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Tornado intensity scale

AFRAERR R GB/T 1.1 —2009 25 H (L A 2 |

A o 2 B RCR B R IR AR HEAL B R 2 5145 (SAC/TC 345) 2 3 IH A,
AARMER AN P ERER AR BERXILH 0.

AARE RN B R AR CINAR A RO R R 5 .

Mesovortex, mesocyclone, mesoscale convective vortex, [OFadONVOrtex
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=1 T mesocyclone i tornado vortex
;g' IEJ ﬁfli*:li Mesovortex, , mesoscale convective vortex, -
< m

Mesovortex: Meso-y-scale vortex (2—20 km; Orlanski, 1975)

RS HE mesocyclone 2—10 km
X U X2 R B R S S M e B Y TR e L R B AN 2 km~10 km,

mesoscale convective vortex
(Abbreviated MCV.) 50—200 km

A midlevel, warm-core low pressure center that develops within the stratiform region of a mesoscale convective system (MCS) as
a result of latent heat release over a multihour time period. The cyclonic vortex has a diameter ranging from 50 to 200 km (31 to
124 mi) and a depth from 2.5 to 5 km (1.5 to 3.1 mi). An MCV can persist for 12 hours or more after its parent MCS has dissipated.

kEKXBHESFIE tornadic vortex signature;TVS
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38281 EEHIT: 79% cell; 18% QLCS; 3% others (Trapp et al. 2005a)
730NTCERT: TI%EHEAXEELREAI (Edwards et al. 2012)
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Assumlng the same scenarlo in Fujita (1981), surface wind speed >28 mls

DOPPLER VELOCITIES OF WARM-SECTOR MICROBURST (PROJECT NIMROD)
_ 213604213703 COT MAY 29, 1978

'-BUD\ \’ \’,l\

|-800 \

10' m TAGL Max = ~28 m/s

Fig. 29 in Fujita (1981): Doppler velocities
of a microburst within 0.8 km of the radar.
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(a) cited from Doswell (2003); (b) cited from Fujita (1985), through Bunting et al (1993)
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Fig.1 Tornado (a) and downburst (b) flow patterns
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John C. Tune Airport, Nashville International's sister airport in West Nashville, “sustained significant damage due to severe

weather. (WTVF via NNS) 2020 MarCh 3 29

https://www.foxnews.com/us/nashville-tornado-damage-plane-severe-weather-tossed-tennessee
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US tornado database starts from 1950.

SPC Severe GIS Page
g\ Tomado Tracks (1950 - 2011) and Population Density (2000)

https.//www.spc.noaa.gov/wem/#data

NOAA's National Weather Service

NS Storm Prediction Centel

U.S. TORNADOES* (1950-2018) *Read format decscription document!

Change Log
Last Update: 30 September 2019

1950-2018_all_tornadoes.csv (6.9 mb) Raw database dump includes all state and continuing county segments.

f |1950—201sfaclualftornadoes.csv (6.7 mb) Single tracks. No state segments or continuing county info (e.g. sg="1").
JI : | 2014-2015-onetor-dat.csv (2.9 mb) SPC Tornado Database with identifier to connect back to DAT data.
\ ¥,

TORNADO HAIL

2018_torn.csv (0.1 mb) 2018_hail.csv (0.8 mb)
Updated: 30 Sep 2019 Updated: 30 Sep 2019

| 2017_torn.csv (0.2 mb) 2017_hail.csv (1.2 mb)
| 2016_torn.csv (0.1 mb) 2016_hail.csv (1.1 mb)
| 2015_torn.csv (0.1 mb) 2015_hail.csv (0.9 mb)

DAMAGING WIND

2018_wind.csv (1.7 mb)
Updated: 30 Sep 2019

2017_wind.csv (2.0 mb)
2016_wind.csv (1.9 mb)
2015_wind.csv (1.5 mb)
2014_wind.csv (2.8 mb)
2013_wind.csv (1.5 mb)
2012_wind.csv (1.7 mb)
2011_wind.csv (2.5 mb)
2010_wind.csv (1.6 mb)
2009_wind.csv (1.5 mb)

2014_torn.csv (0.1 mb) 2014_hail.csv (0.9 mb)
2013_torn.csv (0.1 mb) 2013_hail.csv (1.0 mb)
2012_torn.csv (0.1 mb) 2012_hail.csv (1.4 mb)
2011_torn.csv (0.2 mb) 2011_hail.csv (2.0 mb)
2010_torn.csv (0.1 mb) 2010_hail.csv (1.1 mb)
2009_torn.csv (0.1 mb) 2009_hail.csv (1.4 mb)
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. 100 N

B 0100
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I s00.1000

- 100 _
U.S. map depicting tornado tracks and population density. (Click to go to SPC Sevq

Tornadoes (1950-2018), Wind/Hail (1955-2018)
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JIT A 7}:%}( — Uﬁ o Tornado climatology

0.25-0.50 0.50-0.75 0.75 - 1.00 1.00-1.25 125+ < 0.50 0.50 - 1.00 1.00 - 1.50 1.50 - 2.00 2.00-2.50 2.50 - 3.00 3.00-3.50 3.50-4.00
Mean Number of Tornado Days per Year Mean Number of EF2+ Tornado Days per Decade
Within 25 Miles of a Point Within 25 Miles of a Point
1986 - 2015

=y
e
2

Prediction|

<020 0.20 - 0.40 0.40 - 0.60 0.60 - 0.80 0.80 - 1.00

Mean Number of EF1+ Tornado Days per Year Mean Number of EF4+ Tornado Days per Century
Within 25 Miles of a Point Within 25 Miles of a Point
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(a) cited from Doswell (2003); (b) cited from Fujita (1985), through Bunting et al (1993)

TR X

() % (b) elidiik
AL
AR

k—v
., K
NG / A
S /
/ 2
N
KR

SR
N~/
\'\\QE. "
KK

AR R

Bz T i it

F1 &) AR TSR b A
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Fig.1 Tornado (a) and downburst (b) flow patterns

AR F 2016 ()
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Tornadic Vortex Signature

TXEEE: Level I The Doppler velocity signature of a tornado or of an
AR JE7E GR2Analyst 2.0 incipient tornado-like circulaltion aloft (AMS Glossary).

(WSR-88Dfzxl) . ol SNGERR o5 <
ICRAAE: 1536 (S 1536 LST

* EMFEBIRE (Z5E). BNAR =

® ENEBETVS (EHE—Z=VIBRETD) (W& rﬂ—i \i

. Mesovortex -

(4
TVS strength: 60 m/s
Horiz. Dis. ~290 m
Height ~420 m AGL l
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REDG: Hidn ST

Meng et al. 20718 (WAF)

? Funing, Yancheng EF4 Tornado June 23, 2016 ' ' ' i '
utan Central
;’ Damage Path Length: 34.5 km 2 Akm Primary School Wutan <
S Maximum Width: 4.1 km L ] ] E . M5327
. A e
:":_; Chenii Xingou Funing 4
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Meng et al. 2018 (WAF)
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(a) Laowang Villag e

? Funing, Yancheng EF4 Tornado June 23, 2016 ' Bibor it
;’ Damage Path Length: 34.5 km 2 4km Primary School Wutan <
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BEEE: REREMERENNINEEFHR.

Rate the tornado intensity by applying the highest rated DI, provided there is
supporting evidence of similar damage intensity immediately surrounding the DI.

;\
a
S May Ave

8 Telephone Rd
\_ _ _INSTERSTATE 35

Western Ave

e T

SE 134th St

S Soonér Road \|
S Air Depot Bivd

S Bryant Ave

SE 34th St

“{ Moore, Oklahoma Tornado May 20, 2013

Damage Path Length: 23.25 km

Maximum Width: 1.74 km
0 1 2 3 4 5km
L Y} 1 1 1 ]

(Atkins et al. 2014, BAMS)
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Enhanced Fujita Scale (EF-Scale)

Became operational on February 1, 2007 in the U.S.

28 Damage Indicators (Dls)

ENGINEERING CENTER
niversity
s 79409-1023

Table 3. Damage Indicators for EF Scale

DI No.

Damage Indicator (DI)

Small Bamns or Farm Qutbuildings (SBO)

One- or Two-Family Residences (FR12)

Manufactured Home — Single Wide (MHSW)

Manufactured Home — Double Wide (MHDW)

Apartments, Condos, Townhouses [3 stories or less] (ACT)

Motel (M)

Masonry Apartment or Motel Building (MAM)

Small Retail Building [Fast Food Restaurants] (SRB)

Small Professional Building [Doctor’s Office, Branch Banks] (SPB)

Strip Mall (SM)

Large Shopping Mall (LSM)

Large, Isolated Retail Building [K-Mart, Wal-Mart] (LIRB)

Automobile Showroom (ASR)

Automobile Service Building (ASB)

Elementary School [Single Story; Interior or Exterior Hallways] (ES)

Junior or Senior High School (JHSH)

Low-Rise Building [1-4 Stories] (LRB)

Mid-Rise Building [5-20 Stories] (MRB)

High-Rise Building [More than 20 Stories] (HRB)

Institutional Building [Hospital, Government or University Building] (IB)

Metal Building System (MBS)

Service Station Canopy (SSC)

Warehouse Building [Tilt-up Walls or Heavy-Timber Construction](WHB)

Electrical Transmission Lines (ETL)

Free-Standing Towers (FST)

Free-Standing Light Poles, Luminary Poles, Flag Poles (FSP)

Trees: Hardwood (TH)

b 1o |k ko | to (ko [ro 1o 1o
e B 2 i Bl i e ) R sy el b= R Bl ke e el g = =l R e e B e e e

Trees: Softwood (TS)
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Enhanced Fujita Scale (EF-Scale)

Table 3. Damage Indicators for EF Scale

DI No. Damage Indicator (DI)

1 Small Barns or Farm Outbuildings (SBO)

2 One- or Two-Family Residences (FR12)

3 Manufactured Home — Single Wide (MHSW)

4 Manufactured Home — Double Wide (MHDW)

5 Apartments, Condos, Townhouses [3 stories or less] (ACT)

6 Motel (M)

7 Masonry Apartment or Motel Building (MAM)

8 Small Retail Building [Fast Food Restaurants] (SRB)

9 Small Professional Building [Doctor’s Office, Branch Banks] (SPB)
10 Strip Mall (SM)

11 Large Shopping Mall (LSM)

12 Large, Isolated Retail Building [K-Mart, Wal-Mart] (LIRB)

13 Automobile Showroom (ASR)

14 Automobile Service Building (ASB)

15 Elementary School [Single Story; Interior or Exterior Hallways] (ES)
16 Junior or Senior High School (JHSH)

15 Low-Rise Building [1-4 Stories] (LRB)

18 Mid-Rise Building [5-20 Stories] (MRB)

19 High-Rise Building [More than 20 Stories] (HRB)

20 Institutional Building [Hospital, Government or University Building] (IB)
21 Metal Building System (MBS)

22 Service Station Canopy (S8C)

23 Warehouse Building [Tilt-up Walls or Heavy-Timber Construction(WHB)
24 Electrical Transmission Lines (ETL)

25 Free-Standing Towers (FST)

26 Free-Standing Light Poles, Luminary Poles, Flag Poles (FSP)

27 Trees: Hardwood (TH)

28 Trees: Softwood (TS)

(WSEC 2006)




Enhanced Fujita Scale (EF-Scale)

Typical Construction

e Single wood poles with wood cross arms

e Single steel or concrete poles with metal cross arms

e Metal trussed towers

tbEhihZ T EiESRE XL,

Ef\7: mph
DOD* Damage description EXP LB UB
1 Threshold of visible damage 83 70 98
2 Broken wood cross member 99 80 114
3 Wood poles leaning 108 85 130
4 Broken wood poles 118 98 142
5 Broken or bent steel or concrete poles 138 115 149
6 Collapsed metal truss towers 141 116 165

* DOD is degree of damage

ETL: Single Wood Pole ETL: Single Steel Pole

ETL: Metal Truss Tower

FRTEDIFE
FTRLR ik

ﬁﬁz"ﬁ%oo

ST RIEFSEFLR

ms? 20 35 53 72 94 117 142
mph 45 79 118 162 210 262 317
F scale | FO | F1 | F2 | F3 | Fa | Fs |
>
EF scale FFO—IEFllEFZ IEF3| EF4 |EF5
mph 65 86 111 136 166 200
ms? % 33 so & 74 8 MengandYao 2014

(WSEC 2006) 85



Enhanced Fujita Scale (EF-Scale)

METAL BUILDING SYSTEM (MBS)

MBS: Metal roof and wall panels; gable roof shape; Z or C-shaped purlins
and girts; single-bay rigid {rames; x-bracing parallel to ridge

(WSEC 2006)
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Enhanced Fujita Scale (EF-Scale)

ONE-AND TWO-FAMILY RESIDENCE (FR12) MANUFACTURED HOMES — SINGLE WIDE (MHSW)

MHSW: DOD 4: Complete uplift of roof; most walls remain standing

(WSEC 2006)
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Enhanced Fujita Scale (EF-Scale)

BEAR: B, AR, #A BEAR

BAS: mph
DOD* Damage description EXP LB UB
1 Small limbs broken (up to 1” diameter) 60 48 12
2 Large branches broken (1”-3” diameter) 74 61 88
3 Trees uprooted 94 76 118
4 Trunks snapped 107 93 134
5 Trees debarked with only stubs of largest
branches remaining 143 123 167
BRA: M. =f2. iR82. K2, S, K2, Al
DOD | Damage description EXP LB UB
| Small limbs broken (up to 1” diameter) 60 48 72
2 Large branches broken (1” —3” diameter) 75 62 88
3 Trees uprooted 87 73 113
4 Trunks snapped 104 88 128
5 Trees debarked with only stubs of largest
branches remaining 131 112 153
(WSEC 2006)
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EF}

RGNl

ms! 20 35 53 72 94 117 142

mph 45 79 118 162 210 262 317

Fscale | FO | F1 | F2 | F3 | Fa | F5 |\ v ..
EF scale |EFO|EF1| EF2 |EF3| EF4 |EF5 e iilﬁ.‘t"x%?mﬁ
el e ot 2 Mengand Yao 2014

fEDOD

a) One-story residence

Y

(b) Two-story residence YN EFSEEL

FRTEDIFE

FR12; DOD=7; EF2

Damage description LB
1 Threshold of visible damage 65 53

2 Loss of roof covering material (<20%), gutters and/or

awning; loss of vinyl or metal siding 79 63
3 Broken glass in doors and windows 96 79
4 Uplift of roof deck and loss of significant roof covering

material (>20%); collapse of chimney; garage doors

collapse inward; failure of porch or carport 97 81
5 Entire house shifts off foundation 121 103
6 Large sections of roof structure removed; most walls

remain standing 122 104
7 Exterior walls collapsed 132 113
8 Most walls collapsed, except small interior rooms 152 127
9 All walls 170 142
10 Destruction of engineered and/or well constructed

residence; slab swept clean 200 165 220

* DOD is degree of damage
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EF v EZ =~ e e e e ﬁﬁﬁilwa's

mph 45 - 118 162 210 262 317
Fscale [F0 | F1 | r2| B3 | R0 | B | R
EFscale  [EFO[EF1|EF2 [EF3| EF4 | EFS = IR E iR
TR s s a6 I 30 ooongvago0q %
ety
DOD* | Damage description EXP LB UB ﬁﬂxE oD
1 Threshold of visible damage 67 54 83
2 Inward or outward collapsed of overhead doors 89 75 108
a) One 3 Metal roof or wall panels pulled from the building 95 78 120 y‘jlm F%g&
SR 4 Column anchorage failed 117 96 135
5 Buckling of roof purlins 118 95 138 "EF2
6 Failure of X-braces in the lateral load resisting '
system 138 118 158
7 Progressive collapse of rigid frames 143 120 168
8 Total destruction of building 155 132 178
b g * DOD is degree of damage
S6% . et (d) Tr: wer_l_pole_
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E N h an ced F uj ita Sca I e ( E F _S ca I e) https://training.weather.gov/wdtd/courses/EF-scale/
4D :i%: WARNING DECISION TRAINING DIVISION

WDTD HOME MAIN COURSES TRAINING INFO TRAINING TOOLS SUPPORT INFO NEWS SEARCH ABOUT

Local forecast by News Headline Here
"City, St” or ZIP code

te 1| Ge |
Location Help

28 June 2018: WDTD introduces the Damage Assessment Toolkit course.

The new EFkit: A PC-based tool kit, version 2
updated 2008

DOD: 5 Uplift of roof ecking; significant loss of roof covering

>20%); loss of - 100 EF1 91
rooftop HVAC equipment (1/4)
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Henmyvile, N (oriado 9n 2 March 2012~

https.//www.ustornadoes.com
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critical structural flaw ifMthe Constructlon
cinder blocks =

Credit: NWS Louisville

> EF4 damage in four separate southern Indiana counties.
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Boone, IN tornado on 7 January 2008

EF4/EF5 ?

Credit: NWS Chicago/RomeviIle

https://www.ustornadoes.com

&Z£H Tony Lyza
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/f% QEH Eﬁ -LA https://www.ustornadoes.com

=% Tony Lyza

T Y

O woodenporch mostly intactthe foundatio .

F

O few bolts stieking out of the foundation

# : W
. e \

reit: NWS Chicago/Romeoville -
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Boone, IN tornado on 7 January 2008-

bushes ip relatively good shape

Credit: NWS Chicago/Romevi/le

- Rated EF3.

https://www.ustornadoes.com

&Z£H Tony Lyza
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Photogrammetry (1B82IE;%) (Atkins et al. 2012, MWR)

Photogrammetry is the process of placing an accurate azimuth/elevation grid on a photo thus allowing the
analyst to extract quantitative information such as the positions of clouds (e.g., Rasmussen et al. 2003; Zehnder
et al. 2007). The photogrammetry process requires knowing the precise position of the photographer and the
location of at least one distinguishable landmark on the horizon. Using spherical trigonometry, the
effective focal length is then calculated for a panorama of pictures taken at the photo site (camera tilt angle =
0°). The azimuths of other distinguishable horizon landmarks in the panorama can then be found.

Still photo taken by Bob Fritchie

26716 m : o ] i }
S . FiG. 3. Image of the Dimmitt, TX, tornado of 2 Jun 1995 obtained by the ““CAM-1"" VORTEX intercept team using

- T & Super-VHS video. The four survey landmarks are marked with arrowheads near the survey point, and azimuth and elevation
- N - y notated in decimal degrees. From left to right, the landmarks are a faint power pole, the left roof peak of the barn, a power
(Atklns et al_ 20147 BAMS) pole to the right of the barn, and the top of the second power pole from the image edge. The Cartesian grid overlay was

generated in graphics drawing software and magnified, translated, and rotated to find a subjective best fit with the survey

data. (Erik Rasmussen et al. 2003, JAOT)




R LA A Al

Stereo photogrammetric cloud mapping technique (Erik Rasmussen et al. 2003)

This paper describes an accurate automated technique of terrestrial photogrammetry that is applied to
weather images obtained in uncontrolled circumstances such as unknown focal length and 3D camera

orientation (azimuth and tilt of the optical axis, and roll about this axis), principal point unmarked on the
image, and undetermined lens horizon.

€) PROJECTION ON TO Y.zl ©y.2z)
. PRINCIPAL (X'=0) PLANE T,
Y © nodal point of lens 1
' H point on lens horizon 1
P principal point I
N . £ zenith point ;
N (X*g,Y* ) & i
12» |
L . 2 ) |
—E X* E) \ |
@ + H & ! g
| '\ horizontalaxis  [0,Y,0]
Z). PC iy
£ 7 LN
4
0.2 ¥ "
10021 Reos( ¢-ajcos T, 7 ;
= = \%\\ !
ey - e AN
2 X02Z ~lxyz 5!
= T !
& I R — Y,
= 6
p (d) PROJECTION ON
: [oy.01 -y i TO Z'=0 PLANE
o pto , i
i . |
orAe x ! v 0Y0)
cosg . - .. i 2 P e
5 — =~ Y€ P f 9 optical axis >
o [X,0,01 Byl % | X (=X)
X t (X.Y.0) FiG. 3. Image of the Dimmitt, TX, tornado of 2 Jun 1995 obtained by the “CAM-1"" VORTEX intercept team using
) o . . . ) Super-VHS video. The four survey landmarks are marked with arrowheads near the survey point, and azimuth and elevation
FiG. 1. (a) The_lmnsfurrr_mu(_m of horizontal cnurd]_nﬂles (b) The relationship bﬂtv\:ecr\ [X, ¥, Z] and (R, &, 6) coordinates. _HereT is the fﬂ:gm-t notated in decimal degrees. From left to right, the landmarks are a faint power pu]c, the left roof peuk of the barn, a power
or target and T, is the projection of T onto the vertical plane that contains the optical axis. (¢) The geometry in the principal plane of image

formation for a camera with a thin lens focused on infinity, pointing along azimuth a, and tilted upward at an clevation angle w. (d) The

pole to the right of the barn, and the top of the second power pole from the image edge. The Cartesian grid overlay was
geometry of the image formation projected onto the plane that contains the optical axis and is normal to the principal plane. Symbols as in text.

generated in graphics drawing software and magnified, translated, and rotated to find a subjective best fit with the survey
data.

(Erik Rasmussen et al. 2003, JAOT)
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TR T2 6 10 M T XU

TR = 29.914 fps

a) Video frame #0

(b) Video frame #12

\ Pond #3

Bai et al. 2077 (BAMS)
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