
Methodology for 
Estimating Extreme Winds for 
Probabilistic Risk Assessments 

Prepared by J. V. Ramsdell, D. L. Elliott, C. G. Holladay, J. M. Hubbe 

Pacific Northwest Laboratory 
Operated by 
Battelle Memorial Institute 

Prepared for 
U.S. Nuclear Regulatory 
Commission 



NOTICE 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the Un~ted States Government nor any agency thereof, or any of the~r  
employees, makes any warranty, expressed or implied, or assumes any legal l iab~l i ty  of re- 
sponslbility for any t h ~ r d  party's use, or the results of such Iuse, of any information, apparatus, 
product or process disclosed In thus report, or represents that its use by such third party would 
not ~ n f r ~ n g e  privately owned r~ghts. 

I NOTICE 

I Ava~lability of Reference Materials Cited in NRC Publications I 
1 Most documents cited in NRC publicat~ons w ~ l l  be available from one of the following sources: 1 

1. The NRC Public Document Room, 171 7 H Street, N.W 
Washington, DC 20555 

2. The Superintendent of Documents. U.S. Government P r~n t~ng  O f t~ce ,  Post Office Box 37082, 
Washington, DC 20013-7082 

I 3. The Na::cna! Technical Information Service, Springfield, VA 22161 I I 

I 
Although the llstlng that follows represents the majority of documents c~ted In NRC publlcat~ons, 
~t IS not Intended to  be exhaustwe. 

Referenced documents available for inspection and copying for a fee from the NRC Public Docu 
ment Room include NRC correspondence and internal NRC memoranda: NRC Office of Inspection 
and Enforcement bulletins, circulars, information notices, inspect~on and investigation notices; 
Licensee Event Reports; vendor reports and correspondence; Commission papers: and applicant and 
licensee documents and correspondence. 

I 

The following documents in the NUREG series are available for purchase from the GPO Sales I 
Program: formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and 

1 NRC booklets and brochures. Also available are Regulatory Gu~des, NRC regulations In the Code of 
Federal Regulations, and Nuclear Regulatory Commission Issuances. 

, Documents ava~lable from the Nat~onal Techn~cal lnformat~on Servlce Include NUREG series 
reports and technical reports prepared by other federal agencles and reports prepared by the Atom~c 1 Energy Comm~ss~on, forerunner agency to the Nuclear Regulatory Comm~ss~on 

Documents ava~lable from publ~c and speclal technical l~brar~es include all open l~terature Items, 1 
such as books, journal and per~od~cal articles, and transactions Federal Reg~srer notlces, federal and I 
state leg~slat~on, and congress~onal reports can usually be obta~ned from these l~brar~es I 

I 
I Documents such as theses, dlssertatlons, fore~gn reports and translat~ons, and non NRC conference 1 

proceed~ngs are iva~lable for purchase from the organization sponsorlnq the publlcat~on clted I 

I 
1 S~ngle copies of hRC draft reports are ava~lable free to the extent of supply upon wrltten request 

to the D lv~s~on  o f  Technical lnformat~on and Document Control U S Nucledr Regi~latory Com 
I mlsslon. Wash~ngton. DC 20555 

Cop~es of Industry codes and standards used In a substant~ve manner In the NRC regulatory process 
are ma~nta~ned at the NRC L~brary, 7920 Norfolk Avenue, Bethesda, Maryland, and are ava~lable 
there for reference use by the publlc Codes and standards are usually copyr~ghted and may be 

1 purchased from the orlglnatlng organlzatlon or, ~f they are Amer~can Nat~onal Standards, from the 1 Amer~can Natlonal Standards lnst~tute, 1430 Broadway, New York, N Y  10018 

-- 



Methodoloav for 
V I 

Estimating Extreme Winds for 
Probabilistic Risk Assessments 

Manuscript Completed: September 1986 
Date Published: October 1986 

Prepared by 
J. V. Ramsdell, D. L. Elliott, C. G. Holladay, J. M. Hubbe 

Pacific Northwest Laboratory 
Richland, WA 99352 

Prepared for 
Division of Pressurized Water Reactor Licensing-B 
Office of Nuclear Reactor Regulation 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 
NRC FIN B2959 



EXECUTIVE SUMMARY 

The U.S. Nuclear Regulatory Commission (NRC) assesses the risks associated 
with nuclear facilities using techniques that fall under a generic name of 
Probabilistic Risk Assessment. In these assessments, potential accident 
sequences are traced from initiating event to final outcome. At each step of 
the sequence, a probability of occurrence is assigned to each available 
a1 ternati ve. lJi timately, the probabi 1 i ty of occurrence of each possi bl e outcome 
i s  determined from the probabilities assigned to the initiating events and 
the alternative paths. Extreme winds are considered in these sequences. As 
a result, it is necessary to estimate extreme wind probabilities as low as 
yr-l. 

When the NRC staff is called on to provide extreme wind estimates, the 
staff is likely to be subjected to external time and funding constraints. These 
constraints dictate that the estimates be based on readily available wind 
data. In general, readily available data will be limited to the data provided 
by the facility applicant or licensee and the data archived at the National 
Climatic Data Center in Asheville, North Carolina. 

This report describes readily available data that can be used in estimating 
extreme wind probabilities, procedures for screening the data to eliminate 
erroneous values and for adjusting data to compensate for differences in data 
collection methods, and statistical methods for making extreme wind estimates. 
Supporting technical details are presented in several appendices. 

Estimation of extreme wind probabilities at a given location involves many 
subjective decisions. The procedures described do not eliminate all of the 
subjectivity, but they do increase the reproducibility of the analysis. They 
provide consistent methods for determining probabilities given a set of 
subjective decisions. By following these procedures, subjective decisions can 
be identified and documented. 
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INTRODUCTION 

The U.S. Nuclear Regulatory Commission (NRC) assesses the  r i sk s  associated 
with nuclear f a c i l i t i e s  using techniques t ha t  f a l l  under a generic name of 
Probabi 1 i s t i c  Risk Assessment (PRA) . In these assessments, potential  accident 
sequences a re  traced from i n i t i a t i n g  event t o  f ina l  outcome. The probabil i ty 
of occurrence of the sequence i s  determined from the p robabi l i t i e s  assigned 
t o  the  i n i t i a t i n g  event and the events in the  sequence. Extreme winds may be 
included in  potential  accident sequences as i n i t i a t i n g  events o r  events tha t  
a f f ec t  the sequence. The probabi l i t ies  of the  extreme winds of i n t e r e s t  are 
as  low as  yr-l. 

When the  NRC s t a f f  i s  called on t o  provide extreme wind probabil i ty 
est imates,  the s t a f f  i s  l ike ly  t o  be subjected t o  external time and funding 
constra ints .  These constra ints  d i c t a t e  t ha t  the  estimates be based on readily 
avai 1 able wind data. In general,  readily avai 1 able data wi 11 be 1 imi tea  t o  the 
data provided by the f a c i l i t y  applicant o r  l icensee and the  data archived a t  
the National Cl imatic Data Center (NCDC) in Ashevi 11 e l  North Carol ina. There 
will not be time f o r  special measurements t o  obtain data f o r  extreme wind 
estimates. 

This report  describes readily available data ,  procedures fo r  screening and 
adjusting data ,  and procedures f o r  making extreme wind estimates. The 
procedures do not eliminate a l l  of the subjective decisions from the  analysis ,  
but they do increase the reproducibil i ty of the  analysis .  By following the  
procedures, subjective decisions can be readily iden t i f i ed  and documented. 
Supporting technical d e t a i l s  are  presented in the Appendices. 

The f i r s t  s tage of the procedure i s  acquisi t ion of available extreme wind 
data f o r  use in estimating the  magnitudes of low probabil i ty events. As i s  
shown in the  next section,  the uncertainty in  the estimates of the parameters 
of the extreme value d i s t r ibu t ion  are  inversely proportional t o  the square root 
of the  number of data. Therefore, the goal of the  data acquisi t ion phase i s  
t o  accumul a t e  a1 1 readi l y  avai 1 able extreme data t ha t  might be representative 
of atmospheric conditions a t  the f a c i l i t y  fo r  which the  PRA i s  being conducted. 
Data should be obtained fo r  nearby National Weather Service (Weather Bureau), 
Federal Aviation Administration, and mi 1 i t a ry  ins ta l  1 a t ions .  The NCDC i s  the 
repository fo r  meteorological data fo r  a l l  of these organizations. 

The second stage of the  procedur

e 

i s  preparation of an extreme wind data 
base using the  avai lable  data. Extreme wind data archived a t  the  NCDC are  not 
l ike ly  t o  be as consistent  as  i f  the  measurements had been made expressly fo r  
estimation of extreme winds. As a r e su l t ,  i t  may be necessary t o  adjust  some 
o r  a l l  of the  archived data p r io r  t o  estimation of the  extreme value 
d i s t r ibu t ion  parameters t o  minimize va r i ab i l i t y  in the  data resul t ing from 
differences re la ted t o  anemometers and t h e i r  exposure. In data base 
preparation, the  avai 1 abl e wind speed data are  screened f o r  obvious probl ems, 
converted t o  uni ts  of miles per hour, adjusted t o  a standard averaging time, 
and standard height. When a l l  adjustments have been made, the data are  combined 



in to  a consistent  data s e t  in which the  va r i ab i l i t y  re la ted t o  measurement 
techniques has been minimized. 

The t h i rd  stage of the  procedure i s  the  extreme value analysis .  The 
data in the  data base a re  used t o  estimate parameters of the  extreme wind 
d i s t r ibu t ion  and the  extreme wind probabi l i t ies .  Confidence in te rva l s  f o r  
the  extreme winds based on the  uncer ta int ies  of the  parameter estimates are  
a lso  e ~ t i m a t e d . ~  Extreme winds fo r  tornadoes, which are  not l i ke ly  t o  be 
adequately represented i n  the data base, a re  a l so  considered in  t h i s  stage of 
the procedure. 

The next section of the  report describes the  basis  f o r  estimating extreme 
winds. I t  i s  followed by sections describing the sources of extreme wind 
data and the  procedures used t o  adjust  the  wind data. These sect ions  a re  
followed by a section on the  analysis  of data f o r  a s ing le  location and a 
section on the  consolidation and analysis  of data from several locations.  
Appendices contain d e t a i l s  of several aspects of extreme winds t ha t  are  re la ted 
t o ,  but not par t  of the  procedure. Specific topics covered include: variat ion 
of extreme winds with averaging time, ver t ica l  variat ion of extreme winds, 
and maximum 1 i kel i  hood techniques f o r  refining parameter estimates. Final l y ,  
Appendix D contains a l i s t i n g  of a program tha t  computes extreme wind 
probabi l i t i e s  using the parameter estimates. 



EXTREME WIND SPEED DISTRIBUTION MODEL 

Extreme winds are  associated w i t h  several meteoro logical  phenomena. I f  
s u f f i c i e n t  extreme wind data  and ana lys is  t ime were ava i l ab le ,  i t  might be 
appropr ia te  t o  attempt t o  est imate an extreme wind p r o b a b i l i t y  f o r  each 
phenomenon and t o  est imate the  o v e r a l l  extreme wind p r o b a b i l i t y  a t  a s i t e  as 
a weighted average o f  t he  i n d i v i d u a l  phenomenon p r o b a b i l i t i e s .  This approach, 
c a l l e d  a mixed d i s t r i b u t i o n  model, has been suggested i m p l i c i t l y  by Thom (1968) 
and S i m i  u  and Scan1 an (1978), and has been p a r t i  a1 l y  fo l lowed by Changery 
(1982a). 

However, t he  i d e n t i f i c a t i o n  o f  the cause o f  each extreme wind i s  an 
invo lved process because the  meteorological  cond i t ions  associated w i t h  t h e  
observed extremes are n o t  recorded along w i t h  the  extremes. As a r e s u l t ,  i t  
i s  necessary t o  determine the  t ime o f  occurrence o f  each extreme and then 
evaluate the  synopt ic  s i t u a t i o n  a t  t h a t  t ime. I n  general,  the  t ime a v a i l a b l e  
f o r  extreme wind analyses f o r  p r o b a b i l i s t i c  r i s k  assessments w i l l  no t  permi t  
t he  research requ i red  by the  mixed d i s t r i b u t i o n  approach. 

The f o l l o w i n g  sect ions descr ibe the  recommended methods f o r  es t ima t ing  
extreme winds. As an a l t e r n a t i v e  t o  the  mixed d i s t r i b u t i o n  model, i t  i s  
suggested t h a t  a s i n g l e  d i s t r i b u t i o n  be used t o  descr ibe the  observed extreme 
winds. I f  t h e  data base used t o  evaluate d i s t r i b u t i o n  parameters i s  adequate, 
t he  meteor01 ogi  ca l  cond i t ions  causing extreme winds, w i t h  the  except ion o f  
tornadoes, should be represented i n  about the  proper  p ropor t ion .  Observed winds 
are  n o t  l i k e l y  t o  adequately descr ibe the  extremes due t o  tornadoes because the  
area a f f e c t e d  by tornadoes i s  small and the  winds are l i k e l y  t o  destroy any 
wind inst ruments t h a t  a re  encountered. Consequently, extreme winds associated 
w i t h  tornadoes should be est imated separate ly  us ing i n d i r e c t  methods. 

THE DISTRIBUTION OF OBSERVED EXTREME WINDS 

I f  the  form o f  t he  frequency d i s t r i b u t i o n  o f  a popu la t ion  o f  random 
va r iab les  such as wind speeds were known, and i f  the  d i s t r i b u t i o n  were from one 
o f  t he  common d i s t r i b u t i o n  fami 1 ies ,  t h a t  in fo rmat ion  could be used t o  determine 
the  d i s t r i b u t i o n  o f  extreme winds. However, no s i n g l e  t h e o r e t i c a l  d i s t r i b u t i o n  
has been found t o  descr ibe wind speeds. Therefore, i t  i s  n o t  poss ib le  t o  make 
an a p r i o r i  determinat ion o f  a d i s t r i b u t i o n  form f o r  extreme winds, al though 
Davenport (1960) makes a h e u r i s t i c  argument r e l a t e d  t o  the  parent  wind 
d i s t r i b u t i o n s  t o  support t he  s e l e c t i o n  o f  a d i s t r i b u t i o n  f o r  regions no t  
a f f e c t e d  by hurr icanes. 

Formal d iscussions o f  extreme value d i s t r i b u t i o n s  are found i n  F isher  and 
T i p p e t t  (1928), Gumbe1 (1958), and Gal ambos (1978). Several extreme val ue 
models have been used t o  descr ibe the  d i s t r i b u t i o n  o f  annual maximum wind 
speeds. These models inc lude F i  sher-Tippet t  Type I (Gumbel) , Type I1  (Frechet) , 
and Type I11 (Wei b u l l )  d i s t r i b u t i o n s .  The F i  sher-Tippet t  Type I d i s t r i b u t i o n  
i s  most f requen t l y  used t o  est imate extreme wind p r o b a b i l i t i e s ,  al though the  
Type I 1  and Type I11 asymptot ic d i s t r i b u t i o n s  have a l so  been used. The 



se lect ion of one d i s t r ibu t ion  over the  others  has generally been made on the 
bas is  of f i t t i n g  a d i s t r ibu t ion  form t o  observed extreme values. 

Simiu and F i l l  iben (1976), Simiu e t  a1 . (1978), Simiu and F i l l  iben (1980), 
and Tabony (1983) a l l  discuss the problems of se lect ing a "be s t - f i t t i ng"  extreme 
value d i s t r i bu t i on  on the  bas is  of a 1 imi ted number of observations. When a 
s e t  of extremes i s  drawn from a population with a known d i s t r i bu t i on ,  there  
i s  a  reasonably large  probabi l i ty  t ha t  the  extreme value d i s t r i bu t i on  t h a t  
best  f i t s  the  data  in the  s e t  will not be the correct  extreme value d i s t r ibu t ion  
( i  .e., the extreme d i s t r ibu t ion  t h a t  i s  appropriate f o r  the  underlying 
population d i s t r i bu t i on ) .  

Recent guidance on estimation of extreme winds--for example, American 
National Standard I n s t i t u t e  Standard A58.1-1982 (ANSI 1982), American Nuclear 
Society Standard (ANS 1983), and International  Atomic Energy Agency Safety 
Ser ies  No. 50-SG-S11A (IAEA 1981)--has tended toward use of the  Type I  
d i s t r ibu t ion .  However, Changery (1982a), who us'ed a Type I  d i s t r i bu t i on  f o r  
extreme winds not associated with t ropical  storms, chose t o  use a Weibull 
d i s t r ibu t ion  f o r  extreme winds associated with t ropical  storms. His use of the 
Weibull d i s t r i bu t i on  f o r  tropical  storm winds was based on numerical simulation 
of winds in t ropical  storms (Batts  e t  a1 . 1980). 

The assumptions made in the numerical simulations included l imi t ing the  
ranges of several variables.  These 1 imi t a t ions  e f fec t ive ly  placed an upper 
bound on the  maximum hurricane wind speeds, and thereby biased the  r e su l t s  of 
the simulation. The conclusion t h a t  the hurricane winds a r e  b e t t e r  f i t  by a 
Weibull d i s t r ibu t ion  than Type I  d i s t r ibu t ions  i s  l i ke ly  t o  be no more than a 
re f l ec t ion  of the assumptions made in the  simulation because Weibull 
d i s t r i bu t i ons  a r e  commonly used t o  describe the p robab i l i t i e s  of events t ha t  
have 1 imi ted ranges. 

After considering t h i s  information, the  Type I  d i s t r i bu t i on  has been 
selected f o r  use in  modeling s t r a i gh t- l i ne  extreme winds. 

The Fisher-Tippett Type I  Distr ibution 

The Fisher-Tippett Type I  d i s t r i bu t i on ,  as applied t o  extreme winds, i s  

where F(u) i s  the probabi l i ty  t ha t  an observed annual extreme wind, U ,  wil l  have 
a value of u o r  g rea te r .  The m and s a re  parameters of the  d i s t r i bu t i on .  The 
location parameter i s  m ,  the mode of the  d i s t r ibu t ion .  I t  serves the  same 
function f o r  the  Type I  d i s t r ibu t ion  as the mean serves f o r  the  Gaussian 
d i s t r i bu t i on .  The s  (more properly 11s) i s  a  scale  parameter t h a t  characterizes 
the spread of the  d i s t r ibu t ion .  I t  serves the same function as the  standard 
deviation serves in the Gaussian d i s t r ibu t ion .  Estimation of parameter values 
i s  discussed shor t ly .  



Equation (1) can be s imp l i f i ed  by def in ing  a s tandard ized  extreme value,  
Y I  a s  

The s tandard ized  extreme value,  y ,  i s  analogous t o  t h e  s tandard ized  normal 
d e v i a t e ,  z .  The d i s t r i b u t i o n  of values of y has a mode of zero and a s tandard 
dev ia t ion  of ~ 1 4 6 .  S u b s t i t u t i o n  of t h e  s tandard extreme i n t o  Equation (1) 
r e s u l t s  i n  

I f  F(u) i s  known, t h e  corresponding y can be found from 

Corresponding values of t h e  s tandardized extreme and p r o b a b i l i t y  of occurrence 
a r e  given i n  Tab1 e 1. 

Type I D i s t r i bu t ion  Parameter Estimation 

There a r e  several  methods f o r  e s t i m a t i n g , t h e  parameters of a Type I 
d i s t r i b u t i o n .  Among these  methods a r e  graphical  techniques,  l i n e a r  regress ion ,  
t h e  method of moments, and t h e  maximum l ike l ihood  method, which a r e  descr ibed 
by Kinnison (1985). Another method, which uses o rde r  s t a t i s t i c s ,  has been 
proposed by Lieblein (1954, 1974a, and 1974b). Simiu e t  a l .  (1979) used l i n e a r  
regress ion  t o  es t imate  l oca t ion  and s c a l e  parameters,  and Changery 

TABLE 1. Relat ionship Between Standardized Extremes and P robab i l i t y  

a .  Extreme given b. P robab i l i t y  given 
1 Fo Fo Y 



(1982a, 1982b) used Li ebl ei  n ' s approach. Ki nni son (1985) indicates  t h a t  
parameter values estimated graphically o r  by l i nea r  regression may be biased. 
The maximum likelihood method i s  a numerical technique t h a t  may be used t o  
re f ine  i n i t i a l  parameter estimates and estimates t ha t  may be biased. 

In the  method of moments, the Type I d i s t r ibu t ion  parameter values a re  
estimated from the mean and standard deviation of the  observed extreme winds. 
The method of mopents wil l  be used t o  est imate parameter values f o r  the  Type I 
d i s t r ibu t ion  because of the ease of computing the  mean and standard deviat ions 
of observed extreme winds. In t h i s  method, the scale  parameter of the 
d i s t r ibu t ion  i s  estimated from the standard deviation of the extreme values 
using 

where 0.7797 i s  equal t o  ,/6/s, and S[U] i s  the standard deviat ion of the 
extremes. 

The mode of the  Type I d i s t r ibu t ion  i s  estimated from the  mean and standard 
deviation of the  annual extremes by 

where E[U] i s  the  expected (mean) value of the extremes, and 0.5772 i s  Euler 's  
constant. 

Parameter values estimated by the  method of moments a r e  subject  t o  random 
e r ro r  because E[U] and S[U] a re  computed from observed values ra the r  than being 
t rue  population s t a t i s t i c s .  According t o  Johnson and Kotz (1970) the  variances 
of Type I parameter estimates based on sample moments (mean and standard 
deviation) a r e  approximately 

and 

where V [  ] denotes the  variance of the  indicated parameter est imate.  

When extreme winds a re  estimated t o  correspond with some probabi l i ty  l eve l ,  
the  uncertainty in  the  estimated speed i s  re la ted  t o  the  probabi 1 i t y  level and 
the variances of the  estimated values of the extreme wind d i s t r i bu t i on  
parameters. This re la t ionship  i s  expressed as 

V [U] = V [m] + y2 v [s] 

The variance of the  extreme wind estimate given by Equation (9) i s  approximately 
the same as  the  variance computed using an expression given by Gumbel (1958) 



and somewhat l a rger  than the Cramer-Rao lower bound (Downton 1966), which were 
used by Simi u e t  a1 . (1979) as measures of the sampl ing e r r o r  in extreme wind 
estimates. 

Assuming t ha t  the e r ro r s  in the estimate of the  extreme wind a r e  normally 
d i s t r ibu ted ,  a confidence interval  f o r  the speed estimate can be established 
using standard s t a t i s t i c s  techniques (e.g., Brown1 ee 1965; Meyer 1975). This 
in terval  may be expressed as 

Confidence interval  = U t S[U] 
n, a (10) 

where t,, i s  a percentage point of the t - d i s t r ibu t ion  with n degrees of freedom 
and confidence level a .  The number of degrees of freedom used f o r  t,,, i s  two 
l e s s  than the  number of observations used t o  obtain the  parameter estimates. 
The appropriate value of t,,,, obtained from a s t a t i s t i c a l  t ab le  should be 
used when the  extreme wind estimate i s  based on a small number of observations 
o r  when an accurate estimate of the confidence interval  i s  needed. If  the 
number of observations i s  large ,  an approximate 90% confidence interval  can be 
estimated using t,,, = 1.645. 

The method of moments i s  an e f f i c i e n t  estimator of the mode, but i t  i s  a 
r e l a t i ve ly  i ne f f i c i en t  est imator of the scale  parameter compared with the 
maximum 1 i kel i hood technique. Kinnison (1985) gives the  re1 a t i ve  e f f i c ienc ies  
of the method of moments as about 95% f o r  the  mode and 55% f o r  the scale  
parameter. Equations (7) and (8) indicate  t ha t  the variance (uncertainty) of 
the  parameter estimates i s  re la ted  t o  the square of the  scale  parameter. 
Therefore, refined estimates of the parameter values may occasionally be 
required. I f  refined parameter value estimates a r e  required, the  
method-of-moment estimates will be refined using maximum likelihood techniques. 
Appendix A describes the Nelder-Mead Simplex maximum likelihood algorithm 
using i n i t i a l  parameter estimates provided by the method-of-moments. 

TORNADO WINDS 

Tornado wind speed measurements a re  rare .  Consequently, i t  i s  necessary 
t o  est imate these speeds indirect ly .  Tornado i n t e n s i t i e s ,  which a re  re la ted  
t o  wind speeds, may be estimated from the  area affected by and the  damage caused 
by tornadoes. The most common method of ra t ing  tornado i n t e n s i t i e s  i s  a scale  
(F-scale) developed by Fuji t a  (1970). In t h i s  scal e ,  tornado i n t ens i t i e s  range 
from FO through F5 in order of increasing in tens i ty .  The tornado speed range 
associated with each in tens i ty  i s  shown in Table 2. 

TABLE 2. Tornado In t ens i t i e s  and Corresponding Wind Speed Ranges 

F-Scal e Speed (mph) 



Estimation of t h e  extreme wind p r o b a b i l i t i e s  a s soc i a t ed  with tornado 
s t r i k e s  has been separa ted  i n t o  two p a r t s :  es t imat ion  of t h e  p r o b a b i l i t y  t h a t  
a tornado w i l l  s t r i k e  a p o i n t ,  and es t imat ion  t h a t  of  t h e  probable maximum wind 
speed assuming t h a t  a tornado s t r i k e  occurs  (e.g. ,  Markee e t  a l .  1974, Ramsdell 
and Andrews 1986). Mathematical l y  , t h i  s approach may be represented  a s  

where P(U > u) = t h e  probabi 1 i t y  t h a t  a tornado with a wind speed equal t o  
o r  g r e a t e r  than u w i l l  s t r i k e  a po in t  

P, = t h e  p r o b a b i l i t y  of a tornado s t r i k i n g  t h e  po in t  

P(U > u 1 s )  = t h e  condi t iona l  probabi 1 i  t y  t h a t  t h e  maximum wind speed 
i n  a tornado wi l l  equal o r  exceed u assuming t h a t  a tornado 
s t r i k e  occurs .  

Tornado s t r i k e  probabi 1 i t i e s  a r e  t y p i c a l l y  evaluated on t h e  b a s i s  of 
tornado d a t a  i n  t h e  v i c i n i t y  of t h e  s i t e  f o r  which t h e  wind speed e s t ima te s  a r e  
requi red  while  a much l a r g e r  da t a  base i s  used t o  eva lua t e  t h e  condi t iona l  
p r o b a b i l i t y .  Thom (1963) desc r ibes  a geometrical method of e s t ima t ing  s t r i k e  
p r o b a b i l i t i e s  t h a t  i s  i n  common use. In t h i s  method, t h e  p r o b a b i l i t y  of a 
tornado s t r i k i n g  a po in t  i s  es t imated a s  

where A, = t h e  average (expected) a r ea  a f f ec t ed  by a tornado i n  a region 

A, = t h e  a r ea  of t h e  region f o r  which tornado s t a t i s t i c s  have been 
accumul a ted  

N = t h e  number of  yea r s  f o r  which tornado d a t a  a r e  a v a i l a b l e  

n = t h e  number of tornadoes occurr ing  during t h e  N yea r s .  

For t h i s  approach t o  provide a good es t imate  of t h e  s t r i k e  p r o b a b i l i t y ,  
A, and N must be l a r g e  enough t o  y i e l d  a good e s t ima te  of t h e  average tornado 
a rea .  The d i s t r i b u t i o n  of tornado a reas  i s  skewed with small a r e a s  occurr ing  
more f r equen t ly  than l a r g e  a reas .  As a r e s u l t ,  i f  t h e  average tornado a rea  
i s  based on d a t a  from a small number of tornadoes,  i t  i s  l i k e l y  t h a t  t h e  a r ea  
wi l l  be underestimated. To minimize t h i s  l i ke l ihood ,  t h e  d i s t r i b u t i o n  of 
a r eas  i s  f r equen t ly  assumed t o  be lognormal (Thom 1963; Markee e t  a l .  1974; 
Ramsdell and Andrews 1986),  and expected tornado a reas  computed from observed 
a reas  using t h i s  assumption a r e  used t o  es t imate  s t r i k e  p r o b a b i l i t i e s .  I f  
t h e  lognormal assumption i s  c o r r e c t ,  which i s  open t o  quest ion (e.g. ,  Ramsdell 
and Andrews 1986),  t h e  expected a rea  and t h e  a r i t hme t i c  average a r e a  computed 



from observed tornado t racks  w i l l  converge t o  the  t r u e  mean area as the  number 
o f  tornado t racks  increases. However, the  expected area w i l l  converge fas te r .  

The cond i t i ona l  p r o b a b i l i t y  o f  exceeding a g iven wind speed i n  a tornado 
can be est imated from the  d i s t r i b u t i o n  o f  tornado i n t e n s i t i e s .  A f t e r  examining 
the  s p a t i a l  v a r i a t i o n  o f  tornado s t a t i s t i c s ,  i n c l u d i n g  the  number o f  occurrences 
o f  F4 and F5 tornadoes, Ramsdell and Andrews (1986) d i v ided  the  contiguous 
Uni ted States i n t o  two regions f o r  the  purpose o f  spec i f y i ng  i n t e n s i t y  
d i s t r i b u t i o n s .  The d i v i s i o n  between the  regions i s  105' west longi tude.  This 
d i v i s i o n  genera l l y  f a l l s  along the  eastern edge o f  t he  Rocky Mountains. 

The p r o b a b i l i t y  o f  a tornado equal ing o r  exceeding a g iven i n t e n s i t y  i n  
each reg ion  was est imated us ing the  t o t a l  area associated w i t h  tornadoes o f  each 
i n t e n s i t y ,  and i n t e n s i t i e s  were converted t o  wind speeds us ing the  wind speed 
ranges i n  Table 2. The cond i t i ona l  p r o b a b i l i t i e s  were assumed t o  be represented 
by a Weibul l .  With t h i s  d i s t r i b u t i o n ,  the  p r o b a b i l i t y  o f  exceeding a wind speed 
u i n  a tornado i s  est imated from 

where 40 i s  t he  minimum wind speed (mph) f o r  an FO tornado, and a, b are the  
parameters o f  t he  Weibul l  d i s t r i b u t i o n .  

The parameter a i s  dimensional, i n  t h i s  case having dimensions o f  m i l es  per  
hour, and b i s  non-dimensional. Figure 1 shows the  d i s t r i b u t i o n s  f o r  the  two 
regions. Parameter values f o r  t he  curves shown i n  F igure 1 are 1 i s t e d  i n  
Table 3. 

Tornado winds are n o t  measured; therefore,  t he  averaging i n t e r v a l  
associated w i t h  them i s  n o t  e x p l i c i t .  However, t he re  i s  an averaging i n t e r v a l  
imp1 i c i  t l y  associated w i t h  tornadoes because the  winds are est imated from 
damage. Typical  values f o r  t he  du ra t i on  o f  the  winds associated w i t h  tornadoes 
can be est imated us ing the  data presented by Ramsdell and Andrews (1986) f o r  
average widths o f  tornadoes and the  a lgor i thm i n  the  TORNADO computer code 
(Schreck and Sandusky 1982) t o  compute the  t r a n s l a t i o n a l  speed o f  tornadoes. 

TABLE 3. Wei b u l l  D i s t r i b u t i o n  Parameters f o r  Regional Probabi 1 i t y  
D i s t r i b u t i o n s  f o r  Tornado I n t e n s i t i e s  

b 
Reg i on (m; h ) 

Western Uni ted States 78.29 2.357 

Eastern Uni ted States 136.1 3.076 

Contiguous Uni ted States 135.6 3.033 



FIGURE 1. Tornado Wind Speed I n t e n s i t y  D i s t r i b u t i o n s  f o r  t h e  Contiguous Uni ted 
States. Based on Data f o r  Tornadoes Report From 1954 Through 1983. 
From Ramsdell and Andrews (1986) . 
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These durations range from about 8 s f o r  minimal tornadoes t o  over 30 s fo r  
v iolent  tornadoes. 

There i s  no bas is  f o r  adjust ing tornado wind speeds t o  a standard averaging 
in terval  o r  t o  a standard 10 m height. Consequently, i t  i s  inappropriate t o  
combine tornado wind speed p robab i l i t i e s  with p robab i l i t i e s  estimated from 
observed wind data. However, the two s e t s  of p robab i l i t i e s  can be shown on the 
same f igure  o r  side-by-side in a t ab le  t o  indicate  which i s  the more l i ke ly  t o  
be responsi bl e f o r  speci f i c speeds. 

RETURN PERIODS 

Return periods a r e  frequently used as a l t e rna t i ve  descr ip t ions  of the 
p robab i l i t i e s  of extreme events. I f  P(u) i s  the probabi l i ty  of an annual 
extreme wind equaling o r  exceeding u in one year,  the  return period T(u) i s  

This values i s  the average number of years between years when u i s  equaled o r  
exceeded. No other  in te rpre ta t ion  of return period i s  correct .  

The probabi l i ty  of occurrence of a wind equaling o r  exceeding predetermined 
extreme a t  l e a s t  once during an f i n i t e  observation period can be estimated using 
the binomial d i s t r i bu t i on ,  which i s  discussed in t e x t s  on probabi l i ty  and 
s t a t i s t i c s  (e.g., Brownlee 1965). I f  an event i s  defined as the  occurrence of 
a wind speed equaling o r  exceeding u ,  and the probabi l i ty  of t h i s  event 
occurring in a year i s  P(u) , then the probabi 1 i t y  of the event occurring a t  
l e a s t  once in n years i s  given by 

Generalizing t h i s  re la t ionship ,  the probabil i ty of occurrence the  event in m 
o r  more years in  an n year period i s  

An example of the  applicat ion of these equations i s  shown i n  Table 4 ,  which 
shows the  probabi 1 i t y  of observing winds t ha t  equal o r  exceed the  50-yr wind. 
The p robab i l i t i e s  shown in  the  t ab le  a r e  a l so  approximately correct  f o r  o ther  
observation and return periods having the r a t i o s  shown in the r i gh t  column, 
provided the  return period exceeds 10 years. 



TABLE 4. P r o b a b i l i t y  o f  One o r  More Occurrences o f  t he  50-yr 
Wind i n  Observation Periods o f  Various Lengths 

Observation Number o f  Occurrences 
Per iod (y r )  1 2 3 4 5 n/T --- 



DATA ACQUISITION 

The f i r s t  s t ep  in estimating the extreme winds f o r  a nuclear f a c i l i t y  i s  
iden t i f i ca t ion  of the  extreme wind data t ha t  a r e  avai lable  f o r  the  general 
region of i n t e r e s t .  Extreme wind data have been recorded a t  weather s t a t ions  
throughout the  United S t a t e s  since the middle 1800's. Harrison (1963) and 
Changery (1978, 1982a, 1982b) b r i e f l y  describe the  hi s tory  of the instruments 
used f o r  wind measurements in the United S ta tes  and the  types of wind data t ha t  
a re  general l y  avai 1 abl e. A1 1 avai 1 abl e extreme wind data should be considered 
in an extreme wind analysis .  Methods f o r  standardizing the  d i f fe ren t  types of 
data a r e  discussed in l a t e r  sections.  

OBSERVED EXTREME WIND DATA 

Four types of observed extreme wind data a r e  commonly avai lable  in the 
United S ta tes :  

fas tes t-mile  speeds 

peak gust speeds 

f a s t e s t  5-min speeds 

f a s t e s t  1-min observed speeds. 

His to r ica l ly ,  fas tes t-mile  wind speeds a re  the  most common form of extreme 
wind data.  They regularly reported in climatological summaries of data from 
July 1887 through 1904 and from 1912 t o  the present. A fas tes t-mile  wind speed 
i s  the  wind speed computed from the shor tes t  in terval  required f o r  passage of 
one mi 1 e of wind during some longer period such as a day, month, o r  year. Mi 1 es 
of wind passage a re  measured consecutively. As a r e s u l t ,  there  i s  a high 
l ikelihood t ha t  a strong gust wil l  be d i s t r ibu ted  between 2 miles of wind and 
t h a t  a reported fas tes t-mile  wind speed i s  l ike ly  t o  be lower than the t rue  
fastest-mi l e  speed. 

Peak gust wind speeds a re  determined from d i a l s  o r  analog wind speed 
records. They represent wind speeds averaged over a shor t  period of time 
because anemometer response charac te r i s t i c s  do not permit measurement of t r u ly  
instantaneous wind speeds. The averaging period f o r  common wind instruments 
i s  of the  order of one o r  two seconds. As a r e s u l t ,  reported peak gust speeds 
may be s l i g h t l y  underestimated, but the underestimation of peak gusts  should 
be l e s s  than the underestimation of fas tes t-mile  speeds. 

Although fas tes t-mile  data tend t o  be more extensive and more readily 
avai lable  than peak gust data ,  peak gust data a r e  common. Mili tary a i r f i e l d s  
have generally reported peak gusts  ra ther  than fas tes t-mile  speeds, and many 
of the  major a i r po r t  s t a t i ons  in the  Florida and along the  Gulf of Mexico Coast 
have long-term peak gust  records ra the r  than fas tes t-mile  records. Further, 
in the  l a t e  1960's and 19701s,  most National Weather Service locations were 
equipped with peak gust instrumentation. Consequently, there  a re  regions where 



peak gust  data a r e  more p len t i fu l  than fas tes t-mile  data.  For example, Florida 
and the coastal area west t o  Louisiana have only two a i r f i e l d s  with long-term 
(20 years o r  more) fas tes t-mile  data ,  while 22 a i r f i e l d s  in t h a t  area have 
long-term peak gust  data.  Similarly,  California has a l imited number of 
a i r f i e l d s  with long-term fastest-mile date  (4 ) ,  and many more a i r f i e l d s  (27) 
with long-term peak gust data.  

Extreme wind data  reported p r i o r  t o  June 1887 and from 1904 through 1911 
a re  f a s t e s t  5-min speeds (Changery 1982a). Fastest  5-min speeds a r e  determined 
from char t s  and should be reasonably accurate except f o r  human e r ro r s  in 
ext ract ing data from the charts .  I f  these data were more extensive,  i t  would 
be advantageous t o  use them exclusively in extreme wind analys is  because the 
averaging in terval  i s  defined and constant and because i t  i s  long compared t o  
the response time of common wind instruments. Both fas tes t-mile  and f a s t e s t  
5-min speeds a r e  avai lable  f o r  locations with proper instrumentation f o r  the  
period 1887-1904 and from 1912 through September 1957. 

Fastest  1-min speeds a r e  general ly  not obtained from char t s .  Typical l y ,  
the 1-min averaging i s  done visual ly  from a non-recording display.  These 
averages a re  l i ke ly  t o  r e f l e c t  biases of the observers. The f a s t e s t  1-min 
observed winds a r e  compiled from reported observations. These observations a re  
made a t  scheduled times. I t  i s  unlikely t ha t  the actual f a s t e s t  1-min wind 
during any period would coincide with a scheduled observation time. As a 
r e s u l t ,  f a s t e s t  1-min observed speeds should be considered t o  be underestimates 
and t rea ted  as  lower bounds fo r  extreme winds. 

A1 though f a s t e s t  1-min observed data a r e  not as  su i t ab le  f o r  evaluation 
of extreme winds as  a re  peak gust and fas tes t-mile  data ,  they may be very useful 
in extreme wind analyses f o r  compl ex- terrai  n o r  data-sparse regions where 
fas tes t-mile  and peak gust  data a re  very limited. For example, Wantz and 
S inc l a i r  (1981) used f a s t e s t  1-min observed data in a study of extreme winds 
in the  Paci f ic  Northwest. Similarly,  the only extreme wind data  t h a t  a r e  
avai lable  f o r  many a i r f i e l d s  in California a r e  f a s t e s t  1-min observed speeds. 

SOURCES O F  OBSERVED EXTREME WIND DATA 

Iden t i f i ca t ion  of the  extreme wind data  avai lable  f o r  a region and 
determination of the  various types of extreme wind data recorded f o r  each 
location a r e  not easy. No si!gle publicat ion o r  index provides a comprehensive 
l i s t i n g  of s t a t i o n s  in the United S ta tes  f o r  which observed extreme wind records 
a re  avai 1 abl e. 

Three summaries of extreme wind data  have been published f o r  the  
United S ta tes :  Simiu e t  a l .  (1979), and Changery (1982a, 1982b). Taking 
duplicat ions i n to  account, these documents contain data f o r  about 200 locations.  
The data  in the  repor ts  include measured wind speeds, wind speeds adjusted t o  
common anemometer heights,  and the r e su l t s  of extreme value analyses of the 
data  f o r  each location.  



Observed and 'est imated '  f as tes t - m i le  data f o r  129 a i r p o r t s  i n  the  
contiguous Uni ted States are  contained i n  Simiu e t  a1 . (1979). The small 
f r a c t i o n  o f  these data t h a t  are 'est imated '  f as tes t- m i le  speeds are  based on 
f a s t e s t  1-min observed speeds. Changery (1982a) conta ins data f o r  53 a i  r p o r t  
and c i t y  l o c a t i o n s  along the  A t l a n t i c  and Gu l f  o f  Mexico coas t l ines ,  and 
Changery (1982b) conta ins data f o r  70 l oca t i ons  i n  t he  Great Lakes area. 
Changery's repo r t s  conta in  fas tes t - m i le  data, even f o r  t he  per iods when o ther  
c l i m a t o l o g i c a l  summaries r e p o r t  on l y  f a s t e s t  5-min average speeds. The 
fas tes t- m i le  da ta  f o r  these per iods were obtained by ana lys is  o f  o r i g i n a l  wind 
records. 

The NCDC i s  the  pr imary repos i to ry  f o r  meteoro logical  data c o l l  ected by 
o r  f o r  Uni ted States government agencies. The Guide t o  C l ima t i c  Data Sources 
(Hatch 1983) i s  an index t o  the  records maintained a t  t he  NCDC. I t  1 i s t s  
l o c a t i o n s  f o r  which data have been archived and describes the  forms i n  which 
data are ava i lab le ;  f o r  example, i n  pub l i ca t i ons ,  on mic ro f iche,  on magnetic 
tape. Changery (1978) publ ished a spec ia l i zed  index t o  wind data  a v a i l a b l e  a t  
t he  NCDC. This index describes the  wind instruments i n  common usage and the 
forms on which the  data have been recorded. More impor tan t ly ,  t he  index l i s t s  
t he  l oca t i ons  f o r  which archived data are  a v a i l a b l e  from the  NCDC, prov ides a 
h i s t o r y  o f  t he  anemometer heights a t  each l oca t i on ,  and g ives the  s ta tus  o f  the  
data. The index i s  arranged by s ta te .  

D a i l y  maximum wind data  are pub1 ished by the  NCDC f o r  approximately 284 
a i r p o r t  s t a t i o n s  i n  t he  contiguous Uni ted States i n  Local C l imato log ica l  Data 
(LCD) monthly supplements. D a i l y  maximum wind data are a l so  a v a i l a b l e  on the  
"Summary o f  Day - F i r s t  Order" ser ies  magnetic tapes (TD-9750) a v a i l a b l e  from 
the  NCDC. The TD-9750 se r ies  tapes conta in  data from the  Nat ional  Weather 
Serv ice and Uni ted States m i  1  i t a r y  i n s t a l  l a t i o n s .  These tapes have d a i l y  peak 
gust  data beginning as e a r l y  as the  l a t e  1940's ( i f  the  s t a t i o n s  were equipped 
w i t h  gust  recorders) and fastest-mi  1 e o r  fas tes t  1-mi n observed data  beginning 
i n  1965. Most Nat ional  Weather Service l oca t i ons  were equipped w i t h  gust  
recorders i n  t he  l a t e  1960's and e a r l y  1970's. The peak gust  da ta  f o r  A i r  
Force s t a t i o n s  are  inc luded on the  TD-9750 data tapes on l y  through 1970. The 
A i r  Force peak gust  data obta ined s ince 1970 are  a v a i l a b l e  on separate data 
tapes. 

TORNADO DATA 

The Nat ional  Severe Storms Forecast Center (NSSFC) operated by the  Nat ional  
Weather Serv ice i n  Kansas C i t y ,  Missour i ,  mainta ins a da ta  base t h a t  l i s t s  
tornadoes repor ted  i n  t he  contiguous Uni ted States s ince  1950. Tornadoes are 
tabu la ted  by s ta tes  and are described by p o s i t i o n  ( l a t i t u d e  and long i tude o f  
the beginning and end), length,  width,  and i n t e n s i t y .  A s i m i l a r  data base, 
c a l l e d  the  DAPPL (Damage Area Per Path Length) da ta  base, i s  maintained by 
F u j i  t a  a t  t he  U n i v e r s i t y  o f  Chicago. Grazul i s  (1984) reevaluated the  i n t e n s i t y  
r a t i n g s  o f  tornadoes l i s t e d  as F4 and F5 i n  the  NSSFC and DAPPL tornado data 
bases and reconc i l ed  the  d i f f e rences  i n  t he  r a t i n g s  o f  these tornadoes. 



A climatology of tornado occurrences in the contiguous United States from 
1954 through 1983 has been prepared by Ramsdell and Andrews (1986) using the 
NSSFC data base containing the results of the reconciliation. Tornado strike 
probabi 1 i ty estimates and intensity (wind speed) distributions are presented 
for the contiguous United States, the United States west and east of the Rocky 
Mountains, each state, and 5' boxes of latitude and longitude. This information 
can be used to estimate the probabilities of extreme winds associated with 
tornadoes for probabilistic risk assessments. 



DATA BASE PREPARATION 

Observed wind data acquired fo r  evaluation of extremes f o r  a p robab i l i s t i c  
r i sk  assessment will probably not be ready fo r  analysis .  I t  i s  l i ke ly  t ha t  they 
will have been obtained a t  several measurement heights and will have been 
averaged over d i f fe ren t  interval  s .  The data may a1 so contain obvious errors .  
The second s tage of the procedure i s  t o  prepare the  data base f o r  the remainder 
of the  analysis .  The second stage s t a r t s  with screening the  da tq  fo r  problems. 
Next, the  data a re  adjusted t o  put them into  a consistent  form. Then, the data 
f o r  each measurement location are  combined, and an i n i t i a l  extreme value 
analysis  i s  performed f o r  each location. The data f o r  several s i t e s  may then 
be combined f o r  a f inal  extreme value analysis .  

DATA SCREENING 

Screening of the observed extreme wind data consis ts  of 1) determining 
exactly what type of data have been obtained, 2) identifying the  location and 
height of measurement fo r  each speed, and 3) examining the data f o r  spurious 
val ues and trends t ha t  may indicate unreported changes in anemometer exposure, 
location,  o r  type. The importance of data screening can be i l l u s t r a t e d  by 
recounting some of the  problems t ha t  have been encountered in the  past .  

Extreme wind data have been obtained from several sources, and in the 
process, duplicate data s e t s  were obtained f o r  several locations.  The data 
in some of these s e t s  were neither identical  nor consistent .  Discrepancies were 
found in specif icat ion of the measurement locations,  in specif icat ion of the 
type of extreme wind data ,  and in the extremes reported. For example: 

f a s t e s t  1-min observed data and some peak gust data were labeled as  
fastest-mi 1 e data 

data from c i t y  s ta t ions  were occasionally l i s t e d  fo r  a i rpor t  locations and 
vice versa 

his tor ical  maximum 5-min data were labeled as fastest-mile data 

changes from one type of data t o  another (such as fastest-mile t o  f a s t e s t  
1-min observed) during a s t a t i o n ' s  period of record were not ident i f ied .  

Potential problems in a data s e t  may be ident i f ied  i f  the annual average 
and extreme speeds are  plotted as  a-function of time. Long-term trends in 
averages o r  extreme values indicate potential  problems associated with 
anemometer exposure, f o r  example, increases in the surrounding vegetation o r  
s t ructures .  Discontinuit ies in the averages and extremes may indicate changes 
in anemometer height, location o r  type. 

Footnotes accompanying published wind data must be read before using any 
of the  data,  even though there may not be a reference t o  the footnotes. Despite 
t h i s  precaution, i t  i s  not always possible t o  ident i fy  the exact nature of wind 
data because the  climatological summary forms and l i s t i n g s  may not c lea r ly  o r  



explicitly indicate the type of data reported or changes in the data type. 
Determining the measurement height for fastest-mile data poses a particular 
problem. Publications that contain both routine and fastest-mile wind data and 
list information on anemometer heights usually give the height and location 
of the anemometer used for the routine wind observations. The fastest-mile data 
may have been obtained using another anemometer at a different height and 
location. 

The National Wind Data Index (Changery 1978), lists anemometer heights and 
locations for almost every station for which hourly wind data have been 
recorded. However, it does not list some stations that have historical 
fastest-mile data but did not report routine hourly observations. The index 
gives the height of the anemometer used for fastest-mile measurements as well 
as the height of the anemometer used for routine observations when these two 
anemometers heights are different. 

When the available extreme wind data are examined, one or more individual 
extremes may stand out from the others sufficiently that their validity is 
questioned. These data should not be eliminated from the data base unless it 
can be established that they are, in fact, incorrect. Storm Data, published 
monthly by the NCDC, lists all major storms and describes the damage associated 
with them. It can be consulted to determine if a questionable extreme wind 
could have been associated with a major storm. 

If questions about specific stations or wind observations arise that cannot 
be resolved using available information, the NCDC can be consulted. During 
preparation of data for use in evaluation of the extreme value analysis 
procedure, the staff of the NCDC was cooperative and helpful in resolving 
questions on data avai 1 abi 1 i ty, anemometer locations, and suspect data. 

ADJUSTMENT OF OBSERVED EXTREME WINDS 

After the initial screening has been completed, the observed wind data base 
should be made internally consistent. In a typical situation, the extreme wind 
data will have been measured by different organizations and for different 
periods of time. As a result, the dimensional units in which the speeds are 
expressed may not be the same for all data, the data may not be of a common 
type, and the data are likely to have been obtained at different measurement 
heights. When this is the case, it is necessary to standardize the data to 
minimize any differences that may be due to measurement techniques. 

Conversion of the data to common measurement units is the first step in 
adjusting the data. The unit conversion will not, in itself, alter the wind 
speed. However, it is the first step in which rounding and truncation errors 
wi 11 accumulate. The accumulation of errors can be minimized by carrying more 
significant figures in the converted speed than are justified by the precision 
of the original data. For example, in conversion of speeds from knots to 
miles-per-hour, 56 knots becomes 64 mph and 57 knots becomes 66 mph if the 
speeds are rounded to the closest integer value after the conversion process. 
It is recommended that wind speeds be carried to the closest tenth of a 



mile-per-hour once data adjustments have begun. After a l l  conversions and 
adjustments have been made and the analys is  has been completed, the  f ina l  speeds 
can be rounded t o  the c loses t  mile per hour. 

Averaging Interval  

Every wind speed observation i s ,  a t  l e a s t  impl ic i t ly ,  associated with an 
in terval  over which the speed i s  averaged. Given a continuous wind record, the 
reported maximum speed wil l  increase a s  the averaging interval  decreases. The 
averaging in te rva l s  associated with extreme winds range from about 2 s f o r  peak 
gusts  t o  5-min. However, the most common extreme wind, the  f a s t e s t  mile, i s  
not associated with a fixed averaging in te rva l .  The fas tes t-mile  wind speed 
averaging in terval  i s  a function of the  wind speed. For any fas tes t-mile  speed, 
the  averaging in te rva l ,  t in seconds, i s  given by 

where U i s  the  wind speed in miles per hour. Typical fas tes t-mile  speeds a re  
generally between 30 and 120 mph; thus the associated averaging in te rva l s  range 
from about 120 t o  30 s .  

Gust fac to rs  a r e  frequently used t o  describe the  re la t ionship  between wind 
speed and averaging in te rva l .  For example, i f  U(T) i s  a wind speed averaged 
f o r  time T ,  U(t) i s  the  maximum speed averaged f o r  time t ,  and t i s  l e s s  than 
and contained within T ,  then the gust f ac to r ,  G(t:T), i s  

where t and T a r e  in common units .  Gust data summarized by Deacon (1965) show 
a var ia t ion of gust f ac to rs  with surface roughness, measurement height and wind 
speed. For high winds (greater  than 12 mls), the G(2:60) gust f ac to rs  a t  10 m 
range from about 1.25 over f l a t  grass lands t o  1.43 in the  v i c in i t y  of numerous 
t r e e s  and bui ldings. 

A mathematical technique f o r  adjust ing extreme winds t o  compensate f o r  
d i f ferences  in  averaging interval  i s  developed in Appendix B. The bas is  f o r  
the  technique i s  a re la t ionship  f o r  average r a t i o  between gusts  averaged f o r  
a period T and the maximum 2 s gusts  within T given by Deacon (1965). 
Additional j u s t i f i c a t i on  f o r  using gust f ac to rs  as a bas is  f o r  adjust ing wind 
speed t o  a standard averaging period i s  provided by Changery (1982a), who shows 
t ha t  the annual f a s t e s t  miles tend t o  occur during the  period of the  annual 
maximum 5-min average speeds. 

No technique can be expected t o  provide an accurate adjustment f o r  a l l  
conditions o r  every observation. Therefore, considering the  range of averaging 
in te rva l s  associated with the  fastest-mile speeds, 60 s has been selected as  
the standard averaging interval  t o  a1 1 extreme winds will be adjusted. 



The 60 s average wind U(60) i s  estimated as 

where U(t) i s  the  reported extreme wind speed, t i s  the  averaging in terval  
associated with the  reported speed, and F(60:t) i s  an adjustment fac to r .  The 
wind speed adjustment fac to r  derived in Appendix B i s  

The values of the  constants in t h i s  re la t ionship  a re  based on an assumption t ha t  
the t e r r a in  i s  generally open with scat tered t r e e s  and buildings. I f  a smoother 
surface roughness i s  assumed, the  adjustment fac to rs  a re  c lose r  t o  1.0 than 
those given by Equation (20). 

The e f f e c t  of the  applicat ion of the adjustment fac to r  t o  observed extreme 
winds i s  shown in Table 5 f o r  three  surface roughness assumptions. The f i r s t  
roughness assumption i s  t ha t  made f o r  Equation (20) ; the  second assumption i s  
f l a t  grass  land, and the t h i rd  assumption i s  f o r  very smooth t e r r a i n .  The upper 
portion of the  t ab l e  shows the e f f ec t  of the adjustment fac to rs  on fas tes t-mile  
speeds, and the  lower portion shows the  e f f ec t s  on peak gusts .  The s ign i f i can t  
fea tures  t o  be seen i n  the t ab le  a re  1) the  adjustments made t o  fas tes t-mile  
speeds a r e  small,  while the  adjustments made t o  peak gusts  a r e  r e l a t i ve ly  large  
(of the order of 20%), 2) the fas tes t-mile  speeds l e s s  than 60 mph increase,  
while speeds g rea te r  than 60 mph decrease, 3)  the peak gust speeds always 
decrease, and 4) the  e f f ec t s  of surface roughness on the adjustment a r e  small 
compared t o  the  magnitude of the adjustments. 

The averaging periods associated with fas tes t-mile ,  peak gust  and 5-min 
average speeds have been discussed. The averaging in terval  associated with 
f a s t e s t  l-min observed speeds i s  nominally 60 s ,  which means t h a t  these speeds 
do not require an averaging interval  adjustment. However, the  f a s t e s t  observed 
speeds a r e  maxima taken from speeds observed a t  fixed times. As a r e s u l t ,  
the f a s t e s t  l-min observed speeds a r e  l i ke ly  t o  s ign i f i can t ly  underestimate 
the annual t r u e  f a s t e s t  l-min speed. Based on an analys is  of fas tes t- mile  
and f a s t e s t  l-min data  reported by Thom (1964), Simiu e t  a l .  (1979) recommend 
t ha t  10 mph be added t o  each f a s t e s t  l-min observed speed before i t  i s  used 
in an extreme wind analysis .  

A t o t a l  of 95 pa i r s  of annual peak gusts  and annual f a s t e s t  l-min speeds 
were found f o r  on the  NCDC data tapes f o r  12 southern California locat ions .  
The mean di f ference between the  peak gusts  and the  f a s t e s t  l-min speeds was 
16.7 mph. Following adjustment of the peak gusts  t o  60 s averages by 
multiplying by 0.7819, which i s  the adjustment fac to r  given by Equation (ZO), 
the mean di f ference between observed f a s t e s t  l-min speeds and the  annual f a s t e s t  
60 s average i s  estimated t o  be 13 mph. 



TABLE 5. E f f e c t  o f  Wind Speed Adjustment Factors on Extreme Wind 
Values. A = Te r ra in  assumed i n  Equation 20, B = f l a t  grass 
land, C = very smooth t e r r a i n .  The numbers i n  parentheses 
f o l l o w i n g  the  fas tes t- m i l e  speeds are  the  averaging per iods  i n  
seconds associated w i t h  t h e  speeds. 

Observed Estimated 60 s  Speed (mph) 
Speed Te r ra in  C l  ass 
mp h  (s) A B C 

Fastest  M i l es  40 (90) 41.6 41.3 42.2 
50 (72) 50.9 50.8 50.6 
60 (60) 60.0 60.0 60.0 
70 (51.4) 69.0 69.1 69.2 
80 (45) 77.9 78.2 78.4 
90 (40) 86.7 87.1 87.5 

Peak Gusts 4  0  
5  0  
6  0  
70 
80 
9  0  

L inear  regress ion  between annual peak gusts and annual f a s t e s t  1-min 
speeds gave a  r e l a t i o n s h i p  o f  

where Up i s  t h e  peak-gust speed (mph) and Uf i s  t h e  f a s t e s t  1-min speed (mph) . 
However, t h e  slope o f  t h e  regress ion i s  no t  s i g n i f i c a n t l y  d i f f e r e n t  f rom 1 a t  
t he  90%. conf idence l e v e l .  This  f i n d i n g  i s  cons i s ten t  w i t h  t he  Thorn's conclus ion 
and the  recommendation o f  Simiu e t  a l .  Therefore, i t  i s  reasonable t o  add a  
constant  f a c t o r  t o  t he  annual f a s t e s t  1-min observed speeds t o  est imate the  
t r u e  f a s t e s t  60 s  average speed. I t  i s  recommended t h a t  a  c o r r e c t i o n  f a c t o r  
o f  13 mph be used r a t h e r  than 10 mph because i t  g ives  s l i g h t l y  h igher  speeds. 

Measurement Height  

Near t h e  e a r t h ' s  surface, winds increase w i t h  he igh t  above ground. 
Therefore, i t  i s  reasonable t o  attempt t o  take t h e  he igh t  o f  measurement i n t o  
account i n  t h e  ana l ys i s  o f  extreme winds. However, theaform o f  v a r i a t i o n  o f  
extreme winds w i t h  he igh t  has n o t  been resolved. 

I t  may be assumed t h a t  h igh  winds near t he  sur face are gene ra l l y  associated 
w i t h  neu t ra l  atmospheric s t a b i l i t y .  During these cond i t ions ,  t h e  v a r i a t i o n  o f  
mean winds w i t h  he igh t  near t he  e a r t h ' s  sur face can be descr ibed by a  
l oga r i t hm ic  p r o f i l e  t h a t  i s  der ived  from theory. Simiu e t  a l .  (1979) and 
Changery (1982a, 1982b) have used a  he igh t  adjustment procedure t h a t  i s  based 



on the  logarithmic p ro f i l e  f o r  mean winds, corrected f o r  turbulence. This 
approach i s  not sa t is fying because an assumption of steady- state conditions i s  
inherent in  the use of the logarithmic p rof i l e .  There i s  no reason t o  assume 
tha t  the  gusts  responsible fo r  extreme winds are re la ted t o  steady- state 
atmospheri c condi t i  ons . 

A n  a l t e rna t ive  t o  the  height adjustment procedure followed by Simiu e t  a l .  
and Changery iscdeveloped in Appendix C.  This procedure i s  not based on an 
assumption re la ted t o  a mean wind prof i l e .  Instead, extreme winds a re  assumed 
t b  be random occurrences drawn from a d i s t r ibu t ion  t ha t  has parameters t ha t  
are  functions of height. The adjustment of extreme winds i s  then based on 
the extreme wind d i s t r ibu t ion  location parameter p ro f i l e  ra ther  than the  mean 
wind prof i l e .  In Appendix C ,  extreme wind data f o r  Hanford, Washington and 
the Kennedy Space Center in Florida a re  used t o  evaluate the  procedure. No 
other  readily avai lable  data were found f o r  use in additional t e s t s  of the  
procedure. 

The Hanford and Kennedy Space Center data indicate t ha t  the  height 
variat ion of the  mode (location parameter) of the d i s t r ibu t ions  i s  adequately 
described by a logarithmic p rof i l e .  Then, by analogy with the  mean wind 
p ro f i l e ,  the  mode p ro f i l e  can be represented as 

where m(z) = the  mode of the extreme wind d i s t r ibu t ion  a t  height z 

A = i s  the  value of the  mode a t  height z where In[(  z - zd ) / zc] 
= 1 

zc = a cha rac t e r i s t i c  height associated with surface roughness, but 
not necessari ly z,, the  surface roughness length associated with 
the  mean wind prof i l e ,  and 

zd = a zero-plane displacement. 

The coef f ic ien t  A may be assumed t o  have a constant value f o r  a s i t e ,  although 
t h i s  assumption impl ic i t ly  includes an assumption t ha t  any di rect ional  
var ia t ions  surface roughness a t  the s i t e  has minimal e f f ec t  on extreme winds. 
Thus, the  extreme wind adjusted t o  a standard height of 10 m (33  f t )  i s  
estimated using the  r a t i o  

The mode prof i l es  f o r  Hanford and Kennedy Space Center annual extreme 
winds indicate  t ha t  the  charac te r i s t i c  height associated with extreme winds 
i s  much smaller than the  mean wind p ro f i l e  roughness length. While there  are  
insuf f ic ien t  data fo r  an elaborate evaluation of any potential  re la t ionship  
between zc and z,, z, appears t o  be several orders of magnitude smaller than 
z,. This r e s u l t  i s  i n tu i t i ve ly  reasonable because i t  means t ha t  surface 



roughness has l e s s  e f f ec t  on gust magnitudes than i t  does on mean winds. For 
present purposes, i t  should be acceptable t o  estimate z, by z,/1000. 

There a r e  no theoret ica l  bases f o r  inclusion of a zero-plane displacement 
f o r  gusts ,  o r  f o r  estimating a value of the displacement. However, the e f f ec t  
of zd in Equation (23) i s  t o  decrease the  change in gust speeds t h a t  occurs when 
speeds a r e  adjusted t o  a standard height. Consequently, neglecting the 
zero-plane displacement, i f  i t  ex i s t s ,  would be non-conservative. That i s ,  i t  
could r e s u l t  in  a tendency t o  underestimate the magnitude of extreme winds. 
For typ ica l ,  we1 1 -exposed, rural  wind-measurement s i t e s ,  zd should be small and 
can probably be neglected. However, f o r  urban s i t e s  i t s  e f f ec t  may be 
s ign i f i can t .  Citing Simiu and Lozier (1975), Changery (1982a, 1982b) used the 
following t o  estimate the  zero-plane displacement f o r  urban measurement s i t e s  
from the  anemometer height 

with the  l imi ta t ion t ha t  zd not be permitted t o  exceed 20 m. 

In most cases,  the  applicat ion of the  height adjustment f a c to r  wil l  reduce 
wind speeds observed using anemometers located well above 10 m t o  lower values 
t ha t  a r e  expected t o  be more representat ive of the speeds a t  10 m. The proposed 
height adjustment procedure makes smaller changes in the observed speeds than 
the  procedure used by Sin~iu e t  a l .  (1979) and Changery (1982a, 1982b). As a 
r e s u l t ,  the  extreme speeds a t  a standard height of 10 m wil l  tend t o  be higher 
when the  proposed method i s  used than they would be i f  the previous method were 
used. 



SINGLE STATION ANALYSIS 

A f te r  complet ion o f  t he  adjustments t o  the  i n d i v i d u a l  wind observat ions, 
the  data subsets may be combined f o r  ana lys is  o f  extreme winds. This  sec t ion  
discusses the  conso l i da t i on  and ana lys is  o f  data f o r  a  s i n g l e  s ta t i on .  The 
o b j e c t i v e  o f  t he  conso l i da t i on  o f  the  data se ts  i s  t o  permi t  es t imat ion  o f  the  
parameters o f  t he  F isher- T ippet t  Type I d i s t r i b u t i o n .  These parameters, along 
w i t h  the  tornado s t r i k e  and i n t e n s i t y  p r o b a b i l i t i e s ,  p rov ide  a  cha rac te r i za t i on  
o f  t h e  extreme winds a t  a  l oca t i on .  Analys is  o f  data se ts  from several 
l oca t i ons  i s  discussed i n  the  next  sect ion. 

ANALYSIS OF OBSERVED WINDS 

P r i o r  t o  conso l i da t i on  o f  t he  da ta  f o r  any l oca t i on ,  t he  extreme winds and 
any adjustments t h a t  may have been made t o  the  data should be examined. 
U l t ima te l y ,  t h i s  examination invo lves  sub jec t i ve  judgments as t o  whether t o  
i n c l  ude o r  exc l  ude each subset i n  prepar ing the  da ta  base t o  be used i n  the  
analys is .  The f o l l o w i n g  th ree  examples i l l u s t r a t e  some o f  the  decis ions t h a t  
must be made. 

The extreme wind data f o r  Jacksonvi l le ,  F lo r i da ,  compiled and presented 
by Changery (1982a), a re  1  i sted i n  Tab1 e  6. These data  i nc l  ude t h e  year,  
anemometer l oca t i on ,  and the  fas tes t- m i le  wind speeds f o r  t he  pe r iod  from 1873 
through 1979. From 1873 through 1949, wind observat ions were made a t  the  
Weather Bureau O f f i c e  i n  Jacksonvi l le .  During t h i s  per iod,  t h e  anemometers were 
loca ted a t  he igh ts  o f  84, 129, 245 and 110 ft. It should be noted t h a t  the  
anemometer he igh t  g iven f o r  the  years before 1881 i s  an est imated value. From 
1950 through 1979, the  observat ions were made a t  the  Jacksonv i l l e  A i r p o r t .  
There, t he  anemometer was loca ted above a  b u i l d i n g  a t  an e leva t i on  o f  63 f t  
through 1970, and a t  an open- f ie ld  l o c a t i o n  a t  20 f t  from 1971 through 1979. 

The anemometers used f o r  wind speed measurements a t  Jacksonv i l l e  were 
genera l l y  standard anemometers. However, an experimental anemometer was used 
from 1941 through 1975. The speeds shown i n  the  f i r s t  wind speed column are 
the  " t r u e "  speeds g iven by Changery. They have been cor rec ted  f o r  anemometer 
response, b u t  they have n o t  been adjusted t o  a  standard averaging i n t e r v a l  o r  
height .  The extreme winds p r i o r  t o  about 1900 tend t o  be c lus te red  around 
selected values. This  may be due t o  the  c h a r a c t e r i s t i c s  o f  the  e a r l y  Weather 
Bureau instruments. Otherwise, there  do no t  appear t o  be any s i g n i f i c a n t  
problems w i t h  the  data. 

The middle wind speed column (U60) shows the  annual extremes a f t e r  the  
speeds have been adjusted t o  a  standard 60 s  averaging i n t e r v a l .  Recall t h a t  
s tandard iza t ion  o f  f as tes t - m i le  speeds t o  a  60 s  averaging pe r iod  increases the 
magnitudes o f  speeds below 60 mph and decreases magnitudes o f  speeds above 
60 mph. Consequently, more speeds were increased than decreased i n  the  
s tandard iza t ion  process. The t h i r d  wind speed column (U10) shows the  extreme 
wind t ime se r ies  f o l l o w i n g  adjustment o f  the  data t o  the  standard 10 m height .  



TABLE 6. Extreme Winds for Jacksonville, Florida. Data from 
Changery (1982a) . 

Year 
1873 
1874 
1875 
1876 
1877 
1878 
1879 
1880 
1881 
1882 
1883 
1884 
1885 
1886 
1887 
1888 
1889 
1890 
1891 
1892 
1893 
1894 
1895 
1896 
1897 
1898 
1899 
1900 
190 1 
1902 
1903 
1904 
1905 
1906 
1907 
1908 
1909 
1910 
1911 
1912 
1913 
1914 
1915 
1916 
1917 
1918 
1919 
1920 
1921 
1922 
1923 
1924 
1925 
1926 

Year 
1927 
1928 
1929 
1930 
1931 
1932 
1933 
1934 
1935 
1936 
1937 
1938 
1939 
1940 
1941 
1942 
1943 
1944 
1945 
1946 
1947 
1948 
1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 

Loc. U 
245R 49 " 52T " 63T " 43 " E65 " 51  " 51T 
l l O R  4 1  " 49 " 50 " 35T " 35 " 40 " 37 

" * 37 
" * 42 
" * 42 
" * 46T 
" * 45T 
" * 44 
" * 38T 
" * 45 
" * 50 

63R* 72 
" * 42 
" *E56 
" * 52 
" * 46 :: : $8 
" * 46 
" * 42 
" * 38 
" * 46T 
" * 48 
" * 54 
" * 62 
" *E82T 
" * 57T 
" * 48T 
" * 76 
" * 52T 
" * 58 
" * 44 

20G* 47 
" * 44 
" * 48 
" * 44 
" * 62 " 42 " 33 " 39 " 34 

NOTE: E = estimated height, R = roof location, G = ground location, 
* = experimental anemometer, T = tropical storm, E = estimated 

speed. 



I t  should be noted t h a t  downward adjustment decreases the  speeds, wh i l e  upward 
adjustment increases them. 

P l o t t i n g  the  extreme speeds as a func t i on  o f  t ime may prov ide  some 
i n d i c a t i o n  o f  t he  general t r end  o f  the  data i n  response t o  changes i n  anemometer 
e leva t ion ,  and the  change i n  anemometer l oca t i on .  However, the  s c a t t e r  o f  
extreme wind data makes i t  d i f f i c u l t  t o  perceive small e f f e c t s .  A more r e l i a b l e  
method o f  i d e n t i f y i n g  the  e f f e c t s  o f  changes i s  t o  compare s t a t i s t i c s  o f  the  
extremes. 

The means and standard dev ia t ions  f o r  the  Jacksonv i l l e  extreme wind data 
f o r  each he igh t  (subset) are presented i n  Table 7. The t a b l e  a l so  conta ins the  
modes and scale parameters est imated f o r  each subset us ing  the  method o f  moments 
(Equations 5 and 6).  Estimates o f  the  modes are  p a r t i c u l a r l y  usefu l  i n  
eva lua t ion  o f  p o t e n t i a l  e f f e c t s  o f  changes i n  anemometer l oca t i on ,  because they 
are parameters o f  the  d i s t r i b u t i o n  and are more s t a b l e  measures o f  cen t ra l  
tendency than mean values. That i s ,  the  modes are  l e s s  s e n s i t i v e  t o  occasional 
occurrences o f  extremely la rge ,  annual maxima than are  means o f  the  annual 
extremes. 

The adjustments have decreased the  range o f  t he  subset modes. I n  add i t i on ,  
i t  should be noted t h a t  the  l a r g e  number o f  annual extremes w i t h  speeds o f  about 
47 mph f a l l  near the  modes o f - t h e  adjusted d i s t r i b u t i o n s .  As a r e s u l t ,  they 
w i l l  have l i t t l e  e f f e c t  on est imates o f  extremes w i t h  a low p r o b a b i l i t y  o f  
occurrence. 

TABLE 7. S t a t i s t i c s  o f  Jacksonv i l le  Extreme Winds a t  Each 
Anemometer Location. 

Height 84R 129R 245R l l O R  63 R 206 
Years 3 0 12 19 16 2 1 9 

Reported Speeds 
Mean 47.77 53.42 53.53 42.25 53.14 43.67 
St. Dev. 7.955 8.512 6.257 5.053 11.56 8.646 
Mode 44.19 49.59 50.71 39.98 47.94 39.78 
Scale 6.203 6.637 4.879 3.940 9.017 6.741 

Speeds Standardized' to 60 s Averaging Time 
Mean 48.77 53.97 54.08 43.69 53.68 44.96 
St.  Dev. 7.283 7.705 5.696 4.720 10.50 7.997 
Mode 45.49 50.50 51.52 41.57 45.49 41.36 
Scale 5.678 6.008 4.441 3.680 8.183 6.235 

Speeds Standardized t o  10 m 
Mean 48.25 50.64 46.22 42.09 50.99 46.89 
St. Dev. 7.200 7.237 4.877 4.538 9.967 8.325 
Mode 45.01 47.38 44.02 40.05 46.50 43.14 
Scale 5.614 5.643 3.802 3.538 7.771 6.491 



Considering the  range of the  modes and the small var ia t ion in the  scale  
parameters in the  l a s t  s e t  of s t a t i s t i c s  in Table 7, i t  seems reasonable t o  
combine the  s i x  data  subsets  in to  a s ingle  s e t  representing Jacksonvil le ,  
Florida. When the  subsets  a r e  combined, the method-of-moments est imates of the 
mode, and sca le  parameter of the  d i s t r ibu t ion  a re  44.20 and 5.987 mph, 
respectively.  One a l t e rna t i ve  t o  combining the data a f t e r  height adjustment 
i s  t o  combine the  subsets  without height adjustment. This a l t e rna t i ve  would 
r e su l t  in method-of-moment estimates of the mode and sca le  parameter of 46.39 
and 6.567 mph. These l a rger  values of the  parameters will r e s u l t  in higher 
extreme wind speed est imates and a l a rger  uncertainty in the  est imates [see 
Equations (2) and (9)].  When there  i s  s ign i f i can t  doubt, i t  i s  appropriate t o  
s e l ec t  the  option t h a t  y ie lds  the highest mode and la rges t  sca le  parameter 
val ues. 

Another a l t e rna t i ve  t o  combining a l l  of the subsets  i s  t o  el iminate one 
o r  more subsets  from the  data base. Elimination of subsets  should not be done 
without c l e a r  evidence t ha t  the  data in the  subsets a re  in e r r o r  o r  a r e  not 
representa t ive  of the  s i t e  f o r  which the  extreme wind analys is  i s  t o  be made. 
Original data  records should be reexamined f o r  a possible explanation of 
apparent anomalies i f  elimination of a subset i s  considered. Again, i f  there  
i s  any doubt about elimination of a subset ,  the  a l t e rna t i ve  t h a t  y i e ld s  the 
l a rges t  mode and sca le  parameter should be chosen. 

The second example i l l u s t r a t e s  one type of anomaly t h a t  may be encountered. 
Table 8 l i s t s  the  extreme wind data presented by Changery (1982b) f o r  the  
a i rpo r t  a t  Grand Rapids, Michigan. S t a t i s t i c s  f o r  the  two data  subsets  a r e  
presented in Table 9. On examination of the s t a t i s t i c s  f o r  the  reported data 
and the  s t a t i s t i c s  f o r  the  data adjusted t o  a 60 s averaging period, the two 
subsets may appear t o  be consistent .  However, on c lose r  examination, i t  can 
be seen t h a t  the  mode estimated f o r  the f i r s t  subset i s  s l i g h t l y  lower than the 
mode estimated f o r  the  second subset even though the measurement height f o r  the 
f i r s t  subset i s  higher. This discrepancy i s  increased when the  adjustment t o  
the standard, 10 m measurement height i s  made. 

A potent ia l  cause of t h i s  discrepancy can be found i n  a c lose  examination 
of the  s t a t i on  history.  The basic data a r e  presented by Changery (1982b) as 
though they a r e  f o r  a s ingle  location located a t  42' 54' north l a t i t ude ,  85' 
40' west longitude, although two s ta t ion  iden t i f i ca t ion  numbers, WBAN #I4830 
and WBAN #94860 a r e  given. According t o  Changery (1978) , there  have been two 
Grand Rapids,. Michigan Weather Bureau Airport Sta t ions .  The f i r s t  s t a t i on  (WBAN 
#14830) was located a t  the  coordinates given above unt i l  November 24, 1963. 
The second s t a t i on  (WBAN #94860), located a t  42' 53'N, 85' 31tW, began operation 
on November 24, 1963, which coincides with the date  on which the  anemometer 
height changed. The separation between these s t a t i ons  i s  about 6 miles, and 
there  i s  a 37 m d i f ference in elevations.  Consequently, i t  may be reasonable 
t o  assume t h a t  the  anomaly i s  due t o  d i f ferences  in the topographic s e t t i ngs  
of the a i rpo r t s .  A topographic map of the region may be of ass i s t ance  in 
resolving t h i s  question. I t  may a l so  be possible t ha t  the di f ference between 
the observed extreme winds i s  due t o  normal climatological va r ia t ion ,  in view 
of the r e l a t i ve ly  shor t  period of record a t  each location.  



TABLE 8. Extreme Winds f o r  Grand Rapids, Michigan. Data from 
Changery (1982b). 

Year Loc. U U60 U10 Year Loc. -- 
1951 64R 47 48.1 45.6 1964 206 
1952 " 65 64.5 61.2 1965 " 
1953 " 46 47.2 44.8 1966 " 
1954 " 57 57.3 54.3 1967 11 

1955 " 44 45.3 43.0 1968 " 
1956 " 52 52.7 50.0 1969 " 
1957 " 45 46.2 43.9 1970 " 
1958 " 40 41.6 39.5 1971 I 1  

1959 " 40 41.6 39.5 1972 " 
1960 " 43 44.4 42.1 1973 " 
1961 " 40 41.6 39.5 1974 " 
1962 " 41  42.5 40.4 1975 " 
1963 " 45 46.3 43.9 1976 " 

1977 I 1  

1978 " 
1979 " 

NOTE: R = r o o f  locat ion ,  G = ground l o c a t i o n  

TABLE 9. S t a t i s t i c s  o f  t he  Grand Rapids A i r p o r t  
Extreme Winds a t  Each Anemometer Location. 

Height 64R 206 
Years 13 16 

Reported Speeds 
Mean 46.54 49.50 
St. Dev. 7.434 7.983 
Mode 43.19 45.91 
Scale 5.797 6.225 

Speeds Standardized t o  60 s Averaging Time 
Mean 47.64 50.38 
S t .  Dev. 6.827 7.353 
Mode 44.57 47.07 
Scale 5.323 5.733 

Speeds Standardized t o  10 m 
Mean 45.21 52.54 
St.  Dev. 6.458 7.674 
Mode 42.30 49.08 
Scal e 5.036 5.983 



The dec i s ion  t o  conso l ida te  the  two Grand Rapids a i r p o r t  subsets o r  no t  
i s  a sub jec t i ve  one. I f  one o f  t he  a i r p o r t  l oca t i ons  i s  c l e a r l y  n o t  
rep resen ta t i ve  o f  t he  s i t e  f o r  which the  extreme value ana lys i s  i s  be ing  
performed, then i t  would be necessary t o  d i sca rd  the  data f o r  t h a t  l oca t i on .  
I f ,  however, n e i t h e r  a i r p o r t  l o c a t i o n  can be shown t o  be unrepresentat ive,  
conso l i da t i on  o f  t he  subsets may be more appropr iate.  

The data  f o r  La Crosse, Wisconsin (Changery 1982b) p rov ide  the  f i n a l  
example. These data  are  presented i n  Table 10, and t h e i r  s t a t i s t i c s  a re  
summarized i n  Table 11. From 1874 through 1942 the  da ta  were taken a t  t he  
La Crosse Weather Bureau o f f i c e .  The remaining data were take a t  t he  La Crosse 
a i r p o r t .  

During the  69 years t h a t  the  wind measurements were made a t  t he  Weather 
Bureau o f f i c e ,  t he  anemometer he igh t  increased from 70 t o  87 f t  and then 
decreased t o  49 ft. The summary t a b l e  shows t h a t  t he  decrease i n  annual 
extremes, which coinc ided w i t h  the  change i n  anemometer height ,  was more than 
can be accounted f o r  by the  he igh t  change. I n  the  35 years t h a t  t he  anemometer 
was a t  49 ft, the  annual extreme (adjusted t o  10 m) was l e s s  than 35 mph 28 
times, w h i l e  i n  t he  34 prev ious years, t he  annual extreme (a lso  adjusted t o  
10 m) was l e s s  than 35 m i les  on l y  twice.  It i s  reasonable t o  assume t h a t  the  
1908 change i n  anemometer he igh t  was associated w i t h  a change i n  l o c a t i o n  o f  
t he  Weather Bureau o f f i c e .  A1 though Changery (1978, 1982b) does n o t  i n d i c a t e  
t h i s  change i n  l oca t i on ,  t he  change i s  shown i n  the  s t a t i o n  h i s t o r y  i n  the  Local 
C l imato log ica l  Data Annual Summary With Comparative Data f o r  La Crosse ( f o r  
example i n  NOAA 1980). I n  add i t ion ,  t he  remarks column conta ins t h e  f o l l o w i n g  
comment on the  exposure a t  49 ft: "Tops o f  t rees  equal o r  s l i g h t l y  above wind 
inst rument  exposure." On t h i s  basis ,  i t  i s  reasonable t o  exclude the  49 f t  data 
from f u r t h e r  considerat ion.  

Without exc lus ion  o f  the  49 f t  data from the  data  set ,  t he  mode and scale 
parameters est imated f o r  10 m f o r  La Crosse us ing a composite da ta  s e t  a re  35.03 
mph and 8.709 mph, respect ive ly .  Excluding the  49 ft data, t he  parameters are 
42.10 mph and 8.207 mph. These parameters correspond t o  the  est imated 60 s 
average extreme winds shown i n  Table 12. I t  i s  ev ident  t h a t  t he  e f f e c t  o f  the  
increase i n  t h e  mode r e s u l t i n g  from excluding the  49 f t  data causes an increase 
i n  t he  est imated extremes. However, t he  decrease i n  scale parameter tends t o  
o f f s e t  t h a t  increase as lower p r o b a b i l i t y  speeds are estimated. 

STATISTICAL TESTS 

S t a t i s t i c a l  comparisons o f  the  data i n  t he  subsets may prov ide  i n s i g h t  t h a t  
can be used i n  making the  dec is ion  t o  conso l ida te  data subsets. Extreme winds 
have a h i g h l y  skewed d i s t r i b u t i o n  i n  which there  are  many r e l a t i v e l y  small 
values and a few very l a r g e  values. As a r e s u l t ,  s t a t i s t i c a l  techniques f o r  
comparing sample means, such as Student 's  t t e s t  and Duncan's mu1 t i p l e  range 
t e s t  (Wine 1964) a re  n o t  e f f i c i e n t .  These t e s t s  assume t h a t  t he  samples are 
drawn from d i s t r i b u t i o n s  t h a t  are normal. There are  o the r  t e s t s ,  i n c l u d i n g  the  
Kolmogorov-Smi rnov two-sampl e t e s t ,  the  Mann-Whi tney (Wi 1 coxson), and 
Kruskal-Wal l is  t e s t s  t h a t  do no t  assume t h a t  the  d i s t r i b u t i o n s  from which the  



TABLE 10. Extreme Winds f o r  La Crosse, Wisconsin. Data from 
Changery (1982b). 

Year Loc. U U60 U10 - - -  -- 

1874 70R 61 60.9 61.4 
1875 " 84 81.4 82.0 
1876 '" 43 44.4 44.7 
1877 " 39 40.7 41.0 
1878 " 46 47.2 47.6 
1879 " 38 39.7 40.0 
1880 " 42 43.5 43.8 
1881 81R 40 41.6 41.3 
1882 " 60 60.0 59.6 
1883 " 38 39.7 39.4 
1884 " 62 61.8 61.4 
1885 " 48 49.0 48.7 
1886 " 49 50.0 49.6 
1887 80R 43 44.4 44.1 
1888 " 33 35.0 34.8 
1889 " 50 50.9 50.6 
1890 81R 47 48.1 47.8 
1891 " 28 30.2 30.0 
1892 " 38 39.7 39.4 
1893 " 40 41.6 41.3 
1894 " 35 36.9 36.6 
1895 " 43 44.4 44.1 
1896 " 40 41.6 41.3 
1897 " 47 48.1 47.8 
1898 " 40 41.6 41.3 
1899 " 43 44.4 44.1 
1900 " 35 36.9 36.6 
1901 " 36 37.8 37.6 
1902 87R 40 41.6 41.0 
1903 " 36 37.8 37.3 
1904 " 38 39.7 39.2 
1905 " 34 35.9 35.4 
1906 " 37 38.8 38.2 
1907 " 49 50.Q 49.3 
1908 49R 25 27.3 28.5 
1909 " 30 32.1 33.6 
1910 " 25 27.3 28.5 
1911 " 30 32.1 33.6 
1912 " 34 35.9 37.6 

NOTE: R = r o o f  l o c a t i o n  

Year 



TABLE 11. S t a t i s t i c s  o f  La Crosse Extreme Winds a t  Each 
Anemometer Locat ion. 

Height  70R 81R 80R 81R 87R 49 R 29R 
Years 7 6 3 12 6 3 5 8 

Reported Speeds 
Mean 50.43 49.50 42.00 39.33 39.00 28.37 55.13 
St. Dev. 16.68 9.915 8.544 5.433 5.292 4.466 9.524 
Mode 42.92 45.04 38.15 36.89 36.62 26.36 50.84 
Scale 13.01 7.730 6.662 4.236 4.126 3.482 7.425 

Speeds Standardized t o  60 s Averaging Time 
Mean 51.11 50.36 43.43 40.95 40.65 30.53 55.52 
St. Dev. 15.12 9.116 7.988 5.113 4.938 4.300 8.692 
Mode 44.31 46.52 39.82 38.65 38.42 28.59 51.60 
Scale 11.79 7.108 6.228 3.986 3.850 3.353 6.777 

Speeds Standardized t o  10 m 
Mean 51.50 50.00 43.17 40.66 40.07 31.19 56.11 
S t .  Dev. 15.23 9.051 7.941 5.076 4.868 4.495 8.784 
Mode 44.64 45.93 39.60 38.38 37.88 29.89 52.16 
Scale 11.88 7.057 6.192 3.958 3.796 3.505 6.849 

TABLE 12. E f f e c t  o f  Excluding the  49 f t  Data From the  
La Crosse, Wisconsin, Extreme Wind Data Base. 

w i t h  w i thou t  
P r o b a b i l i t y  49 f t  data  49 f t  data  

(y r - l )  (rnph) (mph) 

samples are  drawn are  normal. These t e s t s  a re  c a l l e d  nonparametric t e s t s  and 
are  descr ibed . i n  var ious  s t a t i  s t i c s  t e x t s  i nc l  uding Hol 1 ander and Wol f e  (1973) 
and Daniel  (1978). 

The Mann-Whi tney and Kruskal -Wall i s  t e s t s ,  which may be used t o  compare 
the  l o c a t i o n  parameters (modes) o f  d i s t r i b u t i o n s ,  are based on order  s t a t i s t i c s  
o f  the  observat ions i n  t he  subsets. The data are arranged i n  o rder  o f  ascending 
value. Each value i s  assigned a rank according t o  i t s  p o s i t i o n ,  w i t h  the  lowest 
value having the  rank o f  one. The sums o f  the  ranks o f  the  da ta  i n  each subset 
are computed and a re  used i n  comparing the  samples. The Mann-Whitney t e s t  i s  
used when two samples are  compared, and the  Kruskal-Wal l is  t e s t  i s  used t o  
compare more than two samples. 



The Kruskal-Wal l is  t e s t  was used t o  compare the  est imated modes o f  data 
subsets f o r  Jacksonv i l l e  standardized t o  the  60 s averaging p e r i o d  be fore  and 
a f t e r  adjustment t o  t he  standard 10 m measurement height .  P r i o r  t o  ad jus t i ng  
the  data t o  the  10 m height ,  6 o f  the  15 d i f f e rences  were s t a t i s t i c a l l y  
d i f f e r e n t  a t  conf idence l e v e l  o f  90% o r  greater ,  and f o u r  o f  them were 
s i g n i f i c a n t  a t  the  99% conf idence l e v e l .  A f t e r  t he  he igh t  adjustment was 
appl ied,  o n l y  th ree  o f  t he  d i f f e rences  were s i g n i f i c a n t .  A1 1 th ree  o f  the  
s i g n i f i c a n t  d i  f ferences invo lved t h e  f o u r t h  measurement per iod.  The annual 
maximum wind speeds du r ing  the  f o u r t h  measurement p e r i o d  (1934 through 1949) 
were r e l a t i v e l y  low b u t  no t  ou ts ide  o f  t he  range o f  t he  speeds du r ing  the  o the r  
periods. Thus, t he  t e s t s  tend t o  support the  adjustment o f  t he  speeds t o  the  
standard 10 m height .  Although the  t e s t s  i n d i c a t e  t h a t  t he  d i s t r i b u t i o n  o f  
extreme winds du r ing  the  f o u r t h  pe r iod  was s i g n i f i c a n t l y  d i f f e r e n t  than those 
o f  winds du r ing  the  o the r  periods, f u r t h e r  examination o f  t he  data does no t  
i n d i c a t e  t h a t  conso l i da t i on  o f  t he  subsets would be improper. When at tempt ing 
t o  i n t e r p r e t  t he  r e s u l t s  o f  these s t a t i s t i c a l  t es t s ,  i t  i s  we l l  t o  remember t h a t  
the  l o c a t i o n s  f o r  which data are  a v a i l a b l e  are  no t  l i k e l y  t o  be the  l o c a t i o n  
f o r  which the  p r o b a b i l i s t i c  r i s k  assessment i s  t o  be performed. 

When the  Mann-Whitney t e s t  was used t o  compare modes o f  t he  Grand Rapids 
data, t he  d i f f e r e n c e  p r i o r  t o  adjustment t o  10 m was n o t  s i g n i f i c a n t  a t  even 
the  75% conf idence l e v e l .  However, a f t e r  t he  he igh t  adjustment, t h e  d i f f e r e n c e  
i n  t he  modes o f  t he  subsets was s i g n i f i c a n t  a t  t he  95% conf idence l e v e l .  
Depending on the  s i t u a t i o n  i n  which the  Grand Rapids were t o  be used, any one 
o f  several courses o f  a c t i o n  might  be appropriate. I f  one o f  t he  Grand Rapids 
a i r p o r t  l o c a t i o n s  i s  c l e a r l y  n o t  representa t ive  o f  t he  s i t e  f o r  which extreme 
winds are being estimated, t he  data f o r  t h a t  s i t e  cou ld  be excluded from f u r t h e r  
ana lys is .  I f  n e i t h e r  data subset can be excluded, t he  da ta  may be consol idated 
w i t h  o r  w i thout  he igh t  adjustment. 

Consol idat ion o f  the  data subsets p r i o r  t o  he igh t  adjustment cou ld  be 
j u s t i f i e d  by arguing t h a t  t he  standard measurement he igh t  l i e s  between the  two 
actual  measurement he igh ts  and t h a t  the  s t a t i s t i c a l  t e s t  does n o t  i n d i c a t e  t h a t  
t he  d i s t r i b u t i o n s  are  d i f f e r e n t .  An argument can be made f o r  combining the  
subsets a f t e r  the  he igh t  adjustment on the  bas i s  o f  est imates o f  t h e  modes and 
scale parameters. I f  the  data are  combined p r i o r  t o  he igh t  adjustment, t he  
est imates o f  the  mode and scale parameter a re  45.95 and 5.558, respec t i ve l y ,  
w h i l e  i f  the  subsets are  combined a f t e r  the  he igh t  adjustment, the  parameter 
values are  45.67 and 6.197. When modes are approximately the  same, the  l a r g e r  
scale parameter value w i  11 y i e l d  the  h igher  (more conservat ive) extreme wind 
estimates. This may be confirmed by consider ing Equation (2). 

A t h i r d  a l t e r n a t i v e  might be t o  assume t h a t  t he  subsets are from d i f f e r e n t  
l oca t i ons  and t r e a t  them as such. However, t h i s  a l t e r n a t i v e  i s  on l y  a v a r i a t i o n  
on the prev ious a l t e rna t i ves .  I f  the  extreme wind ana lys i s  i s  t o  be based on 
data f o r  a s i n g l e  s t a t i o n ,  t h i s  a l t e r n a t i v e  r e s u l t s  i n  d i sca rd ing  one o f  the  
subsets w i t h  a reduc t ion  i n  the  scale parameter t h a t  may no t  be warranted. I f  
the extreme wind ana lys i s  i s  t o  be based on data f o r  many s t a t i o n s  and n e i t h e r  
o f  the  subsets w i l l  be discarded i n  consol i d a t i o n  o f  the  mu1 t i p l e  s t a t i o n  data 
base, the  issue o f  a combination o f  t he  data subsets i s  on l y  a mat te r  o f  t iming.  



TORNADO WINDS 

The observed extreme wind speeds avai lable  from the  standard climatological 
data sources do not properly account f o r  the  probabi l i ty  of winds due t o  
tornadoes. Equations (11) through (13) provide a means of assigning a 
probabi l i ty  t o  tornado winds. Parameters f o r  the tornado in tens i ty  d i s t r ibu t ion  
a re  given in  Table 3 ,  and the corresponding d i s t r ibu t ions  f o r  the  eastern and 
western United S t a t e s  a r e  shown i n  Figure 1. Given these p robab i l i t i e s ,  tornado 
wind speeds can be estimated i f  the tornado s t r i k e  probabi l i ty  i s  known. 

The National Severe Storms Forecast Center (NSSFC) operated by the  National 
Weather Service in Kansas City, Missouri, maintains a data  base t h a t  l i s t s  
tornadoes reported in the  contiguous United S ta tes  s ince  1950. Tornadoes a r e  
tabulated by s t a t e s  and a r e  described by posit ion ( l a t i t ude  and longitude of 
the beginning and end), length, width, and in tensi ty .  A s imi la r  data  base, 
ca l led  the  DAPPL data  base, i s  maintained by Fuj i ta  a t . t h e  University of 
Chicago. Grazul i s (1984) reevaluated the in tens i ty  ra t ings  of tornadoes 1 i s ted  
as  F4 and F5 in  the  NSSFC and DAPPL tornado data bases and reconciled the  
di f ferences  in the  ra t ings  of these tornadoes. 

Ramsdell and Andrews (1986) used the  NSSFC data base, containing the  
r e su l t s  of the  reconci l ia t ion,  t o  prepare a climatology of tornado occurrences 
in the  contiguous United S ta tes  from 1954 through 1983. Their est imates of the 
tornado po in t- s t r i  ke probabi 1 i ty  estimates (yr-l) f o r  f i ve  1 a t i  tude and 
longitude boxes covering the contiguous United S ta tes  a r e  shown in Figure 2. 
The p robab i l i t i e s  in the  f igure  have been mu1 t ip1 ied by lo6.  T h u s ,  the  
probabi 1 i t i e s  range from a low of about lo-' in western Oregon t o  a high of 
almost 4 x in the  v i c in i t y  of Kansas and Oklahoma. 

FINAL ANALYSIS 

A t  t h i s  point ,  the extreme winds a t  a location a r e  characterized by three  
numbers--the mode and sca le  parameter of the Fisher-Tippett Type I d i s t r i bu t i on ,  
and the  tornado s t r i k e  probabil i ty.  With these numbers, and the  number of 
annual extreme winds used t o  estimate the  Type I d i s t r ibu t ion  parameters, i t  
i s  a simple matter  t o  compute the  p robab i l i t i e s  (yr-l) associated with extreme 
winds. Appendix D contains a l i s t i n g  of a shor t  computer program f o r  t h i s  
purpose. 

Parameters f o r  the extreme wind cha rac t e r i s t i c s  f o r  the  three  locat ions  
discussed in  the  examples e a r l i e r  in t h i s  section a r e  summarized in Table 13. 
These parameters and the program in Appendix D have been used t o  est imate 
extreme wind probab i l i t i e s  f o r  each of the s i t e s .  The r e su l t s  a r e  shown in 
Tables 14, 15 and Figure 3. 

The wind speeds given in the  t ab les  and f igure  a re  fas tes t-mile  wind 
speeds. They were converted t o  60 s averages in the program f o r  evaluation of 
the  probabi l i ty  of occurrence and estimation of the wind speeds a t  the  upper 
and lower ends of the  90% confidence in te rva l .  The wind speeds associated with 
the  confidence in terval  were adjusted t o  fastest-mile values a t  the  end of the 
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TABLE 13. Extreme Wind Parameter Est imates f o r  J a c k s o n v i l l e ,  
F l o r i da ;  t h e  Grand Rapids, Michigan A i r p o r t ;  and 
La Crosse, Wisconsin. 

Loca t ion  
J a c k s o n v i l l e  Grand Rapids La Crosse 

TABLE 14. Extreme Wind Est imates f o r  Jacksonv i l l e ,  F l o r i d a ;  
t h e  Grand Rapids, Michigan A i r p o r t ;  and La 
Crosse, Wisconsin Based on Observed Wind Data. 
A l l  wind speeds a re  f a s t e s t - m i l e  speeds. 

Jacksonvi  11 e Grand Rapids La Crosse 
Speed Prob. 90% Conf. Prob. 90% Conf. Prob. 90% Conf. 
(mph) (y r - l )  I n t .  ( y r - l )  I n t .  ( y r - l )  I n t .  

program. Fas tes t- mi le  speeds cannot be determined d i r e c t l y  f rom t h e  60 s 
average speeds, t h e r e f o r e  t h e  method o f  successive s u b s t i t u t i o n s  (e.g., Carnahan 
e t  a l .  1969) i s  used t o  o b t a i n  approximate f a s t e s t - m i l e  speeds. Convergence 
i s  assumed when t h e  d i f f e r e n c e  between consecut ive approx imat ions i s  l e s s  
than  0.001 mph. 

The f i r s t  column i n  Table 14 l i s t s  t h e  nominal wind speed f o r  which t h e  
est imates a re  made, and t h e  t h r e e  columns f o r  each l o c a t i o n  g i v e  t h e  p r o b a b i l i t y  
(y r - l )  o f  observ ing  t h e  nominal speed, and t h e  upper and lower  speeds o f  t h e  
90% conf idence i n t e r v a l  assoc ia ted  w i t h  t h e  p r o b a b i l i t y .  For  example, t h e  
probabi  1 i ty  o f  occurrence o f  a 60 mph wind a t  Jacksonvi 1 l e  i s  6.7E-2 y r - I  
( r e t u r n  p e r i o d  o f  about 15 years ) ,  and t h e  90% conf idence i n t e r v a l  f o r  wind 
speeds a t  t h e  6.7E-2 y r - I  probabi  1 i t y  l e v e l  i s  57 t o  63 mph. 



TABLE 15. Tornado Wind Speed Estimates f o r  Jacksonvil le ,  
Florida; the  Grand Rapids, Michigan Airport; and 
La Crosse, Wisconsin. 

Jacksonvil le  Grand Rapids La Crosse 
Speed Prob. Prob. Prob. 
(mph) (yr-l) (y r-1) (yr-1) 

The e f f e c t s  of the  di f ferences  in  parameter values and the number of 
observations can be seen by comparing the  data  f o r  the  three  locat ions  in 
Table 14. The parameters f o r  Jacksonvil le  and the Grand Rapids a i r po r t  a re  
approximately the  same. Therefore, the  r a t i o  of width of the  confidence 
in terval  f o r  the  Grand Rapids a i r po r t  t o  the  width of the  in terval  f o r  
Jacksonvil le  should be about 1.9 based on the ,square root  of the  r a t i o  of number 
of observations, which i s  the  case. The modal speed f o r  La Crosse i s  lower than 
the modal speeds f o r  e i t h e r  of the  other  locations.  However, the  probabi l i ty  
of occurrence of an extreme wind of 100 mph a t  La Crosse i s  an order of 
magnitude g r ea t e r  than i t  i s  a t  Jacksonvil le  and about f i ve  times as great  a s  
i t  i s  a t  Grand Rapids. These di f ferences  a r e  the  r e s u l t  of r e l a t i ve ly  large  
scale  parameter f o r  La Crosse. 



MULTIPLE STATION ANALYSIS 

Extreme winds tend t o  be associated with small-scale meteorological 
phenomena (e.g.,  thunderstorms and tornadoes) o r  t o  occur in small areas 
associated with l a rger  phenomena (e.g., near the eye of a hurricane). As a 
r e s u l t ,  est imates of the probabi l i ty  of given extreme wind a t  spec i f i c  location 
on the  bas is  of observed winds depend on both the i n t e n s i t i e s  of storms during 
the observation'period and the proximity of the  high wind regions of the storms 
t p  the location.  The NCDC publishes 30-year climatological "normals" f o r  winds 
and temperatures t ha t  a r e  measured routinely.  Certainly,  the data  used t o  
estimate extreme values should cover a t  l e a s t  a s  long a period as  i s  used f o r  
means. Some locations in the United S ta tes  have extreme wind data  records t ha t  
cover more than 100 years.  However, these locations a r e  the  exception ra the r  
than the rule .  Multiple-station analysis  provides a method f o r  estimating 
extreme winds on the bas is  of data f o r  several s t a t i ons .  

The conceptual bas is  f o r  mult iple- stat ion analys is  i s  the double nature 
of the randomness associated with extreme winds--the randomness of storm 
in tens i ty  and the randomness of storm posit ion.  I f  a  topographically and 
meteorologically homogeneous region can be defined t ha t  includes the  s i t e  f o r  
which extreme winds a r e  t o  be estimated and several s t a t i ons  t h a t  have extreme 
wind observations, then combining the extreme wind data as i f  they were f o r  a 
s ingle  s t a t i on  may provide be t t e r  extreme wind est imates than would be obtained 
otherwise. The period of record f o r  the combined data base would be a t  l e a s t  
as long as t ha t  f o r  any of the  individual data s e t s  within the  data base, and 
the individual s t a t ion  observations f o r  years in which the  individual s t a t ion  
records overlap wil l  provide some representation of the  e f f ec t s  of posit ion of 
the storm r e l a t i ve  t o  the  s ta t ion .  

In se lec t ing  extreme wind data f o r  use in a mult iple- stat ion analys is ,  i t  
i s  necessary t o  consider the charac te r i s t i c s  of the  storms t ha t  produce high 
winds in an area as  we1 1 a s  topographical and meteorological homogeneity. For 
example, winds in hurricanes decrease as the hurricanes move inland. Therefore, 
observed extreme winds a t  s t a t i ons  25 t o  50 miles from the  At lant ic  coast a r e  
not l i ke ly  t o  adequately r e f l e c t  the hurricane winds f o r  coastal s i t e s .  
However, in the s i t ua t i on ,  i t  may be reasonable t o  use data from coastal 
s t a t i ons  a hundred miles away. Similar conditions may ex i s t  along the  shores 
of the Great Lakes. On the  o ther  hand, f o r  much of the  great  p la ins ,  the 
midwest, and the  eastern Uni tqd S ta tes  (excluding hurricane a r ea s ) ,  the extreme 
wind climate i s  largely  determined by extreme winds associated with 
thunderstorms and extra t ropical  cyclones. In these regions, the  va r i ab i l i t y  
of extreme wind climates over distances of a few hundred miles should be 
re1 a t i  vely small . 

Multiple-station analys is  i s  an option t ha t  can be chosen following 
completion of the  analys is  of data from individual s t a t i ons .  I f  topographical 
and cl imatol ogi cal eval uati on of a region indicates  t ha t  there  a r e  several 
s t a t ions  t h a t  may be representat ive of the conditions a t  a  location the  data 
f o r  the  s t a t i ons  can be combined and reanalyzed. However, i f  the  r e su l t s  of 
individual s t a t i on  analyses of the avai lable  extreme wind data indicate  t ha t  



l o c a l  topographic cond i t i ons  are  a dominate f a c t o r  i n  extreme winds a t  one o r  
more o f  t he  s ta t i ons ,  then the  data f o r  those s i t e s  should be excluded from the 
ana lys is .  

The o b j e c t i v e  o f  the  m u l t i p l e- s t a t i o n  ana lys is  i s  i d e n t i c a l  t o  t h a t  o f  the 
s i n g l e - s t a t i o n  ana lys i s  discussed i n  the  l a s t  sect ion.  I t  i s  t o  ob ta in  
est imates o f  t he  parameters f o r  the  extreme wind d i s t r i b u t i o n .  Therefore, the 
m u l t i p l e - s t a t i o n  ana lys i s  invo lves  the  same steps as the  s i n g l e - s t a t i o n  
ana lys is ,  except t h a t  the  dec is ion  t o  inc lude o r  exclude i s  app l i ed  t o  s ta t i ons  
r a t h e r  than data  subsets a t  a s ta t i on .  

The f o l l o w i n g  two examples demonstrate m u l t i p l e - s t a t i o n  ana lys is .  More 
da ta  a re  a v a i l a b l e  f o r  these regions than are  discussed, and should be used i n  
an ac tua l  extreme value analys is .  I n  add i t ion ,  many o f  the  dec is ions  i n  t he  
examples are  a r b i t r a r y  and are open t o  quest ion. However, the  p o i n t  o f  the  
example i s  t o  demonstrate the  procedure. I f  the  procedure i s  fo l lowed and 
i d e n t i c a l  dec is ions  are made by d i f f e r e n t  analysts,  a common r e s u l t  should be 
obtained. I f  d i f f e r e n t  decis ions are  made and each dec is ion  i s  documented, the 
p o i n t s  o f  d i f f e r e n c e  can e a s i l y  be i d e n t i f i e d  and resolved. Ne i the r  example 
i nvo l ves  o r  i s  i n  any way r e l a t e d  t o  an e x i s t i n g  o r  proposed nuc lear  f a c i l i t y .  

ATLANTIC COAST EXAMPLE 

Changery (1982a) conta ins extreme wind data f o r  14 l o c a t i o n s  along the  
At1 a n t i c  coast  between Jacksonvi 11 e, F lo r i da ,  and Cape Henry, V i r g i n i a .  
F igure 4 summarizes the  data f o r  these s ta t i ons .  The order  o f  the  s t a t i o n s  i n  
t he  f i g u r e  corresponds t o  t h e i r  l o c a t i o n  along the coast from n o r t h  t o  south. 
The p e r i o d  o f  record  f o r  each s t a t i o n  i s  represented by a ho r i zon ta l  l i n e ,  and 
changes i n  anemometer e leva t i on  are  marked by t i c k  marks on t h e  l i n e .  Estimates 
o f  t he  mode and scale parameter ( i n  parentheses) f o r  t he  da ta  subsets, adjusted 
t o  10 m, a re  shown above each l i n e ,  and the  mode and scale parameters f o r  the  
combined data  f o r  each s i t e  a re  shown a t  the  end o f  t he  s i t e ' s  t ime l i n e .  

Examining t h i s  f i g u r e ,  i t  appears t h a t  i t  would be reasonable t o  t r e a t  t h i s  
p o r t i o n  o f  t h e  A t l a n t i c  coast as two separate regions. The nor thern  reg ion  
would i nc lude  t h e  s t r e t c h  o f  coast from Cape Henry through Cape Lookout and 
Fo r t  Macon, North Carol ina,  and the  southern reg ion  would i nc lude  t h e  coast from 
W i  lmington, North Carol ina,  through Jacksonvi 1 l e .  Manteo and Smi t h v i  11 e l  
Southport  a re  except ions i n  t h e i r  respect ive  groups. Both l o c a t i o n s  have 
r e l a t i v e l y  sho r t  per iods  o f  record. I n  add i t i on ,  the  p e r i o d  o f  record  a t  
Manteo occurred du r ing  a pe r iod  i n  which o the r  s t a t i o n s  had r e l a t i v e l y  low 
extremes, whi 1 e the  p e r i o d  o f  record a t  Smi t h v i  11 e lsouthpor t  occurred when 
many o f  t he  o the r  s t a t i o n s  had r e l a t i v e l y  h igh  extremes. Thus, t he  dev ia t i ons  
o f  t he  extreme wind c h a r a c t e r i s t i c s  f o r  these s i t e s  from c h a r a c t e r i s t i c s  o f  
t he  o the r  s t a t i o n s  i n  t h e i r  groups i s  no t  reason t o  drop the  s i t e s  from f u r t h e r  
considerat ion.  

The nature  o f  t he  c o a s t l i n e  i s  shown i n  F igure 5 along w i t h  the  extreme 
value parameters f o r  each l oca t i on .  The s t a t i o n s  n o r t h  o f  t he  d i v i d i n g  l i n e  
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FIGURE 4. Synopsis of Coastal Extreme Wind Data Between Jacksonv i l l e  and Cape 
Henry. The Mode and Sca le  Parameter (1n Parentheses)  f o r  Each Data 
Subset ,  Following Adjustment t o  10 r n ,  a r e  Shown Above t h e  Time Line 
and t h e  Composite Parameters a r e  on t h e  Right. 
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FIGURE 5. Map o f  t h e  Coastal  Region Between J a c k s o n v i l l e  and Cape Henry Showing 
Extreme Wind D i s t r i b u t i o n  Parameters and Loca t ion  f o r  Which Extreme 
Winds a re  t o  be Estimated. The Loca t ion  i s  I n d i c a t e d  by a S ta r .  



are  generally located on ba r r i e r  is lands several miles o f f  the  coas t ,  while none 
of the  s t a t i ons  south of l i ne  a r e  located on a ba r r i e r  is land.  

Assuming t ha t  an extreme wind assessment i s  t o  be made f o r  a s i t e  a t  the 
approximate location of the s t a r  in Figure 5. The northern s t a t i ons  may be 
dropped from consideration. T h u s ,  the data base f o r  f u r t he r  consideration i s  
reduced t o  the data  from f i ve  locations:  Jacksonvil le ,  Florida; Savannah, 
Georgia; Charleston, South Carolina; Smithville/Southport, North Carolina, and 
Wilmington, North Carolina. The individual s t a t ion  data f o r  these s t a t i ons  a re  
summarized in Table 16, and the bottom l i n e  of the  t ab l e  gives parameter 
est imates based on the composite data s e t .  The cumulative d i s t r ibu t ion  of the 
observed extreme wind speeds in the  composite data base i s  shown in Figure 6 
along with the expected cumulative d i s t r ibu t ion  ( s t ra igh t  l ine )  f o r  a Type I 
d i s t r ibu t ion .  The Type I d i s t r ibu t ion  f i t s  the main portion of the  observed 
d i s t r ibu t ion  qu i te  well.  However, the magnitudes of the  lower probabi l i ty  
extremes appears t o  be somewhat underestimated. 

The analyt ica l  r e su l t s  presented in Table 16 and Figure 6 are  f o r  extreme 
winds f o r  the standard 60 s averaging interval  a t  a measurement height of 33 
f t  (10 m). An  extreme wind analysis  f o r  the  hypothetical location giving 
fas tes t-mile  speeds i s  shown in Figure 7. The f igure  a l so  shows the  90% 
confidence interval  associated with the  observed extremes and the  probabi 1 i  t i e s  
associated with extreme winds due t o  tornadoes. 

TABLE 16. Data Base For The At lant ic  Coast Multiple- 
Sta t ion Extreme Wind Analysis Example 

Years of Parameter Estimates 
Locat i  on Record Mode S t .  Dev. Scale St .  Dev. 

Wilmington, NC 108 42.09 0.7246 6.986 0.7032 

Smithvil le/  19 50.55 3.161 12.75 3.068 
Southport, NC 

Char1 eston,  SC 103 45.01 0.8539 8.019 0.8287 

Savannah, GA 9 2 43.00 0.7818 6.939 0.7588 

Jacksonvi 11 e ,  FL 107 44.20 0.6254 5.986 0.6069 

Composi t e  429 43.69 0.3944 7.559 0.3828 

The analys is  was made with the computer program l i s t e d  in Appendix D using a 
tornado s t r i k e  probabi l i ty  of 2.16 x lo-', which was obtained from Figure 2. 
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FIGURE 6. D i s t r i b u t i o n  o f  Coastal  Extreme Winds f o r  S t a t i o n s  From Jacksonvi  11 e 
Through W i  l m i  ngton. 
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FIGURE 7. F ina l  Extreme Wind Analysis f o r  the  Hypothet ica l  A t l a n t i c  Coast 
Locat ion. E r r o r  Bands I n d i c a t e  the  90% Confidence I n t e r v a l .  



MIDWEST EXAMPLE 

As a  second example o f  a  m u l t i p l e - s t a t i o n  ana lys is ,  consider  a  s i t e  on the  
western shore o f  Green Bay on Lake Michigan. A map o f  t he  general area i s  shown 
i n  F igure 8 w i t h  the  hypothet ica l  s i t e  i nd i ca ted  by a  s ta r .  Locat ions i n  t he  
reg ion  f o r  which Changery (1982b) prov ides extreme wind data are  shown on the  
map along w i t h  t h e i r  extreme wind d i s t r i b u t i o n  parameters. The data  f o r  Beaver 
Is land,  Michigan, and Plum Is land,  Wisconsin, a re  no t  l i k e l y  t o  be representa-  
t i v e  o f  cond i t i ons  a t  t he  hypothet ica l  s i t e  because o f  r e l a t i v e l y  long, open- 
water fe tches i n  a1 1  d i r e c t i o n s .  S i m i l a r l y ,  the  data f o r  Marquette, Michigan 
and Wausau, La Crosse, and Madison, Wisconsin are probably n o t  rep resen ta t i ve  
o f  t he  s i t e .  Consequently, t he  extreme wind ana lys is  i s  based on data  f o r  
Escanaba, Michigan, Green Bay, Wisconsin, and Milwaukee, Wisconsin. 

Parameter est imates f o r  s i n g l e - s t a t i o n  analyses o f  extreme winds f o r  these 
s t a t i o n s  are  g iven i n  Table 17. The range o f  parameter values appears t o  be 
cons i s ten t  w i t h  conso l i da t i on  o f  the  data. Parameter est imates f o r  t he  
m u l t i p l e - s t a t i o n  ana lys i s  are g iven a t  t he  bottom o f  the  tab le .  F igure  9 
compares the  d i s t r i b u t i o n  o f  the observed extreme winds i n  t he  combined data  
s e t  w i t h  a  Type I d i s t r i b u t i o n  having the  composite data base parameters g iven 
i n  Table 17. The completed ana lys is  f o r  the  s i t e  i s  shown i n  F igure  10, where 
the  speeds have been converted t o  fas tes t- mi les  from 60 s  averages. 

Two tornado wind curves are shown i n  F igure 10. These curves are  based 
on tornado s t r i k e  p r o b a b i l i t i e s  g iven i n  F igure 2. The two curves are  shown 
because t h e  hypo the t i ca l  s i t e  l i e s  i n  a reg ion  i n  which t h e  tornado s t r i k e  
probabi 1 i t y  changes s i g n i f i c a n t l y .  The lower tornado curve represents condi - 
t i o n s  t o  the  south o f  t h e  s i t e ,  w h i l e  t he  upper curve represents cond i t i ons  
t o  t h e  nor th .  I t  i s  l i k e l y  t h a t  an in termediate curve would represent  t he  
ac tua l  cond i t i ons  a t  t he  s i t e .  These cond i t ions  can be est imated i f  s i t e  
s p e c i f i c  tornado s t r i k e  p r o b a b i l i t y  i s  computed from tornado data. A l e s s  
r igorous  method o f  es t ima t ing  the  tornado wind p r o b a b i l i t i e s  would be t o  
a r i t h m e t i c a l l y  average the  p r o b a b i l i t i e s  a t  each speed. 

TABLE 17. Data Base For The Midwest M u l t i p l e - S t a t i o n  
Extreme Wind Analys is  Example 

Years o f  Parameter Estimates 
Locat ion Record Mode S t .  Dev. Scale S t .  Dev. 

Escanaba, M I  7 9 43.24 0.6489 5.337 0.6298 

Green Bay, W I  9 3 46.29 0.6707 5.985 0.6509 

M i  1  waukee, W I  107 46.36 0.5822 5.573 0.5651 

Composi t e  429 45.39 0.3720 5.750 0.3611 



FIGURE 8. Map o f  t he  Region f o r  the  Midwest Example Showing Extreme Wind 
D i s t r i b u t i o n  Parameters and Locat ion f o r  Which Extreme Winds are t o  
be Estimated. The Locat ion i s  I nd i ca ted  by a Star.  
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FIGURE 9. D i s t r i b u t i o n  o f  Combined Extreme Winds from Escanaba, Green Bay, and 
Milwaukee. 
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FIGURE 10. F i n a l  Extreme Wind Ana l ys i s  f o r  t h e  Hypo the t i ca l  Midwest Locat ion.  
E r r o r  Bands I n d i c a t e  t h e  90% Conf idence L i m i t .  The Upper Tornado 
L i ne  Assumes a  S t r i k e  P r o b a b i l i t y  o f  1.51 x y r - l ,  Whi le  t h e  
Lower Tornado L i ne  Assumes a  S t r i k e  P r o b a b i l i t y  o f  1.17 x y r - l .  



DISCUSSION 

The s t a f f  of the  NRC i s  required t o  estimate p robabi l i t i e s  associated with 
extreme winds f o r  use in Probabi l is t ic  Risk Assessments. These estimates must 
be made within time and cost  const ra ints  t ha t  preclude wind measurements o r  
prolonged analysis  of avai lable  data. This report  describes a procedure t ha t  
can be used by the  NRC s t a f f .  The procedure minimizes, but does not avoid, 
subjective decisions in the  analysis  of extreme wind data. The subjective 
decisions t ha t  remain a re  generally t o  include o r  exclude spec i f ic  data o r  t o  
make o r  not make adjustments t o  the data. By making the  same choices in these 
matters, d i f fe ren t  s t a f f  members given identical  data s e t s  should a r r i ve  a t  a 
common resu l t .  The procedure provides a framework f o r  identifying when a 
subjective decision i s  made and the nature of the decision. I f  s t a f f  members 
document t h e i r  choices during an analysis  and a r r ive  a t  d i f fe ren t  r e su l t s ,  i t  
should be easy t o  i so l a t e  the  points of disagreement t ha t  need resolution. 

There i s  a good deal of uncertainty associated with estimation of extreme 
winds, even when following the  proposed procedure. A portion of the uncertainty 
may be evaluated quant i ta t ively  using available data and s t a t i s t i c a l  techniques. 
However, there  a re  factors  t ha t  contribute t o  the  uncertainty t ha t  a re  not 
d i r ec t l y  quant i f iable  and may not be properly ref lected in  the  usual s t a t i s t i c a l  
techniques f o r  es tabl ishing confidence in tervals .  These factors  include: 

1) the  amount, type, and qua1 i t y  of the extreme wind data 

2) the  nature of the extreme wind c l imate(s) ,  and 

3)  the complexity of the  t e r ra in .  

The uncer ta int ies  associated w i t h  these factors  may we1 1 be l a rger  than the 
uncer ta int ies  estimated from the  data. As a r e su l t ,  i t  i s  suggested t ha t  
confidence be expressed in two parts .  The f i r s t  par t  should be an objective 
ra t ing t ha t  qua l i t a t ive ly  r e f l ec t s  the  overall adequacy and qual i ty  of the data 
used t o  determine parameter values f o r  the  extreme wind model, and the  second 
par t  i s  a confidence band f o r  the  extreme wind estimates t ha t  i s  based on the 
uncertainty in the  estimates of the  parameters of the  model. 

A three- level qua l i t a t ive  confidence categorization scheme was developed 
f o r  wind power estimates f o r  various regions of the United S ta tes  (PNL 1981). 
A s imilar  categorization could be used f o r  extreme wind estimates. 
Determination of a confidence ra t ing involves a subjective integration of 
information based of general c r i t e r i a  established f o r  use in the  making t h i s  
determination. 

The adequacy of the  data i s  evaluated by considering the d i s t r ibu t ion  and 
number of s ta t ions ,  and the  number of years and useful periods of record. The 
qual i ty  of the data re fe rs  t o  the representativeness of the  data with respect 
t o  open t e r r a in  exposure and the usefulness of the data.  Airf ie ld  s ta t ions  a t  
open t e r r a in  s i t e s  with good anemometer exposures f o r  30 o r  more years are  
considered t o  have good qual i ty  data. Extreme wind estimates based primarily 



on fas tes t-mile  and peak gust data from representative a i r f i e l d  locations would 
receive higher confidence ra t ings  than those based on other  types of extreme 
wind data.  Estimates based primarily on f a s t e s t  1-min observed data would 
have higher confidence ra t ings  than those f o r  areas with l i t t l e  o r  no represen- 
t a t i v e  data.  

The nature of the  extreme wind climate i s  evaluated by considering the  
types of extreme winds (e.g., hurricanes, thunderstorms, orographi c ,  extra-  
t ropical )  t ha t  a f f ec t  an area and the  extent  t o  which these winds a r e  repre- 
sented in the  avai lable  data. A longer period of record i s  required f o r  
r e l i ab l e  extreme wind estimates in a hurricane area than i s  required in an area 
in which severe thunderstorm-re1 ated winds a r e  predominant. For exampl e l  20 
s ta t ions  t ha t  have 10 years of data from the same period would not be as  useful 
in a hurricane wind climate as  in the  severe thunderstorm wind climate. In 
areas where d i f f e r en t  extreme wind climates overlap o r  where the  prevail ing 
extreme wind climate i s  unknown, the confidence ra t ing in the extreme wind 
estimates would be low. 

The complexity of the  t e r ra in  can be determined from surface landform maps 
o r  shaded r e l i e f  maps. In complex t e r r a in  areas without abundant data ,  the  
local va r i ab i l i t y  in extreme winds may be d i f f i c u l t  t o  estimate; t h u s ,  the  
confidence ra t ing in the  extreme wind estimates may be low. Where there  i s  
re la t ive ly  l i t t l e  r e l i e f  and a s imilar  extreme wind climate over large  regions, 
the confidence ra t ing would depend largely on the  amount, type, and qua l i ty  
of the data and the  r e l i a b i l i t y  of the  extreme wind model being used. 

Clearly both the quant i ta t ive  and qua1 i t a t i  ve evaluations of uncer ta int ies  
in extreme wind analyses are  functions of the ava i l ab i l i t y  of extreme wind 
data. These data can be found in many locations.  However, there  i s  no s ingle  
source of information f o r  the available data. A national index t o  extreme wind 
data i s  needed. Such an index would f a c i l i t a t e  the  iden t i f i ca t ion  and selection 
of su i tab le  data f o r  use in extreme wind PRA analysis .  I t  should l i s t  every 
location in the  United S ta tes  fo r  which extreme wind data have been recorded 
and provide information on the  types of extreme wind data t ha t  a r e  avai lable ,  
periods of record f o r  each type, anemometer heights and locat ions ,  and formats 
in which these data a re  available.  An index t o  extreme wind data would a l so  
be useful in documenting problems associated with extreme winds reported in 
exis t ing publications,  tabulations,  o r  data tapes. 
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APPENDIX A 
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MAXIMUM-LIKELIHOOD ESTIMATION OF 
EXTREME VALUE DISTRIBUTION PARAMETERS 

Kinnison (1985) discusses several methods f o r  es t imat ing  the  parameters 
o f  a  F isher- T ippet t  Type I d i s t r i b u t i o n .  Among these methods, l i n e a r  regression 
g ives biased est imates o f  t he  parameters. The method-of-moments i s  p re fe r red  
when s i m p l i c i t y  i s  desi red,  b u t  i t  i s  i n e f f i c i e n t  i n  es t imat ing  the  scale 
parameter. Maximum-1 i kel  i hood methods are  judged t o  be bes t  o v e r a l l  , a1 though 
they are n o t  as easy t o  use as o the r  methods. This  appendix describes the  
es t imat ion  o f  parameter values f o r  a  Type I d i s t r i b u t i o n  from a  cons is ten t  
s e t  o f  extreme wind observat ions us ing maximum-1 i kel  i hood and a  simp1 ex 
a lgor i thm. 

The conceptual bas is  f o r  maximum-likelihood es t imat ion  i s  t h a t  a  
p r o b a b i l i t y  can be assigned t o  a  g iven se t  o f  random samples (observat ions) i f  
the  form o f  t he  d i s t r i b u t i o n  from which the  samples are  drawn i s  known. The 
random observat ions are  t r e a t e d  as known values, and the d i s t r i b u t i o n  parameters 
are  t r e a t e d  as unknowns. The parameters are adjusted u n t i l  a  maximum i s  found 
f o r  t he  p r o b a b i l i t y  o f  ob ta in ing  the  se t  o f  observat ions. According t o  Brownlee 
(1965), f o r  1 arge samples, maximum 1 i kel  i hood est imates are cons is ten t ,  
asympto t ica l l y  normal , and asymptot ical  l y  e f f i c i e n t  under general cond i t ions .  

The l i k e l i h o o d  est imator ,  L, i s  g iven by 

where P (  ) i s  t he  p r o b a b i l i t y  o f  observing xi from the  hypothesized d i s t r i b u t i o n  
g iven l o c a t i o n  and scale parameter values, m and s, respec t i ve l y .  For the 
F isher- T ippet t  Type I d i s t r i b u t i o n ,  the  p r o b a b i l i t y  f o r  each observat ion i s  

where y i  i s  t he  standardized extreme value. 

As the  number o f  observat ions increases, t he re  are  numerical problems i n  
computation o f  t he  1  i kel  i hood func t i on  us ing Equation (A. 1). However, t he  
values o f  parameters t h a t  maximize the  l i k e l i h o o d  func t i on  w i l l  a l so  maximize 
the  l oga r i t hm o f  t he  l i k e l i h o o d  func t ion .  Fur ther ,  t he  value o f  the  l i k e l i h o o d  
func t i on  i s  constra ined t o  be between zero and one; the  l oga r i t hm o f  the 
l i k e l i h o o d  func t i on  w i l l  be negat ive, and the  l oga r i t hm w i l l  approach zero as 
the  l i k e l i h o o d  f u n c t i o n  approaches one. Therefore, maximizat ion o f  the  
l i k e l i h o o d  f u n c t i o n  can be achieved by min imiz ing the  absolute value o f  the  
logar i thm o f  the  l i k e l i h o o d  func t ion .  This f unc t i on  can be computed as 

L  = n  en ( l / s )  - 1 [yi +exp(-yi ) I  (A.3) 
I 

where n  i s  t he  number o f  observat ions. 



There are  several methods f o r  f i n d i n g  maximum-likelihood est imates. One 
o f  these methods, r e f e r r e d  t o  as the  Nelder-Mead Simplex a lgo r i t hm (OINe i l l  
1971), i s  a  systematic t r i a l  and e r r o r  procedure t h a t  does n o t  r e q u i r e  
eva lua t i on  o f  f u n c t i o n  de r i va t i ves .  According t o  O'Nei 11, t he  o n l y  assumptions 
requ i red  are  t h a t  t h e  l i k e l i h o o d  func t i on  i s  continuous and t h a t  i t  i s  
single-valued. The simplex a lgor i thm i s  a l s o  described by Olsson and Nelson 
(1975) and has been extended t o  grouped data by 01 sson (1979). I f  t h e  
assumptions a re  co r rec t ,  t h e  a lgo r i t hm w i l l  converge f o r  any reasonable 
combination o f  i n i t i a l  values, b u t  the  l a r g e  e r r o r s  i n  t he  i n i t i a l  values 
w i l l  increase the  number i t e r a t i o n s  requ i red  f o r  convergence. 

A simplex cons i s t s  o f  a  se t  o f  N+l p o i n t s  i n  N-dimensional space, where 
N  i s  t he  number o f  parameters t o  be estimated. The f i r s t  simplex i s  determined 
us ing  the  i n i t i a l  parameter est imates and steps. The th ree  i n i t i a l  p o i n t s  
a re  A, l oca ted  a t  coord inates (mo,so); B, loca ted  a t  (mo+ Am,so) and C, loca ted  
a t  (mo,so+ As) where mo and so are the  i n i t i a l - p a r a m e t e r  est imates and Am and 
As are  t h e  i n i t i a l  s tep sizes. F igure A . l  shows. t he  p o i n t s  p l o t t e d  as func t ions  
o f  the  l o c a t i o n  and sca le  parameters. 

I n i t i a l  est imates o f  parameter values may be obta ined from the  observed 
extreme winds us ing  any o f  the  methods discussed prev ious ly ,  i n c l u d i n g  the  
method o f  moments. I n i t i a l  values are a l so  needed f o r  s tep s i zes  f o r  each 
parameter t o  be used i n  t h e  search f o r  t he  f u n c t i o n  maximum. I n i t i a l  s tep s izes  
equal t o  5% o f  the  parameter values can be used as de fau l ts .  

The negat ive  l o g- l i k e l i h o o d  func t i on  i s  computed f o r  each p o i n t .  Assume, 
f o r  i l l u s t r a t i o n ,  t h a t  t he  values o f  t h e  func t ions  are  L(A), L(B), and L(C), 
respec t i ve l y ,  and t h a t  L(A) i s  g rea te r  than L(B) , which i n  t u r n  i s  g rea te r  than 
L(C). A f t e r  t h e  f u n c t i o n  values have been computed, t he  l a r g e s t  va lue i s  
se lec ted  and t h e  ve r tex  o f  the  simplex associated w i t h  t h a t  value i s  moved t o  
a  new loca t i on .  The new l o c a t i o n  l i e s  on a  l i n e  extending from t h e  ve r tex  being 
replaced through the  c e n t r o i d  o f  the  remaining po in ts ,  w i t h  t h e  p o s i t i o n  being 
determined by a  f i x e d  search pa t te rn .  

I n  F igure A.1, t he  c e n t r o i d  i s  marked A '  and one o f  the  f o u r  p o i n t s  D, E, 
F, o r  G i s  t h e  new p o s i t i o n  o f  t he  vertex. The new p o s i t i o n  i s  se lec ted  i n  the  
f o l l o w i n g  manner. I n i t i a l l y ,  t he  negat ive l o g - l i k e l i h o o d  f u n c t i o n  i s  computed 
f o r  p o s i t i o n  F, which i s  loca ted  so t h a t  t he  d is tance A'F i s  equal t o  t h e  
d is tance A A '  . The nex t  s tep i n  the  search depends on t h e  value o f  L(F) r e l a t i v e  
t o  the  L(A), L(B), and L(C). There are  f o u r  a l t e r n a t i v e s  f o r  t he  nex t  step. 

1. I f  L(F) i s  l e s s  than L(C), t he  simplex i s  extended t o  p o i n t  G which 
i s  tw i ce  as f a r  from A '  as F, and L(G) i s  computed. The new simplex 
becomes BCG. 

2. I f  L(F) i s  g rea te r  than o r  equal t o  L(C) and l ess  than o r  equal t o  
L(B) then the  search stops, and the  new simplex becomes BCF. This  
i s  c a l l e d  a  r e f l e c t i o n  o f  t he  simplex. 
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FIGURE A . 1 .  A Simplex Used in Maximum-Likelihood Estimation. 



. I f  L(F) i s  equal t o  o r  l e s s  than L(A) b u t  equal t o  o r  g rea te r  than 
L(B), then t h e  negat ive log-1 i kel  ihood func t i on  i s  computed f o r  E, 
which i s  h a l f  way between A '  and F. I f  L(E) i s  l e s s  than L(F), t he  
simplex i s  contracted t o  BCE. Otherwise, t he  simplex shr inks  t o  
A'B'C, where B '  i s  the  c e n t r o i d  o f  t he  p o i n t s  remaining when B  i s  
exc l  uded. 

4.  ina all^, i f  i n  t he  i n i t i a l  r e f l e c t i o n  L(F) i s  g rea te r  than L(A), 
t h e  negat ive l o g- l i k e l i h o o d  func t i on  i s  computed f o r  D, which i s  
ha1 fway between A and A ' .  I f  L(D) < L(A), t he  simplex i s  contracted,  
and the  new simplex becomes BCD. Otherwise the  new simplex i s  shrunk 
t o  A'B'C. 

A f t e r  t h e  new simplex has been determined, the f u n c t i o n  values a t  t he  
v e r t i c e s  are  compared and the  process s t a r t s  over. As t h i s  i t e r a t i v e  process 
i s  fo l lowed,  t he  simplex i s  reo r ien ted  and d i s t o r t e d  t o  conform t o  the  slope 
o f  t he  func t ion .  

The number o f  i t e r a t i o n s  completed i s  counted as the  procedure i s  fol lowed. 
Convergence o f  the  procedure i s  determined by computing t h e  var iance o f  the  
negat ive l o g - l i k e l i h o o d  func t i on  a t  the  N+l ve r t i ces .  When t h i s  var iance f a l l s  
be1 ow a  predetermi ned convergence c r i t e r i o n ,  the  a1 g o r i  thm i s  te rmi  nated. When 
t h e  a lgo r i t hm terminates due t o  convergence, a  check i s  made t o  ensure t h a t  the  
p o i n t  found i s  a  l o c a l  minimum. I f  i t  i s  no t ,  the  a lgo r i t hm i s  r e s t a r t e d  us ing 
the  p o i n t  w i t h  the  lowest f unc t i on  values. The a lgo r i t hm w i l l  te rminate  w i thout  
convergence i f  the  number o f  f unc t i on  evaluat ions exceeds a  preset  l i m i t .  

A f t e r  f i n a l  convergence i s  achieved, a  quadra t ic  sur face i s  f i t  t o  the  
parameters us ing  the  parameter values i n  the  f i n a l  simplex. The quadra t ic  f i t  
can be used t o  ob ta in  add i t i ona l  est imates o f  the  f u n c t i o n  minimum- and best-  
parameter values. I t  may a l so  be used t o  est imate variances o f  t he  parameter 
est imates and the  covar i  ances between the  parameters (Nel der  and Mead 1965) . 

Maximum l i k e l i h o o d  has been used t o  r e f i n e  the  Type I d i s t r i b u t i o n  
parameter est imates f o r  the  A t l a n t i c  Coast and Midwest m u l t i p l e - s t a t i o n  ana lys is  
examples. Table A.1 compares the  method-of-moment and maximum- likelihood 
parameter est imates and t h e i r  standard dev ia t ions .  I n  both cases, t he  
maximum-likelihood method g ives somewhat l a r g e r  parameter est imates and 
s i g n i f i c a n t l y  l a r g e r  es t ima tes -o f  the  standard dev ia t ions  o f  t he  est imates o f  
the parameters. These changes increase the  p r o b a b i l i t y  o f  extremes and the  
unce r ta in t y  i n  extreme wind speed est imates g iven a  p r o b a b i l i t y  o f  occurrence. 
F igure A.2 shows the  observed extreme wind d i s t r i b u t i o n  f o r  t he  A t l a n t i c  Coast 
example and a  Type I d i s t r i b u t i o n  having the  maximum- likelihood parameters 
given i n  Table A.1. The Type I d i s t r i b u t i o n  w i t h  the  maximum-likelihood 
parameters c l e a r l y  f i t s  the  h igher  speed o f  t he  observed d i s t r i b u t i o n  b e t t e r  
than the  Type I d i s t r i b u t i o n  show i n  F igure 6, which was based on the  
method-of-moment parameter estimates. 
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FIGURE A.2. D i s t r i b u t i o n  o f  Observed Coastal Extreme Winds f o r  S ta t ions  From 
Jacksonv i l l e  Through Wilmington Showing a Type I D i s t r i b u t i o n  w i t h  
Maximum-Likelihood Parameter Estimates. 



TABLE A. 1. Compari son o f  Method-of-Moments and Maximum-Li k e l  i hood 
Est imates o f  Extreme Wind D i s t r i b u t i o n  Parameters and 
T h e i r  Standard Dev ia t i ons  

Method o f  Moments Maximum L i  k e l  i hood 
m s[m] S S [s] m S[m] S S [s]  

A t l a n t i c  43.69 0.3944 7.559 0.3828 44.54 0.6006 8.533 0.4782 
Coast 

Midwest 45.39 0.3720 5.750 0,3611 45.91 0.6821 7.825 0.5380 
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VARIATION O F  EXTREME WINDS WITH AVERAGING INTERVAL 

Several types of extreme wind data a re  general 1 y avai 1 abl e--peak gusts ,  
f a s t e s t  miles,  and f a s t e s t  1- and 5-min averages. To assemble an adequate 
data base f o r  use in parameter estimation i t  may be necessary t o  combine data 
of two o r  more these types. However, gust magnitudes a re  re la ted  t o  the  
duration over which the  speed i s  averaged. Therefore, before extreme wind 
data of va r i ous~ types  a r e  combined, the  speeds should be adjusted t o  a standard 
averaging interval  . 

Gust fac to rs  a r e  frequently used t o  describe the  re la t ionship  between wind 
speed and averaging in terval  . For exampl e l  i f U(T) i s a wind speed averaged 
f o r  time T, U(t) i s  the  maximum speed averaged f o r  time t ,  and t i s  l e s s  than 
and contained within T I  then the gust f ac to r ,  G(t:T), i s  

For peak gusts  measured with conventional anemometers, the  minimum averaging 
interval  i s  generally assumed t o  be about 2 s (e.g., Deacon 1965, Tattelman 
1975, Wantz and S inc l a i r  1981). This minimum accounts f o r  the  response 
charac te r i s t i c s  of the instruments and recording systems. 

Deacon (1965) proposed t ha t  the  r a t i o  of a T second average t o  the maximum 
2 s average within a t  a height of about 10 m be modeled as  

f o r  T between about 1 and 100 s ,  where a and b depend on the underlying t e r r a in .  
This r a t i o  i s  the  reciprocal of the usual gust f ac to r  defined by Equation (B.l). 
Deacon's suggested values f o r  a and b a r e  given in Table B.1. For extremely 
f l a t  t e r r a in  and over water, s l i gh t l y  smaller values of a and b might be 
appropriate. However, small changes in parameter values do not make 
consequenti a1 changes in standardized gust speeds. 

TABLE B. 1. Coefficient Values f o r  Deacon Is 
Wind Speed Ratio Model 

Terrain 
Type a b 

Open, t r e e l e s s  1.085 0.156 

Hedges, scat tered 1.095 0.175 
t r e e s  and buildings 

Numerous t r e e s  and 1.12 0.220 
bui 1 dings, suburban 
areas 



Equation (8.2) prov ides a bas is  f o r  ad jus t i ng  gust  speeds t o  an a r b i t r a r y  
averaging per iod.  L e t t i n g  t denote the  des i red  averaging p e r i o d  and T the  
ac tua l  averaging i n t e r v a l ,  then 

where bo th  the  numerator and denominator o f  the  r igh t- hand expression are  
evaluated us ing  Equation (B.2). G(t:T) i n  Equation (B.3) i s  equ iva len t  t o  
G(t:T) i n  Equation (B.l). 

The data  on which Deacon based h i s  r e l a t i o n s h i p  and the  r e a d i l y  a v a i l a b l e  
gust  f a c t o r  data are  f o r  s t rong winds, b u t  no t  necessar i l y  f o r  annual maximum 
gusts. Therefore, al though extreme wind data  should be adjusted t o  a common 
averaging time, t he  magnitude o f  adjustment o f  extreme wind data should be 
minimized. The most common extreme wind data are f a s t e s t  mi les .  These averages 
are based on wind passage r a t h e r  than time. Typical  annual maximum f a s t e s t  m i l e  
speeds a re  near 60 mph. A t  60 mph the  one m i l e  o f  wind passage takes 60 s, and 
the  averaging i n t e r v a l s  f o r  f a s t e s t  m i l e  speeds between 30 and 120 mph are 
w i t h i n  a f a c t o r  o f  two o f  60 s. Thus, i t  i s  reasonable t o  s e l e c t  60 s as a 
reference averaging i n t e r v a l .  

Given a f a s t e s t  m i l e  speed u i n  m i l es  per  hour, the  adjusted speed i s  given 
by 

U(60) = V( t )  {w a + b l o g  t+1.5 

where the  averaging i n t e r v a l  i s  t = 3 6 0 0 1 ~  seconds. S i m i l a r  equat ions can be 
der ived f o r  a d j u s t i n g  o the r  extreme wind data. Appropr iate c o e f f i c i e n t  values 
f o r  use w i t h  Equation (B.4) f o r  t y p i c a l  nuclear  power p l a n t s  a re  g iven i n  the  
second row o f  Table B.1. 

The r a t i o  o f  t - s  gust  speeds t o  60 s speeds i m p l i c i t  i n  Equation (B.4) i s  
shown by the  curve i n  F igure B.l along w i t h  observed gust  f ac to rs .  The p o i n t  
a t t r i b u t e d  t o  Wantz and S i n c l a i r  (1981) i s  t he  average gust  f a c t o r  f o r  94 
s t a t i o n s  i n  t he  P a c i f i c  Northwest. The standard d e v i a t i o n  o f  t h e  gust  f a c t o r s  
was 0.11. Tat te lman's (1975) gust  f a c t o r s  a re  based on empi r ica l  f i t s  t o  100 
hours o f  da ta  from the  Mount Washington Observatory. The remaining da ta  p o i n t s  
shown i n  the  f i g u r e  are  based on extreme wind data a v a i l a b l e  from the  NCDC. 
The data  shown i n  the  f i g u r e  support Deacon's r e l a t i o n s h i p .  
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V A R I A T I O N  OF EXTREME WINDS WITH HEIGHT 

High winds tend t o  be associated w i t h  per iods o f  neu t ra l  atmospheric 
s t a b i l i t y .  The wind p r o f i l e  i n  t he  lowest 100 m o f  t he  atmosphere du r ing  these 
cond i t ions  i s  descr ibed by a l oga r i t hm ic  r e l a t i o n s h i p  

wh'ere U(z) i s  t he  wind speed a t  he igh t  z, zd i s  a zero-plane displacement, u* 
i s  a c h a r a c t e r i s t i c  wind speed c a l l e d  the  f r i c t i o n  v e l o c i t y ,  k i s  von Karman's 
constant (-0.4), and zo i s  a c h a r a c t e r i s t i c  length  t h a t  i s  genera l l y  associated 
w i t h  sur face roughness. 

I t  i s  reasonable t o  assume t h a t  extreme-gust magnitudes a l so  vary w i t h  
height .  Therefore, i f  observed gust  magnitudes are  t o  be compared o r  used t o  
est imate extreme gusts, t he  observed speeds should be adjusted t o  a standard 
reference height .  However, the  manner i n  which extreme gusts vary w i t h  he igh t  
has no t  been es tab l ished on the  bas is  o f  observat ion. 

The r e l a t i o n s h i p  used t o  ad jus t  annual maximum wind speeds t o  a common 
measurement he igh t  used by Simiu e t  a l .  (1979), and Changery (1982a, 1982b) 
i s 

where U(10) i s  annual maximum observed speed adjusted t o  a standard he igh t  o f  
10 m, and U(z) i s  the  observed maximum. The p o r t i o n  o f  the  r i g h t  term i n  f r o n t  
o f  the  braces can be obta ined d i r e c t l y  from Equation (C.l), and the  term i n  
braces i s  a m o d i f i c a t i o n  t o  the  l oga r i t hm ic  p r o f i l e  t o  make the  r e l a t i o n s h i p  
appropr ia te  f o r  f a s t e s t  m i l e  speeds. This m o d i f i c a t i o n  i s  based on turbulence 
observat ions made under steady-state atmospheric cond i t ions .  

This appendix suggests an a l t e r n a t i v e  adjustment technique based on the  
assumptions: 1) t h a t  annual maximum winds are  random samples drawn from an 
extreme value d i s t r i b u t i o n ,  and 2) t h a t  t he  parameters o f  t he  d i s t r i b u t i o n  may 
be a f u n c t i o n  o f  l o c a t i o n  and he igh t  above the  surface. The proposed technique 
tends t o  make smal ler  changes I n  speeds than r e s u l t  from Equation (C.2). As 
a r e s u l t ,  i t  y i e l d s  g rea te r  speeds a t  t he  standard l e v e l  f o r  wind t h a t  were 
observed a t  anemometer he igh ts  above the  standard l e v e l .  Consequently, t he  
proposed procedure i s  more conservat ive than Equation (C.2) because most 
a v a i l a b l e  extreme wind data  were measured a t  he igh ts  above 10 m. 

Although the  form o f  t he  extreme wind d i s t r i b u t i o n  i s  no t  known w i t h  
c e r t a i n t y ,  extreme winds are  f requen t l y  assumed t o  have a F isher- T ippet t  Type I 
d i s t r i b u t i o n .  The Type I d i s t r i b u t i o n  w i l l  be assumed as a bas is  f o r  eva lua t ion  
o f  t he  v e r t i c a l  v a r i a t i o n  o f  d i s t r i b u t i o n  parameters. The Type I d i s t r i b u t i o n  
has two parameters, a l o c a t i o n  parameter and a scale parameter. The l o c a t i o n  



parameter of Type I d i s t r i bu t i on ,  and other extreme value d i s t r i bu t i ons  i s  the 
mode. 

Data f o r  use in evaluating the ver t i ca l  var ia t ion of the  Type I 
d i s t r i bu t i on  parameters were obtained from measurements made on towers a t  
Hanford, Washington and the Kennedy Space Center in Florida. Data f o r  o ther  
locations (e.g., the  NOAA tower near Boulder, Colorado) were sought, but were 
e i t h e r  nonexistent o r  not readily available.  

The meteorological charac te r i s t i c s  of both s i t e s  a r e  well established.  
The Hanford tower i s  located on r e l a t i ve ly  f l a t  t e r r a in  covered by grass and 
shor t  shrubs and f o r  most of the period of record was instrumented with 
aerovanes. Wind data a r e  continuously recorded on s t r i p  char ts .  The roughness 
length i s  about 0.03 m (0.098 f t ) .  Stone e t  a l .  (1983) describe the  Hanford 
climate and instrumentation. The Kennedy Space Center tower i s  located about 
5 km from the  At lan t ic  Ocean and i s  instrumented with Climet CI-14 s e r i e s  
anemometers. The tower s i t e  and instrumentation a re  described by Fichtl  and 
McVehil (1970). The tower s i t e  i s  we1 1 exposed; the predominant upwind surface 
(175 degrees of azimuth) i s  covered with 1- t o  2-m-high vegetat ion,  sec to rs  
covering about 135' of azimuth a r e  covered with 10- t o  15-m-high t r e e s ,  and the 
remaining 50' sec to r  has a water surface. The surface roughness 1 ength i s  a 
function of d i rect ion.  For most wind di rect ions  i t  i s  between 0.2 and 0.3 m. 
However, f o r  south-southeast winds, i t  i s  about 0.5 m ,  and f o r  westerly winds 
i t  i s  between 0.5 and 0.8 m. 

The Hanford extreme wind data  consis t  of 40 years of peak gust  observations 
a t  15.2, 60.9, and 122 m (50, 200, and 400 f t )  . These da ta ,  which have not 
been pub1 i shed previously, a r e  presented in Tab1 e C.1 .  The Kennedy Space 
Center data  cons i s t  of 4 years of peak gust data f o r  three  l eve l s  on a shor t  
tower (3, 10, and 18 m) and s i x  l eve l s  on a t a l l  tower (18, 30, 60, 90, 120, 
and 150 m). The Kennedy da ta ,  which were abstracted from Alexander (1978), 
a r e  presented in Table C.2. 

The mean .and standard deviat ions of the annual maximum wind speeds f o r  each 
measurement level were computed. These values were used t o  est imate the mode 
and sca le  parameter of the  d i s t r ibu t ion  using the method of moments. The 
Hanford parameter est imates were refined using the maximum-likelihood techniques 
described in  Appendix A. The parameter estimates f o r  both s i t e s  a r e  presented 
in Table C.3. 

Figures C . l  and C . 2  show the computed ver t i ca l  var ia t ions  of the  modal 
annual maximum gust  ( location parameter) and scale  parameter f o r  Type I extreme 
value d i s t r i bu t i ons  a t  Hanford and the Kennedy Space Center, respectively.  Both 
parameters tend t o  increase with increasing height, although the  re la t ionship  
between the  sca le  parameter and height i s  not well defined. The mode c l ea r l y  
increases with the  logarithm of height. 

Coefficients  f o r  the model 

were estimated using l i nea r  regression,  and a cha r ac t e r i s t i c  length z,, 



TABLE C.1. Hanford, Washington, Extreme Winds. Peak gus ts  i n  
meters/second. A + i n  a da te  column i n d i c a t e s  t h e  f i r s t  
o f  two occurrences, and an m i n d i c a t e s  miss ing.  

YEAR 

1945 
1946 
1947 
1948 
1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
196 1 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 

15.2 M 
DATE D I R  SPD 

60.9 M 
DATE DIR SPD 

122 M 
DATE DIR SPD 

117 WSW 24.6 
6/13+ SW 24.1 

12/18 SW 26.8 
5/26 SSW 31.7 

11/27 SSW 28.6 
10127 SSW 28.2 
1/15 SSW 27.7 
1214 SSE 23.2 
9/28 SSW 29.1 

11/26 SW 25.0 
12/22 SW 31.7 

311 W 31.3 
615 SW 32.2 

1113 WSW 25.9 
12/15 SSW 24.6 
11/24 SSW 26.4 

8/15 SW29.5 
11/19 SSW 25.5 

3/28 SW 29.1 
3/14 WSW 23.7 

215 SW 28.2 
112 SSW 25.5 

1/29 SSW 29.1 
7/11+ WSW 24.6 
4/12 WSW 26.8 

713 SSW 23.7 
2/24 SW 29.1 
1/11 SW 35.8 

11/16+ SW 22.8 
12/21 SW 27.3 

1213 SSW 30.4 
3/24 SW 29.1 
1111 SSW 26.4 
4/19 SW 28.6 

719 WSW 30.8 
1/12 SW 25.0 

11/14 SW 29.5 
12/16 SSW 26.8 

3/13 W 29.1 
12/14 S 27.7 

1/7+ WSW 26.8 
6/13 SW30.4 
7/10 S 31.3 
5/26 SSW 36.6 

11/27 SSW 32.2 
10127 SSW 31.7 

m m m 
m m m 
119 SW 32.6, 

11/26 SW 27.7 
12/22 SW 33.5 

312 SW 33.1 
615 SW39.8 

1113 WSW 29.9 
12/15 SSW 26.8 
11/24+ S 28.6 
8/15 SW 32.6 

11/19 SSW 29.1 
3/28 SW 33.5 
1/19 SSW 26.8 

215 SSW 33.5 
111 SSW 29.1 

1/29+ SSW 30.8 
7/11+ WSW 25.9 
4/12 WSW 29.1 

713 S26 .4  
2/24 SW 31.7 

415 W38.4 
11/16 SW 25.9 
12/21 SW 32.6 

1213 SW 32.6 
3/24 SW 33.1 
1111 SSW 29.9 

12/22 W 29.1 
719 WSW 32.2 

1/12 SSW 29.1 
11/14 SSW 32.2 
12/16 SSW 32.6 

3/13 W 32.6 
12/14 S 30.8 

WSW 26.8 
SW 32.2 

S 32.6 
S 37.5 

SSW 38.0 
SSW 35.8 

SW 32.6 
NW 26.8 
SW 34.9 
SW 30.4 
SW 39.3 
SW 36.3 
SW 41.6 

WSW 32.2 
SSW 27.7 

S 29.9 
SW 34.0 
SW 30.4 
SW 34.9 

SSW 29.1 
SSW 37.1 
SSW 31.3 

SW 34.4 
WSW 26.8 
WSW 29.9 

S 26.8 
SSW 33.5 
WSW 37.5 

SW 25.5 
SW 33.1 
SW 35.3 
SW 35.8 

SSW 33.1 
WSW 34.4 
WSW 34.9 

SW 33.5 
SSW 35.3 
SSW 36.2 

W 32.2 
S 29.5 



TABLE C.2. Peak Gusts a t  t h e  Kennedy Space Center. 
Speeds a re  i n  meters/second. m  i n d i c a t e s  
m iss ing  data.  

Sho r t  1966 1967 1968 1969 
Tower Date D i r  Spd Date D i r  Spd Date D i r  Spd Date D i r  Spd 

3 m  619 135 27.4 7/30 rn 22.9 615 018 28.4 2/15 151 22.4 
1 0 m  m m m  m m  m 615 028 28.1 7/25 270 23.0 
1 8  m  619 128 30.3 7/30 269 26.2 615 011 34.2 7/25 270 23.0 

T a l l  
Tower 

Table C.3. Parameter Est imates f o r  Extreme Wind D i s t r i b u t i o n s  a t  
Hanford and t h e  Kennedy Space Center Based on Peak Gust 
Data. 

Height  Mode Scal e  
Loca t i  on (m> (m/s) (m/s) 

Hanford 15.2 26.3 2.43 
60.9 29.6 2.74 

121.9 31.0 3.64 

Kennedy 3 23.9 2.39 
Short 10 23.9 2.81 
Tower 18 26.2 3.80 

Kennedy 18 26.5 2.68 
T a l l  30 28.6 3.64 
Tower 6 0 29.0 4.55 

9 0 29.4 5.09 
120 30.5 4.57 
150 31.1 3.17 

analogous t o  z, was es t imated  f o r  each l o c a t i o n  from 

The es t imated  c h a r a c t e r i s t i c  leng ths  a re  shown on F igures  C . l  and C.2. In each 
case, t h e  c h a r a c t e r i s t i c  l e n g t h  i s  s i g n i f i c a n t l y  sma l l e r  than  t h e  t y p i c a l  
roughness leng th .  For  Hanford, t h e  r a t i o  o f  t h e  c h a r a c t e r i s t i c  l e n g t h  f o r  t he  
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F IGURE C.1. V e r t i c a l  V a r i a t i o n  o f  Extreme Wind D i s t r i b u t i o n  Parameters a t  
Hanford, Washington. 
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FIGURE C.2. V e r t i c a l  V a r i a t i o n  o f  Extreme Wind D i s t r i b u t i o n  Parameters a t  t he  
Kennedy Space Center, F lo r i da .  
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extreme wind l o c a t i o n  parameter p r o f i l e  t o  t h a t  f o r  t he  mean wind p r o f i l e  i s  
about 6 x The r a t i o  f o r  the  Kennedy Space Center i s  about 3 x 

From the  perspect ive  o f  ad jus t i ng  wind extreme winds, i t  i s  c l e a r  t h a t  the 
extreme winds a t  these s i t e s  do no t  decrease as r a p i d l y  w i t h  decreasing he igh t  
as do the  mean winds. On t h i s  basis,  i t  i s  recommended t h a t  extreme winds a t  
10 m (33 ft) be est imated us ing 

where z, = a z,, w i t h  a = 

There i s  no t h e o r e t i c a l  bas is  f o r  es t imat ion  o f  a zero-plane displacement 
f o r  gusts. However, t he  e f f e c t  the  zero-plane displacement i n  Equation (C.8) 
i s  t o  reduce the  magnitude o f  t he  adjustment i n  g u s t  speeds. Therefore, i f  
there  i s  a zero-plane displacement f o r  gusts, assuming a value o f  zero f o r  zd 
f o r  a1 1 1 ocat ions would be non-conservati ve. Changery (1982a, 1982b) prov ides 
a reasonable method f o r  es t imat ing  zd on the  bas is  o f  t y p i c a l  sur face cond i t ions  
a t  s ta t i ons .  He grouped wind measurement l oca t i ons  i n t o  f o u r  categories. For 
a i r p o r t  and some coasta l  s ta t i ons ,  zd was assumed t o  be zero. For measurement 
s t a t i o n s  i n  urban areas, the  zero-plane displacement was computed from the  
instrument height .  The b u i l d i n g  he igh t  was assumed t o  be 75% o f  t he  measurement 
height ,  and the  zero-plane displacement was assumed t o  be 75% o f  t he  b u i l d i n g  
he igh t ,  w i t h  the  r e s t r i c t i o n  t h a t  zd was no t  al lowed t o  exceed 20 m. 

The r a t i o  between the  wind speed a t  10 m and t h a t  a t  he igh t  z can be 
def ined as an adjustment f a c t o r  and can be used t o  compare the  e f f e c t s  o f  
Equations (C.2) and (C.8). The reduct ion  f a c t o r s  f o r  t he  two equat ions 
(assuming zo = 0.05 m and zd = 0) are shown i n  Table C.4 f o r  measurements a t  
f o u r  l eve l s .  For each o f  these l eve l s ,  Equation (C.8) g ives h igher  reduced 
speeds. When the  reduct ion  f a c t o r s  are app l ied  t o  a 60 rnph wind a t  each l e v e l ,  
t he  d i f f e r e n c e  i n  reduced speeds ranges from 1.6 mph f o r  speeds measured a t  
91.4 m (300 ft) t o  3.6 rnph f o r  speeds measured a t  30.5 m (100 ft) . Thus, 
Equation (C.8) i s  a more conservat ive method f o r  ad jus t i ng  f o r  measurement 
he igh t  than Equation (C.2). Therefore, Equation (C.8) i s  t he  recommended method 
f o r  ad jus t i ng  heights.  

TABLE C.4. Comparison o f  Factors f o r  Use i n  Reducing Extreme 
Wind Speed Measurements Made a t  Height z t o  Speeds 
a t  10 m (33 ft). 

Reduction Factor 
Equation (C.2) Equation (C.8) 
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APPENDIX D  

B A S I C  PROGRAM FOR EVALUATING EXTREME WIND P R O B A B I L I T I E S  



BASIC PROGRAM FOR EVALUATING EXTREME WIND PROBABILITIES 

The f o l l o w i n g  program prov ides est imates o f  t h e  p r o b a b i l i t y  associated w i t h  
s p e c i f i c  extreme winds and a 90% conf idence band f o r  wind speeds a t  t h a t  
p r o b a b i l i t y .  The wind speeds g iven are  f a s t e s t - m i l e  speeds. 

The program, as presented, assumes the  method-of-moments r e l a t i o n s h i p s  
between t h e  sca le  parameter and the  var iances o f  t he  mode and sca le  parameter. 
I f  t h e  parameter est imates have been obta ined us ing  a method t h a t  prov ides 
est imates o f  t he  parameter var iances, t he  code should be mod i f ied  t o  accept 
those var iances. This  can be done by rep lac ing  l i n e s  310 and 320 w i t h  i n p u t  
statements. 

The program i s  w r i t t e n  i n  BASICA and should run  on most personal computers 
w i thou t  major  mod i f i ca t i ons .  The computations i n  t he  program are keyed t o  
equat ions i n  t h e  body o f  t he  r e p o r t  by equat ion numbers g iven  i n  t h e  remarks. 
Remarks are  i n d i c a t e d  by an apostrophe a t  t he  beginning o f  a l i n e .  Several 
l i n e s  o f  t he  code conta in  more than one statement; i n  these l i n e s  the  statements 
are separated by colons. 

10 'PROGRAM TO ESTIMATE THE PROBABILITY OF EXTREME WINDS 
20 'ON THE BASIS OF METHOD-OF-MOMENTS ESTIMATES OF THE 
30 'MODE AND SCALE PARAMETER OF A FISHER-TIPPETT TYPE-I 
40 'DISTRIBUTION AND AN ESTIMATE OF THE TORNADO STRIKE 
50 'PROBABILITY 
60 ' 
70 PRINT "THIS PROGRAM COMPUTES THE PROBABILITIES ASSOCIATED" 
80 PRINT "WITH EXTREME FASTEST MILE WINDS BETWEEN 40 AND 400 MPH." 
90 PR1NT:PRINT "INPUT DATA REQUIRED ARE THE NUMBER OF EXTREME WIND" 
100 PRINT "OBSERVATIONS, THE MODE AND SCALE PARAMETER FOR THE 

DISTRIBUTION," 
110 PRINT "AND THE TORNADO STRIKE PROBABIL1TY":PRINT 
120 ' 
130 DIM ST(25) 
140 FOR I = 1 TO 25: READ ST(1): NEXT I 
150 ' 
160 ' t  STATISTICS FOR 90% CONFIDENCE INTERVAL 
170 DATA 6.314, 2.920, 2.353, 2.132, 2.015, 1.943, 1.895, 1.860, 1.833 
180 DATA 1.812, 1.753, 1.725, 1.708, 1.697, 1.690, 1.684, 1.680, 1.676 
190 DATA 1.671, 1.667, 1.665, 1.662, 1.661, 1.658, 1.645 
200 ' 
210 LPRINT "EXTREME WIND ESTIMATION -- PROGRAM DATED 9/5/86 
220 ' 
230 PRINT: INPUT "ENTER LOCATION " , LOCATION$ 
240 LPRINT: LPRINT LOCATION$ :LPRINT 
250 
260 PRINT: INPUT "ENTER THE TOTAL NUMBER OF OBSERVATIONS ", NOBS 
270 PR1NT:INPUT "ENTER THE MODE OF THE DISTRIBUTION " , M I  
280 PR1NT:INPUT "ENTER SCALE PARAMETER ",S1 
290 ' 



3 0 0  'COMPUTE VARIANCES OF MODE AND SCALE PARAMETER ( e q n s  7 & 8) 
3 1 0  VM1 = 1 . 1 6 7 8  * S l A 2  / NOBS 
3 2 0  V S 1  = 1.1 * S l A 2  / NOBS 
3 3 0  I 

3 4 0  L P R I N T  "OBSERVED EXTREME WINDS" 
3 5 0  L P R I N T  US ING " # # #  OBSERVATIONS, MODE = ## .#### ,  SCALE = # # . # # # # " ;  

N O B S , M l , S l  
3 6 0  
3 7 0  PR1NT:INPUT "ENTER THE TORNADO S T R I K E  PROBABIL ITY  " ,PS 
3 8 0  PR1NT:PRINT "TORNADO REGIONS: 1 = EASTERN UNITED STATES"  
3 9 0  P R I N T  " 2 = WESTERN UNITED STATES"  
4 0 0  P R I N T  " 3 = CONTIGUOUS UNITED STATES"  
4 1 0  PR1NT:INPUT "ENTER REGION NUMBER ", REGION 
4 2 0  
4 3 0  'SELECT  PARAMETERS FOR TORNADO I N T E N S I T Y  D I S T R I B U T I O N  
4 4 0  I F  REGION= l  THEN A=136.1 :B=3.076 :LPRINT "EASTERN UNITED STATES"  
4 5 0  I F  REGION=2 THEN A=78.29 :B=2.357 :LPRINT "WESTERN UNITED STATES"  
4 6 0  I F  REGION<l  OR REGION>2 THEN A=135 .6 :B=3 .033  : LPR INT  "CONTIGUOUS 

U N I T E D  STATES"  
4 7 0  L P R I N T  USING "TORNADO S T R I K E  PROBABIL ITY  = # .###AAAA" ;PS 
4 8 0  PR INT  
4 9 0  I 

5 0 0  ' P I C K  t S T A T I S T I C  
5 1 0  LPR1NT:NDF = NOBS - 2 
5 2 0  I F  NDF < 11 THEN S T 1  = NDF: GOT0 5 6 0  
5 3 0  I F  NDF < 5 5  THEN S T 1  = NDF \ 5 + 8: GOT0 5 6 0  
5 4 0  I F  NDF < 1 1 0  THEN S T 1  = NDF \ 11 + 1 3 :  GOT0 5 6 0  
5 5 0  I F  NDF < 1 5 0  THEN S T 1  = 2 4  ELSE S T 1  = 2 5  
5 6 0  
5 7 0  L P R I N T  "SPD Y PROB. CONF L I M .  T. PROB." 
5 8 0  FOR I = 4 0  TO 4 0 0  STEP 1 0  
5 9 0  
6 0 0  'CONVERT FASTEST M I L E  TO 6 0- S  AVERAGE ( e q n s  1 7 ,  19 & 2 0 )  
6 1 0  T = 3 6 0 0  / I 
6 2 0  U 6 0  = ( . 7 8 1 9  * I) / ( 1 . 0 9 5  - . 0 7 6  * LOG(T + 1 .5 )  ) 
6 3 0  
6 4 0  'COMPUTE STANDARDIZED SPEED ( e q n  2) 
6 5 0  Y 1  = (U60  - M I )  / S 1  
6 6 0  ' 
6 7 0  'COMPUTE PROBABIL ITY  ( e q n  3)  
6 8 0  PSL = l! - EXP( -EXP( -Y1)  ) 
6 9 0  ' 
7 0 0  'COMPUTE UPPER AND LOWER CONFIDENCE L I M I T S  FOR 6 0- S  AVERAGE SPEED 

( e q n  1 0 )  
7 1 0  U 9 5 L  = U 6 0  - S T ( S T 1 )  * SQR( (VM1 + Y l A 2  * VS1) ) 
7 2 0  U95U = U 6 0  + ST(ST1 )  * SQR( (VM1 + Y l A 2  * VS1) ) 
7 3 0  
7 4 0  'COMPUTE TORNADO PROBABIL ITY  ( e q n s  11 & 1 3 )  
7 5 0  PTOR = 0 
7 6 0  I F  I => 4 0  THEN PTOR = PS * EXP( - ( ( I - 4 0 ) / A  ) "B ) 



770 ' 
780 'STOP COMPUTATIONS I F  TORNADO PROBABILITY < 1.OE-7 
790 I F  PTOR < .0000001 THEN GOT0 980 
800 ' 
810 'CONVERT CONFIDENCE LIMITS TO FASTEST-MILE SPEEDS 
820 TFO = 3600 / U95L 
830 UFLO = U95L * ( 1.4004 - .0972 * LOG( TFO + 1 . 5 )  ) 
840 TFL = 3600 / UFLO 
850 UFL = U95L * ( 1.4004 - .0972 * LOG( TFL + 1.5 ) ) 
860 I F  ABS(UFL-UFLO) < .001 THEN GOT0 870 ELSE UFLO = UFL: GOT0 840 
870 TFO = 3600 / U95U 
880 UFUO = U95U * ( 1 . 4 0 0 4  - .0972 * LOG( TFO + 1 . 5 )  ) 
890 TFU = 3600 / UFUO 
900 UFU = U95U * ( 1.4004 - .0972 * LOG( TFU + 1.5 ) ) 
910 I F  ABS(UFL-UFLO) < .001 THEN GOT0 920 ELSE UFUO = UFU: GOT0 890 
920 
930 'PRINT RESULTS 
940 LPRINT USING " # # #  ##.## #.##""A" # # #  # # #  #.##,,",". 

I 

I,Yl,PSL,UFL,UFU,PTOR 
950 NEXT I 
960 ' 
970 'SKIP TO TOP OF PAGE (SEND ASCII FORM FEED TO PRINTER) 
980 LPRINT CHR$(12) 
990 GOT0 230 
1000 END 
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