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DEDICATION

On the evening of May 22, 2011, a powerful tornado struck southwestern Missouri. After the storm
passed, the City of Joplin, which bore the brunt of the storm, was faced with decisions on how to rebuild a
city that was not only damaged physically, but also emotionally, with the loss of 161 lives. Immediately
after the storm hit, the construction, building, healthcare and public safety communities began asking a
pressing question: How can we reduce our vulnerability, and increase our preparedness and safety, in
such weather events?

This investigation has, to the extent possible, reconstructed the characteristics of the tornado and the
response of buildings, of lifelines, and of the people who found themselves in its path that fateful evening.
The purpose was to make recommendations for improvements to building and emergency
communications codes, standards and practices that lead to more tornado—resilient communities. For that
reason, this report is dedicated to those lost in this tornado disaster, to those who have suffered from its
impacts, and to those who will carry the findings of this report forward to improve the safety of people in
future tornado disasters.
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ABSTRACT

This is the final report of the National Institute of Standards and Technology (NIST) investigation of the
May 22, 2011 tornado in Joplin, Missouri, conducted under the National Construction Safety Team Act.
This report describes the wind field of the tornado and how the wind pressures and windborne debris
damaged and destroyed thousands of buildings; the emergency communications before and during the
tornado and how the public responded; the influence of tornado hazards and public response and building
and designated shelter area performance on survival and injury; and areas of current building and
emergency communications codes, standards and practices that warrant revision.

Also described in this report is the means by which NIST reached its conclusions. NIST collected large
numbers of documents, photographs, videos, and building plans; developed a computer model of the wind
field of the tornado as it crossed the City of Joplin; analyzed the performance of a range of building types
for life safety and functionality; interviewed many survivors of the tornado, developed an evidence—based
explanation for decisions made and actions taken by the public in response to the tornado; and analyzed
the factors affecting life safety outcomes.

The report outlines 47 findings related to the May 22, 2011, Joplin tornado and concludes with a list of 16
recommendations for action in areas of improved measurement and characterization of tornado hazards,
new methods for tornado resistant design of buildings, enhanced guidance for community tornado
sheltering, and improved and standardized emergency communications.

Keywords: building performance, designated safe area, emergency communications, fatalities, injuries,
Joplin Missouri, lifeline performance, structural collapse, tornado.
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EXECUTIVE SUMMARY

E.1l INTRODUCTION

Tornadoes typically affect much smaller geographic areas compared with other natural hazards like
earthquakes and hurricanes, but occur at a much higher frequency and cause more deaths than those two
hazards combined. The May 22, 2011, Joplin tornado, rated EF-5 on the Enhanced Fujita tornado
intensity scale, was one of the estimated 1,691 tornadoes that occurred in the United States in 2011.
During the period from 1950 (the beginning of official tornado record keeping) through 2011, U.S.
tornadoes caused about 5,600 fatalities.? This number well exceeds the toll for U.S. hurricanes and
earthquakes over the same period (3,102" and 459, respectively).

The Joplin tornado caused 161 fatalities and more than 1,000 injuries, making it the deadliest single
tornado on record since the official U.S. records began in 1950." It was a record tornado that occurred in
a year of record U.S. tornado activity and impacts. To put the Joplin tornado’s death toll into perspective,
the 161 fatalities that resulted from it (out of the total of 553 U.S. tornado deaths in 2011) were almost
twice the national average of 91.6 tornado fatalities per year (since 1950), more than three times the
average of 50.8 hurricane deaths per year, and more than twenty times the average of 7.5 earthquake
fatalities per year. The Joplin tornado’s high death toll occurred despite an official tornado warning time
of about 17 minutes*, greater than the National Weather Service (NWS) national average warning time of
approximately 14 minutes.’

The Joplin tornado also was a record—setter in terms of damage to the built environment and economic
loss. It was on the ground for about 22 miles (6 miles within the City of Joplin over the span of 13
minutes), long enough to severely damage well-developed commercial and residential areas in Joplin that
were home to about 41 percent of the city’s population (20,820 people, out of the 50,175 estimated to
reside in Joplin in 2010°%). The resulting damage to the built environment (not counting losses due to
business disruption) was the costliest on record for a tornado, with insured losses initially estimated to be
as high as $3 billion.” Nearly a year after the storm, the City of Joplin, quoting data provided by the
Missouri Department of Insurance, Financial Institutions, and Professional Registration, reported that
insured commercial property losses had reached $1.228 billion and residential property losses were at
$0.552 billion.’?

NOAA (www.noaanews.noaa.gov/2011_tornado_information.html).

NWS (www.nws.noaa.gov/om/hazstats/resources/weather_fatalities.pdf).

Deaths from U.S. Earthquakes (http://earthquake.usgs.gov/earthquakes/states/us_deaths.php).

The first set of sirens were initiated 23 minutes before official touchdown; however, this siren initiation was based upon a different
storm to the north of Joplin that never produced a tornado.

NWS average for 2008 (www.nws.noaa.gov/cfo/program_planning/doc/FY -
2009%20NOAA's%20NW S%20National%20Performance%20Measures%20-%20Graph%20Update.pdf).

United States Census Bureau (www.census.gov/newsroom/emergencies/2011_tornadoes.html).
According to a preliminary loss estimate issued by EQECAT (www.egecat.com/catWatchREV/secureSite/report.cfm?id=321).
City of Joplin (www.joplintornadoanniversary.com/resources/city-of-joplin-factsheet5-14-12.pdf).
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The majority of the Joplin tornado fatalities (83.8 percent, or 135 of the 161 deaths) occurred inside
buildings. In all, about 553 non-residential buildings, comprising types of structures commonly found in
U.S. cities, were severely damaged in the Joplin tornado, including 1 of the 2 major hospitals serving the
City of Joplin, 10 of the 20 local public schools, several parochial schools, 28 churches, 2 fire stations,
and both large and small commercial facilities. The storm also damaged nearly 7,500 residential
structures, from single—family homes to large apartment buildings.’® The high death toll occurred in
buildings of varying types, despite a relatively generous warning time in a city with a long history of
adopting the latest model building codes. This brings into question the effectiveness of current U.S.
tornado warning systems and practices, and whether building safety in tornadoes can be enhanced, given
that current national building standards, codes, and practices do not require buildings to be built to
withstand tornadoes or to include tornado shelters or safe rooms.*

Disasters such as the Joplin tornado provide unfortunate but important opportunities to learn from the
performance of structures, emergency communications, and human behavior during catastrophic events.
Insight gained from such learning can lead to improvements in standards, codes, and practices that will
reduce losses and improve safety in future events. This report documents the findings and
recommendations resulting from the technical investigation of the May 22, 2011, Joplin tornado
undertaken by the U.S. Commerce Department’s National Institute of Standards and Technology
(NIST).*

E.2 NIST RESPONSE AND SCOPE OF THE TECHNICAL INVESTIGATION

NIST began assessing the Joplin tornado and its associated impacts in the immediate aftermath of the
disaster. Based on initial information about the human toll of the storm and its impact on buildings and
other structures, NIST deployed a four—person reconnaissance team to collect perishable data and to make
a recommendation about whether a more detailed study was warranted. This team, which included NIST
researchers with expertise in structural and fire engineering, extreme wind, and sociology, deployed to
Missouri on May 24, 2011, two days after the tornado struck, and conducted field reconnaissance in
Joplin May 25-28, 2011."

The NIST reconnaissance team determined, based on its analysis of the data collected during the
reconnaissance, that this event provided a significant opportunity to learn from what happened and to
improve safety in the future. On June 29, 2011, NIST Director Patrick Gallagher—by implementing
legislative authority provided in the National Construction Safety Team Act (NCST)"*—established a
NCST Team to conduct a detailed technical investigation of the May 22, 2011, Joplin tornado. The
establishment of the NCST Team was announced in the Federal Register on July 19, 2011 (76 FR 42683).

9 Joplin Area Chamber of Commerce (http://www.regionalpartnership.contros.com/JACC%20Fact%20Sheet%205-1-12.pdf).

10 The City of Joplin, like most other municipalities in tornado high-hazard areas and like the contemporaneous model building
codes, did not mandate the construction of shelters or safe rooms in residential or commercial facilities at the time of the May 22,
2011, Joplin tornado.

M NisTisa non-regulatory agency of the Department of Commerce.

12 gee www.nist.gov/el/disasterstudies/upload/Joplin_Reconnaissance_Presentation061511-2.pdf for more information about
NIST’s preliminary reconnaissance in Joplin.

13 pyblic Law 107-231, October 1, 2002, 116 Stat. 1471 (15 U.S.C. 7301 et seg.). information about the NCST is available at
www.nist.gov/el/disasterstudies/ncst/aboutncst.cfm.
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Executive Summary

The NCST Team consisted of four researchers from NIST’s Engineering Laboratory™ with expertise in
structural and fire engineering, extreme wind, and sociology (human behavior and emergency response).
In addition to the NIST researchers, a researcher with expertise in meteorology and severe storms and
warnings from the National Oceanic and Atmospheric Administration’s National Severe Storms
Laboratory was also named as part of the NCST Team.

The scope of the investigation of the Joplin tornado included analyses of the wind environment and
technical conditions that may have contributed to the fatalities and injuries, the performance of
emergency communications systems, the public’s response to emergency communications, and the
performance of buildings and lifelines. The primary outcomes (findings and recommendations) of the
NIST technical investigation provide a technical basis for improved codes, standards, and practices
related to tornado hazard characterization, tornado—resilient design and construction, emergency
communications systems, and emergency response. It is anticipated that the findings and
recommendations in this report will contribute to the voluntary consensus process that is used to develop
U.S. codes, standards, and practices.

The goals of the NCST technical investigation of the May 22, 2011, Joplin tornado were:

e To investigate the wind environment and technical conditions associated with fatalities and
injuries, the performance of emergency communications systems and the public response to
such communications, and the performance of residential, commercial, and critical buildings,
designated safe areas in buildings, and lifelines.

e To develop findings and recommendations that can serve as the basis for

— Potential improvements to requirements for design and construction of buildings,
designated safe areas, and lifeline facilities in tornado—prone regions;

— Potential improvements to guidance for tornado warning systems and emergency
response procedures;

— Potential revisions to building, fire, and emergency communications codes, standards,
and practices; and

— Potential improvements to public safety.
To achieve those goals, five specific NCST technical investigation objectives were identified:

1. Determine the tornado hazard characteristics and associated wind fields in the context of
historical data

2. Determine the response of residential, commercial, and critical buildings, including the
performance of designated safe areas

¥ NIST's Engineering Laboratory supports U.S. industry and public safety by providing critical tools—metrics, models, and
knowledge—and the technical basis for standards, codes, and practices.
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3. Determine the performance of lifelines® as it relates to the continuity of operations of
residential, commercial, and critical buildings

4. Determine the pattern, location, and cause of fatalities and injuries, and associated emergency
communications and public response

5. ldentify, as specifically as possible, areas in current building, fire, and emergency
communications codes, standards, and practices that warrant revision

E.3 THE HAZARD CONTEXT

In the days leading up to the May 22, 2011, Joplin tornado, forecasters at the National Weather Service
(NWS) Storm Prediction Center (SPC) were becoming more certain about the impending occurrence of a
significant weather event; one that would include thunderstorms and possible tornadoes, in a region that
encompassed Joplin, Missouri. Given their location in “tornado alley,” residents in the vicinity of Joplin
were no strangers to tornadic activity. According to the SPC, from 1950 through 2011, the area within an
80-—mile radius of Joplin encountered a total of 766 tornadoes (of which 6 percent were rated EF-3 or
higher), or an average of 12.5 tornadoes per year. A total of 182 tornadoes rated EF-2 or greater struck
the region during this period.

On Sunday, May 22, 2011, forecaster confidence in a severe weather event grew, and the SPC issued a
tornado watch for Joplin and surrounding communities at 3:00 p.m. Although conditions required for
thunderstorms were present in the region, the conditions in Joplin were relatively quiescent at this time.
At 4:33 p.m., NWS forecasters in Springfield, Missouri, briefed the Joplin—Jasper County Emergency
Manager (EM) on severe storms to the west (NWS 2011). At 5:09 p.m., a tornado warning was issued for
a storm cell affecting the northeast part of Joplin. At 5:11 p.m., the Joplin—Jasper County EM sounded
the tornado sirens throughout Joplin. The decision to sound the siren system was made by the Joplin—
Jasper County EM based on conversations between emergency management personnel in Cherokee
County, Kansas (immediately west of Jasper County) and Joplin—Jasper County, information received
from the NWS about the impending (5:09 p.m.) warning affecting northeast Joplin, the direction of travel
of the storm that was the subject of the 5:09 warning, and anecdotal information from a local emergency
official (outside of Joplin) regarding the destruction associated with that storm. This sounding caused
some confusion among Joplin residents, since at this time there were few environmental clues to suggest
that severe weather was imminent.

At 5:17 p.m., the NWS office in Springfield, Missouri, issued another tornado warning for a different
storm which included southwest Jasper County and encompassed the entire city of Joplin. At 5:34 p.m.,
an emergency response official located in the area reported seeing a tornado touching down southwest of
the Joplin city limits, and 4 minutes later, a police officer spotted the tornado entering the city. About this
time, the tornado sirens were sounded for a second time in the Joplin area. The tornado followed a six—
mile, roughly west-to—east path through Joplin, and was up to a mile wide in some places. At 5:48 p.m.,
the NWS issued a third tornado warning to extend the warning area to the east of Joplin. By 5:50 p.m.,

1> |ifelines considered in this investigation were electrical power, natural gas, and water supply infrastructure and facilities.
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the tornado was moving out of Joplin after exacting a terrible toll in the city. The overall length of the
tornado’s path was 22.1 miles.

E.4

PRINCIPAL FINDINGS

NIST developed findings based upon information collected during and after the initial reconnaissance,
interviews conducted with survivors, and data analyses related to environmental conditions, building
performance, and emergency response and communications activities. These findings are enumerated in
Sec. E.4.2, following the contextual observations presented in Sec. E.4.1.

E4.1

Context for Findings

National model building codes, standards, and practices seek to achieve life safety for the
hazards that are considered in design. While these considerations include hurricane and
nontornadic wind, flood, snow, rain, earthquake, and ice loads, they do not include tornado
hazards (loads due to wind speeds that significantly exceed code—compliant design wind
speed and impacts of wind—borne debris). Thus, buildings and other structures are not
designed for tornado hazards currently. The sole exceptions are safety—related structures in
nuclear power plants and storm shelters or safe rooms.

There are currently two tornado hazard maps prescribing different tornado hazard
regionalization and associated wind speeds for the contiguous United States:

— The ANSI/ANS 2.3 (2011), NRC/RG 1.76 (2007), and DOE 1020 (2002) map for
designing nuclear—related facilities (three regions, 230 mph maximum wind speed); and

— The ICC 500 (2008), FEMA 320 (2008), and FEMA 361 (2008) map for designing
shelters and safe rooms (four regions, 250 mph maximum wind speed).

Current building codes and standards prohibit the use of aggregate roof surfacing materials or
ballast for hurricane—prone regions,™ but allow their use in other regions based on mean roof
height and exposure category. For the City of Joplin, the building code®’ at the time of the
May 22, 2011 Joplin tornado allowed aggregate roof ballast for buildings with a mean roof
height of less than 110 ft.

In the State of Missouri, the adoption and enforcement of building codes are prerogatives of
local government. The City of Joplin’s building department has a long history of code
adoptions, and typically has adopted the latest national model building codes shortly after
they have been issued.

'® Defined in ASCE/SEI Standard 7—10 Minimum Design Loads for Buildings and Other Structures as: Areas vulnerable to
hurricanes; in the United States and its territories defined as (1) The U.S. Atlantic Ocean and Gulf of Mexico coasts where the
basic wind speed for Risk Category Il buildings is greater than 115 mph, and (2) Hawaii, Puerto Rico, Guam, Virgin Islands, and
American Samoa.

7 1BC 2006
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o Like most other municipalities in tornado—prone areas and the contemporaneous model
building codes, the City of Joplin does not mandate the construction of shelters or safe rooms
in residential or non—residential facilities. Additionally, the City did not own or operate any
public storm shelters. The lack of public shelters and requirements for safe rooms in
residential or non—residential facilities meant that many residents in the area affected by the
May 22, 2011, Joplin tornado, particularly those who were living in multi—family residential
buildings or older nursing homes, did not have access to such sheltering options during this
tornado.

E.4.2 Findings of the Technical Investigation

NIST’s findings are grouped by objective as listed below. To aid in identifying individual findings, the
findings are numbered consecutively. In addition, several of the findings in the May 22, 2011, Joplin

tornado that pertai

n to building performance (specifically findings 8, 9, 10, and 17 of Objective 2) listed

below are consistent with observations regarding responses of critical and educational facilities during the
May 20, 2013, tornado in Moore, Oklahoma (NIST 2013).

Objective 1. Determine the tornado hazard characteristics and associated wind fields in the context

of historical data

e Measurements of the Near—Surface Wind Field in Tornadoes

Finding 1:

Finding 2:

Finding 3:

Finding 4:

XIviii

Current operational weather radar technology is incapable of determining tornado
occurrence and intensity at heights above the ground that are relevant to structural
engineering design (i.e. at the heights of buildings). For example, because the nearest
operational radars to Joplin were more than 60 miles away they could only measure
conditions at altitudes starting at 5000 ft.

Reliable direct measurement of wind speed in tornadoes, especially the most intense
tornadoes, is lacking or non—existent. Wind speed measurements related, but not
directly, to the May 22, 2011, Joplin tornado were limited to one location well outside
the tornado damage path. The difficulty in measuring tornado intensity discussed in
both Findings 1 and 2 have been noted in previous tornado research.

NIST estimated the maximum wind speeds in the May 22, 2011, Joplin tornado to be
175 mph with up to 25 percent of uncertainty. With uncertainty, the upper bound of the
estimated maximum wind speed in the Joplin tornado was 210 mph. The uncertainty
was due to the use of indirect wind speed estimation methods (i.e., tree—fall analysis,
EF Scale). Due to the lack of radar and direct wind speed measurements, indirect
methods served as the sole estimators of wind speeds in the May 22, 2011, Joplin
tornado. While existing indirect methods cannot be used to unambiguously determine
wind speeds that can be used in structural design, the remaining findings in this study
are not sensitive to the level of uncertainty in this methodology.

The estimated duration and spatial extent of damaging winds in the May 22, 2011,
Joplin tornado were significantly greater than those expected based on those used in
current tornado hazard models. This finding is consistent with other studies that have
estimated wind fields in actual tornadoes. For example, wind speeds in the Joplin
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tornado that exceeded those associated with EF-3 accounted for approximately twice
the spatial area expected based on modeled estimations for an EF-5 tornado.

o Assessment of Tornado Climatology, Hazard, and Risk for Structural Design

Finding 5:

Finding 6:

The probability of occurrence and subsequent risk of tornadoes is significantly
underestimated by point—based methodology. It was shown that actual damage in
Joplin and other communities affected by damaging tornadoes was greater than
predicted using point—based methodology.

Tornadoes rated EF-3 or lower have accounted for approximately 96 percent of all
U.S. tornadoes between 1950 and 2011, over one—third (36 percent) of the
approximately 5,600 tornado-related fatalities over the same period, and about 80
percent of the $25 billion'® in estimated property losses incurred due to tornadoes
between 1996 and 2011. Even in a tornado with intensity greater than EF-3, the wind
speeds in the majority of the affected area are equivalent to or less than the maximum
wind speeds associated with EF-3 tornadoes. In the case of the Joplin tornado,
approximately 40 percent of the fatalities and as much as 90 percent of the tornado area
were associated with EF-3 or lower wind speeds.

o Limitations of the Enhanced Fujita (EF) Scale

Finding 7:

The Enhanced Fujita scale lacks adequate damage indicators (DI’s) and corresponding
degrees of damage (DOD’s) for distinguishing among the most intense tornado events.
The lack of DI’s and DOD’s and overall nature of the EF—scale requires subjective,
non—quantitative assessment of tornado damage.

Objective 2. Determine the response of residential, commercial, and critical buildings,
including the performance of designated safe areas

e Building Performance

Finding 8:

Finding 9:

Buildings are not designed to withstand tornado hazards and there are no building code
requirements for tornado—resistant design. Most buildings in the area damaged by the
May 22, 2011, Joplin tornado were subjected to wind speeds close to or above the
speeds that would be expected to cause collapse of or major damage to structures
designed to the non—tornadic wind design requirements of the building codes
applicable to them. Wind—borne debris, which contributed significantly to building
damage in Joplin, also is not considered as a hazard in building design.

Regardless of construction type, neither affected residential nor non-residential
buildings were able to provide life—safety protection in the May 22, 2011, Joplin
tornado. Of the 161 fatalities, 135 (or 83.8 percent) were related to building failure. Of
these building failure—related fatalities, 74 (52.5 percent) occurred in residential
buildings. Of the buildings that were damaged, 7,411 were residential and 553 were
non-residential. All 553 of the non-residential buildings and 3,069 (about 43 percent)
of the residential structures sustained either heavy/totaled or demolished damage

8 |n 2011 dollars.
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Finding 10:

classification, resulting in $1.228 billion in reported insured losses for non—residential
property and $0.552 billion for residential property.

Among the engineered buildings surveyed by NIST, those with redundant lateral load
capacity and those that did not depend on bracing from the roof system for lateral
stability (such as certain steel and concrete moment frame buildings) withstood the
tornado without structural collapse. Those with reinforced concrete roofs or composite
concrete and steel roofs also withstood the tornado without structural collapse. Those
that relied on bracing from a less robust roof system for lateral stability (such as box—
type system (BTS) buildings with light steel roof decks) were prone to structural
collapse.

Finding 11: The structural collapses of NIST—surveyed BTS buildings began with failure of the roof

Finding 12:

Finding 13:

Finding 14:

Finding 15:

Finding 16:

Finding 17:

system due to wind uplift (failure of roof—deck—to—joist or joist-to—wall connections),
which led to the loss of lateral bracing for perimeter walls, causing them to collapse by
rotation at the base due to lateral load. Available design information showed that the
roof connections of these buildings were adequate for code—level design wind
pressures, making it unlikely that these buildings could have failed in wind speeds
under 115-120 mph, which are the “ultimate” (that is, sufficient for failure) speeds
corresponding to the code—level winds.

BTS buildings, surveyed by NIST, that sustained total structural collapse had two
common design features that increased their vulnerability to collapse in the May 22,
2011, Joplin tornado: light-gauge metal roof systems, and friction—only wall-to—
footing connections (currently accepted practice for areas with low or no seismic risk).

Metal building systems (MBS) surveyed by NIST sustained significant damage to their
envelopes, but no structural collapses of the primary rigid steel frame.

Failures of residential wood—frame buildings predominantly involved failure of the
connections between structural components, rather than of the components themselves
(roof, walls, and floor), with the majority involving disconnection of the roof from
walls and walls from foundation. This indicates lack of robustness in the connections
and in the continuity of the vertical load path from roof to foundation.

Better structural performance in one of the NIST—surveyed multi—family residential
buildings in Joplin can be attributed to use of robust hurricane connectors, typically
only required for residential wood—frame buildings in hurricane—prone regions.

All NIST-surveyed engineered buildings that did not collapse (steel, concrete frame,
and MBS), as well as engineered buildings that collapsed (BTS buildings), sustained
significant damage to the building envelopes and interiors due to the combination of
wind pressure, impacts by wind—borne debris, and subsequent water intrusion.

The failure of building envelopes at St. John’s Regional Medical Center (SJRMC),
which led to loss of protection and subsequent extensive damage to building interiors
(affecting electrical distribution and fixtures, water and gas pipes, HVAC systems and
ductwork, and the elevator system and elevator shaft enclosure), was the primary cause
for the complete loss of functionality of this critical facility, which occurred despite the
robust structural system that withstood the tornado without structural collapse.

NIST NCSTAR 3, Joplin Tornado Investigation
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Finding 18: The majority of the impact-resistant windows on the fifth floor (Behavioral Health
Unit) of the West Tower of SIRMC remained intact, whereas most regular dual-pane
insulated windows at SJRMC were broken when exposed to the same tornado hazards.

Finding 19: While there was no direct evidence that roof aggregate contributed to any fatalities in
Joplin, there was evidence that roof aggregates contributed to envelope damage in
SIJRMC buildings and surrounding structures, thus adding to the tornado debris hazard
and the potential for injuries or fatalities.

o Performance of Shelters/Safe Rooms/Designated Refuge Areas

Finding 20: NIST found that Joplin residents had limited access to underground or tornado—
resistant shelters. There were no community shelters or safe rooms in the City of
Joplin or Jasper County at the time of the May 22, 2011, Joplin tornado. Also, 82
percent of the homes in Joplin lacked basements. Only a few non-residential buildings
were equipped with underground locations (e.g., basements), and none was identified
as having a tornado—resistant shelter above ground.

Finding 21: While many non-residential facilities had designated refuge areas, several of these
areas suffered severe damage and NIST found no evidence that these areas yielded
positive outcomes with respect to loss of life. Most high—occupancy commercial and
critical facilities surveyed by NIST in the tornado—affected area (SJRMC, schools, and
big—box stores) had in—facility designated refuge areas for tornadoes. However, the
locations of these areas were not always based solely on structural considerations.
There are currently no design standards, requirements, or best—practice guidelines for
designating refuge areas within existing commercial or critical buildings.*®

Finding 22: Currently, there are optional model code provisions for the design of specially
purposed shelters, but such shelters are not required.

Finding 23: Based on a few instances observed in this tornado, in—-home shelters did perform well
and provided life—safety protection to the home owners. NIST found no statistics on
how many of the 7,411 damaged residential structures had in—home tornado shelters.

Objective 3. Determine the performance of lifelines as it relates to the continuity of operations
of residential, commercial, and critical buildings

Finding 24: All utilities (water, gas, power) were lost in the areas most damaged by the May 22,
2011, Joplin tornado. The utility providers restored service to critical buildings
(SIRMC, water treatment plant) within 24 hours.

Finding 25: The failure of building envelopes at NIST—surveyed critical facilities, and resultant
severe damage to their interior and internal lifeline distribution systems, was the
primary cause of the facilities” complete loss of functionality despite restoration of
utility services within 24 hours.

19 | imited guidance, focused on identifying best available refuge areas in schools, is available in FEMA P431, Tornado
Protection: Selecting Refuge Areas in Buildings (http://www.fema.gov/media-library/assets/documents/2246?id=1563).
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Finding 26: In critical facilities constructed in Joplin prior to 1998, the design wind speed for high—
occupancy buildings was higher than that specified for buildings housing the facilities’
backup power generators.

Objective 4. Determine the pattern, location, and cause of fatalities and injuries, and associated
emergency communications and public response

Finding 27: During the period from 1950 (i.e., the beginning of official tornado record keeping)
through 2011, tornadoes caused approximately 5,600 fatalities in the United States.
Within an 80—mile radius around Joplin, 233 deaths (including those caused by the
Joplin tornado) were caused by tornadoes during the same period.

Finding 28: The Missouri State Police attributed 161 deaths and the City of Joplin attributed more
than 1,000 injuries to the Joplin tornado, which affected an area with an estimated
population of 20,820.

Finding 29: Of the 161 deaths resulting from this tornado, 155 (96 percent) were caused by impact—
related factors (i.e., multiple blunt force trauma to the body). The others were caused
by stress—induced heart attacks, pneumonia, or lightning.

Emergency Communication Prior to May 22, 2011

Finding 30: There was evidence of high false—alarm rates®® among the storm—based tornado
warnings officially issued for Joplin. From 2005 through 2011, 78 percent (14 out of
18) of the official tornado warnings issued for Joplin did not result in a verified
tornado; this percentage was in line with the 2007—2011 national average storm—based
tornado false—alarm rate of 74.7 percent. More recently, over the 5-year period from
2007 through 2011, the Joplin area false—alarm rate increased to 92 percent.

Finding 31: Despite public perception, no evidence was found of high false—alarm rates for Joplin’s
outdoor siren system.”* Since 2007, the average rate of activation of the 25-siren
outdoor warning system in Joplin was once per year (at most), not including the test
activations (1 minute in duration) that occurred weekly.

Finding 32: Joplin residents interviewed after the Joplin tornado believed that there had been a high
number of false alarms in Joplin from official tornado warnings and the City’s outdoor
siren system prior to 2011, even though the siren activation rate was once per year (on
average).

?° The NWS defines a false alarm as an unverified tornado warning. In other words a tornado warning polygon for which no visual

21

reports or damage indicators demonstrate that a tornado occurred during the valid time period of the warning.

In this report, the false alarm rate for the siren system is defined as the activation of the siren system without the occurrence of a
severe weather event in Joplin.
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e Tornado History Prior to May 22, 2011

Finding 33:

Finding 34:

Prior to 2011, the roughly 30—square—mile City of Joplin had experienced one tornado
rated EF-2 or greater since 1950; this tornado occurred on May 5, 1971. However,
also since 1950, 182 tornadoes rated EF-2 or higher had struck within an 80—mile
radius of the City.

Prior to the May 22, 2011, Joplin tornado, scientifically unfounded beliefs about
tornado movements and the effects of regional topography contributed to a common
public perception that the City of Joplin was immune to a direct tornado strike.

e Emergency Communication on May 22, 2011

Finding 35:

Finding 36:

Finding 37:

Finding 38:

Finding 39:

Two official tornado warnings were issued on May 22, 2011. After the first official
warning, Joplin’s sirens were sounded but no tornado occurred. After the second
official warning, the siren system was sounded again, 4 minutes after the tornado
touched down and almost exactly when the tornado entered the City of Joplin. Both
siren soundings took the form of a continuous tone of 3 minutes duration.

The function of an alert is to grab people’s attention before/during a disaster; while the
function of a warning is to provide information about the event and how the public
should respond. Both are necessary in an emergency. Joplin’s outdoor siren system,
which could generally be heard indoors as well as outside, was the primary means by
which individuals were alerted to a tornado event on May 22, 2011. Radio, television,
and word of mouth were the primary means by which individuals were provided with
warning information on May 22, 2011.

The Joplin—Jasper County Reverse—9-1-1 telephone system was not used on May 22,
2011, due to its inability to disseminate information in a timely manner. It had taken
up to 3 hours to get emergency calls out during previous uses, so it is unlikely that the
system would have worked in this tornado event.

Functioning as an alerting system only, the outdoor sirens prompted many Joplin
residents and visitors to seek further information on May 22, 2011. The multiplicity of
information sources, and the conflicting information provided by those sources, added
to the public’s confusion about the true hazard as additional information was sought.

Across the country, there is no standard method for sounding outdoor public siren
systems, which has led to variations in siren usage, activation procedures, and sounding
patterns among U.S. communities. Also, there are no nationally accepted standard
protocols for the issuance of an all-clear alert following a warning.

o Public Response and Consequences on May 22, 2011

Finding 40:

Of the 155 impact-related fatalities, 135 (87 percent) involved persons who are known
to have been located inside structures during the tornado. The structures in which these
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liv

Finding 41:

Finding 42:

Finding 43:

Finding 44:

Finding 45:

Finding 46:

Finding 47:

people died included both residential (59 percent of the 135 victims) and non—
residential (41 percent) buildings.

Virtually all of the buildings in which the 135 impact-related fatalities occurred
experienced maximum estimated winds associated with tornadoes rated EF-3 or
higher. The exceptions were the Meadows Healthcare facility, where two of the deaths
occurred, and five single—family homes that were the sites of six of the fatalities.

The hospital towers at SJRMC did not provide life—safety protection for all occupants,
even though the towers did not collapse. Twelve impact-related fatalities occurred in
the hospital, four of which involved patients in intensive care units.

Responses to the approaching tornado among members of the public, in many cases,
were delayed or incomplete, as was evidenced by the fatalities that occurred among
individuals located outdoors, in vehicles, or en route within buildings to safer refuges
when the tornado hit.

Two factors were found to have contributed to the delayed or incomplete public
response to the Joplin tornado. The first was a lack of awareness of the tornado. The
second was an inability to perceive personal risk due to one or more of the following:
receipt of conflicting or uncertain information about the tornado; pre—existing beliefs
about Joplin’s immunity to direct tornado strikes; and distrust of or confusion about
Joplin’s emergency communications system.

The main factor that convinced individuals to take shelter was the receipt of high—
intensity cues, including hearing or seeing the tornado approaching or witnessing
others’ urgency related to taking protection.

No fatalities occurred in demolished, detached homes in which people took refuge in
basements. Additionally, NIST found no evidence that any of those killed were located
underground during the tornado.

A disproportionate number of people aged 60 years or older died or were injured as a
result of this tornado. NIST analysis of the fatalities resulting from the Joplin tornado
shows that approximately 8 fatalities occurred per thousand people in Joplin aged 60
years and over compared with 2 fatalities per thousand people in Joplin under 60 years.
This disproportionate result remains even after removing all hospital and nursing home
deaths. Factors that may have contributed to this outcome include a lack of
information flow to these individuals, a lack of supportive social networks among
individuals, or inability of an individual to withstand or recover from tornado—induced
trauma.
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E.5 RECOMMENDATIONS

As part of its technical investigation of the Joplin tornado, NIST has developed 16 recommendations for
improving tornado hazard characterization, for improving how buildings and shelters are designed,
constructed, and maintained in tornado—prone regions, and for improving the emergency communications
that warn of imminent threats from tornadoes. These recommendations are listed in Table E-1, below, in
three groups that reflect the objectives and findings of the investigation.

Group 1 contains recommendations relating to the characteristics of tornado hazards and their associated
wind fields. The recommendations in Group 2 concern the performance of buildings, lifelines, and
shelters and designated safe areas. Group 3 recommendations relate to findings about the pattern,
locations, and causes of tornado fatalities and injuries, the performance of emergency communications
systems, and the public response to this tornado.

The recommendations call for action by specific entities with regard to the development, adoption, and
enforcement of standards, codes, and regulations; professional and construction practices, education, and
training; and research and development. NIST believes that these recommendations are realistic and
appropriate, and are achievable within a reasonable period of time.

NIST strongly urges State and local authorities having jurisdiction to adopt and enforce model building
codes and standards. Enforcement is critical to ensuring expected levels of safety. Following good
building practices also is critical to achieving better performance of structures during extreme events like
tornadoes.
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Table E-1. Summary of NIST recommendations.

Recommendation

Interested Parties

Organization with Lead
Responsibility for
Implementation

Group 1: Tornado Hazard Characteristics and Associated Wind Field

Recommendation 1: NIST recommends that a capacity be developed and deployed that can Academia, DOE, NOAA
measure and characterize actual tornadic wind fields, including near—surface wind fields, for use in NOAA/NWS, NRC, NSF

the engineering design of buildings and infrastructure. This would require enhancement and

widespread deployment of cost-effective, advanced technologies, including weather radar.

Recommendation 2: NIST recommends that information gathered and generated from tornado Academia, FEMA, NGA NWS
events (such as the Joplin tornado) should be stored in publicly available and easily accessible

databases to aid in the improvement of tornado hazard characterization.

Recommendation 3: NIST recommends that tornado hazard maps for use in the engineering design | ASCE, DOE, FEMA, ICC, NIST
of buildings and infrastructure be developed considering spatially based estimates of the tornado NRC

hazard instead of point—based estimates.

Recommendation 4: NIST recommends that new damage indicators (DIs) be developed for the Academia, ATC, FEMA, NWS

Enhanced Fujita tornado intensity scale to better distinguish between the most intense tornado
events. Methodologies used in the development of new Dls and associated degrees of damage
(DODs) should be, to the extent possible, scientific in nature and quantifiable. As new information
becomes available, a committee comprised of public and private entities should be formed with the
ability to propose, accept, and implement changes to the EF Scale. The improved EF Scale should be
adopted by NWS.

NRC, NSF, OSTP

Ivi
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Group 2: Performance of Buildings, Shelters, Designated Safe Areas, and Lifelines

Recommendation 5: NIST recommends that nationally accepted performance—based standards for | Academia, ATC, Design ASCE
the tornado-resistant design of buildings and infrastructure be developed and adopted in model and construction

codes and local regulations to enhance the resiliency of communities to tornado hazards. The industry (including ACI,

standards should encompass tornado hazard characterization, performance objectives, and AISC, AWS, NAHB, PCA,

evaluation tools. The standards shall require that critical buildings and infrastructure such as SDI, SJI, TMS), FEMA,

hospitals and emergency operations centers be designed to remain operational in the event of a ICC, NFPA

tornado.

An example of a tornado performance objectives matrix for buildings of different risk categories is

Performance Objectives
Tornado

Intensities Operational Repairable Life Safe Collapse
Occupancy Prevention

shown below:

EF1 (86-110 mph)

EF2 (111-135 mph)
EF3 (136-165 mph)
EF4 (166-200 mph)

EF5 (> 200 mph)

(1) Hardened area, shelter—in—place.
(2) Public shelter.
*  Risk Categories based on ASCE 7-10.
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Recommendation

Interested Parties

Organization with Lead
Responsibility for
Implementation

Recommendation 6: NIST recommends the development of risk—balanced, performance—based Academia, ASCE, ATC, NIST, FEMA
tornado design methodologies such that all building components and systems meet or exceed the Design and
same performance objectives when subjected to tornado hazards. construction industry
(including ACI, AISC,
AWS, NAHB, PCA, SDI,
SJI, TMS), ICC, NFPA
Recommendation 7: NIST recommends that: (a) a tornado shelter standard specific for existing Academia, FEMA, ICC
buildings be developed and referenced in model building codes; and (b) tornado shelters be NAHB, NFPA, States
installed in new and existing multi—-family residential buildings, mercantile buildings, schools and and authorities having
buildings with assembly occupancies located in tornado hazard areas identified in the performance— | jurisdiction (AHJ) in
based standards required by Recommendation 5. tornado—prone areas
Recommendation 8: NIST recommends the development and implementation of uniform national IAEM, IAFC, ICC, NAC, FEMA
guidelines that enable communities to create safe and effective public sheltering strategies. The NCSL, NEMA, NFPA,
guidelines should address planning for siting, designing, installing, and operating public tornado NSF, NWS
shelters within the community.
Recommendation 9: NIST recommends that uniform guidelines be developed and implemented Academia, DHS S&T, FEMA
nationwide for conducting assessment of tornado risk to buildings and designating best available IAEM, IAFC, ICC, NAC,
tornado refuge areas as an interim measure within buildings until permanent measures fully NCSL, NEMA, NFPA,
consistent with Recommendations 5 and 7 are implemented. States and AHJs in
tornado—prone areas
Recommendation 10: NIST recommends that aggregate used as surfacing for roof coverings and ASCE, NFPA, SPRI, ICC

aggregate, gravel, or stone used as ballast be prohibited on buildings of any height located in a
tornado—prone region.

States and AHJs

Iviii
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Recommendation

Interested Parties

Organization with Lead
Responsibility for
Implementation

Recommendation 11: NIST recommends that enclosures of egress systems (elevators, exits, BOMA ICC, NFPA
stairways) in critical facilities in tornado—prone areas be designed to maintain their functional
integrity when subjected to tornado hazards.
Recommendation 12: NIST recommends that (a) tornado vulnerability assessment guidelines for BOMA, DHS IP, DHS FEMA
critical facilities be developed and (b) owners and operators of existing critical facilities in tornado— S&T, IFMA, NFPA,
prone areas perform tornado vulnerability assessments, which includes steps to protect the States and AHJs
functionality of (1) backup power supplies, (2) vertical movement within the building (elevator
equipment and shaft enclosures), and (3) means of egress illumination (battery—powered lighting in
addition to backup power), in a tornado event.

Group 3: Pattern, Location, and Cause of Fatalities and Injuries, and Associated Performance

of Emergency Communications Systems and Public Response

Recommendation 13: NIST recommends the development of national codes and standards and Academia, FEMA, NFPA

uniform guidance for clear, consistent, recognizable, and accurate emergency communications,
encompassing alerts and warnings, to enable safe, effective, and timely responses among
individuals, organizations, and communities in the path of storms having the potential to create
tornadoes.

NIST also recommends that emergency managers, the NWS, and the media develop a joint plan and
take steps to make sure that accurate and consistent emergency alert and warning information is
communicated in a timely manner to enhance the situational awareness of community residents,
visitors, and emergency responders affected by an event.

IAEM, ICC, NEMA, and
NWS
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Organization with Lead
Responsibility for

Recommendation Interested Parties .
Implementation
Recommendation 14: NIST recommends that the full range of current and next—generation Academia, DHS, FCC, FEMA
emergency communication “push” technologies (e.g., GPS—based mobile alerts and warnings, IAFC, NEMA, NFPA,
reverse 9—1-1, outdoor siren systems with voice communication, NOAA weather radios) be NWS

deployed and utilized to maximize each individual’s opportunity to receive emergency information
and respond safely, effectively, and in a timely fashion.

Recommendation 15: NIST recommends research be conducted to identify the factors that will Academia, DHS, ICC, NSF, NIST
significantly enhance public perception of personal risk and promote rapid and effective public NFPA, NWS
response during emergencies, including tornadoes.

Recommendation 16: NIST recommends that technology be developed to provide tornado threat FEMA, IAEM, Media NOAA
information to emergency managers, policy officials, and the media on a spatially resolved real—time | industry, NEMA, NFPA
basis to supplement the currently deployed official binary warn/no warn system.

Key: ACI, American Concrete Institute; AHJ, authority having jurisdiction; AISC, American Institute of Steel Construction; ASCE, American Society of Civil
Engineers; ATC, Applied Technology Council; AWS, American Welding Society; BOMA, Building Owners and Managers Association International; DHS, U.S.
Department of Homeland Security; DHS IP, DHS Office of Infrastructure Protection; DHS S&T, DHS Science and Technology Directorate; DOE, U.S. Department
of Energy; FCC, Federal Communications Commission; FEMA, Federal Emergency Management Agency; IAFC, International Association of Fire Chiefs; IAEM,
International Association of Emergency Managers; ICC, International Code Council; IFMA, International Facility Managers Association; NAC, National
Association of Counties; NAHB, National Association of Homebuilders; NCSL, National Conference of State Legislators; NEMA, National Emergency
Management Association; NFPA, National Fire Protection Association; NIST, National Institute of Standards and Technology; NOAA, National Oceanic and
Atmospheric Administration; NRC, U.S. Nuclear Regulatory Commission; NSF, National Science Foundation; NWS, National Weather Service; PCA, Portland
Cement Association; SDI, Steel Deck Institute; SJI, Steel Joist Institute; SPRI, Single Ply Roofing Industry; TMS, The Masonry Society.
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Chapter 1
INTRODUCTION

11 THE CITY OF JOPLIN

The City of Joplin, which bore the brunt of the powerful tornado that struck Missouri on May 22, 2011, is
located in southwest Missouri, as shown in Fig. 1-1. Joplin is considered the center of what is regionally
known as the “four—State area,” because it is the most centrally located city in the area where the States of
Arkansas, Kansas, Missouri, and Oklahoma touch. Incorporated in 1873, the city is Missouri’s fourth
largest metropolitan area®, with a population of 50,150.2 Joplin spans both Jasper and Newton
Counties, covering a total of 31.54 square miles. The dividing line between the two counties runs along
32" Street (see Fig. 1-2), with Jasper County to the north and Newton County to the south.
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Figure 1-1. Location of Joplin (circled in red) in southwestern Missouri.

2 Joplin Area Chamber of Commerce (http://www.joplincc.com/whywedoit. html).
% United States Census Bureau 2010 estimate (http:/quickfacts.census.gov/qfd/states/29/2937592.html).
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Figure 1-2. Map of Joplin and surrounding area.

Since 1954, the City has operated under the council-manager form of government. There is a governing
city council that is responsible for passing ordinances, adopting a budget, appointing committees, and
hiring higher—level city officials. The City manager is responsible for carrying out the policies and
ordinances of the council, overseeing day—to—day operations of the City, and appointing heads of City
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departments. Some planning and management functions are operated jointly between the City and Jasper
County, including the Joplin/Jasper County Emergency Management Agency.

Joplin is a commercial, medical, and cultural hub for the four—State region.** There are two hospitals
located within the city limits, Freeman Health Systems and St. John’s Regional Medical Center (SJRMC),
which provide health care and employment for thousands of local residents, as well as facilities
specializing in sports medicine, psychological and psychiatric services, and heart and cancer care. Three
other hospitals are located near Joplin: McCune—Brooks Hospital in Carthage, Missouri (14 miles away);
Freeman Neosho Hospital in Neosho, Missouri (15 miles away); and Via Christi Hospital Pittsburg Inc. in
Pittsburg, Kansas (26 miles away). Nursing and retirement centers and extended care facilities are also a
part of the Joplin area.

Joplin is home to three airports: Joplin Regional Airport (shown at the far north of Fig. 1-2); Five Mile
Airport; and a heliport at SIRMC. There are six post—secondary educational institutions located
throughout the City. The largest is Missouri Southern State University (MSSU), a State school with more
than 4,000 students. Others include Vatterott College, Ozark Christian College, Franklin Technology—
MSSU, Messenger College, and New Dimensions School of Hair Design. Joplin has one public high
school, Joplin High School, and three private high schools. Like any densely populated city, Joplin has
its share of restaurants, shops, hotels, sports and entertainment venues, conference facilities, and other
commercial properties.

Due to its centralized location, Joplin makes an attractive home for a number of industries, including
manufacturing, retail trade, construction, and transportation.”> Area employers provide jobs in food
processing, metal fabrication, equipment manufacturing, plastics and packaging technologies, customer
service, and retail sales. Goods distribution centers, administrative offices, machinery repair facilities,
and custom computer—programming services are fueling economic growth in the region. As the regional
economic hub, Joplin’s population increases by five times during each workday, making for a daytime
population of 250,000 people.?

Summary demographic information from the United States Census Bureau indicates that the median age
among Joplin residents is 35 years, and that 14.8 percent of residents are aged 65 or older.?” The City is
essentially split evenly by gender (52 percent of residents are women), and is predominantly (87.6
percent) white. With regard to educational levels, 84.3 percent of Joplin residents aged 25 or older have
received at least a high school diploma. The number of households in Joplin totaled 20,552 in 2011, with
an average of 2.33 persons per household. More than half (53 percent) of the City’s population (over the
age of 15) is married, with 23.4 percent never married and the rest separated (2.9 percent), widowed (7.8
percent), or divorced (13.0 percent).?

Joplin sits within the Ozark Plateau (the Ozarks), which is a heavily forested group of highlands in the
south central portion of the United States.”® Although the plateau extends from St. Louis, Missouri, to the

2 Joplin Area Chamber of Commerce (http://www.joplincc.com/joplinhistory.html).

% |bid.

% Joplin Area Chamber of Commerce (http://www.joplince.com/whywedoit.html).

# United States Census Bureau (http://quickfacts.census.gov/qfd/states/29/2937592.html).

% Citi-Data.com (www.city—data.com/city/Joplin—Missouri.html#ixzz2Kzi6gTDD).

% Arkansas Geological Survey (www.geology.ar.gov/education/ozark_plateaus.htm); Encyclopedia Britannica
(http://www.britannica.com/EBchecked/topic/437144/0zark—Mountains).
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Arkansas River, it is divided into three different plateau surfaces: the Springfield Plateau; the Salem
Plateau; and the Boston Mountains Plateau. Joplin is located within the Springfield Plateau, which is
characterized by gently rolling hills (or undulating topology) above ground, and caves and sinkholes,
common in limestone below ground. The Ozarks also contain deposits of lead, zinc, iron, and barite ores.
Development in Joplin initially began because of lead mining; however, it was the discovery of zinc that
spurred the growth of Joplin in the early 20th century. Most of the mines were closed after World War II,
leaving mine workings under nearly 75 percent of the city.

Due to the many near—surface mine tunnels® and other unfavorable soil conditions (high water table and
limestone just below the surface®), most of the homes in Joplin (83 percent®”) do not have basements.
Additionally, very few residences in Joplin have tornado shelters or safe rooms.* In contrast, public
safety guidance from the National Weather Service (NWS)* indicates that underground shelters,
basements or safe rooms are the safest places in a tornado.

Residents in the Joplin area are no strangers to tornadic activity given the area’s proximity to tornado
alley.® Statistics gathered by the NOAA/NWS Storm Prediction center (SPC) indicate that between 1950
and 2011, the area within an 80—mile radius of Joplin experienced a total of 766 tornadoes, an average of
12.5 per year. Of these, 24 percent were rated EF—2 or greater on the Enhanced Fujita Scale,®® and 6
percent were rated EF-3 or greater.

There have been very few instances, however, of significant tornadoes striking within the City of Joplin.
Prior to May 22, 2011, only one tornado rated EF-2 or greater had struck Joplin since official record—
keeping began in 1950. On May 5, 1971, a tornado spawned by violent thunderstorms touched down in
Joplin at about dusk. This tornado was one of many that struck Oklahoma, Arkansas, Kansas, Nebraska,
and lowa that day, and was one of at least 14 confirmed tornadoes in southwestern Missouri. The tornado
damaged a 37-block section of the City, injuring 45 persons, killing 1, and causing an estimated $7
million in damage (1971 dollars). The 1 fatality occurred when the tornado struck the Anderson Mobile
Trailer Court, where 15 trailers were destroyed. Ten residences and at least three other mobile homes
were reported to have been destroyed in the storm. Additionally, 60 other homes and 22 businesses were
heavily damaged, and another 320 homes sustained minor damage. News accounts at the time indicated
that the tornado sirens were not sounded until the tornado had already touched down and was moving
through the City. The National Severe Storms Forecast Center issued a tornado warning and notified the
Joplin police at 6:15 p.m. CDT. However, the sirens were not sounded until 38 min later at 6:53 p.m.,
when a Joplin police officer on patrol witnessed debris flying through the air. At the time, the standard
operating procedure in most communities was to sound the sirens when the tornado warning was issued,
because a “warning indicated that a tornado had been sighted in or near the area of the warning.” Damage
from the 1971 storm is shown in Fig. 1-3.

% NIST Interview with City of Joplin Building Official and Code Enforcement Supervisor

% Reuters (www.reuters.com/article/2011/05/31/us—tornado—basements—idUSTRE74U6HT20110531).
% Data from Jasper County Assessor’s office.

% NIST Interview with City of Joplin Building Official and Code Enforcement Supervisor

3 NOAA (http://www.nws.noaa.gov/om/severeweather/resources/ttl6—10.pdf).

% “Tornado Alley is a nickname given to an area in the southern plains of the central U.S. that consistently experiences a high
frequency of tornadoes each year.” NOAA (http://www.ncdc.noaa.gov/oa/climate/severeweather/tornadoes.html#alley).

% The Enhanced Fujita (EF) Scale is used by the NWS to rate the intensity of the maximum wind speeds in a tornado based on
observed damage, with EF-0 being the lowest (beginning with winds of 65 mph or more) and EF-5 the highest (winds exceeding
200 mph). See http://www.spc.noaa.gov/efscale/ and Secs. 2.3.4.1 and 2.5 for more information.
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Figure 1-3. Damage from the 1971 Joplin tornado.*’

The relative lack of tornado strikes within the city was one of the factors that led to a false impression
among many Joplin residents that tornadoes would not strike the City. Many believed that tornadoes
would not track directly through the City, but instead would track only to the north or south of the City,
missing Joplin completely. Some believed that the topography around Joplin had something to do with
tornado tracking, protecting the city from direct hits. However, the 1971 tornado demonstrated that Joplin
was not immune to tornado strikes.

The prevalence of tornado—related false alarms in Joplin and surrounding areas also fed the notion that
tornadoes would not strike the City. Over a period of 7 years (from 2005 to 2011), Joplin experienced a
78 percent false alarm rate,® and although similar to the NWS national average (74 percent), nearly 8 out
of 10 tornado warnings in Joplin were not followed by tornadoes. Additionally, prior to May 22, 2011,
sirens in Joplin were audibly tested on a weekly basis and also sounded on average once per year for non—
tornadic high—wind events, potentially resulting in further desensitization among residents.

%" From Baron, H. (Ed.). 1971. The Joplin Tornado. Boone Publications. Available online at
www.joplinpubliclibrary.org/digitized/joplin_tornado_booklet.php.

%% The NWS defines a false alarm as an unverified tornado warning. In other words, a tornado warning polygon for which no visual
reports or damage indicators demonstrate that a tornado occurred during the valid time period of the warning.
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1.2 THE EVENT

Following is an account of the Joplin tornado and its impacts on the community. Data and information
supporting this reconstruction of the events of May 22, 2011 were collected from many sources, including
through site visits, interviews with residents and survivors of the tornado, government officials, and
others. Details of the collected data and subsequent analyses, along with any associated assumptions and
uncertainties, are reported in Chapters 2 through 4.

In the days leading up to the Joplin tornado of May 22, 2011, forecasters at the SPC in Norman,
Oklahoma, were becoming more confident that a significant weather event was approaching that would
include thunderstorms and possibly tornadoes for a region that included Joplin. On Sunday, May 22,
2011, the SPC issued a tornado watch for Joplin and surrounding communities at 3:00 p.m. Although
conditions favoring thunderstorms were present in the region, conditions in Joplin itself were relatively
guiescent at this time. Joplin residents and visitors engaged in normal activities throughout the City in the
afternoon hours. At home, residents spent time watching television—maostly news or cable
programming—eating or preparing dinner, doing chores, getting ready to leave (for work or church, for
example), or sleeping. Some were monitoring the weather, checking radar via the Internet or switching
back and forth between the Weather Channel and local news or weather reports on television. Outside of
homes, individuals were working the afternoon/evening shifts at local restaurants, businesses, and
hospitals; completing their Sunday errands (often with the vehicle radio on); visiting friends or family; or
attending local worship services or religious classes. Additionally, 6,000 to 7,000 people were attending
the high school’s graduation ceremony at MSSU in northwest Joplin.

Thunderstorms eventually did form in the region, and at approximately 5:00 p.m., storms to the west of
Joplin began to intensify. At 5:09 p.m., a storm developed signs of rotation and the NWS issued a
tornado warning. Individuals in and around Joplin who were tuned into television programming or radio
broadcasts most likely received word of this warning, as the Emergency Alert System was activated to
accompany the tornado warning. Although the tornado warning was disseminated via NOAA Weather
Radio broadcasts and media—delivered mobile text —based services, their use by the public was not
prevalent in Joplin. Also, the Joplin—Jasper County Reverse—9-1-1 system was not used due to the time
required for its operation. Although the 5:09 p.m. tornado warning pertained mostly to areas outside of
Joplin, a small portion of northeast Joplin was included in the coverage area. A few minutes later, at 5:11
p.m., the 25-siren alert system was activated throughout Joplin (when one or more sirens are sounded, all
25 must be sounded). The decision to sound the siren system was made by the Joplin-Jasper County
emergency manager based on conversations between emergency management personnel in Cherokee
County, Kansas (immediately west of Jasper County) and Joplin—Jasper County, information received
from the NWS about the impending (5:09 p.m.) warning affecting northeast Joplin, the direction of travel
of the storm that was the subject of the 5:09 p.m. warning, and anecdotal information from a local
emergency official (outside of Joplin) regarding the destruction associated with that storm. The outdoor
sirens sounded a single continuous tone for 3 min. The length and sound patterns of this continuous tone
vary from those of other communities in the United States, and there is no standard method for sounding
outdoor public warning systems in the United States.

Although Joplin’s siren system was intended to alert individuals located outdoors of impending severe
weather, many individuals who were indoors also heard the sirens. The sirens could be heard in stores,
places of worship, nursing homes, entertainment facilities, and other structures. However, many stores
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had managers on duty monitoring the weather even before the sirens sounded. Some larger stores, such
as Home Depot, had procedures in place under which managers received custom alerts to provide early
notification of weather emergencies. Store managers relayed important sheltering information to patrons,
in larger stores via public address systems. Similarly, SIRMC relayed weather information and sheltering
instructions, under a procedure known as Condition Gray, when the head nurse verified that sirens were
sounding in Joplin. Staff, patients, and visitors were informed that there was severe weather in the area,
and that patients were to be moved from their rooms, if possible, into interior hallways. The sirens could
also be heard inside residential structures, including multi—family and single-family homes. In addition,
some portion of the residents in homes was already monitoring weather information via television or
radio.

Regardless of their location, individuals frequently attempted to confirm the weather—related information
they received through additional sources. Persons first alerted by the outdoor siren system, for example,
often consulted media sources, other people, or their physical environment (i.e., by looking outside for
any indication of bad weather) for confirmation that a tornado was actually upon them. Unfortunately,
early in the warning process, confirmation was almost impossible. All warning information provided
prior to 5:17 p.m. related to a storm that weather forecasters were tracking to the north of Joplin, that was
heading toward Webb City or Carl Junction (Missouri communities located north of Joplin). Around this
same time, the environment offered very little in the way of cues of an impending storm, also making it
difficult to confirm the tornado risk. People looking to the sky saw only clouds that did not look as
menacing as those that would normally accompany a tornado. The lack of confirming cues, complicated
by the public’s perception that tornadoes tended to track around Joplin, caused many Joplin residents to
feel that they were not at risk. Some continued to monitor the weather, however, while others did not.

A number of storms continued to develop to the south and west of the storm that was the subject of the
5:09 p.m. tornado warning, and at 5:17 p.m., another possible tornado was indicated on radar.
Consequently, another tornado warning (the 18th affecting Joplin since 2005) was issued by the NWS,
and this time the coverage area included the entire City of Joplin. Although the radar indicated a possible
tornado on the ground, it could not initially detect the potential severity of the tornado because of the
limitations of radar coverage in this region.

Around the time of the second NWS tornado warning at 5:17 p.m., Joplin residents who had continued to
monitor the weather do not recall receiving confirming evidence of a tornado. First, the outdoor siren
system was not activated again for the 5:17 p.m. warning, probably because Joplin’s emergency manager
had already sounded the system 6 min earlier (for the storm that had threatened northeastern Joplin).
Additionally, the media continued to report on storms said to be passing to the north and missing Joplin,
or moving away from the City. Others recall announcers continually discussing a tornado between Carl
Junction and Webb City, or news of a tornado that had hit a small town in Kansas.

Meanwhile, skies to the west of Joplin darkened further, the base of the clouds lowered, and based on
reports from police observing the storm and video evidence on the ground, a tornado (initially with
multiple vortices) touched down just to the west of Joplin’s city limits at approximately 5:34 p.m. In the
vicinity of the initial touchdown and during the ensuing few minutes, trees were uprooted and shapped
and sporadic damage occurred to the residences in the few subdivisions in the area (Fig. 1-4). Around
this time, wind speeds at Joplin Regional Airport, the location of the lone wind speed measuring device, 5
miles to 6 miles away from the tornado center, began to increase to over 40 mph and would continue to be
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this high at this location for the remainder of the time the tornado was in the City of Joplin. The airport’s
consistent wind speed measurement indicated that the Joplin tornado affected a large spatial area and
subjected the area to strong winds over a long period of time.

©.2011 GeoEye. Used¥ |, DErMis Ahar ?U‘Sqts,ngl‘ST" A
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Figure 1-4. Initial damage in the Joplin tornado. Yellow arrows indicate directions of
treefall. Possible multiple vortices shown by red arrows.

As the storm and the tornado moved in an eastward direction toward the city limits of Joplin, the tornado
began to merge into one large, counterclockwise-rotating vortex and rapidly increase in size.* At
approximately 5:38 p.m., public awareness of the situation had begun to increase substantially as the
tornado had now entered the City of Joplin. The Joplin—Jasper County emergency manager decided to
sound Joplin’s 25-siren system a second time at 5:38 p.m. Even though Joplin—Jasper County emergency
procedures did not specify the use of a second warning, the decision to sound the sirens a second time was
based upon discussions between Joplin—Jasper County Emergency Management and the Joplin Fire
Department regarding an NWS statement on the size and intensity of the tornado. Also, around this time,
television and radio stations were reporting weather information that caused people in Joplin to take
notice. The media reported that a tornado had touched down just to the west of Joplin at Iron Gates,
Missouri. NBC’s KSNF-TV, which was equipped with a tower camera, showed video footage of the
imminent tornado strike and pleaded with its listeners to “Take cover now!”

The tornado approached Schifferdecker Avenue, a north—south road on the western edge of the city that
bordered the heavily populated areas of Joplin. Wind speeds began to rapidly increase along
Schifferdecker Avenue as the tornado grew closer, and trees began to sway, bend, and fall inward towards
the tornado. A driver in this area recalled seeing a wall of water that he assumed was simply straight—line
winds, until he drove into it. Trees were falling down all around his car and limbs 2 in. to 4 in. in
diameter were dragged across the road in front of him. An estimated 10,000 trees fell due to the tornado,
an indicator of the size and power of this event. The tornado caused its first significant damage to a
subdivision immediately to the west of Schifferdecker Avenue, creating a lot of debris as a result. The
tornado also claimed its first fatality around this time in a vehicle on Schifferdecker Avenue.

% All references to the size of the tornado are based upon the tree—fall analysis discussed in Chapter 2 of this report.
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This death on Schifferdecker Avenue would be the first of 161 fatalities resulting from the Joplin
tornado®. Moving in an east-northeasterly direction, the tornado proceeded to damage other highly
populated areas on the east side of Schifferdecker (see Fig. 1-5), including a residential neighborhood
that comprised ranch-style homes, with basements, built primarily during the early 1980s. Although
these homes were damaged significantly, no one was killed in this neighborhood.

"1 : © 2011 GebEye Used wlth permissmn Enhancemens by NIST
Flgure 1-5. Damage on the west side of Joplin.

One-half mile northwest of that early 1980s neighborhood, a man took refuge in the bathroom of the
single—family home he was renting. After tracking the storm online and hearing the second siren, he had
decided that protective action was necessary. Within minutes, he could hear the tornado tearing the house
apart, and was thrown into the air and landed in his backyard. Located next door was one of the first
non-residential structures that the tornado had encountered in Joplin, the St. Paul’s United Methodist
Church. The storm completely destroyed the envelope (i.e., exterior walls and roof) of St. Paul’s Mass
Hall building, leaving only the pre—engineered structural frame of the building intact.

The tornado continued to increase in size and changed direction from slightly north of east to due east
along 26th Street, continuing to wreak havoc on residential areas in its path. Because there were no
community storm shelters in Joplin and only 18 percent of homes had basements, residents in homes
without basements reportedly took shelter in internal (or centrally located) bathrooms, closets, laundry
rooms, or hallways of their homes. Very few residents had in—home shelters. Those who did and were in
the storm’s path survived in these pre—manufactured shelters while their wood—framed homes were
destroyed around them.

Upon reaching the eastern end of the residential area, the tornado impacted another non—residential
building, the Joplin Elks Lodge. Someone had just entered the building, shouting about the approaching

“ Earlier fatality estimates made by the NWS following the May 22, 2011, Joplin tornado listed the death toll at 158. This report also
counts 3 indirect fatalities for a total of 161.
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tornado, and all five individuals inside the building had started to run for the kitchen’s walk—in cooler.
None made it to the cooler before the tornado completely demolished this wood-framed structure. Four
of the five occupants died, of impact-related causes.

A few minutes later, at approximately 5:40 p.m., the tornado approached an area with a number of
medical and office buildings (Fig. 1-6). Centered around the intersection of 26th Street and Maiden
Lane, this area included several small commercial office buildings, such as the Ramesh Shah
Ophthalmology Center, as well as SIRMC and Mercy Village Apartments (an assisted—living complex
near the east side of SIRMC). SJIRMC was vitally important to the region, providing jobs to more than
1,700 people and care for 140,000 area residents.” The facility comprised two complexes, each with
several buildings that housed different medical services and doctors’ offices. Most notable structurally
were the West Tower, a seven-story reinforced concrete building constructed in 1965, and the East
Tower, a nine-story steel structure built in 1985, both of which contained inpatient rooms. The towers
were the tallest buildings in the immediate area. Other structures at SIRMC included the Emergency
Generator building, the Chiller Plant building, the Oncology Clinic building, and three medical office
buildings.

Located just south of the estimated center of the tornado track, SIRMC likely experienced some of the
storm’s highest winds as well as significant impacts from windborne debris. Besides demolishing the
Emergency Generator building and thus destroying SIRMC’s ability to function on backup power, the
tornado severely damaged the windows, doors, walls, and roofs of the other buildings at SIRMC,
including the two towers. Failure of the building envelopes subsequently allowed strong wind, water, and
windborne debris to penetrate the building interiors and damage their contents, walls, ceilings, and
building systems (e.g., electrical, mechanical, plumbing, elevators). The extensive damage rendered this
critical facility completely nonfunctional, despite the fact that most of its buildings were able to withstand
the strong winds without structural collapse.

Failure of the building envelopes at SIRMC also put the 183 patients and staff who were at the hospital
on May 22, 2011, in extreme danger of bodily harm. Many of the patients, visitors, and staff who were in
the two towers during the tornado had taken shelter in internal hallways in preparation for the storm.
They recalled hearing doors blow open as the tornado hit, which sent everything from one end of the hall
flying into the other end. Survivors were hit with medical equipment, hospital furniture, ceiling tiles,
broken glass, hailstones, and other windborne debris. Due to the complete loss of power and the amount
of damage and debris, the staff quickly realized that the facility could no longer provide proper medical
care and thus would have to be evacuated. Decisions to evacuate were subsequently disseminated via
word of mouth from floor to floor, since the loss of power also rendered the public address system
inoperable.

Tornadoes that strike populated areas leave a number of indicators of their strength in addition to
damaged and destroyed buildings. Just outside the two SJIRMC towers, concrete parking bumpers in the
parking lot were pulled up from the ground, parking signs were flattened, and cars were thrown into the
air. In other locations, steel manhole covers and tractor—trailers were tossed around by the storm.
However, determining the wind speeds required to do such damage is an inexact science.

“! Lawrence, E. C., Qu, J. Q., and Briskin, E. N. 2011. The Economic Impact of Mercy on the Joplin Area. Available online at
http://www.mercy.net/sites/default/files/files/joplin—economic—impact1-5714.pdf.

10 NIST NCSTAR 3, Joplin Tornado Investigation


http://www.mercy.net/sites/default/files/files/joplin-economic-impact1-5714.pdf
http:residents.41

Chapter 1

il T{eatm ent

o)

fVle‘rc
vm%e«*

Figure 1-6. Aerial photo showing damage to SJRMC and the surrounding area.
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A total of 14 lives were lost at SJIRMC as a result of the tornado. Due to the significant damage sustained
by all of the buildings, Mercy, the parent organization of SIRMC, decided to raze the entire facility
beginning in January 2012. This represented an insured loss estimated at $600 million.*

Nearly a third of a mile north of SIRMC, close to the northern fringe of the tornado path, wind speeds
were still strong enough to cause damage. These winds did minor damage to a water treatment plant (Fig.
1-6), and collapsed an old unreinforced brick masonry building that was used for storage. The Mercy
Village Apartments building, a wood—framed structure located approximately one—fourth mile south of
the tornado center and directly east of SIRMC suffered relatively light damage to its envelope and
structural system. The strong performance of this three—story wood frame building, which was built in
2003, was likely due to the inclusion of hurricane tie—downs and concrete anchors in its construction.
These components created a robust and continuous vertical load path for this building.

This area was also home to the Stained Glass Theater, where Joplin area residents attended live stage
plays (see Fig. 1-6). There were 56 people in the theater at the time of the tornado.”®* Three of these
occupants lost their lives due to injuries sustained as the tornado struck. According to interviewees, the
victims did not make it into the basement before the tornado hit. The theater director, who was standing
at the top of the basement stairs when the building was hit, was injured and died one week later. The
other two victims died in the theater, due to multiple blunt force trauma to the body. Six other occupants
were seriously injured; however, it is not known where they were located inside the building when their
injuries occurred.

As the tornado left the SIRMC area, it continued to move to the east along 26th Street and took aim at a
mixed residential and school area that included the Greenbriar Nursing Home, St. Mary’s Catholic
Elementary School, the Ozark Center for Autism, and Empire District Electric (EDE) substation 59 (Fig.
1-7). These structures were all directly north of 26th Street, bounded by Jackson Street on the west and
Main Street to the east. A total of six fatalities occurred in single—family residential structures in this
area.

The center of the tornado passed directly over the Greenbriar Nursing Home, and the one—story, wood—
framed structure was completely demolished, causing 19 fatalities out of a total of 95 occupants.
Emergency procedures for tornadoes at the nursing home called for the staff to move residents to inner
hallways and close all doors to residents’ rooms (to avoid flying window glass). All of the injuries that
led to deaths were due to impact-related causes, except for one individual whose cause of death was
pneumonia.

About 300 ft north of the Greenbriar Nursing Home was the Ozark Center for Autism. This facility, a
three—story concrete building with a two-story steel-framed addition, sustained heavy damage to its
envelope and interior. Despite remaining structurally intact, the facility was rendered unusable by the
damage. A little further to the east, the tornado completely demolished the concrete masonry buildings of
St. Mary’s Catholic Elementary School, Church, and Rectory. None of these facilities were occupied at
the time.

2 The Insurance Insider (www.insuranceinsider.com/—-1233557/15).
* Stained Glass Theatre of Joplin (http://www.sgtjoplin.org/id61.html).
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Figure 1-7. Aerial photo showing locations of the Ozark Center, Greenbriar Nursing
Home, St. Mary’s Catholic Elementary School, and EDE substation 59 (from
west to east). Residential area is outlined in white.

Empire District Electric (EDE) substation 59 was located adjacent to St. Mary’s School and in close
proximity to the tornado center line. This steel-framed substation, which delivered electrical power to
residences and businesses in the vicinity, including SJRMC, was completely destroyed. It was one of six
power substations impacted by the event. The destruction of this substation and the extensive damage to
other electrical transmission and distribution systems resulted in a loss of power to more than 20,000 EDE
customers located inside and outside of the tornado—damaged area. The tornado also wreaked havoc on
water and gas distribution systems. It caused thousands of small leaks in residential and fire water—
service lines and a subsequent sharp drop in water pressure in the area. Additionally, there was extensive
damage to gas mains and meters, which resulted in numerous gas leaks in the affected area.

The tornado then took a sharp turn northeast and moved directly into the heart of another residential area,
bounded by 20th Street on the north, 32nd Street on the south, Main Street on the west, and Indiana
Avenue on the east (Fig. 1-8). There were 15 fatalities among the residences in this area, all from
impact-related causes.

Just to the northeast of this residential area was a group of school and church buildings, including the
Franklin Technology Center (a trade school), Joplin High School (the city’s sole public high school), and
Harmony Heights Baptist Church. Surveillance video from Joplin High School shows that as the tornado
approached the vicinity of the school, trees and light poles began to collapse near the baseball field, and
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Figure 1-8. Aerial photo showing the
locations of a heavily damaged
residential area, Franklin Technology
Center, Joplin High School, and - =6 e - i
Harmony Heights Baptist Church. The & . <2444 “oplinHigh'

color of each building footprint
shows the level of damage to that
structure.
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;:';' Aerial image © 2011 GeoEye. Building
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the air was littered with debris. The tornado reduced Franklin Technology Center to rubble and
demolished the auditorium and gymnasium buildings (two structures with long—span roofs) at Joplin High
School, while leaving the other high—school buildings substantially damaged but structurally intact.

Although no one was inside Joplin High School or Franklin Technology Center at the time of the storm,
individuals at that time were attending services at the nearby Harmony Heights Baptist Church. By the
time of the second siren sounding, the attendees had taken shelter, some in the church library and others
in the children’s nursery. Those in the library laid down on the floor and waited for the tornado to pass.
Three women died when the storm hit, all from impact—related injuries. One woman was crushed to
death in the nursery while laying over her son (who survived). Another woman was killed as she stood in
the doorway of the nursery. The third was fatally injured as she lay on the floor of the library and was
pelted by debris.

The tornado then made another right turn and headed due east as it reached 20th Street, a major artery in
Joplin (see Fig. 1-9). At the intersection of 20th and Connecticut, a number of vehicles with occupants
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were located in the storm’s path. Drivers in this area recalled that rather than witnessing a funnel-shaped
tornado, the sky suddenly went black and they could see nothing. As the tornado moved closer, the debris
wall grew thicker and drivers were unable to see the road ahead of them. One mentioned that she realized
she was in trouble when she saw a car blowing across the street directly in front of her truck. Individuals
located in vehicles along 20th Street were reportedly pummeled by debris (through broken windows), and
in some cases, had their cars lifted and thrown by the winds. Two individuals died in their vehicles along
this stretch of 20th Street, both from impact-related injuries.

_‘Dama‘ééd
Residential
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Figure 1-9. Aerial photo of damaged residential areas (including apartment complexes)
in Joplin near the intersection of 20th Street and Connecticut.

A number of apartment complexes were located in this area, including Somerset Apartments, Connecticut
Pointe Apartments, and Hampshire Terrace. In the Somerset complex, a survivor recalled evacuating her
apartment and taking refuge underneath the building’s staircase with her neighbors, rather than remaining
inside her garden-style apartment. Her complex, along with Connecticut Pointe and Hampshire Terrace,
were significantly damaged in this storm. All 12 of the fatalities that occurred in apartments during the
tornado happened in these three complexes, and all were from impact—related causes.

At the southwest corner of 20" Street and Connecticut was the Dillon’s grocery store, where 35 people
took refuge inside the store’s produce cooler. Even though the building was demolished, everyone inside
the store survived with only minor cuts, bruises, or scratches. One of Joplin’s fire stations was also in this
area, to the north of 20th Street. Although this station was located beyond the range of the most extreme
wind speeds, the station’s garage door was blown open, its roof was lifted off and disconnected from the
structure, and the fire trucks that were housed inside were damaged. The tornado also affected another
residential area to the north and south of 20th Street. Six fatalities occurred in homes within this area,
which is outlined in Fig. 1-9.
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Continuing eastward, the tornado reached a major intersection at 20th Street and Range Line Road (see
Fig. 1-10). The commercial district around this location included small stores, restaurants, and large
chain stores. Businesses in the area included AT&T, Pizza Hut, Macadoodles, Walmart, and Home
Depot. The center of the tornado passed just to the north of 20th Street between Walmart and Home
Depot and very near to the Pizza Hut. An industrial district was located on the east side of this area.

Figure 1-10. Aerial photo showing damage to a commercial area on the eastern side of
Joplin near the intersection of Range Line Road and 20th Street.

Media reports stated that 11 people, 5 of whom were employees, were located inside the AT&T store
during the storm. All of the occupants sought refuge in the men’s bathroom located at the back of the
store.*** One employee remembered the bathroom door coming off its hinges, slamming him in the
back, and sending him flying into a brick wall.*® Another recalled feeling for a moment like he was flying
and then the sensation of being crushed, before he was knocked unconscious. By the time the storm was
over, building materials and other debris had pinned some of the employees, so much so that they were
unable to move. The building had been completely demolished, and those who could free themselves

“4 McHenry County Blog (http://mchenrycountyblog.com/2011/05/28/joplin-tornado—what—happened—at—the—att—story—across—
from—walmart/).

%5 Communications Workers of America (http://www.cwadistrict7.org/CWA—Newsletters—2011/6—2—CWA-Newsletter—2011.htm).
46 [ -
Ibid.
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went for help. One death occurred in the store that evening due to impact-related injuries, and the extent
of survivor injuries there is unknown.

Similar to circumstances at the Dillon’s store, employees and patrons of the Joplin Pizza Hut sought
protection in the restaurant’s cooler. As the tornado ripped through the restaurant, it completely
demolished the structure. Five people died at the Pizza Hut (two employees and three customers). One of
the employees held the door of the cooler closed with the bungee cord until he was thrown by the storm.
All of the fatalities resulted from multiple blunt force trauma to the body.

As the backside of the tornado started to affect this area, the winds shifted to a westerly direction at the
Home Depot. Strong pressure induced by the tornado’s winds disconnected the store’s roof from its
concrete tilt—up exterior walls, causing the walls to become unstable. Almost all of the wall panels,
except for a few around the store’s loading dock, then collapsed, blown outward or inward depending on
the direction of the winds. According to the Home Depot security manager, approximately 35 of the
building’s occupants took refuge in the training room located at the back of the store before the storm hit.
Fortunately, the concrete wall panels adjacent to this refuge area collapsed outward, away from these
occupants. A total of eight people lost their lives at the Home Depot. Store management reported that
these individuals had entered the store through the lumber entrance just before the storm hit and were
walking parallel to the store’s front wall, which collapsed on them.

Two blocks to the north at the Walmart, strong wind—induced pressure around the southern portion of the
building disconnected the metal roof system from the perimeter concrete masonry walls, causing the walls
to become unstable and collapse. The structural damage at Walmart varied significantly from the south
end to the north end of the building, due to the sharp wind gradient along the length of the building.
Subjected to much lower wind speeds, the north end of the building sustained much less damage from the
tornado.

Before the tornado hit, Walmart employees and patrons were encouraged to congregate at the back of the
building in the “Site—to—Store” or layaway area, which served as the main refuge area for building
occupants. While this area provided some protection for the 50 to 60 occupants located there, the area
was structurally no different than most other areas in the store, and the tornado collapsed the adjacent
perimeter wall inward and onto this refuge area. Three people lost their lives at Walmart. It is uncertain
exactly where inside the store these victims were located. However, information from the store’s
emergency operations center indicated that they were likely close to the center of the store. All three
fatalities were caused by blunt force trauma to the body. No information could be found on how many
building occupants did not seek shelter (in the back of the store) or on the number of people injured.

Approaching Joplin’s eastern city limits, the tornado veered in a southeasterly direction that put yet
another highly populated residential area, as well as the newly built Joplin East Middle School, at risk
(see Fig. 1-11). The middle school, built in 2009, was the newest engineered structure surveyed by NIST
that was affected by the Joplin tornado. The school building included a concrete—walled gymnasium and
a masonry—walled auditorium, both of which had long—span metal roofs. Surveillance videos facing the
outside of the school showed that the tornado struck there at about 5:48 p.m. Darkness descended upon
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Figure 1-11. Aerial photo of damage to a residential area and Joplin East Middle School.

the area as the winds strengthened. Video footage of the gymnasium, on the south side of the school,
showed ceiling lights swaying and bits of roofing material, including panels of metal roof decking, falling
onto the gym floor as the winds began to increase. Later footage showed that failed roof trusses had
fallen onto the gym floor and the western wall of the gymnasium had collapsed toward the interior of the
building.

Similar collapses of the metal roof system and the exterior concrete masonry walls also occurred in the
auditorium building. Fortunately, on that late Sunday afternoon, the school was not occupied at the time
of the collapse.

The area outlined in white in Fig. 1-11 was the last of the heavily populated residential districts in Joplin
to be damaged. Three people were killed there in detached homes and another person died in a vehicle.

In a number of the residential structures that were heavily damaged in Joplin that day, the tornado broke
apart the building’s structural elements (i.e., roof, walls, and foundation). The tornado followed a
southeasterly path and began weakening considerably as it left the Joplin area. The now smaller tornado
continued through the City of Duquesne, crossed Interstate 44 near its junction with Highway 249. It then
traveled another 12 miles through a sparsely populated rural area before ending about 5 miles north
northeast of Granby, Missouri, for a total tornado track length of 22.1 miles (6 miles within the City of
Joplin).

18 NIST NCSTAR 3, Joplin Tornado Investigation
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1.3 THE TOLL

In its wake, the May 22, 2011, Joplin tornado left 161 fatalities and more than 1,000 injuries. This EF-5
rated tornado was on the ground for approximately 6 miles and 15 min in Joplin, Missouri, and created a
damage path as much as a mile wide. The tornado was the deadliest single tornado in the United States
since the official NWS records began in 1950.

Of the 161 deaths, a total of 155 (or 96 percent) were due to impact-related injuries (generally identified
as “multiple blunt force trauma to body” on the death certificates). Of these impact-related fatalities, 135
(or 87 percent) occurred inside buildings that were significantly damaged, and over half (58 percent)
occurred in residential buildings, including the Greenbriar Nursing Home. Some contributing factors to
these fatalities included the following: (1) the wind and wind—borne debris environment to which
occupied buildings were exposed, (2) individuals’ delay in seeking “safer” or indoor protection, and (3)
individuals’ age. First, all indoor, impact-related fatalities in Joplin occurred in buildings experiencing
wind speeds estimated as EF-3 or higher, except for the two deaths that occurred in the Meadows
Healthcare facility (which experienced wind speeds estimated as EF-1) and the six deaths that occurred
within five single—family homes. Second, individuals’ delay in responding to the threat was due to a lack
of awareness of the tornado or an inability to perceive personal risk associated with the tornado
emergency. Third, a disproportionately higher number of people aged 60 years or older died or were
injured as a result of this tornado, when calculating death rates (or the number of deaths within a certain
age range per thousand people in that age range within the tornado’s damage path).

The damage to the built environment made this the costliest tornado on record, with losses approaching
$3 billion. The Joplin tornado damaged 553 business structures and nearly 7,500 residential structures;
over 3,000 of those residences were heavily damaged or completely destroyed. Unlike many earlier
tornadoes, which typically affected less populated or developed areas, the Joplin tornado affected a
densely populated region that encompassed residential areas, a number of schools, large commercial
facilities, and critical facilities. In addition, this tornado significantly damaged lifeline systems in the
affected areas, including the regional electric power transmission and distribution infrastructure,
numerous water and fire service lines and gas mains, and thousands of utility connections and meters.
Also contributing to these losses was an estimated 3 million cubic yards of debris (enough to fill a
football field 120 stories high). Wind-borne debris exacerbated the damage to the built environment and
contributed to some of the 155 impact-related fatalities. The accumulation of debris also complicated the
restoration of lifeline services as it impeded access by utility workers in the days following the tornado.

1.4 NIST’S JOPLIN TORNADO INVESTIGATION

Given the magnitude and consequences of this tornado, the National Institute of Standards and
Technology (NIST) sent four engineers to Missouri on May 24-28, 2011, to conduct a preliminary
reconnaissance.?’ Based on subsequent analyses of the data they collected and other criteria required by
law and regulation, NIST Director, Patrick Gallagher, established a Team under the National Construction
Safety Team (NCST) Act on June 29, 2011, to proceed with a more comprehensive study of the disaster.
The establishment of this Team was announced in the Federal Register on July 19, 2011 (76 FR 42683).

47 See http://www.nist.gov/el/disasterstudies/upload/Joplin_Reconnaissance_Presentation061511—2.pdf for more information about
NIST’s preliminary reconnaissance in Joplin.
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Additional information regarding the rationale for the technical investigation is provided in the
investigation plan.*®

The public was kept informed on the investigation through publications and briefings (available through
NIST Disaster and Failure Studies Program web site at http://www.nist.gov/el/disasterstudies).
Publications included the investigation plan*® (May 2012), progress report™ (November 2012), and draft
final report for public comment™ (November 2013). Briefings were provided to the NCST Advisory
committee on October 7, 2011, December 10, 2012, and December 10, 2013. These briefings were held
in Gaithersburg, MD and were open to the public. The briefing presentation slides were made available
online.”

The draft final report for public comment was released on November 21, 2013, in Joplin, MO. A briefing
was provided first to local officials, followed by a news briefing> that was streamed live over the internet.
A 45-day public comment period followed the release of the report, with a closing date of January 6,
2014.>* All public comments were considered in preparation of this final report.”

Data and information collected during the course of the investigation will be available through the NIST
Disaster and Failure Studies Event Data Repository web site®® when the Joplin Tornado Repository is
completed.

NIST is a non—regulatory agency of the U.S. Department of Commerce. NIST technical investigations
are focused on fact finding, not fault finding. No part of any report resulting from a NIST investigation
into a structural failure or from an investigation under the NCST Act may be used in any suit or action for
damages arising out of any matter mentioned in the report (15 U.S.C. 2813, as amended by Public Law
107-231).

1.4.1 Goals

NIST’s investigation of the Joplin tornado had two major goals. The first was to investigate the wind
environment and technical conditions that caused fatalities and injuries; the performance of emergency
communications systems and the public response to such communications; and the performance of

“8 NIST Special Publication 1132, “Investigation Plan — National Institute of Standards and Technology (NIST) Technical
Investigation of the Joplin, Missouri, Tornado of May 22, 2011,” available at http://dx.doi.org/10.6028/NIST.SP.1132.

9 bid.

%0 NIST Special Publication 1139, “Progress Report National Institute of Standards and Technology (NIST); Technical Investigation
of the May 22, 2011, Tornado in Joplin, Missouri,” available at http://dx.doi.org/10.6028/NIST.SP.1139.

1 NIST NCSTAR 3 (Draft for Public Comments), “Draft Final Report, National Institute of Standards and Technology (NIST)
Technical Investigation of the May 22, 2011, Tornado in Joplin, Missouri,” available at
http://nvipubs.nist.gov/nistpubs/NCSTAR/NIST.NCSTAR.3.pdf.

*2 |nformation on the NCST Advisory Committee meetings, including copies of the presentations, is available at
http://www.nist.gov/el/disasterstudies/ncst/index.cfm.

%% http://www.nist.gov/el/disasterstudies/joplin-112113.cfm.
% All public comments received are available at http://www.nist.gov/el/disasterstudies/weather/joplin_tornado_2011.cfm.

*® Four public comments made reference to the U.S. National Grid, which was not used in this report. The use of the U.S. National
Grid will be considered in future NIST Disaster and Failure Studies.

% http://www.nist.gov/el/disasterstudies/repository_home.cfm
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residential, commercial, and critical buildings,®’ designated safe areas in buildings, and lifelines.®® The
second goal was to develop findings and recommendations that can serve as the basis for:

o Potential improvements to requirements for the design and construction of buildings,
designated safe areas, and lifeline facilities in tornado—prone regions;

e Potential improvements to guidance for tornado warning systems and emergency response
procedures;

e Potential revisions to building, fire, and emergency communications codes, standards, and
practices; and

e Potential improvements to public safety.

1.4.2 Objectives
The primary objectives of the NIST technical investigation of the Joplin tornado were to:

1. Determine the tornado hazard characteristics and associated wind fields in the context of
historical data;

2. Determine the response of residential, commercial, and critical buildings, including the
performance of designated safe areas;

3. Determine the performance of lifelines as it relates to the continuity of operations of
residential, commercial, and critical buildings;

4. Determine the pattern, location, and cause of fatalities and injuries, and associated
performance of emergency communications systems and public response; and

5. ldentify, as specifically as possible, aspects of current building, fire, and emergency
communications codes, standards, and practices that warrant revision.

The technical investigation in support of these objectives spanned over 2 years. The objectives are
addressed in this report in a chapter format. Chapter 2 supports objective 1 (determining tornado hazard
characteristics and associated wind fields in the context of historical data). Chapter 3 supports objectives
2 and 3 (determining the response of residential, commercial, and critical facilities and the performance of
lifelines as they relate to these facilities). Chapter 4 supports objective 4 (determining the pattern,
location, and reported cause of fatalities and injuries, and associated emergency communications and
public response). Finally, objective 5 (identifying aspects of codes, standards, and practices that warrant
revision) is supported by all of the chapters in this report, and the investigation’s findings and
recommendations are summarized in Chapter 5.

*" For example, hospitals, fire stations, police stations.
%8 Lifelines considered in this investigation were electrical power, natural gas, and water supply infrastructure and facilities.
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Chapter 2
TORNADO HAZARD CHARACTERISTICS

2.1 INTRODUCTION

Chapter 2 discusses the hazard characteristics and associated wind fields in the May 22, 2011, Joplin
tornado and this storm’s historical context on local, regional, and national levels. Section 2.2 outlines the
meteorological conditions immediately before and at the time of the tornado occurrence. Section 2.3
estimates the near—surface wind field of the Joplin tornado through both direct and indirect measurement
techniques. In Sec. 2.4, the U.S. tornado hazard is discussed in detail with respect to tornado climatology
and tornado—related losses including comparisons to the Joplin tornado. Section 2.5 assesses the EF
Scale, the guidance for its application, and its implementation in the Joplin tornado and other significant
tornado events.

2.2 METEOROLOGICAL CONDITIONS
221 Objective

Section 2.2 documents the meteorological/environmental conditions and the associated timeline of key
events leading up to and during the Joplin tornado. It establishes the general factors leading to the
development of the Joplin tornado, and serves as a baseline for understanding the Joplin tornado in a
historical context. The discussion is largely based on watches, warnings, and meteorological information
on the Joplin tornado provided by the NWS and siren information provided by the City of Joplin.

222 Joplin Environment and Timeline

Based on surface— and upper—air observations, the potential for severe weather in the Joplin area on May
22,2011, was fairly evident. The upper levels of the atmosphere included low pressure, denoted in Fig.
2-1 by an “L” centered over the Dakotas. As air flows around low pressure in a counterclockwise
direction in the northern hemisphere, the atmosphere above Joplin (red star) was experiencing
southwesterly winds. Wind speed and direction in Fig. 2-1 are denoted by the “wind barbs” shown in
blue; the nearest wind barb to Joplin is circled. The wind barbs point in the direction from which the
wind is coming (from the southwest for the circled barb). Each long barb represents 10 knots,* each
short barb, 5 knots, and each pennant, 50 knots. In the case of the circled barb near Joplin, the wind speed
shown is 40 knots from the southwest (at a height of approximately 5,800 meters or 19,000 feet).

Surface analysis (Fig. 2-2) shows a warm front (red scalloped line) just west of Joplin (red star) near the
time of the breakout of storms. A surface low (denoted by “L”) was just to the west of Joplin in extreme
southeastern Kansas, with a dryline (orange scalloped line) extending southwest from the center of the
low. These conditions can provide a focus for low—level moisture convergence that often initiate and
sustain strong storms provided other severe weather parameters are in place (Church 1993).

% 1 knot = 1.15 mph = 0.514 m/s.
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National Weather Service 110522/1200 500 MB UA OBS, HGHTS, and TEMPS
Storm Prediction Center

Source: NOAA. Enhancements by NIST.

Figure 2-1. 500 millibar (mb) analysis at 7 a.m. CDT (1200 Coordinated Universal Time
(UTC)) on May 22, 2011.

\

Source: NOAA. Enhancements by NIST.
Figure 2-2. Surface analysis at 7 p.m. CDT (0000 UTC, May 23, 2011) on May 22, 2011.
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A balloon sounding (plot not shown) from the Springfield, MO NWS forecast office, 100 km (60 mi) to
the east of Joplin, was launched at 7 PM CDT (00 UTC). From this sounding a calculated environmental
convective available potential energy (CAPE) of nearly 4,000 joules per kilogram (J/kg) was made.
CAPE is a vertically integrated measure of buoyancy, i.e., any positive CAPE indicates a potential for
convective clouds to form. Tornadic storms, however, also require a certain amount of low-level wind
shear (e.g., the vector difference of the wind at 5,000 ft altitude minus the surface wind vector) to create
the rotation necessary to form tornadoes. The balloon sounding indicated low-level shear of around 25
m/s (50 mph), more than adequate to support severe thunderstorms and tornadogenesis given the large
amount of instability (CAPE).

Figure 2—-3 shows a plot of CAPE versus wind shear values in Joplin compared with historical severe
thunderstorm environments. The red line in Fig. 2-3 denotes a separation of “significant severe”
environments from “non-significant severe” environments. Significant severe is defined in Brooks
(2003b) as “having hail at least 5 cm in diameter, wind gusts at least 120 km/hr, or a tornado of at least F2
damage”. Based on the conditions, the Joplin environment was favorable for the production of severe
thunderstorms, including tornadoes.
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Figure 2-3. Wind shear and CAPE for severe thunderstorm environments. "Best

Discriminator"” line denotes areas to right and above as being more favorable for
significant severe thunderstorms.
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The severe weather environment described above was anticipated by the NOAA/NWS SPC. The tornado
outlook issued at 1 a.m. CDT (0600 UTC) on May 22, 2011 included a ““10 percent probability of strong
tornadoes (EF-2 or greater) within 25 miles of a point” (Fig. 2—4) in the Joplin area. Also, throughout the
day on May 22, the SPC issued three separate “Mesoscale Convective Discussions” for areas that
included Joplin up to and including the time of the tornado. These Mesoscale Convective Discussions
clearly pointed to an environment in the Joplin area that was favorable for the development of a
significant severe weather event. Text from and links to the Mesoscale Convective Discussions are
provided in Appendix A.
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Figure 2—-4. Tornado outlook issued by NOAA’s Storm Prediction Center at 1 a.m. CDT
(0600 UTC) on May 22, 2011.

At 1:30 p.m. CDT (1830 UTC), about 4 hours before the tornado struck Joplin, the SPC issued a tornado
watch for a large portion of northwest Arkansas, southeast Kansas, eastern Oklahoma, and southwest and
central Missouri (see Appendix A, Sec. A.2). Thunderstorms did develop in the Joplin area beginning
between 4 and 5 p.m. (2100 and 2200 UTC).

In response to these storms, a series of tornado warnings for the Joplin area were issued by the NWS
Forecast Office in Springfield, Missouri. The areas covered by these warnings are shown in Fig. 2-5.
The May 22, 2011 timeline of tornado watches and warnings is shown in Fig. 2-6. Tornado Warning
(TO.W) Polygon 30 was issued by the Springfield NWS office (Fig. 2-5) at 5:09 p.m. (2209 UTC), which
included the northeast portion of Joplin. The first citywide warning siren in Joplin was sounded at 5:11
p.m. CDT (2211 UTC). The siren timeline is also illustrated in Fig. 2—6. For details on how people
responded to and interpreted the warnings and sirens in Joplin, please consult Chapter 4.
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Figure 2-5. Tornado warnings issued by the Springfield NWS office on May 22, 2011.
Zulu time, or Z, in the figure is the same as UTC time (Z = UTC). Estimated NWS track of
the Joplin tornado shown outlined in brown.
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Figure 2—6. Timeline of watches, warnings, sirens, and the tornado itself.
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A storm separate from the one that prompted TO. W 30 developed and a second tornado warning
polygon® was issued by the Springfield office at 5:17 p.m. (2217 UTC) that included the entire city of
Joplin (TO.W 31 in Fig. 2-5). Figure 2—7 shows radar images from 5:24 p.m. (2224 UTC) to 5:53 p.m.
(2253 UTC). The issuance of TO. W 31 in Fig. 2-5 was based on the storm identified from radar in Fig.
2—7. The initial tornado touchdown, based on spotter reports, was at 5:34 p.m. (2234 UTC) southwest of
the Joplin city limits. The tornado timeline is also illustrated in Fig. 2-6. The citywide warning sirens
sounded again in Joplin at 5:38 p.m. (2258 UTC). Surveillance camera footage provided by Joplin City
Schools indicated that the tornado struck Joplin High School at approximately 5:42 p.m. (2242 UTC) and
Joplin East Middle School at approximately 5:48 p.m. (2248 UTC). The Springfield NWS office issued
another warning polygon (TO.W 32) at 5:48 p.m. (2248 UTC) to extend the tornado warned area to the
east of Joplin. The track of the Joplin tornado in comparison to the areas covered by the tornado warnings
is shown in Fig. 2-5, and an estimated center of the tornado track based on the work in Sec. 2-3 is
illustrated in Fig. 2-8.

The issuance of TO.W 30 and the sounding of the first sirens in Joplin occurred 25 and 23 minutes
respectively before the first reported tornado touchdown at 5:34 p.m. (2234 UTC). However, the storm
that prompted TO. W 30 did not produce a tornado and the warning only included a small portion of the
city of Joplin.

The issuance of TO. W 31, which included the entire city of Joplin, occurred 17 minutes before (i.e., lead
time of 17 minutes) the first tornado touchdown. The storm that prompted TO. W 31 went on to produce
the tornado that affected the city of Joplin. The national average for tornado lead times was 15 minutes
based on fiscal year (FY) 2011 data, and since the advent of the NWS NEXRAD (Next Generation Radar
System) radars throughout the United States in the early to mid 1990’s, lead time has been approximately
12 minutes on average.*

It should be noted that Joplin was not in close proximity to NWS radars. Both the KINX (Tulsa) and
KSGF (Springfield) radars were a considerable distance (approximately 100 kilometers or 60 miles) away
from the storm. Even at the lowest beam elevation angle, 0.5 degrees, the information available at such
distances relates to conditions at altitudes (approximately 1.5 kilometers or 0.93 miles above ground) that
are orders of magnitude greater than what would be relevant to damage caused near the ground surface (in
most cases under 20 meters or 66 feet). In addition, the NWS Service Assessment concerning the Joplin
tornado found that «...low—level rotational intensification and the subsequent tornado occurred rapidly
and that more continuous near—surface radar sampling and information were needed”. Given the lack of
detailed wind information available from the NWS radars, NIST used indirect methods to estimate the
wind speeds experienced in Joplin during this event.

% See NOAA (http:/Avww.srh.noaa.gov/images/bmx/aware/swaw_2010/web_version_pages p6.pdf) for general description of
warning polygons.

1 NOAA (http://www.osec.doc.gov/bmi/budget/11BiB/NOAA%20Performance.pdf)
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Figure 2—-7. Radar reflectivity sequence from the Springfield radar. Radar reflectivity is
the right panel and radial velocity is the left panel of each image. For radial velocity, red
to yellow colors indicate winds receding from the radar (which is located to the east of
Joplin), green to white colors indicate winds approaching the radar. These colors in
close proximity suggest rotation and signify the approximate tornado position. A "hook
echo" is seen in reflectivity images, also a possible indication of atornado. These
features are annotated in the 2248 UTC panel.
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Figure 2-8. Center of Joplin tornado track as estimated by NIST.

2.3 NEAR-SURFACE WIND ENVIRONMENT
231 Objective

Given the lack of near—surface wind information provided by radar (Sec. 2.2) and of direct measurements
of wind speeds (Sec 2.3.3) in the most heavily damaged areas in the Joplin tornado, indirect techniques
were used to estimate the near—surface wind field. Two independent techniques were used: inference of
wind speeds from observed damage using the EF Scale, and modeling of the wind field using a Rankine
vortex model fitted to observed tree fall data. These estimates of the near—surface wind field are
important for understanding the performance of buildings and structures as well as understanding this
event in the context of tornado climatology and probabilistic hazard assessments. The wind speed
estimates generated from these techniques are evaluated in relation to similar analyses reported in the
technical literature. Section 2.3.2 discusses the general structure of a tornado wind field, Sec. 2.3.3
discusses direct wind speed measurements from the Joplin area on the day of the tornado, and Sec. 2.3.4
details the methods and analysis used for indirect wind speed estimation.

2.3.2 Tornado Wind-Field Regions

In general, the air flow regions in and around an idealized tornado can be thought of as the five separate
regions illustrated in Fig. 2-9. Region la is termed the outer flow. This spiraling outer flow typically
extends outward from the core (Region Ib) at least 1 km (Davies—Jones et al. 2001) and consists of air
that approaches and rises around the core. The core, or Region Ib, surrounds the central axis of the
tornado and extends outward to the radius of maximum tangential winds. The radius of the core region is
typically tens to hundreds of meters (Davies—Jones et al. 2001).

Due to the stability of the core, there is limited entrainment of air into the core from Region la.

Therefore, the core consists for the most part of air that has entered through the boundary layer (Region
I1) and corner region (Region I11) or the upper region (Region 1V). The boundary layer, Region Il,
consists of an inflow that is influenced by frictional interaction with the earth’s surface. Due to this
interaction, the flow in the boundary layer tends to have a more radial (towards the tornado center) flow
compared to the outer flow. The depth of the boundary layer is typically from 10 m to 100 m (Markowski
and Richardson 2010). The effects of friction near the surface can actually increase tornado wind speeds
in the boundary layer (Kosiba and Wurman 2010; Davies—Jones et al. 2001) and/or the corner flow region
(Church 1993). Air that enters the tornado core from the boundary layer must first pass through the
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Figure 2-9. General tornado flow regions.

corner region (Region I11). This is a highly complex region where the flow must transition from a
horizontal flow along the surface to a vertically upward flow, or “turn the corner,” in the presence of a
tornadic vortex. Most heavily damaged areas in tornadoes have likely come in contact with corner flow
and a large amount of wind-borne missiles and debris are generated in this region (Davies—Jones et al.
2001). Region 1V, the upper flow of the tornado consists of the rotating updraft, or mesocyclone, of the
parent thunderstorm.

In general, the tangential velocity of the wind field, not including tornado translation (i.e., movement) or
vertical wind speed, as it extends radially from the center of the tornado, can be described and estimated
using a Rankine vortex model (ANS 2011). Although other vortex models exist (Wood and Brown
2011), the Rankine model has been used in a number of engineering applications (ANS 2011). The
Rankine vortex is an idealized, axisymmetric vortex model, sometimes called a Rankine combined vortex.
The wind speed at radius r, which is denoted as V;,-(r), displays an increase from the center of the
tornado outward to the radius of maximum wind (RMW) and a hyperbolic decay thereafter based on the
decay exponent (¢). An illustration of a normalized Rankine vortex is shown in Fig. 2-10, and the
mathematical description is shown in Eq. 2.1.

r

4
Veir (1) = Vinax (RMW) ,7 < RMW (2.1)

®
RMW) r>RMW

Veir () = Viax (T
The maximum velocity at the RMW generated by the tornadic vortex (Vmax), €specially near the surface
(Davies—Jones et al. 2001) can have both a radial (V,, toward the center of the tornado) and tangential

(Vo) wind component, as shown in Fig. 2-11. The Rankine vortex model can be used to explain both
components (Potvin et al. 2009).

The translation speed (V) is defined as the speed of the tornado movement. The translation speed
represents movement of the tornado in the translation direction (6+) and is used to estimate a translation
velocity. This velocity is additive to the velocity estimated from the Rankine model. In other words, the
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Figure 2-10. Normalized Rankine vortex showing maximum wind speed at RMW
(¢ =1.0).

total velocity at any point in the tornado wind field is equal to the vector sum of the translation, radial,
and tangential velocities (Fig. 2-11).

With the information described above, an estimate of the resultant wind speed, V, and associated wind
direction, f, can be made. The wind direction () is measured clockwise with zero degrees being from
true north. The coordinates and sign convention are illustrated in Fig. 2-11, and will also be used in
modeling of the Joplin tornado wind field
(Sec. 2.3.4).

Figure 2-11. Generalized wind
vector for a point denoted by the
small gray circle. RMW is distance
from gray circle to “tornado
center.”
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233 Direct Wind Speed Observations
2331 Wind Environment

The Joplin Airport Automated Surface Observing System (ASOS) station (call letters KILN) was located
5 miles to 6 miles north of the tornado as the storm passed through Joplin, well outside of the damaged
area. However, even at this distance, measurements from KJLN suggest that the wind speeds at this
location may have been affected by the mesocyclone of the parent thunderstorm (Region 1V) for
approximately 15 minutes, from 5:34 p.m. CDT to 5:49 p.m. CDT (2234 to 2249 UTC). This time period
is “boxed” in Fig. 2-12, which shows the time histories of wind speed and direction recorded by the
KJLN anemometer at a height of 10 m above the ground. The environment appears to begin being
affected around the approximate time of the tornado touchdown at 5:34 p.m. CDT (2234 UTC). The time
of touchdown is shown as the left edge of the black box in Fig. 2-12. The wind speed increases to a
maximum 2 minute average value reaching 20.0 m/s (44.7 mph), and a maximum gust wind speed (3
second gust) over 24.0 m/s (53.7 mph). The wind direction backs (turns counterclockwise) from
approximately 160 degrees (from the south—southeast) around 5 p.m. CDT (2200 UTC) to about 345
degrees to 360 degrees (from due north to north—northwest) during the time when the tornado was on the
ground. This wind direction is coincident with inflow toward the positions of the mesocyclone and the
tornado relative to KJLN at these times.

25 360
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Data Source: NOAA. Analysis by NIST.

Figure 2-12. Time history of mean and gust wind speed and mean wind direction from
the Joplin ASOS station (KJLN) from 5 p.m. to 6 p.m. CDT (2200-2300 UTC), on May 22,
2011. Boxed areais approximate time when the tornado was on the ground in Joplin.
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The ASOS station at the Joplin Airport was the only identified “direct” wind measurement near the Joplin
tornado. However the anemometer did not sample tornadic wind speeds and was well outside the
damaged area. Also, as discussed earlier, no information could be gained from the NWS radars about
wind speeds close to the surface. The lack and subsequent need of accurate, rugged near—surface (< 20
meters or 66 feet) wind speed measurements in tornadoes has been noted in the literature for over 20
years (NRC, 1993). Therefore, methods of indirect wind speed estimation in the tornadic environment
were used as described in the following section.

234 Indirect Wind Speed Estimation
2341 Observed Damage (EF Scale)

EF-Scale Process—

The Enhanced Fujita (EF) Scale is used to estimate and then rate the intensity of the maximum wind
speeds in a tornado based on observed damage. The scale ranges from EF-0 to EF-5, with EF-5 being
the most intense. The EF-Scale process involves observing damage to a specific element of the
environment, called a damage indicator (DI). The scale has 28 Dls, ranging from small outbuildings,
one- or two—family residences, schools, and shopping malls to electrical transmission lines and softwood
and hardwood trees. Corresponding to each of the 28 Dls are several degrees of damage, or DODs. The
full list of Dls and corresponding DODs is available (Texas Tech University, 2006). DODs range from
the initiation of damage to complete destruction (i.e., a progressive wind damage sequence). There is a
range of wind speeds associated with each DOD. Each range includes an expected wind speed associated
with ‘normal’ conditions, as well as lower and upper bounds to account for different conditions (i.e.,
weaker or stronger wind resistance than typical construction, respectively). These wind speed values
were developed by wind engineers and meteorologists who were considered experts in the field of
tornadoes. Once a wind speed value is chosen for a particular DI and DOD, an EF-Scale number is
assigned based on Table 2-1. Additional information on the EF Scale and its predecessor, the Fujita
Scale (F Scale), is provided in Sec. 2.5. It should be noted that the EF Scale implicitly represents a lower
bound estimate to the wind speed values that cause damage. For example if a transmission line is
expected to fail at 49 m/s (110 mph) and a transmission line failure is observed in the field, it is possible
that the actual wind speeds were > 49 m/s (110 mph). The transmission line with an expected failure wind
speed of 49 m/s (110 mph) can provide no additional information on the wind speeds that may have
occurred. This issue is most apparent when attempting to rate strong tornadoes in the EF Scale. For
example, in the EF Scale document, there are currently only five (5) DI’s where an expected value of
wind speed would give an EF-5 rating (greater than 89 m/s or 200 mph).

Selected NIST-Surveyed Structures and Comparisons with Other Studies—

Damage to selected engineered structures surveyed by NIST following the tornado was analyzed using
the EF-Scale rating process. The damage to these structures is described in detail in Chapter 3. They
were assigned an EF number for the purposes of this report using ground survey data and aerial
photographs. These EF numbers were compared with those developed by other researchers and
practitioners who surveyed the same structures after the Joplin tornado. In some cases, a single large
building had levels of damage that varied significantly across the length of the structure. Current EF
Scale guidance does not address how to rate large buildings with varying DOD.
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Table 2-1. Enhanced Fujita Scale.

EF Number Wind Speed (mph) Wind Speed (m/s)
0 65-85 29-38
1 86-110 38-49
2 111-135 50-60
3 136-165 61-73
4 166-200 74-89
5 200+ 89+

One example that demonstrates the challenges in assigning definitive DODs for large structures involves
the Walmart (Store #59) located at 1501 South Range Line Road in Joplin. This large building was 573
feet (175 meters) long, oriented along a north—south axis. The building was located north of the center
line of the tornado track. The southern part of the building, which was closer to the center of the tornado,
suffered extensive damage, while the northern part of the building experienced much less damage as
shown by the aerial photo in Fig. 2-13.

Hsed with'permission: |
Enhancéments byINiST.

Figure 2-13. Aerial photo of Walmart Store
#59 showing extensive damage to the
southern (bottom) half of the building.
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Under the EF scale guidance, this type of building is classified as DI 12, a “Large, Isolated Retail
Building.” However, which DOD should be selected is less than clear. The structure could fall into
either DOD 6, “inward or outward collapse of exterior walls,” which occurred in the southern half of the
building, or DOD 7, “complete destruction of all or large sections of the building,” which could apply
based on Fig. 2-13. However a ground level picture (Fig. 2-14), reveals that some of the southern
portion of the structure remained in place and suggests a DOD less than 7. The expected wind speeds
(and lower/upper bounds) for DOD 6 and DOD 7 for DI 12 are 118 mph (98/158) and 147 mph
(110/201), respectively. Consequently, assigning a specific DOD and an associated wind speed becomes
somewhat subjective. Since the damage to the Walmart clearly exceeded DOD 6 and didn’t quite meet
DOD 7 for a portion of the building, a point estimate of 140 mph +/— 15 mph was assigned. This made
the estimated lower bound 125 mph, a value that could still account for DOD 6 while falling within the
bounds of DOD 7. The upper bound, 155 mph, still falls within the range of DOD 6 wind speeds, and sits
squarely within the wind speed range associated with DOD 7.

Figure 2-14. Elevation view of southwest—facing wall of Walmart Store #59.

Table 2-2 shows the wind speeds and associated EF numbers estimated by NIST using the EF Scale at
the Walmart and the locations of several other NIST—surveyed buildings. NIST’s estimates were
compared with those of other researchers and practitioners who also used the EF Scale (FEMA 2012;
Prevatt et al. 2012; Marshall 2012; and Karstens et al. 2012), as shown in Table 2-2, and with estimates
by Coulbourne and Miller (2012), which were back—calculated from observed failures of specific building
components or systems.

Although the DIs used in the estimates were the same among all surveyors, there were considerable
variations in the estimated DODs, estimated wind speeds, and final EF-Scale ratings. The varying
estimates of damage and wind speed suggest that there is ambiguity and subjectivity in the current version
of the EF Scale and its application, even among experienced researchers and practitioners.

Residential Construction—

Based on a database created by Pictometry International Corporation (used with permission), NIST
determined there were approximately 7,400 residential structures estimated to have been damaged due to
the Joplin tornado. The database separated damage levels into four classes (light, medium, heavy/totaled,
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Table 2-2. Estimated wind speeds for NIST-surveyed structures using EF Scale.

Damage Indicator Degree of Estimated Wind
NIST-Surveyed (DI)* Damage (DOD)** Speed (mph) Estimated EF Number
Structure NIST Other NIST Other NIST Other NIST Other
Walmart 12 12*¢ 6-7 6,7° | 140%15 173¢ 3 4*°
Home Depot 12 12° 67 7t 150 + 15 N/A 3 4°
Franklin Technology 15 15° 9 9° 150+15 | 153° 143° 3 3%e
Center
SIRMC (East/West 20 20%¢ 7 10*¢ 140 + 15 148° 3 3%
Towers)
Joplin East Middle 16 16° 8 7° 140+15 | 125° (137- 3 2% 3P
School 164)b
Joplin High School 16 16 8-9 11° 9% | 140+15 | 120° 139" 3 2° 3de
158°

*DI numbers: 12, large, isolated retail building; 15, elementary school (the Franklin Technology Center was not an
elementary school but was a building of similar construction); 16, junior or senior high school; 20, institutional building.
**DOD numbers: see Texas Tech University 2006 (Available online at
http://www.depts.ttu.edu/nwi/Pubs/FScale/EFScale.pdf)

a. FEMA 2012.

b. Coulbourne and Miller 2012. (Estimated wind speed values back—calculated from )

c. Prevatt et al. 2012.

d. Marshall 2012.

e. Karstens et al. 2012.

Key: SIRMC, St. John’s Regional Medical Center.

demolished). These damage classes were estimated by analyzing the differences between pre— and post—
storm aerial imagery (orthorectified and oblique) of the Joplin area.®> The damage classes estimated for
building footprints in part of Joplin are shown in Fig. 2-15. The numbers of structures assigned to each
class citywide are listed in the last row of Table 2-3. Wind speed statistics and numbers of structures
estimated for residential damage levels using EF Scale.

To correlate the damage classes with the EF Scale, 10 structures within each damage class were randomly
selected and assigned an EF rating using the EF Scale process. The 10 structures in each damage class
were assumed to be representative of the entire population of structures within each class. The summary
statistics for each damage class are shown in Table 2-3, along with an EF number corresponding with the
average wind speed within each class. As expected, as the damage classes increase in intensity, the
estimated wind speeds (and EF numbers) increase as well. The mean wind speeds for the damage classes
were as follows: 78 mph (EF-0) for “light,” 93 mph (EF-1) for “medium,” 117 mph (EF-2) for
“heavy/totaled,” and 144 mph (EF-3) for “demolished.”

62 E. stitz, Regional Technical Manager — Central Region, Pictometry®, personal communication, October 2012.
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General Damage Classes

93 (42)
15 (6.7)
85-120 (38-54)
732

78 (34)
8 (3.6)
3,498

damage levels using EF Scale.
65-85 (29-38)
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Figure 2-15. Building footprints in part of Joplin showing damage classes. St. Mary’s

Catholic Elementary School (red box) shown for reference. Area shown is approximately

1.0 miles west to east and 0.8 miles north to south.

Table 2-3. Wind speed statistics and numbers of structures estimated for residential

Statistics

Mean wind speed — mph (m/s)

Standard Deviation — mph (m/s)

Range — mph (m/s)

Average EF Number

a

No. of Residential Structures

a. Data source: Pictometry ®. Used with permission. Analysis by NIST.
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Residential structures categorized as “demolished” had the highest range of estimated wind speeds (110—
175 mph or 49-78 m/s) and the most variable wind speeds (23 mph or 10 m/s standard deviation)
according to the EF estimates. Marshall et al. (2012) rated over 7,000 residential structures affected by
the Joplin tornado using pre— and post—storm information and rated 22 structures as sustaining EF-5
damage. This small number of structures relative to the total number of damaged structures is not out of
line with the estimates from the sample rated by NIST, assuming a normal distribution for the wind speed
statistics shown in Table 2-3. A table that includes all 40 of the structures rated using this method is
provided in Appendix B. A second indirect method (i.e., tree fall) used to estimate wind speeds in the
Joplin tornado is discussed in the next section.

2.3.4.2 Tornado Wind Field Model

Background—

Estimating wind speeds from tree fall was first attempted using a Rankine vortex model (Sec. 2.3.1) in
Europe by Letzmann (Beck and Dotzek 2010). Hardwood (e.g., oak, maple, birch, ash) and softwood
(e.g., pine, spruce, fir, hemlock) trees constitute two of the Dls in the EF Scale, with degrees of damage
ranging from small limbs broken to debarking of the tree. Detailed analysis performed by Letzmann
based on tree fall went largely unexplored until recently (Holland et al. 2006; Bech 2009; Beck and
Dotzek 2010; Karstens et al., 2013), as questions regarding estimating wind speeds from damage persist
(Dotzek 2009). Recent studies have incorporated (along with the Rankine model) a detailed tree breakage
model that takes into account such parameters as crown height and width and tree spacing as well as
parameters conveying the tree’s resistance to load (in this case wind load) and terrain characteristics. For
example, in Holland et al. (2006), both the tree fall and wind field models were used in a simulated case
where tree—specific parameters were known.

Model Background, Assumptions, and Limitations—

As mentioned in Beck and Dotzek (2010) and by Peterson (2003) a limited number of studies have been
performed on specific types of trees to test their resistance to wind. In addition, since most studies are
undertaken in forests, it is difficult to apply them to tree falls in urban settings due to a number of factors
including root growth, spacing between trees, and varying numbers of species (Peterson, 2003).
Variability in tree characteristics (i.e., spacing, soil conditions, tree dynamics, etc.) therefore has not been
taken into account in this study. Due to these uncertainties, an average critical tree fall wind speed (i.e.,
the average wind speed when trees fall) as suggested by Beck and Dotzek (2010) was used in construction
of the Joplin tornado wind field model.

In the initial stages of the Joplin tornado touchdown, multiple vortices were documented by videos,
photos and eyewitness and spotter reports.**  Analysis of tree fall patterns near the beginning of the
tornado track as shown in Fig. 1-4 indicates at least five to six vortices were present in early stages of the
tornado. Where multiple vortices clearly occurred in the early stages of the tornado, wind speeds were
not modeled. It is acknowledged that the multiple vortices may have been responsible for some of the
highest actual wind speeds in the Joplin tornado.

% NOAA (www.crh.noaa.gov/sgf/?n=event_2011may22_survey).
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The Rankine vortex model used is a simplification of the actual flow fields. The Joplin tornado possessed
multiple vortices when it began and may have been a two—celled tornado structure (Wood and Brown,
2011) with a stagnant core as it progressed through Joplin (Karstens et al., 2013). This two—celled
structure is not assumed in the Rankine model. It is also likely that the Joplin tornado had asymmetric
velocity patterns and significant variations that were a function of time and space, as has been identified
in numerous other tornadoes (e.g., Wurman and Gill 2000).

No terrain corrections were performed, although surface elevation changes such as hills or valleys may
channel or reduce the flow and likely alter the tornado vortex dynamics (Lewellen 2012). In addition, no
near—surface debris effects were considered, the vertical profile of the horizontal wind speed was assumed
to be uniform, and the horizontal wind speeds were assumed to be representative of a “peak” (i.e., 3—
second gust) wind speed. No vertical wind speeds were considered, but are another topic for future
research as noted by Van de Lindt (2013), as they may add a significant component to the wind speed and
adversely affect wind loading on structures.

Joplin Tornado Model Initialization—

A wind field model using a Rankine vortex was developed using a number of parameters as input
variables. An initial range was used for each of the input variables to account for uncertainty. The
justifications for the parameter ranges are discussed after a brief description of each input parameter:

e Translation speed, translation direction and tornado location (V+, 5, X, Y): These parameters
represent the speed and direction of tornado movement as well as the location of the center of
the tornado (also described in Sec. 2.3.2).

The average translation speed, V+, was estimated to be around 30 mph (13.4 m/s). This speed
is based on radar information provided by NWS Springfield and on surveillance video
provided by Joplin City Schools that contained time—stamp information for two schools
approximately 3 miles (4.8 km) apart. Based on the time stamps it took approximately 6
minutes for the tornado to travel between those two schools, for an average V; of 30 mph
(13.4 m/s). There was some variability in V; noted in the NWS radar information. This
variability is included in the model as + 5 mph (2.2 m/s).

The translation direction, 6, and associated initial tornado center location (X, Y) were
inferred from the NWS radar information and visual inspection of the damage swath from
aerial photos. The overall tornado translation direction is illustrated later in Fig. 2-21. In
addition, the location of the tornado center was also compared to locations at which
interviewees mentioned experiencing a period of strong wind speeds, a relative calm, and
then a subsequent increase in wind speeds. These reports were interpreted as references to
the tornado "eye” (Burgess et al. 2002), an area of relatively calm winds within the tornado
vortex that is noted in larger tornadoes. This relatively calm area is illustrated in the Rankine
vortex model near R/RMW=0 in Fig. 2-10. The location of the tornado center was slightly
modified, if necessary, to take into account general locations where interviewees reported
experiencing the tornado eye. Also, in areas where the tornado maintained a consistent
direction (based on damage patterns) for a relatively long period of time, the tornado center
was assumed to pass near the “convergence line” in the tree fall patterns. The convergence
line will be discussed later in this section.
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o Alpha (a): This is the angle between V, and Vs in Fig. 2-11. The angle is used to calculate
radial and tangential components as described in Sec. 2.3.2.

Initial ranges for a were based on comparing general tree fall patterns described in the
literature (Beck and Dotzek 2010; Holland et al. 2006) with the patterns observed in Joplin.
This comparison suggested an o value of between 0 and 90 degrees. Typical engineering
models of tornado wind flow (ANS 2011) assume that & = 90 degrees, or a purely tangential
flow. Therefore a range from O degrees to 90 degrees was initially set for a.

e Phi (p): Phi is the decay exponent of the Rankine vortex (described in Sec. 2.3.2).

The value of ¢ used in tree fall studies has typically been 1.0, on the basis of conservation of
momentum (Beck and Dotzek 2010). However, in studies of natural vortex phenomena this
exponent was found to be less than one. In fact, multiple studies of both tornadoes (Bluestein
2007; Bluestein et al. 2003; Kosiba and Wurman 2010; Wurman and Alexander 2005) and
hurricanes (Mallen et al. 2005) have shown exponents generally ranging from 0.5 to 0.7. For
this study, the initial range of ¢ was 0.4 to 1.0.

Radius of maximum wind (RMW): This refers to the radius from the tornado center to
maximum wind speed (described in Sec. 2.3.2). Values of RMW were initially estimated from
the width of significant damage (i.e., large amounts of debris) observed from aerial photos.
Half the width of the significantly damaged area was used to set initial values of RMW.
Therefore values of RMW varied along the tornado path proportional to the widths of the
damaged areas.

e Rotation-translation ratio (Gna): This is the ratio between the maximum wind speed from
the Rankine vortex model, V., and the translational wind speed, V;. Similar to ¢, initial
ranges for Gpax Were based on comparing tree fall patterns in previous literature and other
tornado events (Beck and Dotzek 2010; Holland et al. 2006; Bech 2009) with the patterns
observed in Joplin. The prior studies suggested a G value between 3.0 and 5.0. Letzmann
(Beck and Dotzek 2010) set an upper limit of G, at approximately 6.0. Therefore a range of
Gmax from 3.0 to 6.0 was initially set.

e Critical wind speed (V.ir): This is the average wind speed needed to cause a tree to fall.

Initial ranges for V,;; were estimated using a combination of information from Peterson,®
EF-Scale information regarding tree damage (TTU 2006), and measured wind speed data
from a windstorm that affected Joplin on May 8, 2009 that had a measured peak wind speed
of 85 mph (37 m/s). The measured wind speed data were coupled with observer relayed
storm reports denoting tree fall in the Joplin area.®® The initial range of V. was set at 70
mph (31.3 m/s) to 110 mph (49.2 m/s).

% C. J. Peterson, personal communication, May 2012.
% NOAA (http://www.spc.noaa.gov/climo/reports/090508_rpts.html).
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e Maximum wind speed (¥): In the model, the overall maximum wind speed is calculated using
Gax (related to the maximum wind speed from the Rankine model) and V+ . This calculation
is shown in Equation 2.2.

V= (Ginax + DVr (2.2)

Given the initial ranges of Gy, the maximum wind speed using Eqn. 2.2 for the Joplin
tornado could be no more than 245 mph (110 m/s) and no less than 100 mph (45 m/s).

Grid development

In order to enable the calculation of wind speed and direction at specific points throughout Joplin as well
as to compare outputs of the wind field model with tree fall observations in Joplin, a grid system was
created (see Appendix C for additional for information). Each grid point represented a point (i.e., tree) in
the model where a time history of wind speed and direction can be estimated, along with a tree fall
direction. Grid points were initially located 0.02 miles (about 106 ft or 32 m) apart to be consistent with
tree fall observations in Joplin (shown later in Table 2—4) and subsequently to determine Rankine model
parameters at specific locations as defined in Appendix D Table D-1. Once these parameters were
determined the grid was widened to 0.05 miles to account for the uncertainty in the tornado center
location as well as for computational speed. Figure 2-16 illustrates grid points spaced 0.05 miles (264 ft,
80 m) apart throughout Joplin. The origin of the grid is located along Schifferdecker Ave % mile
(approximately 400 m) south of the Schifferdecker Ave. and 32™ St. intersection. The grid extends 6.2
miles east and 2.0 miles north. The eastern end of the grid was located approximately along Kenser Road.
The boundaries of the grid were chosen to enable modeling of the tornado throughout Joplin.

Figure 2-16. Grid system for tree fall analysis in Joplin. Each dot denotes a tree/wind—
field point spaced at every 0.05 miles. The grid extends 6.2 miles west to east and 2.0
miles north to south.

Tornado center translation through grid

Starting at the estimated beginning of the tornado track, the center of the tornado was “moved”
throughout Joplin. The tornado center was moved in increments of 0.01 miles (about 15 m or 50 ft) in the
x—direction and a corresponding distance in the y—direction based on the translation direction, 6+, in
comparison to 270 degrees (from due west) as shown in later in Fig. 2-21. For example, if 6y was 250
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degrees, the y—direction movement would be 0.01 miles x tan (270 — 250). The tornado center moves this
distance at the translation speed of the tornado, V. From the information above, a time step can be
calculated. For example, advancing the tornado 0.01 miles moving at 30 mph (13.4 m/s) gives a time step
of 0.01 miles x (1/30 mph) x 3,600 s = 1.2 s. An example of the Rankine model translating through a
generic 0.05—-mile—spaced grid point system is shown in Fig. 2-17. The outputs and results of moving the
tornado through the grid are discussed in the next section, as are the changes in translation direction
throughout the Joplin tornado.

Full factorial design
All combinations of parameters were input into the Rankine vortex model (Eq. 2.1) by using full factorial

design (Milton and Arnold 2003). Full factorial design ensured that each parameter combination was
tested, one combination at a time, by translating the Rankine vortex through the grid. Full factorial design
also allows best estimates of Rankine vortex parameters to be determined based on comparisons with
observations of tree fall in Joplin, and identifies the most influential parameters.

Model Results—

Model outputs

For each time step, a wind speed from the Rankine model (V) was estimated by using Eq. 2.1. Both V;,
and Vr were then broken up into x and y components. The x and y components from V;, were then added
to the x and y components from V5 to arrive at the total x and y components of wind speed. The total
magnitude of the horizontal wind speed (V) was then calculated from its x and y components. The wind
direction () was also calculated from the x and y components of wind speed.

When a wind speed (V) at a grid point exceeds V., the tree falls in the direction of wind at that time step,
denoted by the angle . Figure 2-17 illustrates the procedure, where the contoured values represent wind
speed (V), the black arrows represent the direction of tree fall (when V exceeds V), and the red arrows
illustrate the wind direction () at the current time step.

As each model run (parameter combination of the Rankine vortex) completes translation through the grid,
outputs are generated including wind speed and direction time histories at each grid point and the wind
direction associated with the tree fall (5), provided V. is reached. The numbers and locations (grid
points) of fallen trees are also generated. From these outputs, the derived model outputs are produced to
compare with actual observations of tree fall in Joplin. These tree fall observations are discussed in the
following paragraphs.

Joplin observations

Nearly 10,000 trees were estimated to have been felled by the tornado in Joplin (Karstens et al. 2013),
most of which were uprooted, as determined from aerial photos. The large number of trees located
throughout Joplin made it attractive to estimate near—surface wind speeds using the Rankine vortex model
and associated tree fall based on the methodology described in the previous section.
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The directions of tree fall for approximately 5,000 felled trees throughout the tornado path were drawn
digitally using post—storm aerial photos. Figure 2-18 shows the tree fall patterns observed between 20"
and 32" streets just east of Schifferdecker Avenue. A non—exhaustive list of the types of trees that fell in
the Joplin tornado, as determined by field surveys, aerial photos, and interview transcripts, is as follows:
American and Chinese elm, American sycamore, yellow poplar, shagbark hickory, white oak, and
Bradford pear.

Based on the observed tree fall in Joplin, three model output parameters were developed and compared to
the observations in Joplin:

e Damage width (DW): This parameter refers to the width of the swath of felled trees (north—
south alignment). It was estimated by locating the furthest extent in either direction where it
appeared that most (i.e., more than 50 percent) of trees had fallen. This spatial dimension
was measured at a minimum of 0.02—mile increments.

o Damage ratio (DR): This is the ratio of DW on either side (i.e., south and north) of the
"convergence line" (shown in Fig. 2-19). The convergence line was estimated to be the
location where the patterns of tree fall on either side of the tornado center converge.

o Tree fall directions (5....,): The tree fall directions were estimated from calculating the
angle associated with the direction of tree fall as drawn in ArcGIS. If possible, the fall
direction of three to four trees in close proximity (0.01 miles, or 30 m) were averaged to
calculate a reasonable estimate of A. For this work, angles of 90 degrees (tree fallen
westward) and 180 degrees (tree fallen northward) were used for comparison.
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Figure 2—-18. Observed tree fall pattern between 20™ and 32" streets just east of
Schifferdecker Ave. Area is approximately 0.5 miles west to east by 1.0 miles north to
south.

The parameters DW, DR, § were estimated at 10 locations in Joplin from aerial photographs using the
methods described above, and presented in Table 2-4. For £, the table shows locations (in the y—
direction) that correspond to the 90— and 180-degree tree fall directions. The values in the “f” columns
are distances in miles either south (-) or north (+) (i.e., in the y—direction) of the convergence line. An
example comparison at one location between model outputs and observed values for DW, DR, g is shown

in Fig. 2-19.
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Table 2—-4. Observed Joplin tree fall metrics.

Tornado Center Locations of Tree Fall Directions
Location (X) Damage Width Damage Ratio (miles S (=) or N (+) of convergence line)
(miles) (DW) (miles) (DR) 8 (90 degrees) 6 (180 degrees)

0.69 0.55 2 -0.02 -0.3

0.88 0.6 2 -0.04 -0.38
1.01 0.7 2 -0.04 -0.42
1.22 0.75 2 -0.02 -0.32
2.09 0.9 2 0 -0.28
3.14 1 2.3 -0.06 —-0.46
3.69 0.85 2.3 0 -0.38
6.01 1 2 +0.04 -0.36
6.47 1 2 +0.12 -0.18
6.77 1 2 +0.16 -0.18

Model comparisons to Joplin observations

Using full factorial design, main— and interaction—effects plots (Box et al. 2005) were created by NIST.
Main and interaction effects illustrate the effects of varying the input parameters of the Rankine vortex
model (in this case RMW, «, etc.) on the final output parameters that can then be compared to the
observations in Joplin (DR, DW, $). Additional details on the comparison between the Rankine vortex
model and observations used in selection of the final model parameters are provided in Appendix D.
These details include a general explanation and interpretation of main and interaction effects plots. Based
on the generation of Rankine vortex input parameter combinations by the use of full factorial design, the
variability in output parameters (DR, DW, p) is discussed. An example of the use of main and interaction
effects plots to select of “best matches” (i.e., narrowed parameter ranges) of Rankine vortex input
parameters (RMW, a, etc.) to observed tree fall metrics (Table 2—4) throughout Joplin is also discussed.
The process of selecting “best matches” is illustrated for a specific set of north—south grid points in
Joplin. These “best matches” for locations throughout Joplin are listed in Appendix D, Table D-1.

The “best matches” of the Rankine vortex input parameters were used to calculate wind speed and wind
direction time histories at each grid point in Joplin based on Eq. 2.1. A specific grid point (#1175, X =
2.1 miles, Y = 0.45 miles, located near the center of the path of the tornado at the southwest corner of W.
26™ St. and S. Jackson Ave, two block east of St. John’s Regional Medical Center) was chosen to
illustrate the variation in wind speed and wind direction based on Rankine vortex parameter combinations
created in the factorial design. The graphs in Fig. 2-20 show the ranges and “best estimate” (i.e. average
value of best matches) of wind speed and direction. Note the differences in time and magnitude among
the maximum wind speeds in the three time series. These are due to the translational speed (V) of the
tornado. The translational speed of the tornado is also included in the final estimation of wind speed (V),
and contributes heavily to the uncertainty of maximum wind speed and maximum duration of a given
wind speed as will be discussed later. Wind direction does not have as much uncertainty as wind speed
for this specific grid point. Due to the many directional changes (changes in damage path) within the
track of the Joplin tornado, however (Fig. 2-21), it was difficult to pinpoint an exact location when the
tornado changed direction. When interpreting the final wind speed and wind direction estimates from the
wind field model, uncertainty should include values from one grid point (264 ft, 80 m) away in any
direction.
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Figure 2-19. Example of procedure for comparing observed tree fall to modeled tree fall.
Output parameters are also listed.
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Figure 2-20. Ranges and best estimate of wind speed (left) and associated wind
direction (right) for Grid Point #1175 (southwest corner of W. 26th St. and S. Jackson
Ave). Best estimates are the bold traces on each plot.

Figure 2-21. Translation direction (8y) changes in the Joplin tornado. Numbers are
approximate directions in degrees. White line indicates estimated center of
tornado path. The area in the figure is approximately 6.2 miles west to east and 2.0 miles

north to south.

Wind Field Characterization—

Overall

Based on the examples above, the range and best estimate of maximum wind speed values, and associated
wind direction values, as illustrated in Fig. 2-20, were recorded for each grid point. For the chosen
reference grid point (#1175) the range of maximum wind speed was 135 mph to 210 mph, while the best
estimated value was between 170 and 175 mph. For this grid point therefore, the range of wind speeds
on either side of the best estimate was up to 25 percent of the best estimated maximum wind speed. The
uncertainties in maximum wind speed are discussed later in this chapter.

Figure 222 provides a closer examination of Fig. 2-20 using best estimated wind speeds. This location
was within the RMW (likely in the corner flow region or Region 11 as illustrated from a general case in
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Fig. 2-9). According to the model, this grid point was near the possible “eye” of the tornado. As the
tornado approached wind speeds increased to approximately 115 mph to 120 mph then dropped rapidly to
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Figure 2-22. Example of a modeled best estimate of tornado wind speed and direction
time history for Grid Point #1175 (southwest corner of W. 26th St. and S. Jackson Ave).

speeds below 60 mph when the tornado center was near, and increased on the back side of the tornado to
a maximum of approximately 175 mph. Between the first and second peaks, the wind direction shifted
nearly 180 degrees in approximately 30 seconds to 40 seconds. Time histories for every grid point with
best estimated wind speed and direction values (and more information on the wind field modeling
process) will be available through the NIST Disaster and Failure Studies Event Data Repository web site
(http://www.nist.gov/el/disasterstudies/repository _home.cfm) when the Joplin Tornado Repository is
completed. Best estimated time histories nearest to structures surveyed by NIST can be found in
Appendix E. These time histories were also used to study both structural (Chapter 3) and human (Chapter
4) responses to the Joplin tornado.

The best estimated maximum wind speed at each grid point was rounded to the nearest 5 mph, (e.g., 175
mph for grid point #1175) loaded into ArcGIS, and overlaid on post—storm aerial photos. From the
maximum wind speed information, two shapefiles were created in ArcGIS. The first shapefile shows the
grid points in the wind field estimation colored by their best estimated maximum wind speed value. This
wind field estimation is illustrated in Fig. 2-23. The coloration is based on wind speed ranges outlined in
the EF Scale. The second shapefile was created by drawing polygons around areas that were within the
wind speed ranges prescribed by the EF Scale. These polygons are shown in Fig. 2-24.

NIST NCSTAR 3, Joplin Tornado Investigation


http://www.nist.gov/el/disasterstudies/repository_home.cfm

Chapter 2

Important Note: The methodology for and generation of the wind field from tree fall as discussed above
was completely independent of the EF Scale with the exception of minor input for V... However, the
wind speed ranges associated with different EF numbers (e.g., EF-0, EF-1, . .. EF-5) in the EF Scale are

o 0 NN
Aerial image © 2011 Geo ye. Used with permissﬂion. n 1aflicémehts:b;? NIST

Figure 2—-23. Estimated maximum wind speed grid points from tornado wind field model

grid points grouped by EF Scale. The solid black line represents the estimated tornado

center. The area in the figure is approximately 6.2 miles west to east and 2.0 miles north
to south.

[ X P
: Legend
—Tornado Path EF-0 EF:

Figure 2—24. Estimated maximum wind speed polygons from tornado wind field model grouped
by EF Scale. The solid black line represents the estimated tornado center. The area in the
figure is approximately 6.2 miles west to east and 2.0 miles north to south.

helpful for comparing the estimated wind field in the Joplin tornado to other tornadoes in a historical
context as well as to other tornado wind field models. The EF Scale is a damage—based scale only. For
example, an estimated wind speed of 175 mph from tree fall should not be interpreted as an EF—4 wind
speed as EF—4 wind speed estimates are derived from structural damage only. The estimated 175 mph
wind speed should be interpreted as a wind speed associated with the range of EF—4 wind speeds in the
EF Scale.
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Duration of high wind speeds

Low phi values (p = 0.6 to 0.7), along with a relatively slow translation speed (Vr = 25 mph to 35 mph)
and the high radial component to the flow (o = 15 degrees to 25 degrees) suggest that wind speeds
remained above a certain level for a relatively long time and over a large area in the Joplin tornado, a
notion that is expanded upon in the next paragraph. For example, the Rankine model with a ¢ value of
0.7 predicts that once the wind speed reaches its peak value, it doesn’t drop off as fast as for a ¢ value of
1.0, i.e., high wind speeds extend farther out from the center of the tornado (Figure 2-25).

Figure 2-25. lllustration of
differences in Rankine
vortex model given ¢
parameter.

The duration of damaging winds can play a significant role in overall damage states (Kopp and Morrison
2011). Figure 2-26 shows the estimated amount of time that the modeled wind speeds were at an EF-2
level or above (> 49.2 m/s or 110 mph). Each time step that was at or above the EF-2 level was summed
to estimate the duration. The best estimated longest duration of EF-2 or greater wind speeds in the Joplin
tornado was approximately 67 seconds, with a range of 33 seconds to 107 seconds considering the
uncertainty in the input parameter values used in the wind field model. The longest duration of damaging

Figure 2—26. Best estimate of duration of wind speeds greater than or equal to EF-2
(2110 mph). Green line shows estimated tornado center. The area in the figure is
approximately 6.2 miles west to east and 2.0 miles north to south.
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wind speeds was mainly south of the estimated tornado center shown in Fig. 2-26. The majority of areas

that experienced any EF-2 or greater wind speeds encountered over 30 seconds of such winds due to the
structure of the wind field.

With regard to spatial extent, the total modeled area affected by wind speeds EF-0 or higher (> 65 mph
(29.1 m/s)) during the Joplin tornado was estimated to be 10.5 square miles. Table 2-5 presents
information about the areas affected by each of the EF wind speed ranges. The table also provides the
percentages of affected areas expected under each EF level in hypothetical EF-4 and EF-5 tornadoes in
probabilistic assessments of tornado hazards using historical data (NRC 2007). The Joplin tornado had
larger areas subjected to the highest wind speeds compared to the theoretical tornadoes in NRC (2007).
Aspects of the spatial dimensions of tornadoes and associated damage compared to the Joplin tornado are
discussed further in Sec. 2.4.

Table 2-5. Estimated areas affected by wind speeds falling within the EF wind-speed
ranges, within Joplin grid system and in theoretical EF-4 and EF-5 tornadoes.

Percent of Percent of
Theoretical Theoretical
Area with Percent of EF-4 Area EF-5 Area
Area Percent of Maximum Area with with With
Affected® Area Wind Speed® | Maximum Maximum Maximum
EF Number (sg. mi.) Affected” (sg. mi.) Wind Speedd Wind Speed® | Wind Speedf
0 10.5 100 5.2 49 54.3 53.8
1 5.3 51 2.2 20 23.8 22.3
2 3.1 30 0.9 9 13.1 11.9
3 2.2 21 1.1 11 5.6 7.0
4 1.1 11 1.1 11 3.2 3.3
5 0.0 0 0.0 0 0.0 1.7

a. Total area within Joplin grid system that was affected by winds falling within the wind—speed range of the specified EF
number or a higher EF number.

b. Percentage of the total area within Joplin grid system that was affected by winds falling within the wind—speed range of the
specified EF number or a higher EF number.

c. Total area within Joplin grid system where the maximum wind speed experienced during the Joplin tornado fell within the
range of the specified EF number.

d. Percentage of the total area within Joplin grid system where the maximum wind speed fell within the range of the specified
EF number.

e. Percentage of the total area affected by a theoretical EF-4 tornado (NRC 2007) where the maximum wind speed fell within
the range of the specified EF number.

f. Percentage of the total area affected by a theoretical EF-5 tornado (NRC 2007) where the maximum wind speed fell within
the range of the specified EF number.

Maximum wind speed ()

The tree fall model indicated that the best estimated maximum wind speed anywhere in the tornado was
between 170 and 175 mph, within a range of modeled maximum wind speeds of 135 mph to 210 mph.
For grid points that were within the RMW on some model runs and outside of the RMW on others (e.g.,
locations between 0.14 miles and 0.18 miles from the tornado center), wind speed ranges around the best
estimate were as high as + 45 mph. As stated earlier, a great deal of the total model uncertainty in wind
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speed is due to the range of the translation speed (V1). In the factorial analysis, there are three distinct
maximum wind speed ranges that are produced. These ranges are based on three different values of V.
These ranges are illustrated in Fig. 2-27 for grid point #1175.  If V1 was kept fixed at the average value
of 30 mph, the estimated range produced for areas in Joplin that experienced the highest wind speeds was
approximately 160 mph to 180 mph. In other words, up to 80 percent of the model uncertainty is due to
uncertainty in V. The remaining uncertainty is in the Gpax parameter, the only other variable used in the
calculation of V(Eqn. 2.2). This estimate does not include the model assumptions and limitations
mentioned earlier in this section. The ranges in Fig. 2-27 were developed using range values for all six
input parameters as well as the best estimated parameter value for a total of 729 (3°) factorial runs to
show the differences in V using different values of V;. The coefficient of variation (COV) for this
particular grid point considering all values of V; was approximately 0.14. Using only the ranges values
with 64 (2°) factorial runs, the COV was approximately 0.17. These values of the COV were consistent
for all grid points analyzed. It should be noted that the uniform distributions of maximum wind speed are
due to the fact that the values of the input parameters (V1 and G in this case) in the factorial design
were equally likely as a result of the factorial design (uniform distribution). No specific distribution was
given to the input parameters. The nine (3%) different combinations of maximum wind speed, using the
range values of Vr and Gn.x are shown as red dots in Fig. 2-27.
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Figure 2-27. Three distinct ranges of maximum wind speed based on different values of
translational speed (V) for Grid Point #1175. Red dots illustrate the combinations of V
using the range values of V; and G ax.
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Model Comparisons with Other Estimates—

It should be noted that although comparisons are made here between wind speeds generated from the
wind field—tree fall model and other tornado wind speed estimations both in Joplin and elsewhere, the
Joplin tornado was a rare event in terms of the destruction and loss it caused. In other words, the
knowledge base on events such as Joplin is lacking, making comparisons difficult and acknowledging our
understanding is still limited.

Comparisons with maximum wind speed using EF Scale

NIST evaluation using the EF Scale for both structures surveyed on the ground and residential structures
surveyed from aerial photos (see Sec. 2.3.4) yielded similar estimates of maximum wind speed, especially
the lower half of the maximum wind speed range. The estimated maximum wind speed based on damage
observed among NIST—surveyed structures was 150 mph + 15 mph (135 mph to 165 mph) and among
residential structures was 175 mph. The Springfield NWS office based its estimated maximum wind
speed of 200+ mph (EF-5) in part on information not contained in the EF Scale such as manhole covers
and tractor trailers.® Using tree fall analysis, Karstens et al. (2013) estimated that the maximum wind
speed in the Joplin tornado exceeded 230 mph, while Roueche and Prevatt (2013) estimated maximum
wind speeds to be approximately 175 mph to 180 mph using EF-Scale wind speed estimates of residential
damage fit to a Rankine vortex model. The maximum wind speed estimates explicitly using the EF—scale
were in general closer to those of the tornado wind field model used in the study as compared to other
estimation methods. The relatively large difference in maximum wind speed estimates from the other tree
fall estimation is likely due to the different methodologies employed (e.g., using non—uniform
distributions for critical tree fall wind speed in Karstens et al., 2013).

Comparisons with EF-derived wind speeds at specific locations

Best estimated maximum wind speeds at specific locations in Joplin derived from the wind field model
were compared to the estimated values of maximum wind speed generated using the EF Scale for selected
NIST-surveyed structures, as shown in Table 2-6. The table shows the best estimated range of maximum
wind speeds at each site given that all the structures have significant dimensions. For example, on the
north side of the Walmart store, wind speeds were best estimated to be 110 mph, while maximum wind
speeds on the south side were estimated to be 160 mph. Overall, the estimates of wind speeds by tree fall
were comparable to those estimated by using the EF Scale for NIST—surveyed structures. Estimated time
histories of wind speed and direction near the center of each of the facilities listed in Table 2-6 can be
found in Appendix E, and time histories at other locations around each facility are provided in Chapter 3.

Comparisons with historical and contemporaneous observations
Observed tree fall metrics were compared with observations in other tornado events as well as the Joplin
tornado.

e Damage width (DW): The DW of tree fall in the Joplin area was up to 1.0 mile (about 1,600
m) in some cases, and was generally above 0.9 miles (about 1,450 m) for most of the Joplin
tornado path. This width is consistent with the estimate of tornado width (extent of damage)
for the Joplin tornado determined by the NWS.®" If using the definition of tornado width as

 NIST Interview 205, May 2011.
¥ NWS (www.crh.noaa.gov/sgf/?n=event_2011may22_survey).

54 NIST NCSTAR 3, Joplin Tornado Investigation


http://www.crh.noaa.gov/sgf/?n=event_2011may22_survey
http:trailers.66

Chapter 2

being the distance from EF-0 contours perpendicular to the tornado path, the wind field-tree
fall model produced a width of up to 1.8 miles.

Table 2-6. NIST best estimate of maximum wind speeds for NIST-surveyed

structures using tornado wind field model and EF Scale.

Range of Model-Estimated EF-Scale Point Estimate
Wind Speeds over the Entire of Wind Speed
NIST-Surveyed Structure Facility (mph) (mph)
Walmart 110 (N) - 160 (S) 140+ 15
Home Depot 135 (S)—170 (N) 150+ 15
Franklin Technology Center 135 (N)—160 (S) 150 £ 15
Joplin High School 155 (N)—170(S) 140 £ 15
SJIRMC (Main Buildings) 135 (S) — 170 (N) 140+ 15
Joplin East Middle School 160 (N)—170 (S) 140 + 15

Key: SIRMC, St. John’s Regional Medical Center; N, north side; S, south side.

Damage ratio (DR): The DR was about 2.0 to 2.3 in most areas of Joplin. Similar DR values
were estimated when damage resulting from the Spencer, South Dakota, tornado was
surveyed (Wurman and Alexander 2005, Part Il). These DR values suggest small alpha
values (more radial inflow) as described previously and discussed below.

Comparisons using Rankine vortex (input) parameters
The estimated final ranges of the Rankine vortex (input) parameters were compared, if applicable, to
other tornado events as well as the Joplin tornado.

Critical wind speed (V¢it): Average critical tree fall wind speeds that best matched observed
tree fall patterns ranged from 85 mph to 95 mph.

Radius of maximum wind (RMW): RMW values ranged from 0.07 miles (113 m, 370 ft) in
the early stages of the tornado to a maximum of 0.18 miles (290 m, 950 ft). For a majority of
the tornado path, the tornado maintained a best estimated RMW of 0.16 miles (260 m, 845 ft).
These RMW values are within the limits observed by radar estimation in other violent
tornadoes (Wurman et al. 2007) and the average value of approximately 260 m is similar to
that estimated by Karstens et al. (2013) for the Joplin tornado (300 m).

Alpha (a): There was a significant radial component (V,) (« = 15 degrees to 25 degrees) at
the near surface (i.e., < 20 m). Although no published radar measurements at less than 20 m
are noted, Kosiba and Wurman (2010) showed that the radial component of the Spencer,
South Dakota, tornado increased nearer to the ground. Stronger radial components of tornado
flow have been theorized to occur in areas with higher surface roughness (Davies-Jones et al.,
2001). The damage ratio (DR) parameter, as mentioned earlier, has a strong relationship with
the o parameter. Karstens et al. (2013) also estimated highly radial flow in the Joplin tornado
on the order of 2:1 when compared to tangential velocity. This ratio implies an alpha value
of approximately 26 degrees.
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o Rotation-translation ratio (Gnax): The Gpax parameter was estimated to range from 4.5 to 5.0.
These values are close to those found in observed tornado tree fall studies that estimated G
(Beck and Dotzek 2010; Bech et al. 2009).

e Phi (p): The analysis suggested that ¢ ranged from 0.6 to 0.7, instead of being 1.0 as
suggested by conservation of angular momentum (see Sec. 2.3.2). These values of ¢ compare
well with actual vortex phenomena in other tornado events, as mentioned earlier in this
section.

2.4 DESCRIPTION OF THE TORNADO HAZARD IN THE UNITED STATES
241 Objective

The objective of Sec. 2.4 is to understand the U.S. tornado hazard at the local, regional, and national
levels and to place the Joplin tornado in context of this hazard. In pursuit of understanding the tornado
hazard at the local, regional and national level, Section 2.4.2 briefly discusses tornado climatology. This
section includes a brief literature review and an introduction to the official NOAA tornado database. The
NOAA database will be used to assess the tornado hazard. Section 2.4.2 also discusses human and
economic losses and methods of determining a probability—based tornado hazard in the United States for
local, regional and national levels including Joplin using the NOAA database. Section 2.4.3 briefly
highlights how urbanization is affecting considerations of the tornado hazard.

24.2 Tornado Climatology

A number of studies regarding U.S. tornado climatology are available in the literature (e.g., NRC 2007,
DOE 2000, Brooks et al. 2003, Dixon et al. 2011). These references all show that the frequency of
tornadoes is greater east of the Rocky Mountains and west of the Appalachian Mountains, with the
highest frequencies being in the Great Plains and the Southeast United States. Two references (NRC
2007; DOE 2000) provide detailed probabilistic analyses for determining the tornado hazard in the United
States for engineering purposes, which is discussed further in Sec. 2.4.2.3. Two other references (Brooks
et al. 2003a; Dixon et al. 2011) discuss tornado climatology in a more meteorology—oriented manner.

2.4.2.1 NOAA Tornado Database

To provide tornado climatologies for the current study, data covering the period 1950-2011 and
containing information on U.S. tornadoes were available from the NWS SPC (www.spc.noaa.gov/wcm/).