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Abstract: Even with ever-increasing societal interest in tornado activities engendering catastrophes of
loss of life and property damage, the long-term change in the geographic location and environment
of tornado activity centers over the last six decades (1954-2018), and its relationship with climate
warming in the U.S,, is still unknown or not robustly proved scientifically. Utilizing discriminant
analysis, we show a statistically significant geographic shift of U.S. tornado activity center (i.e., Tor-
nado Alley) under warming conditions, and we identify five major areas of tornado activity in the
new Tornado Alley that were not identified previously. By contrasting warm versus cold years,
we demonstrate that the shift of relative warm centers is coupled with the shifts in low pressure
and tornado activity centers. The warm and moist air carried by low-level flow from the Gulf of
Mexico combined with upward motion acts to fuel convection over the tornado activity centers. Em-
ploying composite analyses using high resolution reanalysis data, we further demonstrate that high
tornado activities in the U.S. are associated with stronger cyclonic circulation and baroclinicity than
low tornado activities, and the high tornado activities are coupled with stronger low-level wind shear,
stronger upward motion, and higher convective available potential energy (CAPE) than low tornado
activities. The composite differences between high-event and low-event years of tornado activity are
identified for the first time in terms of wind shear, upward motion, CAPE, cyclonic circulation and
baroclinicity, although some of these environmental variables favorable for tornado development
have been discussed in previous studies.

Keywords: geographic shift; environment change; tornado; warming climate; Tornado Alley

1. Introduction

Tornadoes, as one of the most severe weather phenomena on Earth, can occur glob-
ally [1,2] especially in the United States, Canada, northern Europe, Bangladesh, China,
Japan, Argentina, South Africa, Australia, and New Zealand. Among these, the United
States is ranked number one in terms of the total number of tornadoes with annual oc-
currences of more than 1000 in recent years [3]. Annual tornado events reported in the
United States at the beginning of the 21st century (~1200 per year) are about double of
those in the 1950s (~600 per year) [4]. Most of the reported tornado increase is due to the
more frequent reporting of (E)F0 tornadoes, while reported (E)F1 and greater tornadoes
have remained fairly stable and are more representative of actual tornado activity [4-7].
Every year, an average of 1200 tornadoes kill about 60 people, injure 1500 persons and cause
more than $400 million in property damages in the U.S. [8-10]. The Intergovernmental
Panel on Climate Change (IPCC) and the United States Climate Change Science Program
have recently begun to pay close attention to how a warming climate affects localized
severe weather such as tornadoes [11,12], even though it is challenging to identify the influ-
ences of global warming on tornado activity [13,14]. In this study, we focus on long-term
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changes of tornado activities in the U.S. and their associated large-scale environments.
In particular, we attempt to examine whether tornado occurrence variability in the U.S.
has increased and/or shifted in recent decades. We will investigate the spatial changes of
tornado activity (counts and days) and their association with regional climate warming
over the continental U.S.

Even with ever-increasing societal interest in tornado activities which engender catas-
trophes of loss of life and property damages [8,9], long-term change in geographic location
of tornado activities in the U.S. and their associated environments over the past six decades
has still not been robustly proved scientifically. The spatial variability of tornado activities
of (E)F1—(E)F5 refers to geographic location changes of the tornado activity centers (i.e., Tor-
nado Alley). The official boundaries of Tornado Alley have been debatable and not clearly
defined, even though the first use of the term Tornado Alley can be dated back to 1952,
and the term has often been used by the media. To arrive a clear scientific definition and
for easy communication with the media and the public, we define Tornado Alley based on
our analysis and statistical tests. Here, Tornado Alley is defined as the core area of gridded
(E)F1-(E)F5 tornado counts of 50 or more per 1° x 1° grid box over a 30-year period (see
methods and results). In this study, we demonstrate that, in a warming climate, the U.S.
Tornado Alley shifts from the traditional tornado activity centers in Texas and Oklahoma to
the new tornado activity center over Arkansas, Louisiana, Mississippi, Alabama, Tennessee,
Kentucky, and Illinois, as well as a shrinking area of Oklahoma. This shift is statistically
significant based on our discriminant analysis. In this work, we find that the new tornado
activity center is mainly located in seven states (Arkansas, Louisiana, Mississippi, Kentucky,
Illinois, Alabama and Tennessee) as opposed to a previous study [15] that only identifies
two (Alabama and Tennessee).

Given that the spatial variability of tornado activities associated with large scale en-
vironment conditions remains highly uncertain [16], we will further perform composite
analyses to understand the large-scale environments that are conducive to tornado de-
velopment using high resolution North American Regional Reanalysis (NARR) monthly
mean data (~32 km horizontal resolution) [17]. Although these synoptic- and meso-scale
environments for tornado development have been discussed in case studies, numerical sim-
ulations, and other climatological analyses [18-21], this is the first time that these signals
have been detected in a climate composite analysis of difference between high-event and
low-event years of tornado activity.

2. Data and Methods
2.1. Observational and Reanalysis Data

Three datasets are used in this work, including (1) the U.S. tornado data provided
by NOAA's (National Oceanic and Atmospheric Administration) National Weather Ser-
vice Storm Prediction Center (SPC) (http:/ /www.spc.noaa.gov/wem/index.html#data,
accessed on 27 April 2021), (2) the NCEP-NCAR (National Centers for Environmental
Prediction-National Center for Atmospheric Research) monthly mean reanalysis data [22],
and (3) NCEP NARR (North American Regional Reanalysis) high-resolution reanalysis
data provided by NOAA (http:/ /www.esrl.noaa.gov/psd/, accessed on 27 April 2021).

The U.S. tornado data used in this study are the same as those used in others [6,7,19,23].
These data are maintained by the Storm Prediction Center of NOAA, reviewed by the
U.S. National Climatic Data Center, and updated on a yearly basis [7,24] (http://www.
spc.noaa.gov/wem/#data, accessed on 27 April 2021). Although there are uncertainties in
the U.S. tornado databases [14,25-30], recent studies find that the time series of (E)F1 or
greater tornadoes is more stationary over time [4,31] and is thus more representative of
actual tornado activity since the 1950s [6,7]. Similar to others [4,6,7,32], in this study we
exclude (E)FO tornadoes from consideration. Since the tornado data from 1950-1953 are
flawed due to incomplete efforts to archive them [32], we also exclude these 4-year data
from consideration.
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The tornado dataset (1954-2018) from NOAA'’s National Weather Service Storm Predic-
tion Center is used to generate the tornado count and day maps over the entire contiguous
United States. The entire domain (60-130° W and 25-50° N) is divided into grid boxes with
equal grid spacing at 1° latitude x 1° longitude. All (E)F1-(E)F5 tornado counts and days
whose starting latitude and longitude fall into the latitude and longitude box are added
up to arrive at the total tornado counts and days for the box. These counts and days are
assigned to the center of the grid box. The gridded tornado data are then used to produce
spatial distribution maps of tornado counts and days by Matlab software with smoothing
of contours.

2.2. Statistical Methods

To determine if there is a geographical shift of tornado activities from one core area
during an early period (referred to as group 1) to another core area over a later period
(referred to as group 2), one would expect to have a maximized between-group distance,
but a minimized within-group distance. The large ratio of the between-group distance to the
within-group distance is therefore required. This ratio is proportional to a statistic ¢ that will
be illustrated in the next few paragraphs (see Equation (1)). Given the locations (latitude
and longitude) of tornadoes in group 1, one can compute a geometric center of group 1 by
performing an arithmetic average of tornado locations (latitude and longitude). Similarly,
one can calculate a geometric center for group 2. The difference of the geometric centers
between two groups is the between-group distance (see the numerator of Equation (1))
whereas the sum of distances between each individual tornado and its group geometric
center is the total within-group distance (see Equation (2)). Within a group, the distance
between each individual tornado and its group geometric center is approximately normally
distributed (not shown).

To test that the geographical shift of the core area of tornado activities is statistically
significant, we perform a t-test using the following procedures: (1) plotting contour maps
of gridded (E)F1-(E)F5 tornado counts and days per 1° x 1° grid box over two 30-year
periods of 1959-1988 and 1989-2018; (2) selecting a contour value (in ascending order) as
the first guess so that geographic areas with this value or greater may be distinguished
between these two time periods; (3) computing the within-group distances in the first
group for the time period 1959-1988 and in the second group for the time period 1989-2018,
and the distance between the first and the second groups, i.e., between-group; (4) com-
puting a t value that is proportional to a ratio of the distance between two groups to the
distance within the groups (see Equation (1)); (5) accepting a shift of tornado activities at
a given statistically significant level o if t > t,, or repeating processes (1)—(5) until t > ¢,
is satisfied for the selected contour value. Otherwise, the shift of tornado activities is not
statistically significant.

The statistical difference between two group means over two 30-year periods can be
determined using a ¢ test by computing statistic ¢ [33]:

b= V2= (1)
where 11 and n; indicate the size of group 1 and 2, ¥; and ¥, are the sample means (i.e., the

geometric centers) of group 1 and 2, respectively, and s is the estimated standard deviation
defined as:

nZZ (v —72)° + Zl (yir — 1)
g = i=1 i=1 (2)

nyp+ny—2

Under the null hypothesis H,, Equation (1) has a ¢ distribution with n + ny — 2
degree of freedom. When applying this f test to examine if there is a geographic shift of
the (E)F1-(E)F5 tornado activities over two different climate periods with colder (group 1)
and warmer (group 2) conditions, we deal with a two-dimensional variable of tornado
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activity location denoted by (longitude, latitude). The difference between two sample
means of group 1 and 2 refers to the distance between the geometric center of group 1
tornado activities and the geometric center of group 2 tornado activities. The estimated
standard deviation is calculated by adding the distances inside each group. Within each
group, the distance is computed between individual tornado location and its own group’s
geometric center.

Using the NCEP-NCAR (National Centers for Environmental Prediction-National
Center for Atmospheric Research) monthly mean reanalysis data (2.5° x 2.5° horizontal
resolution) [22], we perform composite analyses to arrive at insights into the large-scale
environments associated with tornado activities, especially during a warm period of
1989-2018 and a cold period of 1959-1988. The meteorological parameters used in the
composite analyses include surface and upper air temperature, mean-sea-level pressure,
specific humidity, horizontal winds, and vertical velocity.

We also employ the high resolution North American Regional Reanalysis (NARR)
monthly mean data (~32 km horizontal resolution) [17] for composite analyses to under-
stand the synoptic- and meso-scale environments favorable for tornado development,
particularly for high and low tornado activity years. Although these environments have
been identified in case studies, numerical simulations, and other climatological analy-
ses [18-21], they have not been documented in a climate composite analysis of difference
between the high-event and low-event years of tornado activity. These climate analyses
may in turn help long-term anticipation of tornado activities.

To take into consideration the tornado intensity (i.e., EF scales) in the composite
analyses of high and low tornado activity years, we introduce the concept of intensity
weighted tornado number (IWTN). Since tornado EF scales are essentially estimated by
damage, which is related to wind speed (V') (no measurements) [32], the weights of tornado
intensity for each category of tornadoes from EF1 to EF5 are defined as ratios of median
kinetic energy (1V?) for each category to the median kinetic energy for EF5 tornadoes.
On the other hand, using V3 represents the destructive power of tornadoes, similar to the
power dissipation of hurricanes [34]. After assigning these weights (Table 1), we have the
intensity weighted tornado number (IWTN):

IWTN = Wi X Ti/ (3)

n
i=1

where Wj is the weight for category i tornado, Tj is the number of tornadoes belonging to
category i, and n equals 5. The IWTN is used to choose 10 high and low event years for
tornado activities.

Table 1. Tornado intensity-based weight.

Intensity Speed Range (ms~1)  Median Speed (m s—1) Weight
EF1 38.4-49.2 43.8 0.24
EF2 49.6-60.4 55 0.38
EF3 60.8-73.8 67.3 0.57
EF4 74.2-89.4 81.8 0.84
EF5 >89.4 89.4 1.00
3. Results

3.1. Geographic Shift of U.S. Tornado Activities in A Warming Climate

As shown in Figure 1, the entire continental U.S. has recently been experiencing an
upward warming trend of surface air temperature. In this section, we focus on changes in
geographic locations of the U.S. tornado activity center (i.e., Tornado Alley) for (E)F1-(E)F5
under a regime change from a cold climate to a warm climate. To do so, we divide the data
(covering the entire continental U.S., 60-130° W and 25-50° N) into two successive 30-year
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periods (1959-1988 and 1989-2018), and for each period we generate tornado number
maps over the entire contiguous United States. Using the NCEP-NCAR monthly mean
reanalysis data [22], we perform composite analyses (January to December) of surface and
upper air temperature anomaly (with respect to the climate mean of 1981-2010) over these
two 30-year periods (Figures 2 and 3). The time period used to define climate mean is
the same as that used at the NCEP website. Note that what time period is used to define
climate mean, this has no effect on the anomaly differences of variables between the two
30-year periods.
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Figure 1. U.S. annual average surface air temperature (°C) over the time period 1954 to 2018.
The 10 strongest positive anomaly years (denoted by solid orange circles) of 2012, 2016, 2017, 2015,
2006, 1998, 1999, 2001, 2007, and 2005, are referred to as the warmest years, and the 10 strongest
negative anomaly years (denoted by solid blue circles) of 1979, 1978, 1985,1968, 1982, 1972, 1960, 1976,
1966, and 1975, are referred to as the coldest years.
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Figure 2. Composites of surface air temperature anomaly (°C) over time periods of (a) 1959 to 1988,
and (b) 1989 to 2018. The Tornado Alley is defined as the core area of (E)F1-(E)F5 tornado counts of
50 or more per 1° x 1° grid box over a 30-year period with orange color in (a) and green color in (b).
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Figure 3. Composites of 500-hPa air temperature anomaly (°C) over time periods of (a) 1959 to 1988,
and (b) 1989 to 2018. Tornado Alley is defined as the core area of (E)F1-(E)F5 tornado counts of 50 or
more per 1° x 1° grid box over a 30-year period with orange color in (a) and green color in (b).

The criteria to distinguish a colder period (1959-1988) from a warmer period (1989-2018)
are that both surface and upper-level air temperatures over the entire contiguous U.S. during
the period of 1989-2018 are warmer than those during the period of 1959-1988. It is evident
that the surface air temperature anomalies over the entire contiguous U.S. during the period
of 1989-2018 (Figure 2b) are warmer than those during the period of 1959-1988 (Figure 2a).
These differences are also clearly reflected at upper levels such as 500 (Figure 3) and 250 hPa
(not shown). The core area of tornado activities (in orange color) over the colder period
of 1959-1988 are mostly located in the traditional tornado activity center of Texas and
Oklahoma [15], with very small areas in Mississippi and Florida (Figure 2a), whereas over
the warmer period of 1989-2019 it has shifted eastward, northeastward, and southeastward
to a new tornado activity center (in green color) of Arkansas, Louisiana, Mississippi,
Alabama, Tennessee, Kentucky, and Illinois, as well as a shrinking area of Oklahoma
(Figure 2b). Here, the Tornado Alley is defined as the core area of gridded (E)F1-(E)F5
tornado counts of 50 or more per 1° x 1° grid box over a 30-year period. This geographic
shift of the core area of (E)F1—-(E)F5 tornado activity center is in association with regime
changes from a colder to a warmer climate (Figures 2 and 3), and the shift is statistically
significant (see next paragraph). In the new tornado activity center, we identify seven
major states: Arkansas, Louisiana, Mississippi, Alabama, Tennessee, Kentucky, and Illinois.
Although a previous study [15] identified two of these (Alabama and Tennessee), the five
new areas (Arkansas, Louisiana, Mississippi, Kentucky, and Illinois) are discovered in the
current work. These differences are caused by different methods used in the previous
study [15] and the current work. Different from similarity measurements using correlation
coefficients [15], our method of discriminant analysis uses the distance to measure how far
from each other are two core areas of gridded (E)F1-(E)F5 tornado counts per 1° x 1° grid
box over a 30-year period, which is intuitive and easy to visualize and utilize.

We systematically carry out a series of tests for contour values of tornado counts in an
ascending order. To pass a significant-statistical test, it is required to have a large distance
between groups 1 and 2 but a small distance within each group, resulting in a large t value
according to Equation (1). The larger the contour value, the higher the ¢ value and the
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higher possibility of passing a t test. Based on our computations, for a given threshold of
the contour value passing the statistical test at a given statistically significant level, say 95%,
all other thresholds of the contour values larger than the given threshold also pass the
statistical test, at least at the same level. In the neighborhood of threshold (say 50 counts of
tornadoes) passing the statistically significant test, we increase the frequency of statistical
tests, for example, at contour values of 48, 45 and 40 counts. As a result, a contour value
such as 48 only passes at a statistically significant level of 90%, but the contour values of 45
and 40 do not pass the statistical test even at a level of 90%. When the contour value of 50
is assigned, however, our computations show that the statistic f is equal to 2.6 (>f.05 = 1.97)
with the statistically significant level of 95% and 151 (=83 + 70 — 2) degrees of freedom.
A contour value greater than 50 is also statistically significant at a level of at least 95%.
Therefore, the geographic shift of the core area of (E)F1-(E)F5 tornado counts 50 or more
per 1° x 1° grid box over a 30-year period is statistically significant. This shift is mainly
from the region of Texas and Oklahoma, in the Great Plains, during the colder period to
the area of Arkansas, Louisiana, Mississippi, Alabama, Tennessee, Kentucky, and Illinois,
as well as a shrinking area of Oklahoma during the warmer period (Figure 2).

The tornado activity center shifts are not sensitive to any single major tornado out-
break. For example, if all tornadoes that occurred in a single major tornado outbreak on
25-28 April 2011 are removed, the geographic shift of the tornado activity center is still
statistically significant.

To gain further physical understanding of the cold and warm climates associated
with the spatial shift in tornado activities, we perform composite analysis [33,35] based
on the 10 warmest and coldest years of anomalous U.S. surface air temperature (Figure 1),
because these strong anomalous years satisfy a common requirement of an anomaly magni-
tude greater than one standard deviation. The 10 strongest positive anomaly years are 2012,
2016, 2017, 2015, 2006, 1998, 1999, 2001, 2007, and 2005, referred to as the warmest years,
and the 10 strongest negative anomaly years are 1979, 1978, 1985,1968, 1982, 1972, 1960,
1976, 1966, and 1975, referred to as the coldest years (Figure 1). In the coldest years, the tor-
nado activities are mainly located in the traditional Tornado Alley (Figure 4a) whereas
in the warmest years, the tornado activities have shifted eastward, northeastward and
southeastward (Figure 5a). The relatively warm centers (labelled Al and A2 in the coldest
years and Bl and B2 in the warmest years, respectively) shift eastward, northeastward,
and southeastward (cf. Figures 4a and 5a). Meanwhile, the tornado activity shifts eastward,
northeastward, and southeastward (cf. Figures 4a and 5a). It is interesting to note that,
in the warmest years, the difference of temperature anomaly across the core area of tor-
nado activity is about 0.6 °C (Figure 5a), whereas in the coldest years the difference of
temperature anomaly across the core area of tornado activity is about 0.25 °C (Figure 4a).
The former is about two times the latter. This increased north-south anomalous tempera-
ture gradient in the warmest years means stronger baroclinicity for tornado activities than
in the coldest years. In the meantime, low pressure centers are well co-located with the
relative warm centers in both the coldest (cf. Figure 4a,b) and the warmest (cf. Figure 5a,b)
years. With the relative warm centers shifting eastward, northeastward, and southeastward
from the coldest period (labelled with Al and A2 in Figure 4a) to the warmest period
(labelled with B1 and B2 in Figure 5a), the low-pressure systems shift eastward, northeast-
ward, and southeastward (cf. Figures 4b and 5b). As a result, in the coldest years, tornado
activities are mainly distributed ahead of the low-pressure system (Figure 4b) while in the
warmest years, tornado activities are located near and ahead of the low-pressure center
(Figure 5b). Similarly, the mean-sea-level pressure anomaly difference across the core
area of tornado activity in the warmest years is greater than that in the coldest years
(cf. Figures 4b and 5b), indicating that the former is associated with more cyclonic circu-
lations than the latter. This also suggests that the zonal gradient of pressure differences
creates warm and moist southerly flow from the Gulf of Mexico in the lower troposphere
which fuels convection in the new Tornado Alley.
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Figure 4. Composite for 10 coldest years of (a) surface air temperature anomaly (°C) with relative
warm centers labelled by Al and A2, and (b) mean sea level pressure anomaly (Pa). The (E)F1-(E)F5
tornado counts (contours) over the same period are in green colors in (a) and (b).
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Figure 5. Composite for 10 warmest years of (a) surface air temperature anomaly (°C) with relative
warm centers labelled by B1 and B2, and (b) mean sea level pressure anomaly (Pa). The (E)F1-(E)F5
tornado counts (contours) over the same period are in green colors in (a) and (b).

To confirm this, we compute correlation coefficients of the tornado time series with
meridional wind. It is found that the areas of statistically significant (>95%) correlation
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coefficients (with a max. value of about 0.65) very well match the areas of tornado activities
(Figure 6a). This indicates that the Gulf of Mexico as a source of moisture indeed plays a crit-
ical role in the transport of warm, moist air by the southerly flow in the lower troposphere
to fuel convection in the new Tornado Alley. This is further supported by the statistically
significant correlation coefficients between upward motion and the tornado time series
located in the areas of tornado activities (Figure 6b). These environments are conducive to
severe storm development and increase the probability of tornado development.

5 O—e—— s -
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Figure 6. Spatial distribution of correlation coefficients (a) between (E)F1-(E)F5 tornado count
(1954-2018) and meridional wind speed (m s~1) and (b) between (E)F1-(E)F5 tornado count
(1954-2018) and omega (w, Pa s~ 1). The shaded areas indicate a statistically significant level of >95%.

The spatial distributions of U. S. tornado days over the colder period of 1959-1988 and
the warmer period of 1989-2018 are also examined. From the colder period to the warmer
period, the location of tornado days has geographically shifted eastward, southeastward
and northeastward. This is consistent with geographic shifts of tornado counts found
earlier. For example, the location of 20+ tornado days clearly shows an eastward shift in
addition to southeastward and northeastward shifts from the colder period (in orange
color of Figure 7a) to the warmer period (in blue color of Figure 7b). More importantly,
the maximum number of tornado days in the warmer period is about two times greater
than that in the colder period (cf. Figure 7a,b). This indicates that, under climate warming
conditions, the number of 20+ tornado days not only shifts eastward, southeastward and
northeastward geographically but also increases in its area coverage, compared with the
colder period. These shifts are statistically significant at a level of >99% (Table 2). Similar
geographic shifts at a statistically significant level of at least 95% also occur for 10+, 15+,
25+, 40+, 45+, and 50+ tornado days but not for 1+, 2+, 5+, 30+, and 35+ tornado days
(Table 2). Note that in this study we use tornado day data directly to generate maps of
spatial distributions for various tornado days. In contrast, a previous study [36] used start
coordinates of individual tornadoes from 41-year data to create maps for spatial distribution
of 1-9, 10-19, 20-29, and 30+ tornado days. Although the other work [37] plotted maps of
annual average number of tornado days, it compared the first 30 years (1960-1989) with
the second 22 years (1990-2011), and only considered 1+ and 2+ tornado days (see their
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Figures 5-9). In our work, we use longer time periods of tornado data to compare a 30-year
accumulated number of tornado days between the first 30 years (1959-1988) and the second
30 years (1989-2018). More importantly, we examine most high-frequency 10+, 15+, 20+,
25+, 40+, 45+, 50+ tornado days and find statistically-significant eastward, northeastward,
and southeastward shifts but no statistically-significant shift for low frequency tornado
days such as 1+, 2+, 5+, and some high frequency tornado days such as 30+ and 35+.

5
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=40.15
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Figure 7. (a) Number of 20+ tornado day (in orange) and composites of surface air temperature
anomaly (°C) over the time period of 1959 to 1988, and (b) number of 20+ tornado day (in blue) and
composites of surface air temperature anomaly (°C) over the time period of 1989 to 2018.

Table 2. t test for U.S. tornado days (statistical significance denoted by green colors).

Tornado Days

1+ 2+ 5+ 10+ 15+ 20+ 25+ 30+ 35+ 40+ 45+ 50+

t statistic

1.717 1.418 1114 2415 2862 2832 2715 1.460 0580 3194 2248 3.198

to

1.960 1.645 1.645 1.960 2576 2576  2.576 1.645 1.645 2.576 1.960 2.576

(04

0.05 0.10 0.10 0.05 0.01 0.01 0.01 0.10 0.10 0.01 0.05 0.01




Atmosphere 2021, 12, 567 11 0f 17

50
401
301
430 120 110 100  -90 -80 .70 -60
50 e L) = =
(b) \‘g\" c 9 -
T
40/ &:}55 ) i
) —-—f~')"s—/ l!e&
— K{)
Q
30-
&4 —W\
130 120 -110  -100 -90 -80 -70 -60

Figure 8. Composite for 10 coldest years of (a) surface air temperature anomaly (°C) with relative
warm centers labelled Al and A2, and (b) mean sea level pressure anomaly (Pa). The number of 20+
tornado days (contours) over the same period are in green colors in (a) and (b).
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Figure 9. Composite for 10 warmest years of (a) surface air temperature anomaly (°C) with relative
warm centers labelled B1 and B2, and (b) mean sea level pressure anomaly (Pa). The number of 20+
tornado days (contours) over the same period are in green colors in (a) and (b).

Similarly, from the coldest period (Figure 8a) to the warmest period (Figure 9a),
when the relatively warm centers (labelled Al and A2 in the coldest years and Bl and
B2 in the warmest years, respectively) shift eastward, northeastward, and southeastward,
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corresponding shifts occur in the low-pressure systems (cf. Figures 8b and 9b) and the
center of tornado days (cf. Figures 8 and 9). These pattern linkages between the geographic
shift of warming patterns and the spatial shift of tornado days, as well as relevant physical
variables, are absent in previous studies [36,37].

3.2. Detection of Environment Signals for U.S. Tornado Activities in Climate Composites

The spatial variability of tornado activities associated with the other large-scale en-
vironment conditions remains highly uncertain [16]. To gain further understanding of
the larger scale environments that are conducive to tornado development, we employ the
North American Regional Reanalysis (NARR) monthly mean data (~32 km horizontal
resolution) [17] for composite analyses.

Based on the availability of the NARR (North American Regional Reanalysis) data
beginning in 1979 and onward, the 10 strongest positive anomaly years (of tornado activity)
after 1979 are 2011, 2008, 1982, 2004, 1980, 1992, 1990, 1983, 1998, and 1984, referred to as
high-event years, and the 10 strongest negative anomaly years are 2002, 1987, 2000, 2012,
1985, 1994, 1988, 2013, 2001, and 2014, referred to as low-event years.

All composite analyses are performed over the 10 highest and 10 lowest event years of
intensity weighted tornado counts. In each year, the composite analyses are implemented
from March to September since U.S. tornadoes mostly occur in these months (Figure 10).

N
wn
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o

0 I T 1 T T 1 1 T 1 T T 1
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Months
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Figure 10. Monthly averaged (E)F1-(E)F5 tornado counts over the entire continental U.S.

The statistical difference between the two means of high-event-year and low-event-
year tornado numbers can be evaluated using a t test (see Equations (1) and (2)). The n; and
ny (ny = np = 10) in Equation (1) are the sample size of 10 high-event and low-event years,
and s in Equation (2) is the estimated standard deviation. Under the null hypothesis H,,
Equation (1) obeys a t distribution with 1, + 11 — 2 (= 18) degree of freedom. The computed
statistic t is 7.2 (>tp 1 = 2.9), indicating that the difference of two means is statistically
significant at a level of 99%.

We examine the synoptic settings and mesoscale environments favorable for tornado
development, such as vertical shear of wind speed, lifting conditions, and atmospheric
instability. Figure 11a presents the composite differences of mean sea level pressure (MSLP)
between high and low event years. Both the new and traditional Tornado Alleys are located
in regions of negative MSLP differences. A closed low of negative MSLP difference is
positioned mainly in Texas and Oklahoma in the traditional Tornado Alley. Another closed
low of negative MSLP difference is located in part (Mississippi and Alabama) of the new
Tornado Alley to the east of the traditional Tornado Alley. Hence, high tornado activity
years are associated with more cyclonic circulations than low tornado activity years.
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Figure 11. Composite differences between high and low event years of (a) mean sea level pressure
(Pa) (shaded), (b) 500-hPa air temperature (°C) (shaded), and (c) 850-hPa geopotential height (m)
(shaded) and horizontal velocity (m s~ 1). Tornado Alley is defined as the core area of (E)F1-(E)F5
tornado counts of 50 or more per 1° x 1° grid box over a 30-year period with orange color contours
(in the cold period) and white color contours (in the warm period) in (b).

Figure 11b shows the 500-hPa air temperature differences between the high-event
and low-event years. The positive and negative temperature differences are located to
the south and north, respectively. The increased north—-south temperature contrast in
high-event years means stronger baroclinicity for tornado activities than in low-event
years. Based on the thermal wind relationship, the larger the south-north temperature
contrast, the stronger the vertical shear of westerly wind. Furthermore, the zonal gradient
of pressure differences (Figure 11a) creates warm and moist southerly flow from the
Gulf of Mexico in the lower troposphere that fuels convection in the new Tornado Alley
(Figure 11c). These environments are conducive to severe storm development and increase
the probability of tornado development.

Figure 12a displays the composite differences of the 500-1000 hPa wind speed change
between high and low event years. The new Tornado Alley is located in regions of positive
differences of wind shear, indicating that the high-event years have stronger wind shear
than the low-event years. In most of the traditional and the new Tornado Alleys, the mag-
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nitude of the wind shear differences reaches about 2 m s~! (Figure 12a). The horizontal
vortex tube produced by the wind shear, when twisted by upward motion in convective
clouds, results in spinning in the vertical, creating favorable environment for supercell
development, which often spawns the most destructive tornadoes in the U.S.

50

40

30

-1
50

40

40

30

-130 -120 -110 -100 -90 -80 -70 -60 -100

Figure 12. Composite differences (shaded) between high and low event years of (a) the 500-1000 hPa
wind speed shear (m s~ 1), (b) 850-hPa omega (Pa s~ 1), and (c) convective available potential energy
(CAPE) (J Kg~1). Tornado Alley is defined as the core area of (E)F1-(E)F5 tornado counts of 50 or
more per 1° x 1° grid box over a 30-year period with orange color contours (in the cold period) and
white color contours (in the warm period) in (a).

Figure 12b exhibits the 850-hPa omega differences between the high and low event
years, indicating that the high event years are associated with stronger observed upward
motion, especially in the new Tornado Alley, than the low event years. The upward
motion also helps release atmospheric instability, beneficial for severe convective storm
development and maintenance.

Atmospheric instability and potential for deep convection are usually measured by
convective available potential energy (CAPE). As shown in Figure 12¢, the surface-based
CAPE is greater in high event years than in low event years in the new Tornado Alley,
where the majority of intensive tornado activities occur. Clearly, stronger vertical shear,
larger surface-based CAPE, and stronger upward motion (Figure 12) as well as low-level
southerly flow from Gulf of Mexico (Figure 11c) act in concert to provide favorable synoptic
and mesoscale environments in the new Tornado Alley.
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4. Discussion and Conclusions

Every year, tornado activities in the United States generate tremendous societal interest
due to their engendering catastrophes of loss of life and property damage. When severe
tornado events occur, numerous questions related to climate change often arise from the
public. The IPCC and the U.S. Climate Change Science Program are also keen to know how
warming climate affects localized severe weather such as tornadoes. This research helps
answer some of these unknown or unresolved scientific questions, of concern to the IPCC,
the U.S. climate change program, and the public.

We show that over the latest 30-year warming period stronger tornado activities have
made a statistically-significant geographic shift eastward, northeastward, and southeast-
ward. The tornado count >50 is a clear threshold that the geographic shift has become
statistically significant at a level of at least 95%, whereas at the tornado count <50, the geo-
graphic shift is not statistically significant, or not significant at a level of 95%. This shift is
not sensitive to a single major tornado outbreak such as the one occurred on 25-28 April
2011. Furthermore, we find that, from the cold period to the warm period, the relative
warm centers shift eastward, northeastward, and southeastward, coupled with shifts of
low pressure and tornado activity centers. The Gulf of Mexico plays an important role in
transporting warm and moist air into the areas of tornado activity centers, in collaboration
with upward motion, to fuel convection in the tornado activity centers.

Consistent with these geographic shifts in tornado counts, from the colder period to
the warmer period U. S. tornado days are also geographically shifting eastward, northward
and southward. Under a warming climate, high-frequency tornado days increase in their
area coverage in addition to these geographical shifts.

Over the new tornado alley, high-tornado-activity years are coupled with stronger low-
level wind shear, stronger upward motion, and higher convective available potential energy.
These are identified for the first time in climate composite analyses of difference between
the high-event and low-event years of tornado activity, although some of them have been
discussed in case studies, numerical simulations, and other climatological analyses.

As demonstrated, the above-mentioned changes are associated with climate warming,
but it is not clear how and to what extent changes are caused by internal variability versus
anthropogenic forcing, and which process is dominant. Answers to these important scien-
tific questions will benefit our understanding of the impact of climate change on tornado
activities, long-term projection of severe weather events, and possible mitigation strategies.
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