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Using the standard deviational ellipse to document changes to
the spatial dispersion of seasonal tornado activity in the United

States

Todd W. Moore®' and Michael P. McGuire?

Recent studies have documented possible ongoing changes to the climatology of tornadoes in the United States. Observed
changes include increasing tornado counts in the Southeast and Midwest Regions, decreasing tornado counts in the Great Plains,
and increased clustering of tornadoes on fewer days of the year. This study illustrates that the spatial dispersion of tornadoes in the
United States is also changing. The dispersion of tornadoes decreased between 1954 and 2017, most notably in spring, summer,
and fall. Furthermore, tornadoes tended to be less spatially dispersed in seasons with more tornadoes and with multiple days on
which 20 or more tornadoes occur. This suggests that the increased occurrence of tornado outbreaks is contributing to the

decrease in dispersion.

npj Climate and Atmospheric Science (2019)2:21 ; https://doi.org/10.1038/541612-019-0078-4

INTRODUCTION

The body of literature focused on the potential link between
climate change and tornado activity in the United States has
grown over the past decade. One approach to this problem has
been to use global climate models to examine future environ-
mental conditions, such as instability and shear, that are favorable
for tornadoes.''® Such studies have generally concluded that
future conditions will favor severe weather and tornadoes across
portions of the eastern United States, largely because of increased
surface temperature, low-level moisture, and instability. Another
approach to the climate/tornado link is to document long-term
trends in tornado activity. This study takes such an empirical
approach by documenting changes in the spatial dispersion of
tornadoes in the United States between 1954 and 2017.

Recent empirical studies illustrate that tornadoes are beginning
to cluster more in time."' ™" For example, the proportion of annual
tornadoes occurring in outbreaks (six or more tornadoes with no
longer than 6 h between successive start times) and the mean
number of tornadoes per outbreak have increased over time.'*
The greatest rates of increase have been with the outbreaks with
the most tornadoes.'” The number of days per year with many
tornadoes (e.g., 20+) and the proportion of tornadoes occurring
on these days have also increased over time.!"'*'%17 These
changes have led to an increase in the mean and variability of the
number of tornadoes per tornado outbreak and day.'*'®

Recent empirical studies also illustrate that the spatial distribu-
tion of tornadoes has shifted over time by analyzing tornado
density maps,'”'® regional and gridded trends,'’?°"?? and trends
in the center of tornado activity."”*>"2> The observed maximum of
gridded tornado and tornado day counts, for example, has shifted
from the Great Plains to the Southeast between the periods
1954-1983 and 1984-2013." Regional and gridded annual
tornado counts have similarly trended downward in portions of

the Great Plains and upward throughout most of the South-
east.'’?°"22 The decrease in the Great Plains is observed in all
seasons, whereas the increase in the Southeast is driven mostly by
recent increases in tornado activity in winter and fall.'”** These
regional trends have led to eastward shifts in the center of annual
tornado activity and in spring, summer, and fall.'”?*> These
observations of an eastward shift are consistent with projections
of increased tornado-favorable environments in the Southeast.>’

Changes in the temporal and spatial distributions of tornadoes
have been documented,’””™> but changes to the spatial disper-
sion, or the area over which most tornadoes are dispersed, have
not been documented. This study, therefore, documents changes
to the spatial dispersion of tornadoes in the United States. To do
so, we calculate the standard deviational ellipse (SDE), a measure
of spatial dispersion, of tornadoes rated 1 or higher by the Fuijita
or Enhanced Fujita ((E)F1+) damage rating scales between 1954
and 2017. Our results highlight seasonal changes in the spatial
dispersion of tornadoes. They also illustrate that the area of the
SDEs has changed over time, with notable decreases across the
study period in summer and fall and in the last part of the record
in winter and spring. Lastly, the results presented herein suggest
that tornadoes tend to be more concentrated in seasons with
more tornadoes and many days with a large number of tornadoes.

RESULTS

Standard deviational ellipsoid

The mean centers of the SDEs capture the seasonal shifts in
tornado activity (Fig. 1a—d). In winter (December of previous year,
January, February—DJF), tornado activity centers in the south-
eastern United States. The center of tornado activity migrates
through the Great Plains and into the Midwest through spring
(March, April, May—MAM) and summer (June, July, August—JJA).
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Fig. 1 Mean centers (latitude (°N), longitude (°W)) of seasonal (E)F1+4 tornadoes between 1954 and 2017, binned into 5-year intervals (a—d).
Angle of rotation (theta (°), e-h), eccentricity (i-l), and area (m? m-p) of the SDEs for seasonal (E)F1+ tornadoes between 1954 and 2017. Local
regression curves (with a neighborhood of 0.75) and 95% conﬁdence intervals (Cls) are shown in e-p
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Table 1. Mann-Kendall trend statistic (S), Theil-Sen slope estimate (B),
and probability value (p)
S B p

Mean center (°N and °W)

Winter latitude 152 1.05E-02 3.82E-01
Winter longitude —158 —1.42E-02 3.63E-01
Spring latitude —174 —6.94E—03 3.16E-01
Spring longitude 248 1.54E-02 1.52E-01
Summer latitude® 850 4.17E-02 8.71E-07
Summer longitude® 522 3.30E-02 2.54E—-03
Fall latitude —84 —3.38E—-03 6.31E—-01
Fall Iongitudeb 390 4.03E—02 2.42E—-02
Theta (°)

Winter —180 —1.87E-01 3.00E-01
Spring 296 1.72E-01 8.74E—02
Summer® 562 2.52E-01 1.15E-03
Fall® 364 3.96E—01 3.55E—-02
Eccentricity

Winter 46 2.67E—-04 7.94E-01
Springb 358 1.45E—-03 3.86E—02
Summer?® 494 2.08E—03 4.29E-03
Fall 178 9.27E—04 3.05E-01
Area, 1954-2017 (m?)

Winter 52 8.16E4-08 7.68E—01
Springb —422 —6.34E+09 1.47E—02
Summer? —473 —1.13E+10 6.24E-03
Fall® —585 —1.63E+10 7.13E-04
Area, 1995-2017 (m?)

Winter -39 —2.23E+10 3.16E—01
Spring® —-93 —2.49E+10 1.51E—02
Summer -39 —1.80E+10 3.16E—-01
Fall -4 —2.88E+10 2.91E-01
Area, 1954-2017 (m?)

Sept-Mar® —354 —6.96E+9 4.04E—02
Apr-Aug?® —496 —6.75E+9 4.13E-03
*Trends significant at a =0.01

PTrends significant at a = 0.05

In fall (June, July, August—SON), the center of activity begins
moving southward back toward the Southeast. The mean centers
also show movement over time within seasons. In JJA, for
example, the mean center trended significantly northeastward
(Table 1), away from Missouri and toward lowa and lllinois (Fig. 1c).
The mean centers in MAM and SON also migrated eastward over
time, but the trends are not as noticeable or statistically significant
(Fig. 1b, ¢; Table 1).

The angle of rotation (theta (°)) represents the orientation of the
major axis of the SDEs, about which tornado activity concentrates.
The mean and median angles of rotation both vary between 85°
and 98° in all seasons, indicating that tornado activity tends to
orient around a northwest-to-southeast major axis. The mean and
median angles of rotation do not vary much across the seasons,
but the variability does (Fig. 1e-h). The angle of rotation is more
variable in DJF and SON (DJF: min = 25.3°, max = 141.7°, standard
deviation (SD)=25.1°, MAM: min =58.6°, max=119.3°, SD=
15.3% JJA: min = 75.2°, max = 124.7°, SD = 12.2°% SON: min = 14.0°,
max = 149.3°, and SD = 28.5°). The angle of rotation also changed
over time, most notably in JJA when the angle increased (i.e.,
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rotated clockwise) at a rate of 0.25° per year between 1954 and
2017 (Fig. 1g; Table 1). The eccentricity, which represents the
ellipticity of the SDEs, also increased in JJA at a rate of 0.002 per
year (Fig. 1k; Table 1). The angle of rotation also increased in MAM
and SON, but trends are not significant at a = 0.01 (Fig. 1j, |; Table
1). In DJF, the angle of rotation was rather stable until the late
1990s at which time a decline (i.e., rotated counter-clockwise) is
noticeable (Fig. 1e).

The area of the SDEs represents the concentration (or
distribution density) of tornadoes.”®*” The area varies across the
seasons and is, in general, greater in JJA and SON than in DJF and
MAM (Fig. 1m-p). The mean (median) area in DJF is 1.2E412 m?
(1.1E+12m?); in MAM is 1.7E+12m? (1.7E+12m?); in JJA is 2.6E
+12m? (2.5E+12m?); and in SON is 2.2E+12m? (2.1E+12m?).
These differences in the area of the SDEs show that the dispersion
of tornadoes changes across the seasons, with the greatest
dispersion seen in JJA and SON and the greatest concentration
seen in DJF and MAM. The area of the SDEs also significantly
decreased in JJA and SON at rates of —1.13E4+10 m? per year and
—1.63E+10m? per year, respectively (Fig. 1o, p; Table 1). The
mean (median) area of the SDEs in JJA and SON were 2.81E
+12m? (2.79E+12m?) and 2.50E+12m? (2.41E4+12 m?), respec-
tively, in the earliest 25 years of the record (1954-1978). These
values decreased b%/ 489E+11m? (470E+11m?) and 6.59E
+11m? (6.80E+11m?) to 2.32E+12m? (2.32E+12m?) and 1.84E
+12m? (1.73E+12m?) in the last 25 years (1993-2017). The area
covered by the SDEs in MAM also significantly declined (at a rate
of —6.34E-+09 m? per year), but the decline occurred only after the
late-1980s (Fig. 1n). These decreases indicate that tornadoes have
become less dispersed (more concentrated) over time.

The increased concentration of tornadoes is not a result of
removing (E)FO tornadoes from the record. Decreases in area are
also observed for SDEs that include (E)FO+ tornadoes between
1995 and 2018 (Fig. 2). These trends, however, are not significant
(Table 1), most likely due to the short period of record and the
amount of inter-annual variability. The increased concentration of
tornadoes also is not a result of our use of climatological seasons.
Significant decreases in area are observed when considering
tornadoes that occurred between September and March, when
tornado activity is greatest in the Southeast and Midwest, and
between April and August, when tornado activity is greatest in the
Great Plains (Fig. 3; Table 1).

Association between SDE area and counts of tornadoes and days
with many tornadoes
The number of tornadoes falling within the SDEs varies with the
seasons, but there is no long-term trend (Fig. 4a-d). The
percentage of tornadoes in a given year that fell within the SDEs
is generally between 50 and 85% in all seasons, again with no
long-term trends present (Fig. 4e-h). The absence of long-term
trends in the counts and percentages of tornadoes within the
SDEs show that the decrease in the area of the SDEs is not related
to a decrease in the number of tornadoes falling within them.
Although not all are statistically significant, there is actually a weak
negative correlation between the area of the SDEs and the
number of tornadoes falling within them (Fig. 5). The Spearman’s
rho (p) correlation coefficients and p-values (p) are as follows: DJF
p=-0.21,p=0.10; MAM p=—-0.27, p=0.03; JJAp=—-0.13,p=
0.30; and SON p = —0.44, p <0.01. This illustrates that SDEs with
smaller areas tend to include a greater number of tornadoes. We
also note that SDE area is also negatively related to the total
number of (E)F1+ tornadoes (as opposed to the number occurring
within the SDE), with correlation coefficients and p-values as
follows: DJF p = —0.24, p = 0.05; MAM p=—0.27, p=0.03; JJA p
=-0.05, p=0.68; and SON p = —0.38, p < 0.01.

Moore and DeBoer'” recently illustrated that the increasing
frequency of days with many tornadoes (e.g., 20+ (E)F1+

npj Climate and Atmospheric Science (2019) 21



npj

T.W. Moore and M.P. McGuire

DJF

3.0e+12{2
2.5e+12 A
2.0e+12-
15e+12+
1.0e+12+

JJA

4.0e+124

Area of SDE, m?

3.5e+12 1
3.0e+12 A
2.5e+124
2.0e+124

1995 2000 2005 2010 2015

MAM

2.5e+121b

2.0e+124

1.5e+124

SON

3.5e+12-d
3.0e+12+
2.5e+12 -
2.0e+12 1

1.5e+124

1.0e+12 14 T T T T
1995 2000 2005 2010 2015

Year

Fig.2 Area (m?) of SDEs for a winter (DJF), b spring (MAM), ¢ summer (JJA), and d fall (SON) (E)FO+ tornadoes between 1995 and 2017. Local
regression curves (with a neighborhood of 0.75) and 95% Cls are shown
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Fig. 3 Area (m? of SDEs for (E)F1+ tornadoes that occurred between September and March a, when tornado activity is greatest in the
Southeast, and between April and August b, when tornado activity is greatest in the Great Plains. Local regression curves (with a

neighborhood of 0.75) and 95% Cls are shown

tornadoes) contributes to the eastward shift in tornado activity
(i.e., the decreasing (increasing) trends in portions of the Great
Plains (Southeast)) by showing that the tornadoes that occur on
these days tend to concentrate in the Southeast. Because
tornadoes that occur on these days tend to be relatively
concentrated compared to climatology, and because the propor-
tion of annual tornadoes occurring on these days is increasing,' it
seems plausible that the increased frequency of these days may
also be contributing to the decrease in dispersion.

Figure 6a-d illustrates that the area of the SDE tends to get
smaller as the number of days (00 UTC-00 UTC) with 20+ (E)F1+
tornadoes increases, in all seasons. For example, the mean
(median) areas in DJF, MAM, JJA, and SON in seasons when there
are no days with 20+ tornadoes are 1.35E+12m? (1.25E+12 m?),
191E+12m? (1.94E+12m?), 2.65E+12m” (2.59E+12m?), and
2.36E+12 m? (2.34E+12 m?), respectively. These decrease notably
in seasons with more 20+ days. In DJF and MAM, for example,
they decrease to 1.21E+12m? (1.21E+12m? and 1.53E+12m?
(1.44E4+12 m?) in seasons with only three 20+ days. They decrease
to 1.85E+12m” (1.77E+12m?) and 1.54E+12 m? (1.56E+12m?) in
JJA and SON when two 20+ days occur. Furthermore, seasonal
tornado counts tend to be greater in seasons with more 20+ (E)F1
+ tornado days (Fig. 6e-h). This is further illustration that seasons
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with the most concentrated tornado activity tend to have more (E)
F1+4 tornadoes and more days with a large number of tornadoes.

DISCUSSION

The results of this study need to be considered in combination
with those from other recent studies that provide empirical
evidence of possible changes to the climatology of tornadoes in
the United States.''™%? The decreased area of the SDEs in SON, for
example, accompanies an increase in the frequency of (E)F1+
tornadoes and days with 20+ (E)F1+ tornadoes, particularly in the
Southeast.'” Combined, these changes illustrate that tornado
activity is increasing and becoming more concentrated toward the
Southeast in SON. The decreased area of the SDEs in JJA,
conversely, accompanies a decrease in the frequency of (E)F1+
tornadoes, particularly in the southern Great Plains.?? The notable
decrease in tornado activity in the southern Great Plains also
contributes to the clockwise rotation over time of the SDEs in JJA.
In the early period of record (e.g., 1954-1979), the SDEs in JJA
extended over portions of the southern Great Plains. In the latter
part of the record (e.g., 1990-2017), most SDEs were concentrated
farther north and excluded the southern Great Plains (Supple-
mentary Fig. 3 in supplemental material). Therefore, although the
overall seasonal count of tornadoes may be decreasing in JJA, the
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risk is more concentrated and shifting slightly northeastward decrease in dispersion over time is cooccurring with an increase in
through the Great Plains and Midwest. the frequency of these tornado-active days. Elsner et al.'® similarly

It was shown herein that (E)F1+ tornadoes tend to be less showed that the mean number of tornado clusters on days with
dispersed in seasons with more 20+ tornado days, and that the 16+ (E)F1+ tornadoes trended upward between 1954 and 2013
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and the total area of the clusters trended downward. They
hypothesized that changes to local-scale thermodynamics (rather
than larger-scale dynamics) is leading to fewer tornado days and
to smaller but more active areas of severe convection on days with
many tornadoes. Other research, however, illustrates that changes
in wind shear are concordant with changes in tornado activity. Lu
et al.8, for example, show that storm relative helicity, a metric of
wind shear, plays an important role in the enhancement of peak
tornado activity, and Tippett et al.'> show that storm relative
helicity, rather than instability, has increased over time conditional
on the occurrence of extreme environments and tornado
outbreaks. Gensini and Brooks®? recently show that changes in
the annual accumulation of the significant tornado parameter,
which combines shear with other storm-relative wind and
instability metrics, match changes in annual tornado counts, both
of which have decreased throughout the Great Plains and
increased throughout the Midwest and Southeast.

Additional research is needed to determine if other severe
weather indices and climate variables correlate with the observed
spatio-temporal changes in tornado activity. It is conceivable that
changes to environmental conditions have essentially constricted
the area over which tornadoes are most likely. Additional research
is also needed to better understand the increasing frequency of
tornado outbreaks''™"” and potential links between their
increased frequency and changes to the spatial dispersion (herein)
and distribution'”™>° of tornadoes. The proportion of annual
tornadoes that occur on days with many tornadoes is increasing,'>
and days with many tornadoes tend to occur in association with
particular synoptic scale patterns and midlatitude cyclones.??7? It
seems worthwhile to determine if the proportion of annual
tornadoes being produced by these patterns is on the rise. It also
seems worthwhile to search for changes in the midlatitude
cyclone environment, such as more concentrated instability and/
or shear, and for changes to the ambient environment into which
cyclones that produce outbreaks move

A decrease in spatial dispersion suggests that the risk of
tornadoes is focused over a smaller geographic area. Combining
this with the increasing proportion of tornadoes occurring in the
Southeast and Midwest further suggests that the risk is becoming
more focused in these regions. Whether these changes are part of
long-term variability or a sustained trend is yet to be seen. The
increases observed in these regions, however, are consistent with
projections that highlight them as areas favored for severe
weather.>® These trends do not eliminate the risk of tornadoes in
other regions. Tornadoes have occurred in all 50 states and
territories of the United States, and will do so in the future when
suitable conditions are present. These trends also do not imply
that tornado-related losses will increase in these regions. The
ultimate impact that such trends will have on society also depends
on the dynamic populations, built environments, and infrastruc-
tures that are exposed.%3%-37

METHODS
Tornado data

We use tornado data from the Storm Prediction Center’s Severe Weather
Database files (https://www.spc.noaa.gov/wcm/). The database currently
covers the 1950-2017 period, but we subset to the 1954-2017 period to
remove the notable undercount of tornadoes in the first few years.3®
December 1953 (2017) is included (excluded) because we analyzed
seasonal tornado distributions. We also excluded tornadoes in Alaska,
Hawaii, and Puerto Rico. Tornadoes rated 0 (lowest damage indicator)
through 5 (highest damage indicator) by the Fujita (prior to February 2007)
and Enhanced Fujita (beginning in February 2007) damage rating scales
are included in the database. A notable increasing trend that is related
mostly to technological advancements and increased detection and
reporting of the weakest (E)FO tornadoes over time, particular after the
mid-1990s and the modernization of the Doppler radar network, is
observed in the (E)FO+ record over the full 1954-2017 period.>* Low
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frequency variability is present in the (E)F1+ record, but the long term
increasing trend is not."”” We use both, the (E)FO+ and (E)F1+, records. The
(E)FO+ record is used over the period 1995-2017 and the (E)F1+ record is
used over the full 1954-2017 record.

Standard deviational ellipse

We use the SDE as a measure of the dispersion of tornadoes. The SDE is
designed to represent the geographic dispersion, or concentration, of
objects.®?” SDEs tend to capture ~68% of objects that are normally
distributed (spatially) about the mean center, but can capture fewer or
more if the objects are overly dispersed or clustered.?*?” Most SDEs in this
study capture 50-85% of the tornadoes within a given season (Fig. 4e-h).

The SDE requires the calculation of the mean center of a distribution of
points, the angle of rotation of the ellipse, and the SD along the x and y
coordinates.*® The SDE is centered on the mean center (&, y), which is given
by

Xy 2 M

n

X =

where x and y are the start longitude and latitude, respectively, of the
tornadoes (Fig. 7a).
The angle of rotation (6) of the ellipse is given by

(52 = 5y +/ (562 - Sy +4(5xy) @
zzxry/
where x” and y’ are the deviations of the x and y coordinates from X, y (Fig.
7a).
The SDs along the x (o) and y (o) coordinates of the ellipse are given by
(Fig. 7a)

0y = \/Z(X’cose —y'sin 6)2~ o, — \/Z(x/sine — y'cos 8)°X 3)
) n

n

tan6 =

The eccentricity (E) of the ellipses is given by

=< @)
a
where c is the distance between %, y and a focus and a is the distance from
the focus to a vertex (Fig. 7a).
The area of the SDE (A) is given by (Fig. 7a)

A = oo, (5)

We calculated these ellipsoid characteristics for each season (winter
(DJF), spring (MAM), summer (JJA), and fall (SON)) between 1954 and 2017
(using the (E)F1+ tornado record). We also calculated ellipsoid character-
istics for each of these seasons between 1995 and 2017 (using the (E)FO+
tornado record) to assess the sensitivity of the analysis to the exclusion of
(E)FO tornadoes and for the periods September-March and April-August to
assess the sensitivity of the analysis to our use of climatological seasons.
Examples of SDEs for MAM 1988 and 2003 are provided in Fig. 7b. The
SDEs for each season between 1954 and 2017 inclusive are shown in
Supplementary Figs. 1-4.

Trend test and slope estimation

When describing the rate of change over time of ellipsoid characteristics,
we used the Mann-Kendall trend test*'*? and Theil-Sen slope estima-
tor.*** The Mann-Kendall test statistic (S) is given by

n—1 n
S= Z Z sgn(Xa — Xp) (6)

=1 j=it1
where the sign of S corresponds to the direction of the trend, X, and X,, are
the sequential values in years a and b, n is the number of years in the
series, and

+1forX, > Xp

OforX, = Xp (7)
—1forX, < Xp

sgn(Xg — Xp) =

The Theil-Sen slope (B) is estimated with

B = Median {%] foralla < b @8)
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