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This report documents work concerned with ~~~ specification of’
..
~a large set of wind

profiles for use in piloted simulator testI~~oncerning)low-level wind shear encoun-
tereci during approach, landing, takeoff , and climbout. In--ad4Ltion?~

andidate stan-
dard wind profiles for use in training and system qualification a~e*r~couinended.

Measured and mathematically modeled wiqd data represented as a function of both air-
craft altitude and distance are *flownø with a fast-time computer model piloted by an
idealized controller . The wind models and the runway position relative to each wind
field are systematically varied to produce a number of different wind profiles. Based
on aeronautical system performance in the computer , relative comparisons of wind pro-
file severity are made , potentially hazardous wind prof iles are identif ied , and their
relative sever ity is designated as ~~~~~~~~~~~~~ “high” for purposes of pi-
loted simulator tests. Piloted simulation results are used to verify the severity
ratings. Effects of wind shear on aircraft are illustrated .

~psing simplified examples
and then correlated with wind profile characteristics. ‘jWind profile design technique~
and implementation methods are discussed 1 ~and a Set of candidate standard wind pro-
files is recommended.

~The results of the wind shear hazard determinat
ion work indicate that the severity of

a wind shear encounter is highly dependent on the position and alignment of the ap-
proach path with respect to the wind field and on the timing of the encounter. SAn—
other conclusion is that both wind shear in the vertical wind component and wind
shear in the tongitudinal wtnd component can produce a hazardous condition. 41’igh
aaverity wind. ahear ~~~ aL&o un4~to bE~ ~ ardpus ~~n_takeoff. — _±________
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PREFACE

This inter im report describes the work of SRI In ternat ional on the
development of wind shear models and the determination of wind shear ha-
sards as a part of Task 2 of the All-Weather Landing System, Engineering
Support contrac t ( DOT FA75WA-3650) • Phases 1 and 2 of Task 2 began a
series of p iloted a i r c ra f t  s imu lator experiments in which cand idate aid-

ing concepts for coping with  low-level wind shear were evaluated using

four different wind profiles representing four respective meteorological

wind conditions. One objective of this subtask on wind models and hazard

definition was to ~evelop an expanded set of wind profiles for use in next-

st age Task 2 pi loted s imu lations using B-727 and DC-b aircraft models.

Another objective was to develop a representative set of candidate stan-

da rd profiles with sufficient severity to provide for system qualifica-

tion . The sponsoring organizations for this project are FAA Wind Shear
Program O f f i c e  and ARD-740; the Technical Monitor is Mr. W . J. Cox.

The authors are gratefu l to the many people who have contributed to

t h is s tudy . White  a complete list of contributors would be too lengthy ,

we wiah to thank Mr.  W. J. Cox , Lt. Cot. L. W. Wood and Mr. H. W. Schlic-

kenmaier of the FAA f or many helpfu l discussions and creat ive suggestions ;

Mr. J. D. McDonnell and Mr. P. L. Jernigan of Douglas Ai rc ra f t  Company for
data on the DC-t O a i rc ra f t  and informat ion on a i rcraf t  s imulation design ;

Mr. 1. W . Kerr igan and Mr. M . Hazen of Boeing Commercial Ai rc ra f t  Company

for data on the B-727 aircraft; and Mr. J. L. Foster and Mr. L. Miller of

Collins Radio Group , Rockwell International , for informat ion of flight

control systems .

Most of the wind data used in this project were contributed by other
researchers and meteorologists. We appreciate the effort entailed in sup-

p ly ing this informat ion and enjoyed many informative discussions regarding
specific meteorological conditions . We especially thank the fotl~~iing con-

tribu tors : Mr. 1). W. Camp and Dr. C. H. Pichtl of NASA Marshall Space

iii

~~~~.—.—.. -
~

---
~~~.. - -

~~~~~~~~~~ a ~_ _ _ ~~ - 
—.--—--—— --—--- .-..

~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -  ...... ~JI.~MuUPIINuUI UluIIII ~~~~~~~~~~~~



~~r
- 

.

Plight Cinter; Prof. W .~ Frost of the Univers ity of Tennessee Space Inset-

tut• , Mr. R. C. Got f ~f NOAA Na tional Severe Storms Laboratory and Dr. F.

Carac*ea of .NOAA Atnv ,spbsric Physics and Chemistry Laboratory ; Prof . T.

Fujita of ,the University of Ch icago ; Dr. A. Roosme and Mr . N. 14. 1arr of
Boiing Cc~~erc ial Airp lance Company , Mr. W. A. Stephens of Douglas Air-

craft Company ; Mr. D. F. Soya Northwest Airlines ; and Mr. F. C. Coons

of the FAA . Mr. 11. Viezee , Senior Research Meteorologist , of SRI contri-

biuted severa l of the wind models and much helpful advics.
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I INTRODUCTION

A. Program Object ives and Approach

Wind shear may be described as a change in wind magnitude or direc-

tion over a relatively small space ; for example , a ehange in a headwind

from 30 knots at 300-feet altitude to 10 knots at 150 feet. Complex and

rapidly chang ing wind conditions close to the ground create significant

hazards to low-leve l flights. Wind shear has been cited as a contribu-

tory factor in aviation accidents , thus the effects of wind shear on air-

craft approach , landing , and takeoff have been the subject of severa l

studies and experiments.

The work documented in this report is part of Task 2 of the All-

Weather Landing Systems Engineering Support contract (DOT FA7SWA-3650) for

the FAA . The objectives of this subtask were (I) to specify wind profiles

f~ r piloted simulator tests incorporating wind shear , and (2) to reconmiend

candidate standard wind profiles with sufficient severity to provide for

system qualification .

The p roject began by identifying and specifying meteorological wind

conditions in the termina l area environment that were known to produce

significant wind shear. Wind profiles based on these conditions were

then generated and “flown” on a general-purpose computing facility in fast

time , using B-727 and DC-iC aerodynamic models with an idealired control-

ler as pilot . The runway position relative to the wind field and , where

applicable , the wind model parameterization were systemat ically varied to

- 
produce a number of diffe rent wind profiles. Relative comparisons of wind

profile severity were made on the basis of aeronautical system performance

in the computer , and the results correlated with the wind profile charac-

teristics. Emphasis was placed on defining how and to what extent the

aeronautical system was affected by wind shear , and then relating these

findings to “rea l world” wind conditions . The results of the work were

checked against the results of the subsequent B- ”2’ piloted simulator

I
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tests. The analysis method i~ descr ibed schema tically in Figure 1.

Initial stages of this project included the specification of candi-

date wind profiles front both measured and mathematical models of selected

meteorological conditions. This task relied heavily on previous work and

the support of a number of contributors . A list of the wind data contri-

butors is given in the Preface to this report.

B. Organization of Report

Thu report is divided into seven sections. Section II defines the

meteorological phenomena that are considered to produce the wind shears

evaluated in this project. Section III describes the computer model de-

sign. Section IV uses the computer model with simplified wind encounters

to illustrate some of the observed effects of wind shear on aircraft.

Section V describes the techniques used to measure aeronautical system

performance , assess the re lative wind shear severity , and specify the wind
profiles used in the piloted simulations . Section VI is dedicated to the

specification of candidate standard profiles. Section VII states our con-

cl’isions and recommendations , although throughout the report we have tried

to state our results in context wi th the discussions within each section .

Wind profi les  resul t ing f rom this work , various technical details ,
and supporting documents are given in Appendices A through 0.

2
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SIGNIFICANT WIND SHEAR—p1
(

~~GENERATE SPECIFIC WIND PROF ILE~~
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1( COMPUTER MODEL RUNS PILOTED BY
AN IDEALIZED CONTROLLER

[ME ASURE RELATIVE SEVERITY OF EACH
5-\

—1
\
~ 

WIND PROFILE BY EVALUATION OF
COMPUTER MODEL PERFORMANCE J4 -
COLLECT RESULTS AND CORRELATE

WITH WIND PROFILE CHARACTERIST~~~~
,)

8-727 PILOTED SIMULATOR RESULTS
TO V ERIFY SEV ERIT Y RAT I N~~~ J!

FIGURE 1 ANALYSIS METHOD
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I I SOURCES OF WIND SHEAR IN THE TE RMINAL AREA

Wind shear encountered du r ing  approach and landing or during takeoff

.nnl ci Imbout nuiy result t rum one or ~ combination of different causes .

Wi nd disturbances caused by topographical anomalies such as buildings ,

t rees , mountains , or vaLleys can manifest themselves as wind shear. Wind

sheer may .‘~Lso he generated by the wake and vortex systems of other air-

craft. And , wind shear may be due to meteorological factors arising from

local weather phenomena or atmospheric conditions . Althou~~ wind sh.ars

caused by topography and wake turbulences may be severe and certain ly im-

pose constraints on termina l area operations , they are somewhat predict-

ab le . On the other hand , the rea l ly  hazardous aspect of w ind shears aris-

ing from meteorological conditions is that they are of ten  neithe r predict-

able nor easy to detect. Moreover , the effects of the wind shea r may be

h ighl y dependent on the a i r c ra f t  f l i ght path *nd t iming of the wind shear

encounter .

Work on t h i s  p r o t e c t  was d i rected t owa rd the development of a set of

wi nd prof iles based on actual meteorological conditions. Since engagement

in lengthy meteorolog ical studies wou ld have been beyond the scope of the

study . SRI has drawn heav ily on the work of several other investigators .

Three broad classes of wind conditions are now commonly recognised as

s i g n i f i c a n t  producers of [ow-leve l wind shear. They are :

(1) Atmospheric boundary layer e f f e c t s
(2 )  Frontal  systems
(3) Th~inderstonns

In the fol low ing  p aragraphs , a b r ie f  summary of the principa l features of

each class wil l, he given , f ollowed by some specific examples of profiles

considered for e v a l u a t ion  In t h i s  study .

4
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A. Atmospheric Boundary Layer Effects

The atmospheric boundary layer is usually defined as the region be-

low 3,300 feet (1 ,000 m). Within this region the winds are influenced by

solar heating and surface friction . In daylight , solar heating of the

ground results in the t ransfer  of therma l energy to the air adjacent to

the ground , making it more buoyant. The buoyancy forces act to move par-

cels of air vertically (turbulent mixing) . The mean wind speed at any

given altitude in a turbu lent env i ronment w i l l  depend on the amount of

air transferred to that altitude from regions having differing wind speeds.

Mixing, therefore , affec ts the shear rate by modifying the mean wind varia-

tion with altitude . At night the reverse takes place ; i.e., therma l energy

is transferred from air to the cooler ground , resulting in negative buoy-

ancy forces . Under negative buoyancy forces little or no mixing occurs ,

and the boundary layer tends to become stratified . Strong shears are of-

ten associated with this condition because the various layers tend to move

independently, with stronger winds occurring in the top layers that are

relatively decoupled from any surface retarding forces.

tn the region between 500 and 3,300 feet (150 and 1,000 m), a tran-

sition occurs between the surface wind and the winds aloft. The latter

are influenced by synoptic scale pressure , temperature gradients , and

Coriolis forces . Since the winds aloft are not generally aligned with

the surface winds , a tu rn ing  of the wind vector common ly occurs in this

region . The amount of t u rn ing  varies , but in most cases can be between

10 and 50 degrees.

A f r equen t l y used boundary layer mathematical mode l has the follow -
1*ing genera l form :

11* Z ZW ~— l l n ( ~—) + ~V( ~-) I (1)

W — 0  (2 )

Ww~~~
0 (3)

1*Superscr ipts deno te references l isted at the end of the report .

5
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where W , W , and W = the wind velocity components
U V W

11* = surface fr ict ion vel ocity

k Von Karm an ’ a constant , ~ 0.4

Z = altitude above reference level

Z = surface roughness length

L Monin-Obuhov stability length

= empiriciall y den Ted function of Z/L

Boundary layer winds can be broken down into the following cate-

gories:

(1) Unstable--Unstable winds are usually associated

J with daytime conditions (hot afternoons) . Heat

conducted from ground to air causes much turbu-

lence and mixing. Winds tend to be more uniform

with altitude; wind shears are mild.

(2) Neutral--Neutral winds occur in daytime when the

thermal energy transfer to air from ground is

moderate. Vertical movement resulting from

buoyancy forces is sat~tl compared with the hori-

zontal movement . Moderate mixin g and turbulence

are typical . Wind speed and shear rates are

greater than th ose for unstable winds .

(3) Stable--Stable winds are usually associated

with nighttime conditions. Heat transferred

to ground from air results in negative buoy-
ancy forces and very little mixing. Inversion

layers m~y occur below 1 ,000 feet ; shear rates

are hi gher than th ose for neutral and unstable

winds.

(4) Very stable--Very stable winds result from

stable conditions in which layers become de-

coupled. Frictional re~,ardation of the wind

is so low that a high-speed wind (nighttime

low-level jet) commonly occurs just above the

I I - 5-, - .. ~~~~~~~~~~~~~ --‘—i- - . - .
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inversion layer.  This condit ion is charac-

ten sed by potentially large •hear rates.

Examples from the above categories are shown in Figure 2. In Figure

2(a) values of wind as a function of altitude were computed from Equation

1. Identical values of surface roughness (Z) and su rface friction velo-
city (U*) were used to illustrate the difference . in unstable , neut ral ,
and stable cases over relatively smooth terrain , such as grass or prairie
land . The function tp(~) varies wi th the stability length L. Value s of L

ISO - 500 1
U - O S mFi 

~ I I
L,, - OOI m 

~ I I
120 — 400 -- I I /  - - / \

N EUT R A L ~~~ / LATERA L \
E g 0 _ ~~~300 _ — -5-

w
UNSTABLE — STABLE

t —  300 m
‘5- ‘5-

3 0 -  too - -- - - -

_~_— LONGITUDINAL

0 ____ __.L __ . ~I --

o tO 20 30 40 0 to 20 30 40

W IND SPIED — W I ND SPIED ~I

lit NEUTRAL . STABLE , AND UNSTABLE WINDS Ib) VEN’V STABLI IIn~ I.v.l ,“I

FIGURE 2 WIND PROFILES F ROM ATMOSPHERIC BOUNDARY LAYER i~ rrcrs

z‘
~~~ .tre normally such that and ~(~ ) take on small nega tive values for the

“it st~ b lc case and small positive values for the stable case . In the neu-
t r a l  case L — ~~

- and ~~~) — 0 , reducing Equation 1 to a simple logarithmic
function . It should be noted that a wide range of values of the parameters
L , ( I ~- , and 20 can be reali sed ; thus the wind profil es shown In the figure
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*are examples from a wide range of possible wind profiles . The signifi-

cant features of boundary layer wind shears are : (1) w ind speed varia-

t ion  w ith a t t i t u d e  above 500 feet ( 150 m) is small , and (2 )  the stable

atmosphere has greater shear rates th an th . neutral at mosphere over simi-

lar terrain .

An example of a very stable wind condition or low- leve l J et Li shown

in Figure 2 ( b ) .  This graph of latera l and longitudina l winds was derived

f rom Cedar }Itll Towe r measurements. 2 The profile shown hers is typica l of

a moderate low-leve l jet occurring at night  and shows a maximum wind at an

at titude of abou t 330 feet  (100 i n) .  I t  is evident from th. graph tha t the

crosswind component has a different altitude dependenc . than the longitu-

dinal component , so th a t a si g n i f i c a n t  t u rn ing  of the wind vector occurred

at alt it udes below 500 feet (150 in). In this respect the very stable case

differs from the three other cases described above . Above 500 feet (ISO m)

the effects of inversion and the low-level jet decreased considerably and

th. wind tended to merge with the synoptic-scale winds aloft. A signifi-

cant  f e a t u r e  of t h e  low- leve l let is that the prof i le  is t ime variant.

Ft-tnnat ion of the jet begins a f t e r  sundown , bu i lds to a maximum in the early
hou rs ( a p p r ox i m a t e l y  0200 local time), then diminishes and breaks doim

shortly after sunrise.

B. Fçont al  Systems

Meteorological descri ptions of frontal surface and air mass movements

have been we lt  documented . Excellent accounts of how frontal systems re-
- -~ late to a i r c r a f t  ope ra t ions  have been g iven by Sowa 3 and Frost and Camp.4

Soya has determined that significant low-Level wind shear will occur when

the temperature difference across a frontal surface is greater than 10-

degrees F or the front is moving at 30 knots or more.

Due to the cha rac te r i s t i ca l ly  sloping f ron ta l  surface , wind direc-

tton changes will occur as a func t ion of a l t i t u d e  and distance . Advanc ing

cold fronts tend to inc l ine backward awa y from the wa rm air mass; thus a

directiona l wind shea r may exist above a point on the surface for as long

A comprehensive computer program that permits calculation of these
profiles has been developed by W. Frost of U . Tennessee Space Institute.

8
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as three hours aftir passage of the cold front. Warm fronts inc l ine for-

ward toward the direction of the cooler air mass ; thus directional shear

above a given point w i l l  precede passage of a warm front by as much as si x
hours and w i l l  cease when the front  has passed . For aircraft attempting

to land these effects can produce a variety of w ind shear prof i les , depen-

ding on the runway alignment and position relative to the front .

An example of a cold front creating wind shear in a landing situation
*is shown In Figure 3. Paths A and B represent 3-degree gl ide paths through

the wind field. The runway l ies In the plane of the figure with the glide

path intercept  point (GPIP) for each path just outside the illustrated por-

tion of the wind field. Wind profiles ato t~g paths A and B are shown in Fi-

gure 4. These profiles deftne quantitativel Y details that are qualtta tive 1~
illustrated by the streamlines in Figure 3. For path A tailwind-tci-he’adwlnd

shear occurs f rom 500- to 300-feet attitude ; for  path B the shear occurs at

lower a l t i t u d e s . Although the two wind profile-s came from the same wind

f i e l d , they vary g r e a t l y  from one another because they were measured along

d i f f e r e n t  f l i g h t  paths .

By varying the runway alignment and the location of the CPIP relative

to known wind fields , such as the one in Figure 3, a number of wind profiles

are possible .  We used t h i s  method to gene rate several shears for evaluat ion .

Fronta l  shear data  were obtained from airc raft accident reports (NTSB) and

other sources.

C. Thunderstorms

The dynamic natute of t hu n d e r s t ni ns makes t h i s  c lass  of wind p ro f i l e s

the most d i f f i c u l t  to predic t  and to model. Much e f f o r t  has been devoted

to g a i n i n g  a be t t e r  understand i ng of thunders torm mechanics by severa l

organtiations , notably , Nationa l Oceanic and Atmospheric Administration

NOAA), N a t i o n a l  Sev•re Storms Laboratory (NS~ 1.). National Aeronautics

• and Space Administration (NASA) , and the University of Chicago Department

of (~eophvs1cal Scisnc•s.

*
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A considerable amount of data has been gathered from tal l t owers ,

such as the NSSL t ower at Norman , Oklahoma , that have been instrumented

to measure wind speed and direction, temperature , pressure , and vertical

winds . Additional data have been obtained from ground sensors , Doppler

radar , and aircraft and satellite pictures . These data clearly show that

the structure of thunderstorms undergoes continual changes in stages that

can be broadly defined as format ive , mature , dissipat ing , and fina l .

Common to all stages are updraft , downdraft , outflow , and gust-front

ac t iv i ty ,  all of which constitute a potent ial hazard to landing opera-

tions. Fujita and Caracena have investigated three aviation accidents

resulting from encounters with very intense downdraft/outflow activity

during the passage of thun derstorm cells In the vic ini ty  of airports.

In a typical mature thunderstorm cel l moist air cooled by evapor-

attn descends until it is forced outward (outflow) by the ground . This

outflow tends to be concentrated in the direction of cell movement. The

rapidl y moving cool air , slowed somewhat by drag at the surface , consti-

tutes a small—scale cold front, commonly called a ‘gust front. ” The gust

I ront advances at speeds up to 40 mph and can precede the storm center by

as much as it) m ile s . Warm air ahead of thi s gust front is forced to rise

above the frontal  surface , which is inclined toward the cooler air mass

at about 45- to 75-degrees . The storm cell is replenished by warm dry

a u- entering from the sides at tropospheric level . In a small percentage

of storms an additional source of air is supplied from the stratosphere
above the anvil top, causing very intense downdrafts in the cell imown
as ‘ downbursts.’6’7

Thunderstorms produce moving,  dyn amical ly changing wind fields of
complex f orm . Strong updraft/down draft shears and headwind/tailwind
shears are inherent in their wind field and often occur simultaneously.
Although the speed of movement of the storm cell is small enough to be
considered stationary relative to the speed of a landing aircraft , it
is s u ff i c i e n t l y fast  to present an entirely different set of wind pt~ra—7
meters to each a i r c r a f t  in a landing sequence . The time of encounter
niust  be t’onsiclcred a c iu cin l  factor  in evaluating encounters with thunder—
storm wind shear - Other impor tan t factors include runway or lcnta t ion

11

- —
~~

—-- -
~~~~~~~~~~~~~ - - ~~ 

- - -,- ._- -_ _ — _ _.__ - - _

~



F —-

~
---

~~

-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -  — 5---- ~~~~~ - ~~~~~~~ —----,--- ~5-~~~•5-5-~-~ 
- 

— ~~

and position of the GPIP relative to the storm center , the number of

cells in the vicinity, and the ma tu r i ty  and intensity of each cell.

A wind field from a thunderstorm in its m*ture stage 5 is shown in

Figure 5. A complex downdraft is located at a distance of about 3,000

leet . The cold air outflow from this downdraft proceeds outward to the

cool-wanu air boundary (gust front) at about 16,000 feet. The sloping

front and warm air updraft described earlier are also evident in the

figure . To illustrate the wind profile variation with distance , glide

paths A and B are superimposed with the GPIP at a distance of 2,500 and

and 9 ,000 feet , respectively. Figure 6 shows profiles of wind along

these paths . Profile A shows the tailwind-to—headwind shear caused by

traversing the gust front at about 650-feet altitude . Coinciding with

this is the increase in updraft strength , which peaks at just above
500-feet altitude . Thereafter , a more or less steady headwind with a

very slight downdraft is encountered by the aircraft down to about 150

feet . At that  level the outf low diminishes to nearl y zero as the air-

craf t  approaches the GPIP near the downdraft center. This reverse shear

(h eadwlnd-to- ta i lwind)  of 20 knots in the last 150 feet of altitude would

create a hazardous s i tuat ion . On the other hand , Profile B illustrates

a less hazardous si tuation in which the a i rcraf t  penetrates the wind

field about one-half minute earlier , encounters an increasing headwind

shear of 20 knots from 500- to 100-feet altitude after crossing the gust

front , and completes the last 100 feet of approach with no further shear.

Only slight wind shears in the vertical wind component are encountered
and these are above 250 feet .

Several profiles such as the one described above were generated for

evaluation by varying the GPIP and runway orientation (0— or 180—degrees)

rela t ive to selected wind f ields . Sources of wind field data included
Goff (NSSL) , Fr ost , Fuj i ta , and the Douglas Aircraft  Company. (The

latter two were based on accident data at Kennedy Airport , June 24 , 1975

and at Philadel phia International , June 23, 1976.)
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I
D. Wind Profile Representation

Each wind profile used in this study included mean wind and turbu-

lence specifications. Three orthogonal mean wind components were speci-

f ted as a function of both altitude above runway and distance al ong track .
Each component was specified as a table lookup functi on with up to 21

altitude values and 16 distance values with straight-line interpolation

between points . The turbulence model used was developed from the Dryden°

spectra . Six turbulence parameters (3—rms intensities and 3—scale lengths)

- 

- were specified as a function of altitude using a table lookup function

with up to 21 altitude values . The maximum amount of total storage

required for a wind profile including turbulence was 1,134 points . A

detailed description of the wind profile representation and turbulence

model is given in Appendix A .

Because of mathematical model restrictions or a lack of available

measured data , the mean winds for some of the wind profiles were speci—

f ted only as a function of altitude . Care must be used in using these

profiles because the approximation is not accurate for many meteorological

wind conditions. When winds vary only as a function of altitude , wind

shear will vary wi th  rate of descent . In level fl ight the mean wind will

remain constant and there will be no wind shear . When these wind pro-

f i les are flown on approach , wind shear will be lessened if a flatter

f l ight  path is flown . During takeoff , winds varying only as a function

of altitude are generally easy to fly because to correct a loss in air

speed , the rate of climb is reduced toward zero (level flight), where

there is no wind shear .

14
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1 ( 1  COMP L ’TER MODEL DKS I t~N

The computer mode l was implemented on a gene ral purpose d i gi t a l  com-

puter  in the Avia t ion  Systems Laboratory at SRI In ternat ional .  The mode l

was encoded as a collection of FORTRAN IV subroutines that ran in ei ther

real time or fast t ime . Control inputs and test conditions were entered

in te rac t ive ly  via  an al phanumeric display terminal .  Results were avail-

ab le  in the form of graphic disp lay by key parameters , p r in tou t s  of per-

formance measures , and detailed plotted data .

A. A i r c r a f t  Mode ls

The equa t ions  of motion for a r ig id-body airc r a f t  were wr i t t en  in 3

degrees of freedom , which included hor i zontal , vert ical , and p i t ch ing  mo-

t ion . For each flight configuration of the aircraft modeled , a set of

dynamic s t a b i l i t y  derivatives was incorporated . After  the in i t ia l  condi-

t ion s we re set , the equations of motion were integrated numerical ly with

respect to t ime , using fourth-order Runge-Kutta approximation . A detailed

descri ption of the equations of motion and the assumptions used in de-

riving them appears in Appendix S.

The engine model ~a1so described in Appendix B) consisted of a su n-

p ie first-order lag for spool-up and spool-down times where a t ime con-

s t an t  was adjusted to approx imate that of the engine unde r test .

B . Contro l.  System Model

Autocoup led approaches were flown using a pitch a t t i tude  contro l ler
s i m i l ar to tha t  provided by an autopi lo t  and a thrust controller based on

ma intaining a reference airspeed . The pitch control algorithm (Figure 7)

~in t a i n e d  the  fo l low i ng  feedback terms : pi tch , pitch rate , vert ical  off-
set from glide slope . The thrust contro l algorithm (Figure 8) contained

airspeed as the feedback parameter. The control laws were optimized to
give good performance and s t a b i l i t y  ma rgin over a l l  teat conditions .

15
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Therefore , a separate set of gains and time constants was used for each

a i r c r a f t  conf igura t ion  modeled .

Takeoff runs were handled in much the same manner as approach runs

with the exception that vertical offset from glide slope was not Included

as a p it ch cont rol term , I n i t i a l  condit ions were set for  the nomina l

thrust , airspeed , and pitch attitude for climbout just after takeoff.

Each run then began , using fixed thrust , with pitch attitude managed by

its controller. Since the flight configuration used was for a gear-up

(clean) airp lane , ground roll was computed manua lly .

C. Limitations of Computer Model Design

The computer model desigfl was kept as simp le as possible while satia-

fying the project requirements. The realism of the computer runs exceeded

17
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our expectio~s , however , we would like to point out that the assumptions

used in the derivation impose limitations on its usage, The more impor-

tant restrictions are :

(1) The computer model cannot be used to evaluate the

effec ts  of crosswind sheer because its design excludes

lateral , roll , and yaw axes .

(2) Stabili ty derivatives used in the aircraft  model are

linearized about a point on the l i f t  curves ; there-

fore , the computer model is not valid for stall effects

or other nonlinear regions .

(3) Flare laws and ground effects are excluded from the mo-

del primarily to simplify the design, although a pre-

vious study
1 
cites ground effects as having negligible

effec t  on performance results.

(4) There is no explicit pilot model. Although one could

have been included , we feel that inclusion of a pilot

model would be inconsistent in view of the other sim-

plications (e.g., the lack of a flare law) . Moreover ,

in wind shear environments, there is a large variation
in responses among pilots.

D. Verification of Computer Model Desig~

After each computer run , plots of the aircraft state parameters and

control deflections were examined . The p lots were consistent with known

characteristics of the aeronautical system . Over all the wind profiles

tested under approach conditions , the minimum and maximum values of angle

of attack a a t ta~ ned were 5 degrees and 16 degrees (see Figure 9). Pitch

a t t i tude  ~ ranged f r om 1.5 to 18.5 degrees . Airspeed remained above stall
and below the limits imposed by flap setting. Other aircraft state para-

meters and control deflections remained within operational limits.

It is certain that there was some error in the computer model since

a single set of aerodynamic stability derivatives for each f l ight  config-
uration was used over the range of a and airspeed . However , as i l lustrated

18
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in Figure 9, the non-linear reg ion was avoided . We beli .ve the accuracy of

the computer mode l is entirely adequate for this study . As a further check .
we compared the computer model runs with  some of the Task 2 , Phase 2 , p i-
loted simulator runs using a f u l l , non-l Inear , 6 degree-of-freedom , motion

base simulator located at Douglas Airc raft Company in Long Beach . The air-

craft m odel was a DC-b -tO. In Ftgure 10. a computet model run (a) is com-

i’ared WI tim one of the Phase 2 piloted s imulator runs (b). The aircraft po-
s i t i O t i . airspeed , and ground speed t races are nearly the same in both runs .

The p i lo ted  run is typical of th. better approach.. in the s.rtes. Many of
the piloted runs shoved poorer performanc..
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IV EFFECTS OF WIND SHEAR ON AIRCRAFT

It is not surpr i s ing  that the behavior of complex aeronautical sys-

tems in equal ly  complex wind f ields is not simp le . To iden t i fy  wind shear

character is t ics  that are hazardous to low- level flight and then to assess

their  e f fec ts  on the behavior of the a i rc ra f t  in a complex environment , it

is helpfu l to consider the problem first from a s impl i f ied  viewpoint . Fi-
gures 11 through 14 show sudden headwind , tailwind , updraft , and downdraft

encounters . Although the winds appear as step inputs in the figures , the y
are actually applied as steep ramps over a short period of time since a

true step change in wind veloci ty  over zero t ime wou ld require infinite

acceleration . The fol lowing paragraphs discuss certain features of these

step changes in d e t a i l .  The concepts developed may then be app lied to t he
wind profi les  examined in Sections V and V t .

A. Direction of Sliear ,_ Longitudina l Wind Cornp onent

Shearing of the longitudinal wind component (longitudinal wind shear)

may be characterized by its direction . A headwind that changes to a tail-
wind may be said to be in the headwind-to-tailwind direction or simply :m

headwind-tailwind shear. Other examples of headwind-tailwind shears are

a decreasing headwind or an increasing tailwind . In a similar manner ,

tailwind-headwind shears inc lude a tatlwind changing to a headwind , an

increasing headwind , and a decreasIng tailvind .

Figure 11 shows a response to a sudden 20-knot headwind (ta i lwind-

headw ind shea r) app lied at an altitude of 750 feet above the runway and

subsequently removed (headwind-taliwind shear) at an altitude of 300 feet.

At 750 feet (Point A on the graph) time airspeed suddenly increased . Al-

- - 
. 

t lmomug im the thrust controller reduced thrust to compensate , the response
time of the engines and the Inertia of the moving aircraft were such that

- - 
the groundspeed of the aircraft changed much more slowly than airspeed .

A condition of exc ess lift was present and the aircraft rose above glide

path. The aircraft was pitched downward by the pitch controller and
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with the help of the thrus t  controller , eventually became s tabi l ized  on

the glide path at the proper airspeed . At Point B the ground speed was
2 )  knots lower than the reference  speed- because of the 20—knot headwind .

Not e  tha t  the re were some oscil lat ions and overshoot as the aireral t

recaptured the gl ide pa th .  These t r a i t s  are present in most a ir c r a i t /

controller systems when a sudden displacement occurs. The plot of the

p iloted wind shear simulation shown earlier in Figure 10 is an example

of this type of shear condition.

At Point C in Figure 11 the headwind was suddenly removed . Since

time aircraft and control systems cannot respond instantaneously ,  a

~-ondltion of i n s u f f i c i en t li f t  sent the aircraft below the glide slope .

T)mi& h e a d win d - t a t i w in d  shear (C) contains the add i t iona l  hazard of rap id

.~irspeed lo~~ and increase in angle of a t tack .

i n F igure  12 a sudden 20—kno t tailwind was app lied at an altitude of
750 feet above the runwa y and then removed at 300-feet altitude . The re-

sponse of the aircraft was exactly what would be expected after an exami-

nation of the 20-knot sudden headwind case . At the onset of the tailwind

headwind-tailwind shear) a loss of lift occurred with a sharp drop in air-

speed . The aircraft fell below the glide slope . Becauss of the tatiwind ,

the ground speed increased to 20 knots above the reference speed. When the

tailwtnd was suddenly removed (tailwind-headwtnd shear) , airspeed increased

sharp ly with an increase in lift , thus pushing the aircraft above glide

sLope .

The step wind response (Figures 11 and 12) show that the departures

from glide slope were approximately the same for both headwind-tailw ind

and tailwind-headwind wind shear , Thu suggests that , if a pilot can

keep from stalling his aircraft , he may expect a headwind-tailw ind shear
to push him low with about the same effectiveness that an equal tailwind-
headwind- shear would tend to push him high . Headwind-tailwind shears
may conta in  time hazards of airspeed loss and increases in flight path
ang le , or excessively high ground speed . Because of these hasards , 

~~

_

conclude that , w i th  a l l  other factors being equal , headvind -ta i lvind H
shears are potentially more hazardous than tailwind-headwind shears .
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B. Direct ion of Shear, Vertical Wind Component

A response of an aircraft to a sudden 7-knot updraft is shown In

F I g u r e  13. At 750-feet  a l t i t u d e  above runway , an updraft encounter (down-

t l m a f t  —i ip dr~i ft Wi i~ l slmea r~ cau sed a cond it  ton of exees~. Lift I hat I

the a i ic raft above t lie glide a Lope . Since the cliatmgu ’ In a i i .
~ peed was

small , the thrust controller conisanded only a small change in thrust over

the dura t ion  of the u p d r a f t .  To ma in ta in  the g l ide  path , the pitch con-

troller corrected the excess lift condition by p i t ch ing  d own , I n i t i a l l y ,

the downdra f t -updra f t  wind shear caused an increase in ange - ’ of a t t ack

that subsequently lowered as the aircraft accelerated upward and the n Lp itched downward . This pitch-down a t t i tude  was maintained over the dur-

a t io n of the u p d r a f t .  When the u p d r a f t  was removed ( u p d r a f t - d o w n d r a f t

wind shear), the aircraft dipped below the glide path . Remova l of the

updraft caused a momentary decrease in angle of attack until the airc raft

resumed i ts  norma l p itc h a t t i t ude .

S i m i l a r  r e su l ts  were obtained when the a i rc r a f t  was subjected to  a

sudd en 1-knot downdraft  (Figure 14) . Since the change in airspeed was

s m a l l , responses to f l i g h t  path disturbances due to v e r t i c a l  wind ~-han ~’.c’s

we re m o s t l y  through changes in pi tch a t t i tude . The updra f t -downdra f t

wind shear forced the a i r c r a f t  below the glide path wi th  a momentary de-

crease in ang le of a t t a ck .  The p i t ch -up  maneuve r inmediate ly followed .

During the downdraft , the aircraft climb capability was reduced . The

downdraft-updraft wind shear then forced the aircraft above the glide

path accompanied by a momentary increase in angle of attack.

Glide path deviations were about the same for both updraft-d owndraft

and downdraft-updraft wind shears. This suggests that , if  t he a i rcra f t

does not stall , a pilot can expec t an updraft-downdraft shear to push him
below glide path with about the same effectiveness that a downdra f t -

updraft wou ld push him above glide path. A steady downdraft reduces the

c l imb c a pab i l i t y  of the a i r c r a f t .
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C. Comparison of Longitudinal Wind Effects_~~it~~y~~~ical Wind Effects

The reader has probably noticed that in the above discussions of

longitudinal wind a 20—knot wind step was app lied (Figures 11 and 12), and

that in discussions of vertical wind (Figures 13 and 14) a 7—knot wind step

was applied . Yet the maximum glide slope deviations were approximately

the saiiic . On the basis of several performance measures , we found incre-

mental vertical win d effects to be 2~ to 3 t ime s  stronger than equivalent

jimereniciatal l ongitudinal wind effects. This nay  be exp la ined  qual i t a t ive l y

as 1oIl~ ws . When the aircraft is confronted wi th ‘~~ni1 shear , a principal

reason for departure from the gl ide slope ts an immediate excess or lack -~ 
-

ui lift. Lift varies with the lift coeffici’nt CL and dynamic pressure q .

L i f t  ~ qS CL 
- (4)

where q =~~~~p V 2

p = density of air

V = airspeed
a

S = reference area

C
L 

= lift coefficient (a direct fun c t i o n  of ~~~) .

Time l i f t  coeff ic ient varies  wi th  angle of a t t a c k  ~ , and q varies with

airspeed squared. On approach , the velocity vector of the aircraft lies

roughly parallel to the longitudinal wind component and roughly perpen—

clicul ar to the vertical wind domponent. A change in vertical wind will

thus change ~ much more than an equival ent change in l ongitudinal wind. H

On the other hand , airspeed is affected to a much lesser extent  by vertical

wind changes tha n by longi tudinal  wind change .:;. Changes in l i f t  due to

longi tudinal  wi nd changes are due p r i m a r i l y  to changes in dynamic pressure q.

it is apparent from Equation 4 that the relative effect of longitudinal
wind change versus ver tical wind change is dependent on t he aerodynamic

characterist ics of the a i rc ra ft .  To detail  the ~e a tionship s among
applied longitudinal and vertical w~tnds , the corrcspon 1-ing changes in
q and a , and the relative ef fect  on the a i r c ra f t , we made an analysis
using the approach configuration fcr  the DC—b a i r c r a f t  model . The in-
stantaneous changes in ~ and q for varlous—aized increments  of longitudinal

28
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and vertical wind are  p lo t ted  in  F i g u r e  l~~. The change in a is greater

for vertical wind increments than for longitudinal wind increments , and

the change in q is dominated by longitudinal wind . The effects of the

changes in q and a are reflected by the instantaneous accelerations act-

ing on the aircraft (see Figure 16). The vertical accelerations produced

by up— or down—draft  shear are well over twice the vertical accelerations

produced by an equal shear of the long it udinal wind component. Although

this analysis applied only to the instantaneous si tuation , the results are

substantially in agreement with the computer model runs.

D . Reversal s in Wind Shear Direction

A wind shear in one direction may be follownd shortly by a wind shear

in the oppos ite direction . For example , in Figure 11, the tailwind-headwind

shear at 750- feet altitude was followed by a headwind-tailwind shear at 300

feet , and in Figure 13 , a downdraf t-updraf t  shear at 750-feet a l t i tude  was

followed by an updraf t -downdraf t  shear at 300 feet .

The t imi ng of the reversal in wind shear direct ion greatly a f f ec t s

the performance of the aircraft . If the taliwind-headwind wind shear in

Figure 11 had occurred at a lower a l t i tude , the aircraft would not have —

had time to recover from the first wind shear before encountering the wind

shear reversal . The potential severity of this occurrence is il lustrated

in Figure 17 , where the tailwind-headwind shear has been l owered to 400-
feet altitude . Even though the magnitude of the headwind is the same ,

the aircraft is affected more adversely.

E. Geometrical Factors

The reader may recall fron Section II that , in general , the wind pro-

file viewed from a 3—degree glide path varies greatly with the positioning

of the runway within the wind field. When the aircraft deviates from the

glide path , its position within the wind f ie ld dictates that it will encoun—

ter winds that are not the same as those it would have received had it

remained on the glide path. The situation is complicated further by the

Fac t  that  the outcome of the approach is influenced by the height of the
wind shear encounter and the t i m i n g  of the reversal s in win d shear direc—
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t ion . Wind shears occurring at low altitudes do not allow much time for

recovery . Severe wind shears occurring at a higher al t i tude may force a

l ong landing because of overshoot during recovery .

-~ 

I
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V SPECIFICATION OF WIND PROFILE S FOR PILOTED SIMU LATION TESTS

To obtain an expanded set of wind profiles for this project , approxi-

mately 50 wind fields representative of actual meteorological conditions

were collected and put into two-dimensional tabular form. Each wind field

was read into the computer and “flown” us ing the computer mode l descr ibed
in Section III. 8-727 and DC-l0 aerodynamic models were flown. Through

translation of the runway position within the wind field and rotation of

the runway by 180 degrees , several wind profiles were examined from each

wind field . Wind shear seven ties were compared by observing their ef-

fects on the performance of the computer model. Potentially hazardous

wind profiles were identified , and their relat ive severity was designated

as “low,” “moderate ,” or “high” for purposes of the B-727 and DC-lO pi-
loted simu lator wind shear tests. Approx imately 20 representative wind

profiles were assembled from which the winds for each piloted simulation

exercise were selected.

A. Performance Measures

To assess the e f fec t s  of wind shear , performance c r i te r ia  must be

established . Due to the comp lexity of the aeronautical system and the

variety of operationa l requirements , measurement of a single parameter is

not an adequate measure of to ta l  system performance . For example , a measure-
ment of longitudina l dlsp lacement at touchdown would not indicate whether

the airspeed was safely managed or whether obstacles beneath the approach

path were avoided . Several measures must be combined .

This project used land ing outcome , approach outcome , path following

and airspeed management performance criteria . Since the computer model

did not contain lateral axes , we did not evaluate the effects of cross-

winds ; however , lateral winds were included in the results by adding maxi-
mum rate of lateral wind shear to the performance measures. Rankings of

wind prof ile sever ity were found to be largely independent of the exact

34
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cho ice of performance measures if the measures were reasonable and if
several of them were used. A detailed listing of the performance mea-

sures is given in Table 1.

Table I

PERFORMANCE CRITERIA

Cr iter ia Measured by

Landing outcome Longitud inal displacement from
GPIP at touchdown

Approach outcome Vertical disp lacement f rom gl ide
slope at 100 feet

Path following Maximum displacement below gl ide
slope over the 750-feet to 50-
feet flight path segment ; and by
MEA* over the same segment

Airspeed management Airspeed error (high and low Va-
lue) over the 750-feet to 50-
feet flight path segment

Crosswind severity Maximum rate of lateral wind
shear

* 10 11
MEA is the maneuver equation average , ‘ a measure of glide slope

tracking error defined as the mean value of the function of f over the
flight patj~ segment whe re :

~ + 3.5 .~~~~~ 
- 3 . 5  for h ~

- - 180 f t

• •) 16  + 3.5 ~\h - 3.5 °I for h 180 f t
~ 0.089H

where

Ii — height above runway in ft
— vertical offset from glide slope in ft.~4 — ra te of change in H in f t/sec
— ra te of change of pitch ang le in deg/sec

In general , a smaller  val ue of MEA w i l l  indicate bet ter  performance .

B. Scoring of Candidate Wind Profiles

The relative severity of each wind p r o f i l e  was measured by ranking
F, !  i t  aga in s t  the  ither  w i n d  p r o f i l e s ;  thus absolute measurement of perfor-
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mance as it pertains to the operational environment was not required.

The ranking procedure used equal weighting among the performance measures

with the rationale being that in the isolated case where a particular

performance measure failed as a general indicator of wind profile sever-

ity , its value would be outweighed by the value of the other measures.

The ranking p rocedure is app lied to the wind profi les used in the

8-727 piloted simulator tests in Tables 2 and 3. Table 2 shows a tabu-

lation of the raw values of each performance measure for each of the 12
wind prof i les. Based on the raw values obtaLn~d for each mea sure , a
ranking of severity is established running from 1 to 12 , with 12 being

the most severe (Table 3). The total score is determined using an

equa lly weighted sununatton of the individual rankings divided by the

number of measures (i.e., simply an average). The wind prof i les  are

rearranged on the basis of their  total  score in Table 4. For p lots of

each wind profile the reader is referred to Appendix C.

Table 2

COMPUTER MODEL PERFORMANCE DADA , 8-727 WIN!) PRO F ILES

LONG DISP VERT DISP MAX DISP AIRSPEED CROSS--
WINO AT TO AT 100 FT BELOW GS ERROR WIND

PROI UA (Fl) _(FT) WI) MEA (kt~ (RANK)

51 156 1.1 4.2 6.06 12.0 5
82 62 1.8 8.0 3.96 11 .0 2
B3 35 1.1 5.8 2.77 8.0 8
84 103 0.R 4.6 5.71 10.3 7
55 155 17.8 184 5.84 26.7 10
86 64 8.8 10.0 4.~6 14 .9 11
87 98 16.2 16.3 4.00 24.9 6
88 262 7.3 13.0 7.37 18.1 9
89 496 0.2 25.9 6.89 29.6 12
810 300 32,6 66? 12.00 42.6 1
811 555 1’.2 41.2 11 .65 33.1 3
812 197 13.3 260 7.83 30.3 4
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Table 3

RANK ING OF 8-727 WIN D PROFILES USING COMPUTER MODEL DATA

WIND LONG DISP VERT DISP MAX OISP AIRSPEED CROSS- SCORE
PROFILE AT ID AT 100 FT BELOW GS MEA ERROR WIND 116

81 7 3.5 1 7 4 5 4.8
82 2 6 4 2 3 2 3
83 1 3.5 2 1 1 8 2.8
84 5 2 3 5 2 7 4
85 6 11 8 6 8 10 8.1
B6 3 7 5 4 5 11 5.8
87 4 9 7 3 7 6 6
88 9 6 6 9 8 9 7.5

89 11 1 9 8 9 12 8.3
BlO 10 12 12 12 12 1 9.8

811 12 10 11 11 11 3 9.6

812 8 8 10 10 10 4 8.3

Table 4

COMPUTER MODEL SEVERITY RAT INGS ,
8-727  WIND PROF ILES

WINO
SCORE PROFIL E SEVERITY —

9.8 B10~~9.6 811 ~
8.3 81? j  

HIGH
8.3 89 ~

8.1 85
7.5 B8
6.0 87 MODERATE
5.8 86

4.6 81
4 .0 84
30 8? LOW
7.8 83
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Although we have shown the determination of  relative wind shear severity

I or on! ~ t he  i ~~~~u— cd i i~ he 11- 727 p1 lot ed s tu t i  1 at or t t’~— • * he t~ t iid

pi’OI 1 15- — U~~ tht I f l  ~lt ~~t
’ - ~‘U 1 i t  S t  ~~ I ii . 1 ,  I I I  (‘SI U t  I i ~~. I l i i ’ . t’ ’ Il ’

techniques . A description ot’ the  DC—it) wind profiles is also given In

Appendix C.

C. Compar ison of Sever i ty  Ratings with B-727 Piloted Simula t ion  Results

A f t e r  the B—72 7 pi lot ed simulator t es t s  had been completed , th e wind

prof i le s  used were ranked a second t ime  using the results of the simula—

t ion. The I vs t r e s u l t s  under  b a se li n e  conditions were f i r s t  averaged

over a l l  p i l o t s .  Scor ing (Table 5) used five equally weighted performance

measures that wer e s i m i la r  to 11w measures used in the  in i t i a l  scoring.

The s e v e r i t y  ra t  ings are  compared with the computer—derived ratings in

Table 6. Ove ra l l  resti i t s  wer e  consist  out however , It is i n t e r e s t i ng  to

i tote  t h a t  Win d P ro f i l e s  111, 1)5 , and Bil showed slightly less severity

han ex pec ted . These di I fer i ’n ccs  m i g h t  be explained by the f a c t  t ha t

these  part  i c u l a r  ~t tad  pEel i los were used in previous s imulator  tests in

which  ~orne of t h e  subject pilots had par t ic ipa ted . Practice might have

improved their performance on these profiles . Wind Profile B7 seems more

severe than expected . It is difficult to speculate on th i s  result  since

Wind Profile B7 j s  less severe but similar in shape to Wind Profile B9.

However , a l l  t h e  above di ff er e n c e s  may he exp lained by St a t  1st ical  van —

at  ion w i t  It i n  t h e  exp e r i lneu l  a I d a t  a .

The results o t h e  U -727  p 11 et i’d s im u l a t o r  I es I s  qu an t  i V y  to sollie’

ext cut  the mcaii i  ug el  I he seven  t v c l a s s i f i c a t i o n s  “ low , “nioderat e,

and “h igh .” As shown in T a b l e  6 , I r t h e  low—severity wind shears , $2

percent of the approaches were w i t h i n  cr1 1 aria l i m i t s  under baseline

ennu i  I. Ions. For t he inodera to it I ml shears  , (ii percent of t h e  approaches

were w i t  h i  ii 1 tn t t , and or t he h i  ~h — sev cr 1 t v shears • 5-! percent of the

approaches i tere  wit hi  a I m i  t s . The s t a t i s t  l i ’a 1 sigul ficance of these

data  was tes t ed u s i n g  the Cochran Q t e st .~~ There were s i g n i f i c a n t l y

(p ~ .05) more approaches  uvi thin 1 lin t t s ;  or the  low—seve r i ty  wind profiles

t h a n  for  e i t h e r  t h e  m o d e r at e—  or the  h i g h - s e v e r i t y  wind  p ro f i l e s . The •

d i f f e r e n c e  in approach ; I n t 1 u a ~ t e  be t ~ieI ’Ii moiera t e— and h i g h — s e v e r i t y
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Table S

RANK ING OF WIND PROFILES USING 8-727  P ILOTED S IMULAT ION I~~TA

WINO LANDING APPROACH MAX DISP AIRSPEED RMS 0EV SCORE
PROFILE OUTCOME OUTCOME 8110W GS ERROR FROM LOC ~ b

B1 I 65 2 4 5 3_ 7
82 2 3 8 5 3 4 2
83 3 3 1 1 I 1.8
64 9 3 5 2 2 42
85 5.5 8.5 10 6 4 6.8
86 5.5 3 7 3 10 5~7

87 5.5 10.5 6 ii I? 9.0

B8 12 6.5 4 7 7 7.3

89 11 8.5 3 8 II 8.3

810 9 12 12 12 6 102

811 9 3 9 a 85 7.7

812 5.5 10.5 I l 10 85 9.1

Table 6

COMPARISON OF COMPUTER MODEL RESULTS
W ITH B-727 P ILOTED SIMULATION RESULTS

- -  COMPUTER MODEL RESULTS 
— 

PILOTED 8-727 S1MULATION RESULTS

RELATIVE WIND -PROFILE WIND-PROFILE APPROACHES WITHIN LIMITS
SEVERITY RANKING RANKING UNDER_BASEL I NE COND I TIONS

810 810
811 812 I~ 4IND PROFILES

HIGH 812 87 ~~~ ~, 812. 89
B9 89

85 811
88 88 IWIND PROFILES

MODERATE 87 85 ~~~ ‘ 88, 85
86 

- 
86

• 81 84
B4 82 IWINO PROFILES \

LOW 82 81 82% 
~, 84, 81 J

83 83

E XCEPT FOR SOME MINOR DIFFERENCES . WIND PROFILE 7 SEEMS MORE SEVERE THAN EXPECTED.
PROF IL l .‘ IS SIMILAR IN SHAPE TO PROFILE 9.
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wind p ro f i l e s  was not s t a t i s t i c a l l y  s ign i f i can t , al though the trend seems

apparent f rom the data .

I) . Wind P ro f i l e s  [or Takeoll’

Takeoff  wind p rof i les  were flowit  using a DC— b a i r c r a f t  model confi—

gured for cl imbou t at 407 , 000-pounds gross weight . Each run was ini t iated

a t run way level using fixed thrust  w i t h  pitch atti tude managed by

the control algorithm described above in Section I I I  C.

We diet not establ ish specific performance measures for takeoff runs ,

nor did we make formal comparisons of wind p rof i le  seven ties . Of approx i-

ma te ly  25 wind f ields examined , four ~~re found to produce wind prof i les

that  caused the a i r c r a f t  to experience a negative rate of climb . Three of

these wind t i e l d s  caused the a i r c r a f t  to crash shor t ly  af ter  t akeof f .

Plo ts of a i r c r a f t  a l t i t u d e  as a funct ion of distance for typica l  takeoffs

through severe wind shear are shown in Figure 18. The wind profile used

(designated at 12513 in App endix C) contained a headwind- ta t iwind  shear

occur ring in combinat ion w i t h  a d ow n d r a f t .  The curves in Figure 18 exhi-

b i t  varying p er fo rmance  for  each of t-he three ground-roll  distances.  Al l

three of the departure paths were flown with identical in i t i a l  airspeed , 
- -

thrust , and pitch angle, e t c .  The varied performance was due to the fact

that  the wind shear received by the a i r c r a f t  was dependent on its position

rel a t ive  to the wind field. Displacements in distance of only a few thou —

sand feet thus determined whether the takeof f  was successful.

Because of ma thema t i ca l  model re str ic t ions or a lack  of avai lable

da t a , the mean winds for  som e of  the wind prof i les  we re specified only as

a funct ion of a l t i t ude  above runway (they did not vary wi th  distance) .
When this wind representation is used , the results must be interpreted

wi th  care because the approximation is not accurate for m any meteorol ogical

condi t ion s . When winds va ry  o n ly  as a function of a l t i t u d e , wind shear

wil l vary wi th  the rate of climb . in l evel f l i g h t  the mean wind wi l l  re—

main constan t and there w i l l  be no wind shear. During takeoff , winds vary-

ing only as a function of a l t i t u d e  are general ly  easy to f l y ,  since in order
t o correct a los s in airspeed , the rate of c l imb is reduced. Negative rate

of c l imb was not observed or any of the win d profi les  specified only as a

funct ion  3f a l t i t u d e .
It’
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E .  Charac t eristics ut Wind P ro f i l e s  Used in Simulat ions

In this subsection wind profile characteristics are summarized ,

along w i t h  our observations of their relationship to wind profile sever-

ity. Our purpose is twofold: to document the wind prof i les  selec t ed for

use in the piloted simulation tests and to extend the analysis of the

effects of wind shear on aircraft begun in Section IV to include these

observations.

The wind profiles selected for  the B-727 test are arranged by sever-

ity in Table 7. For longitudinal , la teral , and vert ical  wi nd components ,

the ma ximum shear in knots per 100-feet of a l t i t u d e  was  computed along a

3-degree glide slope. The number of reversals in wind shear di rect ion

- 
- was also counted . The results (Table 7) showed several trends in the da ta .

Firs t , the maximum shea r for both longitudinal and v e r t i c a l  w i nd components

general ly  increased w i t h  wind p r of i l e s  of increasing se v e r i ty ,  This

result was  expect eel . S ee’ond , the  maximu m shear in t he l ong i t ud i na 1 wi lid

colnIloIwnI t o e  a l l wind pro f t i e s  was 22 knots per 100 f ee t  , whereas the

iii.i Xifliul,1 shear  in  I he v e r t ¼ a 1 wi iid f o r  a 11 wi tid pro I i  1 es was 2~t kiio I ~ per

100 1 eet .  The observed maximum sh ea rs were conipa rab Ac i n  magni t ode for

longi tudinal  and ~ert  iu~’ 1 wind  components. However , we poi nted  out in

Section IV t ha t  the  e ff e c t s  of wind shear iii  the  v e r t i c a l  wind component.

were stronger than equivalent  wind shear in  t h e  l o n g i t u d i n a l  wind component .

On the basis of the data we have observed to date , wind shear in the  vert —
ical wind component i s  p o t e n t i a l l y  more li. zardous t h a n  wind  shear in the

longi tudinal  wind component. Third . i n  the h i g h- -..-c~v e r i t y  wind  profi les ,
shearing vertical  winr ~s were accompanied b~ adv~~rse1 y shc . i ring  longitu-

di nal winds . The t~ w i n d  components combined t o  produce a complex wind

shea r wi th  great hazard potent ia l .  In the low-severi ty wind  p ro f i l e s , no

vertical  wind was present . F i na l l y ,  highe r seve r i t y  wind  p rof i l e s  included

more reversals in wind shear direction than  lower sever i ty  wind profi les .

This is in  agreement iv i t  Ii t h e  discussion on wind shear r e v e r sa l s  given in

Sec t ion IV and sUggests ’. h a t  rev cr sa  l s  t end I o i ti& ~ rt’.i s c the  potent i al
seven l v  of a wind pro l t I c .

The height and ~~t rcngth of t h e  encounter is import ant to the (let ect ion j -
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and avoidance of severe wind shear. To obtain an indication of wind shear

magnitude as a func t ion  of a l t i t u d e , we selected 12 representative wind

pro f i l es , computed the magnitude of wind shear in knots per 100 feet on

a 3-degree glide sl ope for each , and averaged them together. The results
(see Figure 19) showed that most of the wind shear activity occurred

below an altitude of 400 feet , with the wind shear in the longitudinal
wi nd component peaking at approximately 100-feet alt i tude.

900 
~ 

i i

~~~600 - — —

- 

~~~I 1 _ _

LONG LA T V E RT

MAGNITUDE OF WIN D SHEAR — kt p~r tOO ‘ t

FIG~JAE 19 MAGNITUDE OF WIND SHEAR AS A FUNCTION OF ALTITUDE (averaged over
12 representative wind profiles)
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I

VI CAN1)IDAT E STANDARD WIND PROFILES

Recen t research conduct ed by t he FAA Wind Shear  Program O f  i c c 9 ’ 13

and other o rgan iza t ions  hae demons t ra ted  development of p romis ing  s y s te m s

t h a t  W i l l  warn  the  p i lo t  of po ten t ia l  wind shear haza rd  and w i l l  a i d  h i m

in coping wi lb variabl e winds should ho inadvertently encounter .t h a z —

a rdous wi rid s twa r conch i t i o n .  I 1 has a iso boon (lemons t eat .  ed t.ha t p1 lot

h en ot i  I I rout t ra i ni  n~ in  m o t i o n  base s i m u l a t o r s  u sing  wind  immo de is i n eor—

pora I I ng W i IId sI~~’.r r

Tb c r c  i s a Iteed for a common standard against wh i cli promising I ccli —

niques may be f l o w n .  The object would not be to F l y through a set of

wi rid p r o f i l e s  because in t h e  opera I loan 1 envl ronnict i t  t here  WI 1 1 l i k e l y

be hazardous conditions that are not penetrable. Instead , i t  is eni ph a—

sized tha t s t a n d a r d  wind p ro f i l e s  be designed to demonst ra te  methods  and

sys t  ems t h a t  ivi [I  e n a b le  (li e p i lo t  t o  cope s u c c e s s fu l l y  Wi t b  wind shear .

Successful  coping w i t h  wind  shea r  Inc ludes  the  a b i l i t y  to  detec t t h e  onset

of wind shear  ~nd to s a f e l y  avoid hazardous wind condit ions . In addi I ion ,

if the  wind  condi I loris arc not hazardous but  l ie  w i t  h i m  the  c a p a b i lit i e s

of the a Ir e  r a f t  , t I r e  pi lot  shou Id possess the methods and sy stems  h a t

w i l l  a l low h i m  t o  s a f e l y  execute  his 1 l i g h t  p l an  in a co n f i d e n t  and f l e x —

lb Ic ma ur re  r . .1 set ~r 1 standard  prof 1 1 c~ woo Ad thus be designed to

i tic 10(10 both v er y  hazardous wi ad pro ! lies tha t  would 1)05 t be avoided and

r e l a t i ve l y  nil Id  w ind  p ro f i l e s  t h a t  could be s a f e l y  n e g o t i a t  ccl .

S t a n dar d  wind  profiles could also be used in pilot familiarization

and I cm l iii rig . Des ides improving his t echniques  fo r  detect ing anti copi rig

w i t h  Wi 11(1 shear , I ho p1 lot wou 1(1 become more aware of I lie capabi l i t  c’s

and hand 11 rig qua 11 t iCS of h is  a I rc r a f t  in  a known wi ml shear cmvi  ronment

A.  I) esi  red Fea tures  ml Stni idar d Wind P rof i l es

We Ira  y e  I dcii I i f  led seve ra l  u s e f u l  f e a t u r e s  t h a t  st  a nda rd w i ad pro —

f i l e s  shotl i tI h ave :

- I ~‘ 
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(1) Operational sui tabi l i ty--After  successfully and consistently
f l ying the wind profiles in the simulator , there should be a
high level of confidence that the methods, systems, and pilots
qual if ied will be able to safely cope with wind shear in the
operational environment.

(2) W ide app lication--The wind profiles should apply to a sufficiently
wide range of aircraft and flight control systems. It is obvious
that all aircraft will not behave alike in wind shear and that wind
shear e f fe cts will vary , depending on aircraft configuration and
the control system used. Yet a separate wind shear specification
for each aircraft configuration would be impractical.

(3) Wide range of severity--A wide range of wind profile severity
must be available to represent both very hazardous wind profiles
that should be avoided and mild wind profiles that can be nego-
tiated safely. It would be helpful if the wind profiles were
parameterized to allow adjustment of severity.

(4) Compatibility with flight simulators--Implementation of the wind
profiles shou ld be compatible with existing flight simulators.
These machines have memory , computational , and input-output limits.
Extensive hardware and software modifications are expensive.

(5) Compatibility with regulations--The design of the wind profiles
should be compatib le with FAA regulations, such as the air-
worthiness standards (FAR parts 23 and 25) defining aircraft
performance limitations , stability, control, arid handling
requirements.

It is doubtful  that al l  the above features could be fu l l y implemented

without compromise. Some trade-offs must be made. In addition , new and

improved wind models are being developed , and therefore , the represen-
tation and implementation of a set of standard wind profiles should be

designed to anticipate new developments.

B. Wind Profile Design Techniques

A set of standard wind prof iles may be assemb led by using either
well-known , “actual” wind profiles derived from measurements, or abstrac-

tions of actual wind profiles, or wind profiles constructed from meteo-

rological models. These techniques are compatible with one another pro-

vided that a common means of wind profile representation , such as a tab-

ular arrangement or other common interface, is defined .
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On the basis of the wind information received to date arid our eval-

Oat ions using the B-727 and DC—b a i rcraf t  models , we feel  tha t the cur-

L ent d a t a  base is adequate to specify a representat ive set of standard

wind  p rof i les  for  these a i r c ra f t .  Specific recommendations are given in

Appe ndix D. The advant ~.ge of using actual wind profi les  is that  the

m ethods and systems qual if ied in the simulator are known to apply directly

t o the operationa l environment . This particular set of wind profiles

proved useful in the piloted simulator tests and represents a wide but

l imited range of wind shear severity. The disadvantages of using wind

profi les from measured data center on their lack of design f l ex ib i l i t y .

The choice of wi nd profiles is limited , and their severi ty is d i f f i cu l t

t o  adjus t .

Another design technique for generating a set of standard wind

p ro t i le s  is to represent measured wind data In a simp l i f ied , easily mani -

liulat cet form . Wind shea r severity can then be varied or specific wind

profile features modified . The resulting wind prof i le  would be an abs t rac-

t i o n of the original  wind profile. Normally , one thinks of wind profi le

shapes and features in terms of a history (expressed in terms of time ,

altitude , or distance) of the winds encountered by the a ircraf t  on a

typical flight path. An example would be a plot of wind as a function

of altitude for a 2.8-degree glide slope, as shown in Figure 20. However ,

i t  is important to program winds as a function of both distance and

a l t i tude .  When a wind profile is constructed or modified using the

representation along a particular glide path (Figure 20) , a method of

t ransforming the result to a two-dimensional wind f ield representation

is required . We asked ourselves how much the wind shear depended on

dis tance as opposed to depending on heigh t above the runway. For example ,
if the wind profi le  shown in Figure 20 were entirely dependent on distance ,

it could be represented by Table 8(a) ; a l ternat ively ,  if it were entirely

dependent on altitude , i t  could be represented by Table 8(b) ; or if it

~I( ’ f) e I i (t e (I  on both  a l t i t u d e  cind distance , Table 8(c) might be used . In
t h e  t a b l e  t h e  h ighl ighted  dia gonal elements designate the wind encountered
on the 2. 8—de g ree glide patti .
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F IG U R E  20 WI ND PROF ILE CONSTRUCTED FROM
STRAIGHT LINE SEGMENTS ON A
2.8° GLIDE PATH

The tables were constructed using the following definition of
distance factor d.

U (h x) dU (x x) + (l_a)U
(h,h)

where u is an element of the wind table matrix U with indices h fot(h ,x)
al t i tude and x for distance. The specified f l igh t path f i l ls  the diagonal
elements of U. Given d the off-diagonal elements may be filled using
equation (5). The distance factor d varies from 0.0 for wind dependent
entirely on al t i tude , to 1.0 for wind dependen t entirely on distance.
Tab le 8(c) was computed using a distance factor of 0.5. Use of the . I
distance factor offers  a means for constructing ar t i f ic ial  wind profiles .
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I
Moreover , the idea can be extended to inc lude definition of a distance

factor matrix D containing elements d (h ) 
relating the U (h ~ 

to the
diagonal elements. 

,x

u (h X) - d (h x)u (x x) + (l
~

d
~~~ X) )u (h h) (6)

The distance factor matrix gives a mean s of examining existing wind pro-

files and suggests a method for choosing reasonable values of ~ for newly

constructed wind profiles.

A survey was conducted using wirtJ profiles from measured frontal

system and thunderstorm data. The distance factor matrix D was computed

for each wind prof ile, and the arithmetic mean was then taken of the

off-diagonal elements of D. For longitudinal, latera l , and vertical wind
components, ~ ranged from 0.55 to 0.81, 0.50 to 0.84, and 0.41 to 0.72,

respectively. The average ~ for all the wind profiles was 0.71 for the

longitudinal wind component, 0.70 for the lateral component , and 0.54

for the vertical component. This showed that the measured wind profiles

were highly dependent on distance.

Several wind prof iles genera ted by methods similar to those described
above were successfully constructed (or modified) and tested using the

computer model. When wind profiles are so generated , meteorological

credibility is traded for design flexibility ; the constructed wind pro-

files do not necessarily obey the laws of fluid mechanics. However, i t

may be argued that a set of standard wind profiles should be directed

toward exercising the aeronautical system under a set of systematically

constructed test conditions. To precisely generate the test conditions

in a direct and timely manner, some sacrifice in authenticity can be

jus t i f ied .

Parameterized mathematical models representing specific meteorolog-

ical conditions offer both flexibility and realism for the construction

of wind profiles. Wind models exist for unstable , neutral , and stable

boundary layer meteorolog ical cond itions , but measured data are generally
relied on for very stable cond it ions , fron tal systems , and thunderstorms.
Since frontal  systems and thunderstorms are known producers of hazardous
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Table 8

WIND TABLES REPRESENT ING CONSTRUCTED WIN D PROFILE

He igh t
above Distance to Glide Slope Intercept ( ft  x 1000)
runwa y

( f t )  16 14 12 10 8 6 4 2 0
800 — 2 6 . 0 0  — 2 4 . 0 0  — 2 2 . 0 0  — 2 0 . 0 0  —2.50  15.00 15.00 7.50 0.00
700 —26- . 00 —24.00 —22.00 —2 0 .  0€ ’ —2 .50  15.00 15.00 7 .50  (I . 1)1)
600 —26.00  —24. 01) ~~~~.00  — 2 0 . 0 0  — 2 .50  15.00 15.00 7.50 0 . 0 0
500 —26.00 — 2 4 . 0 0  — 2 2 . 0 0  ~~~O. 00 — 2 .5€ ’  15.00 15.00 7 . 5 0  0.00
400 —2 6.00  — 2 4 . 0 0  — 2 2 . 0 0  — 2 0 . 0 0  — 2.~~0 15.00 15.00 7.50 0. 00
300 —26 .00 —24 .00  —22. 00 —20. 00 —2 . -~ 0 15.00 15.00 7.50 fl • 011

200 —26 .00 —24.00  — 2 2 . 0 0  —20.  00 —2.50 15.00 15. 0 0  7 .50  0.0 ’: ’

100 —26.00 —24. 0€ ’ —22 . 00 —20.  0’) — 2 . 5 0  15. 00 15. o’:’ 7.so c. om:’
0 —26.00 — 2 4 . 0 0  — 2 2 . 0 0  —20. 00 —2 .50  15.00 15.00 7.50 o.€” :’

(a) Long. wind as a function of distance , ~ — 1

Heigh t
above Distance to Gl ide Slope Intercept (ft x 1000)
runway
(ft) 16 14 12 10 8 6 4 2 0

800 —28 .0 1) —28 . 00 — 2~~. 00 — 2 6 .  00  — 2 6 .  00  —26 . ci ,:’ —26 . ‘:‘o —2 6. o’:’ —e~~. ot:’
700 —24.00 —24 .00 — 2 4 . 0 0  — 2 4 . 0 0  — 2 4 . 0 0  —24.0 ’:’ — 2 4 . 0 1)  —2 4 .0s : ’  — 2 4 .0 1
600 — 22 .00  —22.00  — 2 2 . 0 0  —22 .0 € ’  — 2 2 . 0 0  —22 . 0’~’ — 2 2 . 0 0  — 2 2 . 0 0  —22 .01 ’
500 —2 0 .0 0 —20.  (‘0 — 2 0 .  00 — 2 0.  (‘0 —20.  00 —20. 00 — 2 0 .  00 — 20.  (I ’) — 2 1 . QO
400 — 2 . 5 0  —2.5 0 — 2 . 5 ’~’ — 2 . 5~~~ — 2 . 5 0  —2.50 — 2 . 5 0  — 2 . 50  — 2 . 5 0
300 15. Of’ 15. 00 15.00 15.00 15.00 15.1)0 15.00 15. ‘:‘o 15.00
200 1~~. 0’:’ 15. 0€’ 15. 00 15. 00 15. 00 15.00 15.00 15.00 15. ( 0
100 7.50 7.50 7.5€’ 7.50 7.50 7.50 7.5€’ 7.50 7.50

O 0 .00 0.0€ ’  0. ’:”:’ 0 . 0 0  0. 00 0 . 00  0.011 0 .00  0 .0 0

(b) Long. wind as a function of aLtitude , a — 0

Height
above Distance to Glide Slope In tercept ( f t  x 1000)

runway
( f t)  16 

- 
14 12 10 8 6 4 2 0

800 —26.00 —25.00 —24.00 —23.00 —14.25 —5.50 — 5 .50  — 9 .25  — 1 3 .  1”)
700 —2~~. 00 ~24ffi € 10 —23.00 —22 . oo — 1 3.2 5  —4 .5’~’ —4 .50 — 8.2 5 — 1 g .  00
600 — 2 4 . 0 0  —2~~.00 —~ 2.00 — 21. 00 —12.2 5  —3 .5 ’~’ — 3 . 5 0  —7 .25  — 1 1 . u o
500 —23 .00 —22.0 0 —�i .oo —~~O.0i — 1 1 . 2 5  — 2 . 5 0  —2.5 € ’ —6.25 — 1 0 . 0 0
400 -14.25 -13.25 —12.25 —11.25 ~~~ 6 .2 5  6 . 25  2.5€’ — 1. 2 5
300 —5.50 —4.50 — -3.50 —2.50 6.25 15.00 15.00 11.25 7 .50
200 —5.~~O —4.50 —3.5’:’ —2.5’:’ 6.25 15.00 15.00 11.25 7.51)
100 -9.25 -8.25 -7.25 -6.25 2.50 31.25 11.25 7.50 3.75
O —13.00 —12.00 —1 1 .00 —10. 0€’ —1.25 7.50 7.50 3.75 0.0”

(c)  Long . wind as a funct ion of distance and a l t i tude , d = 0.5

50 
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wind shear , models relating these conditions to a i r c ra f t  ope ra tions are

under development. For example , Sowa4 has estimated wind shear from tsm=

perature and ve locity d i f f e rences across fronta l  systems , and Mitchell ’4

Caracena (NOAA) , and Babcock (SRI) have independently investigated mathe-

matical models of thunderstorm downdraft-outflow systems . The modeling of

complete frontal systems and thunderstorms is a very complex problem , yet

the modeling of individual wind profiles on aircraft approach or takeoff

is feasible. An example is the 3-degree approach near a s ingle down-

draft-outf  tow cell shown in Figure 21. The wind velocities were comput.d

in rea l t ime using the mode l proposed by Babcock . It is anticipated that

the development of improved meteorological wind models at SRI and other

research organizations wil l  continue .

TAlL~~~ ---~~- HEAD FROM L - ~~- —~~~ FROM R DOWN~~~— --~~~ UP
b O O  ——j-— — 1 t—
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FIGURE 21 WIND PROFILE FROM SYMMETRICAL DOWNFLOW MODEL
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C. Candida te Standard Wind P ro f i l e s

The wind p ro f i l e s  recommended for use as standard wind p rof i l e s

(A ppendix D) were dertvt ’d  t rom e i ther  measured data or well-known mathe-

mat ica l  models . The w-tnd shear severity represented ranges f rom suf-

f i c i e n tly  mild wind p rof i les , which can be safel y negotiated , to haz-
ardous wind p rof i le s , which shou ld be avoided . These wind profi les  have

proved usefu l in pi loted DC-l0 and B-727 simulator tests.  Although we are
con f ident of the i r  su it a b i l i t y  for these a i r c ra f t , use of these same wind

profiles has not been fu l ly verif ied for other a i r c r a f t .  After  the ef fec ts

of wind shear on an increasing number of a i rc ra f t , f l igh t  configurations ,

and control systems have been evaluated , the addit ion or substi tut ion of

wind p r o f i l e s  of d i f f e r i n g  s e v e r i ty  may be required . If necessary, the
desi gn techniques descr ibed in this section may be used to extend the

range of wind shear sever i ty . ~ur t h cr , for the purposes of system quali-

fica tion , it is expected that  the wind profi les  may require modi f ica t ion

in order to be responsive to the simulator test design .

Universal use of a set of standard wind prof i les implies the desira-

bility of coninon implementation methods. These inc lude the storage of r
wind p r o f i l e  data , computation of mean wind and turbulence . value. ,

implementation of these values into the ai r c r a f t  equat ions  of motion ,

and v e r i f i c a t i o n  of the imp lementation through the use of check data for

var ious test conditions.

We roconinend that t h e  wind profi les be specified and stored as tables

with l inear  in t e rpo lat ion  between points. Each wind p ro f i l e  wou ld i n c l u d e

three wind components specified as a function of both a l t i t u d e  and d i s tance

along t rack. Since most f l i g h t  s imula tors  already contain tab le lookup

and interpolat ion routines ~or f i r m w a r e ) ,  a minimum of programing (or

machine resources) would he required. To remain compa t ib le  wi th  a major-
i t y  of ~x t s t  ing I u t e r p o l a t l o n  rou t toes • t h e  a l t  itude and the d istance

poin ts  should he equ a l ly  spaced . An examp le of the tabular arrangement
is shown in Table 9 . In addi t ion , we reconinend that the imp lementation

include provisions for  the adj ustmen t of a i r c r a f t  position (distance)

relative to the wind f i e l d  so that  the winds stay be varied on approach

and that  the wind f i e l d  may be repositioned for  takeoff  runs . This

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ - - - -
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adjus~~~at may be sad. by adding a selected number to the aircraft dis-

tance coordinate before it is used with the lookup table.. The surface

winds for a givsn wind profile may be varied by adding a selectad constant

to the longitudinal wind component af ter the table lookup function . The

accuracy of the meteorological model is only sligh t ly affec ted by this
“steady’ movement of the wind field .

The turbulence models (Append ix A) developed from the Dryd.n8

Spectra are recomended because they at.. well known , reasonably simple

to implement, and current ly used in some simulators . Pi lot coments in
previous-.iim.&lator studies that used this model were favorable. Each
wind profi le  would inc lude turbulence parameters with three nns tnten-

sittea and three scale lengths , each specified as a function or altitude

us ing a table lookup function of equally spaced points with linear inter-
potat ion between points.
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VII CONCLUSIONS

In the following paragraphs , our maj or conclusions are summarized . 

A. Quality of Computer Model Design

The method used in this project relied on a fast-time computer model

that incorporated horizontal , vertical , and pitching motion (3 degrees of

freedom) , and used aircraft models flown with a pitch controller similar

to that provided by an autop ilot and a thrust controller to maintain a

reference airspeed . The model yielded consistant and reliab le results

that agreed substantially with piloted simulator results providing more

comprehens ive s imulations.

The computer modeling techniques used have p roved to be a valuable

supp lement to piloted simulator tests . In addition to providing compari-

sons of wind profile severity and data for case studies on the effects of

wind shear , automated fast-time computer modeling enables evaluation and

refinement of techniques for coping with wind shear before the techniques

are committed to costly piloted s imu lator tests.

B. Effects  of Wind Shear on Aircraft

Generally ,  the severity of wind shear encounters was found to be

— highly dependent on the position and alignment of the approach path with

respect to the wind field and on the timing of the encounter. The effects

of wind shear on aircraft were dependent on aircraft configuration, engine

response, control systems, and control technique. Prediction of the out-

come when an aircraft encounters low-level wind shear in a complex wind

field is thus difficult from knowledge of the wind field alone.

Another conclusion was that the aircraft models tested were affected

by wind shear in the vertical wind component as well as by wind shear in
the longitudinal wind component. Yet for all wind profiles derived from 

• -

measured data, the maximum shear (23 knots per 100 feet) was comparable
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in magnitude for vert ical  and longitudinal wind components. Shearing

vertical  winds were of ten accompanied by shearing longitudinal winds.

In the high-severi ty wind profiles , the two wind components combined

adverse ly to produce complex wind shear possessing greater hazards ; in

the low-severity wind profi les , no shear in the vertical component was

present.  Highe r severity profiles were also found to contain reversals

in wind shear direction .

The height and strength of the encounter is important to the success-

ful detection and avoidance of severe wind shear. Wind shears occurring

at low alt i tudes ( f rom 100 to 300 feet) do not allow much time for detec-

tion and recovery . Severe wind shears occurring at higher altitudes may

force a long landing because of overshoot during recovery ; however , they

allow additional t ime for the pilot to execute a go-around .

Severe wind shear was also found to be hazardous on takeoff.  The

hazards of wind shear encountered on takeoff are different in some respects

from those encountered on approach and landing . For example , the departure

path is steeper , and the effects are more localized . Because of the stee-

per path and higher airspeeds , the time of exposure to potentially hazar-

dous shear is lessened . Measurement and prediction of potentia lly hazar— L
dous wind shear may be easier over the shorter t ime frame . On the other

ha nd , on takeoff there is generally less reserve thrust  available for re-

covering from a loss of airspeed induced by wind shear.

C. Relating Wind Shear Severity to Weather Phenomena

Most of the wind prof i les tested in this project were based on actual

weather conditions . Of three broad c lasses of wind conditions (atmospheric

boundary layer effects , fron ta l systems , and thunderstorms ) the most severe

wind shear encounters occurred in wind fields produced by thunderstorms.
Such wind fields are of complex form in which the wind profiles encountere d
by the a i rcraf t  varied greatly wi th distance . Large wind shears in both
vertical and longitudinal wind components were found and they often

occurred s imultaneously ; reversals in wind shear direction were common .
In spite of the fact that a given wind field contained hazardous wind
profiles , about 80 percent of the flights thkou~h the wind field at various
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GPIP positions resulted in safe passage ; i .e . ,  their outcome was not ad-

versely affected . The timing and positioning of the wind shear encounters

were hazardous to the aircraft in a comparatively small percentage of
f l ights .  The situation is complicated further  because a thunderstorm

system may contain several storm cells traveling at a rate suffic ient to

produce entirely different wind profiles to each aircraft in a landing

seq~ience.

Wind profiles from fronta l systems varied considerab ly in re lative
severity, but were generally lower in potential  severity than wind pro-
f i les  from thunderstorms. Less wind shear in the vertical wind component L
of frontal  wind profiles was found , since frontal systems lack the down-
f low region found in thunderstorms . The fronta l wind f ie lds varied less

with distance , were less dynamic, and more predictable than wind fields
at t r ibuted to thunderstorms . It is noted , however , that frontal  systems
are potential ly very hazardous to a i rcraf t  operations . For example , a
f rontal prof ile may have moderate, sustained rates of shear with reversals
accompanied by little or no turbulence. Thus, a moderate or high severity

wind profile may not be detected until it is too late to avoid or recover
from the effects of wind shear.

Wind profiles arising from atmospheric boundary layer effects tested

in this  project ranked low in relative severity . The unstable , s table , L

and neutral categories of boundary layer winds contained no vertical wind

component and no low-altitude reversals in wind shear direction . When

constant surface f r ic t ion velocity and surface roughness were assumed ,
the wind fields varied only as a funct ion of a l t i tude . The mos t hazard-
ous category of boundary laye r wind is the very stable case (low-level
jet), which is characterized by potent ially high shear rates and low-level

reversals in wind shear direction . Although the low-level jet wind pro-
files tested ranked low-to-moderate in relative severity , potentia lly

d*rigerous low-level jet winds are possible.
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VIII REcO~~~NDATIONS

The resu l t s  of the hazard determination work support the fo l lowing

reColIUfl Cn da t I oHs

( 
~
) l i i  (iii s (,r(Ijc( 1 t h<’ I,c’Iiavior of  t he  aeronaut ical system

in Wi iitt  shea r was exumi med lu!’ a single pi Lot lug- t ecItIliqu (- ,
one con t ro l system design , and two a i r c r a f t  mode l s .  To quantity
more explicitly the meaning of the severity r a t ings  and the
scope of the candidate standard wind profiles , f u t u ’-’e research
should be extended to include addit ional  a i r c r a f t  moilels , air-
craft configurations , control system designs , and piloting
techniques .

(2) Go-a round procedures and go-around control techniques should
be included with analysis of approach and landing in wind
shear.

(3) Tech niques for  recognizing and coping wi th  wind shear during
takeoff  and climbou t should be developed .

(4) The potential  hazards of crosswinds should be evaluated . Haz-
ard determination of crosswinds may be accomplished using
analysis techniques , a lateral axis computer model , a 6-degree-
of-freedom model , or by exami nat ion of past piloted s imula t ion
resu l t s .

(5) The methods used to implement standard wind profiles into sim-
ula tor  aeronautical models should be specified to ensure a
un i fo rm implementation ( implementat ions are known to vary
among existing flight simulators). Procedures to systematically
check the implementation should be designed . The wind profiles
wil l  then truly represent a standard .

(6) Development of improved wind models sui table  for  t ra in ing and
sys tem qual i f ica t ion  should be continued . A wind p rof i le
data base should be assembled and maintained to support fu r ther
wi nd shear research and f l igh t  simulator t ra in ing  programs .
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A1’PI*IDIX A

W INI) I’It(W It,K IwI RI•:SENT ATION A1~i1) ‘I’ Hit

FOR S IMU1.ATOII TF:S-l’S

I . Mean W .i nil Spu~ i f icu t i o n

I~~~ h v i  nd prot’i Ic includes t hrt ’t ’ wind  e’omptb I t e i t t  ~. s~~~t’ t  i t  I ‘tt 4!S LI 
-

l uin -  t I on 01 hot It a it I (ude and dis t ~n’e’ along I r&n’k . F m ’ h  t’ompone ’nt is

~
-pi’I i t t  eil as a I a l i t  e Lookup tune t ion with up to 21 a I t tutu - ~a t t i t ’~. and

up t o  16 ii a I a ln -e  v a lu e s  Wi Ut straigh t.— I Inc I at et’po I a t  ton  bet  wet ’ li  pot i t t  s

‘i ’ i t  i’ a I (I (t id e  p o in t  a a ri not equally spaced nor arc thi ’y the’ $ SUIO

or c- .,eli m i n d  pro f I I *‘ , a I though i-h i art ’ (h i ’  a. iIu - t i t r i  a I I tI at  , i t t t t

v a I ti t a  i i i  Li g I v I’It pi’O i i  i~~~ . ‘
~~h v maximum amount c i i  ~. t o i - age  r i q u  I r t ’tt I or

I he itean a I nit v a tue ’s is 3 x 21 x 16 — 100$ p o i n t

2. Turbuleac i’ Spe( ’ific ’L% t io n

‘ru L~LiU I cUe ’ t- pa i ’ n v  t t’rs a vi’ Inc toiled wit It i’ae Ii wi ne t I tea i p i o t  t i e

~ I ~~ t -a m t - t  era (3 rims tnt enS itt c’s and 3 sc -a Ic  le n g t h - )  i i  t eac h ‘~pi’e I I I  i’d

a~ a t t i t w t ton o f al t I tudo using it t a b l e  looku p rtin~-t on *1 11, UI’ t o  21

a I I  I t  ut t e  v a I lit’s • The maximum amount of st orage’ i-t~ u t rø it •~ i- I hi’ I urbu —

I t ’uc -e aaaoe’  t a t i’d wit h a vi net profi It’ is 6 x 21 I 1. t’ . ’l  a t  ~- r i I~r t  h g —

f l i t ’  HII1.~ i i i i t t in I U I  i i i  a I 0I’LI~~ t ’ l i i i ’  a W h i d  prof  I I . ’  w i t h  I u r u m  I i - i . t I o 1 ()t)$

I 1 3-I pol m i s .

Th e’ I ui ’hu I i ’i ie~~’ mottols use ’tt ai’e’ i l twuiope ’et I r e in  I t , ,  I ) i - ~ e t c - u  pee I

Tm i’I i t i  I e ’im - .’ w I nil cot ponoitts art’ genera l ed by I red I ug a ra mlom • wit I t ~~ ,

:..‘ic, i i% t ’ al t  • ott I I —Va r t  Itnet’ inpu t into a f l i t  e’r F( a) • Trans  I c-r  t un e  I I ohta

ave  as f o l l o w s :

/ l l  I
I.ong It  met I na I F (s) -~~ a ’\.J~v2._.

I , v—,.
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U

a
where:

c ’ • = rims inten s i t iesU V W

L , I. , 1. = scale lengths

tr ue  airspeed

Laplace t ransform var iab le.

3. F o rm at t i n g  Of Dat a  Cards

Wind ve loc i t y  components are given in knots and a ll  distances and
a lt i tu d e s  Lire given in t cct . For an aircraft tracking t h e  approach path

a p o s i t i ve  t-aluo of’ along—track wind indicates a headwind , a posit  lye ’

v a l u e  01 c r o s s— t r a c k  wind indicates a crosswind blowing f rom Ihe’ r igh t .
and a po sitive ’ value  of ye ’ et ica 1 wjitd indicates an updraf t  con d i t ion
The wind components are given in a space-fixed orthogonal coordinate
s ys te m  o r i g i n a t i n g  where the glide path intercepts the runway (QPIP) .
N ogn t i t - v t~L I lUc5  of d i s ta n c e  are on the approach side of OPIP .

Wi nd values as a func t ion  of a l t  i tude and distai tce are entered into
vi ne t t at) 1 i’s us tng  $0 chia rae t oy  records In  the following order and for —
l i L t I s  The ’ Ii rst I-ceo eel sped U Cs tile number of a l t  i tude (NH) and dis—
tane ’v va lue s  (NX) for  which wind components are defined . If the value
of NX t s  1 , the  winds are L i funct ion of a lt i tu d •  only .  The two pat-a-
metCrs may be read wi th  a FOI~l’R/tN statemen t using the forma t (2(lOx , 12)).

The -~econd record conta ins  the  va lue of th. first (or on l y) distance

60
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for which wind components will next be entered. The second record may be
read using the format ( lOx , FlO.2). Follow ing this is a group (ntx~ibering

NH) of input records with each record containing a discrete a l t i tude  and

the respective along-track , cross-track, and vertical-wind va lues . These

records may be read using the forma t (4(lOx , Fi0 .4) ) .  Table A-I  shows an

example of wind component inputs for a wind profile defined for 10 alti-

tudes and 10 distances.

Table A-i

FORMAT OF MEAN WIND INPUTS

Character
Record No. Item Field Position

I No. of al t i tudes 11—12
No. of distances 23-24

2 First distance va lue 11-20

3 First al t i tude 11-20
Along track wind 3 1-40
Cross track wind 51-60
Vertical wind 71-80

4 Second altitude 11-20
Along track wind 3 1-40
Cross track wind 51-60
Vertical wind 71-80

. I I

. I I

. I •
13 Last altitude 11—20

Along track wind 31-40
Cross track wind 51-60
Vertical wind

14 Second distance 11-20

15 First altitude 11-20
Along track wind 31-40
Cross track wind 5 1-60
Vertical wind 71-80

Af ter a l l  al titudes have been read for the f i rs t d istance , the next record
w i l l  c o n t a i n  the second di st ance ’  value ( -i f any) , agai n fo l l owed by r ecords

con ta in ing  the a t t i t u d e  and wind component va lues .  Record s wil l  fo l low

61
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un til all wind components have been read for all distances.

Turbulence pa rameters (sigma s in knots and scale lengths in feet)

assoc iated with each wind profile will follow the mean wind component

records for a given wind profile description . The firs t record containing

turbulence informat ion gives the nunther of altitudes for which turbulence

parameters are defined in columns 1 and 2 using the format ( lOx , 12). The
following records each spec ify an al titude and its respec tive s igma values
(along-track , cross- track , ver tical) and scale lengths (along-track , cross-

t rack , vertical) and may be read us ing a 7FlO.2 format statement. The

ordering of the turbulence parameters is given in Table A-2.

Tab le A-2

FORMAT OF TURBULENCE INPUTS

Character
Record No. Item Field Position

1 No. of alt i tudes 11-12

2 First altitude 1-10

~~ 
along track 11-20

cross track 2 1-30

a vertical 31-40w
L along’ track 41-50

L cross track 51-60

L vertica l 61-70

S I I
I I I
I I I

11 Last al t i tude 1-10
°
~~ 

along track 11-20

o c ross track 21-30
a vert ical 31-40

L alon g track 41-50

I. cross track 51-60
vert ical 61-70
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APPENDIX B

EQUATIONS OF Mar ION

LIST OF SYMBOLS

Symbol

Mean aerodynamic (geometric) chord

C = Aircraft drag coefficient

CD 
Drag coefficient for zero angle of attack and

o zero elevator deflection

c = ~~D Variation of drag coefficient with angle of
attack

CD = Variation of drag coefficient with elevator
e angle

C = -~~— Aircraft lift coefficientL qS

c = Aircraft pitching moment coefficient
M qS

D Drag force

d Moment arm of thrustline
T

g Acceleration of gravity

h Height above runway
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LIST OF SYMBOLS (Con’t)

Symbol Definit ion

H1 
= J~~~II Integral with respect to time of height error

t from glide slope

I Aircraf t  moment of inertia
y

L Lift force

M Pitching moment

m Aircraft  mass

Q Aircraft pitch rate

Dynamic pressure

S Reference surface area

T Thrust force

T Equilibrium thrust
0

Normalized thrust change

t Time

V Airspeed

V Approach airspeed reference
U

~~~ 
Veh Ground-referenced components of aircraft velocity . -
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LIST OF SYMBOLS (Con ’t)

Symbol Definition

V , V Components of wind velocitywx wh

x Longitudinal displacement

Ah Height error from glide slope

p Air density

e Pitch attitude angle

8 Reference pitch attitude

Ground-referenced flight path angle

Reference flight path

Air-referenced flight path angle

Angle of attack

5 Elevator deflection
e

5
T 

Angle of thrustline with respect to fuselage
reference line

EQUATIONS OF M~~ION

Derivation of the aircraft equations of motion includes the follow-

ing assumptions:

(1) The earth is considered an inertial frame.
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(2) The aircraft is a rigid body confined to move in the X-Z
plane with no latera l forces acting on it.

(3) Air density, acceleration of gravity, aircraft mass , and
aircraft mass distribution are constants.

The aircraft is initially in equilibrium flight with no linear or

angular accelerations, and no angular rates. The axis system and nomen-

clature used are defined in Figure B-l. The following angular and

velocity relationships are required:

V = ~\/(V 
Veh

_ V
wh 

- V
h
)

= arctan 
~
, - y
ex wx

The following equations may be derived by summing forces and moments
and applying Newton ’s second law :

m V = T Cos (8 + 6
T~ 

- D Cos - L Sin 
~
‘a (B-i)

m Veh = T Sin (8 + 6T~ 
- D Sin 

~a 
+ L Cos 

~
‘a 

- mg (B-2)

ly Q — TdT + CFA • (B-3)

where 
F

k T = T 0 [l+tL ~J ,

D = ~~
SCD

L = ~~SC
L

F
A 

= 
~

SCM
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FIGURE B-I AIRCRAFT MODEL FORCE AND VELOCITY RELATIONSHIPS

The aerodynamic coefficients CD, CL? and CM are functions of a 
number

of variables , and their expressions vary for different aircraft and

I light configurations. The usual notation was used for the various

stability derivatives , for example , 1
’

CD = C D + C D [
~~~

_
~~ O] + C D ~~~~~~

The analysis included two sets of aerodynamic coefficients character-

istic of a B-727 on approach, a set of coefficients for a DC-lO on

approach, and a set for the DC-iD takeoff.

Distances were obtained by integrating the velocity equations:

- 

x = V  - (B-4)

h = V h 
(B-5)
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(8-6)

Equations I through 6 were implemented using six state variables ,

V , Vh .  Q, x , h , and 0. Three additional state variables 
~~r ’ ‘e’ and

H
1
) were used to implement the thrust control and the pitch control

equat ions:

uT r r (V V )  , (8-7)

and

- - (~h) - —~~ (H
i
) + 72 (Q) - 

~~ 
(0-8) . (8-8)

Ah = h - (-x tan y). (8-9)

The system of equations (8-1) through (b-6) was integrated numerically

versus time using fourth-order Runge-Kutta approximation. These equations ,

along with the othe r equations given above , comprise the aircraft model.
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APPENDIX C

WIND PROFILES SELECI’ED FOR PILOI’ED SIIV LATOR TESTS

Table C-i summarizes the wind profiles selected for use in piloted

simulator tests on wind shear. Since each wind f ie ld  was examined using

a number of runway positions , a number of different  wind profiles are

available from each wind f ie ld .  To identify each wind profi le , a “derived

wind profile number ” was assigned .

The wi nd profi les  selected for the pilot ed simu lator  t e s t s  were

also assigned sequential numbers . The wind profi les  used in the 13-727

simulator tests are prefixed with the letter 13, and the wind profi les

used in the DC-lO simulator tests are prefixed w i t h  the letter D. For

example , wind prof i le  numbers N2A , 81, and Dl , all represent the  wind

prof i le  listed f i r s t  in the table , which was rated “low ” in r e l a t i v e

severity.

Figures C-l through C-l6 show the three mean wind components , as

encountered on a 3-degree glide slope, fo r the approach wind prof i les

listed in Table C-i. The takeoff wind profi le  wind components , as

encountered on a 6-degree departure path, are shown in Figures C-17

through C-21.
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APPENDIX D

CANDIDATE STANDARD WIND PROFILES

Recommended candidate standard wind profiles for system qualifica-

tion are given in Table D-1. The intended use of the wind profiles is

to demonstrate the ability of methods and systems that will enable the

pilot to cope successfully with wind shear. Since the ability to detect

and avoid potentially hazardous wind shear is essential , it is necessary

to discriminate between relatively mild wind shear, which can be safely

negotiated , and potentially hazardous wind shear, which should be avoided.

Therefore, the candidate standard wind profiles have been selected to

include a wide range of wind shear severity.

High severity wind profiles may be used to test the ability to

detect and safely avoid hazardous wind conditions. The expected outc- me

of an approach under these conditions would be a timely and safely

executed go-around , although advanced systems may also be capable of

demonstrating consistent, safely negotiated landings in high-severity

wind profiles. Low-severity wind profiles are relatively mild. Although

some wind shear is present, it lies within the capabilities of the air—

craft models tested, and can be safely negotiated. In most Instances ,

the expected outcome of an approach in low-severity wind profiles would

be a safe landing. Moderate—severity wind profiles probably represent
- 

- 
the most dangerous wind shear conditions for the pilot because they will

tempt him to land, when the most prudent choice might be to execute a

go-around. The successful outcome of the approach would be either a safe

landing or a well-executed go-around.
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I
Table D-1

RECO~9IENDED CANDIDATE STAN DARD WIND PROF ILES

Relative
Wind Prof ile Der ived Source of Meteorlogical.Severity Wind Profile No. Wind Data 

— $tnd Type 
-

1. N2A Meteorological math model Neutra lOW 
S6A Tower measurement. Stable
FLA Logan accident recon- Warm Front

Moderate struction
T8A Tower measurements Thunder. tormT9A Tower measurements Thunderstorm
TOC Kennedy accident recon- Thunderstorm

structionHigh 
T25A Philadelphia accident Thu~deratorm

recone t ructj~~

I
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