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ESDU 86010
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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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 technical work involved in the assessment of the available information and the construction and subsequent
development of the Data Item was undertaken by
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Group.
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PART III: VARIATIONS IN SPACE AND TIME FOR STRONG WINDS (NEUTRAL 
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ESDU 86010
CHARACTERISTICS OF ATMOSPHERIC TURBULENCE NEAR THE GROUND
Part III: variations in space and time for strong winds (neutral atmosphere)

1. NOTATION* AND UNITS

* For notational convenience, the dependency of the various cross-correlation and cross-spectral functions on the relative spatial location
of the points (x, y, z,) and (x', y', z') is denoted by  in practice the various functions are also dependent on zm = ½(z + z').  Also, the
functional dependence on  or n is dropped from the notation used in the main text.

SI British

decay constant in exponent of Equation (7.5) for 

, cross-covariance function; time averaged value of product m2/s2 ft2/s2

longitudinal correlation function, see Equation (5.5)

lateral correlation function, see Equation (5.6)

gradient height, i.e. height of upper edge of Earth's 
boundary layer; see Section 3

m ft

general value of gust component at point r or r' and time t 
where i, j = u, v or w

m/s ft/s

general length scale of i-component of turbulence in 
direction of r (see Section 6) 

m ft

principal longitudinal length scales of turbulence 
measured along r = x, y or z axis respectively 
(see Section 6)

m ft

frequency Hz Hz

, joint-probability and joint-probability density functions 
respectively (see Section 4)

s2/m2 s2/ft2

co-spectral density function, in-phase component of m2/s ft2/s

quad-spectral density function, out-of-phase component of m2/s ft2/s

position vectors denoting points (x, y, z) and (x', y', z') 
respectively

m ft

longitudinal non-dimensional separation when  is in
direction of i-component; 

∆r;
τ

aii γi i ∆r( )

Cii r{ ,r ' τ };
Cii ∆r{ } i r    t;{ } i⋅ r ' ;  t τ+{ }

f

g

h

i r{   t } , i;
j r{   t } , j;

Lr i

Lx
u , Ly

v , Lz w

n

P i , j{ }
p i , j{ }

Pii r{ r ' ;  n } ,,
Pii ∆{ r } Sii ∆{ r }

Qii r{ r ' ;  n } ,,
Qii ∆{ r } Sii ∆{ r }

r ;  r '

r̃f ∆r
∆r / Lr i
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ESDU 86010
lateral non-dimensional separation when  is normal to 
direction of i-component; 

distance separating points r and r'; m ft

equivalent separation distance for non-zero time lag; m ft

component of  resolved in direction in which gust 
component i is acting

m ft

single point spectral density function m2/s ft2/s

, cross-spectral density function m2/s ft2/s

time s s

fluctuating or gust components of wind speed along x, y 
and z axes respectively

m/s ft/s

average of hourly-mean wind speed at points r and r';
 at z = 

m/s ft/s

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

Vz at z = 10 m over site m/s ft/s

system of rectangular cartesian co-ordinates with x-axis 
defined in direction of mean wind and z-axis vertical

m ft

m ft

equivalent longitudinal separation equal to m ft

effective height above ground level obstructions m ft

mean effective height; ½(z + z') m ft

surface roughness parameter of site m ft

coherence function; 

generalised non-dimensional separation parameter given 
by Equation (7.10) for isotropic turbulence (see footnote 
to Section 2.2)

transformed value of  given by Equation (7.12) for 
non-isotropic turbulence

phase shift or lag angle (see Section 7.2) rad rad

cross-correlation function; 

r̃g ∆r
∆r / 2 Lr

i( )

∆r ∆x2 ∆y2 ∆z2+ +( )½

∆re
τV( m ∆x )2 ∆y2 ∆z2+ + +( )½

∆si ∆re

Sii n } ,{ Sii

Sii r , r ' ;  n{ }
Sii ∆{ r }

t

u , v , w

Vm
Vm Vz≈ zm

Vz

V10

x ,  y ,  z

∆x ,  ∆y ,  ∆z x x',  – y y',  – z z'–

∆xe x x'–  Vmτ+

z

zm

z0

γi i
2 r{ r ' ;  n },

γi i
2 ∆{ r }

Sii
2 ∆r{ } / Sii S'ii⋅[ ]

η

η1 η

θi i ∆r{ } ;  θi i

ρi i r , r ' ;τ{ } ,
ρi i ∆{ r }

Cii ∆r{ }/ σiσ'i( )
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ESDU 86010

2. BACKGROUND AND SUMMARY OF DATA PRESENTED

2.1 Purpose and Applicability

The fluctuating wind may be considered to be composed of a mean value on which is superimposed
turbulence comprising fluctuating gust velocities in different directions.  The properties of the mean wind
speed (variation with height, surface roughness and averaging time) are dealt with in Items 82026, 84011
and 83045.  The definitions of the statistical terms used to describe the properties of atmospheric turbulence
and other background information are given in Item 740301 .  Data giving the properties of turbulence in
the atmospheric boundary layer measured at single points in space (probability densities, variances,
autocorrelation and spectral density functions) are given in Item 850203 . 

The purpose of this Item is to provide a means of determining the statistical properties describing the relation
between the same gust components (u, v or w) measured at different points in space.  Data are presented
for heights throughout the atmospheric boundary layer for strong winds  or neutral
atmosphere conditions. 

The main application is to structures (either aircraft or ground-based) of sufficient size that the non-uniform
variation of gusts acting at different points causes a reduction in the maximum fluctuating loading.  This
is due to the incomplete correlation of gust properties over the structure at a particular instant or at a
particular frequency.  The same effect may also induce a significant fluctuating torque even when the mean
torque is zero.  Procedures using these data for estimating along-wind loading due to buffeting by turbulence
are described in Item 76001 (Superseded by Items 87035 and 88019).

In general, the statistical quantities that describe these properties in the amplitude, time and frequency
domains are: 

zero-lag cross-correlation function

symmetrical or even part of cross-correlation function

anti-symmetrical part of cross-correlation function

standard deviation of u-, v- or w- component for averaging 
time  over period 

m/s ft/s

incremental time lag s s

eddy slope, rad rad

Suffixes

refer to u-, v- or w- component 

refers to direction of separation between points r and r'

A prime ( ' ) denotes a value at the point r' or (x', y', z').

(i) joint-probability densities,
(ii) cross-correlation functions,
(iii) cross-spectral densities or coherence functions.

ρi i ∆r ;  0{ }

ρi i ∆r{ }sym

ρi i ∆r{ }antisym

σi
0→ 1hr→

τ

φi i ∆r{ } ;  φi i θii ∆r{ }/ 2πn∆r/Vm( )

i j,

r

V10 10 m/s≥( )
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ESDU 86010
The data presented in this Item describe the relation between the same gust components measured at
different points in space.  The cases considered include all three components (u, v and w) at points separated
in the three principal directions (x, y, z) but guidance is given on extending the data to apply to points
separated in any general direction.

2.2 Basis of the Data Presented

In general, reliable data for cross-correlations or coherence functions for strong winds (neutral atmosphere)
are sparsely reported in the literature and many of these show considerable variations from each other due to

(i) inadequate data processing in some cases, particularly those data with trends,

(ii) non-standard conditions, e.g. non-neutral atmospheric stability and non-uniform terrain.

Because of this, the data presented in this Item are based on theoretical models, modified to take into account
the deviations from the theory as obtained from those data that have been assessed to be the most reliable.
In this way the effect of parameters such as terrain roughness, mean wind speed and height above the ground
can be taken into account systematically.  Additionally, extrapolation of the model to situations where no
measured data are available can be made with more confidence, particularly for the high wind speeds
appropriate to design conditions.

General expressions for the cross-correlation functions, derived from the modified von Karman model
described in Item 85020, are given in Section 5.  The corresponding Fourier transform of these relations,
to provide cross-spectral density functions (or in normalised form, the coherence functions) cannot be
obtained in convenient analytical form.  Because of this a separate model is developed, again based on the
theoretical von Karman equations for isotropic* turbulence but modified empirically to account for the
significant departure from isotropy near the ground.  This model is described in Section 7.

The theoretical equations on which the models are based are complicated expressions and for convenience
they have been fitted with simpler expressions with little loss in accuracy.

Integral length scales of turbulence are required in estimating both cross-correlation and coherence data
and equations for them are given in Section 6.  These are based on measured data and are consistent with
the concepts of similarity theory and theoretical relationships which enable length scales to be expressed
in terms of the standard deviation  and hourly-mean wind speed.  In practice it is possible to relate all
length scales to xLu by simple expressions dependent on z/h.

2.2.1 Sources of data and uncertainty 

The majority of available measurements (summarised in Table 2.1) are for relatively smooth terrains
although some data for built-up areas are available in Derivations 6 and 16.  Measurements at points with
vertical separations are limited to heights below about 180 m and measurements with lateral separations
are limited to heights below about 60 m.  Furthermore there are comparatively few detailed measurements
in strong winds (neutral atmosphere) and in particular it must be emphasised that no measurements are
available for the high wind speeds associated with design conditions .  However, despite
the limitations of the available data, the theoretical basis of the models adopted lends confidence in
extrapolating to conditions that are different from those for which the applicability of the model has been
confirmed.  Thus, the data in this Item may be used for wind speeds up to design conditions, for heights up
to at least 300 m and, tentatively, for surface roughnesses corresponding to .

* For isotropic turbulence the statistical properties do not change when the reference co-ordinate axes are rotated, i.e. the properties are
independent of direction in the turbulence field.  This only occurs in the layer above that containing the taller ground-based structures.

σi( )

V10 20 m/s>( )

0.0001 m z0 0.7 m≤ ≤
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ESDU 86010
It is not possible to assess precisely the accuracy of the data presented in this Item although by taking 
on rLi an estimate can be made of the uncertainty of the various functions that would be obtained under
conditions of ideal processing and stationarity.

3. INPUT DATA

A description of the atmospheric boundary layer and the mechanisms producing turbulence is contained in
Item No. 74030.  The main factors that affect the production and properties of turbulence in the neutral
atmospheric boundary layer (and hence the parameters that are required as input data when using this Item)
are as follows.

(i) The hourly-mean wind speed at the site in question: the variation of mean wind speed with height
and terrain roughness is dealt with in Items 82026 and 84011 and the user should refer to those
documents for data appropriate to strong wind or neutral atmosphere conditions. 

(ii) The longitudinal integral length scale of turbulence, xLu (from which all other length scales can be
determined) for the appropriate terrain, wind speed and heights above the ground over the site at
which data are required: this can be obtained from Item 85020.  Note that due to their dependence
on mean wind speed, length scales at design wind speeds (V10 = 20 to 35 m/s) are much larger
than typical values reported in the literature which have been obtained at more moderate
wind speeds (typically V10 = 10 m/s).  Note also that the effect on xLu of any significant step
changes in terrain roughness upwind of the site should be taken into account as described in Item
85020; this is particularly important when the site is in a built-up area.

(iii) The atmospheric boundary layer depth, h: for the purposes of using this Data Item it is a sufficient
approximation to use h = (1/6)  × 104 where  is the friction velocity given by

= V10/(2.5 ln (10/z0)).  Note that with V10 and z0 in m/s and m respectively, the unit of h is
metres.

TABLE 2.1 Summary of Principal Data Considered

Derivation No.
(see Section 8) 

Velocity 
Components

Separation Height range of 
measurements (m)

Terrain

8 u; v 15 – 155 summary of several sources 
(open country, brush woods,
desert brush)

9, 10, 16 u; w 20, 40 island; coastal waters and

u 30 – 150 open country

12 u; v 3 – 18 short grass

12 u; v 17 – 182 open country

15, 17 u; v 10 – 60 wind from suburban terrain

18 u 1 – 8 wind from the sea

19 u; v; w 11 snow-covered rolling terrain

20 u 3; 57 ice; water

21 u; v; w 3 – 22 open country

21 u 10 open country

25%±

∆r

∆z

∆y

∆z

∆y

∆z

∆y , ∆z

∆z

∆y

∆y

∆z

∆y

u* u*
u*

This page Amendment E

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 86010 E 1991

http://www.avadocuments.com/doc/esdu-86010-e-1991
http://www.avadocuments.com/doc/esdu-86010-e-1991


 

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
. 

6

ESDU 86010
To determine the cross-covariance  or cross-spectral density  from data given in this
Item, values of Sii and  are required.  These can be obtained from Item 85020 for appropriate values of
Vz , z and z0 .  For cases where the separation between points is not in the vertical direction (i.e. z = z'), it
may be assumed that Sii = S'ii and .

4. JOINT-PROBABILITY DENSITY

The probability of the occurrence of a single event or quantity, or the probability density distribution of a
single fluctuating quantity (such as u) is described in Items 74030 and 85020.  However, it is sometimes
necessary to consider the combined probability P{i, j} that particular values (ip and jp) of two components
i{r} and j{r'} will occur together.

When these quantities are entirely unrelated, the combined probability is simply the product of the
probabilities of the two separate events.  For example, the joint probability of throwing a (1) followed by
a (2) in successive throws of a conventional six-sided dice is P(1, 2) = P(1). P(2) = (1/6) × (1/6) = 1/36. 

When these quantities are completely correlated then the joint and the individual probabilities are equal. 

In practice these quantities are usually partly related and the joint probability lies between these two limiting
cases.  It is thus not only a function of the individual probability densities p(i) and p(j) but depends in a
more general way on i and j.  The joint probability P{i, j} that the two fluctuating quantities i{r} and j{r'}
will be less than ip and jp respectively is related to the joint-probability density function in a way analogous
to that for a single variable (see Items 74030 and 85020), i.e. 

(4.1)

where . (4.2)

Very few joint-probability density measurements of related gust components in the atmosphere have been
made.  In the absence of more specific information a Gaussian, or normal, joint-probability density function
may be assumed which, for two fluctuating quantities i and j (here i = u, v or w), is given by

(4.3)

where  is the corresponding cross-correlation function (see Section 5.1). 

5. CROSS-CORRELATION FUNCTIONS

The cross-correlation functions characterise the relationship between fluctuating velocity components at 2
points in space (separated by ) and in the general case at different times (time lag ).  The zero-lag

 cross-correlations are especially important since they describe how the instantaneous fluctuating
component of wind velocity varies in space.  This forms the basis of calculating the maximum fluctuating
wind-loading component when dynamic effects due to oscillation of the structure can be ignored.

Because changes in the gust velocity at one point (r) are not necessarily reflected immediately by similar
changes in the gust velocity at another point (r'), the cross-correlation functions are not, in general,

Cii ∆r{ }( ) Sii ∆r{ }( )
σi

σi σi'
 =

P i, j{ } p
∞–

j
∫ p

∞–

i
∫ p i, j{ }di dj=

  p
∞ –
∞∫∞–

∞∫ i, j{ }di dj 1=

p i j,{ } 1

2πσiσj 1 ρij
2–[ ]

1 2/
-------------------------------------------   

i2σj
2 2ijσiσjρij j2σi

2+–

2σi
2σj

2 1 ρij
2–[ ]

--------------------------------------------------------–exp=

ρij

∆r τ
τ 0=( )
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ESDU 86010
symmetrical functions of  about the  axis.  For example, changes in u at height z and time t are
followed by related changes in u at a lower height z' at some time  later.  However, as shown in Item
No. 74030, the cross-correlation function can be considered to be composed of two components, the larger
one being a symmetrical function of  and the other being an anti-symmetrical function of  (see Sketch
5.1).  These are Fourier transforms of the real (co-spectral density) and imaginary (quad-spectral density*)
parts respectively of the cross-spectral density function (see Section 7).  Thus the cross-correlation function
can be written as

(5.1)

where (5.2)

and . (5.3)

However, more convenient expressions for the zero-lag and symmetrical parts of the cross-correlation
functions are given in Section 5.1. 

Sketch 5.1   Illustration of symmetrical and anti-symmetrical parts of cross-correlation function

5.1 Analytical Expressions for the Cross-correlation Functions

The zero-lag  cross-correlations, and the even or symmetrical part of the cross-correlation function
for , can be obtained in terms of the basic longitudinal and lateral autocorrelation functions ( f and g)
given in Item 85020†.  Assuming that a time lag  can be converted to an equivalent spatial separation
equal to  (Taylor’s hypothesis) the symmetrical part of the cross-correlation function can be estimated
from the modified equations for isotropic turbulence with appropriate values of the length scale to allow
for the distortion of turbulence close to the ground.  In general terms Equation (5.4) applies when i = u, v
or w and is valid for separations between two points in any direction with or without a time lag .  The
important zero-lag cross-correlation cases are summarised in Section 5.1.1 since these functions are of

* The quad-spectral density function is usually small and so is often ignored (see Section 7.2).  It follows that the anti-symmetrical part of
 is also small and negligible.  Furthermore, when used, for example, in calculating the fluctuating component of wind loading

due to turbulence the antisymmetric and quad-coherence components integrate to zero over the structure.
† The autocorrelation functions in Item 85020 are derived from the von Karman equations for isotropic turbulence with modifications to

account for observed departures from the theory close to the ground.
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particular importance when evaluating fluctuating wind loads on structures. 

. (5.4)

The longitudinal and lateral correlation functions (f and g respectively) can be evaluated from Figure 1,
taken from Item 85020.  The parameters  and  are equated respectively to the longitudinal and lateral
separations with respect to the axis along which the component (u, v or w) acts and these are summarised
in Table 5.1 and also on Figure 1.

As can be seen from Figure 1, and noted in Item 85020, the dependence on z/h is small.  To a sufficiently
close approximation the f and g functions can be represented by the following equations, independent of z/h.

(5.5)

(5.6)

where (5.7)

(5.8)

where  and .

The length scale parameter, , depends on the gust components (i = u, v or w) under consideration and
the direction in space of the spatial separation.  In evaluating the f-function,  is taken as the longitudinal
length scale xLu , yLv or zLw for the u-, v- or w- component respectively.  For the g-function a compound
lateral length scale is used based on weighted contributions from each lateral separation normal to the axis
along which the particular gust component acts.  For convenience these parameters are summarised in Table
5.1 and equations for each length scale are given in Section 6.

TABLE 5.1 Summary Chart for Cross-Correlation Functions (Equation (5.4))

Component u v w

f-function 

g-function 

see Equation (6.15) see Equation (6.16) see Equation (6.17)
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f g–
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5.1.1 Zero-lag cross-correlations 

The zero-lag cross-correlations are of particular interest and those of more practical importance are given
by Equation (5.4), or Figure 1, as follows

 with (5.9)

 with (5.10)

 with (5.11)

 with (5.12)

 with . (5.13)

6. LENGTH SCALES OF TURBULENCE

The length scales of turbulence are a comparative measure of the “average size” of a gust in appropriate
directions and are important scaling factors in determining how rapidly gust properties vary in space.  For
example, yLu is a length scale of the u gust component measured in the y direction.  In practice it is usually
defined as an integral length scale since it is determined from an integration, with respect to separation
distance, of the appropriate zero-lag cross-correlation function.  Thus, 

where  is the cross-correlation function for zero lag between u gust components measured at
points separated in the y direction.  The length scales xLu , yLv and zLw are called longitudinal length scales
because the direction of the gust components being correlated at two points is parallel to the line joining
the two points.  Conversely, the length scales yLu , 

zLu , xLv , zLv , xLw and yLw are called lateral length
scales.  The length scales increase with increasing height above the ground up to an asymptotic value at
the edge of the atmospheric boundary layer (gradient height).  Also, for a given height, they increase with
increasing wind speed and surface roughness.  The reason for this is that as wind strength increases the
boundary layer height increases and eddies within the boundary layer are stretched accordingly.

At the upper edge of the boundary layer, for a given wind speed and surface roughness, all the longitudinal
length scales tend to the same value which is equal to twice* the value of the lateral scales.  This is why,
when lateral separations and length scales are involved, the non-dimensional separation parameter (relating
separation distance to typical eddy size) appears in the form .  In reality, the ratio between the
longitudinal and lateral length scales is 2 only in the upper part of the boundary layer; at lower heights this
ratio increases and is different for each component.

* The factor of ‘2’ derives from the condition for flow continuity which imposes the relationship  which gives the result

that .

ρuu ∆y 0;{ } g= r̃g ∆y / 2 Ly
u( )=

ρuu ∆z 0;{ } g= r̃g ∆z / 2 Lz u( )=

ρuu ∆r 0;{ } g= r̃g ∆r / 2 Lr u( )  ∆r; ∆y2 ∆z2+( )
1 2/

= =

ρvv ∆z 0;{ } g= r̃g ∆z / 2 Lz v( )=

ρww ∆y 0;{ } g= r̃g ∆y / 2 Ly
w( )=

Ly
u ρuu ∆y; 0{ }d ∆y( )

0
∞

∫=

ρuu ∆y; 0{ }

g f ½ r̃ df/dr̃+=

f
0

∞
∫  dr̃ 2 g

0

∞
∫  dr̃=

∆r/ 2 Lr i( )
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