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11. ADSITACT NMII.-STI')-210A, Cl1imatic Extremes for Military Equipment,'' is being re-
vised. T~he revision will include twu sets of windspeed design goals for military equip-
ment being developed for worldwide usage over land: (1) the speed up to which

low 11 operations' are expected to proceed. (2) the speed that equipment should "withstand"
without irreversible damage. Thle windiest location in the world for I percent or mlore
of the time during the windiest month (the "oper~ational" extreme) is along tile north
coast of Scotland. Stornoway, Scotland is typical of this general area. Frequency dis-
tributions of the wind for Stornoway Indicate 1-, 5-, anid 10-percent 1-mmn speeds of
43, 3C;. and 33 knots respectively y(at a height of 10 ft) with associated Rusts up to
62 knots for the windiest month, December. Thle strongest wind. in the world, aside
from those on mountain peaks and in tornadoes, occur in Pacific typhoons. Naha,
O)kinawa, is situated in an area of the Pacific noted for its high incidence of typhoons.
Wind extremes recorded at Naha are used as basis for developing "withstanding" ex-
tremes. For a 10 percent risk and durations of exposure of 2, 5, 10 and 25 years.
the expected 1-mmi wind is 119, 140). 156;. and 171; knots, respectively. with
associated gusts up to 202 knots. A study of gustiness and variations of wind with
height during strong wind regimes is presented. Nomograms of gust factor versus
gust duration and steady wind speed are used to assign the most dynamiLoiilly effective
gust according to equipment dimensions. Based on a power-law relationship, factors
for adjusting windspeed to a common height to describe windspeed and gusts over the
vertical extent of military equipment usage are p resented. Also Included Is a tabula-
tion of wind statistics for selected stations considered in the search for worldwide.
wind extremes.
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Lxtreme Wind Speeds, Gustiness, and Variations
With Height for MIL-STD 210B

I

MII,-STD-210A "Climatic Extremen for Military Equipn.ent" -a D)OD) document
which is regulatory in nature on the Army, Navy. and Air Force-i-s being revised
to MII.-STD-2101i. Amongst other environmental extremes in MIL-STD-21014,
there will be two mets of windspe'!d design goals for military equipment being
developed tor worldwide usage over land: (1) the windspeed up to which "operations"
are expected to proceedi and (2) the speed that equipment should "withstand" without
irreversible damage even though the critical speed for operations Is exceeded. The
withstanding capability can he attained through the basic integrity of the designed
equipment or through use of auxiliary "tie-down" kits.

The prevent MII.-STI-210A provides only one set of values, and these are
most applicable to the "withstanding" problem. Guidance furnished by the Special
Assistant for Environmental Services (SAES) of the Joint Chiefs of Staff (JCS)
indicates that the speed for operations. (Mr example, the landing of an aircraft)
will be a value that is exceeded only I percent of the time in the windiest month at
the windiest geographical area over which military operations are conceivable.
J('S (SAES) further suggests that for "withstanding" there should be a family or
speeds which have only a 10 percent probability of being attained in geographical

(Received for l'unlication 28 August 1973)
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al.14 1~410i.i~iiett to) .4trocng winali im-ring an, e~xposur'e !iL' orf 2, 5. 10. or 25 yearm

cons~id~eiredIillcai to iiIce '4pl''i-ric or ri(e1( lives (ir muima~ I'V vuipiient

It'j!4-(i iij~ltiicl Iiii'41Ilivaiv)( to I'4tahllishiIlgr thle Witle~t.111ing" 81)CP(ISt ;kI'-

Ilot iii,.il% '.l itirv by uskilk1 AMtIa~lf-d, tll.&t is high M'a~gc dior ' i-)CUtlS,4 ;IS

in) arPOS for Wlhi('I thle '4talnim-I ro fi'' c)1 wimsio - musict he Fotr'mnel e0xampile,

I Ipercent wllkiwd4Je('C durbizg tilie windiest mionth may ci %. proacht 40 mcph il t he windlY

41(Ii Plikill StIt('.4 of tile I S. A. , :III "OJeraiolt oal Pirobcleil" bunt long terill exti i'nce'

aIpplicabiv( III "%%tti.itamliiing (often tx4~ i)le I 'jE(idcet.-ijct asN it timiric~an(' wild,

75i mcph) are mcorel'Iike'lY onl irilln(N Mid :klong VowisIN NlihjVCt('( to troicali'I and extr ia

t l0l~i~lcl CYClOnt-S. c Ui~t oasts Idlyk,' mnkch lower avvri'L9v andC I percen~it vallues

than wiidiI, 1ide#'ioi. al-is l.4it immici- amid high-li.lit it fdesl'. Htowever', 11114-1- are Some1(

mimd- anld tiighlcatittildl t'onstal arleaN for wwhic Iotti ,opercatitonal" aiiii w%%tlm'4t:1I(rTcg"

;'~ ~i i f*(.iI high,

I. u'iti' 0)02) '4)eL(14 %%iili,41ii Itl hi fileiltioui1at' aitir ''%%ithshol'4iinhil
4i~iiciilatiit vi.'k dt'4iglli lih~iIosoi.iI or'v' fllf mi's *t(smtsAt). \ut imei i. friot

uihuf'rIt ionil wo.i'cattii': stilt iou., .11l (ivi the'wrl vi'1it iliIt bei used( excighiding thf' cik'':li

8411t it Or 60"5 Miidh 180i1:11441 lio;t ions ofrii ano-ioii~is (-onitioosttl At mlost obs.'ervactories',

ml )iI.4J)E'E'(t arec obh'4Ci¶('( (%'I Six iiouliN for est'i~tloiiI;Otabdi'4t(dh '4YiIlot ic

ii'toiligl '.'i I'u41-nioli.. A uit mayvlcat ions, wind l uh4iatiriwl'4 obint va eui ii ons it it'cl

fiiiiiih ul. Itii 1d. Iiii '\hlljl4 , in .'t itf' iifte gictl ;o~ld Mii i o 'IM('('i :1it 4 fill-~

aINlovott. fil,gi-ciurld ifil th' Iower tE'n'4 andi even tluli~irhrc'd.N Or rt4,t, tifei(' is4 no tllivei-salt'.

.iiii'jitt'i mitcmllc,''1 aill,'iioiiiit vr height. Itile initltemiatimmi s'taifidari tieligm for

AfIC111'i I~Iiii'leN 10 11, is Sv'hIdotm o.'44*. Also, tlhe height lt)Ev ileth- girouindIS a'

fhtitm, heiioual or littl- tiow inl Ucil'ulating winch :11 othfipi hue'ig~titH for aIIIeII)MVIIt'rN

Ioc;Ituit aliIli$ongt do(li'4( bimi~iing atreaN if tffe effeoto i' higiot or ow theuri-oundtliiig

111I0(litigH iA 11ot Ciowl Onpeidered.c Ii litheI, VSA., there ham iec'eiitlY beeni aI

gtdto exposet calvililioiiliteiNH At IIIaor Wiaathei' '4tiltioIN', hlooNti'. Airp)(Ii , :4t air-

cl-.4ft w iou h-eycts of 10 to 20) ft. but iiiriw of the oulder exposures Wue 30on haiigui t

Aiwchie'ivi piroblemi is lithe pvio'iI or t inc. over' which thle wind izs averageci to

make l'ireueit ttiyeor tilie mn~fopt i weatiher s'Nittlintion, thle hasic kist of thile
obser vat ion. 1 'aiofcgky mid Bivr I et ... et(ttj ro i~ aiw
lium tA greuat dvual of energy near periods of two to three minutes. implying must# every

1. I antof~ky, II. A. and D1rie r, G . It. ( 1958M) Sonie Applicat ions of Stat tat ic
toI Mete'orology, t'enns~lvianta State I niversitY, p). 1416-7.

Ito



tw.I to th reeI miniiutes. rhim imetans that a one -min Ute wind avv i-age now andu A notnc Iini-

ute wvind Average a& Ilin ute later ilay Cotime o)ut quite differently. III fact, it appear's that

W indls near the surface should be aver~aged for at least 31to miutes before, rvcal LINtAble

estimates can be expected. '' This kru wledge has appa rently had little, ifany, influence
onl the avuraging periods used by various observing networks. III past yeai'N, counting

the num ber of minles of wind passing the aneimomnett-i it, 5 m in andi imultiplying lby 12 to

(obtain thle minles per hour Was thlt usual I S. Weather Itoi'eaki observation. Ver-
go,)ti ie(Coris( or these ,-min n synoptic values and daily extrecmues werte kept uint il

shoi'tlY afte'r World %\'art It whenl More sophitiCatutd jiidiCat lg tiull rtnoiilitig Ins.,tl'u-

ment s (which provideC continuous recordis of 5 peed ave m'aige~i nyc tr oni N a fey:seoul

caI ile into use (I . S. W. It 2). In continuing thle attempt to make w indl ubse rvat ions

mecanIimkgful of thle sn pticpcture, thle cii irnt qt~mnda rd I .s. ohse rv~kt toll is ani

:iveliage for I mini. H owever, in England and (anmauli the uAllintitI'. (lat~ ubl Iished

a it- hotir l. averagres Al so, a1 10-Ilin I windspceel is t ht- uisual viAlue for synoptic

observations when recorders are tevalliable, otherwIsu it Is somiet hing over 15 4 ec

(SheIlar 3 )l 1 * 19147 the InternatilonalI MetecorologicalI ( irganiz at ion establ ishedl a

20- iuin ave rage for synopt ic I'VieatH hebeors ut thiA rule is not lol lowed WOLI 4um

ý; st s a me( Indicat ed in smnle cli mInt Ic sul mlnamrles \0hen Inst ru iunetat ion has this

"Im!)ML. n ,hu"...i ;ot Oft cn cI .C.' G i The, ri ,. -tstmtlie of wind C Iiionat~og%', siuch

as thle speed ex c'eetlerl I perc(ent of tilh, tim m11 o tithe spee'i withI only ' a 10 percent
probabilt in seve al yers, arme best based upon standard observamtions, ort en

called s4teady\ winds." H owever, since it is tile gust which may be critIcal to

on~erat ionsi oi- withstanding" dulring strong steadY winds, it Is important to spec if\

the st rength of gusts. Careful attention i.:.ust I� given to the limeo over which gusts
aie ave raged, the speed of the steady' wind, and the effevt of height above ground.

TIhe sizes (orI durations) of gusvts most pe rtineint to the spect rumi of equipmnent size's

inust c irelait ed to this oboe rvatitonalI dota. * Thie MlI I-S'lTD)-21 OA of 1953 -based
onlY onl thlen aivail~able 5-minn steady wInds-s per lfkes an "instantaneous" gust of

150 percent of thle steady (5-niin) speed ait till heights. Thim pe-ak speed is said to

hiive a gust factor of 1. 5.

tin recent years demign of I-irgo structures touch ams telcvlsion transmitter

towers, "skyscrapers, "missiles (on the pad), and bridges has reached thle point
of sophiisitieation where fatigue of the structure due to vortex shedding, which is

2. '. S. Weather Bureau (U.S. W. B4. ) (19613) 1h1storv of Weather Bureau Wind
Measurements, U. S. I)ept. of Commerce, WasaifiglT7n7

3., Shellard, 11. C. (19618) Table. of Surface Wind Sieed and Di)rection Over the
Unitd Kingdom, Meteorol. OffT792, fier Majesty's S9tationary office, London.

4. Court, A. (1953) Wind extremes an design factors. .1. Franklin Inst.
256(No. 1):39-55.
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in resonanlce with the nat ural cia st i friequen('v or the st ructure, m~ust he cons ide redl.

Da venport h5 au alIso suggestedi t he a pplicat ion of the power spectrunm or tuirhul mciv

it, t hew 1w! ti t his. fatiguie prohicumi. T1hese' tre'at ments are pertintent to suchW ma 5-

s ive and via borate st ructo re~i, hut would prlobably he of li imited utllltY' in design of

.4tanda rclied t ran tspartahle amiliIta ry equipment, the goals of this study. AlIso,

since the techniques for- appiicat Ion ,re riot well c stabl isheil, no attempt to handle

this sio-c alied Pla stic crespons e prohlemn is includedl he rein.

.Somev studies of strlong wind ext renies fot, structural udesign are based on the

c llmatologv, of the- fastest mile ('Vhon, ( and P~roukke 7). Utiliz.at ion of muc'h diata

involves compa ring jpeeds averageud over a spectrunm of tinme pmeriods, a very un-

s4atisfactory approach if shorter period gusts are to be derived since gust factors

;pipNlv to a specific averaging period. Also, since speed of the wind is dependent

upon the time period over which it is averaged, the speedsH in such studies tire not

truly Comprabe

D~urst Hnotes that the use of lighterI construction material ha'3 iiect'esitatcd a

amore dot ailed knowledge of short du rat ion winds, and has prov ide'd sonic pre inm in -

ary modelis showing how speed increases as averaging tlime deccreases. NMitsuta91
states that structural failutre studies have itidicated that " very slmoi L duration wind

forces might be effective for- dest ruction of buildings or other cotnstruct Ions'.

One such situation caused the collaps4e of -ooling towers in) England and was

p~rese'nted in detail by Sheilard. 10

Studies of the relatilonshipl of gusts to the mt eadY wind and t heir variat ion with

speedi, height, thermal tin ic;6i~on, a nd ter'rain have culamimateid in grenerial

5. lDavenipi ti' pendence of Winld ILoads on Met eorolo~gicalI
Para~mehteris, s I' ýin Biildings and Striictures, Vol. 1, 1 niversity
of Toronto Prcs~e

G. Thonm, IL. '.u'nu y of maximumum wind speeds Pio.AtSc

7, l~reekke. (;.N. 0(9. f ) Wind Pressures in Various Areas of thc United
States, Iluilding Material and Structures, 111'T 152, NIIS, t'. S. Dept. of (-omnilrce.

ii. Durst, (*. S. ( 1960) Wind speeds over short periods of time, Meteorol,
Magazine 89(No. 100~6:181-186.

9. Mitoutia, Y. (1962) Gust factor and analysis time of gust, J. Meteorol.
Soc. (JApan) 40(No. 4):242-244.

10. Shellard, If. C. (1907) Collapse of cooling towers in a gale, Ferry-
bridge, November 1965, Weather' .2:232-240.
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agreemen('ft c'once'rning the nature of theme r'elat ionsh1ips (D~avis mid( Nv(w4tvifl,
('a m p, 12Shellard, 3 Mit suta, I Durst, ItDecuon, 14Sherlock, 15't F 10 It I Ct al1.7

B1rook and SpilIlane.,1 andl others). I lowever, qJuantitative reCSult.s have V.Wied

de'pendiing on the data and analytical methodm used.

This p~aper provides the c'limatological background for' specifying gumts of

various, durationm (luring strlong winds at several climiatically different locations

fromn operat ionalI weather stat ion recorder (cha rts. The intent is to providte the

user with gust factors truly representative dluring operational and ca tastrophric
'.withstanding' speeds which may be used to determine maximum wind~speeds

relevant to varioum s i/es of equipment, information (on t he variation or w indspeed

with, he~ight, and( finally, climatological backgroundi for spec ifying the extreme

wind design criteria recomnmended for MilI.-STI)-2 1011.

Am indicated in the background, usually ava ilable winad observations-from-1

w hich ('Iimatologies at-(- available-are speeds ave raged over a n miute or more.

Gusts dluring such averaging periods can often build sufficient force to exceed( the

thremhold value requiredl to pr'event operations or to do irreversible dam~age.

11. D~avi s. F. K. andI Newsteir, 1I. (19118) The Variation of gust factors with
mearn wind h need and with height, .1. Appl. Met earol, 7M o. 3):3172-378.

12. (amp, I). W. (1468i) L ow L evel Gust Aniplitude anol Duration Study,
NASA TMI X-5i:1771, Gieor'ge C.- Marmhall Sluice Flight Center, fluntsville, Alabamoa.

13,. Shellar d, P!,C. ('965) The eatimation of design wind speeds, Wind

Effect on~r Duli, aSrcues, National Physics I alx~ratory Symposium
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Quart, .1. Ilay. Mheteo 101. Soc.* (L ondon) 811563.
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The ra.Lat i~tln~iji Of SUi(I j.r~li.tiliCN,s to th liE taniiiri in 4tN1viat10.4ioniu; mvslb kiiown

iherlock liti licatteN that if gust must have 1 uduraition such that it-i .'i/c isi

A oi t IO t tilot j t hi . dol wnw~~~iithn (liihiwni oni i (r a mtmi(urtuve lit, cin rit) uildm a r(?.(., (I t i

tlie st i'icturf. ((til I ('Ii1suiatIv with titbe gust speed. As N .if e~;a iplv, fot, :k sirtct u c

%%,t il a 12. 3-ft downwind dimiension a grustii4t uI)( be 00-ft long to uild~ u) rull

lvu.1anilif J)II'NNurv. For* .1 sNpee or 100 rp., (59 knots), ;,a giJN n(.ed aict frii otii

14..to bildm q)i to runl Force. oil touch :1 sat rut. tu cc. I a rgv. '0t tict urt' lUN iqui c it

lotige r durati' lon gi:t . A gm-4t or seYC Iai Ieo~j, N'OlisNI ()ft(,,,ol iti'ir a q t p1 -a i

of th l rit' ictal dluratiton inl build ing.4 or up to 100 Ft ror' tV~ca14\ ci' N I)4(N Naca tte

100 knotq F or stronger w indls, thle requ iredI du rat ion will he even A4bicirtr.

Table 1 inldicates thle guist durat ion reqluireth to bili~itil run fulllnairl iw Nuc

1)21 struittur(,'s tilli to 100 Ft.

'iable I. i)utrat ion 15.)or (;umts llequirvd to Allo\ý Full l~uilrlup iof I-oi ce tit
St i'uctures

-- Speed ___-in -.-------j
Knots tfis) 5 rt 10 It 25 30 t 1.00Ft-

(Aust D)uration liaca)

25 42 0. 9 .9910

751 70.3 :1 0. f 1.
152110. 2 0: 49,

150 253: 0. 2 0G

A~notherc a-4prct of til, gust -Pqiz wL;iowcn iIs t be Ili,.\. -ita i r.(spamms. Ofi stit-twt ua

to Lgust N of variouls durair~oni. I .aij.-t st ructures.- muchI as huildIligs have grea.;t rnalasis,

anid it canl be4 c~ontended4 thiat thcre is ingurfic.iett tilfe' ror- re'V.atoi~ If) Shoi't 1WHi(d

grXIAsts. Thil.re1forf, oil thle force of till- stead .\ winld spawed would Ibe itilcI)ee1atirt Uil

theira dvie'igit . N ewhe ri et ;t a1!4 I-iX1111it cc i l wAi.( 10.&] ma N0Xpe r ierwe'd OM il

inatitrunented Ill -mitory rcut~ankrulua office building. 142 Ft liw ý1 ft, ill lie ndi t hat

dlreplactotent of thim building would bie about I . 'i Ft dlu ring thle course C! 11 :1- svc

guilt tiplied of 65~ knots if thll building were Free floating, lie stittes: 'Such diia-

jilareivient would ble quite unacceptable and( tile conclumion miust ble drawn that the

19. Newbes ry, C. %%. , l:aten, K.J I. ~all( MiaYne, .1. It. (1910 9Th[e nature of
gust lo~ading on tall buildings, M nd k-fects on Ofl lydingifiuaStructurem, . niverI-
slty oF Toronto Ili-eon, Ilroc. Or ip lnte'rmiiont al Research Seminar held lot tlce
National lte'sceurcl Council of Canada. Ottawa, ('rnuda, I I -15 Septemiber 1106b7.
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leetof lit, bulkldin'lel 141 ,N.-I cccv seilla) parIt ini resisting thie effec't of gust

141414I1111, ai t'4 Iv tt 'h41iw to tilt I -stew allc'uraptig pericod" lie further states: "Ill

r4mivi-t'Iti v clathltlg tilt intti~lticot (11 ii cc thait evenf shor'tert gusts ilre( sig~l~ifi(alt,

itt ro tilt, se their ultits have lnot been explored."

I nlilt- tho i hr haind., New be ry et al Ip presents daW -i hich tiupport tile need for it
aust tit ha Vt' 'irat leec such t hat it is about It times* the( downwind dimension or thle
At 1,1i k kirt' Iin Il-eei'teo bulild I,., run) rotrct'. mis Iieasuimt'fiets in a wind cif about

it) I'iiotm Ohoii t hat tilte' gust factor relantive to tile I -miii speed ederived f-olnt thle
teet'ee icl) thle building a re' about thlos' rot, !l- to io -se, gutsts, suppotrting the( value's
ini 'I.&lehe 1.

\Io~studl lirs o! g~ust itit's" ar 21'htoil ic u'ronieteorological researc h. Though
*1114141UNill.eiinit 5 obtai~illed( fiotti such expt-rii Ii*21ts are general ly supierio r to opera -
tio'ua i elect a hec misc' of -(-finedl ane 1i o 11et ry, such studlies haridlY ever p~rovidle

ihekti rmt thet vert. st tong wi ndspeeds inijxortant in design of iiii Uta ry eq~uipment.
lTee'rerore. aen eat! 01111)t Wnimad he rein to analyze gust daeta fot' ke more meaningful

*41w4'tt uil olf winldspet-ls. Also4 included are some other pertinent data fronm
ilMlelvstrn windsW 11**4 0 rc'levic t r'esIiearch findlings.

:t. 1 Dlill"

Original w indi gusct rec'(ord(er cha rts containing strong, stead)- speeds, avail -
ablel in thle inventory of the National Weather Rlecords Center, wer'e requested
from heic Environmental Technical Application Center (LTAC). Stations, dates
Lind itneneoniete:' heights of thle data providet., which were used in our- analysis,
atre listed in Table 2. Ani evaluation of thle response tinies of wind measuring
instrcumentaition f'oti wic the data were taken is presented in Appendix A.

It, wrder to have sufficiently stable sanmple~s of data to examtine variations

of giistiness with speed, 10-knot windspeed class intervals were chosen (for
exampuhle, 20-29 knots, 30-:ifP knots. etc. ). One method uf obtaining gust factors
fr'omi the data was to mark off equal time intervals on the gust recorder chart,
take thlt s4teady, witifspeed aind] compute factors for- the highest gusts occurring
within the interval. Another possibility was to use a long time interval, say
an hour. and compiute the gust factors front the highest .9-mm, 1-mitt, or
30-sec winds, no matter where they are located in the hour interval. Assuming
that tile most likely gust configuration is symmetrical, as shown by Camip, 12

it was decided that the gust being measured should be in the center of the
averaging period. This concept is presented graphically in Figure 1. Since
the "Manual of Surface Observations" (Circular N) used by the National Weather
Service. Air Force, and Navy prescribes the recording of the average 1 -mmn

13



Table 2. Stations, Dates, Number of Observations and Anemometer Ileights of
Primary Data

Ane mometer
Station Hleight (ft) No. Obs Date

Adak, Alaska NS 80 7 February, 1952

75 81 ".rch, 1954

75 14 September. 1956
75 60 March, 1958

75 47 November, 1958

75 4 October, 1958

75 21 May, 1959

58 10 November, 1961

25 38 November, 1964

Argentia, Nrld, FWC 56 30 September, 1955

Azores/lajes Field 10 16 February 1960

Cherry Point, N.C. MCAS 95 13 September, 1955

Falmouth, Mass/Otis AFIB 13 11 September, 1960

Guam/Agana NAS 43 1 November, 1957

14 41 April, 1963 I
Guam/Anderson AFB 13 4 November. 1962

New Orleans, La, WBAS 20 18 September, 1965

Okinawa/Futema MCAF 28 9 October, 1961

Okinawa/Kadena ABl 13 69 October, 1961

Patuxent River, .d,'NAý; 85 10 October, 1954

Quonset Point, R. I. /NAS 84 3 September, 1954

Rapid City, S.D. /Ellsworth AF 13 30 February, 1963

Thule, Greenland/AB OP Site 13 11 March, 1960

Total 548.
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speed, this speed was used to describe all relationships. Ratios of the 5-min

aind 30-sec averages and peak gust (about 2 sec as will be noted in the next section)

to the 1 -min wind were computed. For example, the gust described in Figure I

has a 1-mmn average speed of 40 knots, a 5-min average speed of 38 knots, a

30-sec average speed of 43 knots, and a peak gust of 60 knots. The 5-min factor

is 38/40 or 0. 950, the 30-sec gust factor is 43/40 or 1. 08. and the peak gust

factor is 60/40 or 1. 50. Since the 1-min speed is 40 knots, these factors would be

assigned the 40-49 knot class interval in subsequent statistical summaries. A

total of 548 such observations were studied. The method used was to make obser-

vations centered on the highest peak (2-sec) gust within 2. 5 min of the hour. Ilow-
ever, on occasions when a higher gust fell within 2. 5 min of the gust chosen, that

gust then became the center of the observation. The vertical arrow in the center

of Figure I points to the 2-sec gust chosen at 2:00 I'. M. Because of the scarcity

of recorded steady winds over 60 knots, gusts were studied at 15-mmn intervals

when such winds were encountered.

Wind near the earth's surface is very sensitive to the terrain; consequently,

any particular location is likely to have its own gust characteristics. Since data

for this section were provited from the many locations listed in Table 1, pooling

the observations should effectively limit the influence of any one location. The

anemometer heights rang. from 10 to 95 ft. The average height of these is

roughly 50 ft.

3.2 I,uG Fortor •stiati('g

Means and the range of ratios of 5-min, 30-sec, and 2-sec averages to the

* standard I -min speed for the sample of 548 observations taken from the

15
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operational recorder charts studied are shown in Table 3. The 50-. 75-. 90-.

and 98-percentile values and the standard deviations of 2-sec gust factors are

shown in Table 4.

Observations at anemometer heights above and below 50 ft were separated

with resulting mean heights being approximately 75 and 15 ft. The number of
observations in each windspeed category for these two height classes and the

average heights are shown in Table 5. The mean, standard deviation, and the

50. 75. 90, and 98-percentile values of the 2-sec gust factors at 15 and

75 ft are shown in Table 6. A study of Tables 3. 4, and 1; reveals:

(1) As shown in Table 3, the expected decrease in the mean 2-sec gust

factor with increasing -mrin speeds is evident except at the 70-79 knot interval

where the sample size is very small. However, when the gust factors at the

mean heights of 15 and 75 ft are examined (Table 6), the decrease is much

gi-eater at 75 ft; in fact, the gust factor at 15 ft increases slightly for speeds
through the 40-49 knot intervals. The standard deviations of the 2-sec gust

factors also decrease with increasing speed at 75 ft but behave erratically at

15 ft. (
(2) The 2-sec gust factors at 75 ft are less than those at 15 ft at speeds

greater than 39 knots, reflecting the decreasing effect of surface friction (on

-mrin averages) with height, even as low as 75 ft.

(3) The 30-sec ratios remain nearly constant with increasing speed (Table 3),
whereas the 5-min ratios show no obvious trend. Evidently, measurements

averaged for at least 30 sec tend to fUter out most of the small scale turbulence.

Much of the older extreme wind studies for structural design criteria used

well-defined 5-mnn average speeds (Court4 ). For comparative purposes, ratios

of maximum -main, 30-sec, and 2-sec averages within each 5-min observation

were computed. Median and mean ratios are shown in Table 7. Means and

medians are sufficiently close to indicate that the distributions are near normal.

The 2-sec gust factors show the same trends as in Table 6, decreasing with

increa sing speed more rapidly at 75 ft than at 15 ft. Clear trends for the 30-sec

and 1-min ratios are evidently clouded by the diverse nature of the data.

The tendency for gust factors to decrease with increasing speed at the nominal

height of operational anemometers, 50 ft, is illustrated in Figure 2. The

operational anemometer gust factor curves were drawn for a 5-min steady wind.

The values were obtained by averaging the mean gust factors for the 15- and
75-ft columns in Table 7; however, the speed categories are in terms of the -mmin

speed. Also shown are the findings of Sherlock 1 5 . Durst8 , and Mackey2 0 for

Typhoon Mary.

20. Mackey, S. (1965) Discussion of Wind Effects on Buildings and Structures,
Her Majesty's Stationary Office, London, p. 422, 423.
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Table 3. Ratios or 5-min. 30-sec, and 2-sec Speeds to the -mmin Speed for All
Observations Regardless of Anemometer Ifeight

1 -min
Speed 5-mrin 30-sec 2-sec
(knots) No. ()bs. Mean Range Mean Range Mean flange

20-29 133 0.909 0.692-1.00 1.04 1.00-1. 17 1.35 1.07-2.14

30-39 142 0.911 0.771-1.00 1.04 1.00-1.17 1.31 1.06-1.81
40-49 113 0.920 0.732-1.00 1.04 1.00-1.17 1.28 1.04-0.81

50-59 83 0.917 0.778-1.00 1.04 1.00-1.16 1.27 1.08-1.61
60-69 67 0.932 0.783-1.00 1.04 1.00-1.15 1.25 1.03-1.58

70-79 10 0.911 0.855-0.958I 1.06 1.03-1.18 1.29 1.06-1.54

::Values in these columns are usually called "gust factors."

Table 4. Distribution or 2-sec Gust Factors Versus 1 -min Average Speed for All
Observations Regardless of Anemometer Height

1-min Percentile Values
Speed Standard ---
(knots) Deviation 50 75 90 98

20-29 0.172 1.31 1.41 1.58 1.82

30-39 0. 149 1.28 1.39 1.50 1.71
40-49 0.146 1.26 1.37 1.44 1.68
50-59 0.114 1.27 1.35 1.41 1.54

60-69 0.140 1.23 1.36 1.44 1.56

70-79 insufficient data

17



Table 5. l)istril)ution of Anemometer Heights Versus I-min Average Speed for the
R~ecorder (harts Studied

1-min L.ess Than 50 ft More 'I tan 50 ft F Mean Ileight
Speed M'e-n Height Mean Height of All ()bs(knots) No. Obs. (ft) No. Obs. (ft) (ft)

20-29 77 17 56 75 40

30-39 66 16 7(6 73 4 6

40-49 3 G 15 77 71 53

50-59 26 15 57 75 57

60-69 f 41 14 26 78
70-79 j2.......13 [ 78

i

I

Table 6. Distribution of the 2-see Gust Factors During 1-mmt Speeds by Approxi-
mate Anemometer Height

1 -mrin Perc ntile
Speed Mean Std Dev 50 75 90 98
(knots) 15 ft 75 ft 1- f" 75ft 1t ft 15Tt 75 ft 15tt 7 t 15 rt 757F

20-29 1.33 1.37 0.122 0.220 1.31 1.30 1.39 1.50 1.45 1.66 1.66 2.07

30-39 1.35 1.27 0.120 0.162 1.32 1.23 1.43 1.33 1.49 1.50 1.71 1.74

40-49 1.36 1.25 0.132 0.138 1.35 1.19 1.40 1.33 1.521 1.42 1.80 1.63

50-59 1.33 1.25 0.105 0.110 1.31 1.25 1.381 1.33 1.44 1.40 1.64 1.51

60-69 1.27 1.21 0.168 0.063 1.311 1.20 1.41 1.24 1.48 1.29 1.57 1.36

70-79 1.37 1.27 Only 2 observations at 15 ft. and 8 observations at 75 ft.

18
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Table 7. Ratios of 1-min, 30-sev and 2-sec Speeds to 5-rain Speeds

I -rinn - -50 Percentile 9ean
Speed I .rain 3 0-sec 2-ec. 1-1 n " o0-sec 2-se-S...... -• -• . , .•-. e
(knotsa) 1 t7 15f 1-6 5t t t1 tiý'jV-t 1 t

20-29 1.08 1.11 1.1211. 16 1.41 1.44 1.08 1. 13 1.12 1.18 1.44 1.,55

30-39 1.10 1.10 1.14 1.14 1.45 1.35 L.10 1.O10 1.14 1.o14 1.48 1.40

40 "49 1.'08. 1.08 1. 12 1. 12 1. 46 1.29 1.08 1.09 1 . 12 1. 14 1.47 1.3f;i
50-50) 1. 0]6 1.09 1. 11 1. 1: 1.39 1. 36 1.07 1.1 1Oi. 12 1. 14 1. 43 1.37
60;-69 1 .05 1.10 1.09 1. 14 1.3i8 1. 32 1.05 1.110 1. 15 1. :A4 1.34

MM FO IMKI OF IN HMO

1000 FOR 11(10 UP TO soMPH

S-- SWRLtOCK(IM?) MO01L.IOI4T 50 AND 0 7FT,
HOURLY AIRA0I(• 5M AI3T 30 MPH

. ,-M-,- TYPHOON MARY. XIU OR 5,10.30 AND,
60 UCONS DURU 5 MKIUTE MAXIMUM OF Of MPK

0

M

9 10

100

i.o TO_. It It I

.0 TO " 444O1e -

. • o

40,To 4,11) 5
SOTO w 413)-

1.10 1.20 1.30 1.40 1.50 5.60 110
EXPECT9EDO MUSTOPT

Figure 2. Expected G'aat Factor (GF) From Operational Wind Recorders
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Sherlock useCd a spec ial data saLmiple ohtailnd from almo•inetlr'' equipment

designed t) indicate gust durations do% n to 0. 5 see. The gust factors atre hig'ler

thati for tht- o pc rat'itonal anOmOIetelrs, but S•herlock's data saMple was quite

limited; hi,; 2-sec va.lue of 1. 65 is within tie distribution of the operational

anemometer data. l)urst's statistical model was based upon several samples

or 10-min long, high speed recorder. anemnometer runs. lie obtained the ratio of

these sampling periods to their hourly averages in order to obtain the ratios of

shorter period values to the hourly values. Ills empirical data were taken tt an

anemometer height or 50 ft and limited to speeds less than 42 mph (36 knots), lie

applied his model to 10-mph (9-knot) class intervuls of speed up to 80 mph (70 knots)

to obtain expected maximum gusts of various durations. Probable gust factors for

GO00-, GO0-, 30-, 20-. 10-, and 5-see duration, indicated in Table ii, are nearly the
20

same regardless of the npeed. Mackey, in a report on Typhoon Mary when it

crossed Hong Kong, derived maximum speeds for 5-, 10-, 30-, andc 60-sec duration

during the maximjanim 5-min speed ef fii mph (55 knots). Short duration gust

factors are much higher than those in other sources, as can be seen in Figure 2.

In order to determine if there is a dif erence between gusts occurring fromn

tropical storms and those from extra-tropical storms, samples of data taken from

stations with anemometer heights of 10 to 25 ft were selected from the 548 strip

charts from operational weather recorders for tropical and extra-tropical storms. I
Gust factors for -mrin speeds of 20 to 59 knots were combined to increase the

stability of the samr-e. These are compared in Table 9. The 2-sec. gust factors

appear to be slightly greater for tropical storms, but the significance or this

difference needs substantiation. Smith and Singer21 studied the gust factors for

1-mmn winds during 1954 when two hurricanes, Carol and Edna, were passing close

to Brookhaven National laboratories, Long Island, New York. Friez Aerovane

equipment was located on several levels and the authors determined the gust

(assumed to be 2-sec duration) rDlationships to the 1 -min averages for about 2 hr

when under the ir,fluence of these storms. Pertinent data are provided in Table 10.

The lowest anemometer for Brookhaven is 37 ft above the ground as compared to

heights ranging from 10 to 25 ft for the operational data, but mean gust factors

from the Brookhaven observed hurricanes are slightly greater than for the tropical

storms summarized in Table 9. Also. the mean 2-sec gust factors for Carol were

virtually the same as for Edna, although Carol's speeds were considerably stronger.

Since the Brookhaven tower is surrounded by a scrub pine forest reaching up to

30 ft, the anememeter height of 37 ft is not comparable to heights of the c?-: iU nal

weather station anemometers which are mostly over open airports. Apparently

there is enough difference in gustiness with synoptic situation and local terrain to

21. Smith, M.E. and Singer, 1.A. (1956) Hurricane Winds at Brookhaven
National Laboratory, Brookhaven National Laboratory, unpublished study.
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1'nblc 8i. Probable (50 pet-vent~t) Gust Factor" for, 20- to 11O-nipl Avet-age I Iouly
S~wetim Using 1)urst'ml M\ode~l

Mean h1ourly
S Sped G~.t0 ~ (ust F*actor (001)

2 0 17 1.5 1.25 30,i 1.35 1.40 I1.50
310 26; 1. 0"1 .23 1. 33 1.3:7 1. 431 1.47

40 3 5 1.07 1.25 1.3 1.3i5 1.42 1.411

50 43 1 . of; 1.2 1. 32 l. :11 1.42 I1.411
60 52 1.07 1.24 1. 32 1. 35 1.42 J1.411

7C0 111 1. 06 1.24 1.31 1 .31) 1.41 1.49
11l0 ; 1.0of; 1.24* 1,.33 1. 36 1.43 1.411

Tr~ble 9. Comparison or 2-see Oust Pactorm D)uring 1 -min Winds or 20 to 59) knotm
in Tropical and IExtra-tropical Storms, Anemometer Hecight 10 to 25 rt

Gust Factor- . Percentile Values__

Storm Type Observ. jMean Dev 50 75 9 0 98

Tropical 107 1.36 0. 133 1.34 1.42 1. 49 1. 71;

Lxtra-tropical 79 1.3 1 01116 1.29 1.39 1.47 1.61E

Table 10. Mean 2-sec Gust Factors in 1-mmn Winds for 1hurricanes Carol and
Edna ýSmith and Singer2 l)

____ Caro crII- n

lici ght *Speed~ Gust Factor, A speed Gust F~actor
(ft)(knots) (knots)

75 361 1.38
150 47 1.28 28 1.29

355 52 1.22

410 -3__ 1 9__ 18~

"*Mean of all 1-min average inpeeds for the period studied, about 2 hr.
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obscure a conclusion on the relative turbulence oa tropical and extra-tropical

storms.

Recorder charts of steady winds greater than 70 knots are scarce and
"withstanding" windspeed criteria can well exceed this value. Data for

Mt. Washington, compiled front recorder charts in 1958 by A.C'tl.'s M. Gutnick

for an unpublished study, were utilized to extend the speed range. This source

provided 26 observations of gust factors for 5-min steady winds ranging from
71 to 1,03 knot,. Another input are four values derived from wind data taken

during hurricanes that passed close to the Blue Hill Observatory, near Boston,
Mass. These inputs are discussed further in the next section.

3.3 Ih'vlocpot-ni or (;uel tudor ReiiaIoa~hipK

Our purpose in this part of the study is to establish a relaiionship between

expected gust and the steady windspeed, regardless of location. Since there is a

wide range of exposure conditions anid instrumentation in the 548 oprrational,

26 Mt. Washington and 4 Blue Hill wind maxima, it was decided that the most
representative relationship of the gust to the average speed would be that obtained

from using all the data and applying it to the average anemometer height from
which the data were taken, approximately 50 ft.

The form of the relationship between the gust factor and the steady wind

poses another problem. A straight line regression curve would provide a fair
approximation of the expected decrease in gust factor with increasing speed;

however, it would imply that at some speed, perhaps between 150 and 200 knots,

expected gustiness becomes zero. Logic implies that the true relationship is a

curve asymptotic to a gust factor of 1. 0, so that there is expectancy of some

gustiness no matter how strong the speed. This is in general agreement with

findings of turbulence in the upper air. At jet stream levels of 30- to 40-thousand

ft, aircraft research by "ndltch and McLean 2 2 show gusts running 5 to 20 fps
(3 to 12 knots) with a peak gust of 27 fps (22 knots) when there is measurable

turbulence. The average jet stream core speed is 240 fps (142 knots), but speeds

approaching 338 fpa (200 knots) with turbulence have been encountered. The gust

factor at such extremes is evidently about 1. 1 when there is turbulence, but the

expected factor must be closer to 1. 0 since measurable turbulence was observed

only about 30 percent of the time during research in the jet stream.

To obtain a more realistic solution, a least squares relationship in which the

gust factor, GF, approaches unity with increasing 5-min speed was developed.

22. Endlich, R. M. and McLean, U.S. (1965) Jet stream structure over
central United States determined from aircraft observations, J. Appl. Meteorol.
4(No. 0):83-90.
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The reiulting equation takes the form

(l I + Ae"BV (1)

where A and B are constants and the speed of the steady wind, V (> 20 knots), is

taken to be the 5-min average. This implies a gust fuctor of 1 plus A when the
5 -sin speed is truly zero. but this relationship was not designed to be applicable

below the range of data used, 20 knots.

Figure :3 shows the median (50 percentile) gust factors (taken rron, Table 7)

versus class interval midpoints of 25. 35, 45. 55, and 6;5 knots, the 2-s8c

GF curve Gi" I + 0. 55 e-0, 0093V, and a 30-sec G. curve subjectively drawn.

Also included are two points of median gust factor for the Mt. Washington winds,

one for 11 observations ranging from 71 to 81) knots, and the other for 15 observa-

tions ranging from 92 to 188 knots. The Blue llil point includrs four values with

a speed range of 73 to 105 knots.

A study oF Figure 3 indicates that although the Mt. Washington points do not
quile follow the pattern of decreasing gust factor as speed increases, the small

decrease (from 1. 19 to 1. 23) does not appear significant. Also. the Blue Iill data

point does not help in establishing this pattern, probably because two observations

for the September 1938 hurricane are based upon passage of miles of wind over a.

3-cup anemometer which did not have modern few-second response recorders.

These values were obtained from notes made by the observer. Since the Blue 10ll

U (74 e w .,2-aac To 5-mn 6 F I,.Ae'+l

S16

1.5 GU IL44 ESIMTD URE

40 ..... ... L e ''---I0• " I0" " 14 .- +_.L.----.,- 606 10 IOI010 .... .. 200•

Figure 3. Median Values of thw Gust Factor For 5-mtn St.,lady Speeds, the2-sec GF Curve, GF - I + 0, 55e-0.009 3 V and a 30-sec GF curve subjectively

drawn (nunmber of observations for each point is showni in parenthesis)
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average is based on much less data than the other points, it may not be representa-

tive of the true average.

The constants and parameters giving statistical representativeness for the

entire iample of and various selections of the data are shown in Table 11. Also

shown are the gust factors for 5-mmn speeds from 25 to 200 knots which were

computed from the relationships derived for the sample. There is little difference

between the values obtained with all 578 observations ( column I) and the same

sample excluding the four questionable Blue Hill observations (column 11).

The F-ratio for significance shows both fits are very highly significant, but

Table 11. Distributions of the 2-sec Gust Factor (GF) to the 5-min Steady Speed
Calculated From a Least Squares Fit to: GF I 1 + Ae"BV

Samples*

1 II III IV V

Sample size, n 578 574 548 260 248
Constant, A 0.55 0. 56 0.61 0.59 0.62
Constant, B 0.0093 0.0102 0.0122 0.0116 0.0115
Standard error, SE 0.45 0.44 0.44 0.44 0.43
Coef. of Correl., r 0.35 0.38 0.34 0.31 0.35
F-ratio 81 95 69 27 34

Gust Factors
5-min

Steady
Speed
V(kts) GF GF GF GF GF

25 1.44 1.43 1.45 1.44 1.47
35 1.40 1.39 1.40 1.39 1.41
45 1.36 1.35 1.35 1.35 1.37
55 1.33 1.32 131 1.31 1.33
65 1.30 1.29 1.28 1.28 1.29
75 1.27 1.26 1.24 1.25 1.26

100 1.22 1.20 1.18 1. 18 1.20
125 1.17 1.17 1.13 1.14 1.15
150 1.14 1.12 1.10 1.10 1.11
175 1.11 1.09 1.07 1.08 1.08
200 1.09 1.07 1.05 1.06 1.06

*Samples: I. All data from operational anemometers plus
Mt. Washington and Blue Hill.

11. All data except Blue Hill.

I31. Operational anemometers only.

IV. Operational anemometers at 75 to 95 ft.

V. Operational anemometers at 10 to 28 ft.
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exclusion of the Blue Hill values raises the l.'-ratio from 81 to W). The values

obtained using all 548 operational anemometer data, the 260 observations from

operational anemometers between 75 and 95 ft, and the 248 between 10 and

28 ft, are shown in columns 1II, IV and V, respectively. Forty observations,

30 at 56 ft and 10 at 58 ft, of the 548 observations in the distributions of

Tables 3, 4 and 6 were omitted from columns IV and V. There is little difference

between the resulte for higher and lower anemometers, justifying application of

the expression to all observations of the steady winds of the cliniatological distri-

buttons selected for "operational" and "w'hstandng" extremes. The tendency for

gust factors to be smaller at greater heights, especially as speed increases (as

"shown by the mean and standard deviations of gust factors in Table 6), ini mostly

masked out by the least squares regression.

The relatively small correlation coefficients (Table 11) clearly depict the

great variability of gustiness from one situation und place to mnother. It appears

desirable to settle on one relationship between 5-mrin windspeeds and 2-ser gusts;

that relationship is probably best depicted by Eq. (1) and the values under column I

in Table 11. Selecting column I values over column 1I values avoids any arbitra|rv

discarding of available data. It also provides sonme conservatism since gust fac'tors

at extremely high windspeeds will be in the saive "IxtIl park" as is. implied from

the jet stream turbulence encounters of aircraft at compmrable high windspecds in (
the free air. The curve for the 2-sec gust shown in Figure :I is for the , constants

A and It given in column 1, Table 1 1.
A tool to obtain gusts of other durations which would be applicable to the

various downwind dimens'ons shown in Table 1 is still required. To develop this,

the general assumption that the gust factor diminishes logarithmically with in-

creasing duration, as in Figure 2, was accepted, but it was recognized that the

relationship is not e\act and details providing departures from it would be

desirable. As a first step the 2-sec factors were computed from Eq. (1) and

column 1, Table 11. These are listed in Table 12. The next step was to plot

the median (50-percentile) values of the :30-sec (;- from Table 7 on Figure 3. A

curve was fitted by eye to the remaining points, resembling the 2-sec curve, but

with a much smaller slope since the raige of ratios of 30-sec to 5-ruin winds is so

much lower han 2-sec to 5-min. Gust factors for the 310-sec wind selected from

this curve are shown in the second column of Table 12. The values in Table 12

are plotted on Figure 4. It permits one to estimate, as a function of the 5-min

speed a most-probable gust for various durations between 2-see and 5-min. As

has been indicated, much of the recent wind summaries contain steady winds that

are mrin averages. consequently, gust factors are required for these I -min

steady speeds. Gust factors for 2-sec gusts in -main wind speeds can be estimated
by dividing the 2-sec gust factors for 5-min winds by the 60-see gust factors for
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"Tadbl 12. (;u.qt ]'actors With Rlb pet to the ý)-min itc ad NI. S)eed(I. 'Jhe o- (. (i
was estimated from Figure 4, the 30-mec ;1 was estimated from F igure. 3, and(I tile
2-sec (;F wa:s derived from Eq. (1)

5-min G;ust Faictor (M ;I)
S•peed I .. . . . .... . ... .....-

(knots) { 0sI30-18ce 2 -svc

20 1.120 1. 172 , .451;1;
30 1.105 1. 151 . 1.41G;0
40 1.094 1. 134 1. :1791

50 1.085 1. 121 1. :3454
:;0 1.077 1.111 1. 3 147
Ito 1. 061; 1. 095 1. 26;13

too 1. 057 1. 081 1. 2170

125 1.049 1.06;9 1. 1719
150 1.042 1.059 1. 136'3
175 1. 0.35 1.050 1. 1080

200 1.028 1.040 1. 01151;

1000-T T T " T'T -1T- T T-T-T-1--- T ---- r-1'' I I I T 7 f T .r ,T-rrr

500-

200 ,

'00ý

50.

lot 100 \- •-- ~20; ,

\ 60 -\S
.! 50 20 (knots)

1.0 1.1 1.2 1.3 14 15
GUST FACTOR

Figure 4. Expected Gudt Factord VerdUm 5-mih Steady Windapeed
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"i~lu'i give' ill 'l'ihie' 12. similarly, tilt, 2-svec (I' as v uLated using

the I'1t4 1(11' the 2-l.et to the 0-se. v M1'" 'alue.i in T•ble 12.

I |- inle (;ust I.('tOK'z ((.1.) --

30se 2ped -set,

20 1 .04 64 1. 3005
:10 1.0416 1. 2814

40 .031;5 1.21;0f;
,", 1. 03: I 1. 2400
60 1 .0315 1.2207
80 1.0272 1. 18:32
110 1,0227 1. 1.11•:
12•5 1. 0190 1.1172
150 1 .0163 1.09010
175 1.0144 1.0705
2 00 1,011 1; 1 . 05 ;0
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Figure 5. Expected (.just Factors Versus 1-min Steady" Windspeed
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intn, both in Table 12. These values are provided in Table 13. Analogous 30-sec

values, obtained by dividing the 30-sec gUst factors by tile GO-sec gust factors arc

also presented in Table 13. Igure 5 is a plot of the values in Table 13. It pro-

,ides a tool for estimating gust factors for durations down to less than a tenth of

a second.

The value or the gust factors obtained using Figures 4 and 5 is the best

estimate of a gust to use for a windspeed which has a specific risk, considering

the many locations and synoptic situations typical of exposure of military equipment.

In some cases gusts will be higher, in others, lower, but the probability of a 2-sec

gust using these gust factor relationships will thus be about the same as the steady

speed decided upon.

:1. 1 ldditionul (:on jiderations

.The emphasis in this report has been placed on the most common wind condi-

tions; however, there are other locally prominent situations for which general

applications would be unreliable. Wind flow in the lee of mountains represents one

such situation. These occur frequently during the winter months along the eastern

foothills of the Rocky Mountains and other areas of the world (Julian2 3 and

ILovill 24) where moderately strong winds at low altitudes run into mountain bar-

riers. Wind recorder charts (luring the storms of 16 January 19167 and 7 ,anuary

19169 at the National Cernter for Atmospheric Research (NCAR), Boulder, Colorado

were reproduced in the NCAR Quarterly (Spring 1967 and May 19619). Steady winds

were nearly 50 mph (43 knots) for several hours while peak gusts were 110 to

125 mph (06 to 109 knots). It was not possible to resolve I- or 5-rain velocities

due to the slow speed of the recorder, but the gust factors, frequently greater than

2.00, were considerably higher than any other strong winds studied. This ex-

treme gustiness from a lee wave in the foothills of a mountain barrier seem far

more severe thaa gustiness on an isolated mountain peak, such as Mt. Washington,

where steady winds are more severe. Designing military etuippment to with-

stand such gust factors is not required, since gusts as stronk as these are ob-

tained with the lower gust factors at higher steady \%inds availlble from the

climatology of typical windy areas.

Terrain differences can also produce large variations in windspeed. For

example. Santa Ana and Newhall wiilds of California occur when northly winds

23. Julian, I.. T. and Julian, 11.1R. (1969) Boulder's winds, Weatherwise
22(No. 3).

24. Lovill, J. E. (1969) Transport Processes in Orographically Induced
Gravity Waves as Indicated htmo~sherlc Ozone, Atmospheric Science
Paper No. 135, Colorado State University, Fort Collins. Colorado.
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are channeled into mountain passes and valleys with a resultant increase in

velocity (Koutnick 25). Similarly, a change in wind gustiness can accompany a

change in wind direction. One such occurrence seems to be present in the data

sample used for this report. Figure 6 illustrates this change which occurred

during a typhoon at Kadena Al3, Okinawa. As the storm approached, between

, • .." !1~~~:OO A M ,, ..

8:00 PM Owl00I • ...

tNI
Ile

Figur 6. Wdpe ecr kos)Drn Typoo atKdnaAi Oiaa

2. coe % U igr ()wstkn ihaN ida thetor apoce,•

r-OP " 7-

25 otil, ..(98 ehl wnso h a enad valley Weaher

ws'2.No.5):86

LI 1-

i'rli'4

OC:TOBE(R 2 OCTOBIER :3

Io) 1b)

Figure 6. Windspeed Record (knots) During a Typhoon at Kadena AB, Okinawa,
2 -3 October 1961;. Figure 6(a) was taken with a NE wind as the storm approached,
and Fig~ure 6(b) was taken after the wind had gradually veered to the SSE when the
center of the typhoon had passed

25. Koutnick, W. (1968) Newhall winds of the San Fernando valley, Weather-
wine 21(No. 5):186.
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2000 and 2100 hr on 2 October 1961, the winds were out of the northeast and very

gusty; the mean 5-min speed was 60 knots and the mean gust factor was 1. 62.

When the center of the typhoon passed, the wind direction gradually veered to the

SSE and by 0600 to 0700 hr on 3 October 1961, although the mean windspeed

was still very strong, 63 knots, the strong gustiness was not longer present-the

mean gust factor had dropped to 1. 11. Wind records at nearby Futema MCAF,

Okinawa during the same hurricane do not indicate any reduction in gustiness such

as shown in Figure 6. Since no reference to instrument damage was made on the

recorder chart, it appears that orographic differences were the probable cause.

I. BEII.RIOR OF 'XTREMIE INIDI.SPEID .N'D UI;ISTS S1TII I:It;IIT

A major problem with pooling the various inputs of wind data was the deter-

mination of the best method for adjusting windspeeds to a common height. Once

this relationship was established, it could then be used to describe windspeed and

gusts over the vertical extent of use of military equipment.

Wind flows in response to a difference in pressure in the atmosphere. These

pressure gradients change slowly with altitude, and so for practical purposes, the

changes within the layer for which equipment must be designed is; negligible; yet

changes in speed with height through this layer are known to be quite great

because air motion near the surface does not obey the pressure gradient law.

Anemometers near the ground may be hardly turning, whereas those on tall

buildings and towers may show moderately strong, gusty winds; kites may be dif-

ficult to launch, but once several hundred feet high, they fly without difficulty.

Friction caused by terrain is one of the main factors affecting the vertical gradient

of the wind up to an altitude at which friction is considered negligible, the gr.ý.Jient

level. At this height, I or 2-thousand ft. the pressure gradient is said to be

dynamicrlly balanced against two components involving rotation: (1) that of the

rotation of the earth; and (2) the curvature of the wind path. A theoretical wind

can he computed for isobars on a surface weather map which quite closely

corresponds to observed winds at the gradient height.

The height of the gradient level and the velocity profile of the wind up to that

level can vary greatly, mainly due to the type of surface and the stability of the

air. Stability is chiefly a function of the temperature structure in the boundary

layer which can range from a super-adiabatic lapse rate (temperature decreasing

with altitude so sharply that air displaced -.pward will continue upward because

it is warmer than its surroundings), to a negative lapse rate or inversion

(temperature increasing with height and consequently air displaced upward

is cooler than its surroundings and tends to sink back to its original level).
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The inversion is a very stable situation during which fog and pollution is often

present. A neutral condition (adiabatic) is said to exist when the temperature lapre

rate is such that a parcel or air, displaced vertically, will experience no buoyant

acceleration. This report is concerned with the relationship during which very

strong speeds occur at the surface and for which equipment must be designed to

operate. In general, a neutral (adiabatic) lapse rate is established by the turbulent

mixing caused by these strong winds at the surface, simplifying the problem of

arriving at thle most typical windspeed profile for very high speeds.

Basic equations for specifying windspeed and direction with altitude in the

boundary layer, originally developed for ocean depth, is termed the E1kman Spiral.

However, micrometeorologists who have been studying the energy transfer and

diffusion phenomena in the boundary layer, have found various empirical relation-

ships which rat windspeed data gathered at various heights above the ground. Two

general relationships, a logarithmic and a power law, have been used. For thick

layers (when heights are between several meters and about 300 m), wind profiles

tend to obey a power law (DeMarris, 26 Johnson, 27 and Munn28). This relation-

ship is normally used when neutral stability exists. The power law is the form

V/Vo (0|/lo 0 )P (2)

where V0 is the windspeed at some reference level, 1id. and V is the windspeed at

the desired level, It. The exponent, p, is dependent on the atmospheric tempera-

ture lapse rate, windspeed and, to a lesse,- extent, on ground roughness.

The exponent, p, averages between 0. 1 and 0. 3, but can range from near zero

to about 0. 8. It is larger under a stable vertical temperature gradient and smaller

for neutral and unstable conditions; it decreases with increasing windspeeds and
increases somewhat with terrain roughness (DeMarrais 26 ). The typical value used

*0' for p is 1 7 (equal to 0. 143) (Sherlock1 6 ). Early workers had already recognized

that this p value was applicable to typical steady or mean winds but not applicable

to gustiness, and Sherlock noted that gusts were better described with a value of
3p 0. 0625. Shel.ard, in reducing high windspeeds and gusts to a common height

of 33 ft. used the power-law relationship with a p value of 0. 17 for mean speeds

and 0.085 for gusts.

I
26. DeMarris. G.A. (1959) Wind-speed profiles at Brookhaven National

Laboratory, J. Meteorol. IG(No. 2):181-190.

27. Johnson, 0. (1959) An examination of vertical wind profile in the lowest
layers of the atmosphere, J. Meteorol. 16(No. 9):144-148.

28. Munn, R. E. (1966) Descriptive Micrometeorology, Advances in
Geophysics. Academic Press, New, York and London.
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It is difficult to determine appropriate p values for extreme speeds because

the majority of studies of wind profiles are made under regimes of light to

moderate windspeeds; therefore, p values resulting from such studies may not be

applicable to extremely high windspeeds.

In one of the most recent reviews of this problem, Davenport5 introduced

the topic with the following summary of the average p values and also the average

height above the ground of the gradient wind.

, Gradient
! iHeight (fit)

Flat open country 0.16 900
Rough wooded country, city suburbs 0.28 1300

Heavier builtup urban centers 0.40 1400

Since Davenport is most concerned about design of large buildings and struc-
tures, he also presented p values obtained from cities all over the world based

upon observations at different heights up to 1250 ft. Thcse values are generally

0. 3 to 0.4 and. if applied to anemometer heights of the data sample studied

herein to obtain operational and withstanding extremes, could lead to considerable (
gradient in the vertical of the mean or steady windspeeds. The reason for this

is that they must show the increase such that the gradient which is attained at the
gradient level will be the same as in the surrounding open country. Since the

winds in the lower boundary layer in the cities will be much weaker because of

the blocking of the buildings, a very large increase with height must be shown.

In fact, Davenport provides a comparison of maximum windspeeds on tall city

buildings with those from much lower anemometers of neighboring airports. The

airport speed3 are considerably higher. Our problem is to arrive at the correct
p values for flat and open country when very strong steady winds are being en-

countered and for the various gust durations found applicable to equipment.

To get a better apprectation of the problem, a special study was made with
research data obtained by AFCRI's Boundary Layer Branch (IoYB) in connection
with diffusion and energy-transfer research. The study is summarized in

Appendix B. As noted therein, the surrounding terrain was flat and unobstructed.

Unfortunately, steady speeds up to only about 25 knots were obtained, considerably

lower than the values needed in establishing extreme windspeed relationships.

Figure BI in Appendix B describes the pattern of decreasing p values as

steady speed increases and gust duration decreases as noted by Sherlock. 16

Except for the decrease of p with increasing windspeed, these values support

the practice in the United Kingdom of applying mean hourly windspeeds of

anemometers to other heights utilizing a p value of 0. 17. and using a p value of

0. 085 for a 3-see gust.
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Since our chief concern is how wind and gust varies during exceptioliallyi

strong winds, no conclusions am to the appropriate p values catI he made on the

material provided thus far. 'nrfortunately, there are few m icrometeorological

research data available under such extremely strong wind conditions. smith and
21

Singer studied continuous wind recordings at tour levels in one case and three

levels in another to altitudes of roughly 400 ft during the passage of two hurv'icanes

near micrometeorological towers at Brookhaven, New York. (One-minute averages

and 2-sec gusts were obtained continuously for about 20 hr in each case.

Table 14 has been prepared from the mean 1-min and rnean peak gust data.

It shows the p values very much higher than were expected when the heights woed
in the power expression are those or the anemometer above the ground. A review

of the situation indicated that tile meteorological data tower is surrounded by

scrub pine with an average height of 30 ft. Therefore, the p values obtained with

30 ft subtracted from the actual anemometer heights has also been included in

Table 13. These are much closer to the typical values suggested for flat areas;

however, differences are not as great as would be expected, especially on the
basis of the Sherlock, Shellard, and Gringorten data which are for nominal speeds.

No explanation can be provided.
One of the best sources or high wind speed data at various levels was the

Argonne National I.aboratory Fifteen-Year Climatological Summary (Moses and I
Bogner 29). Table 87 in that summary contains the maximum windspeed (gust)

recorded each month from 1 January 1950 through 31 December 1964 at the 19-
and 150-ft levels of their meteorologically instrumented tower in Argonne,
fnlinois. Gust speeds up to 62 mph were recorded at 19 ft. and up to 86 mph at

Table 14. Power Law Exponent, p, for Hurricanes Carol and Edna (based on
2 hr of -mmin and 2-sec speeds measured at the Brookhaven Laboratory, N. Y.)
Values in parentheses obtained when average height of surrounding scrub pine,
30 ft. is subtracted

ri

Ca rol Edna

37/355 ft (7/325 ft) 37/410 ft (7/380 ft)

Average of I-min Speeds 0.310 (0. 182) 0.326 (0. 197)

Average of Max. 2-sec
Speed-per-Minute 0.233 (0. 137) 0. 236 (0. 142)

II

29. Moses, H. and Bogner. M.A. (1967), Fifteen-year Climatological
Summary, January 1, 1950-December 31. 1964. Argonne National l.aboratory,
Durage county, Argonne, Illinois, ANL-7084. Argonne National Laboratory,
Argonne, llinois.
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I A( f!. *I') tivattc co0rn 1ti uivat ins1 with Mr. MIbsv's .1nti his co-wor'kers, we' dt'-
tet'tiiwed t hat onadN tht'ev of thle 111 l~t oltillY anaxilltlill wind pairs did nut occiac' oil
the saile da. V01-I the( VVnuaikilu~ 1774 pairs tihe expotivittI p. w~as determinled frol!v
the' willit %"tI-0111 ecu '' law

V 'h!re/V 15d , q150

whr '.) an V 50 aret gust speeds observ t'ed lit 19 andI it t5 11 IrS tws)t vI ve
Vigurt' 7 shows the computedi p value's- plotteel aganinst thet i9- ft -inuispev' fi rot. ow

17 7 jut i s. TheI ditipea'sion of p) values frot a givell spieed is qjuilt' Iaragv; hlou-'vct'
the av'erage 1 %,aluies plo)tted by 5-muph inicreaments (til hc :s) dec 1(a'eaSe relat ively

smloothlY frot I9-rt gust spe~eds kil to 55 Mpll. Such al W~ide HIM-elad Of the data
signifies that the derived relatitoll Ihip mu1tY he valid Ill tile' melan, but could have

pool- torrelation tin individual cases.

Figure H is it sepa rate plot of thle mlean 1p values with the sairmple sive fotr eacht
Vatnpiot' sihown next to ench Iwiint. Volinwin, le' ,:c neral~ derr' ti&t in p3 vulues.

with Incraeasting wind .4peed up to 15 1111)1) there is a shartp increase tit1)p for' t ile tw()
h~ighest Wind.speed Inter'vals. It cannot be dcter'inled if this unexpected inc cease' is
rexal or- If it is tile result of thle smlall sample size at thle higher speeds. IThe

r'elativye dlisper'sion of p values araound the plotted means is imlicated by the standard 'c
deviat ion by 5-nmph intervals (thle dot -dash curve onl tihe left).

Also shown in F~igure 8i arec the curves of best linear' fit (correlation Coefficient
1' -0. 20) and best quad tat ic fit ut 0. 2!1) to thle total data 5s) mple, E(etlat ions lor'

tice curves are:

p 0. 164 - 0. 00118 V(I C

and

p 0.388 - 0.0120 Vi 0.000127 V 1 9 . (4)

The linear equation has the drawback of a zero 1p value at about 140 miph, becoming

negative at higher speeds, a result that is neither logical niot, borne out by
imea"''rements. Although the quadratic equation appears to fit the data better
and hai., u higher correlation coefficient, there is no physictal reasoning to support

a continuously increasing exponential value with inereasingq windspeed tit tipeeds

greater than 47 mph. It was decided that the best compromise is to fit a hyperbola

to the data, depicted In Figure 9. forcing p to infinity as the 19-ft gust speed
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approaches zero and allowing the data to determine the best vertical p

asymptote. The resulting equation is

p 0.77 0 1. 56; V1" (5)

where the limiting p value approaches 0.077 as \V 1 (mph) becones. very

large; however, the correlation is still quite low, 0. 23, due to the dis -

persion or the data points. This p value is close to the value SherlockL1h

suggested. 0. 0625. in conjunction with gusts.

The Argonne National I.aboratory al.4o observed gust speeds at the

75-ft level oln their instrumented tower, but did not tabulate the maximum

monthly speed at this level. In a private communication, we obtained a

few Must maxima for the 75-ft level, five of which could be matched

(within 3 min) to maximum gusts at the 19- and 150-ft levels listed in

Argonne's Table 87 (Moses and TDogner 2 9 ). Co-,puted p values for various

levels are shown in Table 15 (19-ft windspeeds ranged from 52 to

64 mph).

Specific conclusions cannot be drawn from the previous small sample.

It illustrates how the p value is highly variable and is dependent upon

both the altitude increment and its height above ground. Consequently,
generalized values for the entire boundary layer may not even be appli-

cable to the height of most standardized military equipment which will

not extend more than a few hundred feet.

Table 99 of the Argonne National Summaries presents a percentage

frequency of p values versus the 10-min averaged windspeeds measured

at 19 ft. The period of record for this Table is 1 January 1961 through

31 December 1964. It contains about 35, 000 hourly observations. For

19-ft windspeeds greater than 24 mph (the highest speed class interval

presented), the median p value is about 0. 125. Based on this informa-

tion, it was deciaed that for converting all windspeed data in this report

to common heights, the power-law relationship will be accomplished

with p values of 0. 125 for 1-min mean speeds up to 50 knots which

will be shown to be applicable to operations. A value of 0. 080 will be

used for 1-min mean speeds greater than 50 knots (applicable to
"withstanding' extremes) as well as for all gust speeds. The appro-

priate conversion factors are presented in Table 16.
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Figure 9. hlyperbolic Fit to Data in Figure 7, Forcing p to Infinity as the
19-ft Gust Speeds Approach Zero

Table 15. 1' Values for Five Cases Between 19-, 75-. and 150-ft levels
V . .- -- - . ....... __

Between Between Between
19 and 75 ft 75 and 150 ft 19 and 150 ft

29 August 1955 0.1398 0.2125 0. 1642

4 July 1957 0.0653 0.1375 0.0895

27 March 1961 0.1650 -0.0395 0. 0964

30 April 1962 0. 2062 0. 1500 0. 1874

19 June 1964 0.2004 0. 1225 0. 1742

Mean: 0.1553 0.1166 0.1423
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Table 16. Factors to Convert Wind Speeds at 10 ft Above (;round to
Wind Speeds at other Heights lBased on the Power Law Rtelationship
N',I" Vi0 ft (H/lOft)P (Use reciprocal factors to convert from height
If to 10 ft)

I iei ht
ft (meters) P1 0. 125* 11 0. 080 •

5 (1.5) 0.917 0. 946

10 (3) 1.000 1,000

20 (6) 1.090 1. 057

30 (9) 1. 147 1.092

40 (12) 1. 189 1.117

50 (15) 1.223 1. 137

75 (23) 1.286 1. 175

100 (30) 1.334 1.202

125 (38) 1.371 1.224

150 (46) 1.403 1.242

200 (61) 1.454 1.271

250 (76) 1.500 1.294 I
300 (91) 1.530 1.313

350 (107) 1.560 1.329

400 (122) 1.586 1.343

500 (152) 1.631 1.367

600 (183) 1.668 1.388

700 (213) 1.701 1.405

800 (244) 1.729 1.420

900 (274) 1.755 1.433

1000 (305) 1.778 1.445

' For use with 1--,nin steady wind speed up to 50 knots.

' For use with I -min steady wind speed greater than 50 knots
as well as for ll gust speeds.
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Unless otherwise noted, windspeeds in this section will apply to a height of

10 ft above ground. All data used were reduced to that height using the power-

law relatic.nsnip described in Section 4. The factors in Table 16 can be used to

convert the 10-ft winds to other heights.

D)irectly recorded data for record wind extremes are very rare due to damage

or destruction of the wind measuring instruments, power outages, etc., during

the event. After the passage of severe weather phenomenon such as tornadoes,

typhoons and hurricanes, there are numerous reports in the newspaper or other

media, of very high wind speeds (up to 200 mph), but attempts to obtain the

meteorological records substantiating such reports invariably indicate that the

speeds had been estimated, perhaps exaggerated. These estimates have somv-

times been calculated from the amount of force required to blow over a building or

tree, to overturn an automobile or to drive a metal rod through a wooden post.

Since the reliability of such reported speeds are unknown, they have not been used

in this report. Even estimates from meteorological sources have been excluded

unless the speeds were at least observed on a visual indicator, if they were not (
actually recorded.

5.1 Hcord Sind Extr-orp,

Since the policy for MII.-STD-2101B is that extremes be applicable to general

areas rather than specific point-type locations, mountain-peak windspeeds,

tornadoes and orographic funneling situations have been excluded. A few out-

standing examples of these are presented in this section for general background.

If the designer expects his equipment to be used in such locations, a special wind

study should be tailored for the installation.

rhe recognized worldwide maximum windspeed measured at a surface station

is a 5-min speed of 180 mph (163 knots) and a 1-see gust of 231 mph (201 knots)

measured at the Mt. Washington, N. II. Observatory on 12 April 1934. These

were later corrected to 204 mph (177 knots) and 225 mph (195 knots) respectively

(Paglulca et al30 ). The Mt. Washington Observatory is 6262 ft above MS1. and

the anemometer was mounted at 38 ft.

Mit. Fuji, Japan (Elevation 12, 375 ft) is also known for its windiness. In a

23-year record, a maximum 30-min windspeed of 141 knots was observed in 1942.

Gust speeds were unavailable from this location.

30. Pagluica. S. , Mann, D. W. , Marvin, C. F. (1934) Monthly Weather Review
62:38.

39

"12t



Tornado winds also are excluded from military design criteria because they

are considered to he too localized. No wind measuring device has ever survived

the full fury of a tornadic wind, although speeds up 120 mph have been observed

in close proximity to tornadoes. Some authorities have suggested that winds

could exceed 300 mph (iluschke 31). It has been estimated that winds in localized

regions of the funnel may reach peak speeds close to the speed of sound (liattan 32)

5.2 lliqdi N4evordtiol Sind.,h %ppliicsble it IIII.-.TI)-211111

Excluding the Mt. Washington extremes, the highest known windspeed was a

180-knot gust observed (on a visual readout) at Thule AI.'B, Greenland during a

severe arctic storm in March 1972 (Stansfield3 3 ). The gust was measured by an

Aerovane anemometer mounted on top of a phase shack (shelter hut) at a height

of about :30 ft, with a remote readout indicator at a BIMJWS site. The phase shaz-k

is located at the base or the Greenland Icecap in a valley between two small

mountain ranges leading to Baffin Day. The additional speed due to the gravita-

tional downslope flow of the ice-cap air mass being frin2, led into a valley makes

such a location ideally suited for sustaining exceptionally high windspeeds as

severe cyclones (often exceeding hurricane intensity) move northward over Baffin

Bay. It was in such a storm that the phase shack experienced winds of 120 knots

or greater for 4 hr during which the record gust of 180 knots was observed. It is

of interest to note that at Thule Ali (located in the same valley, only 5 n mi awry),

a maximum gust of only 96 knots was observed during the storm. This eyimple

emphasizes the extreme variability which can occur over short distances.

The maximum gust speed that has been recorded is 152 knots (height, 30 ft,
corresponding to 1:19 knots at 10 rt). It occurred dur!,ig a typhoon that passed

over Iwo Jima Ali, Volcano Islands in 1948. The maxi||um recorded sustained

wind is a 5-nin speed of 131 knots measured at a height of 54 ft (corresponding to

119 knots when corrected to a 1-mmin speed at 10 ft) at San Juan, Puerto Rico.

However, a wind of this magnitude appears to be an extremely rare occurrence

for Sar. Juan. In a 69-year record, the next highest annual 5-min sustained winds

were only 104. 78. 70 and 61 knots.

The extremes cited above should not be considered the highest winds that

have occurred. hilgher spee.as most certainly have occurred, but they merely

31. Iluschke, Ralph E. (Editor) (1959) Glossary of Meteorology. American
Meteorological Society. Boston, Massachusetas.

3 2. Hattan, I. J. (1961) The Nature of Violent Storms, Anchor Books,
Doubleday & Co., Inc., Garden City, New York.

33. Stansfield, J.R. (1972) The severe arctic storm of 8-9 March 1972
at Thule Air Force Base. Greenland Weatherwise 25(No. 5):228-233.
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'lh,1 highest whnd.ieeds affert ing si.,a.blt areas o'ccur within typhoons that

'ta4,-4 ov',t" thi. Itiankds of the \\',sterte North Paclific ()'ean. Of thesqe, TN.yphoon

Nall'. %%as the most Intense typhoon ever observed by the Joint Typhoon Warning
'nter ('l'\( ) since its inception in 1945. 1)uring the peak intensity of Typhoon

Nant'Y, there were fri\v consecutive air reconnaissance observations during the

It'I't.ld 02:10 Z.. 10 September to 16i30 Z., 12 September 1961, each or which in-

d icated 'eliable ,,t inlated maxinmum surface winds of 200 knots. However, the

total an•alysis of the storm must have indicated a somewhat lesser Intensity

btc.tsete t 'i'V( official'ly reported the neaximnum surface winds to be 185 knots

frotl 11 1200 Z. to 12 '0600 Z (JTW\(' 4).

\Vindspeeds determined by aerial reconnaissance are considered to be steady

winds with averaging times corresponding to a duration of several minutes. One

of the primary methods used for estimnating surface windspeeds is from the state

of the sea, squlh as size and number of white caps, colcr, etc. Other methods

incoIxirkate measurements from doppler radar and sea-level pressure measuring

dropsondes. This latter technique was probably used for the 200-knot estimates

f-cited above since, in such an intense storm, low-level penetrations needed to

deterl•ine the state-of-the-sea are not made.

For documentation, it is assumed that the highest sustained wind speed

affecting a sizable area of military concern was the 185 knots (sustained for a

duration of several minutes) that wqs calculated during Typhoon Nancy. Assuming

this to he a 5-mn steady wind. the most probable 2-sec gust expected to accompany

this sustained wind would have been 204 knots.

5. :1 IIp•r-tso~e~aI

Military equipment sensitive to wind forces, such as ships, and aircraft

(during takeoff and landing) rotating radar antennae, etc., must be able to operate

itn a reamo-,"bly strong surface wind, but it would be unreasonable to expect opera-

tions diuring extremely infrequent winds of say. hurricane force, even though the

equipment should be able to withstand fairly rare extremes. Wind currents are

often very localized, especially in rough terrain; hence, it is difficult to obtain

speeds of various risks for the entire earth in order to select the windiest

locat.cnn over %hich military operations are considered possible. Maps of the

1-, 2 1,2-, 5-, 10- and 20.percent probable 1-min steady wind speeds, based

upon observations at major weather stations, are available for North America

34. Joint Typhoon Warning Center (JTWC) (1962) Annual Typhoon Report
1961, FWC"'JTWC, Guam.
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for every third ut.onth (GRD 3 5 ). Because of strong dependency of wlndspeed on

hei.ht above the ground at which it is measured, data for these maps were

r, Liced to 10 ft. the level in NIII.-STD-210A considered applicable to equipment.

Maps in this publication for the windiest month, January. for 1, 5, and 10

percent risk are presented as Figures 10, 11 and 12. The Great Plains, Aleutians,

and coastal Canada's maritime provinces are noted for strong winds. This is quite

apparent on the maps. If these were the windiest locations in the world of military

interest, and a I percent risk were acceptable for inoperability, an extreme of

35 mph (or slightly higher) would be selected for the 10-ft le'.el. A 10 percent risk

would drop this to 25 mph. For areas with lesser winds, say. New England and

Canadian Pacific coasts, a 25-mph speed is a 1 percent risk,

Stronger winds than those discussed for North America occur along the northern

coast of Scotland and nearby islands. A survey of wind statistics over England

(Shellard ) reveals that Stornoway, Scotland (580 13'N, 60 20'W, altitude l1 ft.

It

/ xJ,

-.- A-

Figure 10. 1 percent Calculated Risk Steady Windspeeds (mph) at a
Height of 10 ft, January (ORD, 1960)

35, ORD (1960) Wind, Chapter 5, Handbook of Geonhvasig AFRD. USAF,
MacMillan Co., New York.
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Figure 11. 5 percent Calculated Risk Steady Windspeeds (mph) at a Height of

10 ft, January (GRD 1960)

111

Figure 12. 10 percent Calculated Risk Steady Windupeeds (mph) at a Height

of 10 ft, January (GRlD, 1960)L4



anemometer height 36 ft) is typical of the general area with strongest winds. and

December is the windiest month. Frequency distributions are available for 10-min

averaged observations which are tabulated hourly. Another nearby station of

interest is Lerwick, Scotland ((60° 08'N, 01°0 liIW, altitude 269 ft. anemometer

height 37 ft).

The published 10-year, percent frequency distributions of hourly observations

for the windiest month, December (other winter months are only slightly less

windy), for these two locations, averaged over 10 min and corrected to a common

height of 10 m (33 ft), are:

Speed (knots) <4 4-6 7-10 11-16 17-21 22-27 28-33 34-40 >40

Stornoway 6.6 5.0 10.9 22.4 18. 1 17,2 11. 1 6.4 2.3
(percent)

Lerwick 7.9 6.2 12.8 18.1 19.7 15.9 13.4 5.1 0.9
(pet cent)

Converted to cumulative percent freqLency exceeding the lower limit of each

class these become:

Speed (knots) 0 4 7 11 17 22 28 34 40

Stornoway 100 93.4 88.4 77.5 55.1 37.0 19.8 8.7 2.3

l.erwick 100 92.1 85.9 73. 1 55.0 35.3 19.4 6.0 0.9

These frequency distributions show that Stornoway is slightly windier than Lerwick.

To compare the winds at these Scotland locations to the values shown in

Figures 10. 11 and 12, the 1-, 5- and 10-percent high windspeeds were first de-

termined by plotting the distributions given above on probability paper. These

"10-min averaged values must now be converted into 1-min speeds.

It was shown in Section 3 that gusts of several seconds can be represented by

a multiple of the steedy wind. the gust factor. which decreases as the steady wind

increases. The ratio of the maximum 1-minm speed to the speed averaged over

10 miti can also be considered a gust factor in relation to speeds averaged over longer

time periods. Durst8 found that such long-time averaged gust factors were not

especially sensitive to the steady speed in his sample which included speeds up to

42 rmph. lie determined that a value of 1. 17 can be used to convert the 10-mmn

values to 1-min speeds. His factors for shorter time intervals were comparable

to those given in Table 7 in the speed intervals of 30-49 knots. This 10-min

factor was used to convert the Stornoway and Lerwick data to 1-min speeds

resulting in the following values:
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1-rnin Speed (knots) at 33 ft

Probability (percent) 10 5 1

Stornoway 10 min 33 36 43
I min 39 42 50

Lerwick 10 min 30 34 40
I min 35 40 47

When reduced to a height of 10 ft by use of the power-law relation given in Section 4,

and converted to mph to make them comparable to the values at the centers of wind

maximum in Figures 10, 11 and 12, the following comparison can be made:

1-min Speed (mph) at 10 ft

Probability (percent) 10 5 1

Stornoway 38 40 48

Figures 10, 11 and 12 25+ 30 35+

Evidently, low probabilitj winds over the Scottish coasts are about 12 mph

(10 knots) higher than the windiest North American area, and the speed of 43 knots 11
at 10 ft seems appropriate to the I percent risk windiest month value for which

military equipment should be designed. Values of 36 knots and 33 knots at 10 It,

associated with 5 percent and 10 percent risks, respectively, can be considered

when the I percent goal is shown to be impractical (too costly or too cumbersome).

It should be noted that special consideration has not been given to the "roaring

forties" in the Southern Hemisphere which may have extremes exceeding those

presented above. This area was notorious for windiness during the days of com-

mercial sailing. Since there is little land area in this belt of strong winds, the

area should not be important for "land" operations. however, it certainly merits

special consideration when investigating extremes for the "Naval Surface" portion

of MIL-STD-210B.

The design criteria for winds for military operations is the steady wind rather

than short period gustiness, but the system designer must be aware of the gustiness

which occurs concomitantly with the steady wind. To determine the most probable

gust expected to accompany the I percent (5- or 10-percent) steady speeds of

43 knots (36 or 33 knots), the procedures outlined in Section 3 must be employed.

It should be emphasized that it is not the gust that occurs 1 percent of the time.

but rather, it is the median gust that will be present in conjunction with the 1-min

steady speed which occurs 1 percent of the time.

It was shown in Section 3 that the structural response to wind gusts depends

on the downwind dimension of the object. For example, if one were designing a
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25- by 40-ft shelter, the most dynamically effective gust which could be expected

to accompany the steady wind would have a gust length of 200 ft (8 tinies the shortest

dimension, 25 (t). For the I percent speed. 43 knots (73 fps), the gust duration
would be about 3 sec. From Figure 5. the expected gust factor for a 3-sec gust
on a 43-knot 1r-min steady speed is 1. 23 resulting in a gust of about 53 knots. These

values are applicable at a height of 10 ft. If the effective height of the shelter were
determined to be 20 ft, these speeds should be converted, using Table 15 to a steady

speed of 47 knots (1.09 x 43 knots), with a gust of 56 knots (0.057 x 53 knots).

For easier use by systems designers, gust speeds have been provided in

Table 17 which are "scaled" to several sizes of equipment such that gust duration

is sufficient for the gust to build up full dynamic force on the object. Since most

equipment will not be installed with any special regard to the direction from which

the extreme windspeeds will blow, the designer should design as if the shortest

horizontal dimension of the objec' would be the downwind dimension.

Table 17. Operational Wind Lxtremes (based on Stornoway, Scotland): 1-, 5- and
10-percent probabilities of 1-mmin Steady Wind Speed and Associated Gusts. All
speeds are in knots and apply to a height of 10 ft

1-minute Most probable gust to accompany 1-minute
Probability steady steady speeds for various sized equipment

speeds (shortest downwind dimension). 0
(knots) 2 ft 5 ft 10 fi 25 ft 50 ft 100 ft

(Percent) (knots) (knots) (knots) (knots) (knots) (knots)

1 43 62 59 56 53 50 48
5 36 52 49 47 44 42 40

10 33 48 45 43 40 38 36

3.5 iihsimdileg

In addition to being able to operate under wind conditions outlined above, equip-

ment must also be able to withstand, without irreversible damage, that windipeed
which can be expected to occur, with a 10 percent probability, during the projected

field life termed "expected duration of exposure" (EDE) of the equipment at the

area of the world subjected to highest windspeed extremes (10 percent probability

of irreversible damage during the EDE was considered acceptable in the views of

the JCS (SAES). as noted in the Background, Section 2).

For values applicable to equipment which must not be destroyed by the wind
during several years exposure, annual extremes for many years are required for
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application in extreme theory models. The cumulative frequency distribution of

these extremes have been shown to fit the model made popular by Gumbel 36 and

further explored by Gringorten 7 . Means and standard deviations of the annual

extremes serve as a basis in this model of extremes. To determine 10 percent

probability risks for field life exposure of up to 25 years, periods of record of

25 years or more are needed to reliably depict the double exponential distribution

of extremes. Using this miiod-el, speeds determtnild for return periods of about
20, 50. 100 and 250 years are comparable to 10 percent risk within the

expected field exposures of 2. 5, 10. and 25 years. respectively. (A more

precise estimate of a 10 percent risk within a given period in possible, but

resulting differences are negligible.) For example, a landing-aid antenna with an

expected field life of 10 years should be designed for a speed that is attained only

once in about 100 years, the return period. However, in using the model to ob-

tain distributions for extremes, a standard deviation based on only a few years

could be so unrepresentative of the true standard deviation that the 100-year return

period speed could be either double or half that which would be obtained if the

period of record represented the true distribution. Probably the best available

data for this problem were carefully -edited annual extremes of 5-min speeds at

25 U.S. observatories for 37 concurrent years (Court 4). Only records of stations

with anemometers below 100 ft which were not changed by more than 10 ft during

the period of record were treated with the extreme analysis theory. The 20-, 50-,

100-, and 250-year return period values for the ten stations with highest 250-year
return periods are provided in Appendix C, Table Cl. Coastal stations predominate

because of the direct impact on them of tropical and very strong extra-tropical

storms which develop their greatest strength over the oceans. The largest return

period extremes are from Atlantic hurricane locations, the shorter return period

extremes are from extra-tropical cyclones. Since Pacific typhoons are known to

be stronger than Atlantic hurricanes, the search for the area in the world sub-

jected to strongest annual extreme windspeeds was focused on data from the typhoon

belts on the Pacific Islands and Asian coast.

Previous searches for the areas of extreme windspeeds. such as those for the
Corps of Engineer's AF Manual No. 88-33 . show that the worldwide highest wind-

speeds occur in the center of the typhoon tracks of the North Pacific. To insure

36. Gumbel, E.J. (1958) Statistics of Extremes, Columbia University Press.
New York.

37. Gringorten, 1. 1. (1960) Extreme Value Statistics in Me) l -
Method of Apication, AFCRC-WN-60-442. AFSG No. 125, Bedfor aMsachu-sBrtte,

38. Departments of the Army and the Air Force (1966) Load Assumptions for
Buildings Technical Manual No. 5-809-1. Air Force Manual NO. 33-3, Chapter 1.
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that no other locations had been overlooked, the Air Force's Environmental

Technical Applications Center (ETAC) was asked to provide informtion which had
been uncovered for earlier worldwide, high-wind searches, Appendix (', Table C'2,

In addition, lTAC was asked to provide listings of annual extremes of sustained

and gust speeds for additional locations suspected of high extremes. The means,

standard deviations and 10 percent risk speeds for 2, 5, 10 anti 25 years for

many of these stations are given in Appendix C, Table (C3. The results confirmed

the previous findings. The Volcano Islands (for example. Iwo Jima) and Ityukya

Islands (for example, Okinawa) had the highest withstanding extremes, with a few

stations in the Aleutian Islands running a close second.

One of the most severe typhoons to ever hit Iwo Jima occurred in1955. The wind

sensor and/or the recorder were not operational during the most intense part of the

storm. The maximum 1-mmn steady speed was estimated to be 130 knots with the maxi-

mum gust estimated to be 175 knots at a height of 35 ft (corresponding to III knots with

a maximum gust of 158 knots at a height of 10ft). However, as stated in the beginning

of this section, such estimated winds are not acceptable and. therefore, were not
included in the data determining the means and standard deviations for Iwo Jima.

On the other hand, to exclude data representing one of the most severe storms on

record would be an unwarranted bias. To alleviate this sitqation, the second

highest annual speeds (I-mnn steady of 107 knots and gust of 139 knots at 10 ft)
were substituted for the 1955 estimated speeds. The resulting distribution is shown

in Table C3 for Iwo Jima along with extreme wind distributions for other selected

locations.

Unfortunately, the stations having the highest extremes have only about

20-year periods-of-record, falling short of the goal of at least a 25-year period-

of-record. Therefore, these design extremes for winds may not be representative

of the true distribution and should be considered again when five or more years of
record become available.

Although Naha, Okinawa and Iwo Jima All are about 900 miles apart, the

10 percent risk probabilities are very similar as can be seen from the data in

Table C3. In the procedure for determining the return pe'riod extremes the high,

mean annual gust speed at Naha is compensated for by the high standard deviation

at Iwo Jima. Since each station had only 19 years of maximum annual gusts, con-

sideration was given to combining the two samples it they were independent and

representative of the same general wind extreme area. Despite their spatial

separation, the correlation coefficient for their 14 common years, 0.44. was too

high for such a treatment. Cumulative frequency distributions of the gusts for

the two locations were plotted on extreme probability paper, Figure 13. Based on

the means and standard deviations of the data, the straight lines, depicting the

double exponential distributicn of 2-sec gusts for the two stations are also shown.
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Figure 13. Probability Plots of Maximum Annual Gust Speeds at Iwo Jima and

Na m

Analogous to normal probability plots, a double exponential distribution becomes a

straight line when plotted on extreme probability paper. The line passes through

the mean probability (0. 5772 for this type of distribution) with a slope which is

determined by the standard deviation of the distribution.

Since Iwo Jima and Naha had essentially identical return period gust extremes

and there were no estimated windspeeds in the Naha record, Naha was chosen to

be representative of the North Pacific typhoon belt and was used to establish the

withstanding extremes for MIL-STD-210B. To scale the gust speeds to various

sizes of equipment, similar to that in Table 16 for the Operational Extremes, the

1-min steady values for return periods of 20. 50. 100 and 250 years must be

known. For many stations, including Naha and Iwo Jima, ETAC's data give the

annual maximum I -min steady speeds. Based on Naha's average annual I -min

maximum speed of 53.4 knots and standard devtction of 15.3 knots, the 10 percent

risk probability for 2. 5. 10 and 25 years are 82. 93. 101 and 112 knots,

respectively. Assuming that the annual maximum gust occurs during the annual

maximum 1-min steady wind. the resulting gust factors are extremely high for

such speeds. For example, based on the annual extreme data the median gust

factor for Naha was about 1. 65, whereas the data presented in Section 3 show that
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ror I -i•in mtI(,l •4),•e'rd or ii0 knots or titore, gust factors of less than 1.2 would

lie expected. The ti-itiie of this discirpancy was the manner in which the "mnximum"

steaytv vanlucs wore recorded, as described below. The peak gust or the day is

recordCedr1 ir columnl 71 on WVHAN 10 (the wcather observation form in corTnon usage

for the N\ S, Navy and Air Force). This value is determined by scanning the strip
recorder chart. Since there is no column for the maximum ste"..Iy speed, this value

was retrieved from the archives by scanning the observation sheets for the ,0hfhest

steady speed listed on that form, When a "record" (hourly) or "special" observa'-

tion is maude, an eye-averagot-, or 1-min speed is determined for a representative

period of tl'c observation and listed on the WHIAN 10. As rar as possible, this
representative speed is not to be tnk.n during periods of extremes, either high or

low. Therefore, the highest -msin steady speed asnociated with the peak gust
(that is, the average for 30-sec either side of the peak speed), is not necessarily

recorded on the WHAN 10 and may very well have been lost.

The nomogram in Figure 14 shows the expected relationship between the 1-min

steady speeds and the 2-sec gusts. This curve was derived from the 2-sec gust

. I
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Figure 14. Expected 1-min Steady Speed to 2-sec Gust Relationship
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ractoirs given in Figure 5. Naha's 2-see gust extremes (shown In Appendix C)

were then used in F.gu'e 14 to determine the 1-min steady wii.ls (instead of the

reverse procedure) so that the design gusts could be scaled tu equipment sizes.

The resulting 10 percent risk 1-nin speeds for Naha, ()kinawa for field exposure

of 2, 5. 10 and 25 yrs are 119. 140, 15C and 176 knots, respectively.

Following the samle computational procedures as uutlP.." in Section 5. 3, the

design speeds recommended rot, the worldwide withstanding extremes are given

in Table 18.

Table 18. Withstanding Wind Extremes (Based on Naha&, Okinawa): Scaled Gust
I~oced ,und Associated 1-min Steady Speeds for 10 percent risk with 2-, 5-. 10-
and 25-year Lxpvktcd Duration or Exposure (EDE)

11)!, I -rmin Gust to be associated with the shortest
steady downwind dimension of equipment
speed 2 ft 5 ft 10 ft 25 ft -0 ft 100 - t

(yea rs) (knots) (knots) (knots) (knots) (knots) (knots) (kno ') I'
2 119 149 144 141 137 134 132
5 140 169 164 162 158 155 152

10 156 184 180 177 173 171 167

25 176 202 198 196 193 190 187

6. lH'K tOlW E• )ATIOl N.

(1) Equipment designed for worldwide surface level deployment must be able

to operate when the steady wind at 10 ft is 43 knots and gusts are 48 to 62 knots,

depending upon horizontal dimension of equipment (Table 17). Steady winds and

gusts for other heights may be obtained from Table 16. Values for greater risks

are also provided in Table 17.

(2) Equipment designed for worldwide surface level deployment must also be

able to "withstand". without irreversible damage, steady speeds of 119. 140.

156. and 176 knots at 10-ft height for estimated durations of exposure of 2.

5. 10, and 25 years. respectively. Gusts associated with these conditions

could be as high as 202 knots, depending upon the horizontal extent o! the equip-

mont as indicated in Table 18. The values tfoi other heights may be obtained by

using factors in Table 16.

(3) Ice loading should not be added to the loads resulting from the windr extremes recommended above since extremes herein will occur at temperatures

above freezing.
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Appendix A

Respons. Times of Operational Wind Instrumentation

Biefore one can evaluate the statistics of windspeed recorder data, it is neces-
ma,*y to determine the (:Ipability or cup and propeller anemometers to record short

duration gusits. Approximately 85 percert of the data studied in Section :1 of this

paper was recoided by a Friez. Aerovane wind-velority recording system which has

it propeller as the speed sensor. This anemometer is used at a majority of Air

Force installatiotns. Mitrzarella It~tdied the restponse characteristics and the

overall perrormiance or seven Aciovane speed sensors. fet concluded that nearly

all the transmitters were in good agreement after they had been used tinder severe

conditions for long periods of time, so that degradation of equipment used in opera-
tions should not be an important influence. Most of the remaining 15 percent of the

observ'at ions were recorded from 3-cup generator -type anemometers. Itamachand ran 2

and ( rouser 3have studied the response of cup anemometers.

All generator-type anemo~meters are p~rone to errors caused by highly fluctuating
wind conditions. Maizzarellal gives thde error as less ý.han I percent for winds

2fluctuating * 14 percent around the mean. Ramachandran states that "transient and

1. Mozzarella, D.A. (1954) Wini Tunnel T( to on Seven Aerovanes, Rev.
Sdt. Inst. 25(No. 0):63.

2. llamnachandran, S. (1969) A theoretical study of cup and vane anemometers.
Quart. ._.Roy Meteorol. Soc. (London) 95:163.

3. (rouser. ILIf. Q. -167) Notes on Wind Measurement, Technical Memorandum
WIITNI E-l, -2, U.S. Dept. r Co-mmerce, PSSA.

57

Precejing page blank



fluctuating wind conditions show that a considerable amount of attenuation of the

amplitudes or gusts, a large exaggeration of mean readings and a distortion in the

gust shapes occur. The nonlinearity in the response characteristics of the

anemonmters ia responsible for these results. '

The response of cup and propeller anemometers is analogous to that of

thermometers and other" first order response instruments with the exception

that instead or having a time constant as the basis of response, these instruments

have a distance constant. The distance constant, used in conjunction with the
"characteristic response function," (1-l/e), represents the length of wind which

much pass the propeller (or cups) for the anemometer to indicate 62. 8 percent of

a step-change in speed, The distance constant for the Ae,-ovane is about 15 ft
4_ 5 3(Gill and Slade ) and about 26 ft for the typical 3-cup anemometer (Crouser and

Slade ). Experiments have shown that over the normal range of atmospheric

speeds, the distance constant. I, is independent of windspeed, u. Consequently.

since L r u-, the time constant. r, is inversely proportional to the windspeed.

This means the greater the step-increase in windspeed, the faster will be the

response. This relationship is shown in Figure Al which presents the percent of

,'esponse versus elapsed time for anemometers with 15- and 26-ft distance con-

stants. This figure show. that for step-increases of 20 knots or greater from a

calm condition (neglecting starting friction), 99 percent of the increase will have

been sensed within 2 sec for the Aerovane and within about 3. 5 sec for the cup

anemometer.

The response of these anemometers also depends on the speed of the steady

wind upon which the gust is imposed. The higher the steady windspeed, the faster

the response will be as shown in the following equation (Crouser 3 }:

Vi 1  V 2 - (V2- V1) exp (-V 2 t/0. 6L) (Al)

wl,,re

VI the instantaneous windepeed, knotb, at elapsed time t,

VI = the original speed (assumed to be the mean speed), knots,

V2 the final speed (assumed to be the peak gust), knots,

I, * distance constant (Wt).

4. Gill, G. C. (1967) On the dynamic response of meteorological sensors and
recorders, _roceodinB8 of the First Canadian Conference on Micrometeorolorv
Part 1, Meteorological Service of Canada, Toronto, Canada.

5. Slade, D. H. (Editor) (1966) aettorologX,.nd Atomic Enera, 1968
United States Atomic Energy Commission. -Division o Technical Informaton.
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Figure A2 shows response times for a 20-knot otep-increase at various

mean speeds.

These two relationships, high mean windspeeds and large imposed gusts,

combine favorobly to provide faster anemometer response. Figure A2 shows that

for mean speeds or 40 knots or better and a "step-increase" gust of 20 knots or

better. 99 percent of the gust will be sensed in roughly I sec or less for both the

cup (I. - 26 ft) and propeller (1. 15 ft) anemometers.

Thus far, the discussion has been limited to a "step-increase" gust. This

type of gust is a rough approximation for short intervals; that is, I sec or less.

A more realistic approximation of wind fluctuations for somewhat longer intervals

might be sinusoidal deviations around a mean windspeed. Such an analysis has

been made by Gill, 4 who shows the relationship to be:

" .~... (A2)

where f
I. distance constant

A - Gust wavelength = (mean speed, u-) x (wavelength period, t)

X Actual amplitude of speed change

X Indicated amplitude of speed change

For an anemometer with a given distance constant, Eq. (AW) can be applied

to determine the wavelength period for various gust responses at selected mean

windspeeds. The results of this procedure, shown in Figure A3. are hyperbolic

curves of given percentage response. It can be seen from this graph that for a

mean windspeed of about 50 knots with a 2-sec gust (4-sec period), anemometers

with 26- and 15-ft distance constants will have responded to approximately 90 and

96 percent, respectively, of the actual amplitude of the gust.

It is not the intent of this paper to delve deeply into various aspects of

anemometry, but It is necessary to be aware of the capability of anemometers to

respond and to record atmospheric wind motions. The conclusions that can be

drawn from this discussion is thet for step-increase and sinusoidal-type gusts at

high mean windspeeds (40- to ! ., I -min averages), the Aerovane will indicate

between 95 and 99 percent of a 2-dec (half-wavelength) gust and the standard

3-cup anemometer will have sensed 90 to 99 percent of the gust.

Even if the wind sensor followed the windspeed perfectly, limitatione imposed

by the wind transmitter and recorder assemblies damp out the finest gusts, and
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these are not indicated on the recorder chart. Because of this recorder limita-

tion, H. II. Krauser or the National Weather Service and H. M. Peirce of AFCRlI's

Meteorology Laboratory--both authorities on anemometry instrumentation--have

advised that peak gust speed on recorder charts of operational anemometers can

be assumed to represent a 2-sec gust. This assumption was followed in the main

body of this study.

I
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Appendix B

The Dependence of Winds..4 on Height Above the Ground in the
Windy Acres Project of 1%7

I. I%1'H01)11.TIO%

In the power law, the windspeeds (V, V0 ) at two levels above ground (if, 110)

are associated by

VV (if "Iflo)P (lf 1)

where p is usually presumed constant. Thus, given a windt-leed V. at height Ifo.

the equation given a corresponding windspeed V at height !A.

In previous work, p has been assigned values varying from 0. 05 to 0. 8. Since

investigators or authors have not always stated the temporal relationship between

V and Vo. it usually has been 3upposed that V is the expected value of windipeed at

height H that occurs simultaneously with windspeed V0 at height IHo.

This work explores the possibility of assigning values to p. recognizing its

dependence upon (1) the magnitude of the speed at a specified height above the

ground, and (2) averaging time of the wind measurement (for example, I see,

10 see, I min, etc. ). Equation (B1) will not be used to estimate a profile to cor-

respond to a given speed at the specified height. instead, it will be modified to

provide the probability distribution of windapeed at height H when each percentile

of the windspeed it assumed to be a function of height Ii only. A percentile of

windspeed at one level does not necessarily occur simultaneously with the same

percentile at another level.
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The data on, hand for this investigation consist of 39 hr of I-see windspeeds of

the Windy Acres Project, taken in the summer of 1967 at 8 heights on a 32-m tower

in southwest Kansas. The area is very flat and partly covered with wheat stubble

6 to 8 in tall. The 1-sec windspeeds did not exceed 15. 3 m/sec.

2. %IWTIOII OWF I.TIlIATING p

Equation (B2) cart be written as

VII ý kHp (B2)

where V I is the f-percentile windspeed at height H, and k is a constant for the

given percentile Mf).

Set y ý log VIf and x log If. Then from Eq. (B2)

y logk + px. (133)

Using N heights along the tower where wind measurements are made, the

estimations of p and k, by the method of least squares, are I
NxP (134)

log k - .Y2x ixx (135)
NI: x .(2:x)

For the Windy Acres data. N - 8 where these eight heights are 1.5 1 , 2

4 . 8 , 16 , 24 . 32 m. The winddpeeds MV) are classified into sets according to

the probability level of occurrence (f) and duration (m). The chosen probability

levels (f are

0.02, 0.10, 0.25, 0.50, 0. 75, 0.90, 0.98. 0.998, 0.9998.

The chosen durations (m) in seconds are

1. 2, 4, 8, 16, 32, 64, 128, 256. 512, 1024. 2048, 3600.

3. UA•II.T.

For each probability level Mi) of the windspeeds and duration (m) a value of the

exponent p was estimated from Eq. (134) (Table Dl). Figure Bl is drawn to show

smoothed isopleths of the exponent p in the power law, as a function of duration (m)
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and the percentile of the windspeed. It also shows percentiles of 1-minute wind-

speeds for heights from I to 32 meters.

These conclusions pertain to a study of windspeeds measured at 0. 5 to 32 meters

above the ground in which the fastest I -second gust did not exceed 15. 3 meters per

second.

Table BI and Figure H11 show a systematic variation of p with windspeed and

duration. For the high speeds, the value of p is less that 0. 13 and has been com-

puted as low as 0. 08. Up to the 90-percent windspeeds, the value of the exponent

varies almost linearly with the windspeed from approximately 0. 20 for the 15-

percent winds to 0. 13 for the 85-percent winds. Put for the speeds equal to or
greater than the 90-percent winds, the exponent p has an almost uniforil value of

0. 12, except for short durations of I min or less. (Previous work with the same

data indicated that the Windy Acres winds became turbulent above the 95-percent

uintdspeeds.) For gusts, the value of p varies jointly with their speed and dura-

tion, from 0. 11 down to 0. 08 for the unusually high 1- or 3-sec winds or gusts,

suggesting a tendency toward a uniform intensity of turbulence with height as the I
speeds become greater.

S, HIM.Rk•

This approach to the problem shows considerable promise, making it desirable

to find more complete data than the 39 hr of Windy Acres data. Several questions

remain unanswered. What is the effect of terrain and of thermal stratification?

flow should the vertical and horizontal dimension of the strong wind gusts be

handled ? While the value of 0. 08 for 1 is the lowest computed in this exercise, it

seems reasonable to expect a value close to zero if the turbulence is mixed

thoroughly in both vertical and horizontal directions.

All told, the conclusions need to be considered tentative. Data are required

in areas where the windspeeds are normally high to obtain information pertinent

to strctural design.
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Appendix C

Wodudwid* Wind Extremes

Table Cl. Strongest 5-min Wind Expected in 20. 50. 100, and 250 years at 10
Locations in the United Stmtoq With Anemometer Heights Below 100 ft (Court6 ).

heturn Period (years)

Location 20 50 100 250

North Ilead, Wash. 84 90 95 100

Corpus Christi, Tex. 73 84 91 101

Tatoonh Is.. Wash. 78 84 88 93

Block Is., H.1. 74 81 85 91

Key West, Fla. 66 75 81 90

Sheridan, Wyo. 60 68 74 81

Charleston, S. C. 60 67 72 78

Duluth, Minn. 62 66 69 73

Canton, N.Y. 57 62 66 71

Eastport, Me. 59 63 66 70

6. Court. A. (1953) Wind extremes as design factors. J. Franklin Inst.
256(No. 0):39-55.
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Tahle ('2. Extreme Wind I)ata I'repared by ETA(' in 1964 (Anemonicter IIeight.
A \re Not Standardized)

I Maximum Pe ak Gust
L oca tion I -in in

Mean S. D. Period of Mean S. D 1 Period of
(knots) (knots) Record "k'i

,, ___ -- (years) ( nots) vecord
SAlaska

El.mendorf AFBi 35.5 5. 6 14 58.8 8.7 12
Shemya l1nd 55.7 4.9 10 794 11.3 10
Davis AFIB Adak NS 83.5 7. 1 16
Cold )n% 71.1 9. 8 21
Middleton Island 70.5 15.1 18

Greenland
Narsarab.uak All 84.2 10.3 13
Sondrestrom All 56.7 15.3 17
Simiutak All 92.2 15. 1 12
Thule All 62. 9 9.8 14

Formosa
Tainan 4 1. 1 16G. 7 :19)
Taipei 46. 7 17.3 39

J1 apan Ia
Itazuke All 14.2 7.9 14 48.6 11.8 14
Misawa Al :17.3 5. c 11 53.3 10.7 11
Tokyo Intl. Arpt 40.7 9.1; 15 56. 10.8 15

Kimpo All, Korea 33.3 0;. :1 8 40.1 7. 6 8

llangkok, Thailand :3(.9 11.7 15

l'eshawar, Pakistan 53.8 ..5 17

India
Hombay :38. 7 11.2 6
Calcutta 44.7 5.8 1;
(Jaya 41.2 5.4 6
Madras 35.2 5.9 6
New Delhi 40. 5 3.0 6
l'oona 31 . 3 4.8 6

Central All, Iwo Jima 61.8 29.9 17 87.1 36. 1 17

Kadena All, Okinawa 64. 7 20.0 14 91.4 25. 5 14

('lark Ali, P. I. 30.6 0.6 13 44.8 11.7 13

Ifickam AB, flawaii 35.1 6.6 17 44.8 9.5 11

laoes Field, Azores 49.5 13.4 13 72.0 10.7 10

Albrook All, C. Z. 21.3 3.3 18 31.1 S.1 14
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Table (C. (Continued) Extreme Wind i)ta Prepared by v.rA(" in 1964 (Anemometer
Ileights Are Not Standardized)

- [at.. .... m um . . Peak Gust
,_ l~ocatlon [ IPeriod if Ma--I. Period of

Mean S. D. IRecord n )Mean So D ro
I_ Jk Lt o) JXira (knots) aye(kn) o earsJq

San P~ablo (Sevilla), Spain T 60. 9 12. 1 11

Wheelus All, Ilbyu "19.1 14 51.1 8.2 14

Dhahran All, Saudi Arabia 46.1 9.5 19

Stuttgart, Germany 32. 1 3.8 15 51.8 7.q9 13

Edinburgh. Scotland 65. 2 5. 6 21

Keflavik, Iceland 66.8 8. 5 9 90.3 t1.33 9

('. Ilarmon All. Nfld. 64,9 9.9 15
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