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Abstract

This paper unravels the confusion surrounding pgast wind

speeds specified in applications related to bujdiesign and
meteorology. The origin of the basic peak gust dpige the

Australian Wind Loading Standards since 1971, @efifrom the
Dines anemometer, is discussed, and the responsthabf
anemometer to gusts is compared with the recorgystem in
Automatic Weather Stations (AWS) based on 3-cuprameeters
with a 3 s moving average filter that have replateel Dines
since the early 1990s. This later system is shaasignificantly

attenuate the high frequency wind fluctuations, hadce record
lower gust wind speeds than the earlier Dines. Ahoek for

comparing gust wind speeds of different duratiomsl dor

making wind data compatible with AS/NZS 1170.2 dasi
procedures is given.

Introduction

The “wind speed” for structural design and for gatésing the
intensity of, say, a tropical cyclone is specifigsl a gust wind
speed in the longitudinal or along-wind directiomdais

recognised as having a time averaged mean spelkdusliulent
fluctuations about this mean. This review analythesturbulent
near-surface wind speed in “strong” wind conditiorighe

logarithmic boundary layer profile under neutralakslity

conditions represented by Deaves and Harris (1&78)e basis
of the wind speed data and associated terrain maésggiven in
the Australian/New Zealand Standard for Wind AcsipAS/NZS
1170.2 (2011) and its predecessors. The basicrdesigl speed
in AS/NZS 1170.2 is based on the statistical afmslyEhistorical
peak daily wind measurements from the Bureau of Metegy

Dines anemometers and is now defined as ‘a 0.2ndgegast’.
The previous versions of the standard incorreahgrred to ‘a
gust of 2 to 3 seconds duration’ as the basic wipeked, which
originated from the report by Whittingham (1964). rAcent
project (Ginger ed., 2011), found that the low-spaed the high-
speed type Dines anemometer measurement chainsnhawel
periods of about 2 and 3 s, respectively. Holmed @mger
(2012) showed that the equivalent moving averagimg for the
damped resonant response of the Dines anemometestation
to the maximum gusts produced is equivalent to 8bdus. They
also produced factors to convert gust wind speadsewtly

recorded by the Bureau to a gust with an equivadeetaging
time of 0.2 s.

This paper discusses the gust speeds used folatalgudesign
wind loads from AS/NZS 1170.2, and provides a meahs
analysing wind data from other sources for comjdsitwith the

Standard. The effect of filtering on the gusts pied by the
Bureau's AWS since about 1990 with typical cup anewmiers

and 3 s average filtering is discussed. A methadctorecting

this gust data to make it compatible with AS/NZS7Q.2 is

presented.

Wind Speed

As detailed by Harper et al (2010), the variatidromgitudinal
wind speed with time, u(t) can be represented as the sum of the

mean wind speele , averaged over a time-span and a
fluctuating component’(t) about the mean such that:
u(t)=U +u'(t) (1)

The expected maximum gust in a wind record witheamvalue

of "U, a standard deviation af, is then related by the following:
U=U+go, )

Here, g is the expected peak factor. A non-dimensionahfoff

the variability is termed the turbulence intensity,= g, /LT

The relationship between the mean wind speed aadgtlst
speed is often expressed in terms of a gust f&tor

G=0/0 =1+gl, A3)

Using this approach, values fGrcan be obtained for appropriate
values ofl, and a statistically-based estimate gof The most
complete theoretical description is summarised 8{pH (2002),
which is based on the original statistical approbgtDavenport
(1964) as augmented by the analyses of Greenwag@)19his
approach considers the sampling of independent gpisbdes
from a pre-determined (i.e. von Karman) spectrufithe natural
wind, associated with the chosen averaging peflodnd gust
duration, z. Then, with the assumption of a Gaussian parent
distribution, this can be shown to produce an Em&eValue
Type | (or Gumbel) distribution for the maximum ¢tgisnd the
mean of this distribution is then taken as the etquevalue.

The value of turbulence intensity, peak factor,tdastor and the
gust wind speed are all dependent on the instrumesyponse
(associated filtering) and any additional movingrage filtering,
and is also sensitive to the choice ©f Wind velocity
fluctuations will generally contain energy to > Z.HNormally,T
is chosen to be hourly in synoptic environments aswllly not
less than 10 min. Hence, reference herd timplies a base
referenceT = 600 s as a suitably stable estimate of the “true
mean” wind speed. In addition to the increase ificiaf
meteorological stations worldwide, the recent depeient of
mobile instrumented towers in the USA (e.g. Scheoeet al.
1998, Masters et al. 2005) has led to a greatdumapate of data
from windstorm conditions. However, there are goest as to
the homogeneity of all these data sets and thef say, related
curves by Durst (1960) for making direct gust corigmms.
Furthermore, estimation of ground level gust wingkesls in
tropical cyclones that are based on techniquevetetlyy Dvorak
(1984) and subsequently used for risk studies irarpatric
models such as those based on Holland (1980) swenakmally
calibrated to measurements from anemometers amefthe are
influenced by their response. Hence, the data aedlyand
reviewed by Harper et al (2010) must also be réuetad for
consistency.

The Dines anemometer was the main instrument fasoming
wind gusts recorded by the Bureau of Meteorologpirstralia
from the 1930s to the 1990s. These analog recongitodrstatic
sensors have been replaced by more compact seHiged cup



anemometer sensors with digital recording systeinad have
different response characteristics. Anemometars usually
calibated by their manufactureres to satisfactgityvide a mean
wind speed averaged over several minutes. Howekiere is
usually limited data on the dynamic response chearatics of
anemometers in turbulent winds (e.g. Greenway 18&jaars
1987, Miller 2007). Cup anemometers widely usedreoord
wind speeds inherently apply some filtering, dueetg. the
mechanical inertia of cups, thus influencing theasueed gust
wind speed and turbulence intensity.

Random Process Theory

Random process theory can be used to predict thd girst
factors recorded by anemometers in a turbulent wih&nown
intensity and spectral density. It can also bedusederive the
gust factor for the wind spectral density ‘filterdny a moving
average filter with a defined averaging time ofs. The
application to wind engineering was pioneered bydbport
(1961, 1964), and is summarized by Holmes (2007).

Using this approach, the spectral density of thedwurbulence
is modelled using the well-known von Karman formhieh, in
non-dimensional form, can be written as followse(sction
6.2.2 in AS/NZS 1170.2):

ns,(n)/ o2 =4[”U£u] l+70.8(n$u]2
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Here, n is frequency, S(n) is the spectral density of the
longitudinal velocity,u, and'U is the mean wind speed (usually
averaged over ten minutes to one hour to be remiasee).L, is
an integral length scale, and, is the standard deviation of
velocity, which can be obtained from the mean wépeged and
the intensity of turbulence (i.e;, = 1, x'U). For a height of 10
m above ground, AS/NZS 1170.2 gives a valuelfpof 85 m.

An anemometer, when responding to wind gusts,et8it the
atmospheric turbulence with a transfer functipf(n)|>. The
cycling rate or ‘average frequency, of the filtered process can
be calculated as follows (e.g. Davenport, 1964):

B fownz.Su(n).IH(n)Izdn 12
| f7Su). IH@)2dn

®)
The expected peak factor can be calculated usmgvéiii-known
formula for Gaussian random processes of Daver{p®64):

g= Zlo'g‘-’UT-l_\/zzoiqﬁ (6)

wherey is Euler's Constant (0.5772), aiids the sample time for
which the expected peak is to be determined. Kindte
expected gust factor can be obtained from:

G=1+goy/U ()

Here g s is the standard deviation of the filtered sigriaég by:
0 2
Ous = {Iy Sulm)-1H () 2dn}" ®

The dynamic responses of the so-called low- andh-bmged
Dines were presented as their transfer functit{n)|f’ by Miller

et al (2013). Holmes and Ginger (2012) then shoted the
basic wind gust in AS/NZS1170.2 ian equivalent moving
average time of 0.2 seconds it is equivalent to the expected
maximum gusts recorded by both the low- and higkedpDines
anemometers.

A cup anemometer’s response is given in terms distance
constant,D which represents the “length of wind” required to
respond to a stepped change in speed (e.g. Kristet893). The
distance constant depends largely on the massnentiai of the
rotating parts of the anemometer. In the case ®f3fnchrotac
706 anemometer, currently the most common type us@dVsS

in Australia, the value ob is about 13 m. The corresponding
time constant may be found by dividing the distacgestant by
the mean wind speed.

For the case of the cup anemometer, the trangfietifun can be
represented by :

. 2mD Y
|H1(n>|—%{1+( i ”
(9)

Shortly after the introduction of AWS with cup armameters
(about 1990), the Bureau of Meteorology incorpatate 3 s
moving average filter based on a WMO specificatiBeljaars,
1987), in addition to the inherent filtering of tbep anemometer
itself. The moving average process is representedthie
frequency domain by the following transfer functishererz is
the moving average time.

sin(nnr)J2 0

(n )

|H2(n)|2:(

The combined transfer function obtained by the dmubter
effect of the anemometer and the moving averagen by:

[H@I? = |H )% [Hy(m)]? (11)

The Von Karman wind velocity spectrum for an apptoavind
flow with a mean wind speed of 30 thand turbulence intensity
of 18.3% for Terrain Category 2 flow at 10 m heifgee Table
6.1 in AS/NZS1170.2), and the output from a 3-cuthv8 s
moving average filter are shown in Figure 1. THdouble
filtering’ results in a severely attenuated wincecpum at the
high-frequency end, as shown in Figure 1, and preslu
maximum gusts significantly less than those preslipuecorded
by the Dines anemometers that form the statisbeals for the
regional peak gust in AS/NZS 1170.2. It shoulchbted that the
3 s moving average filter completely suppressesifations with
frequencies of 0.333 Hz (i.e. periods of 3 s) atsdimteger
multiples, and severely attenuates all fluctuatiomsth
frequencies greater than 0.2 Hz.
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Figure 1. Effect of 3 s moving average filteringtbe wind
spectrum as ‘seen’ by a cup anemometer ( = 30 ms})



The response characteristics of the raw Dines smmd a 3-cup
sensor with a 3 s moving average filter are compaoy
calculating the relevant parameters presented bteTA The 3-
cup with 3 s moving average filter significantlytestuates the
fluctuations and gives a gust factor of 1.427 comgpao 1.617
from a Dines, which is equivalent to a 13% discrapyain the
expected gust wind speed. Millet al. (2012), applying similar
random process theory to that given in this pagfeow that a 3 s
moving average filter applied to the output from cap
anemometer, underestimates the peak gust recorded High-
speed Dines by between 11 and 19%,. This is alsgpamble
with the 15% higher peak gust recorded by the Dsiasated
about 20 m away from the 3-cup anemometer durirgpital
Cyclone ‘Vance’ at Learmonth, in 1999 noted by Rearet al.
(2999). Similarly, Boughtoret al. (2011) found that the Dines
gave a peak gust wind speed about 20% higher tieandarby 3-
cup at Townsville, during Tropical Cyclone Yasi id12.

Tablel.Calculated response parameters of 3-cup (with 3 s

moving average) and Dines anemometers

3-cup Dines
Cycling rate (Hz) 0.065 0.394
Std. deviation (m/s) 4.387 5.314
Peak factorg 2.918 3.481
Gust factorG 1.427 1.617

Holmes and Ginger (2012) provide factors for cdingcthe peak
gusts produced by the current measurement systehustralia
from a 3-cup anemometer, with associated 3 s mosiregage
filter to a 0.2 s gust as required for compatipifior structural
design with AS/NZS 1170.2, or in conjunction wittetStandard.
The correction factors require increases in thendsd gusts

from 8% to 16%, depending on the mean wind speedl an

turbulence intensity. Incorrectly applying a 3 sigwind speed
instead of the 0.2 s gust can hence produce Idedsate 35%
lower.

AS/NZS1170.2 and Other Codes/Standards

The mean wind velocity profile in AS/NZS1170.2 iasked on
extensive full scale data and the Deaves and H@r®ig8) model
logarithmic law. In addition, the model determirties turbulence
intensity from which the gust wind speed is relatedhourly”
mean wind speed by applying a peak factor of 3singgrandom
process theory, described here, Holmes and Allsa@l2)
calculated the expected peak factor for wind twehoé with the
von Karman spectral density, as a function of then n
dimensional ratios U.T/ L) a reduced velocity, andT/r).
Figure 2 shows the expected peak factor plottethageeduced
velocity for various values df/7. ris the moving average time.
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Figure 2.Expected peak factors vs reduced velocity for four
values of the ratio of sample time to moving average

For the commonly assumed valuesToand 7 of 3600 and 3 s
respectively, the peak factors are given by the for (T/7) equal
to 1200 in Figure 2. It can be seen that for thigor the peak
factor is about 3.0 for typical European designdvapeeds but
reduces to as low as 2.0 for higher values of reduelocity.
However, for higher values off(7) the peak factor is relatively
constant with varying wind speed. ESDU (2002) beaphs of
peak factor against averaging time for particuladugs of
reduced velocity. ForT and 7 of 3600 and 0.2 seconds
respectively, the peak factors given by the line(1dz) equal to
18000 in Figure 2, show that a peak factor of at®itis still
applicable for data stipulated in AS/NZS1170.2.

Another consideration in redefining the gust damtiwas the
effective frontal area over which the gust couldcbaesidered to
act. In order to estimate the effective area ofaximum gust, a
transfer function representing an ‘aerodynamic &ame’ based
on numerous measurements on small plates withtieffeareaA
in grid turbulence (Vickery, 1968) was used:

H(n) 2= !

41372
1+[2nﬂ}

U (22)

Using Equation 12 and the methodology above, etprta
frontal areas for the 0.2 s gust have been debyethatching the
calculated expected gust factors, for a range @mvénd speeds
and turbulence intensities. These are shown in eT&yl and
indicate that the effective frontal area increaséh mean wind

speed. For the range of mean wind speeds of intdogs
structural design of 25 to 50 fhsthe frontal area of 5 o 25

m? approximates that of a small building such as edshr

garage. Road sign “windicators” used for estimatimgd speeds
by Ginger et al (2007) provide gust wind speeds tlasely

approximate Dines anemometer measurements, asssamad
in the report into Cyclone Yasi (Boughton et al 2011)

Table 2. Equivalent frontal area centred at 10 igtte
corresponding to a 0.2 s gust

U (mls) A (m?)
20 6.3
25 9.3
30 13.1
35 17.2
40 22.0
45 27.0
50 32.9

In the United States, ASCE 7 (2010) changed to & gest wind
speed metric from the previous ‘fastest mile’ digfom in 1995,
and similar gust speeds have continued since tAé&r analysis
for non-hurricane regions used gusts recorded pifirfeom cup
anemometers with a corresponding ‘time constamudghly
equivalent to the gust duration) of about 0.5 sweleer, design
peak gust speeds in the hurricane-affected regibtiee US have
been generated by simulation methods, with gustofac
equivalent to 3 s moving average gusts, similath® WMO
definition. In the Eurocode (2005) for wind actioas ‘peak
velocity pressure’ is calculated, based on a paetof,g, of 3.5.
It can be shown, using the methods discussed], &xual to 600
s, that this is also approximately equivalent t6.2 s moving
average gust. The International Standard for wictibas (ISO,
2009), allows for conversion between a range ofagiag times,
but the main body of the Standard is based on an®ng



average gust speed defined similarly to the WMGnitefn, with
a peak factor of 3.0 for a 1 h reference period.

Conclusions

The design wind speed in the Australian Standaimntses1971
were derived from the statistical analysis of pekly gusts
derived from the Dines anemometer. The cup anermwith

an associated 3 s averaging that have replacddities since the
early 1990s are shown to significantly attenuate thigh

frequency wind fluctuations and hence record a foguest wind

speed. The peak gust in AS/NZS 1170.2 is defireed &.2 s
gust’, based on a moving-average definition ofdghst duration
equivalent to the response of the Dines. Thesesqton an
effective averaging area between 5 and 25 m

The random process approach to estimating gusbraand
Dines/cup gust ratios gives good agreement with somea
values of gust ratios from the two measurementesystin

several windstorms. It enables adjustment foringrparameters
such as mean wind speed, turbulence intensityykemboe length
scale, and the distance constant of the cup anetaomEhe
effect of applying a 3 s moving average filter twe t3-cup
anemometer output, as recommended by the WMO tisitcate
the high-frequency end of the wind spectrum andttyréncrease
the difference in peak gusts between the 0.2 spebequivalent
gust and 3-cup anemometers. Adjustment factorsdependent
on the mean wind speed and turbulence intensitgetdy, gust
wind speed data recorded by the Bureau of Meteoyofomm

automatic weather stations, since about 1990, wided
adjustment to be compatible with the Standard.

References

ASCE/SEI 7-10, 2010,Minimum design loads for buildings and
other structures

Boughton, G.N., Henderson, D.J., Ginger, J. D., nkéd, J.D.,
G. Walker, G.R., Leitch C., Sommerville, L., Frye,., U
Jayasinghe N. and Kim, P. 2011Tr6pical Cyclone Yasi:
Structural damage to buildingsCyclone Testing Station, James
Cook University, Report TR57.

Beljaars, A.C.M. 1987The measurement of gustiness at routine
wind stations — a reviewinstruments and Observing Methods
Report, W.M.O. No.31.

British Standards Institution 200%urocode 1: Actions on
structures — Part 1-4: General actions — wind ac§oBS EN
1991-1-4:2005, BSI, London, U.K.

Davenport, A.G. 1961The application of statistical concepts to
the wind loading of structurgsProc., Institution of Civil
Engineers (U.K.), Vol. 19p 449-472.

Davenport, A.G. 1964Note on the distribution of the largest
value of a random function with application to gusading,
Proc., Institution of Civil Engineers (U.K.), Vol82pp 187-196.

Deaves D.M. and Harris R.1., 1978 mathematical model of the
structure of strong wind€IRIA ReportNumber 76 London,
England, Construction Industry Research and Infdonat
Association.

Durst C. S., 1960Wind speeds over short periods of time
Meteorological Magazine, 89, 181-187.

Dvorak V.F., 1984 Tropical cyclone intensity analysis using
satellite dataNOAA Technical Report NESDIS 11, 45pp

ESDU 2002 Strong winds in the atmospheric boundary layer. II:
Discrete gust speedsngineering Science Data Unit, Item No.
83045, London.

Ginger J. D., Henderson D. J., Leitch C. J. and Btmgis.N.,
2007, Tropical Cyclone Larry: Estimation of wind field and
assessment of building damadeustralian Journal of Structural
Engineering, Vol. 7, No. 3, pp 209-224.

Ginger J.D. (ed.) 2011Extreme windspeed baseline climate
investigation project Report to the Department of Climate
Change and Energy Efficiency, James Cook Universitgidbie
Testing Station, Bureau of Meteorology, Geosciencsstralia
and JDH Consulting, April 2011.

Greenway M.E., 1979%n analytical approach to wind velocity
gust factorsJ. Industrial Aerodynamics, 5, 61-92, Oct.

Harper B.A., Kepert J.D. and Ginger J.D. (20@)idelines for
converting between various wind averaging periodsrapical
cyclone conditions World Meteorological Organization, TCP
Sub-Project, WMO/TD-No. 1555, August, 62pp.
http://www.wmo.int/pages/prog/www/tcp/documents/WMID
1555_en.pdf
Holmes, J.D., 2007Wind loading of structures?™ edition,
Taylor and Francis, London.

Holland G. J., 1980An analytical model of the wind and and
pressure profiles in hurricane®onthly Weather Review, 108,
pp 1212-1218.

Holmes, J.D., and Ginger, J.D., 201Phe gust wind speed
duration in AS/NZS 1170.2Australian Journal of Structural
Engineering, 13 (3). pp. 207-216.

Holmes J.D. and Allsop, A 2012Averaging times and gust
durations for codes and standard&).K. Wind Engineering
Society Conference Southampton, September 10-12.

International Organization for Standardization ()S2009,Wind
actions on structuredSO 4354:2009, ISO, Geneva, Switzerland.

Kristensen L., 1993The cup anemometer and other exciting
instrumentsRisg National Laboratory, Roskilde, Denmark. ISBN
87 550 1796 7. 82pp.

Masters F., Reinhold T., Gurley K. and Powell M. 20Gust
factors observed in tropical cyclone landfallenth Americas
Conference on Wind Engineering, Baton Rouge, Louisifay
31-June 4, 2005.

Miller C., 2007,Defining the effective duration of a guBtoc.
12" Intl. Conf. Wind Engin., ICWE12]ntl. Asoc. for Wind
Engin, July 2-6, Cairns, 759-766.

Miller, C.A., Holmes, J.D., Henderson, D.J., GingeD. and
Morrison M. 2013, The response of the Dines anemometer to
gusts and comparisons with cup anemometéwcepted for
publication in Journal of Atmospheric and Oceargcfinology.

Reardon, G. F., Henderson D. J. and Ginger, J. 99,1A
structural assessment of the effects of Cyclone & anchouses
in Exmouth WA Cyclone Testing Station, James Cook
University, Report TR48.

Schroeder J.L., Smith D.A. and Peterson R.E., 1988ation of
turbulence intensities and integral scales durihg passage of a
hurricane J. Wind Engineering and Industrial Aerodynamics, 77
& 78, 65-72.

Standards Australia 2013Structural design actions. Part 2:
Wind actionsAustralian-New Zealand Standard, AS/NZS1170.2.
Vickery, B.J. 1968l.oad fluctuations in turbulent flowASCE,

J. Eng. Mech. Div, Vol. 94op. 31-46.

Whittingham, H.E. 1964,Extreme wind gusts in Australia
Bureau of Meteorology, Bulletin No. 46.

*A summary of thispaper issubmitted asan Abstract to APCWE-8



