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Response to Reviewer Comments

“Statistics of severe tornadoes and severe tornado outbreaks” by B.D. Malamud and D.L. Turcotte [Atmos.
Chem. Phys. Discuss., 12, 6957-6988, 2012]

1.0 INTRODUCTION
We thank Reviewer 1 (Harold Brooks, NOAA) and Reviewer 2 (anonymous) for their comments.

In light of these helpful comments, and others that we have received from the international community when
presenting our research at conferences, we have carried out several new analyses and revised the text, figures and
tables from our original manuscript. Examples of changes are the inclusion of the year 2011, changing all instances
of a 24 hr period based on a ‘calendar day’ to be based on a convective day (12:00-12:00 UTC), inclusion of
standard error of the slope to give a better impression of trend uncertainty, comparison of our results with severe
tornadoes as defined by F2 or greater, a more intuitive inclusion of individual tornado and outbreak events, and an
expanded discussion. As a result of these and other changes as a response to comments made by reviewers, we
have added a total of five new figures, seven new equations, updated all of our figures, and made text changes for
clarification and further discussion of certain issues. A summary of new figures and major updates to figures is
given in Table I.

Table I. Summary of new figures and major updates to figures. Note that all figures, where appropriate, have been updated
to include the 2011 year, and changed 24 hour periods considered to be convective days (12:00-12:00 UTC) instead of calendar days.

Original Revised
Manuscript Manuscript Comments
Figure Number | Figure Number
lab lab Symbols changed to lines, to enhance visibility.
(New Figure) D) New figure: Cumulative # of tornadoes per year with path lengths >L as function of L, 1982-2011, L >
: 10 km. Includes identification of 3 longest path lengths and rough estimates for 1, 10, 100 yr tornadoes.
2 3
3 4
4 5
5 6 Standard error of slope now included.
6ab Tab Original 6a became 7a (with appropriate updates). New panels, 7b & 7c: 7b is # of tornadoes per year,
a abe 1982-2011, with Fujita Scale F2 or greater. 7¢ is ratio of 7a to 7b. Standard error of slope now included.
Original 6b became 8a (with appropriate updates). New panels, 8b & 8c: 8b is total length of tornadoes
(New Figure) 8abc per year, 1982-2011, with Fujita scale F2 or greater. 7¢ is ratio of 7a to 7b. Standard error of slope now
included.
7 9 Addition on plot of data for 7b vs. 8b. Standard error of slope now included for both sets of data.
8 10 Added vertical error bars (equivalent to +2 standard deviations) to the frequency densities.
9 11
(New Figure) 12 New figure: Cumulative # of continental USA tornado outbreaks per year with daily total path lengths
. >Lp, given as function of Lp, for six 10-year periods from 1952-2011.
New figure: Cumulative # of continental USA tornado outbreaks per year with daily total path lengths
(New Figure) 13 >Lp given as function of Lp, 1952-2011. Includes identification of 3 longest outbreaks and rough
estimates for 1, 10, 100 yr outbreaks.
10 14
11 15 Added vertical error bars (equivalent to +2 standard deviations) to the frequency densities.
(New Figure) 16 New figure: Distribution of severe tornado path lengths during two convective day (12:00-12:00 UTC)
& outbreaks in the continental USA, 27 April 2011 and 25 May 2011.

Attached we have answered each of the reviewers’ comments, and include a revised manuscript using track
changes. We again thank the reviewers for their comments which we believe have helped us to improve the clarity
and relevance of the original manuscript.

Bruce D. Malamud
(Department of Geography, King’s College London, UK, bruce.malamud@kcl.ac.uk)

Donald L. Turcotte
(Geology Department, University of California, Davis, USA, dlturcotte@ucdavis.edu)
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Reviewer 1: Harold Brooks

I like the work that’s been done here, in general, and would be open to future collaboration on this or related topics.
[Author Response: Thank you. Although we have not met, we would also enjoy working with you on this or related topics, and
in revising our manuscript, found a number of items that might warrant further investigation.]

p. 5: Verbout et al. (2006) don’t really discuss the path length issue. Their focus was on the damage estimates.
[Author Response: We have removed them as a reference for path-lengths.]

The trends in Figs. 5 and 6 need to be interpreted with caution. It would be good to have estimates of the error
bars on the slope from the regression at the very least. In addition, the length of record used here is a matter of
concern. Some measures, such as the count of F1+ tornadoes per year (a reasonable robust measure) indicated that
the early 1970s were particularly active for tornadoes. If you take the data back to 1971, the overall linear trend
goes to zero or negative for the quantities shown. The quality of the reporting database and all of the issues the
authors allude to on that would make any "real error bars" larger than would be estimated from purely statistical
reasoning.

[Author Response: We agree that the trends in Figs. 5 and 6 (now Figs. 6, 7, 8) need to be interpreted with caution. We have
now added standard error of the slope to these (and several other) trend lines throughout the paper, and included these errors
on the graphs themselves, and a discussion (within the context of 95% confidence intervals) in the text. We have also added a
new figure for F2+ tornadoes per year (both count and total path length), and show that despite a gentle positive trend, that
within the 95% confidence limits of the slope, a negative or zero trend cannot be rejected.]

There’s no reason to bring up global warming at all. Our expectations for how tornadoes will change aren’t
particularly strong. In general, the predicted small decrease in wind shear over the US would almost certainly be
difficult to detect given the large interannual variability.

[Author Response: We agree with the reviewer, and made a point in our paper’s original draft (and the rewrite) not to
associate our results with anthropogenic or natural induced global warming.]

How are “days” defined, e.g. midnight-midnight local, UTC? For many purposes, using the so-called
“convective day” (12 UTC-12 UTC) is useful. That’s what I typically use in analyses.

[Author Response: In our analyses, we had originally defined the 24 hr period of a day as 00:00—00:00 CST (Central Standard
Time), i.e. a calendar day. However we agree with the reviewer that a convective day (12:00-12:00 UTC, i.e. 06:00—06:00
CST) is more appropriate. We have therefore repeated all of our original analyses, but now for each 24 hr period used a
convective instead of a calendar day. All figures have been updated and appropriate text added to the manuscript and figure
captions.]

The total path length for a day can almost certainly be extended earlier in the record. Even if individual tornado
lengths have shown a change as seen in Fig. 1, that does not mean that the summed lengths of all tornadoes on a
day will suffer from the same problem. It is likely that one major reason for the reduction of length of the longest
tornadoes is because of better surveying leading to what would have been reported as a single tornado historically
as multiple tornadoes now. The total path length of those paths would not be changed much.

[Author Response: We have now included two new figures (Figs. 12 & 13), for the 1952—2011 period, the cumulative number
of outbreaks with total path length per day Ly as a function of Lp, and highlight in the figures three of the largest outbreak
events. We do this based on severe tornadoes (path lengths L > 10 km) and it highlights going back in time.

As an interesting note, we compared (but did not include in the paper) the ratio of total daily path length Ly (using all tornado
path lengths L > 0 km) to total daily path length Ly (using severe tornado path lengths L > 10 km) to get an idea of how this
ratio has changed over time (and not shown here, how for the most recent decade of data, this ratio changes as a function of
size of a severe tornado outbreak). This ratio is given in Figure A below, and it can be seen that during the first three decades
the smaller tornado path lengths (L < 10 km) do not contribute as much to the overall daily path length as in the later decades,
i.e. the ratios are systematically closer to I in early decades compared to later decades. From Fig. 10 (new manuscript) we see
that the frequency-size distribution of tornado path lengths has a high exponent (=3.0) for 10 km < L < 300 km, although this
distribution rolls over as one approaches L = 10 km. This high exponent, and other studies we did, indicate that for later
decades, as there are a significantly large number of smaller tornado path length than larger ones (with rough scaling), that
these smaller tornadoes contribute significantly more to the overall daily path length than larger path lengths. This effect is
also more pronounced, the smaller Ly is. In other words, if the total convective day path length in an outbreak Ly (based on L>
10 km) is nearer to 10 km, just one severe tornado is involved in the ‘total’, and if one then includes ‘smaller’ tornadoes (L <
10 km) in the convective day total path length, they can contribute significantly to the overall total .

When doing the cumulative distributions by decade (N, vs. Lp) in the new figure (Fig. 12), for the 1952-2011 period and using
only path lengths of severe tornadoes L > 10 km, we found that the early decades did not systematically deviate from the later
decades as they did when we did the cumulative dependence of N, vs. L (Fig. 1). As alluded to by the reviewer, the outbreak
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total path length data for convective days, do not seem to be biased systematically from earlier to later decades as to where
they appeared vertically relative to one another. We believe that the total daily path length Ly is a relatively robust measure
for a daily outbreak, when considering only severe tornadoes (L > 10 km), but believe (and would welcome further
investigation of this with the reviewer in future work) that the increased reporting of much smaller tornado path lengths over
time would reflect itself in creating a bias in Ly if they were included. In other words, we agree that better surveying has led to
what would have been reported as a single tornado historically as multiple tornadoes now, but also (as also reported in
publications by Harold Brooks) that smaller and smaller tornado path lengths are now being systematically reported that
previously would not have been reported, so that some care should be taken when considering total path length per day and
one needs to take a threshold, as the smaller ones tend to add significantly more to the total path length.]
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Figure A. Ratio of total daily (convective day, 12:00-12:00, UTC) path lengths Ly in the continental USA for individual
outbreaks based on two measures. Ly (based on all individual tornado path lengths L > 0 km) and Lp (based on severe
tornadoes with path lengths L > 10 km). A ratio of 1 would indicate that tornadoes with path length L < 10 km do not
contribute much to the overall summed daily path length.

@ By my calculation, the longest path length convective day of the 1981-2010 period was a little less than 1300 km
(13 March 1990). That’s the 5th longest path length day in the 1950-2010, plus the preliminary April 2011 dataset.
3 April 1974 had 3995 km of tornadoes, followed by 27 April 2011, 11 April 1965, and 26 April 2011. Taking the
daily path length back earlier in time won’t change the results of the analysis shown here, but it would allow for an
estimate of how often we should expect to see something like 3 April 1974.

[Author Response: We have now (see response to the last point) included the 1952 to 2011 entire period and highlighted

several of the key outbreak evens going further back in time, along with a rough estimate of the size of outbreaks on recurrence
intervals of 1, 10 and 100 yr.]

The relationship between path length and number of tornadoes is not surprising. Tornado occurrence depends, in
large part, on the presence of strong vertical wind shear. Strong wind shear environments typically produce fast
storm motions, which lead to longer path lengths. Thus, the two are physically linked. The late 1980s, characterized
by low wind shear values over the US, have short annual total path lengths and few tornadoes, and the early 1970s
and late 1990s, characterized by high wind shear values, have long annual total path lengths and many tornadoes.
[Author Response: We thank the reviewer for these comments. We would be interested in relating the statistics we have
presented in this paper, to a yearly correlation of vertical wind shear, if the reviewer was interested in further work.|
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ANONYMOUS REVIEWER (Referee # 2)

The authors pick up an earlier defined hypotheses and confirm it. The hypotheses states that a tornado touchdown
path length relates to the its strength. Furthermore, the authors find a power law relation for the frequency density
function of the (total) path length and the (total) path length itself. I enjoyed reading the manuscript.

An analogy between the development of the intensity scales of earthquakes and tornadoes is made. However, this
analogy is broadened to relate the aftershock sequence of earthquakes with the clustering of tornado numbers due
to the seasons (page 11). I am not able to follow this argument and disagree that an aftershock sequence related to
an earthquake can be compared to the seasonal cycle of tornado occurrence.

[Author Response: We have removed these sentences from our discussion. ]

In the figure caption of Fig.6: a and b are reversed.
[Author Response: Thank you for noticing this. We have revised the figure, text and figure caption (parts a and b are now in
two separate figures, and we have added on an additional two new panels).]
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Statistics of severe tornadoes and severe tornado

outbreaks

Bruce D. Malamud* and Donald L. Turcotte®
[1]{Department of Geography, King’s College London, Strand, London, WC2R 2LS, UK}
[2]{Department of Geology, University of California, Davis, CA 95616, USA}

Correspondence to: Bruce D. Malamud (bruce.malamud@kcl.ac.uk)

Abstract

The standard measures of the intensity of a tornado in the USA and many other countries are

the Fujita and Enhanced Fujita scales. These scales are based on the damage that a tornado
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tornadoes (L > 10 km) during two tornado outbreaks, 27 April 2011 (67 severe tornadoes) and

25 May 2011 (16 severe tornadoes), and find similar statistical distributions with robust

scaling. We believe that our robust scaling results provide evidence that touchdown path
lengths can be used as quantitative measures of the systematic properties of severe tornadoes

and severe tornado outbreaks.

[Manuscript length: 387 word abstract, 8048 word main text, 17 references, 2 tables, 16 figures] = {De'eted: 290

1 Introduction

This paper introduces and tests hypotheses for quantifying the intensities of severe tornadoes
and tornado outbreaks. Our approach is in analogy to the historic evolution of the qualitative
(damage-based) Mercalli scale relative to the quantitative (displacement-based) Richter scale
for earthquakes. The Fujita and Enhanced Fujita scales, currently used for tornadoes, are
based qualitatively on damage, from which wind intensity and other quantitative measures are
estimated. Ideally, tornado intensities would be based on the distribution of velocities in a
tornado. However, as noted by Doswell et al. (2009), systematic and high-resolution Doppler

remote sensing of wind velocities in tornadoes is not possible at this time.

In this paper, we will use the tornado path length L as a quantitative measure of tornado
intensity and on the basis of our frequency-length statistics (shown in the next section), we
will define a severe tornado as having L > 10 km. A detailed study of the statistical

relationship between tornado path lengths L and Fujita scale intensities has been given by

climatology.

The standard measure of the tornado intensity is the Fujita scale (Fujita, 1971, 1981; Fujita
and Pearson, 1973) also referred to as the Fujita—Pearson scale. This scale was introduced in
the 1970s as a measure of tornado intensity, with tornadoes rated on a scale of FO to F5 based
on the damage caused. In the United States, the enhanced Fujita scale replaced the Fujita scale
for intensity assessment on 2 February 2007, using different and more specific criteria for
assessment (Doswell et al., 2009). In terms of applications, the Fujita scale and the enhanced
Fujita scale are considered equivalent, so that in the remainder of this paper we will refer to

the Fujita scale.
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It is of interest to compare probabilistic risk assessment for tornadoes with that of
earthquakes. From 1880 until 1935 the Mercalli scale was used to determine the intensity of
earthquakes. The Mercalli scale was based on damage, and is in direct analogy to the Fujita
scale for tornadoes (Doswell et al., 2009). In 1935 the Mercalli scale was replaced by the
Richter scale (Richter, 1935) as the accepted measure of earthquake intensity. The Richter
scale utilized the displacement amplitudes obtained from regional seismographs to quantify
the ground shaking responsible for damage and deaths. In 1979 seismograph displacements
were used to directly determine the moment (radiated energy) of an earthquake (Hanks and
Kanamori, 1979). Earthquake moments are then converted to moment magnitudes because of
the public acceptance of the Richter magnitude scale. The association between earthquake and

tornado risk assessments has also been discussed by Schielicke and Névir (2011).

The principle purpose of this paper is to carry out a study of the statistics of tornado

touchdown path lengths, L. In Sect. 2, we discuss the data. Because of data quality, we will - { Deleted: . )
consider pnly severe tornadoes, and ytilize two definitions; (i) Tornadoes having touchdown - -- Deleted: tomadossduring th 30-yer }
path lengths L > 10 km (and all Fujita scales F0 and greater); (ii) Only strong (F2 and F3) and W \\\{ Deleted: , which we will define as having |
violent (F4 and F5) tornadoes_(and all L > 0 km). These two definitions have approximately \\\{De'etew ]

the same number of tornadoes for the period considered. However, only about one half of the

severe tornadoes are included in both definitions. We will conclude that the path-length

definition for severe tornadoes (L > 10 km) is preferable, and will use it for the rest of our

Deleted: . Based on the work of Brooks
(2004) and our studies, this lower limit
approximately eliminates tornadoes FO and
F1, leaving o

studies Jn Sect. 3, we consider the statistics of individual severe tornadoes (L > 10 km) during - { Deleted: )

the period 19822011, including the statistics of severe tornado occurrence as a function of {peeted: 4 %
70 7 | Deleted: 1

the hour of day, day of the year, total number vs. path length per year, and the probability ofa { Deleted: 0 )

given length L occurring. Then in Sect. 4, we extend our studies of individual severe

tornadoes to the total path length of severe tornadoes in a convective day (12:00-12:00 UTC),

Lp, which we take as a measure of the strength of a continental USA tornado outbreak in a
one-day period. Doswell et al. (2006) have suggested that L, is the preferred measure of the

strength of a tornado outbreak. Verbout et al. (2006) also discuss using the number of

tornadoes above a given threshold in a convective day as a measure of the strength of a

tornado outbreak. We show that the number of tornadoes in a convective day scales with the

total length of tornadoes in that convective day, and consider the probability of a given

outbreak total path length Lp occurring, along with the statistics of path length in two

convective day outbreaks. We also consider the cumulative frequency-path length statistics of
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141 | severe tornadoes during two convective day tornado outbreaks. Finally, in Sect. 5, we discuss _ _ - -| Deleted: We relate the total number of
S severe tornadoes in an outbreak to Lp and
142 our approach find power-law scaling, then use L, to
e - observe trends over the last 30 years.
143 " Deleted: we recognize the limitations of

our approach, but obtain a sequence of

well-defined scaling relationships similar to
the established Gutenberg—Richter

144 2 Data frequency-magnitude scaling for

earthquakes. We believe our approach will

145  In this paper we consider the statistics of tornado occurrence in the continental United States. augment the Fujita (and Enhanced Fujita)
scale for the quantification of the tornado

hazard.

146 | We use six decades of the National Weather Service (NWS) Storm Prediction Centre (SPC)

147 | database of tornadoes (McCarthy, 2003) for the time period 1952 to 2011, (NOAA, 2012). For - { peleted:

148 | the 56,755, tornado records during this period, information includes (in most cases) tornado { Deleted: 0

L { Deleted: 1

149  date, time, location (latitude, longitude, county, state), Fujita scale (or enhanced Fujita scale) \\\\{Deleted: 5

150  value, injuries, fatalities, damage, and touchdown path length and width. A number of records {Deleted: 233

A

151  were removed based on the listed values of tornado path length, L. In the original database,

152  tornadoes that touched down in more than one state had a path length record for each state,

153 | and another one for the entire summed path length for the multiple states. Therefore 990 - { Deleted: 905
154 | values (1.7% of the original dataset records) were removed that were one part of a multi-state - - { Deleted: 6

155  record (the multi-state record was left in place). Also removed from the original dataset were

-

156 | 56, values (0.1% of the original dataset records) with lengths that were L = 400, 300, 200, 100, - { Deleted:

157 80, 50, 30, 25, 20, 15, 10, 8 miles (the original units of the database), but where the starting
158  and ending latitude and longitude coordinates were listed as being exactly the same (i.e., 0

159  miles traversed). It was assumed that these records were in error due to being exactly on

/{ Deleted: 0

160  multiples of one-hundred (or 10) and having zero path length based on touchdown {D a0
/" Deleted:

161 | starting/ending coordinates. The final database used here for 19522011, (all touchdown pgthj/ﬁ . {Demted; 4

162 | lengths L), had a total of 55, 703 fornadoes, - Deleted: 271
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163  We first consider the frequency-path length statistics for all tornadoes. In Fig. 1 we give the ) { Deleted: records

{ Deleted: Mean v
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164  cumulative number of tornadoes per year Nc with touchdown path lengths greater than L, asa
s _-| Deleted:

165 | function of L. Values are given for six 10-year periods, 19522011, In Fig. 1a we consider all ,“"_ f5qieq:
166 | tornadoes of any path length L (55,703 values) and in Fig. 1b just those tornadoes with L > 10 -  Deleted: 4

167 | km (8018 values). There is a clear visual difference between the three 10-year frequency-size

S { Deleted: 7711

168 | distributions for 1952-1981, compared to the three 10-year frequency-size distributions during { Deleted: 1

169 | the period 19822011, Many fewer long path lengths were recorded in the later period. (Deleted:0

170 | Schaefer et al. (2002) and, Brooks (2004) have previously noted this difference and suggested {[ =
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171  that the difference in completeness is related to the beginning of real-time touchdown surveys. { Deleted: ,
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\{ Deleted: and Verbout et al. (2006)




211
212
213
214
215
216
217
218

219
220
221
222
223
224
225
226
227
228
229

230
231
232
233
234
235
236
237
238
239

240
241
242

Malamud and Turcotte. Statistics of Tornadoes & Severe Tornado Outbreaks. Submitted to ACPD (2™ version, This draft: 7 August 2012) p- Sof45

tornado touchdown path lengths were primarily determined from newspaper accounts, which
appear to have systematically over-stated the actual values (McCarthy, 2003). One
often combined to give a single long path length. Field surveys have certainly given more

accurate data on tornado path lengths.

Based on the data shown in Fig. 1, we will consider, for most of our studies in the remainder

consistent. In Fig. 2 we combine the last three decades, and for the period 19822011, and

only for tornadoes with touchdown path lengths L > 10 km, we give the cumulative number of

tornadoes per year N¢ with path lengths greater than L, as a function of L. During this 30-year

period, the longest path length L = 257 km occurred on 22 November 1992, the ond longest L
= 240 km on 24 April 2010, and the 3n longest L =216 km on 7 June 1984. It is interesting to

note that the longest path length during the very active 2011 USA tornado season ranked 4™
with L =212 km.

As illustrated in Fig. 2 the cumulative frequency-length data can be used to give a rough

estimate of the hazard of severe tornado occurrence. Based on our data, we estimate the

annual tornado touchdown path length to be L > 115 km. In other words, on average over

many years, not taking into account any changing trends over time, we would expect in any

given year one tornado with a path length L > 115 km. The ten year tornado (the longest path

length or greater expected in a 10-year period) is L > 215 km. An extrapolation of the curve is

difficult for longer recurrence periods, as the shape of the statistical distribution for the largest

lengths is not well defined. Our visual estimate based on the data given in Fig. 2 for the 100

year tornado (the longest path length or greater expected in a 100-year period) is in the range

280-500 km. This extrapolation of the data is uncertain for these extreme values.

The emphasis in this paper is on the statistics of tornado path lengths as a measure of tornado
intensity. Since the standard measure of tornado intensity is the Fujita scale, it is important to

consider relations between the Fujita scale values and tornado path lengths. Brooks (2004) has
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259  studied in detail the statistical distribution of path lengths for FO to F5 tornadoes. He carried

260 ‘ out his study for all tornadoes from 1950-2001. In Fig. 3, we relate the statistical measures of - { Deleted: 2 ]
261  tornado touchdown path lengths L as a function of Fujita scale for intensities FO to F5, for all

262 | tornadoes 19822011, For each Fujita intensity, we give the mean touchdown path length (red - - { Deleted: 1 )
263  diamonds), median (grey circles), and the 75" and 25" percentiles (upper and lower * {eteted: o )

264  horizontal lines). For F2 to F5 (i.e., strong to violent) tornadoes, the best-fit linear trend line

265  (thick red line) to the mean path length values is:

_ - Comment [B1]: Numbers updated and
(1 ) 7 added standard error of the slope.

266 log I, = 0.241(+0.026) j +0.641, j=2,3,4,5,

267  where EFJ. is the mean of all tornado path lengths L at a given Fujita scale value, Fj, j =

268 | 2,3,4,5, and the uncertainties are £1 s.e. (standard error) on the slope, Eq. (1) can be written - { Deleted: . ]
269 as:
E { Comment [B2]: Numbers updated and J
270 Fijﬂ) _ 100,241(10.026) _ 164 —1.85, J _ 2’ 3’4’5 i (2) /// added standard error of the slope.
Fooo 7
271 | That is, the mean path length of an F3 tornado is,1.64—1.85 times longer than the mean path -~ } De:ete:
** — % - ——=""" - Deleted: 67

272 | length of an F2 tornado, and the mean path length of an F5 tornado is_1.64° —1.85°=44-63 { Deleted:

e

273  times longer than the mean path length of an F2 tornado. In Table 1 we compare our mean \?\:‘[ Deleted: 67

274 | path lengths for the period 1982-2011, with those given by Brooks (2004) for the period % e

275 1950-2001, and find good agreement, despite the different time periods considered, and the \\\ { Deleted:

o 0

276  differences in data completeness. We also include the early work of Fujita and Pearson (1973) {De'emd: 0

277  where they gave a range of touchdown path lengths associated with specific Fujita scale
278  values. Their values were based on a small sample of tornadoes and we believe over-estimate

279  the path length values for each Fujita scale.

280 | From Fig. 3 we see that reasonably good scaling of the mean touchdown path lengths (red .-~ {Dctotec: )
281  diamonds) as a function of Fujita intensity is obtained for tornadoes F2 to F5. The deviation

282  from this scaling for FO and F1 tornadoes is likely due to limitations of the Fujita scale for

283  weak tornadoes and/or measurement problems with determining path lengths for these weak

284 | tornadoes. For these reasons, pne possible definition for severe tornadoes, jn_terms of the - ﬂﬁﬁiﬁeﬁiﬁf poper e sttt

285 | Fujita scale, jncludes those fhat are F2 or larger (i.e., ‘strong’ and ‘violent’ tornadoes). Since \‘{ Deleted: which

. . . "+ Deleted: we will
286 | our studies are based on tornado path lengths, an alternative definition for a severe tornado, \{[D pe— -
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definition of severe tornadoes approximately coincides with F2 (strong) tornadoes, at L = 12,1, _

km, with FO and F1 (weak) tornadoes having path lengths that significantly deviate from the
scaling seen for strong (F2 and F3) and violent (F4 and F5) tornadoes.

In Table 2 we give the number of continental USA tornadoes with L < 10 km and L > 10 km
as a function of Fujita intensity for the time period 1981-2010. The total number of ‘severe’

tornadoes (L > 10 km) that we consider in this paper is 4317 (12% of the database’s

-~ \" -’ - T _ T/ T =

_ - { Deleted:

T~

substantial fraction of our severe tornadoes (L > 10 km) have designation FO (i.e., 3% of all .
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FO tornadoes) and F1 (16% of all F1 tornadoes), and that a substantial fraction of the \\{ EZ:::Z 27
tornadoes we do not consider (L < 10 km) have designation F2 (59% of all F2 tornadoes) to - | Deleted: 5
F5 (5% of all F5 tornadoes). We also note that from the results of Brooks (2004) and this {[ e
paper (see Fig. 3, Table 1) there is a systematic increase in tornado path lengths as a function  {peleted: 2
of increasing F value. However, there is a large scatter. An important question is whether this
scatter can be primarily associated with the damage assessments that give the F values or
whether path lengths are simply not a good measure of tornado intensities.
In order to address this question we return to the comparison between the damage-based
Mercalli scale for earthquakes and the Fujita scale for tornadoes. When a strong earthquake
occurs, maps of Mercalli intensities are obtained. These intensities systematically decrease
away from the earthquake epicenter, as expected. There are also local variations in values due
to local variations in ground shaking intensity. However, in a strong earthquake, hundreds to

Deleted:

thousands of Mercalli values are obtained, so that averaging can be carried out to obtain
smoothed maps of intensity. These maps are considered useful even if instrumental

earthquake magnitudes are available, J/

3 Statistics of severe tornadoes,

In this section we carry out a systematic study of the statistics of severe tornadoes (L > 10 km)
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There is no question that Fujita scale
evaluations of tornado intensities are very
useful. However, results in this paper, along
with other work, would indicate that
tornado touchdown path lengths may also
be a very useful measure of the intensity of
both individual tornadoes and tornado
outbreaks. We believe that the definition
provided here of a severe tornado (L > 10
km), is easily quantifiable, and roughly
corresponds with the Fujita intensities F2 to
F5. We will now use this database of 4,061
severe continental USA tornadoes (L > 10
km) that occurred over the time period
1981-2010.
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371 | tornadoes, 1982-2011, We determine the probability of a severe tornado occurring in a given _ - { Deleted: 1 )
372 hour: h ‘[ Deleted: 0 ]
r"h
373 p(h)=—- )
NT
374 | where n, is the number of severe tornadoes (L > 10 km) initiated during hour h CST (Central -~ {petetea: )
375 | Standard Time), and Nr is the total number of tornadoes (L > 10 km) during the period 1982~ - { Deleted: 1 ]
376 | 2011, The dependence of p(h) on h is given in Fig. 4, There is an afternoon peak in activity h - { Deleted: 0 )
377  =151t0 20 CST. Maximum activity is at h = 17 to 18 CST, with 12% of all tornadoes initiated ; { Deleted: 3 ]

378  during this hour. The results are similar to those given by Kelly et al. (1978) for 17 659
379  tornadoes that occurred between 1950 and 1976.

380 | In Fig. 5, we give the statistics of severe tornado occurrence as a function of day of the year -~ { Deleted: 4 )

381 | (leap days, 29 February omitted). We use here ‘convective’ days, i.e. the 24 hour period from
382 12:00 UTC (Coordinated Universal Time) of a given day to 12:00 UTC of the following day;

383 | this is the same as 06:00-06:00 CST. For each day of the year, 1 to 365, we give the number - { Deleted: )
384 | of years from 1982-2011, with at least one severe tornado L > 10 km. There is a peak from - { Deleted: 1 )
385  April to July (days 91 to 212). The highest peak activity was on day 151 (31 May), with on {(peteted: o )

386 this day, 15 of the 30 years having at least one severe tornado.

387 | We next turn to annual variability over the period considered. In Fig. 6, for each year t = 1982, - - {[ Deleted: 5
"~ | Deleted: 1
0

388 | to 2011, we give n, the number of days per year in which one or more severe tornadoes (L> { Deleted-
389 10 km) occurred. The best-fit linear correlation of this data gives {Deleted: "

added standard error of the slope.

|
)
)
)
J

390 ’n]) — 0280(i0178)t _ 510)1 (4) e '{Comment [B3]: Numbers updated and

391 | where the uncertainties represent +1 s.e. (standard error) of the slope. The standard error is

392 | based on the standard deviation of the n,_values about this trend line, which is 8.3 dy. We

393 | will use this definition of uncertainty on the slope throughout the paper. On average, the

394 | number of days in a year with at least one severe tornado (L > 10 km) increased from ny, =44 { Deleted: n

395 | dy in 1982 to 52 dy in 2011, The standard error on the slope results in a 95% confidence _ - - { Deleted: 1
396 | interval of [-0.085, 0.645] dy yr '; in other words, considering the scatter of values around the \} Deleted: |
Deleted: 0

397 | best-fit trend line, there is 95% confidence that the slope lies somewhere in the range of

_ . . . _ - Formatted: Lowered by 3 pt
398 | —0.085 to 0.645 dy yr ', and therefore a slightly negative or zero trend cannot be rejected. - { —
- _____-_ - _-_ - ___-_-_ - - - —_ —_ _ _ _ - —_ - —_ _ - - _ —_ —_ —_ —_ —_ —_ —_ —_—~—~—~— ————————-————= v - ’{ Deleted: The standard deviation of the

values about this trend line is 8.4 dy.
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We next consider the number of severe tornadoes per year in the continental USA for the

period 1982-2011. We will utilize two definitions of severe tornadoes, one based on path

length exceedance, the other based on Fujita scale exceedance. We first give the annual

number of tornadoes per year with path lengths L > 10 km (and all Fujita intensities Fj. [>0).

which we will notate as Ny (L = 10km) . These values are given in Fig. 7a, for each year t = 1982

to 2011.+The best-fit linear trend for the annual number of tornadoes is givenby: -~~~ _

1, with the 95%

confidence, a positive (non-zero) trend is very likely.

As an alternative definition of severe tornadoes, we consider those tornadoes with Fujita

intensities F2 or larger. Other authors have also considered similar definitions. For example,
Verbout et al (2006) explored the annual variability for tornadoes with Fj, j>2. j>3. >4, for

the period 1954-2003. In Fig. 7b we give the annual number of tornadoes per year with Fujita

intensities Fj, j>2 (and all path lengths L > 0 km), which we will notate as N, j>21. The

best-fit linear trend for the annual number of tornadoes is given by:

Ny = 21=~0.299(+1.046)t + 743, (6)

In terms of the best-fit, the annual total number of severe tornadoes (Fj. [>2) decreased

slightly from. on average, Ny, =21 = 150 tornadoes vr'' in 1982 to 139 tornadoes yr ' in

2011, but with a large standard error on the slope resulting in a large 95% confidence interval

over which the slope might occur [-2.44, 1.84].

The two methods for defining severe tornadoes have a different dependence on time. To study

further this difference. we give the annual ratios Nyt = 10km1/ Ny (r, i = 21_in Fig. 7c. The best-

fit linear trend to the ratios is given by

lNY (L= 10km]/ Ny (Fj, j 2 21=0.0258(£0.0029)t — 50.4\‘. (7)

__ - | Deleted: In Fig. 6, for all tornadoes (L >
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annual total path length Ly, for each year t
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In terms of this best-fit, the ratio increases, on average, from 0.73 in 1982 to 1.1 in 2011, with

95% confidence limits on the slope [0.020, 0.032], indicating that within a 95% confidence, a

positive (non-zero) trend is likely.

The increase in deviation between the two measures of the annual numbers of severe

tornadoes as a function of year, 19822011, appears to be systematic. Before discussing this

result we consider, for both definitions of severe tornadoes, the annual total path lengths of

severe tornadoes in the continental USA over the period 1982-2011. In Fig. 8a we give for

each year t = 1982 to 2011, Lt =10km1, the annual total path length considering tornadoes

with path lengths L > 10 km (and all Fujita intensities Fj, [>0). The best-fit linear trend for the

annual total path length of severe tornadoes (L > 10 km) is given by:

Ly(L 2 10km) = 83.6(£31.8)t — 163 OOO# (524

In terms of the best-fit, the annual total path 1ength of severe tornadoes (L > 10 km) increased
from, on average, L, = 10km) = 2700 km yr' in 1982 to 5120 km yr' in 2011 The standard

deviation of the values about this trend line is LyLz10km = 1480 km yr ! and the 95%

confidence range on the slope is [18.4, 148.8] km yr > in other words, within the 95%

confidence, a positive (non-zero) trend is very likely.

In Fig. 8b we give for each year t = 1982 to 2011, L(F.j=2)_the annual total path length

considering tornadoes with Fujita intensities Fj, [>2 (and all path lengths L > 0 km). The best-

fit linear trend is given by:

1 Ly e j = 21 = 28.5(£24.3)t — 54 300}. 9)

In terms of the best-fit, the annual total path length of severe tornadoes (Fj, [>2) increased

from, on average, L, j>21_= 2190 km yr ' in 1982 to 3010 km yr ' in 2011. The standard

deviation of the values about this trend line is Ly >1ommi_= 1130 km yr' and the 95%

confidence range on the slope is [-24.3, 78.3] km yr >; a zero or negative trend cannot be

rejected.

The annual total path lengths for both methods increase with time, but the increase is greater

for L,i=10km._We again study the differences between the two definitions of severe

_ - Comment [B7]: Numbers updated and
-7 added standard error of the slope.
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tornadoes by taking the ratios L= 1okm1/ Ly(F,j=21_as shown in Fig. 8c. A best-fit linear

trend is given by:

‘LY[L>10km / Ly Fi, j = 21=0.0182(£0.0031)t — 34. 9\

The increase in the annual path length ratios appears systematic, althou,qh smaller than the

annual number ratios as given in Fig. 7c.

~

/
/

We next study the correlation between_the annual numbers of severe tornadoes Ny and_the /

tornadoes (L > 10 km) from 1982-2011,

the annual number NyiL=10km) is plotted as a \‘

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, \
‘\

the Fujita-based severe tornado definition (Fj, j > 2), the annual number N, ¥, j > 21_plotted as

i
H\'

a function of the annual total path length L, j=2)_(red triangles) Again, assuming an
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the period 1982-2011. We have used two definitions of severe tornadoes, the first based on

path lengths L > 10 km (and all Fujita intensities, Fj, | > 0), the second based on Fujita scale

considering only those tornadoes with Fj, | > 2 (and all path lengths L > 0 km). The results

shown in Figs. 6a and 6b show different trends for the two definitions. The length-based

definition has an increase of 135% over the 30-year period and is found to be statistically

significant within the 95% confidence limits of the best-fit slope; whereas, the Fujita scale

definition has a decrease of some 7% and is found not to be statistically significant. To study

the difference between the two severe tornado definitions, in Fig. 7¢, we took the ratio of the

values given in Fig. 7a and 7b. and found a systematic increase in the ratios over time.

In Fig. 8 we have given the annual total path length of severe tornadoes, again using the two
definitions for severe tornadoes, for the period 1982-2011. The results given in Fig. 8a (based

on path lengths L > 10 km) and Fig. 8b (based on Fujita scale Fj, | > 2) again show different

trends for the two definitions, but the difference between the trends is smaller than we saw

above for the numbers of severe tornadoes per year (Fig. 7). The length-based definition has

an increase of 90% over the 30-year period and is found to be statistically significant within

the 95% confidence limits of the best-fit slope; whereas, the Fujita scale definition has an

increase of 37% and is found not to be statistically significant. In Fig. 8c, we took the ratio of

the values given in Fig. 8a and 8b. and found a systematic increase in the ratios over time.

One possible explanation for the different trends observed over the period 1982-2011

between annual total number and annual total path length for severe tornadoes, is an

improvement or change in the surveying. For example, one possibility is that what would

have been reported as a single tornado early in the period, is now reported as multiple

tornadoes. The annual total path length would not change very much, but the number of

tornadoes would increase significantly.

When comparing the two definitions for severe tornadoes, it is important to recognize that for

the period considered (1982-2011) only about 50% of the tornadoes are common to both

definitions (i.e.. those with Fj. | > 2 and L >10 km). The Fujita-based severe tornado

definition (Fj. | > 2) has 4384 tornadoes. of which 2204 have path lengths L < 10 km (and

thus excluded from the path length definition of severe tornadoes). The path length definition
(L>10 km) has 4317 tornadoes, of which 2137 are FO and F1 (and thus excluded from the

Fujita-based definition of severe tornadoes). It is these differences in tornadoes considered in

the two severe tornadoes definitions which result in the different trends observed.




598
599
600
601
602
603
604

605
606

607

608
609
610

611

612
613
614
615

616
617
618

619

620
621
622
623
624
625

p. 13 of 45

Malamud and Turcotte. Statistics of Tornadoes & Severe Tornado Outbreaks. Submitted to ACPD (2™ version, This draft: 7 August 2012)

We will use the length-based definition for severe tornadoes (L > 10 km; all Fj, | > 0) in the

remainder of this paper for two reasons: (i) We see in Fig. 9 that the proportionality between

the annual numbers and path lengths is much more robust for the length-based definition of

severe tornadoes compared to the Fujita-scale definition of severe tornadoes. (ii) The focus of

this paper will be on path length statistics, thus it is appropriate to define our definition of

severe tornadoes using a path length criteria (L >10 km, all Fj, | > 0) rather than a Fujita

Scale criteria (Fj, | >2; L >0 km).

We now consider the noncumulative fre

v - . -0 - T oo T T

SN
f(Ly=2", 13
(L= a3

where ON is the number of tornadoes with lengths between L and L + JL. In Fig. 10, we plot
f(L) as a function of L, on logarithmic axes, and find a reasonably good power-law

correlation:

analysis was also used to fit a power-law to the original non-binned L > 20 km data with a

power-law exponent found of —2.93+0.04 (£2 sigma), Kolmogorov—SmirnovD =0.11, i

We briefly consider the relationship between the cumulative frequency-length data given in

Fig. 2 and the noncumulative data given in Fig. 10. The cumulative number N (> L) is related

to the frequency density defined in Eq. 13 by

(15)

N, =j:° f (LN .

Thus N is a function of all values of N(L) in the range L to infinity, whereas f(L) is a local

measure of the variation of N(L) with L (normalized to ‘unit’ size bins, i.e. 1 km). The

rollover for large path length values of L seen in Fig. 2 relative to Fig. 10, can be attributed to

a ‘truncation’ of the power-law dependence seen in Fig. 10, for large L. The rollover has been

shown for several sets of ecological data by Humphries et al. (2010) (see their Figure 1), and |

from a theoretical point of view by White etal. (2008, .
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4  Statistics of severe tornado outbreaks,

An important aspect of tornado climatology is the occurrence of tornado outbreaks. One
definition of a tornado outbreak is the occurrence of multiple tornadoes within a particular
synoptic-scale weather system (Glickman, 2000). The NWS SPC database of tornadoes used
here does not explicitly categorize individual tornadoes as part of a specific tornado outbreak.
In this paper, we follow the approach of Doswell et al. (2006) and will define a tornado

outbreak to include all tornadoes in a convective day (12:00-12:00 UTC) in the continental

USA. However, consistent with our studies of individual severe tornadoes, we will consider a

severe tornado outbreak to include only those tornadoes with path lengths L > 10 km.

Doswell et al. (2006) considered a variety of measures of the strength of a tornado outbreak
based on daily records. They gave the highest weight to the total path length of all tornadoes
during a day. In this paper, we will consider the statistics of the total path length, Lp, of all

severe tornadoes (L > 10 km) in a convective day in the continental USA. In Fig. 11, for _

the daily total path length of tornadoes, Lp, for that day. The distribution appears to be

relatively uniform over this period.

In Fig. 12 we give the cumulative number of severe tornado outbreaks per year N, with

convective daily total path lengths greater than L, as a function of L. Values are given for

six_10-year periods, 1952-2011; only L > 10 km (severe tornadoes) are used in summing a

daily total path length Lp. It is of interest to compare the daily total path lengths in Fig. 12

with the individual path lengths (L > 10 km) given in Fig. 1b. In Fig. 1b individual curves for

the first 30 years (1952-1981) were consistently higher than for the second 30 years (1982—

2011). This is not the case for the outbreak total path length data (N, vs. Lp) shown in Fig. 12.
The daily outbreak Lp data for 19521961 and 2002—-2011 were generally high; whereas, the
data for 1982-1991 and 1992-2001 were generally low. We conclude that although

differences in reporting certainly exist, the early data for total lengths of severe tornadoes (L >

10 km) during a convective day were more robust than the early data for tornado path lengths

taken individually.

We next make a rough estimate of the risk of severe tornado outbreaks (total daily path length

Lp) in analogy to our estimate for the risk of individual tornadoes (individual path lengths L)

| Deleted: , 1981-2010

_ - {Deleted: 9

o ‘[Deleted: 0




700
701
702
703
704
705
706

707
708
709
710
711
712
713
714
715
716
717

718
719
720
721
722
723

724

725

726

727
728

729

730

Malamud and Turcotte. Statistics of Tornadoes & Severe Tornado Outbreaks. Submitted to ACPD (2™ version, This draft: 7 August 2012) p. 150f 45

given in Fig. 2. In Fig. 13 we give the outbreaks per year N, with convective daily total path

lengths greater than Lp, as a function of Lp. Consistent with the discussion given above, for

the purposes of this estimate, we use all data from 1952-2011. During this 60-year period, the

longest daily total path length Lp = 3852 km occurred on 3 April 1974 and included 105
tornadoes with L > 10 km, the 2™ longest L = 2815 km on 27 April 2011, and the 3" longest
Lp=1566 km on 11 April 1965. The 4™ and 5™ longest daily outbreaks also occurred in April
(30 April 1954, Lp = 1412 km: 26 April 2011, Lp = 1313 km).

We use the data in Fig. 13 to give a rough estimate of the hazard of severe tornado outbreaks

and estimate the annual tornado outbreak to have a daily path length of L, > 480 km. On

average, not taking into account any changing trends over time, we would expect in any given
year an outbreak with daily path length of Lp > 480 km. The ten year tornado outbreak (the

longest path length or greater expected in a 10-year period) is Lp > 1200 km. An extrapolation

of the curve is (similar to Fig. 2) difficult for longer recurrence periods, as the shape of the

statistical distribution for the largest lengths is again unclear. One estimate is that the 100 year

tornado (the longest path length or greater expected in a 100-year period) is in the range of

2000-10 000 km. This estimate has a large uncertainty as the extrapolation of the data is

uncertain for these extreme values. It is interesting to note that in the 60-year period from

1952-2011 we had two tornado outbreaks with Lp > 2800 km.

As just discussed above, we believe that over the period 1952-2011, total convective day

lengths of severe tornadoes (L > 10 km) are relatively robust when comparing early decades

with later decades in terms of data quality. However, for the remainder of the analyses of this

section, as some differences do exist between the earlier and the later decades, and so that we

are consistent with earlier sections in this paper, we will return to considering only the period

1982-2011.

number of severe tornadoes (L > 10 km) in a convective day (i.e., a continental USA

‘outbreak’) and L_D the mean of the convective daily total tornado path lengths for all days

where Np is the same value. We also consider the standard deviation of Lp for each Np. For
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consider the mean of all Lp over multiple values of Np. The best-fit linear correlation to Np as

a function of L_D is a power-law relationship:

g
g
-7

‘ND - o.oso(L_D)mL 16) -

over the range 20 < L_D < 1000 km dy'. This power-law correlation is quite robust as it
extends over almost two orders of magnitude. With a power-law exponent of 0.870, the -
correlation between the number of severe tornadoes in a daily USA outbreak, Np, and the

mean daily total tornado path length, L_D , is almost linear (i.e., exponent 1.0). We conclude

that Np and L_D (calculated for all tornadoes L > 10 km) are equivalent measures of the

strength of a USA severe tornado outbreak.

We next give the frequency-length statistics of daily USA tornado outbreaks for the time
period 19822011, Similar to the definition of the frequency-density function f(L) given in -

~
~

correlation: ~

(L) = 83250, an

,,,,,,,,,,,,,,,,,,,,,,,,, v .7

with Lp in km dy'. This power-law relationship is found to be robust over about two orders

of magnitude, 10 km dy ' < Lp < 1000 km dy '. Maximum likelihood analysis was also used

to fit a power-law to the original non-binned L data, with a power-law exponent found of —

1.76+0.03 (£2 sigma), Kolmogorov-Smirnov D = 0.10. The cumulative frequency-length data

given in Fig. 13 for N (>Lp) has a ‘rollover’ for large Lp, compared to the noncumulative

data given in Fig. 15. The explanation given at the end of Sect. 3 for cumulative vs.

noncumulative statistics of severe individual tornado path length statistics L, is also applicable

to the outbreak data Lp,., -

As our final study of tornado statistics, we will consider the distribution of tornado path

lengths during a severe tornado outbreak. For this purpose, we consider two different sized

outbreaks, a very large outbreak on 27 April 2011 with 67 severe tornadoes (total path length

Lp = 2816 km) and a smaller outbreak on 25 May 2011 with 16 severe tornadoes (total path

length L, = 376 km). As both outbreaks are chosen from 2011 records, we believe that the

path lengths recorded should be very robust. The outbreak on 27 April 2011 was the second
largest continental USA outbreak during the period 19522011 (Fig. 13), the 25 May 2011

{Comment [B13]: Numbers updated

)

{Deleted: 10

{ Deleted: 4

{ Deleted: 1

‘[Deleted: 0

{ Deleted: 8

‘[ Deleted: 11

{Comment [B14]: Numbers updated

Deleted: 11

I I

Deleted: Just as in the case of severe
individual tornadoes, this power-law
relationship can be used to estimate the
relative probabilities of occurrence of
severe tornado outbreaks. The probability
of alLp=100 km dy’1 outbreak is a factor
of about 10"72° = 50 less likely to occur
thana Lp =10 km dy’I outbreak. Similarly,
an Lp = 1000 km dy’l outbreak is a factor of
about 50 times less likely to occur than a L
=100 km dy ' outbreak. It is interesting to
note how this factor of 50 compares with
the factor 10*'* = 1300 for individual
severe tornadoes obtained from Eq. (9).
Because the exponent in Eq. (11) is much
less than that in Eq. (9), very severe tornado
outbreaks are more likely to occur than very
severe individual tornadoes.




793
794
795
796
797
798

799

800

801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817

818
819
820
821
822
823

Malamud and Turcotte. Statistics of Tornadoes & Severe Tornado Outbreaks. Submitted to ACPD (2™ version, This draft: 7 August 2012) p- 17 of 45

the 80™ largest. In Fig. 16 we give the cumulative number of tornadoes N, with path lengths

L> 10 km, as a function of L. The longest path length for 27 April 2011 was L = 212.4 km and

for 25 May 2011 L = 76.3 km. In both the large and medium convective day outbreak, there is

a similar and systematic distribution of severe tornado path lengths, with similar scaling. The

examples given in Fig. 16 show that tornado outbreaks appear to have robust distributions of

severe tornado intensities as given by path lengths.

5 Discussion and Conclusions

In any study of the statistics of a natural hazard it is necessary to have a reliable database. In
the case of tornadoes, an important question is what a database should contain. The standard
measure of tornado intensity is the damage-based Fujita scale. The only other widely
available measure of tornado intensity is the path length of touchdown caused by a tornado. In

Fig. 1, we have given the cumulative number of tornadoes per year with path lengths greater

earlier periods. This difference can be attributed to systematic NWS tornado surveys

introduced in the early 1980s. Based on Fig. 1’s data, we restrict our statistical studies_of

path length statistics (N. > L) for the entire period 1982-2011 and L > 10 km. We used this to

make a rough estimate for the longest tornado path length (or greater) expected, on average,

these frequency-size statistics to calculate the probability of given path length tornadoes

occurring, implicitly assumes weak stationarity of the severe tornado time series. We

acknowledge that there exists a yearly seasonality within the time series, and a clustering of

values for tornadoes that occur with given atmospheric conditions.

The basic purpose of this paper has been to consider the statistics of tornado touchdown path
lengths as a measure of tornado intensity. Since the standard measure of tornado intensity in
the USA is the Fujita scale, we consider the variability of path lengths for a specified Fujita
Although there is a systematic increase in mean path length with increasing Fujita scale value,

there is also a large variability. A reasonably good scaling of the mean touchdown path
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lengths as given in Eq. (1) was found for strong (F2, F3) and violent (F4, F5) tornadoes. The
deviation from this scaling for weak (FO, F1) tornadoes is likely due to limitations of the
Fujita scale for weak tornadoes and/or measurement problems with determining path lengths
for these weak tornadoes. Since our studies utilize path lengths, we define a severe tornado to

be one with a path length L > 10 km and have restricted our studies to these tornadoes,,

Over the period 19822011, we have given (Fig. 6) the annual number of days n,_during

which at least one severe (L > 10 km) tornado occurred and (Figs. 7 and 8), for two different

definitions of severe tornadoes, the annual total number Ny and annual total path lengths Ly of

severe tornadoes. The two definitions of severe tornadoes included: (i) path length-based

(L>10 km; all Fj, | > 0) with 4317 severe tornadoes; (ii) Fujita-based (Fj, [>2: all L) with

4384 severe tornadoes. However, only about half of the severe tornadoes are included in both

definitions. Although in most cases systematic increases over the period 1982-2011 were

observed, there was also considerable scatter. Only for annual total number and path length

(Ny_and Ly), using the path-length definition of severe tornadoes, was the increase significant

within the lower and upper limits of the 95% confidence limits on the slope. We note that this

trend for these values is only for the 30 year period 1982-2011, and that extrapolating

forward or backwards in time, will not necessarily have the same positive trend.,

we gave the total number of severe tornadoes in a year, Ny, as a function of the total

\\
path length of tornadoes in that year, Ly, for both definitions of severe tornadoes. We '»

observed that the correlations are much more robust (using a linear correlation) for the path-

length definition (L > 10 km) than the Fujita scale definition (Fj, {>2). We then argued the use

of the length-based definition for severe tornadoes (L > 10 km; all Fj, j > 0) in the remainder

of the paper based on Fig. 9’s more robust behaviour for the length-based definition and also

the paper’s focus on path length statistics. We therefore used this database of 4317 severe

continental USA tornadoes (L > 10 km) that occurred over the time period 1982-2011.

There is no question that Fujita scale evaluations of tornado intensities are very useful.

However, results in this paper, along with other work, would indicate that tornado touchdown

path lengths may also be a very useful measure of the intensity of both individual tornadoes

and tornado outbreaks. We believe that the definition provided here of a severe tornado (L >

10 km), is easily quantifiable and provides robust statistics,,
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scaling. Over the touchdown path length range 20 < L <200 km, we found reasonably good

power-law scaling (Eq. 14) of the frequency density as a function of L, with power-law

exponent about —3.0.

Tornado outbreaks are an important feature of tornado climatology. Ideally, a tornado

o DY MR, ooy O T e Ry M Y YT e)

outbreak would be associated with a particular synoptic-scale weather system. Although
location information is available for each tornado path length, the association of specific
tornadoes with a specified outbreak are still difficult to make in a systematic way. We follow

the approach used by Doswell et al. (2006) who defines a tornado outbreak to be all tornadoes

12:00 UTC, i.e. 06:00-06:00 CST). Consistent with our study of severe individual tornadoes

with path lengths L > 10 km, we define a severe tornado outbreak to be all severe tornadoes (L
> 10 km) during a convective day in the continental USA. As two measures of severe
outbreak intensity, we utilize the number of severe tornadoes during a convective day, Np,

and the total path length of severe tornadoes during a convective day, Lp.

In Fig. 12, we gave the cumulative number of severe tornado outbreaks per year N, with daily

total path lengths greater than Lp, as a function of Lp. In analogy to Fig. 1, we do this for six

10-year periods between 1952-2011. In Fig. 1, the individual path length statistics (N, vs. L)

for the first three decade periods (1952—-1981) were consistently higher than the second three
decades (1982-2011). This is not the case for the outbreak daily path length data (N vs. Lp)

given in Fig. 12, where the six decades do not appear to be biased by being earlier or later in

the 60 year period considered. For this reason, we considered next, in Fig. 13, the severe

outbreak cumulative path length statistics for the entire period 1952-2011. During this period,

the most extreme convective day outbreak was on 3 April 1974, with Lp = 3852 km, and the

second most extreme on 27 April 2011 with Lp = 2815 km. The data in Fig. 13 was used to

make a rough estimate for the length (or greater) of a severe outbreak’s convective day path

length expected, on average, every 1, 10, 100 years, giving values (respectively) of 480, 1200
and 2000-10 000 km.
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path lengths L, _corresponding to outbreaks with that number Np. This relationship is the ,/{De'e“’d: »in any given year,
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found reasonably good power-law scaling (Eq. 17) of the frequency density as a function of

self-organization in the statistical occurrence of severe tornado outbreaks.,

In addition to our studies of the distributions of path lengths of individual tornadoes and

convective day total path lengths of severe tornado outbreaks, we have also studied the

distribution of path lengths during single severe tornado outbreaks. We considered two

convective day outbreaks from 2011: 27 April 2011 (67 severe tornadoes) and 25 May 2011

(16 severe tornadoes). In Fig. 16 we gave. separately for the two severe outbreak days, the

cumulative number of severe tornadoes with path lengths greater than L as a function of L. An

approximate scaling was observed indicating again, statistical self-organization during the

tornado outbreak itself of the path lengths.

Based on the statistical studies reported in this paper we conclude that:

1. Touchdown path lengths of L > 10 km are a good measure for the intensity of severe

tornadoes. -

2. The total continental USA path length of severe tornadoes (L > 10 km) during a

convective day (12:00-12:00 UTC) is a good measure of the intensity of a severe
tornado outbreak, -

3. We have found strongly non-Gaussian frequency-length statistics for

e Path lengths for severe tornadoes (L > 10 km).

e Convective day total path lengths of severe tornado outbreaks.

e Path lengths for severe tornadoes during a single outbreak.

4. Tornado path length statistics can be used fo estimate the tornado hazard. This is in - -

direct analogy to the way (Schlelicke and Névir, 2011) that the frequency-size

statistics for earthquakes are used to quantify the earthquake hazard.
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lengths can be used as quantitative measures of the systematic properties of severe tornadoes

and severe tornado outbreaks.
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List of Symbols

J

o

Variable Units Description
oN # The number of tornadoes with lengths between L and L + SL.
f(L), f(Lp)  varies  Frequency density of L (see Eq. /3)orlp. ~{ peteted: 8
h Hour of the day.
. Variable representing the Fujita scale value, where FO, F1, F2,
J F3, F4,F5is givenas Fj,j=0,1,2,..., 5.
L km Individual tornado touchdown path length.
L km dv! Total touchdown path length of severe tornadoes (L > 10 km) in a

D y day.

T km dv! Mean of the daily total path lengths of severe tornadoes (L > 10

D Y km) over multiple days.

EFJ- km Mean tornado path length for Fujita intensity Fj, j =0,1,2,..., 5.
Ly kmyr' Total path length of severe tornadoes jnayear,. - { Deleted: (L > 10 km)
Lo s 2 K vr! Total path length of severe tornadoes (defined as Fujita scale ~ [ Deteted: n .. [1]

Yo KMYL_ intensities Fj, | > 2 and all L > 0 km) in a year.

Loistokm  kmve! Total path length of severe tornadoes (defined as path lengths L >
- " YL jgkmandall Fujita scale intensities Fj, | > 0) in a year.

Cumulative number of: (i) fornadoes with path lengths greater - { Deteted: continenial UsA
N. # than or equal to L; (ii) outbreaks with total path lengths in a o [ Deleted: per year
convective day greater than orequaltolp, - { Deleted: .

n d Number of ‘days per year’ with at least one severe tornadoes (L >
L & 10 km).
Np #dy'  Total number of severe tornadoes (L > 10 km) in a day.

n 4 Total number of severe tornadoes (L > 10 km) initiated during e { Deteted: N,
et hour,h. .. 7
Nt # Total number of values in the dataset considered.

n . Number of ‘years per day of the year’, with at least one severe
X ax tornado (L > 10 km).

Nomisa  #yr! Total number of severe tornadoes (defined as Fujita scale o {De'eted: Ny ... [2]
S S L intensities Fj, | > 2 and all L > 0 km) in a year.

Nyis okm  #yp! Total number of severe tornadoes (defined as path lengths L > 10
s B km and all Fujita scale intensities Fj, | > 0) in a year.

) Probability of a severe tornado occurring for a given hour of the
P day, h.
t yr Time in years.
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Table 1. Continental USA tornado touchdown path lengths L as a function of Fujita scale

intensities Fj, j =0,1,2,...,5. (i) The range of path lengths L (km) given by Fujita and Pearson

(1973). (ii) Mean tornado path lengths EFj in the continental USA given by Brooks (2004) and

- { Deleted:

N

Fujita Fujita and Pearson (1973)
Intensity Range of tornado path
lengths L (km)

Brooks (2004)
19502001
Mean tornado path

length Ly (km)

Mean tornado path
length Ly; (km)

o [ Deleted:

of

- ‘[ Deleted:

o L

FO 0.5-1.5
F1 1.6-5.0
F2 5.1-15.9
F3 16.0-50
F4 51-159
F5 160-500
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_ - Comment [B15]: All numbers here
updated to reflect changing years from
1981-2010 to 1982-2011. Track changes

1092 ‘ rTable 2. ﬂ\Iumber and percentage of continental USA tornado path lengths from 19822011, L -
1093 < 10 km and L > 10 km (i.e., ‘severe’ tornadoes as defined in this paper), as a function of \\\:\ has been removed.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -

A J

1094 ‘ Fujita scale intensities F. Data are from NOAA (2012. [ eteted: |
R { Deleted: 0
1095 ) \[ Deleted: 1
Tornadoes with ‘Severe’ tornadoes All tornadoes
y . L <10 km with L > 10 km (L>0km)
Fujita Intensity # (% in Fujita # (% in Fujita # (% in Fujita
category) category) category)
FO 19 255 (97%) 521 (3%) 19 776 (100%)
F1 8552 (84%) 1616 (16%) 10 168 (100%)
F2 1902 (59%) 1305 (41%) 3207 (100%)
F3 273 (29%) 674 (71%) 947 (100%)
F4 28 (13%) 181 (87%) 209 (100%)
F5 1 (5%) 20 (95%) 21 (100%)
Total 30010 (88%) 4317 (12%) 34 328 (100%)
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_ - | Comment [B16]: See “Reply to
77777777777777777777777777777777777777777777777777777 — Reviewers” for a table that summarizes
new figures added and major changes to

Fig. 1. Cumulative number of continental USA tornadoes per year N, with path lengths figures.

greater than or equal to L, given as a function of L. Data are given for six 10-year periods - Deleted: arc

from 19522011, (a) All tornadoes. (b) Data for L > 10 km, which we define to be severe - { Deleted: |

tornadoes. Tornado path length data L are from NOAA (2012. . \\ {{E:zzz (1)

[Fig. 2. Cumulative number of continental USA _tornadoes per year N, with path lengths - - -{ Comment [817]: Newfigure

greater than or equal to L is given as a function of L. The data (NOAA, 2012) are for the

period 1982-2011 and for L > 10 km, defined in this paper to be severe tornadoes. The three

longest path lengths are identified by vertical arrows. Using this data, rough estimates are

made for the expected 1 year, 10 year, and 100 year tornadoes.

Fig. 3, Continental USA tornado touchdown path length statistics as a function of Fujita scale -~ {petetea: 2

values FO, F1, ..., F5, for the time period 19822011, with all path lengths L considered. - { Deleted: 1

Included are the mean path lengths EFJ- (red diamonds) for each Fujita scale value (j = x{Deleted: ‘

0,1,2,...,5), median values (grey circles), and the 75th and 25th percentile (upper and lower

horizontal lines). Also given (thick red line) is the best-fit to the mean values for strong (F2,

F3) and violent (F4, F5) tornadoes (Eq. 1). Tornado data are from NOAA (2012).

Fig. 4, Histogram of the distribution of continental USA severe tornadoes (L > 10 km) asa -~ D02

function of the hour of the day, h (Central Standard Time). The probabilities p(h) of a severe

tornado occurring are given as a function of h for the time period 19822011, Tornado data - { Deteted: |

are from NOAA (2012). * {(oeteted: o
__{ Deleted: 4

>

the year_(convective days, 12:00-12:00 UTC). The number of years n, with at least one /{Deleted:

_— —_

severe tornado (L > 10 km) is given for each day of the year, 1 to 365 (leap day removed), for

the 30-year period 1982-2011, Tornado path length data L are from NOAA (2012). _ - {peteted: 1
o ‘[ Deleted: 0
Fig. 6. Number of days per year n, with at least one continental USA severe tornado with o { Deleted: 5
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path lengths L > 10 km is given for the time period 19822011, The best-fit linear correlation :[[D:IZIZCI' T
is also given (Eq. 4), with uncertainties given as +1 s.e. (standard error) of the slope, Tornado o { Deleted: 0
path length data L are from NOAA (2012). ~{ Deleted: .
[Fig. . Continental USA _number of severe tornadoes per year, Ny, over the time period -~ {f,‘:"ﬁg‘f”t [BA8]: Partsband cof feure

1982-2011. Shown are the total number per year of (a) severe tornadoes (L > 10 km), \\‘[Deleted:G
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Nyt = 10km)_(FO to F5 considered), (b) tornadoes with Fujita (or Enhanced Fujita) scale

intensities greater than or equal to F2, Nyri. =21, (all path lengths L considered). In (c) is

shown, per year, the ratio of (a) to (b), i.e. Nyt =10xm1/ Nyir.j=21. In all three panels, the

Yo Y ___ v _

slope. Tornado path length data L are from NOAA (2012).,

\

best-fit linear correlations are shown, with uncertainties given as +1 s.e. (standard error) of the
- ™~

W

\Fiq. 8. ‘Continental USA total path length of severe tornadoes per year, Ly, over the time

- e = e e e —

period 1982-2011. Shown is the total path length per year for (a) severe tornadoes (L > 10
km), L, =10kmi_(FO to F5 considered), (b) tornadoes with Fujita (or Enhanced Fujita) scale

intensities greater than or equal to F2, L,(r, =21, (all path lengths L considered). In (c) is

shown, per year, the ratio of (a) to (b), i.e. L, >10km1/ Ly (F, j=21.In all three panels, the best-

fit linear correlations are shown, with uncertainties given as +1 s.e. (standard error) of the

slope. Tornado path length data L are from NOAA (2012).

\

year, Ny, is given as a function of the total path length in that year, Ly. Results are given for

two definitions for severe tornadoes: (i) (blue circles) tornadoes with L > 10 km (FO to F5

considered), (ii) (red diamonds) tornadoes with Fujita (or Enhanced Fujita) scale intensities

greater than or equal to F2 (all path lengths L considered). The best-fit linear correlations are
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tornado path lengths (individual path length data from NOAA, 2012) during a convective day, - - ‘[Deleted: ]

- {Comment [B22]: New Figure. ]

daily total path lengths greater than or equal to Lp, given as a function of L. Data are given

for six 10-year periods from 1952-2011. Outbreak path lengths L are based only on

tornadoes with path lengths L > 10 km (defined in this paper to be severe tornadoes). Tornado

path length data L are from NOAA (2012).

- {Comment [B23]: New Figure ]

daily total path lengths greater than or equal to Lp, given as a function of Lp. The data are for

the period 19522011 with outbreak total path lengths L, based only on tornadoes with path

lengths L > 10 km (defined in this paper to be severe tornadoes). The three longest outbreaks

are identified by vertical arrows. Using this data, rough estimates are made for the length of

the expected 1 year, 10 year, and 100 year outbreaks. Tornado path length data L are from

NOAA (2012).

- ’[ Deleted: 10 ]

Np_during the period (1982-2011). is given as a function of the mean of the convective daily

total tornado path lengths for all days where Np_is the same value, L, . Daily values are for - | Deleted: The number of continental USA
= S - severe tornadoes (L > 10 km), 1981-2010,

in USA daily ‘outbreaks’ with Np, is given
convective days (12:00-12:00 UTC). Horizontal error bars represent = 1 s.d. (standard as a function of the mean of the daily total

,,,,,,,,,,,,,, —

path lengths LD .

deviation) of the Lp for a given Np. The best-fit power-law correlation of the data is also

given (Eq. 16). Tornado path length data L are from NOAA (2012). -~ {Deteted: 13 )
Fig. 15, [The frequency-length statistics of continental USA daily tornado outbreaks during the -~ {E;’,T”‘e“t [B241: Added vertcalerrr }
period 19822011, The frequency densities f(Lp) are given as a function of Lp, the total path { Deleted: 11 )
length of all severe tornadoes (L > 10 km) during a USA daily outbreak. Daily values are for ) \\\i E::::: (1) %
convective days (12:00-12:00 UTC). Vertical error bars represent two standard deviations
(£20) and calculated as given in Fig. 10 caption. The best-fit power-law correlation of the
data is also given (Eq. 17). Tornado path length data L are from NOAA (2012). _~ { peleted: 14 )
Fig. 16.[Distribution of severe tornado (L > 10 km) path lengths during two convective day -~ |.2omment [8253: NewFigure )
(12:00-12:00 UTC) outbreaks in the continental USA. The cumulative number of severe
tornadoes N with path lengths greater than or equal to L. given as a function of L. Results are
given for outbreaks on the 27 April 2011 (67 severe tornadoes) and 25 May 2011 (16 severe
tornadoes). Tornado path length data L are from NOAA (2012, - {Deleted: q ]
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greater than or equal to L is given as a function of L. The data (NOAA, 2012) are for the

period 1982-2011 and for L > 10 km, defined in this paper to be severe tornadoes. The three

longest path lengths are identified by vertical arrows. Using this data, rough estimates are

made for the expected 1 year, 10 year, and 100 year tornadoes.
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100

10 ~

L (km)

log L, =0.241;+0.641, j=2,34,5

0.1 : : :
FO F1 F2 F3 F4 F5

Fujita Scale

< Weak >< e >< Violent >

values FO, F1, ..., F5, for the time period 1982-2011, with all path lengths L considered. _

Included are the mean path lengths EFJ. (red diamonds) for each Fujita scale value (j =

0,1,2,...,5), median values (grey circles), and the 75th and 25th percentile (upper and lower
horizontal lines). Also given (thick red line) is the best-fit to the mean values for strong (F2,

F3) and violent (F4, F5) tornadoes (Eq. 1). Tornado data are from NOAA (2012).
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1285 | Fig. 4, Histogram of the distribution of continental USA severe tornadoes (L > 10 km) as a

1286  function of the hour of the day, h (Central Standard Time). The probabilities p(h) of a severe
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Fig. 6. Number of days per year n, with at least one continental USA severe tornado with
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period 1982-2011. Shown is the total path length per year for (a) severe tornadoes (L > 10

km), L,L=10um (FO to F5 considered). (b) tornadoes with Fujita (or Enhanced Fujita) scale

intensities greater than or equal to F2. L(r.j=27, (all path lengths L considered). In (c) is

shown, per year, the ratio of (a) to (b), i.e. Lyt 10km)/ Ly (F,j=21. In all three panels, the best-

fit linear correlations are shown, with uncertainties given as +1 s.e. (standard error) of the

slope. Tornado path length data L are from NOAA (2012).
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daily total path lengths greater than or equal to Lp, given as a function of Lp. Data are given

for six 10-year periods from 1952-2011. Outbreak path lengths L are based only on

tornadoes with path lengths L > 10 km (defined in this paper to be severe tornadoes). Tornado
path length data L are from NOAA (2012).
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daily total path lengths greater than or equal to Lp, given as a function of Lp. The data are for

the period 1952-2011 with outbreak total path lengths L based only on tornadoes with path

lengths L > 10 km (defined in this paper to be severe tornadoes). The three longest outbreaks

are identified by vertical arrows. Using this data, rough estimates are made for the length of

the expected 1 yr, 10 yr, and 100 yr outbreaks. Tornado path length data L are from NOAA
(2012).
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convective days (12:00-12:00 UTC). Vertical error bars represent two standard deviations

(£20) and calculated as given in Fig. 10 caption. The best-fit power-law correlation of the
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\Fiq. 16. ‘Distribution of severe tornado (L > 10 km) path lengths during two convective day

(12:00-12:00 UTC) outbreaks in the continental USA. The cumulative number of severe

tornadoes N, with path lengths greater than or equal to L, given as a function of L. Results are

given for outbreaks on the 27 April 2011 (67 severe tornadoes) and 25 May 2011 (16 severe
tornadoes). Tornado path length data L are from NOAA (2012).
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