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I .  In t roduct ion  
You may ask ,  "What's new about wind shea r?  Hasn't 

i t  been wi th  us f o r  a long t i m e ? ' '  Y e s ,  i t  has been 
around a while and i t  has always been something less 
u s e f u l  than a p i l o t ' s  b e s t  f r i e n d .  It c e r t a i n l y  i s  
d i f f i c u l t  t o  imagine t h e r e  i s  anything r e a l l y  new about 
t h i s  r a t h e r  common phenomenon. Perhaps i r ' s  a g r e a t e r  
awareness of an o l d  problem. Without considering o t h e r  
f a c t o r s ,  wind shear  i s  genera l ly  l i t t l e  more than a 
nuisance; an inc rease  i n  t h e  p i l o t ' s  workload o r  an 
occas ional  f i rm landing announcing a r r i v a l  a t  d e s t i n a t i o n  
t o  an anxious passenger.  
concerned about such a common atmospheric d is turbance?  
Doesn't t h e  system which has  worked w e l l  i n  t h e  p a s t  s t i l l  
provide f o r  performance and con t ro l  margins t o  accomodate 
dis turbances o r  a t  leas t  provide an a l t e r n a t i v e  f o r  t h e  
p i l o t ?  Yes, t h e  margins are t h e r e  and t h e  system i s  
reasonably good. The long t e r m  records so  i n d i c a t e .  But 
r e c e n t l y ,  t h e  records are a l s o  beginning t o  i n d i c a t e  some- 
th ing  else. 

Within t h e  p a s t  f e w  y e a r s ,  w e  a r e  beginning t o  under- 
s t and  t h e  var ious  ways i n  which t h e  wind shear  nuisance can 
develop i n t o  a s e r i o u s  d e s t r u c t i v e  f o r c e ,  e s p e c i a l l y  when 
t h e  approach and landing scenar io  inc ludes  se r ious  p i l o t  
workload f a c t o r s  i n  combination wi th  decept ive shears .  

Then why should w e  g e t  so  

142 
d 



The influence of l imi ted f l i g h t  v i s i b i l i t y  and other  
local ized weather phenomena, the  e f f e c t s  of t i m e  cons t ra in t s  
on the  f l i g h t  crew and terminal landing acceptance c a p a c i t y ,  
and even the  runway surface condition are very important. 
They a l l  have a bearing on e i t h e r  the  performance 
required of  the  f l i g h t  crew encountering a shear o r  the  
options ava i lab le  t o  cope with the  ensuing s i t ua t ion .  
However, one addi t ional  f a c t o r ,  which i s  probably the  
most se r ious ,  i s  the  lack of information (or lack of 
confidence i n  ava i lab le  information) on the  existence of 
a low-level shear  i n  the  approach and landing area. 

Not unlike many other  forms o f  adversary encounter, 
the  s eve r i t y  of a s ign i f i can t  low- level  wind shear i s  
enhanced g rea t ly  by i t s  element of almost t o t a l  su rpr i se .  
Given these  considerat ions,  the  ex i s t i ng  margins may not 
be s u f f i c i e n t  t o  provide the  options required f o r  s a f e  
operation during shear encounters. Since 1971,  the re  
have been s i x  a i r  carrier accidents  i n  which a low-level 
wind shear has been i d e n t i f i e d  as a major f ac to r .  The 
impact of these accidents  on the  av ia t ion  community has 
resu l ted  i n  a va r i e ty  of invest igat ions  seeking t o  develop 
a b e t t e r  understanding of the  wind shear phenomenon. 
The invest igat ions  o f ten  involve a mul t i- disc ipl inary  e f f o r t  
supported by numerous government, i n s t i t u t i o n a l  and 
industry organizat ions.  
r e l a t ed  fac tors  include such topics  as wind shear 
character iza t ion,  a i r c r a f t l p i l o t  performance i n  shear  
condit ions,  terminology and language development, wind 
shear forecas t ing,  ground based and airborne wind shear 
sensor development, ground and f l i g h t  wind shear d isplays ,  
wind shear da ta  co l lec t ion  and dissemination, and ce r t a in ly  
not  least of a l l ,  the  inves t iga t ions  include p i l o t  f ac to r s  
associated with wind shear encounters. 

Examination of a wide va r i e ty  of 
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11. Today's Operat ional  Scenarios 

A look a t  today ' s  ope ra t iona l  scenar io  reveals t h a t  
t h e  in t roduc t ion  of  t h e  t u r b o j e t  a i r p l a n e  i n t o  c i v i l  a i r  
carrier opera t ions  had rather broad impl ica t ions  t o  t h e  
wind shear  problem. The inc rease  i n  a i r  t r a f f i c  i n  our 
a i r p o r t  te rminal  areas, brought about by t h e  wide accep- 
tance  of t h e  j e t  t r a n s p o r t ,  has n o t  only increased  t h e  
p r o b a b i l i t y  of an encounter wi th  any p a r t i c u l a r  low- level 
shear  but  i t  has s i g n i f i c a n t l y  increased  t h e  workloads 
of t h e  f l i g h t  crew as w e l l  as t h e  a i r  t r a f f i c  c o n t r o l l e r s .  
I n  a d d i t i o n ,  t h e  t u r b o j e t  a i r p l a n e ' s  s e n s i t i v i t y  t o  wind 
shear  appears  t o  be g r e a t e r  than t h a t  of t h e  p r o p e l l e r  
dr iven  a i r p l a n e  due i n  p a r t  o t  i t s  slower power response 
and slower aircraft  a c c e l e r a t i o n .  
f e w  compensating f a c t o r s  t o  l e s sen  t h e  s e v e r i t y  of t h i s  
weather phenomenon t h a t  are provided by t h e  in t roduc t ion  
of t h e  t u r b o j e t  a i r p l a n e  i n t o  t h e  system. Because of 
t h e s e  cons idera t ions ,  t h e  opera t iona l  p i l o t  must develop 
increased  as tu teness  and dec i s ion  making capac i ty  t o  
cope wi th  t h e  increased workloads. The p i l o t  ' s dec i s ion  
t o  cont inue o r  abandon an approach o f t e n  r e q u i r e s  a 
comparison of t h e  r e s u l t s  of a s u b j e c t i v e  evalua t ion  i n  a 
d e t e o r i o r a t i n g  s i t u a t i o n  a g a i n s t  t h e  hard ob jec t ive  f a c t o r s  
a s soc ia ted  wi th  a lengthy holding requirement o r  a d ivers ion  
t o  a l t e r n a t e .  H i s  concern f o r  j u s t i f y i n g  h i s  dec is ion  t o  
e i t h e r  himself o r  o t h e r s  may be no s m a l l  f a c t o r  i n  h i s  
dec is ion  making process .  This i s  e s p e c i a l l y  worthy of 
examination where erroneous cues are provided t h e  p i l o t ,  
as i s  poss ib le ,  o r  even probable,  i n  a wind shear  encounter.  

I n  i t s  r e p o r t  on the  June 24,  1976, John F. Kennedy 
I n t e r n a t i o n a l  Airpor t  (JFK) B-727 acc iden t ,  t h e  National 
Transportat ion Safe ty  Board (Ref. 5) has  s t a t e d  i n  t h e  
ana lys i s  ; "In summary, t h e  acc ident  involving Eastern 66 
and t h e  near- accidents  involving Flying Tiger  161  and 

There appear t o  be very 
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Eastern 902 were the  r e s u l t s  of an underestimation of the  
s ignif icance of r e l a t i v e l y  severe and dynamic weather 
conditions i n  a high densi ty terminal area by a l l  p a r t i e s  
involved i n  the  movement of a i r  t r a f f i c  i n  the  airspace 
system. The Safety Board, therefore ,  bel ieves t h a t  no 
useful  purpose would be served by dwelling c r i t i c a l l y  on 
individual  ac t ions  o r  judgements wi thin  the  system, but 
t h a t  t he  ac t ions  and judgements required t o  correct and 
improve the  system should be reviewed. A l l  parts of the  
system must recognize the  ser ious  hazards t h a t  a r e  
associated with thunderstorms i n  terminal a reas .  A 
b e t t e r  means of providing p i l o t s  with more t i m e l y  weather 
information must be designed." 

111. Wind Shear Invest igat ions  
A. FAA Program Defini t ion 
A s  a r e s u l t  of the  June 24, 1975 accident of Eastern 

A i r  Lines (EAL) Fl igh t  66 a t  JFK and the  August 7,  1975 
accident of Continental A i r  Lines F l igh t  426 a t  Stapleton 
In te rna t iona l  Airpor t ,  the  FAA has been inves t iga t ing  
a i r c r a f t  performance and control  cha rac t e r i s t i c s  associated 
with low-level wind shears.  In  addi t ion,  i t  has begun an 
accelerated inves t iga t ion  of the various techniques avail-  
able  t o  de tec t  hazardous shears i n  the approach and 
departure phase of f l i g h t  operat ions.  

An ear l ier  FAA wind shear detect ion pro jec t  has been 
i n i t i a t e d  i n  1972.  The major object ive  of t h i s  e f f o r t  w a s  
the  development of ground-based sensors capable of measuring 
wind speed and d i rec t ion  t o  a l t i t u d e s  of 2000 f e e t  AGL. 
Having been i d e n t i f i e d  as a high p r i o r i t y  e f f o r t  i n  1975, 
the  FAA increased the  level of a c t i v i t y  from a s ing le  
p ro jec t  t o  program level a c t i v i t y  involving a number of 
p ro j ec t s ,  a l l  of which are i d e n t i f i a b l e  within the  following 
s i x  major t ask  areas : Wind Shear Characterizat ion;  Hazard 
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Def in i t ion ;  Ground-Based Wind Shear Detect ion Systems; 
Airborne Wind Shear Development E f f o r t s ;  Wind Shear 
Data Management; and, I n t e g r a t i o n  of Wind Shear Systems 
and Data i n t o  t h e  Nat ional  Airspace System (NAS). 
increased  scope of t h e  FAA wind shear  program as defined 
by FAA r e p o r t ,  FAA-ED-15-2, Engineering and Development 
Plan-Wind Shear (Ref. 1) , inc ludes  an examination of a l l  
aspects  and p o t e n t i a l  s o l u t i o n s  f o r  t h e  hazards c rea ted  
by low- level wind shea r .  

considered i n  t h e  landing and takeoff c r i t e r i a ,  e i t h e r  as 
a p a r t  of t h e  A i r  T r a f f i c  Control system procedures o r  
Federal  Aviation Regulations o r  s p e c i f i c a l l y  addressed 
as p a r t  of t h e  opera t ing  l i m i t a t i o n s  requirements f o r  t h e  
Airplane F l i g h t  Manual. Therefore,  p a r t  of t h e  wind shear  
i n v e s t i g a t i o n  e f f o r t  w i l l  be d i r e c t e d  toward providing 
t h e  FAA opera t ing  services wi th  da ta  on the  c a p a b i l i t i e s  
of a i rcraf t  t o  cope with varying wind shear  i n t e n s i t i e s  
a t  low a l t i t u d e .  This information could be used t o  determine 
t h e  safe l i m i t s  f o r  a r r iva l  o r  depar ture  condi t ions wi th in  
t h e  a i r p o r t  terminal  area. It i s  a l s o  conceivable t h a t  
some of t h e  r e s u l t s  may have an impac t  on f u t u r e  a i r c r a f t  
and system c e r t i f i c a t i o n .  

The 

Hazardous low- level wind shears  are n o t  adequately 

B .  
P r i o r  t o  t h e  implementation of t h e  FAA Wind Shear 

Assessment of Related Wind Shear Inves t iga t ions  

Program, assessments w e r e  made of t h e  var ious independently 
conducted i n v e s t i g a t i o n s ,  observa t ions ,  and experiments 
involving low- level wind shea r .  A continuous assessment 
i s  maintained, where p o s s i b l e ,  t o  a s su re  t h e  FAA e f f o r t s  
are maximized wi th in  t h e  l i m i t a t i o n s  of t i m e  and resources .  
Typical of t h e  r e s u l t s  of t h e s e  assessments,  t h e  fol lowing 
l imi ted  desc r ip t ions  i l l u s t r a t e  t h e  degree of d i v e r s i f i c a t i o n  
found i n  var ious  independent low- level wind shear  s t u d i e s .  



1. Accident Investigations 

Accident investigative studies concerning wind shear 
characterization and its influence on pilot/aircraft control 
and performance have been greatly aided in recent years 
by the availability in operational aircraft of the 
inertial navigation system (INS) and digital flight data 
recorders (DFDR) . Where found in combination (usually 
limited to wide bodied turbojet airplanes engaged in 
long range, over water operations), these two devices can 
produce sufficient data to provide reasonable approximations 
of the Dertinent atmospheric activities and aircraft flight 
profiles. 

While it is possible to establish the physical 
contributions to approach and landing accidents from the 
relationship of the atmospheric activity to the flight 
profile, an assessment of the human factors which influence 
the pilot behavior must also be accomplished. The 
dependence upon the recall of piloting experiences to 
provide sufficient assessment of these factors, especially 
during low visibility, weather-related approach and landing 
operations, has not always proved adequate. Further 
examination through highly controlled experiments has been 
found to provide additional insight into pilot/aircraft 
performance interface. For these examinations , use has 
been made of highly sophisticated flight simulators which 
combine the capability to simulate the particular atmospheric 
disturbance with the appropriate visual external cues. 
Under these conditions, it is possible to replicate 
the various cockpit scenarios for detailed examination. 

the atmospheric dynamics and support flight simulation 
investigations of wind shear can be found in the National 
Transportation Safety Board (NTSB) report (Ref. 3) on the 
December 17, 1973 Logan International Airport DC-10 accident. 

Early results of the use of INS/DFDR data to reconstruct 



Through use of a McDonnell Douglas DC-10 simulator, the 
NTSB has been able to simulate the approach and landing 
environmental conditions that existed at the time of the 
accident. Flight scenarios were developed and flown in 
the simulator by a variety of subject pilots. The results 
of these experiments provided a verification of the exist- 
ance and contribution of influencing physiological factors 
during the pilot's transition from instrument to external 
visual reference during certain types of wind shear 
encounters. 

The atmospheric dynamics which existed at JFK on 
June 2 4 ,  1975 (Ref. 5 )  between 1944  and 2009 GMT have 
also been the subject of rather extensive investigations. 
During this time period fourteen aircraft either landed or 
attempted to land on Runway 22L at JFK. Of these, EAL 66, 
a B- 727 ,  descended the glide slope to approximately 400  
feet where it encountered heavy rain and a down draft, 
referred to as a "downburst" by Fujita (Ref. 2 ) ,  of such 
magnitude that the aircraft contacted the approach lights, 
impacted the ground and came to rest short of the landing 
Runway 22L. 

representative of the EAL 66 encounter required an extensive 
analysis (Refs. 4 and 5) and considered data from the 
following flights in addition to EAL 66: 

The reconstruction of the atmospheric dynamics 

-Flying Tiger Flight 161,  a DC-8 that preceded 
EAL 66 on the approach by 8 minutes and 59 
seconds ; 

preceded EAL 66 on the approach by 7 minutes and 
28 seconds; and, 

-Eastern Air Lines Flight 9 0 2 ,  a L-1011 that 

-Finnair Flight 105, a DC-8 that preceded EAL 66 
on the approach by 6 minutes and 4 5  seconds. 
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Based on these  ava i lab le  da ta ,  wind models w e r e  constructed 
separa te ly  by The Boeing Company, the  Lockheed Cal i fornia  
Company, t h e  Douglas A i r c ra f t  Company, and the  National 
Aeronautics and Space Administration (NASA). A s e l ec t ion  
of th ree  of the  r e su l t i ng  wind models w e r e  progreammed 
i n t o  a Boeing Company B-727 engineering simulator f o r  an 
examination of t he  dynamic e f f e c t s  of these  reconstructed 
winds on the  t o t a l  performance of a p i l o t l a i r p l a n e  
combination. The NTSB i d e n t i f i e d  object ives  of the  
simulator taks  w e r e :  "(1) t o  examine the  f l i g h t  conditions 
which probably confronted the  f l i g h t  crew of EAL 66 ,  and 
(2)  t o  observe the  d i f f i c u l t i e s  t h a t  a p i l o t  has i n  
recognizing the  development of an unsafe condition and i n  
responding with appropriate cor rec t ive  ac t ion."  When 
p lo t ted  as a function of d is tance  from the  runway, severa l  
of the  airspeed and a l t i t u d e  t races  recorded during the  
simulated approaches c losely  resembled the  t races  on the  
EAL 66 f l i g h t  recorder.  

described above, o ther  simulation experiments, conducted 
i n  the  p a s t  2-3 years ,  have combined wind shear and reduced 
v i s i b i l i t y  t o  assess p i l o t  performance i n  approach and 
landing maneuvers. These include a j o i n t  USAF/FAA Low 
V i s i b i l i t y  Simulation Program a t  Wright-Patterson AFB,  
F l igh t  Dynamics Laboratory (Ref. 8) and a Douglas Ai rc ra f t  
Company experimental simulator study program (Ref. 7 ) .  
The conclusions gained from these  experiments indicate  
t ha t  e f f e c t i v e  p i l o t  decision-making s tud ies  on the  combined 
influences of low- vis ib i l i ty  and wind shear encounters 
could be accomplished i n  current  s ta te- of- the- ar t  simulation. 

I n  addi t ion t o  the  NTSB manned simulation experiments 



2 .  Atmospheric S tudies  Associated wi th  F l i g h t  Operations 

Extensive analyses  of s a t e l l i t e ,  r ada r  and synopt ic  
weather rada r  have a l s o  been performed (Ref. 2) and 
c o r r e l a t e d  wi th  wind models and o t h e r  d a t a  r e s u l t i n g  from 
t h e  EAL 66 acc ident  i n v e s t i g a t i o n .  With t h i s  information 
D r .  F u i i t a  has developed a model of the spearhead' storm 
and downburst cel ls2 assoc ia ted  wi th  t h e  EAL 66 acc ident .  
Figure 1 dep ic t s  t h r e e  s i g n i f i c a n t  downburst cel ls  (DBC) 
i n  r e l a t i o n  t o  t h e  time-space coordinates  of t h e  paths  of 
a r r i v i n g  and depar t ing  a i rc ra f t  a t  JFK Runway 22L. It 
i s  i n t e r e s t i n g  t o  no te  t h e  ex i s t ence  of a sea breeze f r o n t  
s i t u a t e d  alona a l i n e  nea r ly  Perpendicular  t o  t h e  runway  
a t  about t h e  g l i d e  pa th  i n t e r c e p t  p o i n t .  The out  flow 
from the  downburst cel ls  w a s  d i s t o r t e d  by t h e  sea breeze 
f r o n t ,  r e s u l t i n g  i n  s t rong  out  flow winds t o  t h e  nor th  of 
the  f r o n t .  Since most of t h e  a i r p o r t  w a s  under t h e  
inf luence  of  t h e  sea breeze ,  t h e  o f f i c i a l  wind instrument 
used t o  select t h e  landing  runway w a s  i n d i c a t i n g  t h e  
su r face  wind w a s  most n e a r l y  a l igned with Runway 22L. 
Strong support  f o r  a d d i t i o n a l  wind sensors  around t h e  
per imeter  of t h e  a i r p o r t ,  as provided i n  t h e  FAA ground- 
based wind shea r  de tec t ion  system development p lan ,  can be 
developed from these  d e t a i l e d  s t u d i e s .  The thunderstorm 
gus t- f ron t  a c t i v i t y  t h a t  f i g u r e s  i n  t h e  Continental  
A i r  Lines F l i g h t  426 accident  a t  S taple ton  I n t e r n a t i o n a l  
Airpor t  a l s o  supports  t h e  need f o r  a d d i t i o n a l  wind sensors .  

1. Spearhead (echo)- a rada r  echo wi th  a poin ted  
agpendage exceeding toward t h e  d i r e c t i o n s  of t h e  
echo motion. (Byers and F u j i t a )  

2 .  Downburst ( c e l l s ) -  a l o c a l i z e d  i n t e n s e  downdraft 
with v e r t i c a l  cu r ren t s  extending a downward speed 
of  1 2  f p s  a t  300' above t h e  s u r f a c e  (Byers and 
F u j i t a )  . 

149 

J 



Figu re  1 Three Downburst C e l l s  (DBCS) Depicted on Time-space 
Coordinates, DBC 1 was on t h e  Runway Threshold and 
DBC 2 Affec ted  Seriously t h e  Approach E f f o r t  of 
A i r c r a f t  "H" and 'rI'l DBC 3 B l e w  A i r c r a f t  "L" Down 
t o  t h e  Ground, 2000 f t .  Short of Runway 22L 

(Fujital.976) 

Other atmospheric s tud ies  and assessments on low-level 
wind shear include a r a t h e r  extensive da ta  co l l ec t ion  and 
wind shear c h a r a c t e r i s t i c s  comparison by Northwest Orient 
A i r  Lines (NWA). For severa l  years ,  t h e  NWA f l i g h t  crews 
and meteorologists have maintained a two-way repor t ing  
system which has provided observational data  on the  presence 
of wind shear and turbulence throughout the  NWA route  
s t r u c t u r e .  Sowa (Ref. 6 )  has developed t h e  data  co l lec ted  
during 70 cases of NWA wind shear  emounters  i n t o  a wind 
shear versus turbulence comparison. 
against  two low-level wind shear forecas t ing  parameters, 
speed o f  t h e  f ron t  and temperature differences across the 
f r o n t .  
ing the  nomogram, Figure 2 ,  which can be used t o  ind ica te  
t o  f l i g h t  crews whether wind shear  w i l l  be smooth o r  
turbulent .  

These da ta  w e r e  p lo t t ed  

The r e s u l t i n g  p l o t  provided the  bas i s  f o r  develop- 

1 150 



30 

0 
0 2 4 6 8 10 12 14 16 18 20 22 24 

AT ( O F )  ACROSS FRONT 

F i g u r e  2 Wind Shear Forecast Nomogram 
(COURTESY NORTHWEST ORIENT AIRLINES) 

The FAA wanted t o  determine the  v a l i d i t y  of  the  nomo- 
gram t o  support forecas t ing the  wind shear.  It assigned 
the  task  t o  a j o i n t  USAF/FAA All Weather Landing Project  
operat ing a C-141 a i rplane i n t o  Category I11 weather. 
task object ive  included, i n  addi t ion t o  determining the  
v a l i d i t y  of the  forecas t ing technique, a requirement t o  
determine what levels of wind shear  ( i f  any) could be 
found i n  the  very low v i s i b i l i t y  (down t o  Category IIIB) 
landing condition. 
forecas t ing technique, based on the  use of the  nomogram 
c r i t e r i a ,  has s u f f i c i e n t  v a l i d i t y  to warrant i t s  use i n  
an expanded forecas t  evaluat ion pro jec t .  
provided data  showing the  presence of s i g n i f i c a n t  levels 
of wind shear  i n  combination with very low v i s i b i l i t y .  

The 

The r e s u l t s  indicated t h a t  t he  NWA 

The r e s u l t s  a l so  
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C .  

I n  es tabl ishing a wind shear research and development 

FAA Wind Shear Program Establishment 

program within the  FAA, one of the  requirements w a s  the  
need f o r  an ea r ly  product which could be used t o  provide 
near-term a l l ev i a t i on  of the  wind shear hazard, even i f  
only i n  a l imi ted degree. Therefore, implementation of 
any near term r e s u l t s  i s  a p r i o r i t y  requirement r e f l ec t ed  
i n  many of t he  following major t ask  areas .  

1. Wind Shear Characterizat ion 
E a r l y  del iverables  from t h i s  t ask  a rea  involved the  

development of four wind shear p ro f i l e s  f o r  use i n  various 
f a s t  time and manned f l i g h t  simulation pro jec t s  i den t i f i ed  
i n  other  t ask  areas. The use of a common set  of p ro f i l e s  
i n  the  various simulation e f f o r t s  i s  providing some measure 
of comparability between the  separa te  e f f o r t s .  
used provide a range of wind shears from mild changes i n  
the  along t rack  wind components t o  shears with d i rec t ion  
and speed changes, and one which a l so  includes changes 
i n  the  v e r t i c a l  wind component. 
These include : 

The p ro f i l e s  

. a neu t r a l  wind shear p r o f i l e ,  Figure 3 ,  which 
represents  wind conditions i n  a highly mixed 
atmospheric boundary layer  when temperature 
s t r a t i f i c a t i o n  i s  consis tent  with ad iaba t ic  
d i s t r i bu t ion  (9 .8OC/KM) ; 

an inversion wind shear p r o f i l e ,  Figure 4 ,  which 
i s  representa t ive  of a low-level temperature 
inversion over la id  by f a i r l y  s trong winds 
immediately above the  inversion;  

. a f r o n t a l  wind shear p r o f i l e ,  Figure 5 ,  which i s  
representa t ive  of a f a s t  moving f r o n t a l  zone 
producing s ign i f i can t  turning of the  wind vector  
with a l t i t u d e ;  and, 
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a thunderstorm wind shear p r o f i l e ,  Figure 6 ,  
which i s  representa t ive  of a thunderstorm 
cold air  outflow pa t t e rn  producing abrupt 
changes i n  both hor izon ta l  and v e r t i c a l  wind 
v e l o c i t i e s .  

The longer term object ive  of t h i s  t ask  consis ts  of 
research i n t o  the  meteorological conditions t h a t  cause 
hazardous low-level shears ,  i t s  l i f e  cycle manifestations 
and i t s  cl imatological  and geographical d i s t r i bu t ion .  
FAA-sponsored work i n  t h i s  area i s  being performed by 
N O A A ' s  Wave Propogation Laboratory (WPL) , N O A A ' s  National 
Severe Storms Laboratory (NSSL) and the  Space Sciences 
Laboratory of NASA's Marshall Space F l igh t  Center (MSFC) 

2 .  Hazard Defini t ion 
The primary object ive  of t h i s  t ask  i s  t o  e s t ab l  

the  wind shear hazard po ten t i a l  i n  t e r m s  t h a t  are meaning- 
f u l  and usefu l  t o  p i l o t s .  It embodies a requirement t o  
express the  hazards i n  a standardized operat ional/  technical  
language based on the  hazard being defined i n  t e r m s  of 
a l t i t u d e ,  a i r c r a f t  type (or  category) airspeed,  configurat ion,  
gross weight, e tc .  The task  i s  divided i n t o  the  following 
sub- tasks: 

a. Computer simulation of A i r c ra f t  Response t o  
Wind Shear-In a j o i n t  e f f o r t  betwen FAA and NASA 
Ames, a comprehensive review of aircraft  
response data  i s  being made t o  determine the 
c r i t i c a l  aerodynamic and performance character-  
i s t i c s  of a i r c r a f t  based on given atmospheric 
dynamics of wind shear a c t i v i t y .  F a s t  t i m e  
simulation of wind shear encounters w i l l  be 
conducted using models of generic a i r c r a f t  types. 
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b. Accident/Incident Analysis- The object ives  of 
t h i s  task  i s  t o  examine a broad segment of the  
ex i s t ing  av ia t ion  accident records t o  i d e n t i f y  
wind shear f ac to r s  which may have been a con t r i-  
buting f ac to r  t o  an accident .  These f ac to r s  w i l l  
be used t o  e s t a b l i s h  a wind shear hazard p r o f i l e .  

c .  Language Development- A t  p resen t ,  the re  are 
mis interpre ta t ions  of the  technical  terminology 
used by engineers,  meteorologists and p i l o t s  
t o  describe wind shear ,  and there  i s  no commonly 
accepted operat ional  wind shear terminology 
fo r  use by p i l o t s  and con t ro l l e r s .  For example, 
i n  the  l i t e r a t u r e  some c a l l  a hor izonta l  wind 
which changes as a function of a l t i t u d e  a 
"ver t ica l"  wind shear and some c a l l  i t  a 
"horizontal" wind shear.  P i l o t s  and con t ro l ie r s  
have had no common terminology f o r  a shear  which 
causes a decrease i n  the  a i r c r a f t ' s  airspeed as 
opposed t o  a shear  which causes an increase i n  
airspeed.  
It i s  obviously des i rab le  f o r  a p i l o t  who has 
j u s t  encountered a wind shear t o  repor t  the  event 
before a following a i r c r a f t  encounters the  shear 
(on e i t h e r  arr ival  o r  departure) .  A l s o ,  i t  i s  
equally des i rab le  t h a t  the  p i l o t  of t ha t  
succeeding a i r c r a f t  understand prec i se ly  the  
terminology of  the  t ransmit t ing p i l o t  and the  
type of the  wind shear encountered. 
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The object ive  of t h i s  t ask  i s  t o  develop standard- 
ized terms t o  be used operat ional ly  t o  communicate 
the  necessary information t o  assist p i l o t s  i n  
avoiding o r  coping with a shear  on approach o r  
departure. 

3 .  Ground-Based Wind Shear Detection Systems 

Wind sensors which range i n  complexity from s ing le  
anemometers t o  e laborate  and complex microwave, sonic ,  
and laser probes a r e  being evaluated f o r  use i n  ground- 
based shear  detect ion systems. 

a .  Barometric Systems- Since 1973,  four  out  of s i x  
wind shear r e l a t e d  a i r  c a r r i e r  accidents have 
occurred when thunderstorms have been i n  the  
v i c i n i t y  of the  a i r p o r t .  Therefore, thunder- 
storm gust  f ron t  detect ion has been assigned 
a very high p r i o r i t y  i n  the  FAA wind shear program. 

To accomplish t he  gust  f ron t  detect ion,  the  
c h a r a c t e r i s t i c  pressure change t h a t  precedes 
a surface  wind o r  temperature change i s  detected 
with pressure-jump sensors located i n  arrays 
adjacent t o  the  a i r p o r t .  The warning provided 
by these  detectors  w i l l  be used t o  inform 
ar r iv ing  and departing f l i g h t s  of an impending 
o r  po t en t i a l  gust  f ron t  encounter. A t  present ,  
gust  f ron t  warning systems (GFCJS), consist ing 
of arrays of pressure-jump sensors (PJS) have 
been i n s t a l l e d  a t  the  Chicago O ' H a r a  a i r p o r t  and 
the  NSSL WKY-TV meteorological tower a t  Oklahoma 
City,  Oklahoma. PJS are a l so  being i n s t a l l e d  
a t  Dulles In te rna t iona l  Airport (IAD) . 
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b. Anemometers- A t  O ' H a r e  and NSSL, anemometers 
have been i n s t a l l e d  i n  conjunction with PJS 
t o  provide addi t ional  information about the  
surface  s t reng th  and durat ion of thunderstorm 
gust  f ron t s .  
Acoustic Doppler Systems- The Acoustic Doppler 
systems have been used primari ly as research 
tools  t o  v e r t i c a l l y  probe the  atmosphere and 
provide wind speed and d i rec t ion  data  a t  low 
a l t i t u d e s .  Their major opera t ional  l im i t a t i on  is  
t h a t  t h i s  v e r t i c a l l y  looking system can only 
provide data  over one s m a l l  zone above the  
t ransmi t te r .  Because of the  l a rge  areas  of 
major a i r p o r t s ,  wind conditions reported by the  
acoust ic  sensor may be s ign i f i can t ly  d i f f e r e n t  
from those several m i l e s  away. Since the  acoust ic  
system is  a comparatively high cost  system the re  
i s  some question concerning the  number of sensors 
which could be economically employed a t  any one 
a i r p o r t .  Also, the  system i s  unable t o  operate 
under heavy p rec ip i t a t i on  condit ions.  The use of 
a dual-sensor system, using a pulsed-Doppler 
radar during p rec ip i t a t i on ,  i s  scheduled f o r  
t e s t i n g  a t  Dulles In te rna t iona l  A i r p o r t .  

c .  

d.  L a s e r  Systems- Doppler Laser systems f o r  low- 
l eve l  atmospheric measurements f a l l  i n t o  two 
c lasses :  continuous wave (CW) and pulsed. The 
CW Laser system has a demonstrated capabi l i ty  t o  
scan v e r t i c a l l y  and repor t  wind speed and d i rec t ion  
from the  surface  t o  a l t i t u d e s  of up t o  1000 f e e t  
AGL. Up t o  t h i s  a l t i t u d e  they may a l s o  o f f e r  
" a l l  weather'' c apab i l i t y  a t  a cos t  comparable 
t o  o r  less than acous t ic  Doppler system without 
i t s  pulsed Doppler backup. For t h i s  reason, 
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the  CW Laser's po t en t i a l  c apab i l i t i e s  w i l l  be 
invest igated f o r  near t e r m  a i r p o r t  implementation. 

The pulsed Laser has a much grea te r  range than 
the  CW Laser and therefore  may be used t o  scan 
up the  g l i d e  slope.  This a b i l i t y  appears t o  be 
a most des i rab le  method of providing wind shear 
data .  

The pulsed Laser approach, although offer ing a 
g rea te r  range capabi l i ty ,  can only be pursued 
i n  a longer term development program. 

e .  Radar Systems- The po ten t i a l  of microwave 
radars i s  presently being evaluated t o  determine 
t h e i r  a b i l i t y  t o  make wind shear measurements 
under "a l l  weather" conditions. Their radar  
scanning capabi l i ty  could provide greater  
volumetric sampling than overhead v e r t i c a l  probes 
such as an acoust ic  Doppler sounding system. This 
area of the  program plan i s  a l so  viewed as a 
longer term e f f o r t .  

Airborne Wind Shear Development Effor ts  4 .  

Idea l ly  an airborne system f o r  aiding a p i l o t  t o  cope 
with shears should be predic t ive  i n  nature.  This i s  
especia l ly  t r u e  f o r  the  severe shears where a i r c r a f t  per-  
formance margins have been v i r t u a l l y  eliminated. The 
timeliness of wind shear  information i s  a bas ic  consideration. 
The system must be f r e e  from ambiguous in t e rp re t a t i on  
and i t s  impact on f l i g h t  crew work loads must be ca re fu l ly  
considered. 

To a i d  i n  the  evaluat ion of s p e c i f i c  p i l o t  aiding 
concepts, it i s  necessary t o  i den t i fy  the  various ro l e s  
which an airborne wind shear detect ion and/or information 
system could f u l f i l l .  
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Advisory-Alerting a pilot of an impending 
potential dangerous shear, if accomplished 
in sufficient time has been demonstrated in 
simulation experiments to be an effective 
aiding concept. It is especially helpful 
if the type of shear is also identified 
to the pilot. A word of caution- the credi- 
bility of this concept must be established 
and maintained. 
dence in the information given. 

Detection- To be assured of a shear detection 
during an encounter while using conventional 
instrumentation requires a very astute, attentive, 
pilot. If the detection concept is based 
on panel-mounted (head down) displays and 
unless it has some degree of predictive 
characteristic, it could adversely impact 
the crew workload, in which case some auto- 
mation might be in order. If the shear has 
been encountered after the pilot has transit- 
ioned to outside visual references, some forms 
of head-up displayed information have been 
shown to have merit. 

The pilot must have confi- 

Airspeed Management- This role is of major impor- 
tance since it provides the means of maintaining 
sufficient kinetic energy with which recovery 
from a severe shear can be accomplished. The 
airspeed management role should have predictive 
capability and must be based on a rationale 
which considers limiting flap speeds and aircraft 
landing performance. 
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Flight Path Control- 
provide the pilot with a form of improved 
pitch guidance following a shear encounter. 
However, the mechanization of flight path 
angle must avoid the use of terms which are 
affected by vertical wind components, other- 
wise erroneous indications can be expected. 

This role could possibly 

One of the objectives of the FAA wind shear airborne 
equipment task has been a survey and evaluation of existing 
and developmental airborne systems, procedures and tech- 
niques to determine the effectiveness in reducing the 
wind shear hazard. While we are aware of various develop- 
mental efforts underway by the industry we have not had 
the opportunity to evaluate all of these because of 
budgetary limitations or proprietary reasons. However, 
there has been a number of recommendations made regarding 
the potential of various state-of-the-art concepts to wind 
shear alleviation. Many of these recommendations appeared 
to have sufficient merit to warrant examination in a 
controlled experiment. 

> 

a. Manned Flight Simulation Experiments- Prior to 
any decision to develop new avionic equipment 
for wind shear detection/display, it was necessary 
to evaluate pilot performance and response to 
shear encounters while being exposed to the 
various aiding concepts referenced above. To 
accomplish this evaluation, a series of flight 
simulation experiments are being conducted for 
the FAA through a contract with Stanford 
Research Institute (SRI). The first simulation 
effort was designed to provide an early 
determination of the potential operational effect- 
iveness of candidate systems and techniques 
that could be used to guide in-depth studies and 
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systems refinement. These experiments w e r e  
conducted i n  a DC- 10 simulator a t  the  Douglas 
Ai rc ra f t  Company F l igh t  Crew Training Center i n  
Long Beach. The simulator w a s  equipped with 
a f u l l  complement of controls  and instruments 
f o r  a l l  f l i g h t  c r e w  member posi t ions  and w a s  
capable of simulating a l l  f l i g h t  guidance and 
control  modes ava i lab le  on the  a i r c r a f t  i n  
service  use. I n  addi t ion t o  the  s i x  degrees 
of freedom motion sys tem it w a s  equipped with 
a V i t a l  I11 computer generated imaging system 
f o r  representing the  ex te rna l  v i sua l  scenes. 
The wind shears represented by the  p r o f i l e s  i n  
Figures 3 ,  4 ,  5 ,  and 6 ,  w e r e  programmed i n  the  
computer along with a moderate l e v e l  of turbulence. 

In  Phase I of t h e  simulation e f f o r t ,  p i l o t  
performance data  and subject ive  p i l o t  opinions 
were recorded on e igh t  highly experienced p i l o t s  
most of whom held DC- 10 p i l o t  qua l i f i ca t i ons .  
The p i l o t s  were subjected t o  various f l i g h t  
scenarios and wind shear combinations while being 
aided by the  following concepts presented 
separa te ly:  

Wind shear advisories based on ground 
s ens o r  dat  a ; 
Panel display of groundspeed versus 
v e r t i c a l  speed f o r  a 3" g l i d e  s lope;  
INS wind speed and d i r ec t ion ;  
Panel d isplay of groundspeed in tegra ted  
with conventional airspeed ind ica tor  (AV) 
(Figure 7 ) ;  
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Panel  and head-up d i s p l a y  of d i f f e rence  
between a long- t rack  wind component a t  
s u r f a c e  and a i rcraf t  a l t i t u d e  (AVw) 
(Figures  8 and 11) ; and, 
Panel and head-up d i s p l a y  o f  f l i g h t  pa th  
ang le  and p o t e n t i a l  f l i g h t  pa th  ang le  
(Figures  9 and 10). 

GROUND 
.------ SPEED 

FIACH/AS INDICATOR 

F i q u r e  7 T e s t  D i s p l a y  of G r o u n d  Speed 
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b.  Results of Airborne Experiments- The r e s u l t s  
of t h e s e  experiments i n d i c a t e  t h e  groundspeed/ 
a i r speed  comparison (AV) ranked as t h e  b e s t  
a i d i n g  concept by p i l o t  s u b j e c t i v e  opinions 
and by the comparison of  recorded landing 
performance. The second ranking a id ing  concept 
w a s  found t o  be t h e  along- track wind component 
comparison (AVw) , p a r t i c u l a r l y  when presented 
i n  a head-up d i sp lay .  There i s  a l s o  an i n d i -  
c a t i o n  t h a t  t h e  head-up displayed f l i g h t  path 
angle  has some m e r i t .  The r o l e  of head-up 
d i sp lays  f o r  wind shea r  de tec t ion  w i l l  r e q u i r e  
a d d i t i o n a l  s tudy.  

The AV and AVw concepts assume t h e  a v a i l a b i l i t y  
of a c c u r a t e ,  t imely groundspeed information i n  
t h e  a i r p l a n e .  For those a i rc ra f t  s o  equipped, 
INS can provide t h i s  funct ion .  A s  a p r i o r i t y  
development, t h e  FAA has e f f o r t s  underway t o  
develop a less c o s t l y  method of obta in ing  t h e  
ground speed (c losure  r a t e )  wi th in  t h e  accuracy 
and t i m e  delay requirements.  For t h e  four  shears  
examined i n  both manned and fas t- t ime  s imulat ion 
experiments,  t h e  r e s u l t s  i n d i c a t e  t h a t  a sensor  
l a g  of up t o  5 seconds can be permit ted on t h e  
groundspeed s i g n a l .  The accuracy l i m i t s  have no t  
been e s t a b l i s h e d  s i n c e  v e l o c i t y  e r r o r s  i n  add i t ion  
t o  t h e  5-second delay have n o t  y e t  been programmed 
i n  wind shea r  s imula t ion  experiments conducted by 
t h e  FAA. I n  add i t ion  t o  t h e  groundspeed inpu t  
accura te  wind information from t h e  runway threshold  
area must a l s o  be  a v a i l a b l e .  
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c.  Operational Use of Groundspeed Augmented Wind 
Shear Detection Systems- The m a s s  of the  a i r-  
plane precludes i t s  i n e r t i a l  ve loc i ty  from 
changing rap id ly .  But because of m a s s  , the  
airspeed changes due t o  shears can occur 
almost instantaneously. Monitoring the  r e l a t i on-  
s h i p  between the  i n e r t i a l  ve loc i ty  (groundspeed 
or  closure r a t e ,  f o r  a l l  p r a c t i c a l  purposes) 
and airspeed provides a technique f o r  aiding wind 
shear encounters. 

The AV groundspeed information, displayed on an 
airspeed indicator  mechanized through a cont ro l l-  
able  speed "bug" o r  through the  use of an 
addi t ional  needle,  i s  used i n  conjunction with 
a minimum groundspeed reference.  
groundspeed reference value i s  derived from 
approach speed TAS minus the  along-track wind 
component a t  the  threshold.  I n  use,  the  p i l o t  
never allows e i t h e r  airspeed o r  groundspeed t o  
drop below t h e i r  respect ive  reference approach 
speeds. 

The minimum 

The AVw concept uses a display (Figures 8 and ll), 
which indicates  a value representing the  surface  
along-track head wind component minus the  f l i g h t  
l eve l  along-track head wind component. 
negative value ind ica tes  the  presence of a shear 
between the  a i r c r a f t  and the  runway, characterized 
by a decreasing head wind (or increasing t a i l  wind). 
For negative values ,  the  p i l o t  should increase 
h i s  approach airspeed by the  indicated value.  For 
pos i t ive  values no decrease below approach 
airspeed would be made but  the  p i l o t  i s  informed 
t h a t  a shear  can be expected. 
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The pos i t i ve  value ind ica tes  an excess of 
t o t a l  aircraft  energy may occur a t  some point  
during the  approach. While t h i s  s i t u a t i o n  
may appear t o  be t he  least c r i t i c a l  of the  two 
cases,  i t  shows indicat ions  i n  simulation 
experiments of being the  most c r i t i ca l- s imply  
because the  p i l o t  i s  deceived i n t o  making 
excessive t h rus t  reductions t o  overcome the  
temporary ind ica t ion  of excessive airspeed 
and/or a l t i t u d e .  
t h r u s t  requirement following a decrease i n  t a i l  
wind (or  increase  i n  head wind) i s  f o r  increased 
th rus t  . 

The longer term s t a b i l i z e d  

d. Future Airborne Programs- Based on the  r e s u l t s  of 
the  Phase I simulation experiments, the  second 
phase of simulation t o  be conducted by S R I  
w i l l  be designed t o  accomplish the  following: 
(1) examine improved AV and AVw d isplays;  
(2)  evaluate addi t ional  uses f o r  f l i g h t  path 
angle information, p a r t i c u l a r l y  where the  dynamic 
e f f e c t  of the  wind shear causes misleading thrus t  
cues t o  the  p i l o t ;  and, (3)  evaluate f l i g h t  
d i r ec to r  and th rus t  command information made 
possible through accelera t ion augmented algorithms. 
A head-up display evaluat ion i s  a l so  being pursued 
by the  FAA, although the  scope of t h i s  p ro jec t  
goes beyond the  t i m e  cons t ra in t s  placed on the  
wind shear program. 
however, includes wind shear r e l a t e d  considerat ions.  

The head-up display program; 
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5 .  Wind Shear Data Management 

The o b j e c t i v e  of t h e  wind shear d a t a  management is  
t o  organize t h e  a i rborne  and ground-based meteorological  
d a t a  c o l l e c t e d  i n  t h e  program f o r  subsequent ana lys i s  
and processing and t o  b u i l d  a d a t a  base of wind shear 
information f o r  use i n  t h e  program. In a d d i t i o n  t o  t h e  
ground-based sensors ,  met-towers, e tc . ,  a dedicated 
meteorological  d a t a  c o l l e c t i o n  a i r p l a n e  i s  employed t o  
expand the  sampling of var ious  atmospheric phenomena. 

6 .  I n t e g r a t i o n  of Wind Shear Systems and Data i n t o  
t h e  National Airspace System (NAS) 

There i s  a high p r i o r i t y  placed on implementing t h e  
results of t h e  wind shea r  i n v e s t i g a t i o n s  i n t o  the  NAS. 
Wind shear  d i s p l a y s ,  languages, advisory messages are 
s u b j e c t  t o  human f a c t o r s  ana lyses ,  t e s t i n g  and evalua t ion .  
P r o j e c t s  f o r  t h e s e  evalua t ions  are underway. 

I V .  Conclusions 

The s o l u t i o n  t o  t h e  wind shear  hazard must depend on 
It i s  q u i t e  probable t h a t  each a v a r i e t y  of developments. 

of t h e s e  developments w i l l  provide con t r ibu t ions  t o  t h e  
t o t a l  but  none w i l l  provide a l l  t h e  s o l u t i o n s  requi red .  

The areas which show promise f o r  s h o r t  t e r m  s o l u t i o n  
are: 

Greater p i l o t  awareness of wind shear  through 
improved t r a i n i n g .  
Improved f o r e c a s t i n g  f o r  c e r t a i n  types of 
f r o n t a l  shea r s .  
Airborne d isp lays  based on groundspeed/ 
a i r speed  comparison. 
Improved gusr: f r o n t  warning through ground- 
based sensors .  
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