
Tornado Intensity Estimation 



Tornado Intensity Estimation: A History

● The Fujita Scale was developed in 1971 to 

quickly estimate tornado intensity from 
damage surveys

● Initially developed as a non-linear 12-step 

bridge between the end of the Beaufort 
scale (hurricane-force wind speed) and 

Mach 1 (the speed of sound)
● Various types of damage were then 

assigned to the first five levels (F1–F5) and 

F0 was added to account for tornadoes with 
wind speeds falling within the range of the 

Beaufort scale
● The NWS adopted the Fujita scale in the 

mid-1970s

● The Nuclear Regulatory Commission funded 
backfilling of the tornado record with Fujita 

scale ratings back to 1950, and Grazulis 
applied the scale to significant (F2+) 
tornadoes back to the 1870s/1880s

Fig. 1 from Fujita (1971) illustrating the Fujita scale in the 

context of the Beaufort scale and Mach number



Tornado Intensity Estimation: A History

Fig. 3 from Fujita (1971) describing the Fujita scale wind 

speed ranges and the damage associated with them

Table 1 from WSEC (2006) summarizing the F-scale 

damage descriptions for each rating category



Tornado Intensity Estimation: A History

From Fujita (1992) describing corrections to Fujita-scale 

ratings for construction quality

● Estimated “fastest ¼ mi wind speed at 

structure height” -> both of these vary 

substantially across affected structures 

and tornado intensities

● The original Fujita scale document 

(1971) did not account for construction 

quality

● Engineers quickly recognized that the 

more severe damage (F3–F5) 

associated with tornadoes could be 

attributed to wind speeds below those 

provided by the Fujita scale, particularly 

for structures of weaker construction

● Fujita’s first attempt to adjust Fujita scale 

ratings for construction quality was 

published as part of his memoirs (1992)



Tornado Intensity Estimation: A History

● The Fujita scale was also extremely 

limited in the damage indicators that 

could be used to estimate tornado 

intensity

● To adjust estimated wind speeds for 

intense tornadoes to better match the 

wind speeds needed to cause observed 

damage and to develop a larger catalog 

of damage indicators for estimating 

tornado intensity, the Enhanced Fujita 

Scale was developed in the early–mid 

2000s and adopted by the NWS on 1 

February 2007

● While wind speed ranges were changed, 

the goal was to make the rating 

meaningfulness stay the same (e.g., F5 

= EF5 for climatological purposes)



Tornado Intensity Estimation: A History

From WSEC 

(2006)

● Six steps in the creation of the EF scale:
a. The expected wind speeds needed to cause the degrees 

of damage (DODs) for each damage indicator (DI) were 

developed through an iterative “expert elicitation” process, 

in which a panel of experts were repeatedly polled to 

estimate the wind speeds for each DI/DOD combination 

until very few poll–poll changes were noted

b. An independent group of damage survey experts were 

polled to provide wind speed estimates for each DI/DOD 

combination using F-scale criteria

c. A linear regression was fit between the EF-scale and F-

scale wind speed estimates for each DI/DOD combination, 

which was found to have very strong correlation between 

the two independent expert groups (R2 = 0.91)

d. The F-scale rating wind speed ranges were converted from 

the “fastest ¼-mile” gust values to 3-s gust values

e. The 3-s gust values for the F-scale rating wind speed 

ranges were converted to their EF-scale 3-s gust values

f. The converted wind speed ranges were rounded to the 

nearest 5-mph increment to establish the finalized EF-

scale wind speed ranges for each rating level
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Full document: 

https://www.depts.ttu.edu/nwi/Pubs

/EnhancedFujitaScale/EFScale.pdf



Examples of EF0 damage

19 Apr 2023 Etowah, OK

DI 3, DOD 2, 75 mph

19 Apr 2023 Etowah, OK

DI 1, DOD 1, 65 mph

27 Apr 2024 Goldsby, OK

DI 2, DOD 2, 79 mph



Examples of EF1 damage

6 May 2024 Oklahoma City, OK

DI 8, DOD 4, 100 mph

19 Apr 2023 Pink, OK

DI 27, DOD 3, 110 mph

24 Mar 2023 Rolling Fork, MS

DI 2, DOD 4, 97 mph



Examples of EF2 damage

31 Mar 2023 Hookers Bend, TN

DI 2, DOD 5, 121 mph

31 Mar 2023 Clifton, TN

DI 27, DOD 4, 120 mph

19 Apr 2023 Etowah, OK

DI 2, DOD 7, 132 mph



Examples of EF3 damage

19 Apr 2023 Pink, OK

DI 24, DOD 6, 141 mph

31 Mar 2023 Hookers Bend, TN

DI 27, DOD 5, 145 mph

22 Mar 2022 Damascus, MS

DI 2, DOD 9, 145 mph



Examples of EF4 damage

24 Mar 2023 Rolling Fork, MS

DI 21, DOD 8, 175 mph

24 Mar 2023 Rolling Fork, MS

DI 27, DOD 5, 167 mph

24 Mar 2023 Rolling Fork, MS

DI 2, DOD 9, 190 mph



Examples of EF5 damage

20 May 2013 Moore, OK

DI 2, DOD 10, 201 mph
27 Apr 2011 Smithville, MS

DI 2, DOD 10, 205 mph



How the EF Scale is applied today



How the EF Scale is applied today



EF Scale Application: The Good, the Bad, and The Ugly

● The Good

○ Many more DIs and DODs to estimate 

tornado wind speeds

○ Wind speed estimates that better match the 

wind speeds needed to cause structural 

damage based off of improved engineering 

knowledge over time

○ The Damage Assessment Toolkit (DAT) 

greatly improves the efficiency of tornado 

damage surveys

○ DAT collection also allows for highly 

detailed surveys to be conducted in a much 

more timely fashion for major events

○ Wind speed estimates are assumed to be of 

a standard elevation (10 m AGL) and gust 

duration (3-s)



EF Scale Application: The Good, the Bad, and The Ugly

● The Bad

○ Old Fujita Scale method: assign rating first, 

then estimate wind speed

○ This was the method typically applied during 

the early EF-Scale era (2007–2013), prior to 

the deployment of the DAT

○ EF Scale application method with the DAT: 

estimate wind speed first, then allow rating 

to fall out of wind speed estimate

○ Still tremendous uncertainty in structural 

failure-wind speed relationship

○ Survey results often convey more 

confidence in the accuracy of wind speed 

estimates than we actually have because 

wind speed estimates are often taken 

straight from the DAT



EF Scale Application: The Good, the Bad, and The Ugly

● The Ugly: EF5

○ The standard for F5 damage on the Fujita 

Scale was a “strong frame house lifted from 

foundation and carried considerable distances 

to disintegrate” (i.e., swept away)

○ On the EF scale, the “expected value” or 

starting point wind speed for this level of 

damage is 200 mph

○ Before the wind speed ranges for each EF-

Scale category were rounded, 200 mph was 

the start of EF5

○ However, the 5-mph rounding of each EF-

Scale wind speed increment was applied to the 

top of each rating range; so instead of 200 

mph being the start of EF5, it is now the end of 

EF4

○ This represents a fundamental break between 

the Fujita and EF Scales at the 4/5 threshold!



EF Scale Application: The Good, the Bad, and The Ugly

● The Ugly: EF5 (continued)

○ The break between how swept-away single 

family homes are handled between the Fujita 

and EF scales presents a fundamental 

discontinuity between the Fujita and EF scales 

as a whole

○ Before the deployment of the DAT, EF5 ratings 

were often assigned through evaluating a 

combination of swept-away homes and the 

context of the surrounding landscape

○ However, the precision provided by the DAT 

has amplified the impacts of this breakpoint



EF Scale Application: The Good, the Bad, and The Ugly

● The Ugly: EF5 (continued)

○ Only 4 of the 28 DIs of the EF Scale can yield 

an EF5 wind speed estimate based on an 

“expected value” DOD application

○ The end result: no EF5 tornadoes since the 

Moore tornado on 20 May 2013

From Lyza et al. (2024) From Lyza et al. (2025)

Longest (E)F5 gap since reliable 

records began in 1880



Other Methods for Tornado Intensity Estimation

● While the EF Scale is the most readily 

usable and consistent way to estimate 

tornado intensity, it has obvious 

shortcomings

● Advances in technology and knowledge 

are allowing for the development of 

numerous additional tornado intensity 

estimation techniques

● The American Society of Civil Engineers 

(ASCE) and the American Meteorological 

Society (AMS) have a formed a 

committee to develop a standard for 

estimating tornado intensity using a 

variety of methods

● The ASCE Standards Committee for 

Wind Speed Estimation in Tornadoes 

(WSE Committee)



Other Methods for Tornado Intensity Estimation

● Six methods in development 

by the WSE Committee

○ Revised EF Scale 

(preliminary target: 2026)

○ Tree-fall pattern method

○ Radar measurements

○ In-situ observations

○ Forensic engineering 

analyses

○ UAS and satellite remote 

sensing applications

From Lyza et al. (2022)



Tree-fall Pattern Method

Figs. 1 and 9 from Karstens et al. (2013)



Radar Observations of Tornadoes

Fig. 8 from Snyder and Bluestein (2014)

31 May 2013 El Reno, OK tornado; peak Vr of -126.5 m s-

1



Radar Observations of Tornadoes

● Radar estimation of tornado 

wind speeds is of particular 

interest since radar has a 

unique ability to detect wind 

components throughout the 

entire vortex at relatively high-

resolution

● Work by Kosiba and Wurman 

(2023) used a radar climatology 

of tornadoes sampled with 

Doppler on Wheels (DOWs) to 

illustrate that tornado winds 

may be strongest near the 

ground (consistent with past 

modeling studies)
Fig. 4 from Kosiba and Wurman (2023).



Radar Observations of Tornadoes

Figs. 8 and 3 from Lyza et al. 2022; Greenwood Springs, MS EF4 tornado of 13 Apr 

2019



Radar Observations of Tornadoes

Figs. 11 and 19 from Lyza et al. 2022; Greenwood Springs, MS EF4 tornado of 13 Apr 2019



Radar Observations of Tornadoes

● Lyza et al. (2024) gathered 194 observations 

from 105 different tornadoes that had 

observations from WSR-88D radars 150 m 

AGL and compared those observations to 

both EF and F-scale estimates of wind speed 

from damage

● Applied two different assumptions to 

estimate winds near the ground: (1) that wind 

speeds increase along the Kosiba and 

Wurman (2023) curve and (2) that wind 

speeds remain constant from radar beam 

height to the surface

● For both assumptions, radar-based intensity 

estimates of near-ground winds increase 

more quickly than wind speed estimates from 

damage from the EF scale as vortex intensity 

increases

● Damage-based wind speed estimates from 

EF scale more closely match radar for weak 

tornadoes, while wind speed estimates from 

the F scale more closely match radar for 

strong–violent tornadoes; however…

Adapted from Figs. 6, 12, and 17 of Lyza et al. (2024; 

MWR)

Wind speed 

increasing

from radar 

beam to 

near-ground

Wind speed 

constant

from radar 

beam to 

near-ground

EF-Scale Wind Speed 

Estimate from Damage

F-Scale Wind Speed 

Estimate from Damage



Radar Observations of Tornadoes

The official tornado climatology is still based on the 

ratings of tornadoes.

When the radar-based wind speed estimates and 

damage-based wind speed estimates are both 

binned into their respective EF and F scale ratings, 

the F scale yields less rating error than the EF 

scale across the entire range of tornado intensities.

Key Takeaway: Tornado intensity estimation is still 

a very difficult task, and damage-based estimates of 

tornado intensity can still contain a lot of error.  

Estimates of tornado intensity from the EF scale 

likely yield lower-bound estimations of actual 

tornado intensity in many cases, especially for 

stronger tornadoes.

Adapted from Figs. 14 and 17 of Lyza et al. (2024; MWR)

EF-Scale Wind Speed 

Ranges

F-Scale Wind Speed 

Ranges

Wind speed 

increasing

from radar 

beam to 

near-ground

Wind speed 

constant

from radar 

beam to 

near-ground



UAS and Satellite Remote Sensing

Figs. 11, 8, and A2

Reanalysis of the Kankakee Valley, IL/IN, QLCS EF0–EF2 tornado 

tracks of 30 June 2014



In-situ Observations

Figs. 11, 12, and 17 from Blair et al. (2008)

Observations from inside the Tulia, TX EF2 tornado of 21 Apr 2007



Tornado Intensity Estimation: Summary

● Many advances have been made in 

tornado intensity estimation since the 

1970s

● However, there are still many 

uncertainties in estimating tornado 

winds, particularly for the strongest of 

tornadoes

● Recent downturn in higher-end 

tornado ratings are a byproduct of 

survey practices, not a weakening of 

tornadoes over time

● Critical to keep the uncertainties in 

tornado intensity estimation in mind 

when using past tornado intensities in 

climatological risk assessment!

Power pole dragged ~18” through an embankment at Rolling Fork, 

MS, 24 Mar 2023; rated EF3
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