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A Spatial Model of Wind Shear and Turbulence
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Recently, the Joint Airport Weather Studies (JAWS) Project Office released wind shear data sets measured
with Doppler radar. The JAWS microburst data are the best wind shear measurements ever made, but do not
contain all turbulence response frequencies of a landing aircraft. A typical JAWS grid spacing is 200 m, while a
desired spacing is on the order of 10 m The spatial model reported herein adds three dimensional Monte Carlo
simulated turbulence to the JAWS data The three dimensional added turbulence is based on the von Karman
spectra, is isotropic, and contains variation in all three coordinate directions The JAWS data cover a volume
typically 12 X12 X 1.5 km. Because of the higher sampling rate the* generated Uiffnilence cannot fill the entire
JAWS volume and still represent a manageable data base The JAW£ volume is filled by generating a
manageable block of turbulence and in effect stacking the blocks By generating the turbulence non
dimensionally, the turbulence length scale can vary throughout the JAWS volume In a flight simulation, the
spatial model permits the calculation of all aerodynamic loads and moments by simulation of the spatial
variation of winds over the body of an aircraft
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Nomenclature
one-dimensional transfer function for /th
velocity component
three-dimensional transfer function for /th
velocity component
/th index in transform (FFT) domain
length scale of turbulence
/th index in space domain
simulated /th component of wind
/th velocity component interpolated from
JAWS data
/fih component of simulated wind
one dimensional digital function
two-dimensional digital function
three dimensional digital function
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= one-dim'ensional spectrum
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Vj = /th spatial frequency
a, = /th component gust standard deviation
$u (vi V2 vs) = three dimensional spectrum function

Introduction

GEOMETRIC characteristics of some of the recently
acquired JAWS multiple Doppler data sets are sum

marized in Table 1 A typical grid spacing is 200 m With this
grid spacing, turbulence with length scales shorter than 400 m
are not contained in the JAWS data For a landing speed of 80
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m/s the JAWS data is truncated at 0 2 Hz The JAWS data
contains only part of the short-perio$ aircraft response
frequencies and fewer of the aircraft structural frequencies
Figure 1 shows dimensionless one dimensional spectral
functions 6U and B22 multiplied by frequency and plotted as a
function of logarithmic frequency E is the Heisenberg
spectral function The form of the plots i e., /0/7 vs Inf is
area-preserving. Hence, the energies at frequencies higher
than the JAWS cutoff is proportional to the areas under the
curves to the right of the cutoff The three plots are at dif
ferent turbulent length scales, i e , L = 500, 100Q and 1500 m
These are typical of length scales measured by NASA's Gust
Gradient aircraft although some length scales were shorter
than 200 m From Fig 1 a significant portion of the higher
frequency energy is truncated from the JAWS data Aircraft
frequency response extends well beyond the JAWS cutoff
The aircraft structural frequencies are sometimes neglected in
flight simulations and may be the source of pilot complaints
concerning the incorrect "feel" of simulated turbulence A
passenger in an aircraft feels acceleration of the aircraft
center *of gravity and the ringing response of the airframe {

Some simulators include airframe structural response modes
for this reason.

The implication of Fig 1 and of the above discussion is that
turbulence must be added to the JAWS wind shear data base
The approach taken in this study was to add Monte Carlo
simulated' turbulence as realistically as possible Providing
gust environment inputs so that all aerodynamic loads and
moments can be calculated requires knowledge of the
variation of wind over the aircraft body Etkin2 has suggested
that gust gradients be simulated along with gusts, and Tatom
et al.3 have implemented this suggestion In actual fact, gusts
cannot be considered linear across an airfoil as has been
shown by NASA's B 57B Gust Gradient Program. Other
objections to the simulation of gust gradients, as proposed by
Tatom et al ,3 are discussed by Campbell 4 For the reasons
described above and in the references, a three dimensional
approach to turbulence simulation was taken For the pur
poses of this paper, one dimensional turbulence simulation
refers to simulation of variation of the three velocity com
ponents along the flight path only Lateral and vertical
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correlations of turbulent gusts are neglected in one
dimensional simulations. This paper presents a fully three
dimensional simulation, i e , variation of each velocity
component over all three space dimensions

Overview of the Spatial Model
In the preceding section, the need for adding turbulence to

the JAWS data was described The means of adding the
turbulence is described in this section The "glue" which
holds the spatial model together is the following equation:

ut (xy zt)= HI (xy zt)+ a; (x y z, t) wf (x y z) (1)

where U i ( x y z t ) are the simulated wind components;
Ui(x y z t) the low frequency wind components provided in
the JAWS first moment (velocity) data; and aj(xy,z,t) the
components of gust intensity associated with the high-
frequency turbulence Estimates of <?, can be obtained from
JAWS second moment (spectral width) data Wj(x,y,z) are
the three components of Monte Carlo simulated turbulence
The model of Eq (1) is similar to a one dimensional model
proposed by Mark5 for data analysis

In Eq. (1) a variation in time is indicated for the simulated
wind uh and in the JAWS information. In fact, the JAWS
project office has chosen not to expend the resources required
for creating a time-varying data base The spatial model is
general enough to handle transient phenomena and the
equation was written is the more general form

In Eq (1), w, represents i "frozen" turbulence data base
created by Monte Carlo simulation A three-dimensional
block for each component can be generated Generation of
the block of frozen turbulence was done a priori One
dimensional turbulence is .often generated in real time using
methods based on z transform theory In these cases
generation of the turbulence is achieved quickly with a
relatively simple recursion .relation z transform theory is not
well developed in two or more dimensions Generation of the
three-dimensional turbulence cannot be done using z trans
forms because the three dimensional spectral functions are
nonseparable The block of turbulence, therefore, must be
generated ahead of time

The three-dimensional spectral functions for isotropic
turbulence are written in terms of a constant length scale, L L
varies through space in the real atmosphere Microbursts
interact with the planetary boundary layer (PBL) in such a
way as to affect the spatial distribution of the turbulent length
scale From these facts, the frozen turbulence must be
generated in such a way that the length scale can vary in an
arbitrary fashion. This goal was achieved by generating the
turbulence nondimensiorially In dimensionless space the
block has a constant " volume " In dimensional space the size
of the block changes with the length scale With increasing
length scale the block grows larger Conversely in the
dimensional frequency domain, the spectral block decreases
with increasing length scale For flight simulation the
dimensionless turbulence is converted to dimensional tur
bulence

Only a limited volume of turbulence can be generated
because of trje much higher sampling frequency of turbulence

as compared with the JAWS grid spacing Filling the JAWS
volume with turbulence was achieved by effectively stacking
the single block throughout the JAWS volume Two ways of
stacking the turbulence were considered One way is to stack
copies of the same block in the same orientation to fill the
total simulation volume This method could conceivably
cause discontinuities in the turbulence as the simulated flight
proceeds out one side of the block and enters the opposite
face An alternative approach is to reflect the aircraft velocity
at each face of the block This procedure avoids any
discontinuity in the turbulence. The flight can be pictured in
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Fig 1 Spectral truncation in the JAWS data sets

Table 1 JAWS dual Doppler cases

Date

June 29, 1982
July 14 1982
Augusts 1982

Axa m

300
200
150

Ayb m

300
200
150

Azc m

250
150
250

RKmax m/s

25
30
30

No of
xxyxz

grid points

60x60x9
60x60x11
81x81x9

a Ax is the east west grid spacing. Ay is the north south grid spacing c Az is the vertical grid spacing
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REFLECTION VERSIONCONGRUENCE ARITHMETIC VERSION

Fig 2 Stacking strategies for blocks of frozen turbulence
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Fig 3 Generation of three-dimensional turbulence

EXPRESSION 1 TABLE 2

J i—r-k 4 + @
1 2 3 4

-1 I J
5 6 7
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Fig 5 Correspondence of complex conjugate pairs in the two
dimensional transform domain.

the two dimensional case by consideration of a video game
with a "ball" moving on the screen In the first case, as the
ball leaves the screen on one side it reappears instantaneously
on the other side In the second example as the ball ap
proaches the edge of the screen it bounces off the edge and
passes back across the screen The effective stacking strategies
for the two procedures are depicted in Fig 2 Each of the nine
large squares at the top and bottom of the figure is
topologically identical to a rectangular solid Each of the eight
corners is labeled with a letter The top half of the figure
depicts nine identical blocks stacked in the same orientation
The bottom figure depicts nine blocks also Inspection reveals
that the bottom stack consists of two different types of blocks
(reflections of each other) stacked in different orientations to
avoid any possible discontinuities

The first method can be implemented using congruence
arithmetic as follows:

xT = xmod (xTmax)

yT=ymod(yTmax)

(2)

In this equation (x y z) represents the location of the plane in
space (XT yT ZT) the plane location within the block of
turbulence and (xTmax,yTmax Zrmax)tne maximum dimensions
of the block of frozen turbulence The notation of Eq (2)
means take x divide by xTmax, and take the remainder which is
XT Do the same for yT and ZT From the equation
0<*r<*rmax, 0<yT<yTmax, and 0<zT<zT^^ The congru
ence method has the advantage of computational simplicity
over the reflection method and in practice the expected
discontinuities did not materialize Hence, the congruence
method was used for turbulence block stacking

Contraction and expansion of the block of turbulence with
changing length scale were discussed earlier When the blocks
are stacked, changing length scale causes the whole stack to
change size If the center of contraction is some distance from
the simulated aircraft then turbulence will be moved past the
plane not as a result of the plane's motion but rather because
of the contraction This dilemma was avoided by niaking the
center of contraction at the airplane

The JAWS data and the frozen turbulence are defined on a
discrete grid. To define winds between grid points some
method of interpolation must be selected JAWS data in
terpolation is described in a later section Some guidance
concerning turbulence interpolation is given by Tatom and
Smith 6 who recommend zeroth order (stair step) interpo
lation. This is the approach used herein

Frozen Turbulence Generation
Three dimensional frozen turbulence is generated using

Monte Carlo methods as shown in Fig 3 Gaussian, three
dimensional, white noise is input to a linear, three
dimensional filter A Gaussian process input to a linear filter
results in a Gaussian output process The transfer function
was selected to give the desired output spectrum

More than one implementation of Fig 3 is conceivable The
most obvious approach is to generate the noise in the space
domain, transform to the frequency domain, multiply point
by point by the transfer function and then transform back to
the space domain This approach requires two Fourier
transforms and even with fast Fourier transforms (FFT) the
procedure is time consuming An alternative is to generate the
noise in the frequency domain, multiply by the transfer
function, and transform back to the space domain In this
way one of the Fourier transforms is eliminated A discussion
of frequency domain noise generation is given in Ref 7

Generation of turbulence in the frequency domain is done
using the results of Tables 2 and 3 Table 2 gives values of the
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Table 2 Symmetry properties of transformed one , two , and three dimensional digital functions

One dimensional symmetry
Expression Observation

7) X(M-k)=X*(k) Im [AW/2) ]=0

Two dimensional symmetry
2) X(M1-kI 0)=X*(kI 0) Im[JT(M7/2,0)=0]
3) X(0 M2-k2)=X*(0 k2) lm[X(0 M2/2)=0]
4) X(N1-kl N2-k2)=X*(kj k2) lm[X(M1/2 M2/2)=0]

Three dimensional symmetry
5) X(M1-kl 00)=X*(k] 0 0) lm[X(Mj/2 0 0 ) ]=0
6) X(0 M2-k2 0)=X*(Ok2 0) lm[X(0 M2/2 0)]=0
7) X(0 0 M3-k3)=X*(0,0,k3) lm[X(0 0 M3/2)]=0
8) X(M1-kl M2-k2,0)=X*(kI k2 0) Im[AW//2 M2/2 0 ) ]=0
9) X(M1-k1 0 M3-k3)=X*(kj 0 k3) Im[AW7/2 0 M3/2)]=0
10) X(0 M2-k2 M3-k3)=X*(0 k2 k3) Im[X(0,M2/2 M3/2)]=0
11) X(Mj-kj M2-k2 M3-k3)=X*(k1 k2 k3) lm[X(M1/2 M2/2 M3/2)]=0

Table 3 Expected value and variance of transformed one and three dimensional noise with zero mean value

One dimensional case

M-l

Xk = Yj xn exP ( -j2irnk/M) Ar

1) E(Xk}=0

2) o2
Xk=

3) E[X1Xf]=M(Ar)2o2
Xn5kl

4)

, M(Ar)2a2
Xn5) E(lm2(Xk)]^ - Xn [l-dOk-dM/2k]

6) £[Re [Xk ] l m [ X I ] ] = 0 for all 1 and k

Three dimensional case

Ml-lM2-lM3-l

k.3 = LJ LJ LJ xn. „ „ exp[-j2ir(n1k1/Ml+n2k2/M2+n3k3/M3)]Ar1Ar2Ar3

k2 k3]=0

8) o*xk=E[Xkl k2 k3X*kl k2 ^3=

9) E(Xkl k2 k3X*n 12 i 3 ]

, MIM2M3a2

10) E[Re2(Xklk2k3)]= Xn [l+(bokl+M1/2 kj) (dok M2/2 k2) (d0k +6M3/3 k3) ]
2(vsivs2

vs3)

M,M2M^a2

11) E(lm2(Xkl k2 k3)}= " (l+(doki+*M1/2kr)(50k2+dM2/2k2)(dok3+dM3/2k3)]
* ( v$i Vs2

 Vs3 )

,2 , 3 ) ] =0 for all k, k2 k3,l, 12 13
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variance and mean value of transformed noise Since the noise
in the space domain is Gaussian, the transformed noise is also
Gaussian In order for the space domain turbulence to have
real values only certain Hermitian symmetries must be ob
served These properties are summarized in Table 3 The one ,
two , and three dimensional symmetries of the transforms of
real functions are presented in this table because each plays a
part in the three dimensional Fourier transform Each of
these symmetries is part of a simple guiding principle, i e ,
reflection about the center point Figures 4 and 5 show
corresponding points for the one and two dimensional cases
The same principle is true for the three dimensional case also
Circled points in Figs 4 6 are points that reflect into them
selves and, therefore must have real transform values

Table 3 contains the mean and standard deviations of
transformed noise Since the noise is Gaussian and the FFT is
a linear operation the transformed noise is also Gaussian
Since the mean and variance are known, the transformed
noise can be generated directly in the frequency domain

The three-dimensional von Karman spectrum function $/; is
given in nondimensional form by

"2
440-K3

9 [l+(2irav)2]2 I 77/6 (3)

where # = 1 339, p/is the /th component of spatial frequency,
and v=(v2

I + v$ + vj)'A. $33 is typical of $// If $33 is fixed,
then v3 can be solved for

V3=: (4)

where p2 = v] + v*2 and Cl and C2 are constants

k-| = 0 PLANE

k3 = 0 PLANE

Fig 6 Points in the transform domain when the transform must be
real

Fig 7
model

Perspective of surface of constant $33 for the von Karman

Equation (4) defines a surface of constant $33 and has
rotational symmetry about the v3 axis A perspective view of
the toroidal surface of constant $33 is given in Fig 7

Since the noise spectra are uniform only out to the sampling
frequencies divided by two (Nyquist frequencies), a nor
malization factor must be added to the transfer function Of
the infinity of transfer functions possible, the zero phase
transfer function was selected for this study

v2 v3 ) = v3)/an (5)

where vsl vS2 vS3 are the three sampling frequencies and on is
the noise standard deviation

Use of Wind Shear Data Sets
with Simulated Turbulence

Interpolation of the JAWS data was accomplished using
Langrange polynomial basis functions

u(xyz) = LJ UnPn(x,yz)
n = l

(6)

where u(x y z) is the interpolated quantity, Un the value of
the quantity at the surrounding eight grid points, and
Pn(xyz) the basis function associated with the nth grid
point

Figure 8 shows a single cell in the interpolation grid Based
on the axis arrangement shown in the figure, the basis func-
tions are given in Table 4

Fig. 8 Definition of interpolation variables

Table 4 Lagrange polynomial basis functions

PI (xc yc zc) = (Ax-*c

P2(xcyxzc)=xc(Ay-yc)(Az-zc)/(AxAyAz)

PS (*c yc zc) =xcyc (Az-zc

c zc) =
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Fig 9 East west JAWS velocity on a simulated ILS approach (3 deg
glide slope)
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Fig 10 East west JAWS velocity component plus turbulence on a
simulated ILS approach (3 deg glide slope)

To demonstrate the spatial model, a 64 x 64 x 64 block of
turbulence corresponding to the u velocity component was
generated and added to the July 14 JAWS case as indicated in
Eq (1) As of this writing, JAWS second moment data was
unavailable and the distribution of gust intensity a, had to be
specified Based on logic described by Campbell7 the
following form of a was used:

- (r/0 75)2]

xexp(-r2/50) Qxp[(z-300)/200] (7)

where r is the horizontal distance from the microburst center
at the surface (in kilometers) and Z is the altitude (in meters)

A simple relation for the length scale of turbulence was
selected from Ref 8

= 31 5 (z/183)Q64m (8)

To demonstrate the model, a point airplane was passed
through JAWS data and turbulence at a constant velocity
The computer program permitted the selection of horizontal
flight at any altitude or an ILS approach or departure (3 deg
glide slope) Any of the three modes permitted the selection of
a constant but arbitrary heading In addition, the program
contained two "knobs": one of the knobs controlled wind
shear and permitted it to be turned on or off the other per
mitted the turbulence to be turned up down, or off With

IX = 1-64 IY = 2 IZ = 1

-5L

Fig 11 Comparison of lines of turbulence from the simulated
turbulence

these knobs the wind shear could be examined without
turbulence with turbulence, or the turbulence could be
examined without wind shear Figure 9 shows the east west
velocity component during an ILS approach through the July
14 JAWS case Figure 10 depicts the same run with turbulence
added Energy in the higher frequencies increases toward the
end of the run as the length scale decreases toward the ground

Figure 11 depicts horizontal passes through the block of
turbulence The sampling rate was selected so that each grid
point was contained in the traces The top two traces are
adjacent lines of grid points in the frozen turbulence As
expected these two curves show a high degree of correlation
The top two curves are from an edge of the block The bottom
curve is from a line parallel to the other two, but is taken from
the center of the block The correlation between this curve and
the other two is greatly reduced These three curves show the
lateral and vertical falloff of the correlation for the turbulence
model

Summary and Conclusion
The purpose of the spatial model is to generate the wind

environment for use by others for flight simulation Winds
and gusts are provided over any finite area (e g , aircraft
body) from which aircraft loads and moments may be
calculated Three dimensional autospectral information and
correlation ($// and Ru) are contained in these data The
model does not contain cross spectral information, e g $]2,
and it is not clear how to add this to the present model
Nevertheless, this three dimensionality as contained in the
spatial model affords much greater realism than widely used
one dimensional models

The resulting simulated wind is a nonlinear non Gaussian
combination of real atmospheric winds and Gaussian three
dimensional turbulence modulated by gust intensities which
may vary freely as desired over space The turbulence as
represented by a product of a varying gust intensity and
simulated turbulence is nonlinear and non Gaussian

Because of the three dimensionality of the spatial model
results of a simulation are in no way degraded by performance
of any maneuver This is in contradistinction to one
dimensional simulations, especially where the radius of the
turn is small compared to turbulent length scales

The spatial model is used primarily for in flight simulations
of a general nature Gust intensity and length scale
distributions must be provided by the user Generation of
three dimensional turbulence is time consuming (~ 20 h for
each component on Hewlett Packard F Series computers).
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There are an infinite number of paths through the turbulence,
but each path has some finite correlation with any other path
because of the three dimensionality As a result, any attempt
at flying numerous passes through the turbulence for the
purposes of ensemble averaging is, strictly speaking, invalid

The spatial model could be used for real time simulations if
sufficient memory were available to store the data The
storage requirement is roughly the same as the JAWS velocity
storage requirements for a typical case Obtaining values of
turbulence would require access to three values, one for each
velocity component
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volume is organized to provide a detailed coverage of both the available experimental data and the theoretical prediction
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