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Why Haven’t We Considered Tornadoes in 
Conventional Engineering Design?

Common Misperceptions

• Too rare

• Losses from tornadoes are 
small compared to other 
hazards

• Nothing we can do about 
them

• Inadequate knowledge

• Buildings would all have to 
be concrete bunkers 

• Too expensive

Perceptions may be shaped by the few violent  
tornadoes per year that make the headlines

Photo Credit: NOAA/ITAE



How Rare are Tornadoes?
Source: NIST, from NOAA data

This plot shows the number of reported tornadoes per year. 
Many tornadoes go unreported.



Where do Tornadoes Occur?

Source: NIST, from NOAA data

Source: NIST, from NOAA data

F or EF
Scale

U.S Tornadoes: 1995-2016



How Many Lives are Lost in Tornadoes?

Tornadoes kill more people per year in the U.S. 
than hurricanes and earthquakes combined

Tornado fatalities overwhelmingly occur inside 
buildings. 

5

High Tornado Death Toll
5,600 killed (1950 – 2011)

Average deaths/year:
Tornadoes:       91.6
Hurricanes:      50.8
Earthquakes:     7.5

Moore OK Tornado – 2013.  Damage to the hallway 
and classrooms of the new main classroom building 
(complete loss of roof and many walls) where the 7 
fatalities occurred (most of the debris has already 
been removed). This hallway area was a “designated 
area of safety.”  NIST SP 1164 (2013)



Storm Shelters for Life Safety Protection

We can design for mother nature’s worst  
FEMA Safe Rooms are designed for ‘near-absolute’ 
life safety protection, ICC 500 Storm Shelters have  
almost identical requirements
• 250 mph tornado winds
• Impact of 15-pound 2x4 traveling at 100 mph
• No reported failures of safe rooms or shelters 

constructed to FEMA or ICC 500 requirements 
Source: FEMA 

In-Residence Safe Room
Joplin, MO, May 22, 2011

Winston County Commission 
Community Safe Room

Arley, AL, November 30,  2016



How Much Damage do Tornadoes Cause?

Over the 20-year period, 1997 to 2016, events involving 
tornadoes, including other wind, hail and flood losses associated 
with tornadoes made up 39.9% of total catastrophe insured 
losses, adjusted for inflation. 

Hurricanes and tropical storms were a close second largest cause 
of catastrophe losses, accounting for 38.2% of losses

https://www.iii.org/article/spotlight-on-catastrophes-insurance-issues#:~:text=Hurricanes%20and%20tropical%20storms%20were,winter%20storms%20(6.7%20percent)

https://www.iii.org/article/spotlight-on-catastrophes-insurance-issues:~:text=Hurricanes%20and%20tropical%20storms%20were,winter%20storms%20(6.7%20percent)


Isn’t Most Damage Caused by the Big 
Tornadoes?

Property damage and resulting 
losses per individual tornado 
(black curve) increase 
dramatically with EF rating

However, aggregate losses for 
all tornadoes per EF number 
(red curve) are of the same 
magnitude (except EF0)

• because there are so many more 
tornadoes with lower intensities

Source:  NIST (2014)

https://doi.org/10.6028/NIST.NCSTAR.3
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Average loss per tornado and total loss by 
EF number for 1995–2011 (in 2011 $) 

https://doi.org/10.6028/NIST.NCSTAR.3


Opportunity for Tornado Loss Reduction

We don’t have to design everything to withstand 

the most violent tornadoes in order to significantly 

reduce tornado damage

From 1995-2016, of the over 1,200 tornadoes/year 

* 89.1% were EF0-EF1,   97.1% were EF0-EF2

Most of the area impacted by a tornado does not experience the 

greatest winds, e.g., in the 2011 EF-5 Joplin Tornado (NIST, 2014) 

* 72% of area swept by tornado experienced EF0-EF2 winds

* 28% experienced EF3-EF5 winds

EF SCALE
EF # 3-s Gust 

(mph)
0 65-85

1 86-110

2 111-135

3 136-165

4 166-200

5 Over 200

D
at

a 
So

ur
ce

: N
O

A
A

.  
A

na
ly

si
s 

by
 N

IS
T



Paradigm Shift Needed

Ignoring tornado hazards in the 
design of our built environment 
is not an appropriate response



Genesis of Tornado Loads in ASCE 7-22 

16 recommendations for improving:
• Tornado hazard characterization

R3 - develop new tornado hazard maps considering spatial 
estimates of tornado hazard 

• Design and construction of buildings and shelters in 
tornado–prone regions

R5 - develop performance-based tornado-resistant design standards
R6 - develop tornado design methodologies

• Emergency communications that warn of threats 
from tornadoes

http://dx.doi.org/10.6028/NIST.NCSTAR.3

The first tornado study to include storm characteristics, building 
performance, emergency communication and human behavior 
together - with assessment of the impact of each on fatalities

NOTE:  Summaries of the recommendations are provided in this presentation for context.  The 
complete recommendations are available in the final report, available through the link shown at left.

http://dx.doi.org/10.6028/NIST.NCSTAR.3


Tornado Hazard Maps

Tornado Data Tornado Windfield Wind Speeds

• Reporting Trends, Eras
• Bias Analysis
• Occurrence Rate
• EF System
• Random Encounter
• Tornado Path Variables

Models /Analytics

Tornado Hazard Maps

❑ Single Cell  Vortex
❑ Probabilistic Parameters

• Intensity, RMW
• Velocities, Profiles
• Swirl 

Engineering Model

• Tornado Strike
• TORDAM (3D)
• Prob. Load/Resistance
• Progressive Failures
• WBD
• Internal Pressure
• EF Scale, DIs, DODs
• Building Stock Dist.

Model Components

Wind Speed Distributions
P(V|EF)

Windfield

Hazard/Risk Models

• Spatial Smoothing      • Return Period

• PLIV
• Path Width
• RMW
• Path Edge Wind Speeds
• Spline Fit to PLIV

Swath Model

• Model/Parameter 
Uncertainties

• Derived Mean 
Frequencies

Databases:
• SPC 
• Storm Data
• DAT 
• Census, Hazus Data

Literature
Augmented Database

Primary Data Sources

• Tornado Metrics
• Physiographic Metrics
• Develop Regions/ 

Subregions

Regional Climatology

• ARA TORRISK2
• Single/Two Loop Simulations
• Building/Facility Size Effects 
• Wind Speed Frequencies
• Hazard Curves

Stochastic Model

Epistemic 
Uncertainties

• Tornado Risk Mapping Project 
Components

• Six year effort, working with 
Applied Research Associates, 
Inc. (ARA) under contract to 
NIST, led by Dr. Larry Twisdale

• The US Nuclear Regulatory 
Commission supplemented 
NIST funding to include the 
analysis of epistemic 
uncertainties

Map Development Overview



Consideration of Uncertainty

• Epistemic Uncertainties are often called “modeling 
uncertainties”

• Aleatory Uncertainties are often referred to as 
“randomness” 

• Many epistemics in modeling tornado wind speeds
• Approach: 

• Modeled numerous random variables, many regionally, to 
capture randomness. 

• Modeled epistemic uncertainties in 5 key areas 
characterized by:  

• Significant uncertainties in mean values
• Uncertainties in models/parameters
• Expert judgment 

• 12 Implementations 
• The modeling philosophy for the uncertainty modeling 

was “best-estimate.” 

Group
Epistemic 

Topic

Model/Parameter 

Uncertainty

b. Path Length

c. Path Width

a. Windfield

b. Swath

a. Engineering 

Interpretation in EF 

DODs Descriptions

b.  Structural Quality 

Factor

c. DOD to EF 

Distribution

d. House DOD 9-10 

Model

e. Bayesian Prior Wind 

Speed Distribtuion

4

Tornado 

Windfield and 

Swath Model

5

Damage 

Modeling/EF 

Wind Speed 

Analysis

Tornado 

Intensity and 

Path Variables

3

a.  EF-Scale

2

Tornado 

Occurrence 

Rates

Region/Subregion 

Occurrence Rates

1
Tornado 

Regionalization

Region-Subregion 

Boundaries



Target Size Effects

Tornado risk and tornado speeds are a function of building or 
facility size and shape (effective plan area)

• Tornado strike probabilities increase with increasing plan area of the 
target building or structure (target size)

• For a given return period (i.e., mean recurrence interval), tornado 
speeds increase with increasing target  size

Effects of building or facility plan 
area on tornado strike probability



Tornado Hazard Maps

Windspeed Exceedance Frequencies (WEFs)

Regions

WEFs developed for each region and 
subregion, for a range of target sizes

Final Tornado Regions/Subregions



Tornado Hazard Maps

Target Size Effects

• The effects of target size depend 
on the Region and the tornado 
wind speed

• The effect of target size is 
reduced for high return periods

• The effects of target size are 
greater in regions with lower 
wind hazard, such as Region 1, 
since the tornadoes are smaller 
and the impact of increasing 
target size has a more dominant 
effect on the resulting risk. 

Target Size Effects for Regions 1 (West) and 4b (Center) 
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Note: Return Period (also referred to as mean recurrence interval 

or MRI) is the inverse of the annual exceedance frequency

3,000 year return period – 43 mph increase

Change in speed between 
smallest and largest target sizes

1,700 year return period – 46 mph increase



Tornado Hazard Maps 

Map Development Process
1. A six step process is used to develop 

maps. 
2. The grid wind speeds for a given 

Return Period and Target Size were 
smoothed using Gaussian smoothing. 

3. The Kriging was performed in ArcGIS 
with default parameters, similar to the 
current ASCE 7 non-tornadic maps. 

0.0099 0.0239 0.0320 0.0239 0.0099

0.0239 0.0575 0.0770 0.0575 0.0239

0.0320 0.0770 0.1031 0.0770 0.0320

0.0239 0.0575 0.0770 0.0575 0.0239

0.0099 0.0239 0.0320 0.0239 0.0099

Gaussian 
Smoothing 
Weights

1-2

1-3

2-3

4-2

4-3

4-5
(West)

4-5
(South)

Region 1- Region 2 166 2.8

Region 1 – Region 3 125 2.1

Region 2 - Region 3 416 6.9

Region 4 – Region 2 217 3.6

Region 4 – Region 3 130 2.2

Region 4 – Region 5 (West of 

Appalachians)
85 1.4

Region 4 – Region 5 (South and East 

of Appalachians)
177 3.0

Overall Mean 188 3.1

Region Boundary 
Mean  Distance 

(mi)

Approx. Number of 

1 Deg. Cell Widths

Regional Boundary Uncertainties

Example Grid After Smoothing

1. Hazard Curve WEFs 
(Given Target Size)

2. Interpolate 
Windspeeds to 
Return Periods

3. Input Windspeeds
to Region/Subregion

Grid Cells

4. Gaussian 
Smoothing

6. PAEK Smoothing & 
Hand Adjustments for 

Final Maps 

5. ArcGIS Kriging



Tornado Hazard Maps - Examples
Risk Category III 

(1,700 Year)

Tornado speeds are 3-s peak gusts in mph at 33 ft (10 m) height 

111

84 99

125

Risk Category IV 
(3,000 Year)

10K

Effective Plan 
Area, Ae

(ft2)

1M

Mapped values are available 
through the ASCE 7 Hazards 
Tool, free of charge 
https://asce7hazardtool.online/

8 mapped effective plan area 
sizes (target sizes), from 1 to 
4M sq ft

• 1 (Geometrical Point) 
• 2,000  (45’ x 45’)
• 10,000 (100’ x 100’)
• 40,000  (200’ x 200’)
• 100,000 (316’ x 316’)
• 250,000  (500’ x 500’)
• 1,000,000  (1,000’ x 1,000’)
• 4,000,000  (2,000’ x 2,000’)

https://asce7hazardtool.online/


Tornado Hazard Maps – Long Return Periods
100,000 Year

Tornado speeds are 3-s peak gusts in mph at 33 ft (10 m) height 

211

183

286

10,000,000 Year 

40K

Effective Plan 
Area, Ae

(ft2)

4M

Mapped tornado speeds for 
longer return periods at each 
of the 8 sizes are provided in 
ASCE 7-22 Appendix G

• 10,000 years
• 100,000 years 
• 1,000,000 years
• 10,000,000 years

ASCE 7-22 also includes a 
new Appendix F with longer 
return period wind speed 

maps

265

More information on the long 
return period maps was
presented at 2021 RIC –
Session T11



Tornadic Wind Characteristics
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Very different from straight-line winds

• Short duration

• Rapidly changing speeds and directions

• Strong updrafts

• Decreasing speed with height above ground

• Atmospheric Pressure Change
Normalized Tornado Velocity Profiles

ASCE 7-22 Velocity Pressure Profiles 
for Tornadic and Straight-Line Winds

Source: NSF

Worked closely with mobile radar community

•analyzed radar-measured tornado wind speeds

•developed tornado velocity pressure profiles 



Tornadic Wind-Structure Interaction

21

Very different from straight-line winds

• Short duration 
• Changes to gust effect factor

• Rapidly changing speeds and directions
• Changes to directionality factor

• Strong updrafts
• Addition of new factor to account for 

increase in uplift pressures on roofs

• Decreasing speed with height above ground
• Changes to velocity pressure exposure 

coefficient

• Atmospheric Pressure Change
• Changes to internal pressure coefficient to 

account for contributions of APC

0°

5°

10°

Wind
Direction

Conducted wind tunnel tests to 
simulate the effective change in wind 
angle at the leading edge of the roof



Marc Levitan
Chair 

ASCE 7-22 Tornado Task Committee

ASCE/SEI 7-22 
Tornado Provision Highlights



Tornado Loads  - New in ASCE 7-22

Planned Tornado 
Load Implementation 
in ASCE 7-22

WLSC Briefing for ASCE 7 MC
March 4, 2020

NOAA Photo Library, NOAA Central Library; OAR/ERL/National Severe Storms Laboratory (NSSL).

7-22



Tornado Loads: Placement in 7-22

• Chapter 1: General
• Add Tornadoes to Risk Categorization Table 1.5-1 

• Chapter 2: Load Combinations
• Add Tornado Loads to load combinations

• Chapter 26: Wind Loads
• Add requirement to check Tornado Loads per Ch. 32 

• New Chapter 32: Tornado Loads
• Complete provisions to determine Tornado Loads

• New Appendix G: Tornado Hazard Maps for 
Long Return Periods

• Tornado speed maps for longer return periods, in 
support of tornado PBD and other applications

Use or Occupancy of Buildings and 
Structures

Risk 
Category

Buildings and other structures that represent 
low risk to human life in the event of failure

I

All buildings and other structures except 
those listed in Risk Categories I, III, and IV

II

Buildings and other structures, the failure of 
which could pose a substantial risk to human 
life

III

Buildings and other structures designated as 
essential facilities
Buildings and other structures, the failure of 
which could pose a substantial hazard to the 
community
Buildings and other structures required to 
maintain the functionality of other Risk 
Category IV structures

IV

Table 1.5-1 Risk Category of Buildings and 
Other Structures for Flood, Wind, Tornado, 

Snow, Earthquake, and Ice Loads

Red indicates differences 
from ASCE 7-16



Ch. 32: Tornado Loads
▪ Built on ASCE 7 wind load procedures 

framework 
▪ Designed to provide similar look and feel with the 

wind provisions for improved ease of use

▪ Most wind load coefficients and equations 
are modified to account for differences in 
tornadic wind and wind-structure interaction

▪ Despite similarities in procedures, tornado 
loads are treated separately from wind loads



Scope

▪ Risk Category III and IV buildings and 
other structures

▪ Located in the tornado-prone region

▪ Design of MWFRS and C&C

▪ Must resist the greater of tornado loads 
or wind loads, using load combinations in 
Chapter 2



User Note
▪ Highlights key features/ explanations of 

tornado load provisions 

▪ Design tornado speeds range from 60-138 
mph, approximately EF0-EF2 intensity, 
▪ Dependent on Risk Category, geographic 

location, and effective plan area (target size) 

▪ Return periods for Risk Category III and IV 
are 1,700 and 3,000 years, respectively  
(the same as used for wind loads)

▪ Options for protection from more intense 
tornadoes include storm shelters and PBD

▪ Tornado shelters cannot be designed solely 
using Chapter 32 – pointers to commentary



Where Tornado Loads are Likely to Control

Tornado loads are more likely to control at least some 
element(s) of the wind load design for structures that

• are located in the central and southeast US    
(except near the coast where dominated by hurricanes) 

• are Risk Category IV
• are designated as Essential Facilities
• have large effective plan areas 
• are located in Exposure B
• have low mean roof heights
• are classified as enclosed buildings for wind loads

Where tornado loads control, design uplift 
pressures on roofs will typically increase. 
This will help reduce the most common 
tornado and other windstorm failures.

Nursing Home
Caddo County, Oklahoma
August 19, 2007

Credit: FEMA

Tornado loads can control over wind loads when tornado 
speeds are as little as half of the basic wind speeds



CURRENT STATUS OF ASCE 7-22

• Public Comment Draft was published in June 
for 45-day review period

• Published December 1, 2021
• In e-book (pdf), paperback, and online versions

• ASCE 7 Hazard Tool  - Available to the public
https://asce7hazardtool.online/
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https://asce7hazardtool.online/
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Hazard Curves for Tornadic and Other Winds

ASCE 7 Hazards Tool provides data 
that can be used to construct site-
specific wind speed hazard curves 
for 

• Design tornado speeds for range of 
target sizes

• Design wind speeds all other windstorm 
types combined (‘basic wind speeds’)
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