in their frequency [19]. Therefore, we excluded (E)FO-(E)F1 tornadoes and used F2(EF2) or greater as the
benchmark for LTOs.

In this study, a large tornado outbreak day (LTO) is characterized by a day when at least eight US counties
(among the major tornado impacted States (figure S1 (available online at stacks.iop.org/ERC/4,/021001/
mmedia))) experienced a category F2(EF2) or greater tornado (a day begins at midnight, 00:00 CST, and the last
minute of the day begins at 23:59 CST). We arrived at this LTO measure as follows. Consider x; ; as the indicator
for the Fujita or enhanced Fujita scale of the tornado occurrence for a county i and day ¢. Using x; ;, we construct
alarge tornado outbreak binary matrix X; , in which the elements are either zero or 1; The matrix elements
indicates the occurrence of a tornado in county i, and day ¢. On a given day/county, if there was an (E)F2 or
greater tornado, the corresponding element is one, otherwise it is zero.

1if xiy > F2 (EF2);
Ko = { [ > F2 (BE2) M
0 Otherwise
where i = 1: 2495 counties, and t = 1: 25566 days
Using X; ;, we compute the total affected counties for each day as the sum of the counties that have
xi: > F2 (EF2):
n
TO; = Z Xi,t (2)
i=1

Where # is the number of counties among the selected States.

We identify large tornado outbreaks as the days when the number of affected counties exceed the 95th
percentile of non-zero TO. Out of the 25,566 days between Jan 1950 to Dec 2019, there are 14548 days where TO
is zero (no tornados). Based on our data, we find that the 95th percentile of non-zero TO is eight. There are 186
LTOs, i.e., days when eight or more counties simultaneously experienced an F2/EF2 or greater intensity
tornado. The goal is to identify tornado outbreaks that are relatively extreme with regard to impacted counties.
The 95th percentile threshold (which will screen approximately 5% of the non-zero TO days as LTOs) provided
large enough sample size for the statistical analyses.

Cwiketal[12] recently presented an overview of tornado outbreak definitions since 1950. Our definition of
LTO uses intensity and spatial extent as thresholds and provides a planning context for the affected states/
counties. We also included the table of affected land area in all LTO days in the supplemental document
(table S3).
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Given that some tornadoes might happen during 11:00 PM and 1:00 AM, we examined the time of
occurrence of all the tornadoes in 186 LTO days and confirmed that out of 2934 tornado hits, there were only 37
tornadoes that happened between 11:00 PM and 1:00 AM (approximately 1%). Therefore, the analysis in this
study is not significantly affected by midnight tornadoes.

2.2. Changes in the spatial manifestation of LTOs

Using the filtering algorithm, we found 186 LTO days during 1950-2019. For each LTO, we employed the
k-medoids clustering method [20, 21] to identify geographic clusters. The algorithm is more robust in the
presence of outliers compared to k-means [21, 22]. We used Duda-Hart hypothesis test to check if there are at
least two clusters in each LTO [23]. The test is based on calculating the within-cluster sum of squared errors for
two clusters and the overall sum of squared errors when only one cluster exists.

We found that only four LTOs out of 186 LTOs have more than one geographic cluster. These happened on
March 12, 1976, Nov 22, 1992, May 4, 2003, and April 27, 2011. For the days with more than one cluster, the
optimum number of medoids was determined using the average silhouette width criterion [24]. Subsequently,
each LTO is summarized using the number of tornado landfalls (i.e., the number of geo-locations that the
tornado struck), centroid(s) of the cluster, latitudinal and longitudinal standard deviations. To explore the
climatological changes of LTOs, we separated them into the early 31-years (1950—1980) and the recent 31-years
(1989-2019). We investigated the changes in the spatial manifestation using the spatial kernel density estimation
method. We also verified the shift between the two periods in the number of LTO days and the spatial variance of
the LTO clusters (as summarized by latitudinal and longitudinal standard deviations) using a bootstrap
hypothesis test.

2.3.Large tornado outbreak inter-arrival rate

The analysis of LTOs indicated that the time between two consecutive LTOs could vary from one day to 999 days
with an average of 137 days. Our objective is to investigate the temporal changes in the LTO inter-arrival rate
during the period of study. Assuming that two successive LTOs occur independently and continuously at a
constant rate, an exponential probability function can be assumed for the arrival time data. Mathematically, the
probability density function is represented as:

f@N) = e 3

Where f (¢|A) is the probability density function of arrival time, and ¢ is the time between two successive LTOs,
and A is the arrival rate. It should be noted that here we fit ‘return time’ data that is the time between two LTOs,
so exponential distribution is an appropriate choice.

We also determined the inter-arrival rate of LTOs in consecutive 31-year blocks during 19502019, such that
each 31-year block is one year ahead of the next one, i.e., 1950-1980, 19511981, 1952-1982, ..., 1989-2019. We
calculated the return time for each of these 31-year periods (i.e., the number of days between two successive
LTOs) and approximated the inter-arrival rate using an exponential distribution function. At from this model is
the estimate of average inter-arrival rate over a 31-year window T. We interpret the trends in At.

3.Data

Historical tornado records were obtained from the US Storm Prediction Center. This dataset is compiled from
the National Weather Service Storm Data publications and reviewed by the US National Climate Data Center
[16,25,26].Itincludes information about the date and time, location, tornado path and length, intensity [Fujita
or enhanced Fujita (EF) scale], property losses, crop damages, fatalities, and records of injuries for all tornado
incidents in the US during 1950-2019. We only consider data from the major tornado-affected states located in
the South, Southeast, Ohio Valley, Upper Midwest, and Northern Rockies. The study region is presented in
supplementary figure S1. The final dataset consists of daily tornado data from 1950 to 2019 for 2232 counties
across 28 states.

4. Results and discussion

4.1. Exploratory analysis of LTOs

The empirical cumulative frequency distribution of Tornado Outbreaks (TO) is presented in figure 1(a). As
mentioned before, TO, is the basis for identifying LTOs; we identified large tornado outbreaks as days that
exceed the 95th percentile of TO. Based on our data, we found that the 95th percentile of TO is eight, and there
are 186 LTOs, i.e., days when eight or more counties experienced an F2/EF2 " tornado. Figure 1(b) represents
the number of LTO days per year. We used locally weighted scatterplot smoothing (LOESS) method to better
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Figure 1. Exploratory analysis of LTOs. (a) The empirical CDF of the number of affected counties per LTO. (b) Annual number of
LTOs during 1950-2019; The blue line is locally weighted scatterplot smoothing curve [27]. (c) Seasonality plot of LTOs. (d) Wavelet
power spectrum of LTO timeseries.

visualize changes in the number of LTOs over time. It is a non-parametric approach that fits multiple
polynomial regressions in local neighborhood; The size of neighborhood, i.e., smoothing span, is 0.3 [27]. The
average annual LTOs is 3 with a large inter-annual variation (coefficient of variation = 60%).In 1973 and 2011,
there were 10 and 7 LTOs, with an average number of affected counties of 13 and 18, respectively. Seasonality
plot (figure 1(c)) indicates a strong seasonality during March-April-May (approximately 69% of LTOs), in line
with the typical tornado season in these states.

We also investigated the annual time series of LTOs for quasi-periodic behavior using wavelet
transformation of the data. Wavelet transforms perform an orthogonal decomposition of the time series using
base functions differing in time and frequency resolutions [28, 29]. Figure 1(d) shows wavelet decomposition of
annual LTOs presented in figure 1(b). Significant power is exhibited at the decadal time scale. Locally, during
1970-1980, we also found a significant inter-annual mode with 2—5-year periodicity that could be coherent with
El-Nifio Southern Oscillation. Besides, there is also a significant decadal mode with an 8—10 year periodicity that
could be coherence with decal climate oscillations.

The spatial distributions of the top nine LTOs are presented in figure 2. Dark blue circles show the
touchdown location of tornadoes in LTOs; light blue circles show the location of weaker tornadoes, i.e. (E)F0-
(E)F1, occurred on that day. The date of occurrence and the number of landfalls — geo-locations tornado had a
touchdown in — are also shown for each of the top nine LTOs.

Looking into the spatial manifestation of the top nine LTOs, we make the following observations. Three of
the LTOs occurred in the southern US, while the rest happened in the Central and North Central US. While most
LTOs appear to be localized, a few of them occurred in large clusters. For instance, the LTO on November 22,
1992, had two distinct centers in the Ohio Valley and Southeast. The touchdown locations indicate that they are
not always in traditional Tornado Alley or Dixie Alley, the two regions with higher historical records of
tornadoes. For instance, in April 1965, 35 tornadoes (rated F2-F5) struck the upper Midwest, including Indiana,
Ohio, Michigan, Wisconsin, Illinois, and Iowa. On June 2, 1990, and December 17, 2013, the outbreaks were in
the Ohio Valley. The top nine LTOs happened during March, April, June, and December. It is also interesting to
note that seven out of the top nine LTOs occurred post-1990.

The most extensive tornado outbreak happened on April 4, 1974, in which 100 tornadoes (rated F2-F5)
struck 86 counties across the US. The outbreak extended from the upper-Midwest to the Southeast and involved
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Figure 2. Spatial manifestation of the top nine LTOs during 1950-2019. Dark blue circles show the touchdown location of tornadoes
in LTOs; light blue circles show the location of weaker tornadoes, i.e. (E)FO-(E)F1, occurred on that day.

ten states, including Illinois, Indiana, Michigan, Ohio, Kentucky, Tennessee, Alabama, Mississippi, Georgia, and
North Carolina. It was also the most violent tornado outbreak ever recorded, with around 30 confirmed F4/F5
tornadoes. The tornado outbreaks on April 3 and April 4 with a combined path length of 2,600 mi caused more
than $600 million loss (2020 equivalent is $3.3 billion) in the US [30, 31]. The LTO that occurred on April 27,
2011, was notable for the most tornado touchdowns in 24 h, with more than 200 tornadoes (including 75
tornadoes greater than EF2). More than half of these touchdowns were recorded in Alabama and Tennessee. It
also included four confirmed cases of EF5 tornadoes, which is the highest-ranking possible on the Enhanced
Fujita scale and resulted in 316 deaths and approximately 3000 injuries according to the National Climate Data
Center [32]. We note that most of the damaging tornadoes have been detected using our LTO measure. We
summarized the top nine LTOs’ details, including the affected states, number of landfalls, and total number of
affected counties in supplementary table S1.

4.2. Spatial characteristics of LTOs

Analyzing LTO spatial density maps revealed an eastward shift of tornado touchdowns. We performed a two-
dimensional kernel density estimation with an axis-aligned bivariate normal kernel on LTO’s geographical
coordinates and compared the density level during the two periods— 1950—-1980 and 1989-2019 —in figures 3(a)
and (b). We used 100 grid points in each direction for density estimation and selected the bandwidth using the
normal reference bandwidth rule [33, 34].

In figures 3(a), (b), we used the kernel density estimator on all the touchdown data that correspond to LTOs.
In figures 3(c), (d), we used the kernel density estimator only on the cluster centroids to geta more
specified view.

During the early 31-year record (1950-1980), LTOs are primarily concentrated in the south of Great Plain
(Oklahoma and Arkansas) and Ohio valley. In the recent 31-years, they are denser in Alabama, Tennessee, and
Kentucky. We also observed that the LTO days during the recent 31 years (1989—-2019) had a slightly higher
density level than the initial years. Multiple studies have also shown evidence of an eastward shift of tornado
activity [5, 7, 9, 10]. Our study complements these efforts by analyzing the clusters of LTOs between two 31-year
periods and presenting hypothesis testing to verify changes in spatial clusters’ characteristics. It is believed that
the eastward shift in tornado activity is due to the rising tornado-favorable environments in the
Southeast [35, 36]

To identify changes in the spatial characteristics of LTO clusters, we implemented the k-medoid clustering
algorithm on geographic coordinates of LTO touchdowns and estimated two-dimensional kernel density on the
cluster medoids. We see a similar and clearer eastward shifting pattern in LTO’s cluster centers (figures 3(c) and
(d)). During the early 31-year record, the region with the maximum density of cluster medoids happens in
Arkansas, while in the recent 31-year record, it shifted to Tennessee. In addition to examining the shift in the
overall number of tornado landfalls and the cluster medoids, we also examined the clusters’ latitudinal and
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Figure 3. (a), (b) The spatial shifts of LTOs between periods 1950—-1980 and 1989-2019. (c), (d) The changes in LTO cluster medoids
during the two periods; gray points represent the observed touchdown locations, and the color scheme indicates density level. (e)
Distribution of the number of tornado landfalls in LTOs. (f)—(g) Distribution of the variance of LTOs’ clusters.

longitudinal standard deviations between the two periods to understand LTO’s spatial dispersion changes
over time.

In figures 3(e)—(g), we present the probability density functions of tornado landfalls, longitudinal and
latitudinal standard deviations of the early 31-year and recent 31-year LTOs, respectively. A logspline density
estimator is used for this purpose [37]. We can see that the distributions of tornado landfalls (i.e., the number of
geo-locations that the tornado had a touchdown in) during the early 31-year and recent 31-year are similar (see
figure 3(e)). However, the LTO clusters’ variance during the two periods is different in both longitude and
latitude directions. The changes in the peak and tail of the distribution of clusters’ standard deviation suggest
that LTOs are getting less dispersed (more localized) between the two periods 1950-1980 and 1989-2019. We
run a significance test (using the bootstrap method with 10,000 resamples) to compare the mean and tail of the
distribution of clusters’ standard deviation (latitude and longitude directions) between the two periods. The p-
values of the null hypothesis for comparing mean and 90th percentile of clusters’ standard deviation in latitude
direction were le-04 and 0.030, respectively. They were 0.002 and 0.03 respectively in the longitudinal direction.
The null hypothesis that there is no change in the distributions is rejected.

The hypothesis test results confirm that the spatial dispersion of the clusters is significantly different between
the two periods 1950-1980 and 1989-2019. The cluster size has shrunk and got more concentrated lately. A
recent study [7] used a standard deviation ellipse to measure tornadoes’ geographical dispersion. By calculating
ellipsoid characteristics, the method captured 50%—85% of tornadoes that are normally distributed around the
mean center. Their analysis showed that tornadoes were becoming less dispersed over time, particularly in
seasons with more tornado outbreaks. In our study, we only focused on LTOs and used an unsupervised learning
approach that finds clusters of tornadoes based on how close the touchdown geo-coordinates are, and then
analyzed spatial shift using clusters’ variance. Our results support Moore’s 2019 [7] study and reveal that changes
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Figure 4. (a) Distribution of LTO’s return period during 1950-2019; The estimated exponential function is shown in blue line. (b)
Changes in the inter-arrival rate of LTOs over time. The gray dash lines in figure (b) represents 95% confidence interval of At in each
31-year period. The solid red line shows the overall LTO arrival rate during the entire period and the red dash lines shows its
confidence interval.

in spatial dispersion of tornadoes can also be extended to the tornado outbreaks when strong tornadoes
simultaneously impact several counties.

To explore the impact of LTO definition (i.e., the 95th percentile threshold), we repeated the analysis using a
different threshold (90th percentile). Using the 90th percentile threshold, the number of LTO days is about 400.
However, the top nine events which are mapped in figure 3 would remain the same. We also included the map of
spatial shift in the supplemental document (figure S2), which confirmed that there is not much of a distinction
between the two thresholds.

4.3.LTO return time

LTO temporal analysis shows that their return time (i.e., the inter-arrival period) varies between 1 and 999 days,
with a mean arrival rate of 137 days. To our best of knowledge there has not been a detailed analysis of tornado
outbreak return time and arrival rate during the period of records. However, some studies might have briefly
mentioned the return time of tornado for a particular region as part of an example. For instance, Farney and
Dixon [5] focused on the years with high-frequency tornadoes and reported that during 1960-1989 the return
time of high-frequency tornado-year is once every five years.

The histogram in figure 4(a) shows the distribution of the return time (the number of days between two
successive LTOs) during the entire period (1950-2019). More information about the return time has been
included in table S2 of the supplemental document. We found that 39% of the LTOs have a return time between
1-30 days, and 19% of LTOs happened within one week of their previous outbreak.

To identify the temporal changes in the LTO’s inter-arrival rate, we estimated the arrival rate of LTOs for 40
consecutive 31-year blocks during 1950-2019. As discussed in the methodology, each 31-year block is one year
ahead of the next one. We calculated the return times for each of these periods and approximated the inter-
arrival rates, Ar, using an exponential distribution function. Figure 4(b) presents the time-changing inter-arrival
rate, A, of LTOs, along with the overall inter-arrival rate () and its confidence interval. The overall arrival rate
of LTOs is 137 days, with 95% confidence interval of the rate parameter extending to 420 days.

The 31-year window T, is labeled using the middle year in figure 4(b). For instance, the first data point shows
At for 1950-1980, where the middle year is 1965. The LTO return period analysis shows that the arrival rate has
changed from 124 days (At = 0.0081) during 1950-1980 (labeled as 1965) to 164 days (A = 0.0061) during
1977-2007 (labeled as 1992), indicating that the LTOs were becoming less frequent between the two periods.
The LTOs were more frequent during the next four 31-year blocks, as evidenced by the decreasing arrival time. It
was approximately 133 days during 1981-2011 (labeled as 1996) and remained relatively constant during the
later periods. Considering the 95% confidence interval of the overall arrival rate (137 days), we can say that the
changes in return time have mostly fallen into the uncertainty margins except for four successive 31-year periods
between 1975 and 2007, including 1975-2005, 1976-2006, 19772007, in which the return time was maximum,
indicating less frequent LTOs during these periods. It should be noted that the findings about LTO return time is
not contradictory to some of the previous findings [3, 4], as the focus of current analysis is the time between
two LTOs.

Knowing that during 1975-2007 warm phase of climate variability in the North Pacific was dominant [38], it
is our conjecture that the higher inter-arrival rate of LTOs could relate to the warm phase of Pacific Decadal
Oscillation (PDO). PDO is defined by the leading pattern of climate variability in the northeast and tropical
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Pacific Ocean. Positive PDO corresponds to the anomalously cool sea surface temperature and the bellow
average sea level pressures is in North Pacific [38]. Spencer [39] also suggests that the positive PDO phase is
associated with fewer intense tornadoes (EF3-EF5) in the US during the mid-1970s to mid-2000s. Moreover,
Elsner et al[40] showed the connection between a positive phase of the North Atlantic Oscillation (NAO) and a
lower tornado activity across southeastern states. Another recent study [41] also showed that NAO negatively
influences annual tornado frequency. Knowing that the winter index of NAO (December to March) during mid-
1970s to early-2000s was primarily in its positive phase [42], we can also associate less frequent LTOs with the
positive phase of NAO. However, additional study using a causality framework is needed to verify the
connection between decadal climate oscillations and arrival rates of LTOs.

5. Discussion

In this study we provided a systematic analysis of tornado outbreaks that impacted several US counties in one
day. Our approach is unique in representing a broad range of analysis including trend, seasonality, quasi-
periodic behavior, clustering behaviors, geographical shifts and the inter-arrival rates for high-strength tornado
outbreaks.

The difference between previous studies and our study can be explained by: (1) the changes in the period of
study (we analyzed tornadoes during the entire available records) and the definition of tornado outbreak, (2) the
comprehensive exploratory analysis on LTO days, and (3) the use of statistical learning methods for studying
spatial shifts.

Previous studies have provided several definitions for the tornado outbreak depending on the intended
purpose of the research; Some of them specified a threshold and provided a measurable characteristic, and some
did not [12]. In this study, by incorporating the counts of impacted US counties into the LTO definition, we
offered additional insight in terms of affected municipalities which can be later helpful for policy making and
insurance analysis. The inherent characteristics of each individual LTO-day in our study can be later linked to
the unique characteristics of its affected counties (e.g., the built-in area and population exposed to risk,
infrastructures, local adaptation system and warnings) and used for studying socioeconomic risks.

As discussed in the introduction, several studies suggested that the chance of having more clustered
tornadoes is increasing [4, 8]. These studies drew their conclusion mainly by exploring the trends in the tornado
counts or tornado days in different geographical regions. The spatial analysis in the previous works primarily
focused on counting the frequency of events per geographical grids. In our study, we examined the spatial
characteristics using a statistical learning method (clustering), i.e., using an unsupervised learning approach for
automatic calibration of the changes. Our analysis not only shows the centroid of LTO clusters during two
district periods, but also provided statistical significance test on detected changes in the distribution of landfalls
and spatial variance of clusters.

6. Conclusions

We investigated the (E)F2* tornado outbreaks, called large tornado outbreaks - LTOs, which simultaneously
struck several US counties in a day. Seasonality analysis of the LTO days revealed that most LTOs (69 percent)
happened in March-April-May, and there was no record during August. Wavelet transformation of the LTO
time series illustrated significant power at the decadal time scale during the 1970-1980 and a strong inter-annual
cycle potentially relevant to El-Nifio Southern Oscillation.

Spatial analysis of LTOs reveals that their nucleus has been shifting to the Southeast during the recent 31-
years compared to the earlier records. The cluster variance has significantly decreased in both latitude and
longitude direction, which suggests a decrease in spatial dispersion. Considering the relocation of LTOs towards
the Southeast and Dixie Alley, we can conclude that the risk of tornado outbreaks is becoming more
concentrated in these regions. We are currently investigating the potential connection with local environmental
factors such as convective available potential energy andother meteorological variables responsible for the
change in LTO spatial characteristics [7, 9]. Itis also likely that there is a connection between US hurricanes and
tornadoes’ geographical shift to the Southeast. The key contributing factors in the formation of tornado is warm
temperatures and wind shear. According to several studies [43, 44], tornadoes spawning from a hurricane upon
landfall is common. For instance, Novlan and Gray [43] reported that 25% of US hurricanes during 1950-1972
spawned tornadoes. A more recent study [45] discussed the environmental ingredients for tornadoes within
hurricane Ivan in 2004, which produced around 120 tornadoes across the nine states. However, additional
analysis and supporting data is required to draw firm conclusions about the links between geographical shifts of
tornadoes and hurricanes in the southeast.
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Using an exponential probability model for the LTO return time, we identified the arrival rate of LTOs
during 40 successive 31-year periods. Results showed that LTOs became less frequent between 1950-1980 and
1977-2007. The findings regarding the inter-arrival rates of LTOs are presented here for the first time.
Additional investigation is needed to explore the connection between large-scale and synoptic variability and the
return period of LTOs.

This study’s results agree with previous studies on the topic while provide additional valuable information
for risk assessment of large tornado outbreaks at the US county scale.
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