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ABSTRACT

A database of tornado fatalities, nontornadic convective wind fatalities, severe thunderstorm warnings,
and tornado warnings was compiled for the period 1986-2007 to assess the spatial and temporal distribution
of warned and unwarned fatalities. The time of fatality and location as reported in Storm Data was compared
to tornado and severe thunderstorm warnings to determine if a warning was in effect when the fatality
occurred. Overall, 23.7% of tornado fatalities were unwarned, while 53.2% of nontornadic convective wind
fatalities were unwarned. Most unwarned tornado fatalities occurred prior to the mid-1990s—coinciding
with modernization of the National Weather Service—while unwarned nontornadic convective wind fa-
talities remained at a relatively elevated frequency throughout the study period. Geographic locations with
high numbers of unwarned tornado and nontornadic convective wind fatalities were associated with one
high-magnitude event that was unwarned rather than a series of smaller unwarned events over the period.
There are many factors that contribute to warning response by the public, and the issuance of a severe
thunderstorm or tornado warning is an important initial step in the warning process. A better understanding
of the characteristics of warned and unwarned fatalities is important to future reduction of unwarned
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fatalities.

1. Introduction

When nontornadic convective winds or tornadoes are
imminent or occurring, the primary method used by the
National Weather Service (NWS) to alert the public to
the hazard is the issuance of severe thunderstorm or
tornado warnings. The goals of NWS warnings are to
inform the public of hazardous weather situations and to
encourage the public to initiate the appropriate mitiga-
tion response to protect life and property (Pifer and
Mogil 1978); however, the public is ultimately re-
sponsible for taking action (Belville 1987). Warning
performance improved greatly between the 1980s and
early 1990s because of advances in radar technologies,
forecasting methods, and meteorological knowledge
(Brooks 2004). Brotzge and Erickson (2010) found that
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73.6% of tornadoes in the 2000-04 period were associ-
ated with a NWS warning. Simmons and Sutter (2005)
established that after the installation of the Weather
Surveillance Radar-1988 Doppler (WSR-88D), the per-
centage of tornadoes warned increased to 60% from 35%
prior to installation. A regression analysis of tornado
casualties illustrated that expected fatalities were 45%
lower for tornadoes occurring after installation of the new
radar network. Further investigation by Simmons and
Sutter (2008b) determined that tornado warnings do re-
duce fatalities, and increased lead times for tornado
warnings up to approximately 15 min reduced casual-
ties, while longer lead times resulted in increased fa-
talities compared to no warning. The greatest reduction
in fatalities occurs at lead times of 10-15 min, possibly
because of the public concluding that the warning is
a false alarm if a tornado does not occur soon after the
warning is issued (Simmons and Sutter 2006). Despite
these advances, Doswell et al. (1999) note that even
if forecasts were completely accurate and precise, the
nonmeteorological aspects of the warning system—such
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as dissemination and public response—are largely out of
the control of the NWS and are influenced by other
warning response factors.

Warning response is a four-step process that includes
identification of the risk, assessing if protection from the
risk is necessary, determining if risk reduction is feasi-
ble, and finally the response of seeking shelter (Lindell
and Perry 1992). Identification of the risk occurs when
the public first becomes aware of the hazard through
receipt of the warning or by seeing or hearing the threat.
Many studies (e.g., Legates and Biddle 1999; Tiefenbacher
et al. 2001; Hammer and Schmidlin 2002; Brown et al.
2002; Paul et al. 2003; Mitchem 2003; Comstock and
Mallonee 2005; Hayden et al. 2007) note that the media
and warning sirens are the most common dissemination
methods used by the public to receive warnings. Sorensen
(2000) found that the most rapid dissemination is through
the use of reverse 911 telephone systems or tone-alert
radios, both of which can alert about 90% of people within
about 10 min, compared to 40% alerted by sirens and only
10% alerted by media in the same time frame. Dependence
on television and sirens to receive warnings introduces
issues that may hinder an appropriate response, as the
approaching storm may disrupt electricity or commu-
nication, rendering media-based warnings or sirens
useless. Media and sirens do little to alert those who are
asleep, at work, in a vehicle, or not actively seeking weather
information—these groups may have little or no warning
of an approaching severe storm despite efforts to com-
municate a warning to them. Once the warning is re-
ceived, the public still has to understand the contents of
the warning and decide to take protective action.

Fatalities from tornadoes and nontornadic convective
winds do not occur at random; rather, a high death rate
occurs among people with high vulnerability. Many fac-
tors may explain increased or decreased vulnerability to
these hazards, and an understanding of these factors is
important to determine the relationship between warn-
ings and fatalities. Factors that reduce vulnerability to
these hazards include having a plan in place to address
them, having a high school or college education attain-
ment level, having a basement, and hearing sirens (Legates
and Biddle 1999; Balluz et al. 2000; Brown et al. 2002).

Other factors can greatly increase vulnerability to
these storms, such as housing type, the time of day, day
of week, time of year, and/or age. In terms of housing
type, the most vulnerable populations are those living in
mobile homes (Brooks and Doswell 2002; Simmons and
Sutter 2005, 2008a; Ashley 2007; Sutter and Simmons
2009; Chaney and Weaver 2010). Timing of the storm
can increase vulnerability. Several studies have found
that nocturnal tornadoes are particularly hazardous, as
they are more difficult to identify, the public is less likely
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to receive a warning because people are sleeping, and
residents of vulnerable structures are more likely to be
home (Simmons and Sutter 2005; Ashley 2007; Ashley
et al. 2008). Furthermore, tornado fatalities are affected
by the day of the week of occurrence, as expected fa-
talities are about 70% higher on a weekend than a week
day, again presumably because residents of vulnerable
housing stock are more likely to be home rather than
away at work (Simmons and Sutter 2008b). Previous
research has also illustrated that the month of tornado
occurrence has a large impact on the number of fatali-
ties. Doswell (2003), Ashley (2007), and Simmons and
Sutter (2008b) suggest that off-season tornadoes may be
more deadly because people are more aware of the
hazard during the traditional severe weather season (i.e.,
April-June) and less prepared during other times of the
year. Finally, the age of victims has also been shown to
have an effect on tornado fatalities. People over 40 years
of age have a higher percentage of fatalities compared to
the proportion of United States population in that age
range (Ashley 2007).

Another possible factor in warning response is com-
placency, which may be the result of previous situations
where warnings were issued and no severe weather
occurred—the so-called cry wolf syndrome (Biddle
1994; Doswell et al. 1999; Roulston and Smith 2004).
The role of the cry-wolf effect is not fully known and
Barnes et al. (2007) found that an isolated false alarm
may not be detrimental to warning response. Simmons
and Sutter (2009) found that local, recent false alarms
increased tornado fatalities and injuries. A one standard
deviation increase in the false alarm ratio increased
expected fatalities 12%—-29% and expected injuries 13 %—
32% (Simmons and Sutter 2009). However, Simmons
and Sutter (2009) note that since they used casualties
as a proxy for warning response, they have no direct
evidence that false alarms affect warning credibility. A
further complication to public response is that the re-
sponse is not independent of the decisions made by
others (Roulston and Smith 2004). How the public re-
acts to multiple false alarms within a specific time pe-
riod and the effects on warning response are also largely
unknown (Barnes et al. 2007).

Each of these factors may contribute to the public re-
sponse to warnings. As stated by Pifer and Mogil (1978),
the goals of NWS warnings are to inform the public of
hazardous weather situations and to encourage the public
to initiate the appropriate responses to protect life and
property. The nonmeteorological aspects of the warning
system—such as dissemination and public response—are
largely out of the control of the NWS and are influenced by
previously mentioned warning response factors. However,
issuance of a warning provides some of the information
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necessary for the public to reduce their exposure to the
hazard. Ideally, there would be a warning issued for every
severe event that causes a fatality, but that is not always
the case. The results of this study will provide important
information about the relationship between fatalities and
warnings and identify parts of the warning process that
may need improvement, ultimately reducing tornado and
nontornadic convective wind fatalities.

2. Data and methodology

Information on fatalities caused directly by tornado
or thunderstorm winds for 1977-2007 was gathered from
Storm Data and the National Climatic Data Center’s
(NCDC’s) Online Storm Events Database (http://www4.
ncdce.noaa.gov/cgi-win/wwegi.dll?wwEvent~Storms). Fa-
talities were singled out for investigation as they are less
subjective and more reliable than injury information and
monetary damage estimates. Fatality data acquired from
Storm Data must be assessed with caution because of the
difficulty in the collection of these types of data (Curran
et al. 2000; Trapp et al. 2006). Research by Ashley and
Gilson (2009) found that Storm Data underreported U.S.
lightning fatalities by nearly 30% during 1977-2004 as
compared to fatalities found by searching historical news
sources through the online services of LexisNexis Aca-
demic and from the U.S. Centers for Disease Control’s
(CDCs) electronic record of death identification. Ashley
and Mote (2005) note that fatalities due to derecho events
may receive less media attention than large-impact events
such as floods, tornadoes, or hurricanes, and it is hypoth-
esized that nontornadic convective wind fatalities may be
underreported in Storm Data. Despite issues with Storm
Data, it remains the primary source for weather-related
fatality information.

Similar to other recent atmospheric hazard fatality
research (e.g., Ashley 2007; Ashley and Black 2008;
Black and Ashley 2010), data were gathered from the
descriptions of fatalities provided in Storm Data associ-
ated with nontornadic convective winds and tornadoes.
Beyond basic information, such as the date and time of
the fatality, most events in Storm Data include a narra-
tive text description of damage and how casualties oc-
curred. This supplemental information was recorded,
along with information on the county, parish, and/or
town of the death, as well as details on the circumstance
of death or building structure type where the fatality
took place (e.g., permanent home, mobile home, out-
doors, vehicle, etc.).

The other key data component for this analysis is se-
vere thunderstorm and tornado warning data. County-
level severe thunderstorm and tornado warning data for
1986-2007 were acquired from the NWS (B. MacAloney
2008, personal communication). This period was chosen
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because information for warnings prior to 1986 was
unavailable. First, the comparison between events and
warnings was explored using the correlation between
the two variables to quantify the strength of the re-
lationship. The number of warnings was tabulated by
state to evaluate which states experience the most
warnings for tornadoes and severe thunderstorms. The
number of warnings per year and per month for the
period were calculated and compared to the number of
events per year and per month. Warnings per county
were mapped and compared to maps of tornado and se-
vere thunderstorm climatologies constructed using the
Storm Prediction Center Severe Weather geographical
information service (SVRGIS) (http://www.spc.noaa.gov/
gis/svrgis/) dataset to examine similarities and differences.

Since severe thunderstorm warnings can be issued for
hail as well as nontornadic convective winds, both wind
and hail events were mapped for comparison to severe
thunderstorm warnings. However, examination of the
NCDC’s Storm Events database showed only two hail-
related fatalities for the period 19502007 (one on 30 July
1979 in Fort Collins, Colorado, and the other on 28 March
2000 in Tarrant County, Texas). While it is possible for
hail to cause a fatality, these account for fewer than 1% of
deaths caused by nontornadic severe thunderstorms; as
a result, hail events were excluded from the comparison
of warnings to fatalities.

To explore the connection between fatalities and
warnings, descriptive statistics and a GIS were used.
Most nontornadic convective wind and tornado fatalities
have information about date, time, and location of occur-
rence. The time of the fatality event as listed in Storm Data
and county of each fatal event were compared to the time,
date, and location of tornado and severe thunderstorm
warnings; if either type of warning was in effect for the
county at the time of the fatality, the storm was considered
warned. If no warnings were in effect for the county at the
time of the fatality or a warning was issued after the fatality
occurred, the fatality was considered unwarned.

Each nontornadic convective wind event that resulted
in a fatality was considered to meet the wind speed
threshold set by the NWS to require a severe thunder-
storm warning. However, it is possible that some of
the nontornadic convective wind fatalities were caused
by winds that did not meet this threshold and would
not have had a warning issued. Only 48% of fatality-
producing nontornadic convective wind events had any
information about the wind speed associated with the
storm and, of those, only 1% indicated that the gusts were
measured and not estimated. Accurate estimates of se-
vere wind speeds are difficult to obtain because of the
lack of experience with high-wind situations (Doswell
et al. 2005; Trapp et al. 2006). The lack of reliable wind
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speed information accompanying nontornadic convective
wind events in Storm Data makes it impractical to de-
termine if the winds that caused the fatality met the se-
vere thunderstorm warning criteria of measured gusts of
25ms '

Tornadic and nontornadic convective wind fatalities
and fatalities without warnings were mapped on an
80 km X 80 km grid; a grid cell of this size encloses the
same area as a circle with radius 45.6 km (24.6 n mi),
which is similar to the area under consideration by the
National Oceanic and Atmospheric Administration
(NOAA) Storm Prediction Center’s thunderstorm out-
looks (Doswell et al. 2005). The percentage of unwarned
tornado and nontornadic convective fatalities was also
mapped by state to better reveal the overall pattern of
unwarned fatalities. Knowledge of the geographic pat-
terns of warned and unwarned fatalities is important so
that efforts to improve warnings can be targeted spe-
cifically toward the regions that would benefit.

Yearly and monthly trends in the number of tornado
and nontornadic convective wind fatalities with warn-
ings were explored to determine the variation between
tornado and severe thunderstorm warnings. Because of
the large amount of research on tornadoes and their for-
mation, the probability of successful detection and warning
are greater than for nontornadic convective wind events.
This increased chance of successful detection is hypothe-
sized to result in a greater percentage of tornado fatalities
occurring during a warning as compared to nontornadic
convective wind fatalities occurring during warnings. If
true, this suggests that an enhanced focus on the severe
thunderstorm warning process may be required and that
improvements in severe thunderstorm warnings may have
the potential to reduce fatalities compared to similar de-
velopments in tornado warnings. Doswell et al. (1999) note
that public awareness is essential to reduce the number of
severe weather fatalities. If a large percentage of tornado
or nontornadic convective wind fatalities occur during
warnings, it would indicate that while the warnings may be
meteorologically sound, there is breakdown in the receipt,
understanding, or response to the warnings. This lack of
public awareness could illustrate a lack of receipt of the
warning, complacency, or other socioeconomic factors that
may have resulted in the fatalities.

3. Results

a. Climatology of severe thunderstorm
and tornado warnings

Understanding the relationship between fatalities and
NWS warnings is important because the most commonly
stated issues with warnings is the fear of overwarning
(the cry wolf syndrome) or underwarning and leaving
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the public with no notice of potentially hazardous con-
ditions. Since warnings are one of the primary ways for
the public to receive information about hazardous weather,
it is necessary to examine temporal and spatial patterns
in warnings and the relationship between warnings and
events. From 1986-2007, there were 455 976 severe thun-
derstorm warnings and 59 621 tornado warnings issued
at the county level in the conterminous United States. The
number of severe thunderstorm and tornado warnings
generally increased throughout the period (Fig. 1). The
number of tornado warnings peaked during the months of
March—June, while severe thunderstorm warnings were at
their maximum from May to August. In both cases, these
peaks coincide with the climatological maximum of occur-
rence of these hazards (Kelly et al. 1978, 1985; Brooks et al.
2003; Doswell et al. 2005; Ashley 2007). Tornado warnings
were most frequent in May, while severe thunderstorm
warnings were most common in July (Fig. 2).

To assess the relationship between tornado and severe
thunderstorm events and their warnings, the Spearman’s
rho correlation (Rogerson 2006) is used, as each vari-
able was found to be nonnormal using the one-sample
Kolmogorov-Smirnov (K-S) test. The null hypothesis
for the correlation is that there is no relationship, and
the alternative hypothesis is that there is a relationship
between events and warnings. Results of the Spearman’s
rho correlation for severe thunderstorm warnings and
events showed a strong positive correlation (r = 0.850),
and tornado warnings and events also showed a strong
positive correlation (r = 0.792). Both correlations are
significant at the 99% confidence interval. While corre-
lation can explore the relationship between two vari-
ables, it does not imply causation. However, the sign and
magnitude of the correlation values indicate that an in-
crease in one variable results in an increase in the other
and that there is a strong relationship between events and
warnings.

To explore the spatial relationship between tornado
and severe thunderstorm events and warnings, the num-
ber of tornado or severe thunderstorm warnings and the
number of tornadoes or severe thunderstorms were
mapped by county or parish. Reported tornadoes are most
numerous in parts of Colorado, Texas, and Florida, with
other areas of the Great Plains, Midwest, and Southeast
also having a large number of reports (Fig. 3). Tornado
warnings are most common in many of the same areas.
Nontornadic convective wind and hail reports are most
frequent across the Great Plains, in Arizona, and portions
of the Southeast and, like tornadoes, appear to correspond
well with severe thunderstorm warnings (Fig. 4).

Initial examination showed little difference in the
geographic location of tornado, nontornadic convective
wind, or hail reports and tornado or severe thunderstorm
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FIG. 1. Number of (a) severe thunderstorm warnings (dark gray) and total wind and hail
reports (light gray) per year and (b) number of tornado warnings (dark gray) and tornado

reports (light gray) per year, 1986-2007.

warnings. To better understand this relationship, the num-
ber of reports (tornado or nonconvective high wind and
hail combined) by county was divided by the number of
warnings (tornado or severe thunderstorm) by county and
mapped (Fig. 5). Values greater than one indicate more
reports than warnings, while values less than one indicate
more warnings than reports. For tornado warnings and
reports, the locations with more reports than warnings were
found throughout the West, the upper Midwest, the North-
east, and parts of Florida. In contrast, the mid-South stands
out as an area with more warnings than reports. Ashley et al.
(2008) noted that many tornadoes in the mid-South occur at
night when darkness can obscure tornadoes. In addition, the
mid-South has large forested areas, hilly terrain, and higher
low-level humidity that may reduce visibility of tornadoes
and therefore reduce the number of reports.

Similar analysis for combined nontornadic convective
wind and hail reports and severe thunderstorm reports
yielded far different results. High values of the reports
divided by warnings ratio are illustrated across the
Midwest and throughout the Northeast. This may cor-
respond to the high population densities found in these

regions. The large populations of these areas make it
more likely that nontornadic convective wind or hail will
be seen and reported. Furthermore, the low population
density of the Great Plains may result in many warnings
being issued and few reports of severe weather being
received, and explain the relatively low ratios found in
that region, despite the Great Plains maxima of non-
tornadic convective wind and hail (Kelly et al. 1985;
Doswell et al. 2005).

b. Temporal distribution of warnings and fatalities

From 1986 to 2007, there were 532 nontornadic con-
vective wind fatalities and 1136 tornado fatalities. Dur-
ing 1986-2007, 53.2% of nontornadic convective wind
fatalities were unwarned, while 23.7% of tornado fatali-
ties were unwarned. To determine the significance of the
difference in percentage of unwarned fatalities, the ¢ test
for equality of means (Rogerson 2006) was employed.
Results of the test indicate that the difference in the
percentage of unwarned tornado and unwarned non-
tornadic convective wind fatalities is significant at the
99% confidence interval (p = 0.00079).
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FIG. 2. As in Fig. 1, but by month.

The percentage of unwarned tornado fatalities ranged
from 84.9% in 1990 to 3.2% in 1999 (Fig. 6; Table 1). The
range of nontornadic convective wind fatalities without
warnings during the period had a similar large variation:
from 90% in 1992 to 5.9% in 2002. Despite the sizeable
range in percentage of unwarned nontornadic convec-
tive fatalities, only 5 of the 22 years had less than 40%
unwarned, while 14 out of 22 years had less than 40%
unwarned tornado fatalities. Year-to-year examination
of the percentage of unwarned fatalities reveals that
most of the unwarned tornado fatalities were prior to
the mid-1990s, while the percentage of unwarned non-
tornadic fatalities remained relatively high throughout
the period. From 1986 to 1995, only two years had fewer
than 30% unwarned tornado fatalities, but each year
during the 12-yr period 1996-2007 had less than 30%
unwarned tornado fatalities. Results of the Mann-
Whitney U Test (Rogerson 2006) showed that the dif-
ference in the number of unwarned tornado fatalities
between the 1986-95 and 19962007 periods is significant

at the 99% confidence interval (p = 0.00201). While the
percentage of nontornadic convective wind fatalities
without warnings remained relatively high throughout
both periods, the difference in the number of unwarned
nontornadic convective wind fatalities between the pe-
riods was significant at the 95% confidence interval (p =
0.01377). The difference between the periods appears to
coincide with the modernization of the NWS and tech-
nological advances that aided in the warning process such
as the WSR-88D radar and Advanced Weather Interac-
tive Processing System (AWIPS) (Friday 1994).

Most months during the period of analysis have less
than 40% of tornado fatalities unwarned, and four
months had less than 20% of tornado fatalities unwarned
(Fig. 7; Table 2). One month that is conspicuous is Au-
gust, when 83% of tornado fatalities were unwarned.
August values are greatly influenced by the 28 August
1990 Plainfield, Illinois, tornado that was unwarned and
killed 29 people. Nontornadic convective fatalities with-
out warnings also illustrate similar characteristics. The
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FIG. 3. Number of (a) tornado reports and (b) tornado warnings by county, 1986-2007.

month with the lowest percentage of unwarned fatalities
was January, which had three warned and one unwarned
nontornadic convective wind fatalities over the 1986-2007
period. However, most months had greater than 40% of
nontornadic convective wind fatalities without warnings.
Examination of the percentage of unwarned non-
tornadic convective wind and tornado fatalities by hour
revealed unique patterns (Fig. 8). Unwarned nontornadic

convective wind fatalities are at their minimum during the
06000659 LST hour—coinciding with the climatological
minimum of thunderstorm wind gusts (Kelly et al. 1985)—
but increase rapidly in the late morning hours. The per-
cent of unwarned fatalities ranges from 0% between
0600 and 0659 LST to as high as 90% between 1000
and 1059 LST with an average of about 55% through
the entire 0700-2359 LST period. In contrast, the peak
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FIG. 4. As in Fig. 3, but (a) nontornadic severe convective wind and hail reports and (b) severe
thunderstorm warnings.

in unwarned tornado fatalities is in the late morning,
but the percentage of unwarned tornado fatalities
drops off considerably during the afternoon. During
the same 0700-2359 LST period, an average of 26% of
tornado fatalities were unwarned, with a high of 67%
between 1000 and 1059 LST and a low of 10% between
1800 and 1859 LST.

The percentage of both unwarned nontornadic convec-
tive wind and tornado fatalities is at its highest between

1000 and 1059 LST. Brotzge and Erickson (2010) note that
in 442% of the cases they examined the first reported
tornado of the day was not warned. Brotzge and Erickson
(2010) suggest that some forecasters may hesitate to issue
tornado warnings until a tornado has been spotted. This
may prevent forecasters from issuing a warning and in part
explain the high number of unwarned nontornadic con-
vective wind and tornado fatalities during the 1000-1059
LST period.
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FIG. 5. Ratio of (a) tornado reports divided by tornado warnings per county, 1986-2007; and (b) combined
nontornadic convective wind reports and hail reports divided by severe thunderstorm warnings per county,
1986-2007.
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FIG. 6. Percentage of unwarned nontornadic convective wind fatalities (dark gray, with solid
linear trend line) and unwarned tornado fatalities (light gray, with dashed linear trend line) by
year, 1986-2007.

c¢. Spatial distribution of warnings and fatalities Jarrell, Texas, tornado are apparent. Overall, tornado
fatalities are most common throughout the mid-South,

Examination of warned and unwarned tornado fatal- consistent with previous research by Ashley (2007).
ities reveals several unique patterns (Fig. 9; Table 3). Unwarned fatalities are most frequent through the mid-
High-fatality events such as the 1987 Saragosa, Texas, South, with relatively high counts found through the
tornado; 1990 Plainfield, Illinois, tornado; and 1997 mid-Atlantic and Northeast. These regions also see high

TABLE 1. Number of total fatalities, warned fatalities, unwarned fatalities, and percentage of unwarned fatalities for tornadoes and
nontornadic convective wind by year, 1986-2007.

Nontornadic convective wind fatalities Tornado fatalities
Total Warned Unwarned Percent Total Warned Unwarned Percent
Year fatalities fatalities fatalities unwarned fatalities fatalities fatalities unwarned
1986 33 7 26 78.8% 15 7 8 53.3%
1987 32 7 25 78.1% 60 43 17 28.3%
1988 20 5 15 75.0% 32 12 20 62.5%
1989 26 9 17 65.4% 49 27 22 44.9%
1990 42 14 28 66.7% 53 8 45 84.9%
1991 32 12 20 62.5% 40 37 3 7.5%
1992 10 1 9 90.0% 39 17 22 56.4%
1993 20 11 9 45.0% 33 16 17 51.5%
1994 13 5 8 61.5% 48 21 27 56.3%
1995 31 18 13 41.9% 34 19 15 44.1%
1996 22 13 9 40.9% 26 19 7 26.9%
1997 38 19 19 50.0% 69 63 6 8.7%
1998 46 30 16 34.8% 131 112 19 14.5%
1999 28 17 11 39.3% 94 91 3 3.2%
2000 25 10 15 60.0% 42 39 3 7.1%
2001 15 10 5 33.3% 40 35 5 12.5%
2002 15 14 1 6.7% 55 51 4 7.3%
2003 16 10 6 37.5% 56 50 6 10.7%
2004 21 12 9 42.9% 35 25 10 28.6%
2005 14 8 6 42.9% 37 34 3 8.1%
2006 15 7 8 53.3% 67 63 4 6.0%
2007 18 10 8 44.4% 81 78 3 3.7%
Totals 532 249 283 53.2% 1136 867 269 23.7%
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FIG. 7. Percentage of unwarned nontornadic convective wind fatalities (dark gray) and
unwarned tornado fatalities (light gray) by month of occurrence, 1986-2007.

percentages of tornadoes caused by quasi-linear con-
vective systems (QLCSs) (Trapp et al. 2005). This storm
morphology is less likely to produce traditional radar-
based indicators of tornado formation and offers little
guidance for the issuance of a warning (Trapp et al.
2005). This may explain the relatively high number of
unwarned tornado fatalities. Three locations—one in
Illinois, one in Alabama, and one in Georgia—each
have more than 10 unwarned fatalities during the pe-
riod. In each case, the high number of unwarned fatali-
ties is related to one event that was unwarned rather
than an accumulation of unwarned fatalities over many
events (the 28 August 1990 Plainfield tornado in Illinois,

27 March 1994 Cherokee County tornado in Alabama,
and 20 March 1998 tornado in White and Hall counties
in Georgia). Despite the elevated number of unwarned
fatalities across the mid-South, the overall percentage of
unwarned fatalities is low. New York, Massachusetts,
Virginia, and Utah have the greatest percentage of un-
warned fatalities, although Utah only had one fatality
during the period of record. While tornado fatalities
occurred in North and South Dakota, Wyoming, Colorado,
New Mexico, Maryland, and New Jersey, none of these
was unwarned.

Brotzge and Erickson (2009, 2010) suggest that the
first tornado of the day and tornadoes as part of an

TABLE 2. Number of total fatalities, warned fatalities, unwarned fatalities, and percentage of unwarned fatalities for tornadoes and
nontornadic convective wind by month, 1986-2007.

Nontornadic convective wind fatalities

Tornado fatalities

Total Warned Unwarned Percent Total Warned Unwarned Percent
Month fatalities fatalities fatalities unwarned fatalities fatalities fatalities unwarned

January 4 3 1 25.0% 35 29 6 17.1%
February 13 7 6 46.2% 115 102 13 11.3%
March 41 10 31 75.6% 163 109 54 33.1%
April 47 28 19 40.4% 200 180 20 10.0%
May 86 45 41 47.7% 237 209 28 11.8%
June 89 34 55 61.8% 43 30 13 30.2%
July 121 57 64 52.9% 15 8 7 46.7%
August 72 36 36 50.0% 53 9 44 83.0%
September 28 15 13 46.4% 21 10 11 52.4%
October 10 3 7 70.0% 30 19 11 36.7%
November 16 9 7 43.8% 192 142 50 26.0%
December 5 2 3 60.0% 32 20 12 37.5%
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isolated event rather than an outbreak have a greater
likelihood of having zero or negative lead time or no
warning. Unwarned tornado fatalities were analyzed
further to determine if they were due to either the first
storm of the day or part of an isolated event. Examina-
tion of tornado events illustrated that in many cases,
tornadoes associated with storms from the previous day
continued past midnight and into the day in question.
Although these storms from the previous day would
have been the first of the day, they were not related to
the fatality-producing storms in question. To remove
the effects of tornadoes from the previous day, the 24-h
period used to evaluate if the tornado was the first of
the day was adjusted from 0000-2359 to 0600-0559 LST.
There is some debate about how many tornadoes must
occur in a day to constitute an outbreak. Galway (1977)
suggested that 10 or more tornadoes may constitute
an outbreak. In their development of a severe weather
ranking system, Doswell et al. (2006) did not define an
outbreak explicitly but only considered days with seven
or more tornadoes and noted that days with less than
seven tornadoes would likely not be referred to as an
outbreak in any part of their period of study from 1970
to 2003. For this reason, a threshold of seven tornadoes
was used to determine if an unwarned tornado fatality
occurred as part of an outbreak or an isolated event.
In other cases, there were two or more regions of the
United States experiencing tornadoes each day. In these
situations, if the first tornado of the day was outside of
the region of the unwarned tornado fatality, it was not
considered. For example, if the first tornado of the day
occurs in North Dakota and an unwarned tornado

fatality occurs in Florida, it is unlikely that the mete-
orological conditions that produced the North Dakota
tornado extend to Florida. In addition, forecasters out-
side of the northern Great Plains are unlikely to gain any
situational awareness due to the North Dakota tornado
that would assist in issuing warnings in Florida.

Overall, 49.8% of unwarned tornado fatalities were
found to be part of isolated events, the first tornado of
the day, or both. Of unwarned tornado fatalities, 22.7%
occurred as an isolated event and 17.1% were a result of
the first tornado of the day. An additional 10.0% of
unwarned tornado fatalities were associated with both
the first tornado of the day and with having occurred
during an isolated event. The remaining 50.2% of unwarned
tornado fatalities were not part of isolated events or the
first tornado of the day. Of the unwarned fatalities that
were not isolated and/or the first tornado of the day,
71.8% occurred in the 1985-95 period prior to NWS
modernization in the mid-1990s. While isolated torna-
does and the first tornado of the day may have a greater
likelihood of having zero or negative lead time or no
warning (Brotzge and Erickson 2009, 2010), they only
account for about half of unwarned tornado fatalities.
The remaining unwarned tornado fatalities are due to
tornadoes beyond the first of the day and/or on days with
seven or more tornadoes.

Ashley (2007) found that nearly 99% of tornado fa-
talities between 1880 and 2005 were due to significant
(F2+) tornadoes. Significant tornadoes accounted for
81% of unwarned tornado fatalities—fewer than ex-
pected given the findings of Ashley (2007)—with a much
higher proportion of unwarned fatalities due to FO-F1
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FIG. 9. Number of (a) tornado fatalities, (b) nontornadic convective wind fatalities, (c) unwarned tornado fatalities,
and (d) unwarned nontornadic convective wind fatalities in an 80 km X 80 km grid 1986-2007. (e) The percentage of
unwarned tornado fatalities by state, 1986-2007; (f) the percentage of unwarned nontornadic convective wind fa-

talities by state, 1986-2007.

tornadoes. Trapp et al. (2005) found statistically that
more weak (F1) tornadoes were produced by QLCSs
than cell-type thunderstorms. The difficulty of detecting
QLCS-generated tornadoes may explain the relatively
high number of unwarned fatalities due to FO-F1 torna-
does. This suggests that a focus on improving warnings for
all tornadoes—not just the first tornado of the day or

isolated tornadoes—has the highest likelihood of reduc-
ing unwarned tornado fatalities.

Nontornadic convective wind fatalities are most
common throughout the Great Lakes, Northeast, and
through parts of the Southeast (Fig. 9), a finding con-
sistent with previous research by Black and Ashley
(2010). These regions experience high vulnerability to
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TABLE 3. Number of total fatalities, warned fatalities, unwarned fatalities, and percentage of unwarned fatalities for tornadoes and
nontornadic convective wind by state, 1986-2007.

Unwarned  Percentage unwarned

Warned Unwarned Percentage Nontornadic Warned nontornadic  nontornadic nontornadic
Tornado tornado tornado unwarned convective convective convective convective

State fatalities fatalities fatalities tornado fatalities wind fatalities wind fatalities wind fatalities wind fatalities
AL 147 114 33 22.45% 18 10 8 44.4%
AR 70 61 9 12.86% 11 3 8 72.7%
AZ 0 0 0 — 8 1 7 87.5%
CA 0 0 0 — 6 0 6 100.0%
CcO 2 2 0 0.00% 10 2 8 80.0%
CT 0 0 0 — 3 1 2 66.7%
DC 0 0 0 — 4 3 1 25.0%
DE 0 0 0 — 3 0 3 100.0%
FL 98 82 16 16.33% 17 5 12 70.6%
GA 83 51 32 38.55% 20 10 10 50.0%
1A 8 6 2 25.00% 6 4 2 33.3%
1D 0 0 0 — 5 0 5 100.0%
1L 51 17 34 66.67% 22 9 13 59.1%
IN 43 34 9 20.93% 18 13 5 27.8%
KS 51 49 2 3.92% 5 5 0 0.0%
KY 14 5 9 64.29% 14 3 11 78.6%
LA 28 19 9 32.14% 19 10 9 47.4%
MA 3 0 3 100.00% 9 3 6 66.7%
MD 5 5 0 0.00% 12 1 11 91.7%
ME 0 0 0 — 2 2 0 0.0%
MI 7 4 3 42.86% 44 21 23 52.3%
MN 11 6 5 45.45% 3 1 2 66.7%
MO 54 48 6 11.11% 12 7 5 41.7%
MS 51 29 22 43.14% 17 8 9 52.9%
MT 0 0 0 — 2 0 2 100.0%
NC 30 14 16 53.33% 13 3 10 76.9%
ND 2 2 0 0.00% 2 0 2 100.0%
NE 5 3 2 40.00% 4 0 4 100.0%
NH 0 0 0 — 8 2 6 75.0%
NJ 1 1 0 0.00% 11 7 4 36.4%
NM 2 2 0 0.00% 2 1 1 50.0%
NV 0 0 0 — 1 1 0 0.0%
NY 16 3 13 81.25% 37 25 12 32.4%
OH 15 14 1 6.67% 38 23 15 39.5%
OK 59 56 3 5.08% 9 6 3 33.3%
OR 0 0 0 — 1 1 0 0.0%
PA 10 9 1 10.00% 21 15 6 28.6%
RI 0 0 0 — 0 0 0 —
SC 13 8 5 38.46% 13 7 6 46.2%
SD 7 7 0 0.00% 3 0 3 100.0%
™ 109 104 5 4.59% 10 6 4 40.0%
X 121 101 20 16.53% 39 15 24 61.5%
uT 1 0 1 100.00% 3 0 3 100.0%
VA 10 2 8 80.00% 5 2 3 60.0%
VT 0 0 0 — 1 1 0 0.0%
WA 0 0 0 — 0 0 0 —
WI 7 7 0 0.00% 11 7 4 36.4%
wv 0 0 0 — 10 5 5 50.0%
WY 2 2 0 0.00% 0 0 0 —

nontornadic convective winds because they are adjoined convective wind fatalities also occur in these regions.
to large bodies of water, are heavily forested, and have  Additional areas with high numbers of unwarned fatal-
high population densities that expose larger numbers ities are located in Arizona and Texas. The percentage
of people to the hazard. Most unwarned nontornadic of unwarned nontornadic convective wind fatalities is
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highest in several Intermountain West states, in the
northern Great Plains, and in Maryland, with each of
these states having 100% of fatalities unwarned. How-
ever, only 16% of the total number of unwarned non-
tornadic convective wind fatalities occurred in these
states. The states of California, Idaho, Montana, Ne-
braska, North Dakota, South Dakota, and Utah had 34
unwarned fatalities, or about 12% of the total. While
Storm Data does not mention the circumstances sur-
rounding most of the fatalities in these states, two of the
cases do note that microbursts were responsible for the
fatality-inducing winds. In the Intermountain West,
microbursts are generally on the dry end of the micro-
burst spectrum, with high cloud bases and little or no
precipitation reaching the ground (Wakimoto 1985).
These storms may be difficult to identify by radar and
successfully warn for, as thunderstorms with reflectivity
values of as little as 30 dBZ are adequate to produce
dry microbursts (Wakimoto 1985). Furthermore, non-
tornadic convective wind is a relatively infrequent oc-
currence in the Intermountain West (Ashley and Mote
2005; Doswell et al. 2005). These meteorological and
social factors may combine to explain the nontornadic
convective wind fatalities in this region.

4. Conclusions

Many factors contribute to the occurrence of non-
tornadic convective wind and tornado fatalities, including
the public’s response to these events. The issuance of
a severe thunderstorm or tornado warning is very impor-
tant, as receipt of the warning is the often the first step
in successful warning response. For the period 1986-2007,
23.7% of tornado fatalities were unwarned, while 53.2%
of nontornadic convective wind fatalities were unwarned.
There is a significant decline in the number of unwarned
tornado fatalities and unwarned nontornadic convective
wind fatalities between the early (1986-95) and late (1996
2007) periods. Differences between the early and late pe-
riods coincide with modernization of the NWS and the
introduction of the WSR-88D radar system. Improvement
of warnings was promoted as one of the main benefits
of the WSR-88D radar (Simmons and Sutter 2005), and
the findings presented in this research suggest that the
percentage of unwarned fatalities decreased post-
modernization. Despite the greater likelihood of neg-
ative lead time or no warning, only about 50% of
unwarned tornado fatalities were caused by either the
first tornado of the day or a tornado in an isolated event.
Thus, a focus on improving warnings for all tornadoes
has the best chance to reduce tornado fatalities.

This study found a significant difference in the per-
centage of unwarned tornado and nontornadic convective
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wind fatalities. Brooks and Doswell (2002) and Ashley
(2007) note that tornado fatalities have decreased sig-
nificantly since the 1930s, and there is little evidence of
a similar trend in the number of nontornadic convective
wind fatalities; however, the lack of a long-term dataset
of nontornadic convective wind fatalities makes a direct
comparison between tornadic and convective wind fa-
talities difficult. Brooks and Doswell (2002) and Ashley
(2007) suggest that much of the decrease in tornado
fatalities may be attributed to advances in forecasting,
communication, and other technologies. Based on the
lack of discernable trend in nontornadic convective wind
fatalities and the relatively low number of warned non-
tornadic convective wind fatalities, it appears that a re-
newed focus on reducing nontornadic convective wind
fatalities may be required. During the period of study, over
half of nontornadic convective fatalities were unwarned,
leaving the victims perhaps unaware of the hazard and
with little time to seek appropriate shelter. However, it
is possible that some of these nontornadic convective
wind fatalities were caused by winds that remained below
the arbitrary “severe” wind threshold and remained un-
warned for that reason. Less than half of fatalities gathered
from Storm Data had any information on wind speed, so
it is difficult to address this possibility. The high percentage
of unwarned fatalities is reflected further in the fatality
locations, as most nontornadic convective wind fatalities
occur in nonsheltering locations such as vehicles, boats, or
outdoors (Black and Ashley 2010), while most tornado
fatalities occur in permanent structures or mobile homes
(Ashley 2007). While the NWS cannot control the public
response or whether or not an individual seeks shelter,
ensuring that a warning was issued would likely increase
the number of people who do seek shelter and decrease
the number of convective wind fatalities. Furthermore, it is
outside the scope of this study to assess the difficulties and
costs that may be encountered during improvement of
the nontornadic convective wind warning process. The
NWS should assess whether or not the communication,
forecasting, and technological advances that are hy-
pothesized to have led to the decrease in tornado fa-
talities over the last half century are being employed to
their fullest potential to improve the nontornadic
convective wind warning process and what other steps
can be taken to reduce nontornadic convective wind
fatalities.

The high number of tornado fatalities inside warnings
is indicative of the quality of tornado warnings issued
by the NWS. However, Brooks and Doswell (2002)
and Ashley (2007) suggest that the decreasing trend in
tornado fatalities is likely to slow or reverse because of
changing demographic trends that put greater amounts
of people at higher risk, despite improving warning
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performance. Therefore, it is important to continue the
investigation of the psychological and societal aspects
that factor into warning response and integrate these
findings into education about the hazards of severe
weather. Based on the results of this research, specific
recommendations to reduce fatalities and improve the
warning process include a renewed focus on the warn-
ings and mitigation for nontornadic convective wind
hazard, along with surveys of the public to assess their
perceptions of hazardous weather and warning re-
sponse. This information can be used to focus efforts in
mitigation and reduce future fatalities. A better un-
derstanding of the public perception of these hazards
and their response to these hazards, coupled with in-
creased meteorological knowledge, offers the best op-
portunity to reduce nontornadic convective wind and
tornado casualties in the future.
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