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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.

THE PREPARATION OF THIS DATA ITEM
The work on this particular Data Item which supersedes ESDU 72026, was monitored and guided by the Wind

Engineering Panel. This Panel, which took over the work on wind engineering prevously monitored by the Fluid
Mechanics Steering Group, first met in 1979 and now has the following membership:
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STRONG WINDSIN THE ATMOSPHERIC BOUNDARY LAYER.
Part |: hourly-mean wind speeds

1. NOTATION AND UNITS
S Unit
a, a, reciprocal of dispersion parametersin Fisher-Tippett (Type 1) extreme (m/s)‘1
value distribution function, based on analysis of V and q = % p V2 and
respectively (see Section A3, Appendix A) (kN/m?)~L
g d displacement height of zero-plane above ground m
(%]
- F value of fetch x of uniform terrain upwind of site necessary for m
I equilibrium boundary layer to exist at site (F ~ 100 km)
c
8 f Coriolis parameter, 2Q sing (see Section A1, Appendix A) rad/s
>
E H general obstruction height of surrounding obstacles m
E h gradient height or equilibrium boundary layer height above which V, is m
§ independent of underlying terrain
E h; height of internal layer at fetch x (see Sketch 3.1) m
% KL factor accounting for topographical effects on wind speed (Section 10)
©
E Ky probability factor accounting for effect on extreme wind speed of values
= of Py, and N different from standard val ues (see Section 5)
§ K terrain roughness factors relating wind speeds at nearby sites with
(&) S } different terrains; given respectively by VloNlo, cand u,/u, . (see
= Kss Section 7)
ol
Ky fetch factor accounting for distance of site downwind from sudden
change in terrain roughness; V,,/V,(see Section 9)
K, height factors accounting for effect of zon V, and given respectively by
K. V/Vgand V,/u, (see Section 8)
Ko directional factor giving sectoria distribution of extreme wind speed at
site assuming uniform terrain in all directions, Ky = Vi { Py }/V{P}
(see Section 4.3)
N exposure period or anticipated structure life years
P, probability of an extreme wind speed being exceeded in any one year;
P, =1T
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probability of an extreme wind speed being equalled or exceeded oncein
N years

probability of reference wind speed of return period T, being equalled or
exceeded in N years

dynamic pressure, ¥z p V2

roughness-change parameter; ‘In(20/201)| /(uy /(sz))n wheren =0.23
and 0.14 for smooth-to-rougher terrain and rough-to-smoother terrain
respectively

return period; average period between consecutive occurrences of
particular extreme value

mode parametersin Fisher-Tippett (Type 1) extreme value distribution
function based on analysisof Vandq=%p V2 respectively (see
Section A3, Appendix A)

friction (or shear) velocity at sitein question; (TO/p)O'S
wind speed at height z, mean wind speed profile in equilibrium
conditions over roughness z, in Sections 9 and A2

gradient wind speed, V, at z=h

hourly-mean wind speed; wind speed averaged over 1 hour at height z
above site in question assuming site terrain roughness extends uniformly
upwind for at least 100 km (i.e. equilibrium boundary-layer conditions)

hourly-mean wind speed at height z above site in question with changein
terrain roughness a distance x upwind from site (see Sketch 3.1)

szorz: 10m

extreme wind speed from all directions at given height with given risk of
exceedance Py

extreme wind speed in particular direction 6 , having same over all risk of
exceedance (distributed uniformly by direction) as V{ P}

distance (fetch) that uniform terrain roughness extends upwind of sitein
guestion (see Sketch 3.1)

patch length of uniform terrain between first and second step changesin
terrain roughness upwind of site in question (see Sketch 9.4)

height measured from zero-plane displacement (see Sketch 6.1)
surface (terrain) roughness parameter (Section 6.1 and Table 13.1)

direction, measured from north, from which wind is blowing
surface drag coefficient; k5 = 1o/(p V1(2) ) = (U, /V10)2
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Subscripts

1,2

A/B,C

density ratio of ground obstructions; ratio of plan area of ground
obstacles to total ground area containing obstacles

air density kg/m®
average shear stress at surface kN/m?
local angle of latitude degree
angular rate of rotation of Earth; 72.9 x 107° rad/s rad/s

relate respectively to conditions upwind of first and second step changes
in terrain roughness upwind from site in question (see Sketch 1.1)

denote respectively values at sitein question (A), at first step change (B),
and at second step change (C) in terrain roughness upwind of site (see
Sketch 1.1)

o I S UONSTOS N —— R R

Z C 2 B A (Site)
Sketch 1.1

relates to reference, or standard, conditions

denotes value at location x downwind of step change in terrain roughness
and indicates non-equilibrium boundary layer conditions

relates to value at height z

PURPOSE, SCOPE AND APPLICABILITY

Over the last decade the behaviour and characteristics of the atmospheric wind in the lower layers of the
atmosphere have become increasingly important in relation to design requirements over a broad range of
engineering problems. In particular, the current trends of building design and new methods of construction
haveled to aneed to establish, at an early stage of design, the magnitude of wind loads that can be expected
during the lifespan of astructure. Asthe knowledge of force and pressure coefficient data increases, both
in terms of scope and accuracy, it becomesincreasingly important to establish the magnitude of the design
wind speed as precisely as possible. To obtain thisinformation arealistic model of the atmospheric wind
is required not only for design calculations but also for simulation techniques used in wind tunnels. In
addition, a knowledge of the characteristics of the atmospheric wind near the ground has become
increasingly important inthe aerospacefield but particularly inrelationto V/STOL and conventional aircraft
flying near the ground during the take-off and landing phases under automatic control.
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2.1 Purpose and Scope of this Data Item

The purpose of the Data ltem isto provide amethod of estimating hourly-mean wind speedsin the neutral”
atmospheric boundary layer near theground. Theinformation presentedisfor strongwinds” (V,,> 10 m/s)
produced by cyclonic storms (i.e. flow around a centre of low pressure) implying a neutrally-stable’
atmosphere for which several simplifying assumptions make it possible to present generalised methods.
These methods take into account the following main parameters.

0] Height above the ground at the site.

(i) The surface roughness of the local terrain at the site.
(iii) Changesin terrain roughness upwind of the site.

(iv) The probability of the wind speed being exceeded.

Additionally, some guidanceis provided on the effects produced by local topography such as nearby hills,
slopes and valleys.

2.1.1 Principal changesfrom Item No. 72026

ThisDataltem supersedesthat part of Item No. 72026 dealing with hourly-mean wind speeds. The principal
changesincorporated in this Item are as follows.

() A more rigorous mathematical model has been used to describe the atmospheric boundary layer
(see Appendix A) where the wind has blown over a sufficient fetch of uniform level terrain for
dynamic equilibrium to have been established. (In this situation energy extracted from the flow
exactly balances that absorbed by the generation of drag forces at the surface; for true equilibrium
thefetch needsto be several hundreds of kilometres.) In many cases, the new model predicts lower
values of design wind speed than Item No. 72026.

(i) A redlistic method is included to allow for non-equilibrium boundary-layer effects produced by
upwind fetches of terrain that have a different surface roughness from that at the site in question.

(iii)  The extreme wind speed map now provided for the United Kingdom is based on an analysis
includingindividual storm data (see Section A3in Appendix A) and information isprovided giving
an indication of the directional distribution of extreme wind speeds in the UK. Extreme wind
speeds from this analysis are lower than those previously recommended for the same probability
of occurrence for the reasons discussed in Section A3 of Appendix A.

ESDU Copyright material. For current status contact ESDU.

It is inevitable that the values of wind speed calculated using this Item will be compared with values
calculated from other design guides . The engineer will need to consider whether he can safely use the
lower values of wind speed that this Item may give (and correspondingly lower values of load) in
conjunction with current load factors. This raises the matter of load factors in the whole design and in
particul ar the apportionment between the partial factors considered to apply to loads and those considered
to apply to resistance and to other uncertaintiesin the design. Thisimportant aspect can berelated in part
to the probability or risk of exceedance used in establishing the extreme wind speed for design; therelation
between this risk and partial factorsis discussed in Section B1 of Appendix B and further highlighted in
Section 4.1.

" n strongwinds (V,,> 10 m/s) thereisso much mechanical stirring of the atmospherethat convective currentsare eliminated and masses
of air that are displaced upwards tend to remain in their displaced positions. In such circumstances the atmosphere is said to possess
neutral stability. Inaneutral atmosphere the rate at which the air temperature decreases with increasing height is about 1°C per 100 m.
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2.2 How to Use the Data Item; Related Computer Program

The bulk of this Item describes the data and methods (and their derivation) on which the calculation
proceduresarebased. The Calculation Sheets (Tables13.2 and 13.3) provideasimplified meansof applying
these methods and contain step-by-step procedures for estimating a value, or range of values, of
hourly-mean wind speed for agiven set of conditions. The Calculation Sheets are self-explanatory but the
user is recommended to read the background notesin Sections 3to 10. Background notes on the physical
processesinvolved and the meansby which thedatain the ltem have been derived aregivenin Appendix A.

The simplified procedures given in this Data ltem accounting for terrain with roughness changes have been
derived (asdescribed in Appendix A) for usein hand calculations. Thefull methods have been incorporated
into a computer program, VIEWpac E0108, (described in ESDU 01008%°) which calculates both mean
wind speeds and gusts (as well as turbulence intensities, length scales and spectra) for multiple roughness
changesover flat or hilly terrain. Thisprogram isintheform of aVisual Basic module running in Microsoft
Excel. It is recommended that the program is used where more than one roughness change and/or
topographic effects are to be accounted for.

2.3 Application to Wind L oading on Buildings and Structures

The occurrence of a particular value of wind speed at a particular site and time is not something that can
be predicted; it is a random event and produces an equally random wind loading effect. However, by
analysing datacollected over thelong term, it is possible to associate a given magnitude of wind speed with
aprobability of that value being exceeded in a given period; thisin turnis linked to the magnitude of the
loading effect produced by thewind. For simple, stiff structures the assumption can be made that there are
no dynamic effects due to vibration of the structure and an appropriate maximum wind speed can be used
to calculate the wind loading by a “discrete-gust” method (Section 2.3.1). When the structure is less stiff
and more susceptible to vibration, or is very large, the statistical relationships between wind speed
fluctuations from the mean in time and space become important; in this case the “time-series’ approach,
i.e. that involving spectral or correlation methods (Section 2.3.2) is more appropriate.

2.3.1 Thediscrete-gust loading approach

The discrete-gust method is applicable to structures which are sufficiently stiff for wind effects to be
determined by static methods and small enough that the assumption is valid that the wind loading is
determined by a “discrete-gust”, averaged over t seconds, which completely envelops the structure or, if
only part of the structure is under consideration, a component thereof.

ESDU Copyright material. For current status contact ESDU.

The significance of this requirement is that maximum wind speeds averaged over a few seconds do not
necessarily occur simultaneously at all positions on the structure unless the structure is completely
enveloped by the gust (i.e. wind speeds, for a given averaging time, are not fully correlated over the face
of astructure). Theuseof thisapproachin design cal cul ationsmay |ead to an overestimate of the quasi-static
loading on structures which are either very high (e.g. tall buildings) or very wide (e.g. bridges) in the
across-wind direction. The correct procedure in these circumstances would be to take an appropriate space
average of the gust which requires information on the correlation of such gusts over distancesin the lateral
and vertical directions. Thereisinsufficient information available for this average to be cal culated except
in afew special cases. Instead, an ad hoc procedure is often used in which a space average is obtained by
averaging the gust at a point over alonger time interval (the longer the averaging time the greater is the
spatial extent of the gust and the lower isthe gust velocity).

Datarelating to t-second gusts are given in Reference 5.
In this approach afurther fundamental assumption isthat the probability distribution (which representsthe
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risk of exceeding particular values) of the wind loading force and of the incident wind are the same. As
discussed in References 3 and 4 this is not usually true since the aerodynamic and meteorological
mechanisms producing random fluctuations in local pressure are different. A preferred method in
34 is to evaluate (by wind-tunnel testing) the probability density distribution of the

existence™
time-dependent pressure coefficient independently and then to evaluate the joint probability density of the
resulting wind force or pressure as the product of this distribution and that of the incident wind. This
method, when incorporated into design methods, will require a knowledge of the hourly-mean wind speed
characteristics given in this Item.

2.3.2 Thetime-seriesapproach

For structures which are sufficiently large, or for structures which are less tiff, the discrete-gust approach
isunrealistic and the time-series approach is then more appropriate. This approach is based on estimating
amean loading due to a hourly-mean wind speed, V,,, onto which is superimposed a component to account
for fluctuations in the wind speed about the hourly mean (turbulence). It uses statistical relationships to
account for correlation effects between turbulence components at different points on a structure in amore
realistic way than is possible using the discrete-gust approach and aso accounts for the time-dependent
nature of turbulence.

For less stiff structures a complete dynamic cal culation should be made (using such methods as are given
in Reference 2) primarily because the pul sating nature of turbulence can give riseto magnified stresslevels
through motions of the structure. Thistreatment requiresaknowledge of extreme hourly-mean wind speeds
and adetailed knowledge of the structure of atmospheric turbulence. The characteristicsof the hourly-mean
wind speed are dealt with in this Data Item. The properties of atmospheric turbulence are dealt with in
Data Item Nos. 74030, 85020 and 86010.
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3. THE FACTORSAFFECTING WIND SPEED AND THEIR CALCULATION

The mechanismsthat produce and influence the nature of thewind near the surface of the Earth are described
in Appendix A. The net result is that the wind at heights well above the Earth's surface is directed along
lines of equal pressure. Thisis called the gradient wind and its magnitude is unaffected by the detailed
roughness of the Earth's surface such as mountains, valleys, towns, treesand other obstacles. At the surface
of the Earth horizontal drag forces, induced by ground obstacles, are exerted on the wind flow causing it
to slow down. Thisforce decreases with increasing height above the ground and becomes negligible at the
gradient height (h) where the wind speed first reaches the gradient wind value. For strong windsh canvary
between about 500 m and 3000 m above the ground depending on terrain roughness and the strength of the
wind. The region between the ground and the gradient height is known as the atmaospheric boundary layer
in which the wind speed progressively increases with height asillustrated in Sketch 3.1.

—

Internal layer . —.--—"

—

o, S T L TN
Equilibrium Site Wind profile changing as x increases x> 100 km
boundary layer X New equilibrium

boundary layer

Sketch 3.1 Developing wind profile

In practice, providing the wind has blown over afetch of at least 100 km of uniform terrain the boundary
layer isin equilibrium with the underlying surface i.e., the variation of wind speed with height (the wind
profile) does not change as the fetch (x) of upwind uniform terrain increases. Immediately downwind of
achangeinterrain roughness, such asat the edge of atown, anew internal layer beginsto grow asillustrated
in Sketch 3.1. Within this new layer the flow is not in equilibrium and the wind profile changes as x
increases. Abovetheinternal layer it can be assumed for all practical purposes that the wind profileisthe
same as that immediately upwind of the roughness change, at the same level.

The wind speed at a point in the atmospheric boundary layer is thus dependent on the gradient wind speed
which in turn depends on geographical location. However, because the gradient wind speed cannot be
measured easily it cannot, in general, be used as a basis for wind speed estimation at lower heights. For
this reason wind speeds measured near the ground are used as reference values but it is then necessary to
make additional correctionsfor the effect dueto local variationsin surface roughness (and their fetch) from
the reference conditions.

ESDU Copyright material. For current status contact ESDU.

The parameters which affect the determination of the strong-wind speed in the atmospheric boundary layer
areasfollows.

() Geographical location; the reference wind speed.

(i) The height of the point above the ground.

(i)  The surface roughness at the site in question.

(iv) Surface roughness changes upwind of the site in question.
(V) The surrounding topography (hills, slopes, etc).

The following time factors are also important.
Documents
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(vi) The average return period (T) of the extreme value of wind speed. This is the average interval
between occurrences of that wind speed.

Also of importance, in the case of actual design values, is the exposure period, N years, during
which there will be a probability or risk, Py, of exceeding the extreme value with a T-year return
period. Notethat N and T are not necessarily equal but together they determine the level of risk,
P\ (see Equation (5.1)).

(vii)  Thetime over which a maximum wind speed is averaged.

Thedatainthisltemrelateto the hourly-mean wind speed, i.e. thewind speed averaged over 1 hour.
The properties of gusts averaged over much shorter periods (such as afew seconds) are dealt with
in Reference 5.

3.1 The Calculation of Hourly-mean Wind Speed

In the case of wind loading the wind speed required is usually the extreme hourly-mean wind speed at a
certain height, or awind profile over aheight range, which hasaparticular probability, Py, of being equalled
or exceeded oncein agiven period, N years, corresponding to the intended life span of the structure. The
genera equationsfor solving thisproblem are summarised by Equations(3.1) to (3.5) inwhichthe K-factors
account for variationsin the various statistical and site parameters. Thesefactors, summarisedin Table 3.1,
are described in Sections 4 to 10 and derived in Appendix A. The overal calculation procedure is given
by the Calculation Sheets (Tables 13.2 and 13.3).

In the simplest case the general description of the terrain roughness upwind from the site in question is
assumed to be the same for at least 100 km and the boundary layer isin equilibrium (see Section 3). The
wind speed at the site is then given by

ESDU Copyright material. For current status contact ESDU.

Ky (3.1
Nr
where U, = V /Ky, (3.2
_ Ky (3.3)
or aternatively by V, =V, K—Ke KK, K
© ONr
where Vi = V,IK, . (3.9

In Equations (3.2) to (3.4) V, (or Vg ) is areference wind speed, such as taken from a map of extreme
values like Figures 1a and 1b (corresponding to reference conditions Z,2y , Py andN,) and u, . isthe
corresponding friction velocity (see Section A1 of the Appendix) given by Equation (3. 2) The varlous K
factors are described in Table 3.1 and account for departures at the site in question from the reference wind
speed conditions. In the general case, when the terrain roughness is not uniform upwind of the site in
question, values of u_ are required in the method accounting for non-equilibrium effects; in this situation
it is more convenient to use Equation (3.1) than Equation (3.3) and this form is used in the Calculation
Sheets (Tables 13.2 and 13.3).
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TABLE 3.1
: Figure or .
Purpose Section Table Equation
Vo Required value of wind speed at site in question, a
distance x downwind of nearest step change in terrain (3.1 to (3.5
roughness
Vi } Reference wind speeds’, at height z, and 10 m 4
Vior respectively, for reference terrain roughness’ Zy 4
Ko Corrects for direction of wind 43 | Tabled.1
Ky Corrects for risk of exceedance and exposure period
Ky different from those applicabl e to the reference wind speed 5 Fig. 2 (5.2
' (with Fig. 1, Ky, = 1)
z Surface roughness parameter dependent on nature of 61 |Table13l
terrain ' '
Ks Correct for difference between reference terrain roughness
K } Zo, and actual site roughness 'z ; 7 Fig. 4 (7.2)
—ulu _ / Fig. 5 (7.4)
Ke = U1, 5 Kg=Vig/Vig
K, Correct' for effect of height over terrain roughness z ;
- K = Fig. 6 (A1.8)
Ko J|Ka = VAU K = VoV 8 | Fg7 | (AL10)
K, Correctsfor effect of step change in terrain roughness a (A2.2)
distance x upwind of sitein question for z < h.; 9 Fig. 8 '
K =V IV ! (A2.3)
X~ Y'Yz
KL Correctsfor effect of local topography 10 Fig. 9

" Normally, map values of extreme wind speed can be assumed to be appropriate to an equilibrium boundary layer and z= 10 m.
In some cases when values are taken from individual site recordsthiswill not be so and the data should be corrected to eliminate
the effect of any upwind changes in terrain roughness.

T This ignores al step changes in terrain roughness upwind of the site in question.
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In the practical situation there are usually significant nearby sudden (or step) changesin terrain roughness
upwind of the site in question (for example, on a coastline or at the edge of atown). A new inner layer
develops, asillustrated in Sketch 3.1, and inside thislayer (z< h;) the wind speed, V,, , is dependent on x
and isgiven by

V,, =V, K (3.5)

where K, (Figure 8) dependson z,, zy; , U« and x. Abovethisinner layer (z>h,),V, =V, .

The procedure dealing with one or more upwind step changesin terrain roughnessis described in Section 9
and summarised in the Calculation Sheets (Tables 13.2 and 13.3). In thiscaseit is hecessary to determine
(or assume) the direction giving the most severe wind condition (see Section 4.3) taking account of upwind
changes in terrain in the appropriate direction.
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4, REFERENCE WIND SPEED

In order to estimate awind speed (or awind speed profile) it is necessary to start with areference value 'V,
which may or may not be appropriateto the actual site characteristics such asterrain roughness (represented
by z,) and height. Corrections for the actual site parameters are made through Equations (3.1), (3.3) and
(3.5).

For design purposes, the reference wind speed is usually an extreme value obtained by applying astatistical
analysis to maximum wind speed data from wind speed records at a particular site over a period of years
at aparticular height, usually 10m. A brief description of thisprocessisgivenin Section A3 of Appendix A.
For some areas of the world, but by no means most, maps or values of extreme wind speeds are available.
The particular case of the UK is covered in Section 4.1; data sources for other areas of the world are given
in Section 4.2.

4.1 Extreme Wind Speedsin the United Kingdom

Values of Vio,r and equivalent valuesof u, ., withareturn period T = 50 years are presented in Figures 1a
and 1b. They apply for flat terrain with z, = 0.03 m but require an increment of approximately 10% for
every 100 m that the general level of theterrain (averaged over aradius of several kilometresfrom the site)
is above mean sea level. (This correction does not account for speed-up effects over hills which are a
different phenomenon.)

The values of Vio r in Figure 1la are the result of applying an improved extreme value analysis to wind
speed data from meteorological stationsinthe UK. The data have been derived as described in Section A3
of Appendix A and are adjusted to apply for areference height z= 10 mandto openlevel country (z,, = 0.03
m). The map includes large-scale topographical effects such as the shielding effect produced by the Welsh
mountains on areasto the east but it does not include local topographical effects such asthose dueto nearby
hills, valleys, escarpments, etc. For guidance on these latter aspects see Section 10.

The data presented in Figure 1b are values of the friction velocity, u, ., which are equivalent to the values
of Vio r in Figure 1&; they are related by Equation (A1.11) in Appendix A so that for z, = 0.03 m and
z=10m, u, . (Figure 1b) = 0.0689 V10, ¢ (Figure 1a). When using the Calculation Sheets (Tables 13.2
and 13.3), and particularly when changes in terrain roughness upwind of the site need to be considered, it
is more convenient to proceed with a knowledge of u, , ; hence maps of extreme values of u, ., such as
Figure 1b for the UK, are, in general, amore convenient starting point.
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The datain Figures 1a and 1b are extreme values with areturn-period (T) of 50 years. In statistical terms.
(as derived in Section A3 of Appendix A) this meansthat for an exposure period (N) of 50 yearsthereisa:
probability Py, = 0.636 that the actual maximum wind speed will equal or exceed the map value. Theseare:
the standard conditions currently used to estimate design wind loadings in the UK. However, it may be.
appropriate to use other probability levels (Py) and/or other exposure periods (N) as the basis for design; ‘ﬁ
for example the intended lifespan of a structure may be less than, or more than, 50 years and in the case of
serviceability criteriait may be possible to tolerate higher risks of exceedance. Appropriate wind speeds
can be estimated using the probability factor Ky, described in Section 5.

In practice, asdiscussed in Section B1 of Appendix B, avalue of P = 0.636 represents an apparently fairly
high risk of the unfactored design value being exceeded. A more stringent probability for design purposes
(adopted in other design codes) would be Py = 0.05. Thiswould represent avalue of Ky = 1.155. However,
it should be appreciated that decreasing the risk of exceedance from 0.636 to 0.05 represents applying an
equivaent partial factor of about (1.155)2 =1.333 onthewind loading if the 0.636 risk of exceedancein a
50-year exposure period isretained. Becausethe new analysisgives moreaccurate and morereliablevalues
thereisacorrespondingly higher confidencein the extreme val ues estimated and the need for further partial
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factors on wind loading is then questionable, in respect to the basic wind speed.

The use of these data therefore demands a careful consideration on the part of the engineer. A further
discussion on partia factors and their interaction with risk of exceedance is given in Section B1 of
Appendix B.

Section B2 in Appendix B provides a list of sources of data for reference wind speeds outside the UK.
However, thislist is not definitive and, where appropriate, the national meteorological office of the country

4.2 Extreme Wind Speeds Outside the United Kingdom
concerned should be consulted.
4.3 Wind Direction, the Factor Ko

Due to the rotation of the Earth there is a variation in the mean wind direction between ground level and
the gradient height, h. Theoretical estimates of this change in mean wind direction for middle latitudes
givevalues of about 20° over flat plains and 30° over city centres. However, sincein the lower 300 m the
changeinmeanwind directionisonly about 2° or 3° itisreasonableto assumethat themean wind direction
does not vary in this height range.

Obviously, any particular extreme value of wind speed will be applicable to a particular direction. The
direction giving the highest extreme will differ from site to site although in the UK this direction is
predominantly from a sector centred on a bearing of about 240° — 250° from north. The wind loading on
structures depends on the orientation of the structure to the wind. Some national standards recommend
that the design value of wind speed be considered applicable from any direction since, in general, this
information is not available.

More recently Cook?! has extended his analysis of independent storm data (on which Figure 1 is based,
see Section A3 of Appendix A) toinclude adirectional analysisin 30° sectorsfor 50 sitesinthe UK. The
average results for these 50 sites of the sectorial extreme analysis are presented in Table 4.1. This gives
valuesof afactor, K, , equal totheratio of the extremevaluein aparticular sector (Vg {Py}) totheextreme
value for dl directions (V{Py}), both having the same overal risk of exceedance’, Py » in an exposure
period of N years. Values of K, for those sectors containing the highest extreme values are greater than
unity for the reasons explained in Section A3 of Appendix A.

TABLE 4.1 Valuesof K, Giving Directional Extreme Value Vo { Py}

Values are for an evenly distributed overall risk (Py) selected for the all-direction extreme value.
Values typical of UK sites with uniform terrain in all directions. For intermediate directions, values of
Ko may beinterpolated.

Q° 0 30 60 90

120 150 180 210 240 270 300 330

Ko 081 07 07 07/ 076 083 08 097 105 104 09 086

It must be emphasised that the distribution of K, istypical only of uniformterraininall directions. Where
local topographical features such as hills or valleys occur, or where there are changes in upwind terrain
roughness in particular directions, these effects must be allowed for separately. Section 10 provides some
guidanceontheeffect of local topography and Section 9 describesthe method allowing for terrain roughness
changes.

" For further explanation see Section A3 of Appendix A.
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5. THE PROBABILITY FACTOR Ky

Theratio KN/KNr accounts for the effect of the required exposure period, N, and/or the risk of exceedence,
Py » being different from that applicable to the reference extreme wind speed; it is obtained statistically as
explained in Section A3 of Appendix A. The probability that an extreme wind speed with areturn period
T will be exceeded in any one year is P, = 1/T; thisis related to the probability, Py , that the same wind
speed value will be equalled or exceeded in N years by the expression

N
Py = 1-(1-P)"= 1—(1—%) . (5.1)

For example, the wind speed which is exceeded (on average) oncein aperiod of 50 years has a probability
of 1/50 = 0.02 of being exceeded in any one year; in aperiod of 50 yearsthe probablllty of the same wind
speed being exceeded is 1 —(0.98)>° = 0.636. Inthelimitas N=T— o0, P\ —>1—€

The factor Ky (for convenience) is defined asthe ratio of the extreme value of wind speed associated with
probability Py and exposure period N to the extreme val ue of wind speed with Py = 0.636 and N = 50 years.
It isshown in Section A3 of Appendix A that this factor can be expressed as

V{Py N} _ {aquq+ InN—In(—In(l—PN))}%. 52

V{P, = 0.636,N=50} a U +3.902

For sitesin the UK it is found!® that the mean value of a, U_, is5 (with individual values varying between

4 and 7) which would also apply for other areas with a similar wind climate. The factor Ky , given by
Equation (5.2) with a, Uq =5, isplotted in Figure 2.

In Equations (3.1) and (3.3), K, is appropriate to the reference wind speed of stated return period T; it is
the value of K, (Figure 2) taking (by definition) N, = 50 years and the corresponding value of Py, given
by Equation (5.1). For example, when using Figure 1, since T = 50 years and (by definition) N, = 50 years,
then from Equation (5.1), Py, = 0.636 and hence Ky, = 1. Other reference wind speed data may have been
derivedfor other valuesof T; inthat case Equation (5.1) will givethe appropriate value of Py, corresponding
to N, = 50 years and K, will then be given by Figure 2.
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Inthe estimation of K the choice of an appropriatelevel of therisk of exceedence (Py) isamatter requiring
careful consideration particularly inrelation to partial factorswhich are almost always subsequently applied
to loading values in design procedures. A discussion of this important aspect is given in Section B1 of
Appendix B.
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6. TERRAIN PARAMETERS z;and d
6.1 Surface Roughness Parameter z,

The surface roughness parameter, z; , is a measure of the retarding effect that the surface in question has
on thewind speed near theground. It isaparameter inthe mathematical model of the atmospheric boundary
layer (described in Appendix A) used to derivethefactorsused in Equations (3.1) and (3.3). Typical values
(derived by the method discussed in Section A1.3 of Appendix A) are listed in Table 13.1. The values
given are average values applicable to upwind fetches of comparatively uniform roughness where the
general description of the terrain fits a particular terrain category in Table 13.1.

In the special case of marine roughness, there is an interaction between the wind and waves. In general,
as wind speed increases so does wave height” and hence surface roughness also increases. Using the
Charnock relationship to fit the trend of experimental data (as described in Section A1.3 of Appendix A)
the ssimple relationship, for Vi0>10 m/s,

2

_ Uy
zy = 709 (6.1)

is obtained where g is the acceleration dueto gravity and u, , isareferencefriction velocity corresponding
to z;, = 0.01 m. Thus, from Equation (A1.11), u, . =0.0579V,, , and u, (corresponding to z,) is equal

tou, K, .

r

6.2 Effective Height for Rough Terrain; Zero-plane Displacement d

The application of Equation (3.1) or (3.3) to rough terrain, e.g. built-up areas or forests, has important
limitations. The flow between obstructions near ground level is very complex and no prediction of wind
speed can be made with any certainty. The equations apply only to heights above the general level of the
surrounding obstructions and it is necessary to define a displacement plane (caled the zero-plane
displacement) to which all heights are referred (see Sketch 6.1). The height, d, of this zero plane above the
ground is generally less than the general height, H, of surrounding buildings. In practiceit will depend on
the plan-area density of surface roughness elements, A. Data obtained from various wind-tunnel
investigations” % 1° were used to derive a correlation between (H —d)/zy and A. This correlation (for
A <0.8) isgiven by Figure 3 and is represented by
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H?d = 4.3(1-2) +10 exp (-901 ™) (6.2)

so that d = H—z,[4.3(1-1) + 10 exp (~901")] (6.3)
which for A >0.2 reducesto
d=H-43z,(1-1). (6.4)

Equation (6.2) was derived from data for building-block type roughness but data from other sources®°
suggest that it is also applicable to vegetation-type roughness such as forests and crops.

" Wave height is not only dependent on local wind speed but is affected by disturbances propagated to the site from awide area.
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Typically,inacity suchthat H~25 mand z;~ 0.8 m, H-d~2.5z;since 1 isapproximately 0.4 inacity
centre. In general, for other than built-up areas or wooded terrain, it can be assumed that d = 0.

Use with caution below height

Obstruction above ground of 1.5d P

level —— —-"

Equation (3.1) or (3.3)

>N
1
1
1
1
1
1
1
1
1
1
1
\i
1
\I‘
\
\
\
\

Ground level T | | | |

0 1.0
V.V, ——

Sketch 6.1 Variation of mean wind speed with height near the ground for certain rough surfaces
(seetext)

Below a height above the ground of about 1.5 d the relationship given by Equations (3.1) or (3.3) cannot
be used with any certainty. As a general guide for obstacles with homogeneous porosity (e.g. forests and
tall crops) the mean wind profile below general obstruction height takes the form illustrated in Sketch 6.1.
In general for town and city centres, the assumption of homogeneity breaks down and details of the porosity
(gaps between buildings) predominate. In this case the wind speed at heights below the general obstruction
level may be at least equal to, and in some circumstances greater than, the wind speed at the general
obstruction level.

7. SURFACE ROUGHNESSFACTORS Ky, AND K

ESDU Copyright material. For current status contact ESDU.

Thefactors Kg, and K in Equations (3.1) and (3.3) respectively allow for the difference between the local
terrain roughness (z,) at the site and the terrain roughness for which the reference wind speed is applicable.

Thefactor K, in Equation (3.1) is defined as

Ksx = Ui/Uy, (7.2)

where u, and u, . are the friction velocities appropriate to z, (for the site) and z,,. The sites are assumed
to be sufficiently close for the gradient wind speed to be the same in both cases. The values of K, given
in Figure 4 have been derived as explained in Section A1.3 of Appendix A and are closely represented (to
within about 3%) by

5
In(107/z,,)
Sk = _____E_Z_Or_ (7.2)
In(107/z,)
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The derivation of Kg, assumes that an equilibrium boundary layer applies for both the reference terrain
and the site terrain; when thisis not so at the site in question because of changes in z, upwind of the point
in question the factor K, (see Section 9) in Equation (3.5) will be different from unity.

Thefactor K, in Equation (3.3) is defined as
Ks = Vi1o/Vio,r (7.3)

where V;, and Vi, are the mean wind speeds at z= 10 m over uniform terrains z, and z,, corresponding
tothesitein question and anearby reference terrain. Thevaluesof K  given by Figure 5 have been derived
as explained in Section A1.3 of Appendix A and are closely represented (to within about 2%) by the
simplified equation

‘- IN(10°/zy,) In(10/z,)

= . 7.4
® In(10%zy) M(10/zy) 74

Aswith K the derivation assumes that an equilibrium boundary layer appliesfor both terrains; when this
is not so at the site in question because of changes in z, upwind of the point in question, values for the
factor K, (Section 9) in Equation (3.5) will be different from unity. However, in this situation it is more
convenient to use Equation (3.1) with Kg, since values of u, arerequired to estimate K, .

8. VARIATION OF MEAN SPEED WITH HEIGHT (Equilibrium Boundary Layer)

When the fetch (x) of uniform terrain upwind of the site in question is sufficiently long (larger than about
100 km) the boundary layer can be considered to be in equilibrium, i.e. the variation of wind speed with
height does not change with increasing x and the factor K, in Equation (3.5) is unity. In this situation the
variation of the hourly-mean wind speed with height is given either by thefactor K,, = V_/u, or thefactor
KZ =V,/V;,in Equations (3.1) and (3.3) respectively whereV,, V,jand u, all relate to values at the same
Site.

The factors K,, and K, , given by Equations (A1.8) and (A1.10) in Appendix A and plotted in Figures 6
and 7, are dependent primarily on zand z, but are also (more weakly) dependent on the values of f/u, and
f/V,o respectively. The main chartsin Figures 6 and 7 are presented for a value of j/4 u =6x 107 rad/m
and avalue of f/V;5=4x 107% rad/m which are typical of middle latitudes (f~ 10 rad/s) and extreme
wind speeds with a 50-year return period; the inset chart on each Figure gives a correction factor which
alowsfor the effect on K, and K, of other values of f/u, and f/\V,, .
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In practice, the effect of upwind changes in terrain roughness will usually have to be taken into account
and the method of alowing for this requiresaknowledge of u_. Thus, in thissituation, it is usually more
convenient to use Equation (3.1) with K, than Equation (3.3) with K, .
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