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Abstract

While therehas been an abundance of research dedicated to the seasonal
climatology of severe weather, very little has been done to samhrdous weather
probabilitieson smaller scales. Using a similar process to the Brooks et al.@2003
creation oflocal daily cimatological tornado estimatdscal hourly climatological
estimates of tornado and hail event probabilities were developed using storm reports
from the NOAA Storm Prediction Center. These estimates begin the process of
analyzingtornadoand hailfrequencie®n a sub24 hour scale.

Further work begato investigatecharacteristicef the local climatology,
including how the diurnal cycle varies in space and time. Hourly tornado probabilities
arepeaked for both the anal and diurnal cycles inéiNorthern and Southerriaihs.
However, this pattern breaks down quickly in the southeast United States (US), where
there isa morevariable patterin tornado probabilities. Tisedifferences in the annual
and diurnal cycle create forecasting and comtyueisponse challenges unique to each
region These challenges are briefly discusakxhgwith theassociatedlimatological
risks.

The same process was repeated using hail repagiding similar results to the
tornado climatology. While the annual agidrnal cycles were once again more
variable n the southeast US than in thaiRs, the differences in the cycles were not as
pronounced am the tornado climatology.

This work is part of a larger effort to provide background information for
probabiligic forecasts of hazardous weather that are meaningful over broad time and

space scales, with a focus on scales broader than the typical time and space scales of the

Xi



events of interest (including current proc
remains to continueescribing probabilitieas the time and space scales of the forecast

become comparable to the scale of the event.
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Chapter 1: Introduction and Background

1.1 Motivation

Severanveatherspecifically tornadoeand hail cause large amounts of damage
to life and property every year @donal Oceanic and Atmospheric Administration
(NOAA) Storm Prediction Centerfdail damagein particular, producesconomic
impactsto nearly every regionfadhe United States (US). Even those areas that do not
see many hail events, like the Southeastern US (SE US), still experience large economic
loss due to crop damage to fruit and other sensitive species (ChagnonT®iagioes
also producédotheconomicand lifethreatening impacts, as shownAishley (2007).
This workshowedthrough an analysis of tornadic fatalities in h®that most fatalities
occur in the southeast portion of the country, where there is a higher proportion of
eldely residents andhobile homes. Theixtaposition ofmultiple types of severe
eventsand certain demographiosekesthe SE USparticularly vulnerable Carbin et al.
(2013) examined the current challs facing tornado forecasters alistussedhe
specific need for a fooasting paradigm shift to continue to increase lead times for
these types of event®ne way to change the current hazardous weather forecasting
paradigm is to include a probability of occurrencéomecast products/escio and
Thompson (2000)oked atte accuracy gbrobability oftornadooccurencevaluesin
weather watch product$heyconcluded that adding probabilistic information was
usefulin highlightingthe area of greatest threat within the watch.

To this end, aecent NOAA initiative, callethe Forecasting a Continuum of
Environmental Threatd~ACETS)project,aims tousher in a neviorecasting paradigm

that includes probabilistic informatioheproject is working taransform the current



dichotomous severe weather watch and warning syistienone with a continuous
stream of probabilistic hazardous weather information (Rothfusz et al. F¥gBrding
the larger end of the temporal and spatial scales of these forgzhktsurs) we looked
at the distribution of all severe reports from8eé or m Pr edi cti on Cent er
archive and found that more than 95% of reports within a 24 hour convective outlook
day (12 UTC to 12 UTC) are contained in a 4 hour period. Therefore, the 24 hour
convective outlook probabilities can be interpreted-aour convective probabilities.
This information is vital in understanding how forecasters can create and maintain a
continuous stream of severe weather information on shorh@®irs) time scales, as
the FACETSs project is aiming to implemeWorkload could be greatly reduced if
forecasters generally need to be concerned with@ud period of the day rather than
all 24 hours.
The current severe weather forecasting system consists di@24onvective
outl ook, foll owed Ilyhstsan thewrdr of-B ldourg),iohowedh u s u &
by a warning (which usually |l asts | ess the
climatological severe weather information is calculated on the order of days at the finest
scaleqto help forecasters with tlieutlook creation)However,if forecasters are going
to be expected to create severe weather probabilitisaledaily scales, there needs to
be climatological background information that can support these types of forecasts.
Additionally, general impsvement osevere weather forecasteyy come from
understanding how their climatological frequencygigributed throughout the year as
well asthroughout the dayl'hus, currehclimatological information on monthly,

weekly,or daily (at best) scaleis too coarse to be of aid wifaturehourly and sub



hourly forecasts of these evern@onversely, sutalaily climatological values can also
provide event context for emergency managers and community meomgcethese
forecasts are disseminated. Withbaseline climatologicahformation, how is an end
user supposed to know i f?Showdddisess Gtarttaworrye a t
about severe weather when the probabilities a@e0d6? 2%3B30%? For these reasons

the need to have climatologigaiobabilistic informatiorof severeveather events on a
subdaily scale has beconeeident To that endan hourly climatology of tornadoes

and severe hail events was developed using similar methods to the work described in
Brooks et al. (2008. In addiion to the hourly climatological estimates, an analysis of
the spatial and temporal differences between hourly estimates was also executed, and

impacts of those differences aliscussed.

1.2 PreviousTornado Climatologies

There have been numerous atpgs to quantify the climatogical risk of severe
hazardsMany of the tornado climatological estimates are created wsihgparts of
the total report database in an attempt to reduce the errors assodiatiédTivose
studies that use only (E)F2 agceater reports (Brooks and Doswell 2000, Coleman and
Dixon 2014, Concannon et al. 2000) have found the maximum probability of tornado
occurrence to be in anthaped pattern extending from lowa down into Oklahoma and
then east into Mississippi and Alabafgsee Figure 1 from Brooks and Doswell 2000).
Some of the highest risk areas are often located in the southeastern portions of the US
(SE US): the threat tends to start in these areas in the beginning of the year and then

move north in the summer beforéuming in the fall and winter. Another method



discussed in Kelly et al. (1978) attempted to remove report bias from the record, while
still retaining 80% of the reports. They converted report times to mean solar time and

then analyzed patterns in the renmag reports. Results showed that most violent

Figurel.1l: Mean number of days per century with at least one F2 or greater tornado
touching down in an 80km grid box. Contour interval is 5 days with loea@sour 5
(Brooks and Doswell 2000, Figure 1).

tornadoes occur on outbreak days, except in the SHRBughout the literature, one
common theme was the differences in climatological tamnedterns between the

Plains and the SE UShe latteroften sees a high number of nocturnal tornadoes, which

is analyzed on a climatological scale in Kis and Straka (2009). Environmental data

taken from model proximity soundings around nocturnal tornadoes revealed that



environments commonly found in the falhd winter months in the SE US (with low
instability but substantial lowlevel vertical wind shear) which were previously thought

to not be supportive of these storms often produced them. Rasmussen and Blanchard
(1998) also looked at environmental fastsupportive of tornado reports, but this work
focused on supercell characteristics. Shear and Convective Available Potential Energy
(CAPE) values were found to weakly discriminate between tornadic antbradic
environments, particularly in thel&ns.Finally, Schaefer et al. (1986) found that
probabilities foranytornado occuence for all tornadoes with an F&ing or less were

very widespread across all locations east of the Rocky Mountaingjimgline Plains,

the Ohio Rver valley and the SE 8l

1.3 Climatological Tornado Patterns

Changes to the climatology of tornado occurrence throughout the latter half of
the 2" century have been investigated a number of times. Verbout et al. (2006) found
there to be an aver pgyparddefined 8s greddarthpanB8BFL N a d o
or higher tornadoes per day). However, multiple studies including Brooks et al. (2014)
and Elsner et al. (2014) found a decrease in the number of days per year with at least
one tornado report. Essentially, each Hag a lower probability of a tornado occurring,
but if tornadoes do occur, then there is a higher probability of having multiple
tornadoes. Therefore, the number of days with tornadoes has decreased over the last six
decades, but the dmwmer( oaf ofullibg etakr mad/ s )
In addition to these findings, there are indications that intraseasonal tornado climatology

characteristics are also changing. Tippet (2014) used a tornado environment index to



assess whether these chargesiueto deviations in reporting practice or actual
atmospheric changeResultsshowed that changes did occur to this index after 2000,
indicating that there is more volatility to US tornado frequencies, meaning one year may
have very few reports, and the nesuld be a record high report year. Finally, Long

and Stoy (2014) and Lu et al. (2015) both found that the peak in tornado season is
becoming earlier in the year, which can have huge implications for community

resilience to these types of disasters.

1.4 Previous Hail Climatologies

A climatology of nortornadic storms was produced by Doswell et al. (2005).
They used hail and wind reports of the SPC database, gridded and smoothed the reports
in a similar way to Brooks et al. (2083and found a prefence fo severe reports in the
Plains. The cycle to this climatology followed that of the tornado climatology, which
starts in the southern states and moves north throughout the summer before returning to
the SE USluringthe fall and winterAdditionally, asevee hail climatology was
developed by Cintineo et al. (2012) and found a broax of hail occurrence in the
Plains and a secondary axis in the SE US. The early spring months {Maggtsaw
the most reports in the SE US, but the most active meashJunen the Rains.

Allen and Tippett (2015) describe one of the more holistic climatologaial
estimate studieis whichthey use all reports greater than 0.75 inches. While they
acknowledge the issues with hail reporting practices (like the higher dehegyorts
surrounding road networlend the sharp increase in reports with the development of

communication technologigghey also argue that these estimates are still roduwest



researchers consider overall patterns and statistics. The methods assadd this
climatology closely resemble tigeidding and smoothing procedunesed inBrooks et

al. (2003a)where researchers project reports onto an 80 km grid and use Gaussian
kernels to smooth those report valu@se of the major caveats to thisnkas the
reduction of time period to the last-20 years due to the linear increase in hail days

(days with at least one hail report) outside of this time period.



Chapter 2: Data and Methods

2.1 Storm Reports

The storm reports used to build the hourly hail tmmdado climatology come
from the St or m (FPC)SalercReport Dataliagechaeéer adds
Edwards 1999)Reportsare collected from National Weather Service offices, quality
controlled to remove erroneoand duplicateeports, andhen sent to the SPC where
the times are then converted to Central Standard Time. The tornado climatology uses
reports from 1955 to 2015, while the hail climatology uses reports from 1963 to 2015.
There are a number of changes that occurred in repor@atjqes during the earlier
years of the severe weather report datallaseswell and Burgess 1988hese years
were chosen to minimize the impacttioése changes

There are a number sfudies that have attempted to analyze the errors and
inconsistenciewith severe weather reports in the United Stéeas Doswell and
Burgess 1988, Anderson et al. 2007, Brooks and Doswell 2009b). First, reports are
subjectchanges in reporting practicér example, the change in the definition of
severe hail from 0.7#ches to 1.00 inches in 2010 had an impact on the number and
process of reporting severe hail events. Additionally, road networks and population may
also have an impact on reporting practices. Hail is particularly vulnerable to road
placement, as thos@ents are generally reported after it occurred (when people see it
on the ground), whereas tornadoes are often seen from miles away, making those events
less vulnerable to where the reporter is located (Allen and Tippett 2015). Next, some
eventsthat occumwhere there is a low population density may not be reported, whereas

many more reports occur in locations with a hpgipulation density (Anderson et al



2007, Gall et al2009, Brooks and Doswell 2009B)inally, tornado ratings are often
underestimatedue to the~ujita and the later implement&shhanced Fujita scale
system. Since it is a damage scd@mage indicators are necessary for an accurate
assessment of tornado intensifya tornado occurs in a rural area and does not hit
many structures, thernado will likely be underrated (Doswell and Burgess 1988).
Anderson et al. (2007) found that many tornadoes in the Southern Plains are likely
underrated for exactly this reason.
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Figure2.1: Number of EF1+ tornado reports by year

This work uses all EF1+ tornado reports (on the Enhanced Fujita scale, Doswell

et al. 2009) between the years 1955 and 2015. Brooks et al. (2003a) showed that while



the number of tornado reports nearly doubled betwthe miell950s and the early

2000s, the number of tornado days (days where at least one tornado was reported
somewhere in the US) only rose-18%. Other work has also shown that the number of
strong and violent tornadoes remained relatively constemighout the period

(Schaefer and Schneider 2002). Additionally, we show that when the dataset is
restricted to only EF1+ tornadoes, there is no significant trend in the number of reports
(Figure 2.1). Given this lack of increase in reports, we are canftat our calculated
climatological estimates are robust.

Next, the hail climatology uses all reports greater than 1.25 inches. While Allen

3500
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Figure2.2: Number of hail grid point days by year. The lineagression is plotted in
red.
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and Tippett (2015) found no significant trend in the number of hail days per year at any
size threshold, they did find a positive, linear trend in the number of hail grid point days
(number of grid points with at least oreport in a day) per year, although the results
were not statistically significant. Since this work is using hail reports all the way back to
1963, and since there is a positive, linear trend in the hail grid point days throughout
that time period (Figur@.2), detrending methods (described in section 2.5) were used
to create the final hourly hail climatology following the methods outlined in Allen and
Tippett (2015) to ensure later years did not have more of an impact on the

climatological estimates thaay years.

2.2 Gridding of Reports

This study usereport gridding and smoothing processesilar to other
climatology work (e.g. Thom 1963, Brooktal.2003). Reports were assigned a grid
point based on the location of the report (touchdown location for tornadoes) and the
hour of the yeafwhere the first hour is hour 1 and the last hour is hour 8h@4eport
occurred. Locations were plotted on a Lambert aonél gridwith an 80 kilometer
horizontalgrid spacing The grid istrue at 39.8 N. These characteristics were chosen
because they ammilar to thosecurrentlyused by forecasters in t&C The emporal
location of the report was calculated basedomber of hours after 12 UTC on January
1%, The full grid contained 8784 hours, equal to 366 days. If the year being analyzed
was not a leap year, all reports after Februaf3\@8re transposed onto a 366 day year
(i.e. 24 hours was added onto the halcalation).Grid boxes that contained a report

were assigned the number 1, with all other grid boxes assighebherefore, after

11



smoothing the 1s and Os, these vahapsesenthe probability of a tornado or halil

report occurring within the 6400 sge&kilometer grid box within that hour.

2.3 Spatial Smoothing of Grids

To create reasonable problghas over long time periods, the hourly gridded
reports weresmoothedoth temporally and spatiallysing nonparametric density
estimation(Silverman 198§ First, grids were smoothed spatially at each hour using a
two-dimensional Gaussian kernel, whd?és the smoothed probabiliti{ is the total
number of grid boxes with eventsis the distancé&rom the point location to the report
location,and is the standard deviation of the Gaussian distribution, or the smoothing

parameter:

The standard deviation used for the spatial smoothing was 128ltkraugh Dixon et

al. (2013) found that the ideal spatial smoothing radii was dr@60 km, they
acknowledgd that each season has its own ideal radidthat 150 km simply
representshe best combination of all of them. However, Brooks et al. (@0@and

that 120 km (or 1.5 grid spes) yielded the most realistitimatological vales without
oversmoothing smaller scale patterns. For these reasons, we chose to use 120 km to

smooth our values spatially.

2.3 Temporal Smoothing of Grids
Since this work focuses on the sdidily estimates of severe weather events, the

temporal smoothig procedures become critical for accuracy of our final estimates.

12



First, we smoothed all values at the same time of theisiag a onalimensional

Gaussian kernel with a 15 day standard deviaasrshown below:

Annual Smoothing of Single Event 03
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Figure2.3: Results of smoothing a single event using a Gaussian kernel over the annual
cycle (left) and the daily cycle (right).
For example, all 00 UTC hour values (every 24lue starting with théirst 00 UTC
hour)were gathered and then smootheth the 15 day kernel shown above, whieie
the distance from the hour value being smoothed. The resulting field is shown in Figure
2.3 (left), where every ZMhourcontains a smoothed value.

Next, values were sméwed within the same day using a 2 hour kernel. The
right plot in Figure 2.3 shows the result of this smoothing, which shows a sharper
decrease in smoothed values as compared to the annual smoothing.
The reason for this mustep smoothing process wasettsure the creation of a
seasonal tornado cycle, while also preserving the smaller scale diurnal cycle. Again, it

was critically important to preserve the daily cycle of these events so that forecasters

13



«__Gaussian Smoothing of Single Event
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Figure2.4: Temporal Gaussian smoothing technique described above for a single event,
denoted by the red dot.

will have accurate and reliable background information when makingalb

probabilistic forecasts of severe events under the FACETSs paradigm. Figure 2.4 shows
how a single event would be smoothed using this technique. While a single event had a
relativdy large impact on corresponding values®days out, that same event only

had marginal impacts on adjacent valugshburs out.
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2.4 Creation of a SixtyOne Year Tornado Climatology

The aforementioned gridding and smoothing technique was executregdots
in a single year for each year from 1955 to 20ht time period was because there is a
sharp increase in the number of tornado reports between 1954 and 1955, indicating a
lack of reliability for the reports prior to 195After all 61 grids of ze 45 by 66 by
8784 were created, the mean probability for each grid box was calculated, resulting in a
single grid with the same dimensions as each yearly climatology grid. This allowed for
an overall hourly climatology to be analyzed, as well as clilogiwal changes

throughout the 61 year period.

2.5 Creation ofa Fifty -Three Year Hail Climatology
The hail reports used were between 1963 and 2015. The beginning portion of the
reports were not used because there was once again a sharp increastsibepeen
1962 and 1963, indicating that the earlier reports were unreliably gatliénédd.the
gridding and smoothing of the hail reports are the sasrtbafor the tornado reports,
the creation of the climatology differs. Due to the linearly ingirganumber of hail
grid point days per year, smoothed probabilitieseweighted based aime number of
hail grid point daygper yearelative to all other years. This was ddmecalculating a
linear regression (plotted in Figure 2.2) and then calagaiweight for each year

equal to:

15



where'Q s the predicted number of hail grid point days in 2015, equal to 2549.69,

and’Q s the predicted number of hail grid point days at the year of interest. Since

2015 has the higést number of hail grid point days, all weighted values will be greater
than or equal to one. This weighting method normalizes climatological values to 2015
values, despite the changes in number of grid point days pefMeafinalresult is an

hourly cimatology for the US on an 80 km grid.
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Chapter 3: Characteristics of Hourly Tornado Probabilities

3.1 Annual and Diurnal Cycles

After the gridding and smoothing process of all EF1 and higher rated tornadoes,
the total dmatological number of tornado touchdowyes yeamwascalculated for any
point in the US by simply adding all 8784 hourly probability values together. This result
is shown below in Figure 3.Values incentral Oklahoma and north Texas &ery
similar to values irMississippi and Alabama. Byithmeasure, one might deduce that
the tornado threat in these areas is the same, however, the distribution of this total threat

is locationspecific. In fact, the hourly climatology highlights some

Total Tornado Threat

=,

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Total Annual Tornadoes

Figure3.1: The total number of tornadoes for every grid point across the United States.
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very important differences in how the tornado threat is distributed. These differences
and the impacts they have on disaster response are distussgghout this chapter.

The main purpose of the mufttep smoothing process descrilre@hapter 2
was to maintain the diurnal cycle of tornado probabilities while also showcasing the
annual cycle. This resulted in adjacealues oftotal dailytornados that look very
similar, with adjacent hourly probabilities of tornadoes that look very different. In fact,
12 hours of separation can lead to tornado probabilities that are orders of magnitude
different. Following the Brooks et a(2003a) methodshetotal daily number of
tornadoess calculated by addingpgetherall of thehourly probabilities in a 24 hour
period starting at 12 UTGigure 3.2showstotal dailytornadoes for May 15and May
16". Theplotted valuesire nearly identical, except foretportion in southeast

Missouri.

Total Daily Tornabdoes, May 15th
B Y A

Total Daily Tornadoes, May 16th
% T T 7 9

45 6.0 75 9.0 105 12.0 0.0 15 3.0 45 6.0 75 9.0 10.5 12.0

Total Tornadoes (¥107-3) Total Tornadoes (*107-3)

Figure3.2: Total Daily Tornadoes for May 15th (left) and May 16th (right).

In contrast to the daily tornado values, the hourly tornado probabilities differ
dramatically which illustrates the importance of the diurnal cycle in tornado

occurrenceFigure 3.3hows the tornado probability for 10 UTC on May'Ih the
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left and 22 UTC on May 1%50n the right. Noting that theolor barsare different by an
orderof magnitude, there are two peaks in the morning and only one much higher
magnitude peak in the afternoon. The single peak in the Southern Great Plains in the
afternoon give us the first indication thabrnado probabilities in this area are much
more durnally driven than in th8&E US Brooks et al. (2008 alsoshowed that the
annualcycle of tornado probabilities very seasonally driven in the Plains and much
more variable in the SE US. This higher resolution climatolmginsto show that the
diurnal cycle follows much of the same pattern, vatbarlypeaked daily cycles in the

Plains and variable cycles in the Southeast.

Hourly Tornado Probability, May 15th, 10Z
I 7

N 8 | “%' W {o

Hourly Tornado Erobapility, May 15th, 22Z
g Y N

36 48 6.0 7.2 8.4 2.6 10.8 12.0 0 36 48 60 72 84 120

Total Tornadoes (*10"-5) Total Tornadoes (*107-5)

Figure3.3: Hourly tornado probability at 10 UTC on May 15th (left) and PRXC on
May 15th (right).Notescale of the maps differs by an order of magnitude
3.2 Spatial and Temporal Differences in Tornado Probabilities

While many studies have shown the spatial differences in tornado threats
throughout the year (e.g. Kelly &t 1978, Concannon et al. 2000, Brooks and Doswell
2000, Brooks et al. 20@3Ashley 2007 etc.), very feivave showrhe differences in

how the tornado threahanges throughout the dayhis hourly tornado climatology

19



gives us the ability to identifygtterns and differences in the diurnal cycle across the
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Figure3.4: a) Annual cycles odlaily tornado probability. blpaily cycles of tornado
probability. Note the yaxis scales ardifferent for each location.

Theannualcycles of tornado probability are plotted for York, NE; Columbus,

OH; Lubbock, TX; Hattiesburg, 8; and Orlando, FL in Figure &4The daily tornado
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probability cycles for those sanuxationsare plotted in Figure 3.40 he different

colorsin Figure 3.4trepresent different times of the year (th& b5 February, May,
August, and November) with grey being the mean of the four other cycles. One of the
most obvious differences between the &ites is the distinction between the Plains
locations and th&E USlocations. As seen in thannualcycles(Figure 3.4aYork,
Columbus and Lubbock all show a strong seasonal cycleMathJunehaving the
strongest peak (around 0.0008, 0.0003 and 0.6&)Eectivelyfor the May 18' values

in Figure 3.4a Hattiesburg and Orlando do not show the same strong seasonal cycle.
The different times of the year have very similar magnitudes of peak probability, with
the exceptions of August in Hattiesburg and/&lmber in Orlando.

In addition to a weak seasonal cycle for the SE US locations, there is also a
weak daily cycle for these locatioffsigure 3.4b)While York, Columbus, and
Lubbock all show a strong peak around@®X during the warm season with verwlo
probabilities outside of the peak, Hattiesburg and Orlando do not have the same pattern.
Probabilities outside of the peak remain relatively high, indicating the diurnal cycle
does not play as strong of a role in tornado frequency in the SE US as abhoghe
Plains.These esults reinforce those seen iacBon 3.1, where Plains locations have a
very strong peak in the afternoon that is not matched in magnitude in the SE US.

To visualize the peak tornado time and magnitude for multiple locations, the
values in Figure 3.4b for the "19f February were plotted on a map of the US in Figure
3.5. The size of the square marker is directly proportional to the total number of
tornadoes (the area under the blue curves in figure 3.4) and the color of the marker

represents the hour with the highest probability. The stars indicate the locations of the
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Figure3.5 Mean tornadoes per day (represented by the size of the square) and peak time
(represented by the colof the square) for the %f February.

curves plotted in Figure 3.4. The color bar is truncated frofdQ with earlier hours

in grey and later hours in beige. Nearly all of the early hours (grey in color) were in the
Florida peninsula during theimter months, indicating that mesoscale influences (e.g.
land/sea breezes) dominate tornado occurrence during these times and locations.

The most noticeable pattern is in the location of the peak times. The early peak
hours (black, blue and purple coloss} in thesouth andsoutheast portion of the visible
markers, with peak times becoming progressively later to the north and west, such that
the pink, orange, and yellow colors are concentrated in the northwest portion of the
visible markers.

To visualizethese patterns throughout the year, an animation of theaybof

each month was createthe maps for February, May, August, and/Bimber are
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plotted in Figure 3.6There are a number of interesting patterns that emerge when both
spatial and temporalatterns can be explorsanultaneouslyFirst, the 23Z-00Z peak
(orange andgellow in color) is situated in the SE US during the cool season, and then
moves west intthe Southern Great Plaidsiring April and May. It then expands and
movesduenorth durng the summer months before retreating back to the SE US. This
peak time mirrors the location of the peak intensity in the Plains, indicating that most

Plains tornadoes occur in the late afternoon and early evening hours.

Max Time of Dauy, February 15

Max Time of Day, May 15
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aaaaaaaaa Befors 197

Figure3.6: Mean tornadoes per day (represented by the size of the square) and peak
time (represented by the color of the square) for tfeof Februarytop left), May (top
right), August (bottom left), and November (bottom rjght

Additionally, the later peak hours are generally seen farther west, with the peak

hour becoming progressively earlier towards the east across the US. This can most

likely be attributed to the strength of the capping inversion, which is defined as the
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relatively warm layenir aloft, usually several thousand feet above the ground, which
suppresses or delays the development of thunders{biatisnal Weather Service).
Generally, the cap is stronger in the Plains than in the SE US, meaning that it takes
longer for daytime heating to generate enough energy at the ground to initiate
convection there. This generally leads to severe weather reports occurring later in the
Plains, and the pattern we see in the hourly climatology.

Finally, Figure 3.6showsthatthe number of daily tornadodproportional tahe
size of the square marfes much more variable in the Plains than in the SEI &I
four panels, the size of the marker remains relatively constant in the SE US, while the
August and February markenealrastically different in size imé¢ Plains than the May
marker This is consistent witthe pattern shown in Figure4.the Plains have a very
strong annualornadocycle, withapeak in April and May, and the SE US does not
have a similarly strong cyclelowever,vhi | e t he SE |&Serlermeh@at i ons
same magnitude in peak tornado frequenagny seasaqrthey often have a higher
number of daily tornadoes than the Plam#sde of the peak in the spring. This
indicates that on any given day outside of the Ajuihe timeframe, states like Alabama
and Mississippi have a higher threat of tornadoes than Kansas and Oktimioahe
extreme peaked cycles in the Plains tralack of any peak in the SE USot only
does this generally go against common perceptions of tornado risk, it also means that
the SE US needs to be prepared for these types of staring dll seasons. This is

analyzed later in this section.
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To beter visualize the locations of annual and daily peaks in tornado threat,
heatmaps of all 8784 hours of the year were plotted fomaber of locations. Figure

3.7shows the heatmaps for Norman OK, and Huntsville, AL.

Hourly Tornado Probability: Huntsville, AL

Hourly Tornado Probability: Norman, OK
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Figure3.7: Heatmaps for Norman, OK (left) and Huntsville, AL (right). Note the color
barsare not the same.

These two heatmaps exemplify the differences between the tornado threats in the Plains
and SE US. The-axis is the day of thgear, and the-axis is the hour of the day. The
heatmap for Norman shows a single, very strong peak in the April and May between the
hours of 20 UTC and 04 UTC. Beyond this timeframe, probabilities are extremely low,
which indicates a very concentrateggecific seasothattornadoes usually occur

within. This supportpreviousfindings in which more than 95% of all severe reports in

a 24hour convective outlook day occur within ddur portion of that dayHuntsville,

on the other hand, shows a veryfeliént pattern. While there is a relative maximum in
probability in March and April from 20 UTC to 04 UTC, this maximum is about 40% of

the maximum in Norman. Outside of this maximum, probabilities remain high relative
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to the maximum. This indicates thhetthreat is spread across a much larger timeframe
in the SE US than it is in the Plains, which basn showin previous figures.

An applicationof the dfferenttornado threats is the ideal community responses
to these disasters. While one responsdehmay work well in Oklahoma, Alabama
residents will need to have a very different model to respond to threats that occur in
very different times of the year. One example of this is related to the school day and
schoolyear schedulégrigure 3.8shows thdraction of total annual tornadoes that occur
during the school day. This proportion was calculated a&biGe children are in
school 5 of 7 days in a weetd) the sum of the hourly tornado probabilities that occur
between 7 am and 4 pm local time betwugust 1% and June 1% The fraction of
total annual hours spent in school is 0.198. There is a relative maximum in school day
tornadoes in southern Alabama, southern Georgia, and the Florida peninsula. More than
25% of all tornadoes occur during the school day in these areaseaghareas in North
Dakotaexperiencdess than 5% of their total tornadoes occurring during the school day.
These percentages align well with the hourly tornado probabilities for those areas
shown in Figure 3.7Proportions are higher where the daily andual tornado cycles
are less peakedy where the peak occurs during the school day. The width of the
tornado peak also manifests itself in these results. Those areas with a wider peak will
have higher school day tornado occurrence, where areas witleawidth will have

fewer tornadoes occur during the school day if the peak is in the late evening.
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Fraction of Tornadoes that Occur During the School Day
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Figure3.8: The fraction of total annual tornadoes that occur between 7 am and 4 pm
local time betweerugust 18" and June 15

This has major implications for how these schools prepare for such disasters. |
know from personal experience that schools in Minnesota have tornado drills once a
month throughout the entire year. While this may be suffi¢@ran area that sees few
tornadoes and even fewer during school hours, other areas with a higher overall tornado
risk and a higher number of tornadoes during school hours would likely need to have
more frequent drills to keep both students and admiressratvare of what protective
actions need to be taken during the event of a tornado with children in the building.

Another notable trend in tornado probabilities isltdeation of thepeak day
(defined as the day of the year with the highest tornado ppititipa This day was found
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for each year in the period (192815), which allowedor the calculations of medians
and interquartile range$his information givessight intothe differentannual cycles
in different regionshow variable those annual dgs are, and how the cysldave

changed throughout the §&ar period.

Median Peak Tornado Day
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Figure3.9: Median day of the year with the highest number of total tornadoes.

Since there are many points that have multimpéaksoften one in the spring
and one later in the yeaome rearranging of the data points needed to be done before
any midpoint calculations could be analyzed. The start and end points of the year
needed to fall such that tornado seasons were nobgglie January*iDecember 31

break point. Therefore, all peak days were gathered and then the interquartile range
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(IQR, defined as the ¥5percentile minus the 3%ercentile) was calculated to
understand the range of the primary dataset of peak @iaga days were sorted by
number of the day it occurred (with Januaf\bging day 1 and December'3eing
day 366). One by one starting with the lowest numbered day, 366 was added to the day
number and then the IQR wasaalculated with the new, wrppd dataset. Once all 61
days had been wrapped and 61 IQRs were calculated, the minimum IQR was found, and
that wrapped dataset was used to calculate the median peak day. Many points in the SE
US needed 4860 values wrapped, most likely due to the seconttanado season
occurring in November and December. Once the median peak day was calculated for all
points, 366 was subtracted from any median over that valueoiterg the year back to
days 1366.

Figure 3.9shows the median day of tornado occurrdocany point in the US.
The results are consistent with previous findings in that portions of the Midwest and
Northeast have later peak daysridg the months of June and July) compared to
locations in the Plains that have peak days generally duringahth of May. Peak
days become progressively early in the year as one moves to the SE US. There is a
portion of southern Louisiana that actually has peak days at the very end of the year.
This straddling of the beginning and end of the year in the sasttieelikely due to the
nearly complete lack of an annual cycle in the South&astn the much more variable
annual cycles seen in the SE US, peak days could end up occurring at nearly any time of

the yearThis is explored in more depth later in thexton.
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Figure3.10: a) Location of peak tornado probability once every 30 days. Color of the
point corresponds to day of the year the peadurred;size of the point is proportional

to thevalue of themaximumprobabilityon that dayb) Peak tornado days per year for
Huntsville, AL, Norman, OK, Des Moines, IA and Washington, DC. Solid lines are the
linear regression of the peak days.
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After looking at the peak for any location, we wantetbtik at how the peak on
each day changed location throughout the year. Not only did we want to understand
how the peak changed location, but we also wanted to understand how that change in
location also resulted in a change in magnitude. Therefore, thgoloof the peak was
plotted on a map with the color of the marker representing the day of the year of the
peak and the size of timearker being proportional to tlmeaximumprobability on that
day. Figure 3.1@shows this figure with peaks plotted roughlyce per month.

The first noticeable characteristic of the peak is the winter months are in the SE
US. The colors bridge the colorbar, indicating the end of the year. Beginning in late
winter and early spring, the peak moves from the Mississippi anthdakaarea into
southern and central Oklahoma. This is when the most dramatic increase in marker size
occurs. There is clearly an annual peak in tornado probabilities around this time, as
none of the other markers are near the same size.

As the summer seas progresses, the peak moves north into lowa and
Minnesota, similar to what vgaseen in the maps in Figure 3T®en there is a drastic
shift in the peak location in the late summer and early fall, which moves the peak all the
way to the east coast, befdt moves back to the SE US for the cool season. This
overall pattern in peak location exemplifies the annual torsedson, which has
impacts everywhere east of the Rockies, from the SE US to the plains, to the Midwest
states and all the way to the cbas

Next, we wanted to look at how the peak changed throughout the 61 year
climatological period at each location. During the creation of the hourly climatology,

we had to calculate the smoothed probability for each hour for every year, and then we
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found hie mean of those hourly values. This allowed us to compare hourly
climatological values across years and examine how they changed throughout the 61
year period. Although we showed earlier that the number of tornadoes has not changed
throughout the time perd, we will now explore how the distribution of those tornadoes
has varied throughout the period.

Figure 3.10b shows the day of the peak tornado probability for each year in the
period at four different locations. The solid line is a linear regressitreqieak days.
The regressions show the peak day becoming earlier in the year in Norman and
Huntsville, and later in Des Moines and Washington. In Norman, the linear regression
indicates that the peak day has become earlier in the year by 0.41 days.pEhnigaa
very similar to the results from Lu et al. (2015), who found the peak day to decrease at a
rate of 0.37 days per year, but much larger than Long and Stoy (2014), who only found
a 0.12 days per year decrease. However, the Long and Stoy sturshy dpecifically
find a decrease for central Oklahoma, but averaged the change over the entire Plains
region. Additionally, the authors acknowledge their method produces conservative
estimates for the change in peak tornado days. Next, some differetivesriathods
could explain the lack of statistical significance of our peak day decrease over time. We
used a larger dataset (198615 vs. 1972013)than the Lu et al. (2015) studyd
usedall data points, including some potential outliers with peak dégs day 250.
Even though the regression slopes were not statistically signifibanegression lines
for both Norman and Huntsville have the mostdadic slopes. The later end of the
regression lines for these locations fall outside of the 95%dmmde interval for the

mean peak day (Norman: [124.82, 148.99] and Huntsville: [49.18, 83.30]), which
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indicatesa 95% confidence that the mean peak tornado daybesmeearlier in the

year throughout the time period.

3.3 The Peakedness of the Diurn&ycle

Once the differences in tipeak times angeakedness of both of the diurnal
cycle and annual cycle were discovered, many more questions became evident. How do
these patterns change spatially? Temporally? What implications do these differences
have br community response to tornadoes? How should different commuesigsnd
to their specific threat? The following sections attempt to answer some of these
guestions and explore different methods for quantifying the peakedness of the diurnal
and annualdrnado cycles.

First,we looked at whathe extremes in daily cycle peakedness looked like.
What locations have the most different characteristics in daily and annual cycles, while

still having similar oveall tornado threat? Figure 3.%hows the annualycles for each

soot0 Hedley, TX so Bayou Chene, LA
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Figure3.11: Hourly tornado probabilities at corresponding hours for each day of the
year for Hedley, TX (left) and Bayou Chene, LA (right). Each hour is a different color.
Total annuatornado threat is nearly identical for both locations.
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hour of the day for two different locations. Each figure has 24 different lines on it, one
for each hour. The hourly tornado probability during that hour for each day of the year
was plotted. This wsaadone to ensure both the annual and the daily cycle would be
represented on a single plot.

The total annual tornado threat for Hedley, Bagt of AmarillofFigure 3.1
left) and Bayou Chene, LAs¢uthwest of Baton RougEigure 3.1 right) are very
similar (0.668 and 0.684, respectively). However, the distribution of that total threat is
anything but similar. Hedley very clearly has an annual peak in tornado threat around
day 140 (May 19), whereas Bayou Chene has no distinct peak. One could argue that
there is a relative peak around day 125 (M8y But this peak isround 25% of the
magnitude of the peak in Hedley. To counter this high amplitude peak, the tornado
probabilities outside of day 75 to day 200 (MarcH iJuly 18") are very close to
zero. This is not the case in Bayou Chene, where probabilities remain around 0.0001 or
higher for most of the year.

I n addition to the I ack of an muhhual
of a daily cycle either. The largest range in hourly tdaarobability on a single day is
about %2 of the largest valu@hereas the largest range in Hedlegbsut 9/10 of the
largest valueThe 24 different lines (one for each hour)aréely spreadn May in
Hedley, which simply is not the case for any pamthe year in Bayou Chenehere
all 24 lines are much closer in magnitude

The drastic differences in the distribution of a nearly identical total annual
tornado threat exemplify the challenges many forecasters face in the SE US. For

example, a forecder working on a tornado forecast for the middle of May in Hedley,
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TX would likely be able to identify a four to six hour period when tornadoes were most
likely to occur, without seeing any information about the synoptic setup or
environmental parameterBhis is nowhere near the case fiorecasters ifBayou
Chene because the climatological hourly tornado probabilities are very similar to each
other for every hour in the month of May (and the entire year for that matter). These
two sets of forecasters amdrking under very different backgrouadsumptions, which
posedifferent challengefor creating a forecast

Similarly, responses by these communitieald be equally as different. It is
very unlikely that Hedley residents would ever experience adorimFebruary at 8
am, but this is a very possible situation for residents in Bayou Chkaeefore,
Emergency Managers in these communities will need to have very difthsaster
plans.Those in Hedley might have a single disaster plan for all toesmdecause
nearly all of the events they experience are in the afternoon during the late spring and
early summer months. Those in Bayou Chene might need multiple disaster plans for

tornadoes: one for winter events, one for spring events, one for schwslama one for

Peak Annual Tanado Ranges
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Figure3.12 Maximum annual (left) and daily (right) ranges in hourly tornado
probabilities.
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rush hour traffic. Ultimately, the differences in both the annual and daily cycle of
climatological tornado risks requires both scientists and communicators to be aware of
how the risk at their location impacts residents and property.

Another measure of the peakedness of a cycle is the magnitude of thefrange
daily and annual probabilés The maximum and minimum value of both the annual
and daily cycls of hourly tornado probabilities were calculated, resulting in the peak
range at each location. These values equate to a measure of how peaked a cycle is. For
example, locations with snmat ranges have féatter cycle because the maximum and
the minimum values are closer together, while those with larger ranges have a more
peaked cycle because the maximum and minimum values are farther apart. F@ure 3.1
shows these values for the anntaige (left) and the daily range (right).

These plots are nearly identical, indicating that the maximum and minimum
probabilities often occur on the same day. The maximum in both annual and daily range
occurs in central Oklahoma, with a very sharp gradeetdgwer values moving south
into Texas and east into the Arkansas and Louisiana areas. Annual and daily ranges in
the SE US are 1/6 to 1/7 of the magnitude of the ranges in central Oklahoma. These
results align well with previous plots work showing tleaked cycle in the Plains and
variable cycle in the SE US.

In addition to the range of the peaks, the interquartile range (IQR, which is the
75" percentile minus the 35ercentile) quantifies how much spread there is within the
middle 50% of the dat®ointswith a larger IQR have flatteycles because the data
points are spread ovarlarger range of values thpoints with a smaller IQR. One

benefit to using the IQR over the range is that the IQR is resistant to outliers. Therefore,
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points with one otwo years with a much later or earlier peak than all the rest will not
see large changes in the IQR due to those anomalous years.

The same process described in section 3.2 for the calculation of the median peak
day was used to calculate the IQR of thakpgays. The peak day for each year was
calculated, and then 366 was added to those day numbers one by one starting with the
lowest numbered day. Each time this was done, the new IQR was calculated and the
dataset with the minimum IQR was used for anyherrtcalculations. This process

ensured that tornado seasons that spanned the Decerfidan8ary 1 breakpoint

IQR of Peak

Tanado Days

20 40 60 80 100 120 140

Figure3.13: The interquartile ranges of the climatological tornado peak days from
19552015.
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were not arbitrarily split in half and the middle values calculated as sometime in June.
Figure 3.13 shows the IQR values for all points across the US. The most notable
characteristic of the IQR pattern is the very low values over and &agtef the Rocky
Mountains. The values in this area indicate that the peak day for tornadoes has been
very constant over the 6fear period. Additionally, it would also indicate that the
tornado season is concentrated within a couple months, as thegysdded not vary

much from year to year. The gradient of the IQR values is another characteristic to note.
In the northern portion of the country, the gradient of the IQR values is very weak or
near zero. However, the gradient from the southern plaifetSE US is very strong.
This indicates the climatological tornado risk is less peaked in the northern portion of
the country, but still follows the same general pattern, whereas the SE US does not
adhere to the same pattern. It is much more variabletinl®ogth of the season and in

peak of the season.

3.4 Subdaily Tornado Threat Periods

Previous workshowed that a majoritfabout 97%)pf sevee reports occur
within a small portion of the day. This was discovered by gathering all severe reports at
a single80 kmgrid point and then calculating maximum percentagéady/ reportsthat
occurred within 4hours.Given that a large majority of dailgports fall within a our
window, we wanted to understand how the timing and duration of said window behaved
on a climatological scale.

We quantiied the peakedness dhe climatologicaldaily cyclesby calculating

the maximum percentage of the totakidt enclosed in a four hour peridehr example,
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Mean Diurnal Cycles
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Figure3.14: Mean daily tornado cycle for Hattiesburg, MS and Lubbock, TX. Dashed

lines represent the start and end of the four hour period enclositaggast area under

the respective curves.

if a cycle was completely flat, the percentage captured should be about 16.7% (4 hours /
24 hours). Therefore, the higher the percentage captured, the more peaked a cycle is.
Figure 3.14 shows the mean daily leyfor Hattiesburg, MS and Lubbock, TX. The

area under the curves represents the total daily threat for tornadoes, and the dashed lines
represent the beginning and end of the four hour period enclosing the largest area under
the respective curve.

While the maximum area encompassed in a four hour period may look very

similar, or even larger for Hattiesburg than for Lubbock, the higher hourly probabilities
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outside of the peak four hours in Hattiesburg means the total area under the curve for
Hattiesburg isnuch larger than that for Lubbock. This means that the ratio of the area
encompassed by the four hour period divided by the total area under the curve will be
larger in Lubbock than for Hattiesburg. Therefore, the larger the ratio, the more peaked

the daly cycle is.

Max 4-Hour Fraction of Reports Captured (n>=40)

0.1667 0.2506 0.3344 0.4183 0.5022 0.5861 0.6700

Figure3.15: The maximum fraction of the total numberdaily tornadoes captured in a
four-hour period. Each point needed a total of at least 4frtsepetween 1953015 to
have thdraction calculated.

Thisratio can be calculated for all points in the US, but we chose to only

calculate it for those points that had greater than 40 tornado reports twéhime

period Figure 3.15 shows those ratios plotted across the US. Notice many locations
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west of the Rocky Mountains have no data plotted due to the threshold imposed upon
the calculation

The most notable pattern in Figure 3.15 is the decreasingttréhd soutrand
eastfrom the Plains. Nearly half of all daily tornado reports are captured-imoa
period in portions of Texas, Oklahoma, Kansas, Nebraska and the Dakotas. On the
opposite end of the spectrum is Mississippi, where nearly all of the state sekaress
25% of their daily tornadoes in ahbur period. Additionally, it is important to note that
this calculation was done with a singkhdur period for the entire year, i.e. the period
did not change with the season, synoptic pattern, or the envirtalroenditiondike
we allowed it to in our first calculatio®utside of all of these factors, it is quite
remarkable that nearly half of all tornadoes occur in the sanoeidperiod each day in
portions of the central plains. Givémat1/6 of all repots (about0.1667) would occur
in a 4hour period ifthey were uniformly distributedhe low values in the SE US show
the extent to which there ligtle diurnal cycle to tornado occurrence in these argas.
finding has a significant impact on how foasters handle tornadic events in different
areas of the country. There are some regional challenges that need to be addressed
before we ask forecasters to create probabilistic information for tornadoes in the SE
US. A forecaster inthe plainsintheeaaly t er noon i n May | ikely w
know much about the synoptic weather pattern to know that she should be worried
about the potential for tornadoésowever, outsidef this annual and daily peak, that
forecaster probabl yoedaary gienh da@Wanverssly,thab out t c
same forecaster in the SE US would need to constantly be aware of the changing

conditions to know whether or not t ornadoce
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going to be very different for forecasting tornadoes in these two redibissmeasure
showed one of the ehrest differences between tHaifs and the SE US with regards
to how the diurnal tornado cycle varies sgatiacross the country.

After examining the peakedness of diurnal cycles across the country, the next

step was to find when the most peaked times occurred at each location.

Start Time of 4-Hour Max Window (n>=40)
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Figure3.16: Start time of the fouhour period that captures the highest fraction of
tornado reports for every location across the country. Note the calculation was only
done for points with greater than 40 reports over the -P88% period.

While the implication®f that threat timeframe are very different depending on which

part of the country it is, the timeframe is still the climatologichbdir period witin
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which the most tornadoesccur.Figure 3.16shows the map of the start time for the 4
hour period at&ch location. The general pattern shows an earlier start time te the 4
hour periodon the East Coast than in ther@ralPlains. Start times in the eastern part
of the country are as early as 19 or 20 UTC, wherezst of the start times in the
Plains arebetween 21 and 22 UTC. This aligns well wiitle results found in Figure
3.6, where the darker colored markers (corresponding to earlier start times) were
generally restrained to the eastern part of the country, with the brighter colors
corresponding to tar start times were largely found in the plains states.

Both Figures 3.15 and 3.Hgain highlight the important differences between
the tornado threain thePlains versus the threat in the SE US. First, there is a much
more condensed timeframe for the climatological tornado occurrence in the plains states
than in the SE USThis condensed timeframe makes fitvecasting challenges in the
Plains much differentitan those in the SE US. Next, the differences in start time of the
maximum 4hour period have implications for both forecasting and mesporhe
maximum period in thelRins is generdy in the late evening hours, after most people
have gone home from wioor school. The SE US has to respond to these events during
the end of the school and work day, rushittraffic and dinner timel'hese results are
similar to those shown by Figure 3.8, where there are more tornadoes during the school
day in the SE thaim the Plains. The earlier start time of th@ur period shifts the
tornado threat to coincide with school hours in the SE, which means that emergency
preparation also needs to be different for the two areas. Children and educators need to
be aware andrpficient in their emergency response plans in the SE, whereas it is

somewhat less of a concern in the Plains and especially in the northernRiasesare
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important differences to understand so that forecasters and emergency responders can
work togethe to make regiosspecific disaster plans.

Another way to quantify the peakedness of the diurnal cycle is by calculating the
number of hours needed to capture 50% of the total annual tornado threat. This was
done by ordering all 8784 hours at each gooht from smallest tornado probability to
largest. Then, starting from the largest probability, hourly probabilities were added
together until the sum equaled 50% of the total tornado threat. The number of hours
summed to be greater than or equal to hathefthreat was then divided by 8784 to
find a ratioof the number ofotal hours needed. Figure 3.4Fows the map for these

ratios.

Hours Containing 50% gf Total Tornado Threat

% {

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Fraction of Total Hours (8784)

Figure3.17: Fraction of total hours needed to capture 50% of thédataual tornado
threat.
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These results are sirail to those found in Figure 3., 1With high ratios in the
Plains and much lower ones in the SE O8e of the biggest differences between
Figures 3.1And 3.15is the restriction to fouconsecutive hoursiFigure 3.15with no
restrictions on wat hours are used in Figure 3.This method uses the hours with the
maximum probability, regardless of what day or hour they occur wilienwere
simply trying to quantify how concentrated the torn#deatis, whereas figure 3.15
shows how peaked the daily cycle is. Using both of these plots, we can see that both the
daily and annual cycles are peaked in the Plains and the Midwest. However, the very
steep gradient from the southerlaiRs into the SE US indicatehat not only is th8E
US daily cycle not peaked (see Figure 3.1But neither is the annual cycle. There are
areasin the SE US that have half of its tornado threat k8% of the total hours.
Again, this implies thiadalt hepeald mph yt o smd
probabilities, which makes forecasting and preparing residents for these events much
more difficult than in the Plains.

There are certain locations in the eastern part of the country like Washington,
D.C., Maryland, New Jersey and Pennsylvania that have similar maxirmaour4
tornado fractions as central Oklahoma, but have slightly higher fractions of total hours
containing50% of the annual tornado threat. Thdserepanciedistinguish the
differences between the annual and diurnal tornado cyidhkesliurnal cycle is just as
peaked and consistent in the peak throughout the entirenyisePlains as out east
(indicatedby similar values in Figure 3}, butthe annual cycle is not as peakin the

east as it is in thel&ns(indicated by the slightly highdraction of hours in Figure
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3.17). Distinguishing factors like these are important in understanding differamces i
forecasting methods and philosophies.

Finally, another way to look at the peakedness of the diurnal cycle throughout
the year is to plot the difference of the maximum and minimum probability on each day.
This was done for all 366 days at each pointibglihg the maximum and minimum
values between 12 UTC and 12 UTC for each day and then subtracting those values.
Therefore, larger differences in probabilities indicate a more peaked cycle for that day.

However, very large differences could also be dubéddwest value being effectively

leference of Max and Min Probability
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Figure3.18: Thedaily maximum minus the daily minimuprobability foreach day of
the year forfour locations across the country.
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zero, which is particularly possibler locations in the southern plains as many days
outside of Marchlune often have a near zero tornado threat. The daily differences were
plotted in Figure 3.18 for each day of the year for Norman, OK, Huntsville, AL, Des
Moines, IA, and Washington, D.C.

The four locations were chosen because they represent four very different parts
of the country with respect to the climatological tornado threat. Des Moines and
Norman are the most similar in terms of shape of the daily differences. There is a peak
in the gring or early summer months, indicating the daily threat is very peaked during
these months. The difference decreases and plateaus in the fall before decreasing again
to nearly zero during the winter. The constant differences in the fall are likely due to
very low magnitude maximums but near zero minimums on those days.

TheHuntsville and Washington arearedrastically different in regards to the
differencedn daily tornado probabilitiegiroughout the yeaHuntsville has a very
marginal peak in theaily difference around the beginning of April and then a
secondary peak in November. While the overall values never even reach 1/3 the
magni tude of the Norman differences, they
either. These much more constaniueal again exemyi the lack of either a daily or an
annualcycle in the SE USThe daily differences in Washington exhibit a similar pattern
but almost opposite in time of the year compared to Huntsville. There is a very obvious
decrease in daily differees during the summer months in Huntsville, which
corresponds very well to the maximum in daily differences in Washington,Thi€.
may indicate the peaked values in tornado probability moving north during the summer

before the secondary cool season iases tornado probabilities in the SE US again in
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the fall. While the differences in tornado probabilities are very low in Washington,

D.C., they are generally restricted to half of the year, whereas the 8Efét8nces

never reach zero ammbak duringnultiple times of the year. Simply having a

concentrated peak is one pattern, having a less concentrated peak is another, and then
having a norexistent peak, cavariable pattern is an entirely different phenomenon
specific to the SE US.

Throughout thishapter, we have explored the characteristics of hourly tornado
probabilities, total daily and total annual tornadoes, and how the annual and diurnal
cycles vary in both space and time. These characteristics were highlighted because of
the unique abilityd analyze tornado probabilities on a si#ly scaleThe variations in
the diurnal tornado cycle are crucial to understanding how forecasters, emergency
managers and community members should create, disseminate, and respond to tornado
threat information o a subdaily scale. Regional differences in the daily distribution of
the tornado threat are going to create unique challenges to communities in different
parts of the country. This is something that needs to be carefully understood and
integrated into annew forecast systems created in the coming years under the FACETs
paradigmNext, we attemptinderstand the same variations across the country, but this

time forsevere haievents
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Chapter 4:Characteristics of Hourly Hail Probabilities

4.1 Distribution of Hourly Hail Probabilities

There were many more challenges to working with the severe hail répeamts
there weravhen working withtornado reportOne of the biggest challenges is the
exponential increase in overakil reports and lineancrease haigrid point daysAfter
attempting to correct for the reporting practice changes seen in the datdsekeudeat
the distribution of hail events across the US on adaily scale. After gridding and
smoothing all reports larger than 1.25 inches on akn8@rid, we found the magnitude

of the total annual hail threat for any point in the W& added all 8784 hourly

Total Hail Threat
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Figure4.1: Total number of annual hail events for all points across the US.
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probability values together for each grid point and then plotted the results, which can be
seen in figure 4.1. There is a peak in southwestern and western Oklahoma, with a very
sharp gradient to the southwest into Texas and westward int@xas panhandl The

8-9 event peak in Oklahoma gradually tapers off to the east to a minimw2 efdnts

in the southern Alabama and Georgia regions. The SE US regions that had nearly the
same magnitudef annuakornado threat as Oklahon{geen inFigure 3.} only
experienceabout 1/3 of théail events. This highlights thmportant differencgin

typical regional lapse rates aodnvective mode between the two areas. The lack of
annualhail events with neaylequal annual tornado events indicdtedthelapse rags

in the SE are much less steep than in the Plains, meaning there is less Convective
Available Potential Energy (CAPE) in the SE, which produces weaker updrafts in
storms. These weaker wupdrafts arenodot abl e
limiting the size of hail that can occur. This difference also indicatetotinaidoes

occur in storms that produce a large amount of hail in the Plains, and in storms that
dondt produce much hail in the SE. Not onl
of the year and any time of the déyt Smith et al. 2012ound thatthose tornadoes
displayed the greatest variance in storm type, from discrete;mighing supercells to
guastlinearconvective systems. This work also found that most significanewerits
occurredn the Plainswhich is likely a manifestation of the lapse rate variations

between the two regionddditionally, Trapp et al. (2004) found that tornadoes from

linear systems are much more commorhmwinter than cellular mode$herefoe, the

secondary tornado season in the winter in the SE Wis likelycomprised of linear
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mode storms that produce less hail. Altleése results are easily seen in the hourly
climatolagy of reports we have produced.

Similar to the tornado climatolggthe hourly hail climatology shows very
similar daily hail threats across adjacent days, but very different hourly hail
probabilities within those same days. Figure 4.2 shows the total hail threat for fMay 15
and May 18. While the magnitudes of theihand tornado threasre obviously very
different, the distributions of the threats show some interesting characteristics. The
peaks irclimatologicaltornado and hagventsalign very well with each other in the
central and southern Oklahoma ard@dse higher probability plume for tornadoes
spreads farther east than the hail threat does, indid¢aatipe hail threahas a smaller
area of influenceelative to the tornado threat. However, the same pattern in similarities
between adjacent days seerthia tornado threat still holds for the hail threat. Both

maps in Figure 4.2 are very similar to each gthdrich is what weexpected

Total Daily Hail Events, May 15th Total Daily Hail Events, May 16th
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Figure4.2: Total daily hail eventgor May 15th (left) and May 16t(right).

While the total daily hail events is nearly identical for adjacent days, the hourly
probabilities that make up that total daily threat are very different from each other

Figure 4.3 shows the hourly hail probabilities for Ma§' & 10UTC (left) and May
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15" at22 UTC It is important to note that the color bars are different by an order of
magnitude, such that all the probabilities on the left map are represented by the darkest
color on the right maplhe general area of the peak probabilities is similar for both the
morning and the evening hours, which indicates that most areas follow the diurnal cycle
and are at least somewhat peaked. This is in contrast to what was seen with the tornado
probabilities where the SE US had a similar magnitude peak to the southern Plains in
the morning, but then had a drastically lower probability in the afterAdeonly

notable difference between the morning and afternoon graphics is the magnitude of the

threat, whit can be attributed to the diurnal cycle.
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Figure4.3: Hourly hail probability at 10 UTC on May 15th (left) and 22 UTC on May
15th (right).Note the color bars differ by an order of magnitude.

Next, we decided to once again look at the annual and daily ranges in halil
probabilities, similar to what was looked at for tornado probabiliEegire 4.4 (left)
shows the difference in the annual maximum and annual minimum probability for each
point acrosshe countryThese could be any hour of the year, as there was no restriction
on when the values occurred. The right map in Figure 4.4 shows the largest difference

between the maximum and minimum daily probability. The only change from the left
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graph is tlat now we required the two values to occur on the same day. Similar to what

was seen with the tornado probabilities, the two maps are very similar. However, there

is a larger maximum in the annual range in the southeast Texas Panhandle than in the

daily ranges Generally, the annual maximums are slightly higher in the areas where the
values differ, which indicates that the | &
necessarily occur with the greatest diurnal peaks. This result differs from the tornado

ranges, which were nearly identical for both the annual and daily ranges.
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Range in Probability Range in Probability

Figure4.4: Maximum annual (left) and daily (right) ranges in hourly hail probabilities.

Further investigation of the distribution§ hail probabilities show a more
variable pattern in the SE US, but not nearly the same magnitude difference we saw
with the tornado probabilities. Figureébdhows line plots for each hour of the day, for
all 366 days of the climatology, fétedley, TX aad Bayou Chene, LAThis issimilar
to Figure 3.11exceptnowthe probability values are for ha&Vventsnstead of
tornadoesThe most noticeable difference between these plots and the tornado plots is
that there is a peak at both locations throughautty and throughout the year. Note

that the yaxesdiferby nearly an order of magnitude.
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show as much of a peak in the diurnal cycle (probabilities are still relatively high
overnight), there is certainly more of a peak totthi probabilities than there is to the
tornado probabilities. Similar to the tornado probabilities in Hedley, the halil
probabilities are also very peak&lerall, this shows that hail events are both
seasonally and diurnally dependent in all regionsi®f4S, which is very different
from tornadoes.

The majority of the hail threat iHedleyis contained within 25 days of the
year, whereas the majority of the threaBeiyyou Chenés contained irt50-200days of
the year. This means that forecasters and community membéesllieygenerallyonly
need to beaware ofhail events for less than half of the year, where Huntsville needs to
be aware of this threat foearly 60% of the year and for nearly aluh®of the day
While this difference may not seem noteworthy, it can hdeega@impact on
forecasting philosophies. For examdierecasters for Bayou Chenperateunder very
different background climatology information than forecastetsadley dofi.e. a

generally spring and early summer hail season versus a J&8wagmber hail season).
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Figure4.5: Hourly hailprobabilities at corresponding hours for each day of the year for
Hedley, TX (left) andBayou Chene, LAright). Each hour is a different coldYote the
y-axis scales are different.
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These differences are also extremely important for emergency managers who try to

prepare their communities for all forms of hazardous eventaghout the year.

4.2 Peakedness of th&nnual and Diurnal Hail Cy cles

After looking at the general distribution of the hourly hail probabilities, it
became apparent that while there were many similarities between the tornado and hail
probability distributons, there were also some notable differences. To further
understand the differences between the annual and daily distribution of the hail threat,
we plotted the same heatmaps as in Figure 3.7 for both hail probabilities for Norman,
OK and Huntsville, ALFigure 4.6 shows these plots with different color bar ranges for
the two locations. The most obvious deviation from the pattern seen in the tornado
probability heatmaps is the more diffuse cycle in Norman. The peak in hail probabilities
extends from befer20 UTC in the afternoon until nearly 08 UTC during the overnight
hours. Additionally, these higher probabilities span the months of March through June.
When this area is compared to the shorter Adal tornado season with the hours of
peak probabilitypetween 20 UTC and 04 UTC, it is obvious that the hail season is
longer and has a more diffuse daily gradient. Interestingly, an additional secondary
season can be seen in late August untibéganning of October. Although the
magnitude ofttose hourly hil probabilities arenuch smallethan in the springhere is
a noticeable increase from the off season values.

The Huntsville hourly hail probabilities ad#ferentin many ways from the
tornado probabilities in Nor man. Hunt svi | |

than the tornado slmasandofseason valuesdiWhigetthe nct fiof
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higher hail probabilities span the end of February until theoéddne, the values

outside of that season are remarkably low relative to the high probability season
compared to the off season values in tornado probabilities. This is another indication
that while most tornado reports in the Plains occur concurreittiyhail reports, SE

US tornadoes often occur without any hail. Again, this is likely a manifestation of the
convective mode of the tornadic storms, with supercells (which are strong halil
producers) dominating the tornadic storms in the Plains, and mesg Iinodes (which

dondét produce as much hail) being more | ik

Figure4.6: Heatmaps of hail probability for Norman, OK (left) and Huntsville, AL
(right). Note the color bars are not thensa

Next, we plotted the location and relative magnitude of the peak hail probability
for 13 different days of the year (roughly once per month). This information is plotted
in figure 4.7. The size of the marker corresponds to the relative magnitucepeak
(with the larger the marker indicating the larger threat), the color represents the time of
the year the peak occurred, and the location is plotted on the map. The peak hail

probabilities generally have a less variable peak location than the tqreakis which
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