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ESDU 85020
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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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 was monitored and guided by the Wind Engineering Panel. This Panel, which
took over the work on wind engineering previously monitored by the Fluid Mechanics Steering Group, first met in
1979 and now has the following membership:

The construction and subsequent development of the Data Item was undertaken by

Chairman
Mr T.V. Lawson — Bristol University

Members
Mr A. Allsop — Ove Arup and Partners
Mr C.W. Brown — Independent
Prof. J.E. Cermak*

* Corresponding Member

— Colorado State University, USA
Dr N.J. Cook — Building Research Establishment
Prof. A.G. Davenport* — University of Western Ontario, Canada
Dr D.M. Deaves — Atkins Research and Development
Dr R.G.J. Flay* — University of Auckland, New Zealand
Dr A.R. Flint — Flint and Neill
Mr R.I. Harris — Cranfield Institute of Technology
Dr J.D. Holmes* — CSIRO, Australia
Prof. K.C. Mehta* — Inst. of Disaster Research, Texas Tech. Univ., USA
Mr R.H. Melling — Independent
Dr W. Moores — Meteorological Office, UK
Dr G.A. Mowatt — Earl and Wright Ltd
Mr J.R.C. Pedersen — Independent
Mr R.E. Whitbread — BMT Fluid Mechanics Ltd
Mr G. Wiskin — British Broadcasting Corporation.

Mr N. Thompson — Head of Wind Engineering Group.
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ESDU 85020
CHARACTERISTICS OF ATMOSPHERIC TURBULENCE NEAR THE GROUND
PART II: SINGLE POINT DATA FOR STRONG WINDS (NEUTRAL ATMOSPHERE)
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ESDU 85020
CHARACTERISTICS OF ATMOSPHERIC TURBULENCE NEAR THE GROUND

Part II: single point data for strong winds (neutral atmosphere)

1. NOTATION AND UNITS 

Units

SI British

effective displacement height of zero-plane above ground 
due to surrounding obstacles (Section 3)

m ft

exponent in expression giving kL

Coriolis parameter rad/s rad/s

boundary layer height m ft

intensity of turbulence 

general values of u- , v- or w-component at point in space at 
time t (i = u, v or w)

m/s ft/s

number of roughness changes between site and upwind 
equilibrium conditions (see Sketch 8.1)

factor accounting for variation of  with V10r and f 
(Figure 3b)

length scales of turbulence in x-direction relating to u- , v- 
and w-components respectively

m ft

frequency Hz Hz

/Vz

cumulative probability that any value of i will be less than a 
particular value, ip

probability density functions of u- , v- or w-component s/m s/ft

spectral density functions of u, v- and w-components 
respectively 

m2/s ft2/s

averaging time or response period of measuring instrument s s

duration of sample or wind-speed record s s

time s s

d

c

f f 2Ω φsin=( )

h h u*/ 6 f( )=( )

Ii Ii σi /Vz=( )

i

j

kL Lx
u

Lx
u , Lx

v Lx
w,

n

ni Lx
in

Pi

pi

Suu, Svv, Sww
0 n ∞< <( )

T

T0

t

Issued October 1985 
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2

ESDU 85020
friction velocity m/s ft/s

fluctuating components of wind speed at time t along x-, y- 
and z-axes respectively

m/s ft/s

reference hourly-mean wind speed at z = 10 m for terrain 
with z0 = 0.03 m

m/s ft/s

gradient wind speed at z = h m/s ft/s

hourly-mean wind speed at height z m/s ft/s

distance of terrain roughness change upwind of site m ft

system of rectangular Cartesian co-ordinates with x-axis 
defined in direction of mean wind

m ft

height above zero plane (see Section 3) m ft

surface roughness parameter (see Section 3) m ft

, height of inner and outer layers respectively of 
non-equilibrium boundary layer (see Sketch 8.1)

m ft

angle of latitude at site degree degree

air density kg/m3 slug/ft3

standard deviation of i-component at height z for  and m/s ft/s

standard deviation of i-component corresponding to finite T 
and T0

m/s ft/s

time lag s s

shear stress kN/m2 lbf/ft2

angular rotation of Earth ( = 72.9 × 10–6 rad/s) rad/s rad/s

Subscripts

relates to value at inner layer of atmospheric boundary layer 
(see Sketch 8.1)

relates to value for upwind equilibrium conditions (upwind of jth roughness change)

relates to site value when roughness changes exist upwind (non-equilibrium 
conditions)

denotes time-averaged values

indicates value for V10r = 20 m/s

u* u* V10/ 2.5 10/z0( )ln( )=[ ]

u v w, ,

V10r

Vh

Vz

x

x y z, ,

z

z0

zb zt

φ

ρ

σi T 0→

T0 ∞  σi i2( )=
½

;→

σi T{ ,T0 }

τ

τz

Ω

b

j

x

A bar     ( )

A prime '( )
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ESDU 85020
2. PURPOSE, SCOPE AND APPLICABILITY OF THIS ITEM

Turbulence data are required for engineering calculations of gust speeds (see ESDU 830456) and mean and
fluctuating loading.  In particular, spectral densities are required as input data for methods used in assessing
dynamic response.  

The definition of the properties described in this Item and other background information are given in
Reference 3.  The purpose of this Item, which supersedes ESDU 74031, is to provide the statistical properties
of turbulence in the atmospheric boundary layer at a single point in space.  The properties of turbulence at
two points in space are dealt with in Reference 4.  

In this Item the properties considered are: 

The statistical properties presented are derived from world-wide measurements in the atmospheric boundary
layer and, within the uncertainties of the data, can be taken to apply for neutral atmosphere* conditions
which include strong winds .  

The data are mainly based on measured values for homogeneous terrain (e.g. open country or forests) but
some measurements are available for built-up areas and these indicate that, within the scatter of the data,
the present model is applicable for heights greater than about 10 m above the general level of ground
obstructions.  When the upwind fetch of uniform terrain is less than about 30 km the effect of roughness
changes should be considered (see Section 8). 

For very hilly or mountainous terrain the spectral data in Section 6 do not apply.  In such cases secondary
peaks in the normalised spectra  may occur at low frequencies (see, for example, Derivation 27).
Some additional data for complex terrain are provided in Derivation 44. 

The principal difference between the data presented in this Item and previous data (for example in
ESDU 74031 which this Item supersedes) is that this Item recognises that the characteristic properties of
turbulence (variances and length scales) are dependent on wind speed (except in a layer close to ground
level).  The reason for this is that the present data are based on similarity theory which shows that as the
reference wind speed increases, the boundary layer depth increases and the typical size and intensity of
turbulence within the boundary layer are then scaled accordingly.

Sections 3 to 7 present the data for uniform terrain (equilibrium boundary layer) conditions.  Section 8
provides guidance on the effect of step changes in terrain roughness upwind of the site.  Section 9 discusses
the uncertainty of the data.  The Appendices contain the equations from which the graphical data are
obtained and gives the background to their derivation and to the methods given in the main part of the Item.

The full methods on which this Data Item is based have been programmed into the software package,
ESDUpac A9232, described in ESDU 9203210 .

(i) intensities and Reynolds stresses, 
(ii) probability densities,
(iii) spectral densities and integral length scales of turbulence.  

* See Item 820265 for a further explanation of this term and its applicability to the strong wind condition.

V10 10 m/s>( )

nSii/σ i
2( )
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ESDU 85020
3. INPUT DATA 

A description of the atmospheric boundary layer and the mechanisms producing turbulence are contained
in Item 740303 .  The main factors that affect turbulence in the neutral atmospheric boundary layer (and
hence the parameters that are required as input data when using this Item) are: 

The relationship between V10r and V10 and the variation of mean wind speed, Vz , with height and terrain
roughness (including terrain with roughness changes) is dealt with in ESDU 820265 and 840117 and the
user should refer to those documents for data appropriate to strong-wind or neutral atmosphere conditions,
or, preferably, use the computer program ESDUpac A9232 described in ESDU 9203210 .

The height, z, at which the properties are presented is measured from the zero-plane displacement height,
d, above the ground, so that height above ground is given by (z + d).  Approximate values of d are given
in Table 3.1 based on the assumption that the zero-plane is about one or two metres below the general height
of the surrounding buildings or trees.  For more detailed information see ESDU 820265 .

TABLE 3.1  Typical Values of Terrain Parameters z0 and d

(i) surface roughness parameter, z0 , see Table 3.1,
(ii) the height above the zero plane (see following), 
(iii) hourly-mean reference wind speed (V10r) and the local hourly-mean wind speed.

Terrain Description z0 (m) d (m)

City centres
Forests 0.7 15 to 25

Small towns
Suburbs of large towns and cities 
Wooded country (many trees)

0.3 5 to 10

Outskirts of small towns
Villages
Countryside with many hedges, some trees and some buildings

0.1 0 to 2

Open level country with few trees and hedges and isolated buildings; 
typical farmland 0.03 0

Fairly level grass plains with isolated trees 0.01 0

Very rough sea in extreme storms (once in 50-yr extreme) 
Flat areas with short grass and no obstructions 
Runway area of airports 

0.003 0

Rough sea in annual extreme storms 
Snow covered farmland
Flat desert or arid areas
Inland lakes in extreme storms

0.001 0

This page Amendment G

Copyright Engineering Sciences Data Unit 
Provided by IHS Markit under license with ESDU Licensee=/, User=, 

Not for Resale, No reproduction or networking permitted without license from IHS

-
-
`
,
,
`
`
`
,
,
,
,
`
`
`
`
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-

Full document details: ESDU 85020 G 2001

http://www.avadocuments.com/doc/esdu-85020-g-2001
http://www.avadocuments.com/doc/esdu-85020-g-2001


 

ES
D

U
 C

op
yr

ig
ht

 m
at

er
ia

l. 
 F

or
 c

ur
re

nt
 s

ta
tu

s 
co

nt
ac

t E
SD

U
. 

5

ESDU 85020
4. TURBULENCE INTENSITIES AND REYNOLDS STRESSES

4.1 Turbulence Intensity: u-component

Turbulence intensity is a measure of the magnitude of the fluctuating velocity component compared to the
hourly-mean wind speed at the same height.  It is a non-dimensional quantity derived from the variance

 and for the u-component is .

For the situation where the terrain is uniform upwind of the site for at least 30 km (i.e. the atmospheric
boundary layer is in dynamic equilibrium with the underlying surface) values of Iu are given by
Equations (4.1) to (4.3).  The derivation of these data is summarised in Item 83045 and a simplified
presentation is given in Figure 1.  Figure 1a provides values of  when the reference wind speed (V10r)
is 20 m/s.  Figure 1b gives a correction factor by which  must be multiplied when  m/s.

(4.1)

where , (4.2)

and . (4.3)

For the situation where there are roughness changes upwind of the site within x = 30 km the local intensity
of turbulence, Iux , will deviate from the equilibrium value increasingly as x decreases.  A simplified method
for estimating Iux , for a site with up to two step changes in terrain roughness upwind, is provided in
Item 840308.  The results are presented in tabular form and approximate correction factors for hilly terrain
are also provided.  Item 9203210 also contains a computer program to evaluate Iux for flat or hilly terrain. 

4.2 Turbulence Intensities: v- and w-components 

Data from sources where both  and , or  and , have been measured simultaneously for neutral
atmospheric conditions indicate that near the ground the ratios  and  are essentially constant
irrespective of the nature of the terrain.  Thus, values of Iv and Iw (and lvx and Iwx) can be obtained by
evaluating Iu (or Iux if roughness changes are to be considered) for the site in question and then multiplying
this value by the ratio  or  (Figure 2).  These are represented by 

(4.4)

and (4.5)

where h can be taken as .

This procedure assumes that the effect of any upwind roughness changes on  and  can be accounted
for, to a first approximation, through the effect on the u-component.  At large heights above the ground, as

, , and  both tend to unity.

σ 2
i( ) Iu σu/Vz=

Iu'
Iu' V10r 20≠

Iu
σu
u*
------

u*
Vz
------=

σu
u*
------

7.5η 0.538 0.09 ln z/z0( )+[ ]

1 0.156 ln u*/ fz0( )( )+
--------------------------------------------------------------------

p
=

η 1 6fz/u*  p η16=;–=

Vz/u* 2.5 ln z( /z0 ) 34.5fz/u*+[ ]=

σu σv σu σw
σv/σu σw/σu

σv/σu σw/σu

σv
σu
------ 1 0.22 4cos π

2
--- z

h
--- 

 –=

σw
σu
------- 1 0.45 4cos π

2
--- z

h
--- 

 –=

u*/ 6f( )

σv σw

z h→ σv/σu σw/σu
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ESDU 85020
4.3 Reynolds Stresses

Retarding forces exerted on the wind at the surface of the Earth are transmitted upwards through the
atmospheric boundary layer by shear forces, called Reynolds stresses, and also by the exchange of
momentum, due to the movement of air.  In applications to wind loading on ground-based structures
knowledge of the Reynolds stresses is only required in special cases.

The Reynolds stresses are obtained from the co-variances uv, vw and uw and are zero for isotropic*

turbulence.  Near the ground surface friction distorts the symmetry of turbulence and non-isotropic
conditions result.  However, in practice, the co-variances uv and vw are small and can be ignored but this
is not so for the uw co-variance.

The co-variance uw is defined by the shear stress, 

. (4.6)

Thus for heights up to about 300 m

(4.7)

where, for an equilibrium boundary layer,  is given by Equation (4.2) and  (Figure 2).

Reported values of  in the literature tend to be slightly higher than values given by
Equation (4.7).  The probable reason is the response characteristics of typical anemometers used to measure
the vertical component of wind speed.

* For isotropic turbulence the statistical properties do not change when the reference co-ordinates are rotated, i.e, the properties are
independent of direction in the turbulence field.

τz ρuw ρu*
2 1 z– /h( )2=–=

uw–
σuσw
-------------

u*
2 1 2z/h–( )

σu σ( w/σu )σu
--------------------------------- 1 2z/h–

σu( /u* )2 σw/σu( )
------------------------------------------=≈

σu/u* σw/σu 0.55≈

uw/ σu/σw( )–
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ESDU 85020
5. PROBABILITY DENSITY

This property describes how the magnitudes of the fluctuating velocity components are distributed.  A
common assumption, which is reasonable in many applications, is that atmospheric turbulence is a ‘normal’
or Gaussian process with a probability density function for which

(5.1)

where i = u, v or w.  The integral

(5.2)

gives the proportion of all values which can be expected to have values below a particular value ip .

In practice, atmospheric turbulence contains “patches” of a significantly non-Gaussian nature (particularly
in the lower 30 m) when larger gusts and longer lulls may occur more frequently than indicated by the
Gaussian distribution, as illustrated in Sketch 5.1.

Sketch 5.1  Probability density function

For the calculation of wind loads on, and the response of, buildings in strong winds it is generally satisfactory
in most applications to assume that the probability distribution is Gaussian.  In the calculation or simulation
of aircraft response to atmospheric turbulence this is not necessarily so and there have been several attempts
to develop non-Gaussian models that are applicable to the “patches” mentioned earlier.  One method is to
generate a non-Gaussian random process by the multiplication of two Gaussian processes (see Reference 1).
An alternative is to represent wind fluctuations as a statistical aggregate of “discrete gusts” (see
Reference 2).

pi
1

σi 2π( )½
--------------------- i– 2/2σi

2( )[ ]exp=

Pi pi id
∞–

ip

∫=

0.5

0.4

0.3

0.2

0.1

–3 –2 –1 0 1

Non-Gaussian distribution function

Gaussian distribution function

2 3
1/σi

σi pi
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6. SPECTRAL DENSITY (UNIFORM TERRAIN)

As explained more fully in Reference 3, the variance  of a fluctuating component is made up from
contributions over a range of frequencies; the spectral density property describes this frequency distribution
and is particularly important in assessing dynamic effects induced by the wind at or near a natural frequency
of a structure.

Considerable numbers of measurements of the spectra of gust velocities in the near-neutral atmosphere, or
strong wind condition, at varying heights and for different terrains are available.  Many of these show wide
variations from each other when plotted in normalised form (e.g.  against ln n), particularly in the
low frequency region.

It is possible to attribute some of these variations to non-equilibrium boundary layer effects due to changes
in terrain roughness upwind of, and close to, the measuring site and also to measuring and processing
techniques.  Methods of allowing for the effects of non-uniform terrain are given in Section 8.  Also
non-stationarity of the wind velocity measurements (when, in particular, the mean wind speed over
successive intervals is varying with time) affects the form of the spectrum.  However, the assumption of
stationarity should lead to conservative loadings on conventional structures.

In most practical applications only spectral densities in the high frequency region are required and in this
situation the data formulation can be considerably simplified.  For simplicity of use, only the high frequency
spectral data are given in Section 6.1.  The forms of spectral equation applicable over the complete frequency
range currently in use (e.g. the von Karman form) are not entirely satisfactory in representing measured
data for all frequencies and heights in the atmospheric boundary layer.  A modified von Karman model for
spectral densities over the whole frequency range, together with the corresponding autocorrelation
functions, is presented in Appendix B and is compatible with the high frequency data in Section 6.1.  

6.1 Longitudinal u-component: High Frequency Range (nz/Vz > 0.1)

The von Karman spectral equations (Equations (A2.1) and (A2.2) in Appendix A) have been generally
accepted as the best analytical representation of isotropic turbulence over the whole frequency range.  The
effect of departure from isotropic turbulence near the ground can be allowed for by the variation with height
and surface roughness of the appropriate variance  and length scale parameter xLi since they typify the
intensity and size of eddies constituting turbulence.  However, high quality measurements of the
autocorrelation  and spectral density (Sii) functions have shown that the integral length scale parameter,
as given by

, (6.1)

when used in the von Karman spectral equation gives underestimates of spectral density in the high
frequency region.  The von Karman equation is therefore inadequate in representing all the characteristic
properties of turbulence although it reduces to the correct functional form in the high frequency range

 when

. (6.2)

In order to ensure that the integral length scale given by Equation (6.1) can be used directly in Equation (6.2)

σi
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to predict Suu , it can be established (see Section A2.1 of Appendix A) that the parameter A is given by

(6.3)

and takes the von Karman value of 0.115 for large heights but increases to a value of 0.142 close to the
ground.  For values of xLu , see Section 7.1.

6.2 Lateral v- and w-components: High Frequency Range (nz/Vz > 0.1)

For the v- and w-components, corresponding expressions for the spectral density in the high frequency
range are given by

(6.4)

which is compatible with the von Karman expression in the high frequency range when the assumption of
local isotropy is valid (xLv = xLw = ½ xLu).

A 0.115 1 0.3151 1 z/h–( )6+[ ]
2/3
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