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Modeling of Turbulence and Downbursts for Flight Simulators

Paul A. Robinson* and Lloyd D. Reidt
University of Toronto Institute for Aerospace Studies, Toronto, Ontario, Canada

This study investigates the degree of complexity required in the simulation of turbulence and thunderstorm
downbursts for flight simulation. A turbulence model that contains all of the correlations found in homoge-
neous isotropic turbulence is presented. Several simplifications and alternate models are considered. This paper
also presents further developments in the simulation of thunderstorm downbursts. A single ring vortex system,
a triple ring vortex system, and Joint Airport Weather Studies (JAWS) data are implemented on the University
of Toronto Institute for Aerospace Studies B-747 Flight Simulator. By means of pilot evaluations on this
simulator, it was found that the inclusion of the isotropic turbulence correlations did not seem to affect the pilot
and not much difference was perceived among the turbulence models. Pilot evaluations of the downburst models
showed that both single and triple ring vortex systems produced similar pilot reactions to actual downbursts
(JAWS data). It is suggested that the ring vortex models be expanded upon to include more than one downburst
cell.

Nomenclature
force vector
intermittency factor; mean square ratio of analysis
of variance
longitudinal turbulence correlation
gravity vector
lateral turbulence correlation
on or above glideslope flight path deterioration
parameter (FPDP)
below glideslope FPDP
aircraft e.g. height above ground
glideslope height above ground

cycles/m
wave number expressed in cycles/m: [kik2k3]T

distance between aircraft e.g. and stabilizer
aircraft mass
three independent Gaussian white noise sources:
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N(k) = Fourier transform of n(x}

r0 = reference ring vortex radius
r - spatial separation between two points: [r\ r2 r3]T

RXX(T) = autocorrelation function for x(t) at time delay T
TGS + = time spent on or above glideslope
TGS_ - time spent below glideslope
7V+ = time spent at or above approach speed
7V_ = time spent below approach speed
y = airspeed
y = airspeed vector: [UB VB WB]T

VA = approach airspeed, 77 m/s
y+ = on or above approach speed FPDP
K_ = below approach speed FPDP
W - wind velocity vector: \WX Wy WZ]T

djj = Kronecker delta
o(t) = modulating variable
a2 = turbulence intensity
$(&) = turbulence spectrum function [3x3 matrix with

elements $/,(&)]
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Fref = reference ring vortex circulation strength
w = rotational rate matrix
K = coefficient of within-pilot consistency

Subscripts
B - body-axes frame of reference
E = inertial frame of reference

Notation
B - matrix
B' = the transpose of B
B* = complex conjugate of B
y = time derivative of V

Introduction

T HE purpose of this paper is to describe several advanced
atmospheric models developed for use in flight simulators

and to determine, from the reaction of experienced pilots, the
fidelity of the models.

Wind shears produced by thunderstorm downbursts have
been the cause of several catastrophic aircraft accidents in the
past. Although the best strategy for thunderstorm downburst
encounters is avoidance, pilots must be trained for the situa-
tion of an inadvertent encounter. Training for this type of
wind shear encounter can only take place in flight simulators.1

It is therefore important to evaluate the capability of current
atmospheric models to simulate actual occurrences.

Many turbulence models have been proposed in the past and
used with varying degrees of success on flight simulators. The
effect of spatially correlated gusts and correlated gust compo-
nents on flight simulation has been of interest for some time.2
To date, it is not clear whether or not they have an effect on
the simulation.

Incorporating Atmospheric Effects in the
Flight Equations

The translational equations of motion in the body axes
frame, FB are

VEB -AB/m +gB—(^B^EB) (1)

where yEB is the inertial velocity vector in body frame compo-
nents and
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also

VF = y + (3)

(4)

Substituting Eq. (3) and (4) into Eq (1) gives

matrix G(k). If G(k) is taken to be

G =
G,i 0 0
G21 G22 0
GSI G32 G33

(13)

VB = AB/m -WB- [u WB)\ (5)

The calculation of aerodynamic forces and moments re-
quires the effective rotational motion of the aircraft relative to
the air. This is found by

_ _ //r\

The effective rotational rates uw = [pc qG r\G r2c]T are related
to gradients in the wind field.3 These gradients and the associ-
ated rotational motions are given by

dWz

The relative importance of the gradients r\c and r2c depend on
the configuration of the aircraft. In the case of the Boeing 747
(the aircraft simulated in this work), r\G is dominant in the
calculation of the rolling moment, and r2c is dominant in the
calculation of the yawing moment and side force. These gradi-
ents are calculated using the four-point aircraft model de-
scribed in Ref. 3. The rotational rates are used in Eq. (6) in
calculating the aerodynamic forces and moments.

Turbulence Models

Three-Dimensional Correlated and Uncorrelated Models
This section presents a method of generating turbulence

with all of the correlations found in homogeneous isotropic
turbulence. From the theory of isotropic turbulence, the three-
dimensional correlation tensor is4

(8)

The Fourier transform of the correlation tensor yields the
spectral tensor

(9)

"«>

where E(k) is the von Karman energy function5

«*>-?•*
Three turbulence velocity components can be generated by

U(k) = G(k)N(k) (11)

where U(k) and N(k) are the Fourier transforms of the turbu-
lence and three independent white noise sources, respectively,
and the transfer function G(k) comes from the solution to5

The inverse Fourier transform of U(k) produces the spatial
turbulence velocity field #(r). This model assumes Taylor's
hypothesis of a frozen flowfield.5

There are two possible formulations of the transfer function

the resulting three components of the velocity field u(r) will be
correlated with each other according to Eq. (8). Alternatively,
G(k) can be taken as

G =
'On 0 0

0 G22 0
0 0 G33

(14)

This results in the three components being independent of
each other. The latter is the formulation employed in Ref. 6.

The aforementioned procedure produces two separate mod-
els. Throughout this work, the turbulence produced by the
formulation in Eq. (13) will be referred to as the three-dimen-
sional correlated turbulence model and that produced by Eq.
(14) as the three-dimensional uncorrelated model. It should be
borne in mind, however, that both models contain the spatial
correlations found in isotropic turbulence.

As the aircraft flies through this field, the turbulence veloc-
ity components at its e.g. are determined and transformed
from the gound-fixed FE frame into the aircraft body frame
FB. In a similar manner, the significant turbulence velocity
gradients [Eq. (7)] are computed in FB as well. This generates
a turbulence time series consisting of three turbulence veloci-
ties (UG vc wc) and the four gradients from Eq. (7) (pc QG r\G
r2c), which are used to produce aircraft forces and moments.
Also, the wind components and their time derivatives are
included in Eq. (5).

It is generally accepted that turbulence is a non-Gaussian
process.7 The amplitude distribution tends to be patchy, with
significant periods of low and high intensity. This property
requires that the probability density function of the gust veloc-
ities be other than Gaussian, the primary difference being in
the kurtosis, the ratio of the fourth-order moment to the
square of the second-order moment. The method of producing
the turbulence just described was based on the filtering of
Gaussian white noise and, as a consequence, the turbulence
field was also Gaussian. In order to increase the realism in
flight simulation applications, it is necessary to alter the statis-
tical properties of this initial turbulence while maintaining the
spectral characteristics. A suitable process has been intro-
duced in Ref. 8 and is given by

(15)

where it is desired to have the spectral properties of some time
series w(t) identical to those of z(t) and at the same time to
have a different probability density function. This is achieved
by employing a stochastically fluctuating a(t). It can be shown
that the desired properties can be achieved when

dr2 (16)

is suitably small as r—0. This technique has been used in this
study to process the turbulence field in order to generate
patchy turbulence. At each time step a new value of o(t) is
calculated, and this value is used to modulate the turbulence
gusts uG9 VG, wc, pG, qG> r\G, and r2c.
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Modulated Turbulence Model
The preceding models require the turbulence to be generated

in the frequency domain. Alternatively, by filtering white
noise using simple linear filters turbulence may be generated in
the time domain. In the past, much attention has been focused
on the three-filter turbulence generation models proposed in
Refs. 7, 9, and 10. The modulated turbulence model is an
adaptation of the three-filter model, but instead of using three
filters to produce a patchy time series, the preceding modula-
tion process [Eq. (15)] is used, reducing the number of filters
required for each gust series to one. The UG, VG and WG gusts
are generated with the Dryden spectral forms,11 and rolling
and yawing gusts (pc and r\& respectively) are generated using
filters with transfer functions based on Ref. 10. Pitch gusts are
produced by applying a time delay to the aG at the aircraft e.g.
and applying it to the stabilizer as described in Ref. 10, i.e.,

«Gstab(f ) = <*Gc.g. V ~ W V)\ (17)

All of the linear filters are driven by Gaussian white noise
sources. These sources are statistically independent, the UG
and r\c filters sharing the same source, and the WG and pG
filters sharing their own source. All gusts UG, VG, WG,PG> and
r1G are multiplied by a suitable stochastic a(t) function to
generate the required statistical properties. All gust compo-
nents use the same value of a(t).

The method of implementation is taken to be that described
in the literature describing this model.10 The gusts just de-
scribed are incorporated in Eqs. (1) and (3) as described ear-
lier. This model differs from the pair of three-dimensional
models in that the Dryden spectral form is employed. Also the
turbulence from this model is not restricted to the spatial or
component correlations found in the first two models.

Statistical Discrete Gust Method
As a fourth model, a very different approach to generating

turbulence is employed. Developed at the Royal Aircraft Es-
tablishment, the statistical discrete gust (SDG) method uses as
a basic element a ramp gust followed by an exponential
washout.12"14 The exact procedure for generating the turbu-
lence is given in Ref. 12. The WG , VG , and wc gusts are
generated at the aircraft's e.g. as in the previous models. Roll

2000

and yaw gusts (pG and rlc, respectively) are calculated by
generating WG and UG gusts independently at each wingtip and
dividing the difference by the separation distance [Eq. (7)].
Pitch gusts were generated using the time delay process of Eq.
(17). As with the modulated turbulence model in the previous
section, the gusts were implemented using Eq. (1) and (3).

The preceding four turbulence models represent three very
different methods of generating turbulence for flight simula-
tors. The variation of turbulence intensities and lengthscales
with height was according to the data in Ref. 16. In order to
generate the patchy nature of turbulence, the fourth-order
central moment of all of the gusts series was set to give a
kurtosis of 5. This value was chosen as a realistic value for the
local wind conditions.15 To produce the kurtosis in the SDG
model, the intermittency factor F was set at O.4.12 During the
turbulence evaluations detailed below, the surface wind speed
was on a reciprocal heading to the runway at 8 m/s 10 m above
ground. The mean wind variation with height was according
to the power law given in Ref. 16.

By means of pilot evaluations, the realism of each model
and its value in a piloted flight simulation can be examined.

Thunderstorm Downburst Modeling
In recent years, increasing emphasis has been placed on

training airline pilots for flight through wind shear conditions.
Several downburst models for flight simulators have been
proposed in the past using elements of potential flow theory to
simulate the velocity field.17'19 Such models have been shown
capable of producing aircraft response similar to that ob-
served in real encounters. However, a direct comparison on
the basis of pilot evaluations between these models and actual
downbursts has not been undertaken in the past. Such a com-
parison could not be made until results such as those from the
Joint Airport Weather Studies (JAWS) were made available
for simulation applications.20 This allowed direct comparison
between the simpler models and the larger JAWS data sets.

In Ref. 18, it is suggested that a downburst model using a
single ring vortex (and its image) will not produce a realistic
wind field; in particular, the ratio of the maximum vertical
wind speed to the maximum horizontal wind field would be
too small in the single ring case. It is suggested that several
concentric ring vortices of different strengths be employed to
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Fig. 1 JAWS corridors AB and CD.20
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obtain a more realistic profile. Strengths would increase to-
ward the center to produce a more intense, localized down-
draft. Two models were studied in this work. The first em-
ploys a single ring vortex and the second uses three concentric
ring vortices of radii r/, with a strength distribution given by

/ =1,2,3 (18)

with r1)2,s = 0.75r0, 0.5 r0, and 0.25r0, respectively. The models
were implemented in such a way that both required equal
computation time in the simulation, thereby removing a com-
mon argument against the more complicated models in the
past. This was achieved by using look-up tables of velocities
generated offline.

Two data sets were selected from the JAWS data in Ref. 20:
corridors AB and CD from data set 5AU1847. Vertical cross-
sections of these downbursts are shown in Fig. I,20 as well as
the orientation of the ILS 3-deg glideslope used in these evalu-
ations. The arrows in the figure represent the wind velocity
vector at a point. These downbursts were measured in the
atmosphere using triple Doppler radar. The spatial resolution
of the measurements was 150 m. These particular downburst
profiles were chosen as they had already been classified as
challenging20 and consisted of one well-defined downburst but
having different vertical wind structures. The single and triple
ring models' parameters were adjusted in such a way that both
generated wind components along the glideslope as close as
possible to those generated by the JAWS data sets. This gave
rise to six separate wind shear sets. Since there is no turbulence
information in the JAWS data sets, none of the wind shears
contained any turbulence.

Experimental Design
All of the preceding models were implemented on the Uni-

versity of Toronto Institute for Aerospace Studies (UTIAS)
Flight Simulator shown in Fig. 2. The aircraft simulated was a
Boeing 747. The aircraft weight was set at 226,800 kg (500,000
Ib). This aircraft represents one of the larger commercial types
in service, both in terms of weight and spatial dimensions. Its
wing loading in the simulation is comparable to that of many
different commercial jets in service today. The results of these

NM

Fig. 2 UTIAS flight research simulator.

Fig. 3 Primary task in turbulence evaluations.

evaluations will be applicable mainly to commercial aircraft of
similar dimensions and wing loading. Details of the simulator
can be found in Refs. 21-23. The simulator was upgraded
from that described in Ref. 21 to include a three-window color
visual display and a hydraulic control loading system.

In order to evaluate the turbulence and downburst models,
use was made of current airline pilots. All pilots had experi-
ence in training simulators. In all, six pilots were employed for
the turbulence evaluations and six for the downburst tests.
Although only one had Boeing 747 experience, the pilots were
given sufficient training such that useful results could be ob-
tained from all of them.

Turbulence Evaluations
The object of the turbulence evaluations was to determine

what aspects of turbulence modeling are important in produc-
ing a simulation perceived as realistic by pilots.

The task used in the turbulence evaluations is very similar to
that used in Ref. 21, namely to perform a landing approach as
shown in Fig. 3. It was selected to present the terminal portion
of a flight and comprises the following zones: 1) Heading and
altitude hold; 2) VOR radial intercept; 3) VOR radial track; 4)
deceleration while tracking VOR radial; 5) descent; 6) sidestep
maneuver to capture the ILS; and 7) ILS approach to touch-
down. The pilots were instructed to judge the quality of the
atmospheric model and no other aspect of the simulation. It
was also made clear that they should rate the models relative
to that which would be experienced in the actual aircraft they
fly in service and not in other simulators.

Both subjective and objective measurements were used to
evaluate the effects of the turbulence models. The subjective
ratings used the scale shown in Fig. 4. The rating scale is based
on that reported in Refs. 21 and 24, and the adjectives on the
left-hand side are spaced so as to produce an equal interval
scale. Interval data is obtained using a continuous numerical
scale (1-10) shown on the right-hand side of Fig. 4. In addi-
tion, the pilots were encouraged to add any comments they
wished. Immediately after each trial, the pilots were asked to
mark on each vertical line their assessment of the turbulence.
The pilot flew the full task (Fig. 3) for each turbulence model
(in a randomized order) and once with no turbulence. No
ratings were taken for the latter case. In addition to this, the
pilots flew paired comparison tests. This allowed the pilots to
compare the turbulence models to each other and obtain a
ranking of the models in order of preference. The paired
comparison tests were carried out in zone 7 and took about 4
min to fly. A single trial consisted of flying the particular task
twice in close succession but with different turbulence models.
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Fig. 4 Pilot rating scales.

After flying each pair, the pilot was asked to indicate which
model was more realistic. All possible pairs were presented to
the pilot in a randomized Latin-Square order.

Downburst Evaluations
The purpose of the downburst evaluations was to examine

whether the ring vortex models could produce pilot and air-
craft responses similar to those produced by the JAWS data
sets and, if so, whether a single ring vortex model is sufficient
or a more complicated model is required. No attempt was
made to provide training in flight through the wind shear, the
pilots already having received this background as part of their
service training. These evaluations are of the wind models and
not the pilots' training. It is also of interest to determine if any
improvement in the pilots' performance takes place over the
course of the evaluations, for although no training was pro-
vided, the pilots may learn from one run to the next, thus
improving their performance.

The downburst evaluations required the pilots to fly an
approach to land (zone 7). They were asked to fly the ap-
proach to the best of their ability, and to go-around only when
a landing seemed impossible. On landing, brakes were applied
to a full stop. The decision to go-around and the procedures
used were at the discretion of the pilot. In all cases, the
procedure learned in their previous training was to apply full
throttle, pitch up to the stick-shaker warning, and not alter the
aircraft configuration until clear of the perceived danger. Dur-
ing the tests, they were given no instruction in how to fly the
various shears or recovery procedures.

Results and Analysis

Turbulence Evaluations
The pilot sample size was six. The number of pilots was

constrained by the minimum required for the paired compari-
son tests (six in this case) and the availability of pilots to take
part. Means and standard deviations were calculated for con-
trol inputs, airspeed, aircraft position, Euler angles, and angu-
lar rates. In the following discussion each turbulence model
will be referred to as follows: 1) Ml—modulated turbulence
model; 2) M2—statistical discrete gust model; 3) M3—three-
dimensional uncorrelated model; 4) M4—three-dimensional
correlated model; 5) NT—no turbulence.

A one-sided analysis of variance was carried out on the
turbulence evaluation results. In the discussion that follows,
subject effects are those attributed between the pilots, treat-
ment effects are those attributed between the turbulence mod-
els, and scale effects are those attributed between the rating
scales in Fig. 4. The parameter P(x>F)% represents the
significance of the test as a probability between 0 and 100%.
Values from 0 to 2.5% are taken as representing very signifi-
cant trends in the data, 2.5 to 5% as significant and 5 to 10%
as mildly significant.

Pilot Ratings
Separate analyses of variance were calculated on each of the

rating scales (i.e., column headings in Fig. 4). A sample sum-
mary table is shown in Table 1 and an overall summary of the
results is given in Table 2. These results are calculated exclud-
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Table 1: Sample table from the analysis of variance for the "overall impression"
rating scale: without NT data

Effect3

Subjects
Treatments
Residual
Total

Deg of freedom
5
3

15
23

Sum of squares
12.0933
9.0300

23.3500
44.4733

Mean square
2.4187
3.0100
1.5567

F value
1.5537
1.9336

P(x>F)%
23.3
16.8

a<'Treatments" refers to the four turbulence models.

Table 2 Analysis of variance summary of turbulence evaluations; P(x>F)°?o

Rating
Overall impression
Variation of turbulence parameters with height
Roll realism
Pitch realsim
Yaw realism
Vertical acceleration
Relation between gust components
Heading control
Speed control
Altitude control

Subjects
23.3
0.4

15.1
0.2
6.6
1.5

16.0
7.5
1.6
3.5

Treatments
16.8
21.2
5.9
2.9

12.1
1.9
1.7
2.8
3.3

16.7

ing the NT data. It can be seen that subject effects are most
significant for the "variation of the turbulence parameters
with height" and the "pitch realism" parameters. The pilots
consistently marked model M2 lower than the other models on
all of the rating scales. This accounts for the level of signifi-
cance of the treatment effects as there was not very much
difference between the ratings for the other three models.

Pilot Performance and Aircraft Response
Measurements of the pilots' control activity and the air-

craft's state variables were made. The means and standard
deviations were calculated for each parameter. Also an analy-
sis of variance was carried out on each parameter (excluding
the NT data). From these results several observations can be
made. Model M2 produced the largest flight path deviations
overall; however, there was no well-defined difference in the
aircraft response or pilot performace among the other three
turbulence models. It was found that the method of imple-
menting pitch gusts in models Ml and M2 [using the a time
delay in Eq. (17)] produced large pitch deviations. Such mo-
tions were found to be unrealistic and a major source of
altitude departures. This would indicate that this method of
generating pitch gusts is unacceptable. It was found that in the
early part of the task (up to the descent), M2 produced the
largest standard deviation of control inputs (on all axes) and
was found to be unrealistically harsh. On the approach, it was
found that models M3 arid M4 produced larger indicated
airspeed fluctuations than the other two models. This resulted
in slightly larger throttle activity on the part of the pilots.

Paired Comparison Tests .
In the§e test, pilots were asked to compare the four turbu-

lence models over a short flight segment. Each of the six pairs
were flown by the pilot according to a Latin-Square order. For
each pilot, a ranking of the models in order of perceived
realism was obtained, In addition, an overall ranking was
obtained. The analysis is described in detail in Ref. 25. In
calculating the overall rankings, it is possible to judge the
within-pilot and interpilot consistency. The first will judge
whether the pilot ranked the four models consistently, in
which case the coefficient of within-pilot consistency K will he
1. or in a completely radom fashion, where K will be 0. Incon-
sistency arises from pilots judging model 1 better than model
2. model 2 better than model 3, and model 3 better than model
1, for example. Also the coefficient of interpilot consistency

JKcan be calculated. A value of W of 1 indicates complete
consistency and agreement among the pilots and a value of 0
indicates completely random order among the pilots. The
segment chosen was the ILS approach to touchdown (zone 7).
The results are shown in Table 3. From the analysis, the pilots
preferred model Ml overall. However, the within-pilot consis-
tency K was low for some pilots. As a consequence of the poor
within-pilot consistency, the interpilot consistency PFwas also
low for both segments.

Thunderstorm Downburst Wind Shear Evaluations
Six pilots were employed in the downburst evaluations. In

studying the pilots performance in flying through the thunder-
storm wind shears, two aspects are examined: First, whether
the ring vortex models produce similar pilot and aircraft re-
sponses to those due to the JAWS data sets, and second,
whether there is any noticeable imprbyement in the pilots'
performance over the course of the evaluations.

In the course of the discussion the wind shears will be
referred to as follows: 1) Jl—JAWS AB corridor data set; 2)
SRI—single ring vortex model simulation of JAWS AB corri-
dor; 3) TR1—triple ring vortex model simulation of JAWS
AB corridor; 4) J2—JAWS CD corridor data set; 5) SR2—sin-
gle ring vortex model simulation of JAWS CD corridor; 6)
TR2—triple ring vortex model simulation of JAWS CD corri-
dor; 7) NS—no shear.

A similar analysis to that of the approach phase of the
turbulence evaluations was carried out. That is, the means and
standard deviations of the control inputs and aircraft state
variables were calculated and an analysis of variance was
applied. In addition, several FPDPs were calculated. These
are similar to those in Ref. 26. Those used in this work are
defined as follows:

GS +

G5_

7"cs+ J0

s +

f cs _

s- dt

V_ =•

(V - VA) dt [m/s]

(K - VA) dt [m/s]

(19)

(20)

(21)

(22)
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Table 3 Summary of turbulence evaluation paired comparison tests

Rating (best — worst) W

M1-M3-M2-M4 (1.0,0.5,1.0,0.5,1.0,1.0) 0.122

The increasing headwind experienced by an aircraft ap-
proaching a thunderstorm downburst causes its airspeed to
increase, arid the consequent increase in lift leads to the air-
craft rising above the glideslope. In an effort to attain a
stabilized approach, half of the subject pilots during their
initial runs, in finding themselves above the glideslope for a
given power setting, surprisingly interpreted (through com-
ments after each flight) the wind profile as an increasing
tail wind. This was because they found themselves above the
glideslope for a given power setting and glideslope angle and
perceived this as being converted by a tailwind. It was not
until they had encountered the downdraft that they under-
stood the nature of the wind field through which they were
flying. This observation emphasizes the insidious nature of the
downburst wind shear.

The capability of the ring vortex models to simulate the
JAWS wind field was examined. Figure 5 shows that FPDPs
GS+ and GS- were reproduced well in both AB and CD cases
for all ring vortex models. During the course of the tests * it
was observed that the pilots' primary task on encountering the
shear was to avoid undershooting the approach; airspeed only
becoming a primary consideration as it approached the stall
speed. Consequently, the primary indicators of the effect of
the shear should be the glideslope and velocity FPDPs GS + ,
GS-, V+, V-. Figure 5 shows these parameters averaged
over all the pilots' results. It can be seen that all six wind shear
models produce very similar GS+ values, with very little
spread in the SR2 and TR2 models. For the GS_ values, the
SR2 model has the greatest spread. The K+ parameter is
produced equally well for the three _ 1 models, with some
variation in the _ 2 models. Similarly for V_, with TR2 pro-
ducing the largest airspeed loss value.

In comparing the overall results from the single ring and
triple ring vortex modes, it was found that the single ring
model produced results closer to those from the CD corridor
and the triple ring closer to those from the AB corridor. This
would suggest that both forms produce downburst flowfields
similar to those observed in the atmosphere.

Although the tests are not exhaustive, it may be understood
from these results that the wind velocity field due to a thunder-
storm downburst may be modeled using a ring vortex system,
thus avoiding the use of larger, less flexible data sets. The
wind shears used in these tests were all found by the pilots to
be realistic. However, the results presented pertain only to a
very short portion of the flight phase. Exposing a pilot in a
simulator to one single downburst cell may evoke a false sense
of security, in that once a go-around, should it be required,
has been initiated and the perceived threat cleared, the pilot
will be safe. In reality however, several downburst cells have
been observed to exist simultaneously in very close aproxim-
ity, and in clearing one cell the pilot may inadvertently fly into
another. A combination of cells would therefore be desirable.
The method of implementation of the ring vortex models used
in this work is such that several cells may be included without
very much increase in computation time. However, the ability
to use only a single cell may enhance the use of the ring vortex
models as a training tool, allowing the pilot practice in
the basic recovery procedures before tackling more taxing
scenarios.

In examining the variation of each parameter studied over
the course of the six runs (seven including the no-shear data)
averaged over the six pilots, there was not found to be an
significant change between the performance in the first run or
the last. A similar result was found when the pilots' results
were analyzed separately. It is thought that the statistical
population and the sample sizes are too small to indicate any
learning trend.

Conclusions and Recommendations
It was found that the pilots could not discern between the

turbulence models in their subjective ratings. There did not
seem to be any appreciable difference in the pilots' perfor-
mance, or aircraft response between the formulations of mod-
els M3 and M4 [Eqs. (13) and (14)]. The inclusion of spatial
correlations in the turbulence models did not seem to have a
significant effect on the pilot or the aircraft. Also, without
some modification, the pitch gusts generated using Eq. (17)
were excessive and unrealistic. Although this method has been
used in studies in the past, it does not seem to be an acceptable
method of producing pitch gusts. Any future modification
to this method may have to take into account the wing
down wash.

The downburst evaluations revealed the ring vortex models
to be very capable in simulating the JAWS data. Both ring

GS+

g a

1.0

o.e

0.6

O.M

0.2

0.0

Jl SRI TNI J2 3ft2 T«2

GS.

NS Jl SKI Till

V.

NS Jl Sffl THI J2 SN2 TM2 NS Jl SNt TNI 12 SN2 TH2

Fig. 5 FPDPs for downburst models.



AUGUST 1990 FLIGHT SIMULATORS 707

vortex models produced results comparable to those from
observed downbursts, implying that such models may be em-
ployed in the future as useful training tools. Further research
should be carried out in defining realistic boundaries for the
various ring vortex model parameters: strength, radius,
height, and tilt. Also several ring vortex systems may be com-
bined to make a larger, more complex flowfield. This can be
done without an excessive computational overhead. Finally,
further study should be made in implementing a turbulence
structure in the ring vortex flowfield. Although turbulence
models have been included with such models in the past,19 they
have been simply superimposed on the flowfield. Previous
work27 indicates that there is a complicated turbulence struc-
ture associated with the downburst and its associated gust
front.
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