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Summary
Since 1971 a number of authors have published criteria for the acceptability of environmental wind conditions for human comfort for a range of activities.
This paper notes that it is the. forces caused by peak gust wind speeds and associated
gradients which people feel most and discusses the relation between peak gust and mean
wind speeds. Melbourne's criteria, which have been stated in terms of maximum gust
speeds per annum, are shown to define a range of wind-speed probabilities, in particular,
the frequency of occurrence of mean wind speeds, which then facilitates comparison between the various published criteria.
It is shown that, in spite of the apparent numerical differences in published wind speed
criteria and the various subjective assumptions used in their development, there is remarkably good agreement when they are compared on a proper probabilistic basis.

1. Introduction
In recent literature and at the 4th International Conference on Wind Effects
on Buildings and Structures, London, 1975, there has been some debate as to
the quantitative values of wind speed to be used in criteria for environmental
conditions around new building developments. It was noted by several of the
authors at the above-mentioned conference, that in spite of the seeming numerical differences in wind-speed criteria quoted by a number of authors, the
differences were, in fact, relatively small [1 ]. The problem is that the phenomenon of wind and frequency of occurrence is very complex and the numerical
values developed for these criteria depend on the statistical framework in
which they are set.
It is the purpose of this paper to discuss the physical nature and effect Of
wind on people in respect of the relationship between mean wind speeds and
peak gusts produced in turbulent conditions and the statistical inference of the
various ways of expressing the frequency of occurrence of given wind speeds,
and hence to permit a comparison of the various published environmental
wind criteria.
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2. The reason for needing environmental wind-speed criteria
Whilst involved in the technical argument a b o u t criteria, it is important to
remember the reason for trying to establish environmental wind-speed criteria.
Briefly, the need has arisen because unacceptable wind speeds can be induced around building developments and one way of avoiding these problems
is to c o n d u c t wind-tunnel tests from which wind speeds around a proposed
development can be estimated. Having obtained the facility for predicting
likely wind conditions in a given area, it becomes necessary to develop some
criteria as to the frequency of occurrence of wind speeds which are acceptable
and unacceptable for a variety of activities.
3. H o w people feel the effects of wind
There seems little d o u b t that wind speed and rate of change of wind speed
are the primary parameters in any assessment of h o w wind affects people,
Melbourne [2], Hunt et al. [3]. There are, of course, other factors such as
temperature, humidity, degree of shade and mode of dress, which are also
significant; however, these are factors which can be superimposed on or used
to modify the effects of wind speed and as such will n o t be dealt with here.
Wind gustiness, or fluctuation of wind speed with time, is a random process
and whilst the mean wind speed is a meaningful and simple parameter to obtain, the rate of change of wind speed is not. Fortunately, the effect of rate of
change of wind speed can be covered generally by the parameter of turbulence
intensity of wind speed, that is the standard deviation over the mean of wind
speed. Further, in terms of what people feel, it is often convenient to talk in
terms of a gust wind speed, that is a wind speed averaged over the smallest
periods of time to which a person can respond, of the order of seconds. The
mean 2- or 3-second-gust wind speed has become a useful reference in this
respect, because it is roughly equivalent to the peak gust speed recorded b y
the Dines anemometer and the larger cup anemometers.
The wind force felt b y a person is related to dynamic pressure. Hence,
whilst it may be convenient in one sense to relate criteria directly to wind
speed, it must be appreciated that the force felt by a person is proportional to
wind speed squared. For this reason a more rational feel for the problem is
gained if comparative data are presented in terms of velocity pressures rather
than velocities. However, the referring of criteria to wind speed has gained
popular acceptance and values of wind speed are more easily remembered than
numbers based on the square of wind speed, hence, criteria will be discussed
in terms of wind speed.
In concluding this section, it is worth re-casting the opening sentence by
n o w saying that it is the peak gust wind speeds and associated gradients which
people feel most.
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4. Relationships b e t w e e n peak gust and the mean wind speeds
The peak gust wind speed fi is dependent on turbulence intensity and can
be given in terms of the mean u-- and standard deviation ou as
= h-- + 3.50u

(1)

For example, for a turbulence intensity ( o u / u ) of 15%, fi = 1.5 u-, and for
30%, ~ = 2.0 u, etc.
As noted, it is the peak gust wind speeds and associated gradients which
people feel most and as such it is of interest to know under what conditions
they occur. The observations of Melbourne and J o u b e r t [4] indicated that
the areas in full scale which have been classed as having unpleasant or unacceptably high wind speeds were all associated with high mean wind speeds.
Later, model- and full-scale measurements b y Isyumov and Davenport [ 5] and
Melbourne [6] continued to show that the windiest areas were associated with
high mean wind speeds, b u t that the turbulence intensity was important in
determining the peak gust wind speeds. In the case of the former, the ratio of
peak gust wind speed over mean wind speed fi/u for the three windiest conditions respectively were 1.5, 2.7 and 2.8 and for the latter 1.9, 1.9 and 2.4. For
areas and wind directions with lower wind conditions, and obviously for much
greater turbulence intensities, this ratio was typically as high as 5.0. This
means that to get an accurate prediction of peak gust wind speeds from windtunnel model tests, it is essential that mean and rms or peak values for a given
probability level be actually measured.
_Although it is possible to have unpleasant areas with low mean wind speeds
and high turbulence intensities, the evidence to date does seem to indicate
that for areas likely to have unacceptably high wind conditions, such as near
corners, in narrow alleys and in arcades, the turbulence intensity is relatively
low and that in these areas it would be reasonable to assume that the peak
gust wind speeds will be a b o u t twice the mean wind speed. This means that
wind-tunnel investigations, in terms of exploring and improving likely areas
of high wind conditions, can often be reasonably based on very simple and inexpensive model measurements of mean wind speed. However, this does n o t
mean that the need to model the turbulence characteristics of the incident
wind stream can be overlooked, as a low turbulence stream would produce
quite different flow fields and erroneous information.
5. Melbourne's criteria for environmental wind speeds
Notwithstanding the usefulness of the above very simple tests, to maintain
flexibility in the application of environmental wind-speed criteria to all levels
of turbulence, the author believes it is necessary to frame the definition in
terms of gust wind speeds related to some meaningful return period or frequency of occurrence. Criteria which are defined only by mean wind speeds
need to be qualified with respect to turbulence to have any general application.
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Melbourne's criteria [2,7] were based on two levels of wind speed, an unacceptable level at which wind gusts would be strong enough to knock people
over and a level generally acceptable in main public access-ways based on conditions which had existed in the main Australian cities during the first half of
the 20th century, when building was dense but heights restricted to about 30
m. Temperatures are typically between 10 ° C and 30 ° C with people appropriately dressed for the outside temperature conditions. These criteria simply
state that in main public access-ways wind conditions are
(a) completely unacceptable if the annual m a x i m u m gust exceeds 23 m/s
(the gust speed at which people begin to get blown over),
(b) generally acceptable if the annual m a x i m u m gust does not exceed 16 m/s
(which results in half the wind pressure of a 23 m/s gust). Along the lines of
Davenport's [ 8, 9] suggestions for c o m f o r t for activities less than walking in a
main public access-way, two additional comfort criteria have been added to
the original criteria as follows:
(c) generally acceptable for stationary short-exposure activities (window
shopping, standing or sitting in plazas), if the annual m a x i m u m gust does n o t
exceed 13 m/s,
(d) generally acceptable for stationary, long-exposure activities (outdoor
restaurants, theatres), if the annual m a x i m u m gust does not exceed 10 m/s.
From these basic criteria a probability distribution, or frequency of occurrence, can be developed to suit any turbulence conditions. An example of
such a distribution is given in Fig.l, for a turbulence intensity of 30%, where
the distributions of the m a x i m u m gust speeds per annum, of 23 m/s, 16 m/s,
13 m/s and 10 m/s are shown as normal distributions back to the m a x i m u m
hourly mean wind speed per a n n u m (i.e. ~ = 2.0 u-for Ou = 0.3 h-, which as
discussed in Section 4 is a very typical situation). The upper part of Fig.1
shows the distribution of hourly mean wind speeds for these conditions using
a Rayleigh distribution, and the expected m a x i m u m wind speeds for periods
of a day, week, m o n t h and year have been calculated using a m e t h o d by
Davenport [ 10].
Davenport showed that the n u m b e r of storms, on occasions during which
a wind speed u- is exceeded, can be expressed as

Nu = .v/.~_~vT [F ( 1 +~)-r
2
:

(i+-i]~
](k-~)/k
k/ k {-InP(>~) }J
P(>U)

(2)

where P(>~-) is the probability of exceeding the mean wind speed W (based on
the Weibull distribution), k is one of the Weibull parameters, F is the Gamma
function and ~T is the n u m b e r of independent events per annum. The value
of k varies about 1.5 to 2 and vT varies between ,500 and 1000, depending on
the local wind climate. From an evaluation of Davenport's eq. (2) [5] the
ranges given in Table 1 can be obtained which express the relation between
probability of exceeding a certain hourly mean wind speed and the n u m b e r of
storms per a n n u m during which that mean wind speed is exceeded. Apart from
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Fig. 1. Probability d i s t r i b u t i o n s o f M e l b o u r n e ' s criteria for e n v i r o n m e n t a l w i n d c o n d i t i o n s
for d a y l i g h t h o u r s , for a t u r b u l e n c e i n t e n s i t y o f 30%. au = 0 . 3 0 ~ ' , Q = 2.0h-.

providing a very important link to give information about the maximum wind
speeds likely to occur on average for various periods, such as once per year,
once per month, etc., this also provides the necessary link to enable the various environmental wind speed criteria to be compared.
One other complication arises in respect of the number o f storms per
annum which are relevant to the assessment of environmental wind conditions
for human comfort. It is obviously conservative to include winds which blow
for all hours of the year, day and night, when most areas under consideration
will only be occupied for half of the time or less. Although it does not make
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TABLE 1
R e l a t i o n s h i p b e t w e e n p r o b a b i l i t y of e x c e e d i n g a m e a n w i n d s p e e d a n d t h e average n u m b e r
of s t o r m s p e r a n n u m d u r i n g w h i c h t h a t m e a n w i n d s p e e d is e x c e e d e d
Number of storms per
a n n u m d u r i n g w h i c h ~is e x c e e d e d ( N u )

1, o n c e p e r a n n u m
o n average
12, o n c e p e r m o n t h
o n average
52, o n c e p e r w e e k
o n average

Probability of exceeding an hourly
m e a n w i n d s p e e d ~- ( P ( > ~ ) )
All h o u r s

Daylight hours

0.00025--0.0005

0.0005--0.001

0.003--0.006

0.006--0.012

0.015--0.03

0.03--0.06

a great deal of difference, the author prefers to relate criteria and assessment
to approximately half the total time, by relating the probability of exceedence
to half the yearly cycling rate (i.e. 250--500 independent events per annum)
and calling this procedure an assessment of environmental wind conditions
relating to "daylight hours"; these ranges are also given in Table 1. Strictly
speaking, the cycling rate and evaluation of the wind speed probability distributions should be related to the relevant occupancy times (i.e. daylight
hours, afternoon hours, etc.), and in many parts of the world seasonal distributions are also significant. However, for the purposes of this comparison of
criteria the simplistic assumptions above described as relating to "daylight
hours" will be used in this paper.
6. Comparison of various criteria
Since 1971 several forms of criteria for environmental wind conditions
have been published. The criteria developed by Wise [ 11 ], Penwarden [ 12,
13] Davenport [8, 9], Lawson [14] and one by Hunt, Poulton and Mumford
[3] are given in terms of mean wind speed at some stated or implied level of
turbulence intensity between 15% and 20%. Comparison of these criteria can
be made in Fig. 2 with Melbourne's criteria which have been plotted for a turbulence intensity of 15%, i.e. for au/-U = 0.15 and from eqn. (1) u- = ~/1.5.
Wise [ 11 ], in 1971, commented in relation to the Beaufort scale "that wind
speeds much above about 5 m/s are likely to give unpleasant disturbance to
clothing and hair" and "making reasonable assumptions about metabolic rate,
and the thermal resistance of body layers and clothing, speeds of some 5 m/s
appeared tolerable at 10 ° C in normal winter clothing". Penwarden [12] in
1973 and again in collaboration with Wise [13] in 1975 prepared a summary
of wind effects on people based on a modified version of the Beaufort Scale
from which the following three points can be extracted
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discomfort begins ~ = 5 m/s
unpleasant
u- = 8--10 m/s
dangerous
u = 15--20 m/s.
Penwarden and Wise [13] quoted a criterion which they had used at the
Building Research Station, that conditions were regarded as acceptable,
or no remedial action was required, if u < 5 m/s for 80% or more of the time
and vice versa, that remedial action would be taken if u- > 5 m/s for more than
20% of the time. In probability terms this criterion is interpreted as being
acceptable ifP(~ > 5) ~< C.2.
Davenport [8, 9] in ].972 amalgamated work by Wise, Melbourne and
J o u b e ~ and suggested criteria for a range of activities; these were related to
a Beaufort scale for open-country mean wind speeds at 10 m. These criteria
also noted t h a t the relative c o m f o r t level might be expected to be reduced by
one Beaufort number for every 20 ° C reduction in temperature. In particular
Davenport nominated the following hourly mean wind speeds (converted to
2 m) conditions as being tolerable if n o t exceeded more than once per week,
which in probability terms are interpreted as being acceptable for
walking fast
if P(~- > 10) ~< 0.05
strolling, skating
if P(x > 71~)~< 0.05
standing, sitting, short exposure
if P(~- > 51/2)~< 0.05
standing, sitting, long exposure
if P(~- > 31/2)~< 0.05
Lawson [14] in 1973 used the same Beaufort scale as Penwarden and developed a figure to take into account the effects of turbulence. A value of fi =
1.7 h-- was used, which from eq. (1) implies a turbulence intensity of about
20%. Lawson quotes Beaufort 4 wind speeds (6--8 m/s) as being tolerable if
not exceeded for more than 4% of the time; and Beaufort 6 wind speeds (11-14 m/s) as being unacceptable if exceeded for more than 2% of the time. In
probability terms these criteria are interpreted as being
acceptable
unacceptable

if P(~- > 6 - 8 ) ~< 0.04
if P(~- > 11--14) ~ 0.02

Hunt, Poulten and Mumford [3] in 1976 described a range of wind-tunnel
tests which were conducted to show h o w wind affects people's abilities to
perform simple tasks, including a simulation of turbulence. Two criteria were
developed, firstly that if wind conditions are to be tolerable and for most kinds
of performance to be unaffected
< 9/(1 + 3 turbulence intensity)
for turbulence intensity of 15% this becomes u- < 6.2 m/s, and secondly, for
safe and sure walking that there must be a low probability (say 1%) of a gust
lasting over a few paces (say 5--10 m) exceeding 13 m/s. For a turbulence intensity of 15% the 13 m/s gust becomes a mean wind speed of 13/1.5 = 8.7
m/s. (Hunt used a conversion from Durst to give 9 m/s.) In probability terms
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Fig. 2. Comparison of various criteria for environmental wind conditions for daylight hours
for a turbulence intensity o f 15%. au ffi 0.15~-, fi = 1.5h--.

for 15% turbulence intensity, this is interpreted as being
acceptable for strolling
acceptable for walking

if P(~ > 6) ~< 0.1
if P(h- > 9) ~< 0.01

These criteria in probability terms have been compared in Fig.2 with
Melbourne's criteria plotted for a turbulence intensity of 15%.
7. Conclusions
It remains to conclude that the degree of agreement between the criteria
when presented in probabilistic terms is quite remarkable for a phenomenon
which relies almost completely on subjective assessment. This is particularly
so for the earlier attempts by Wise, Melbourne and Penwarden where the criteria were developed entirely independently and in quite different ways. The
agreement of the later published criteria, whilst supportive, is not quite so remarkable as there has been a certain amount of influence from the earlier attempts. It seems reasonable to conclude that assessments based on any of
these criteria could be said to be made with some consensus of international
opinion. However, assessment of the viability of any area in terms of wind
environment still relies heavily on the assessment of the use to which the area
is to be put and the cost-effectiveness of providing protection from the wind.
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