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CHAPTER I 

INTRODUCTION 

During the past few years,  both the aviation and atmospheric  science 

communities have been examining the presence  of  severe wind shear situ- 

ated  along the approach or  departure  path of a i r c r a f t  i n  the terminal 

environment. Numerous invest igat ions have been made i n  an attempt  to 

better  understand  the  si tuations  that  can lead   to   se r ious   a i rc raf t   acc i -  

dents  or  incidents.   Fujita and Caracena (1977),  Frost and Crosby (1978), 

Frost and Reddy (1  978) , and  McCarthy e t   a l .  (1979) have provided i n s i g h t  

in to   condi t ions  per t inent   to   accidents .   Tinsley e t  a l .  (1978) has out- 

1 ined the FAA's operational  or planned so lu t ions   to  the problem. 

Fujita  (1980)  has documented seven accidents  or  incidents  related 

t o  thunderstorm wind shear,  the most recent  of which was a near-accident 

of  Eastern Air Lines  Flight 693 a t  Atlanta  Airport on Augus t  22,  1979. 

Although the FAA has been examining and implementing so lu t ions   to   the  wind  

shear problem, the au thors   be l ieve   there   i s   s t i l l  room f o r  improvement. 

Our work, and the work of   Fuj i ta   (1980) ,   indicate   c lear ly   that  new systems 

must be developed to  provide improved s a f e t y   f o r   c i v i l   a i r   c a r r i e r s .  

In the last   ten  years,   three  basic  concepts  regarding  adverse 

thunderstorm wind shear have  emerged: 

a .  Gust Front: The concept  that  thunderstorm  outflow on a sca le  

of  10 t o  50 km horizontal extent i s  responsible  for  producing 

le tha l  wind shear   for  an a i r c r a f t .  Goff (1976) presents th i s  

1 



case most clearly.  Surface  sensor  techniques b e i n g  implemented 

by the FAA address this feature  with  the Low-Level  Wind Shear 

A1 e r t  System (LLWSAS) devel oped by Goff, and hy a  microbarograph 

system  developed by Bedard e t   a l .   ( 1 9 7 9 ) ;  both a re  becoming 

opera t iona l   a t  many major a i rports .   Basical ly ,  a gus t   f ron t ,  

o r  other   s ingular   discont inui ty ,   i s   sensed as surface wind o r  

pressure change as i t  advects  across an a i rpor t   a rea ;  upon 

detection an a l e r t   i s  given  automatically. The  phenomenon i s  

identified  only  as i t   i s   " r e f l e c t e d "  i n  surface  changes, and 

as a result  these  surface  systems-  represent  only  "secondary" 

observing met.hods. Finally,   the phenomenon measured is seen 

only on a scale  ranging from  10 to  50 km, and does n o t  appear 

t o  occur on a scale  more c lose ly   t i ed  t o  a i rc raf t   opera t ions ,  

such as 2 t o  5 km. 

b. Downburst. Fuj i ta  has  proposed the  existence of intense 

features  in and near  thunderstorms, t h a t  produce  both down- 

d ra f t s  and  horizontal  outflows, on a scale  of 3 t o  5 km 

horizontally.  An excellent  d.escription of t h i s  phenomenon i s  

given  in  Fujita (1980).  Of pa r t i cu la r   i n t e re s t   he re   i s   t he  

f a c t  t h a t  a downburst i s  of a rather  small   scale,  one t h a t  

f i - t s   we l l . i n s ide   t he  approach o r  departure zone of  an a i r -  

c r a f t .  . In  other  words, this phenomenon i s  on the same length 

scale  of an aircraft   operating  in  the  terminal  area.  This 

s ca l e  4 s  in   contrast  t o  the  gust   f ront   feature , ,which  is  

. . cha rac t e r i s t i ca l ly  of  larger   scale .  

c. Phugoidal Waves. Groups represented by McCarthy and Frost 

have  been  examining the  presence o f  rapidly varying ho r i zon ta l  

2 



winds i n  the thunderstorm  environment, and more spec i f ica l ly ,  

calculat ing the response  of a i r c r a f t   t o  such winds.  They 

found t h a t  long-period  phugoidal  response  characteristics  of 

high-performance je t   t ranspor t s   could  be excited by encounters 

w i t h  wave-like  perturbations i n  horizontal wind, w h i c h ,  under 

cer ta in   condi t ions,   resul t  i n  major o s c i l l a t i o n s  i n  a l t i t u d e  

and airspeed,  possibly  leading  to  premature  impact  and/or 

s t a l l .  In t h e i r  works , Frost and Crosby (1978),  Frost and 

Reddy (1  978) , and McCarthy e t  a1 . (1  979, 1980a , 1980b) 

found t h a t  the ver t ical  component o f  the w i n d ,  as one  of the 

consequences of F u j i t a ' s  downburst, was r e l a t i v e l y   l e s s  

important  than was the  horizontal ,   or  headwind,  component, 

and  proposed the  implementation O f  airborne  systems 

designed t o   a l e r t   p i l o t s  of c r i t i c a l  headwind/tailwind  shear. 

Tinsley e t   a l .  (1978)  and Foy (1979) best i l l u s t r a t e  FAA 

concepts. In another FAA invest igat ion of wind shear,  Offi e t  al. 

(1980)  describe a successful  attempt  to measure headwind 

along  the  approach  path u s i n g  an FAA ASR-8 surveil lance  radar.  

The  work reported  herein has been an application  of  the  phugoidal  response 

wind  shear work of McCarthy e t  a1 . (1979) and of Frost and Crosby (1978) 

and Frost and Reddy (1978). We have recognized the importance  of  the 

longitudinal,  or  headwind/tailwind, component of wind  i n  the  thunderstorm 

environment a s  b e i n g  most c r i t i c a l   t o   a i r c r a f t  performance.  Although we 

accept the deleter ious  effect   of   the   ver t ical ,   or   downdraf t ,  component, 

we have concentrated on the  horizontal component because we be l ieve   tha t  

i t  can be readily  detected.  Real-time  detection  of  the  vertical component 

i s  much more d i f f i c u l t  than  real-time  detection  of the horizontal component. 

3 



We report  on a f eas ib i l i t y   s tudy ,  conducted  as  part  of SESAME '79 

(an intensive research program designed t o  examine many aspects of severe 

thunderstorms). SESAME '79 was conducted  near Norman , Oklahoma, between 

April 1 ,  and June  15, 1979. Details can be found i n  SESAME (1978,  1979a, 

1979b). Our objective was t o  examine the feasibi  1 i ty   o f  measuring wind 

along a precis ion  f l ight   path,  i n  the o p t i c a l l y   c l e a r   a i r ,  us ing  a ground- 

based  Doppler  radar  and,  once  these d a t a  were obtained,  whether  aircraft  per- 

formance  could be predicted  using  numerical  Simulation  models. TWO instru-  

mented w i n d  measuring  research a i r c r a f t  were vectored  along  the  approach 

path to  verify  the  accuracy of the  ground-based  Doppler measurement 

and to   ve r i fy  numerical  model-predicted  performance c h a r a c t e r i s t i c s .  

Three means of assessing performance  were used, two relying on the a i r -  

speed (Au' ) and a l t i t ude   (Ah ' )  approach deterioration  parameters 

identified by McCarthy e t  a l .   (1979) .  The t h i r d  method u t i l i z e d  

quant i ta t ive  pi lot   assessments  of approach qual i ty .  

The overall  objective  of  the  study was t o  gauge the  operational 

f e a s i b i l i t y   o f  a ground-based  Doppler radar,  operated i n  tandem w i t h  a 

computerized  numerical  simulation model of a i r c r a f t  performance i n  the 

face of adverse wind  shear  to  predict   successfully  dangerous  si tuations 

for  approaching and depar t ing   a i rc raf t .  In  the  sections  to  follow, we 

will  describe  the  experimental  plan i n  de ta i l ,   d i scuss   the  measurement 

of winds along  the  approach  path, us ing  both  Doppler and a i r c r a f t  

measurement systems,  describe  the  application of the  Bl icklf ixed  s t ick 

simulation model, discuss  the  simulation model, discuss the p i l o t  

assessment  tool,  look at   predicted  versus  actual  aircraft   performance, 

and,finally,  discuss  our  overall  assessment and recommended plans  for  

fu ture  work. 

Professor  of Aerospace Engineering , University  of Okl  ahoma , 
Norman , Okl ahoma. 
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CHAPTER I 1  

EXPERIMENTAL PLAN 

The following  experimental  tools were avai lable  and u t i l i z e d  i n  

this study: 

a.  A U.S. Air Force TPN-19 airport   terminal   area  t raff ic   control  

radar,  a 10-cm wavelength surveil lance  radar,  and a 

Precision Approach Radar ( P A R )  radar.  The system was  manned  by 

a i r   t r a f f i c   c o n t r o l l e r s  from FAA and the Air Force. 

b .  A 10.2-cm pulsed  Doppler  radar  located a t  the  National  Severe 

Storms  Laboratory (NSSL), which could  col lect  w i n d  data i n  

t he   op t i ca l ly   c l ea r   a i r .  

c. A meteorologically  instrumented Beech Queen Air a i r c r a f t  and a 

similarly  instrumented North American Sabreliner  provided by 

the National  Center f o r  Atmospheric  Research ( N C A R ) .  Both 

a i r c r a f t  had an inertial   navigation-based wind measurement 

system,  capable o f  giving u ,  v and w gust components of  the 

w i n d  a t  h i g h  resolut ion,  b u t  we ut i l ized  only a 1 Hz resolution. 

Accuracies i n  the horizontal components are  given  as 1 m s - l  , 

while  the  accuracy i n  the   ver t ical  can be as h i g h  as 10 cm s”. 

From these measurements , the  longitudinal  (para1  le1  to the 

a i r c ra f t   ax i s   o f   f l i gh t - -o r  headwind-tailwind component) winds 

were derived.  Additionally , a1 t i  tude , t rue  a i rspeed,   pi tch 

angle, INS position,  along w i t h  many other  parameters  not used 

here,  were recorded. 

5 



d. A numer ica l   s imulat ion  model ,   developed  by  B l ick ,   as 

r e p o r t e d   i n  McCarthy e t  a1 . ( 1  979) , was used t o   p r e d i c t  

performance o f   t h e   t w o   a i r c r a f t .  The  model i n c l u d e d  a 

f i x e d   s t i c k   a s s u m p t i o n   ( n o   p i l o t   c o n t r o l   o r  power  changes 

were made); F r o s t  and  Turkel   (1 980) will r e p o r t   s e p a r a t e l y  model 

r e s u l t s   w i t h   u t i l i z e d   n u m e r i c a l   p i l o t   c o n t r o l   f u n c t i o n s .  

F igure  1 i s  a map showing  the  hor izontal   p lacement  of   the  approach 

paths,   the  runway,  and  the  radar beam p o s i t i o n s ,   u s e d   i n   t h i s   s t u d y .  The 

r a d a r  was s e t   t o   c o l l e c t   t i m e   s e r i e s   v e l o c i t y   d a t a   a l o n g  a 3 deg e leva-  

t i o n  beam, wh ich   near ly   para l le led   the   approach  pa th .   Data   were   co l lec ted  

from  cont iguous  range  locat ions  spaced  150 m apar t ,   which i s   t h e   c l o s e s t  

p o s s i b l e   f o r   t h e   p r e s e n t  system.  Minimum  range var ied   f rom  approx imate ly  

2.5 t o  6.0 km, l i m i t e d   b y   t h e   a n t e n n a   g r o u n d   c l u t t e r   r e t u r n   t h r o u g h  

antenna  s ide  lobes,   whi le  maximum range o f   d a t a   c o l l e c t i o n  was t y p i c a l l y  

22.5 km. The azimuth was f i x e d   f o r  each  approach  d i rect ion,  i n   o r d e r   t o  

m i n i m i z e   g r o u n d   c l u t t e r   i n t e r f e r e n c e .  

The a i r c r a f t  was vec tored   a long a 3 deg g l i d e   p a t h  t o  t h e  runway, 

u s i n g   t h e  PAR system.  With t h i s  system, we c o u l d   m a i n t a i n   t h e   a i r c r a f t  

a l o n g   t h e   p a t h ,   w i t h  a t h e o r e t i c a l   a c c u r a c y   o f  8 m i n   t h e   h o r i z o n t a l  

and 2 m i n   t h e   v e r t i c a l  , u t i l i z i n g   v o i c e  commands f rom  the  Air Force 

PAR c o n t r o l l e r ,  who c o u l d   m o n i t o r   t h e   a i r c r a f t   w i t h  a computer   t rack ing  

d i   s p l  ay. 

Two types o f  a i r c r a f t  and  Doppler  wind  comparisons  were 

at tempted. The f i r s t   t y p e  we ca l l   Lagrangian,   because i t  was an a t tempt  

t o   v e r i f y  mos t   accu ra te l y   t he   Dopp le r   w inds   wh i l e  an a i r c r a f t  was moving 

a long   t he  beam. I n   o t h e r  words, we c o n t i n u o u s l y   c o l l e c t e d   D o p p l e r   r a d i a l  

v e l o c i t y   d a t a   a l o n g   t h e  3 deg p a t h   w h i l e   t h e   a i r p l a n e  was moving  through 
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Figure 1.  A map showing the runways,  approach  path, 
l o c a t i o n ,  and azimuth  scans  for  comparison  experiment. 
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the range locations where data were col lected.  For the  actual Lagrangian 

comparison,  the  Doppler  radial  velocity was computed i n  the f i r s t  range 

gate immediately  ahead o f  the a i rp lane ,  which could  easily b e  seen t o  

progress  through  the Doppler data.  This s e t  of  Doppler data ,   col lected 

i n  a progressive  space-time framework, was then compared point-by-point 

w i t h  the  airplane  longitudinal w i n d  d a t a .  

A second  measurement we termed Eulerian,  because i t  was sampled 

instantaneously, or time-fixed,  along  the  flight p a t h .  One sample was 

collected immediately pr ior  t o  t h e   s t a r t  of an approach,  while a second 

sample was collected immediately a f t e r  an approach was terminated. 

These two types o f  Doppler  sampling were designed t o  accomplish 

two things.   Firs t  , the  Lagrangian  sample  provided our  best "ground truth" 

ver i f ica t ion  of the  Doppler's wind  measuring  accuracy when compared t o  

aircraft-measured  winds.  Secondly, we wanted t o  know whether  the  Eulerian 

samples  taken  before ( o r   a f t e r )  an approach accurately  represented  the 

Lagrangian  sample. I n  other words, i s  the wind shear  signal  coherent  over 

the  approximately 4 min. of the  approach  period? In a rea l - t ime  tes t  of 

the  detection and warning  system,  only  the  Eulerian sample  could  provide 

s ign i f i can t  advance  warni ng. 

Simultaneously , w i t h  a1 1 PAR di rected Doppler wind measuremen'ts , 

a i r c r a f t  d a t a  were col lected.  Both surface-based and airborne wind data 

were compared; the   resu l t s  of  these  comparisons a re  given i n  Chapter 111. 

Doppler derived winds along  the  approach p a t h ,  for b o t h  Lagrangian 

and Eulerian modes, were fed i n t o  the  Blick model, t o  obtain  performance 

predictions.  The r e su l t s  of  these  simulations  are  given i n  Chapter IV. 

Dur ing  the  entire  experiment, 43 PAR approachs were conducted. 

However, a post-experiment  examination of the  data  indicated  complete 
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data  availability  on 16 approaches. A total o f  12 Queen  Air  and 4 

Sabreliner  approaches  were  analyzed fully. Table 1 summarizes  certain 

detai 1 s o f  each o f  these  approaches. 
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TABLE 1 

SUMMARY OF PAR CASES UNDER ANALYSIS 
~~~ ~ ~- ~ ~~ ~ ~~~ ~- 

Computer 
A i  r c r a f  t F1 i g h t  Run Time (CST) Identification 

Date No. No. No. S t a r t  Stop Code 

5- 7-79 

5-14-79 

5-1  4- 79 

5-14-79 

4-25-79 

4-25-79 

5- 7-79 

5-14-79 

5-1  4- 79 

5-14-79 

5-1  6-79 

5-1  6-79 

5-1  6-79 

6-  1-79 

6-  1-79 

6-  4-79 

S 

S 

S 

S 

Q 

Q 

Q 

(1 

Q 

Q 

Q 

Q 

Q 

Q 

Q 

9 

6 

8 

8 

8 

5 

5 

7 

8 

8 

8 

9 

9 

9 

16 

16 

17 

1 

1 

2 

3 

1 

3 

3 

1 

2 

3 

1 

2 

3 

1 

2 

2 

11  5247 

09371 3 

095447 

101  651 

100532 

1041  34 

11 4601 

092537 

094725 

100824 

084602 

090649 

09261  7 

085224 

091 41 1 

160009 

11 5447 

094032 

095822 

1021  01 

100739 

104342 

11 4805 

092948 

0951  40 

101219 

08481 1 

090931 

092953 

085634 

091  856 

160257 

SF6R1 M07 

SF8R1  M14 

SF8R2M14 

SF8R3M14 

QF5RlA25 

QF5R3A25 

QF7R3M07 

QF8RlM14 

QF8R2M14 

QF8R3M14 

QF9R1 M16 

QF9R2M16 

QF9R3M16 

QF16R1 J1 

QF16R2Jl 

QF17R2J4 

S = NCAR S a b r e l i n e r  
Q = NCAR Queen Air 
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CHAPTER 111 

MEASUREMENT OF W-INN ALONG THE APPROACH PATH 
. .  

1.  Doppler Radar Winds 

Estimates  of the c l ea r - a i r   ve loc i ty  were obtained  interact ively 

from the mini-computer  system a t  NSSL. The velocity  spectrum, which 

consisted  of  the  average o f  t en   d i scre te   ve loc i ty   spec t ra ,  was displayed 

f o r  each  of 64 resolution volumes. Each  mean velocity  spectrum i s  displayed by 

64 points o r  indices  spanning an index  value from -32 t o  +31. After making 

a rough visual  estimation  of  the mean Doppler or  expected  value o f  the  

c l e a r - a i r  Doppler ve loc i ty ,  an object ive  es t imate   of  the mean index, 

E ( i ) ,  i s  made using 

where M i s  the number of  indices  (64),  i i s  the i n d e x ,  and Pi i s  the 

power density  of the spectrum a t  index i .  In the  algorithm  used, 

spectral   noise  created by ground c l u t t e r   i s  removed by l imit ing  the 

range  spanned by the  index i t o  just  that   required  to   bracket  the c lear -  

a i r   veloci ty   spectrum. This i s  equivalent t o  reducing the spectral  

densi ty   outs ide of the  clear-air   velocity  spectrum  to  zero.  

Radial  velocity i s  obtained from (1 )  by the r e l a t ion  

where V is the radial   veJocity i n  m s-l   (defined  as  posit ive away from 

the  radar and negative  towards the radar)  , X i s  the  wavelength ‘of the . - 



r a d a r   i n   m e t e r s ,  i i s   t h e   i n d e x  o f  t h e  mean Doppler, M i s   t h e   t o t a l  number 

o f  i nd i ces ,  and T i s   t h e   p u l s e   r e p e t i t i o n   t i m e  (PRT) i n  seconds. V e l o c i t y  

va lues   ob ta ined  by   the   a lgor i thm  used  a t  NSSL a r e   a c c u r a t e   t o   b e t t e r   t h a n  

20.25 m s-1. F igu re  2 i s  a photograph o f   t h e   r e a l - t i m e   d i s p l a y ,   i l l u s -  

t r a t i n g  a w ind   shear   s i tua t ion .  

Dur ing  each  approach, a Lagrangian  data  set  was c o l l e c t e d  con- 

s i s t i n g   o f   t h e   c l e a r - a i r   v e l o c i t y   i n   t h e   " c l e a n e s t "   r a n g e   g a t e  ahead  of 

t h e   a p p r o a c h i n g   a i r c r a f t .  The s p e c t r a l   s i g n a t u r e   o f   t h e   a i r c r a f t  was 

s t r i k i n g l y   d i f f e r e n t   f r o m  a c l e a r - a i r   s i g n a l ,  so t h e r e  was no d i f f i c u l t y  

i n  d e f i n i n g  a " c l e a n "   r a n g e   g a t e   j u s t   i n   f r o n t   o f   t h e   a i r c r a f t .  The 

Lagrang ian   ve loc i t y   da ta   were ,   o f   cou rse ,   co l l ec ted  as  a func t i on   o f  

t ime  and  range. In   genera l ,   t he   spa t ia l   reso lu t i on   o f   t he   Lag rang ian   da ta  

was i n f e r i o r   t o   t h a t   o f   t h e   E u l e r i a n   d a t a .  Some t ime was r e q u i r e d   t o  

gather  the  Doppler  data  and  average  the  spectra;   depending  on  the  approach 

speed o f   t h e   a i r c r a f t  and t h i s   d a t a   a c q u i s i t i o n   t i m e ,   t h e   a i r c r a f t  may 

have f lown  complete ly   through one or  even  two  range  gates.  So, whereas 

we have v e l o c i t y   d a t a   w i t h  a s p a t i a l   r e s o l u t i o n   o f  150 m f o r   t h e   E u l e r i a n  

cases, we o f t e n  may have v e l o c i t i e s   a t   o n l y   e v e r y  300 rn f o r   t h e  

Lagrangian  data. 

P r o c e s s i n g   o f   t h e   d a t a   c o n s i s t e d   f i r s t   o f   f i l t e r i n g   ( s m o o t h i n g ) ,  

u s i n g  a s i m p l e   t h r e e - p o i n t   f i l t e r   d e f i n e d   b y  

which  has a response   func t i on   o f  

R(  s )  = 1 - 2s s i n   ( T A x ~ L )  2 
( 4 )  

where s i s  a c o n s t a n t   t h a t   d e t e r m i n e s   t h e   f i l t e r   r e s p o n s e ,  j i s  an  index, 

f i s  t h e   v a l u e   o f   t h e   d a t a   a t  some j, and Ax i s   t h e   i n t e r v a l  between 

t h e   d a t a   p o i n t s .   F o r   t h i s   s t u d y ,  s = S ,  y i e l d i n g  a response o f  

'P r iva te   communica t ion   w i th  R. Doviak, NSSL. 
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Figure 2.  Photograph of the NSSL d i s p l a y   f o r  Queen 
Air F l i g h t  9 Run 3. Display shows 16 Doppler s p e c t r a  
a t  each  150 m s l a n t   r a n g e ,  w i t h  c lo ses t   r anqe  12.9 km 
(bottom) and furthest range 15.3 km ( t o p ) .  C l e a r   a i r  
veloci ty   values   range  f rom + 32 ms-1, w i t h  t yp ica l  
v a l u e s   f o r  this case   nea r   15  m s-1,  shown a s  integer 
values  for  each  spectrum. 
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R(Q = cos2 ( ~ A X / L )  (5) 

thus completely removing wavelengths  of 2ax. This f i l t e r  and i t s  response 

function  apply  only  to  evenly  spaced  data.  Unfortunately,  the  Lagrangian 

data  are  not  necessarily  evenly  spaced i n  time or  space. However, i t  

was f e l t  t h a t  the  deviations from  even spacing were not   suf f ic ien t   to  

inval  idate use  of t h i s  f i  1 t e r .  

Since da ta  spacing i s  on the  order  of 150 m for  Eulerian  data and 

300 m fo r  Lagrangian data ,  some method of  interpolati.on must be used for  

p l o t t i n g  purposes.  Further, our  numerical model used requires t h a t  wind  

data be supplied  every  second, which necessi ta tes   interpolat ion.  The 

most sui table   interpolat ion scheme for  these  purposes was a natural 

cubic  spline,  which has severa l   a t t rac t ive   fea tures :  

1 )  the  spline  passes  through  every  data p o i n t ;  

2 )  t he   sp l ine   [ s i (x ) ]   i s  a cubic on each subinterval ( x i ,  x i + l ) ;  

3 )  the   sp l ine   i s   cont inuous ,   i . e . ,   s i (x i )  = S ~ + ~ ( X ~ ) ;  and 

4 )  the f i r s t  and second derivatives  are  continuous and the 

i s  a m i n i m u m ,  yielding  the smoothest  possible  interpolation 

through the  data. 

Since  there  are an indef in i te  number of  cubic  splines,  defined by 

boundary conditions,  which wil l   in terpolate  a s e t  of points , and since 

nothing was  known abou t  the  der ivat ives   a t   the  end p o i n t s ,  a na tu ra l  

cubic  spline was defined by s e t t i n g   t h e   f i r s t  and  second der ivat ives  a t  

the end points t o  zero. 

For plots of velocity  as a function of range,  interpolations were 

performed a t  25 m i n t e rva l s ,  and for plots  of velocity as a function of 
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t ime,  interpolations were performed a t  0.5 sec.   intervals.   Eulerian 

data were plotted a s  a function  of  time  after a space-to-time  conversion 

using  the mean speed of t h e   a i r c r a f t  down the  approach,  defined by 

Rmax m i n  = v - R  

A t  

where R i s  the  range o f  the most d i s t a n t  range  gate used i n  the 

Lagrangian da ta  , Rmi i s   t h e  range  of the   c loses t  range gate ,  and t i s  

the number of seconds  taken t o  t raversethe  dis tance (Rmax  - R m i n ) .  

max 

2 .  Aircraf t  Measured Winds 

For each of the 16 PAR approaches  studied  in  .detai 1 , t he   a i r c ra f t  

wind d a t a  were collected a t  8 Hz, and examined a t  1 Hz a f t e r  a running 

average was applied. The  primary wind  variable examined was the  longi- 

tudinal component (headwind, tailwind)  along  the  f l ight  track.  Aircraft  

position was determined i n i t i a l l y  by an inertial   navigation system (INS).  

Aircraf t  range from the Norman Doppler radar was calculated from the Doppler 

d a t a ,  s ince  the  aircraft   provided a strong radar  re turn ,  and could 

eas i ly  be seen t o  move along  the beam. We found t h a t  t he   a i r c ra f t  

position was often between 0.5 and 1.5 k m  d i f f e ren t  t h a n  the range 

position  provided by the Doppler radar .  Because of well-known non 

and uncorrectable  errors i n  the INS, we decided t o  use  the  Doppler 

as  the  "correct" 'range for  the  comparisons.  Unfortunately, we cou 

locate   the  a i rcraf t   posi t ion  la teral   to   the beam. Since  the  radar 

and approach pa ths  were not  colocated  (see  Figure 1 ) , there was an 

approximate 1 km average  uncorrected  lateral   posit ion  error.  

I NS 

1 i near 

signa 

I d  not 

beam 

1 
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3. Comparison Between Doppler  Radar, Ai rcraf t  Winds, and other  F l i g h t  

Parameters. 

We have  examined 12 Queen Air approaches, and 4 Sabreliner  approaches. 

When we compared  Doppler radar and a i rc raf t   longi tudina l  wind data,  using 

a subjective  judgment, 75% of the 16 approaches compared we1 1 , while 25% d i d  

not .  To i l l u s t r a t e  this  fu r the r ,  we chose two cases t o  present i n  de t a i l  

here. 

a.  16 May 1979 - Queen Air F l i g h t  9 Run 3 

On this day, we made three  approaches t o  runway 03 (north- 

northeast  bound) t o  Westheimer, d u r i n g  a clear-air   low-level  southerly 

j e t  s i t ua t ion ,  i n  mid-morning. The approach began a t  092617 CST and 

ended a t  092953, w i t h  a s t a r t  range from the Doppler of  20.5 km, and 

a f ina l  range of  3.7 km. The approach  lasted 3 min, 36 sec.  Figure 3a 

presents a ver t ica l  view of  the approach, w i t h  a i r c r a f t  h e i g h t ,  i n  

meters above Norman radar,  expressed as  a function of  time.  Figure 3b 

represents   the he ight  of  the  a i rcraf t ,   expressed  as   deviat ion i n  meters 

from the  gl ide  s lope  as  a function  of time. Notice  the  phugoidal-like 

osc i l l a t ion  i n  t he   a l t i t ude .  These osc i l l a t ions  can be seen i n  the  

airspeed and pitch  angle  data,   as a function of time  (Figures  3c-,e). 

Figure 3f represents the Lagrangian  comparison between the  

a i rc raf t   longi tudina l  wind and the Doppler radial  w i n d ,  along the 

g l i d e  path,   as a function of  time. Several   interesting  points can 

be seen. The resolution/smoothing  difference between the a i r c r a f t  

and Doppler data i s  evident. While the absolute comparison  appears 

quite good, there   are   obvious  differences,   par t icular ly   far ther  

o u t  from t h e  radar.  Finally,  small-scale  wave-like and turbulent  
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Figure  3a. First of 8 data panel s f o r  Queen Air 
approach on 16 May 1979,  designated  as  Flight  9 Run 3 
(approach  code QF9R3M16 on Table 1 ) . This shows a i r -  
c r a f t   a l t i t u d e  ( m )  above the Norman Doppler radar ,   as  
a  function of time.  Solid  1  ine i s  ac tua l   a i r c ra f t  
a l t i tude ,   whi le  dashed l ine   represents   the   ca lcu la ted  
a1 t i  tude  as  determined by the B1 ick  numerical  simu- 
l a t ion  model,  applied t o  the  Eulerian  Before  case; 
results of t he  model will  be discussed i n  Chapter IV. 
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TIME ( S )  BETWEEN 092617 AND 092953 

Figure  3b. QF9R3M16 showing a i r c r a f t   ( s o l  i d  1 i n e )  and 
model (dashed l i n e )   a l t i t u d e  (m) depar tu re   f rom a 3 deg 
g l i d e   s l o p e   p a t h   t o   t h e   r a d a r ,   w i t h   p o s i t i v e   v a l u e s  
r e p r e s e n t i n g  a1 t i tude  depar tures  above  the  path,  a1 1 as 
f u n c t i o n   o f   t i m e .  The l a c k   o f   p h a s i n g   h e r e   a n d   i n  -3c,d,e, 
i s  apparent ly  due t o   t h e   i n a c c u r a c y   o f   t h e  model t o   p r e d i c t  
p r e c i s e   d e t a i l s   i n  weak shear   cond i t ions .  
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Figure 3c. QF9R3M16 showing a i r c r a f t  and model- t rue  
airspeed ( m  s-1)  as a function of time. 
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TIME (S) BETWEEN 092617 AND 092953 

Figure 3d. QF9R3M16 s h o w i n g   a i r c r a f t   a n d  model a i r -  
speed   depa r tu  e nominal   (or  no wind)   approach speed 
o f  61.77 rn s-T (1 20 k n o t s )  ; a i r s p e e d s   h i g h e r   t h a n  
norni nal a r e  posi t i  ve . 
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Figure  3e. QF9R3M16 showing a i r c r a f t  and model pitch 
angle  (deg) as  a function o f  time. 
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Figure  3 f .  QF9R3M16 compari s n of a i r c r a f t   ( s o l   i d  
l i n e )   l o n g i t u d i n a l   w i n d  (m s-  P ) and  Lagrangian 
D o p p l e r   v e l o c i t y  (m s-1)   (dashed  l ine)  as a f u n c t i o n  
o f  t ime. 
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Figure  39. QF9R3M16 compar ison   of   a i rc raf t   ( so l   id  
1 ine)  long i tud ina l  wind  and Eulerian  Doppler 
ve loc i ty   (dashed  l i n e )  taken  1 s immediatley  before 
the s t a r t  o f  the approach. 
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Figure 3h. QF9R3M16  comparison  for Eul eri an Doppler 
velocity  taken 1 s immediately  after  the  end o f  the 
approach. 
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Figure  4a. First of 8 data  panels  for Queen Air 
approach on 7 May 1979,  designated  as  Flight 7 
Run 3 (approach  code QF7R3M07 on Table 1 ) . This 
shows a i r c r a f t  a1 t i  t u d e  ( m )  above the Norman Doppler 
radar,   as a function  of time. Sol id   l ine  is  actual 
a i r c ra f t   a l t i t ude ,   wh i l e  dashed l ine   represents  the 
calculated a1 t i  tude  as  determined by the B1 ick 
numerical  simulation model, applied  to  the  Eulerian 
Before  case;   results  of the mode7 will  be discussed 
i n  Chapter 1V.  
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TIME (S) BETWEEN 114601 AND 114805 

Figure 4b. QF7R3M07 showing a i r c r a f t   ( s o l i d   l i n e )  
and  model (dashed 1 i n e )   a l t i t u d e  ( m )  departure from 
a 3 deg glide  slope  path  to  the  radar,  w i t h  pos i t ive  
values   represent ing  a l t i tude  departures  above the  
path,   a l l   as   funct ion  of  time. 
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Figure 4d. QF7R3M07 showing a i r c r a f t  and model a i r -  
speed  departure nominal (o r  no wind)  approach  speed 
of  61.77 rn s-l (120 k n o t s )  ; airspeeds  higher  than 
nominal a re   pos i t ive .  
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Figure  4e. QF7R3M07 showing a i r c r a f t  and model pitch 
angle (deg) as a function of time. 
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Fugure 4f .  QF7R3M07 comparison o f  a i rc raf t   ( so l   id  
1 ine) 1 ongi  tudinal wind (m s - l )  and Lagrangian  Doppler 
veloci ty  (m s-1)  (dashed  l ine)  as a function  of t ime.  
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Figure 49. QF7R3M07 comparison  of a i r c r a f t   ( s o l  i d  
l ine)   longi tudinal  wind  and Eulerian Doppler 
velocity  (dashed  line)  taken 1 s immediately  before 
the s t a r t  of the approach. 
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Figure 4h. QF7R3M07 comparison  for  Eulerian  Doppler 
velocity  taken 1 s immediately  after  the end o f  the 
approach. 

32 



disturbances  are   evident  i n  the h igher - reso lu t ion   a i rc raf t   da ta .  

Remember, this comparison represents  the best  comparison, where 

the a i r c r a f t  and  Doppler data were col lected i n  a s   c lo se  a space- 

time framework as   poss ib le .  O f  course,   to  make this comparison 

possible,  the a i r c r a f t  had t o  make the approach, a s i t ua t ion  

unsuitable  for  our  real-t ime  detection and  warning  system. In 

that  system, we want t o  be  able  to  monitor the wind shear  con- 

t inuously,   to   ant ic ipate   adverse  condi t ions  a long the path,   pr ior  

t o  an airplane  actually  beginning an  approach. 

Figures 3g and 3h represent Euleri an velocity  comparisons , 

w i t h  the Doppler data   col lected 1 set. immediately  prior t o  the s tar t  

of the approach, and 1 sec.  immediately  following the termination of 

the approach,  respectively. Two obvious  features  are  apparent.  

The general  nature  of the comparison  does  not  change. The Eulerian 

p ro f i l e s   a r e   no t   s ign i f i can t ly   d i f f e ren t  from the Lagrangian  pro- 

f i l e .  However, the posit ion  of the smaller-scale   features  do shift  

somewhat, suggesting t h a t  waves o r  turbulent eddies  are moving 

through the data.  

b.  7 May 1979 - Queen Air Fl ight  7 Run 3 

We would be  unfair  i f  we fa i led   to   descr ibe  one of the poor 

cases. The wind shear   s i tua t ion  is  considerably less dramatic 

than the previous  one. The approach began a t  114601 a t  a range  of 

14.4 km, and  ended a t  114805 a t  a m i n i m u m  range  of 5 km, taking 

2 min 4 sec t o  complete. The approach was  made t o  runway 35 

(north-bound) a t  Westheimer f i e l d .  

Figures 4 a-h give results presented  ident ical ly   to   Figures  

3a - h .  No obvious wind shear i s  evident  along the f l i g h t   p a t h ,  
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such  as a pene t ra t i on   t h rough  a l o w - l e v e l   j e t ,   a s   i n   t h e   p r e v i o u s  example. 

However, c e r t a i n   w a v e - l i k e   f l u c t u a t i o n s  (2 t o  3 m s - l   v a r i . a t i o n ) '   a r e  

e v i d e n t .   F u r t h e r m o r e ,   n o   c l e a r   p h u g o i d a l   o s c i l l a t i o n   i s   p r e s e n t  i n  a i r -  

c r a f t ,   a l t i t u d e ,   a i r s p e e d ,   a n d   p i t c h   a n g l e   d a t a .   U n f o r t u n a t e l y ,   t h e   m o s t  

obv ious  impress ion i s   t h e   l a c k   o f   g e n e r a l   o r   a b s o l u t e  agreement  between a i r -  

c r a f t  and  Doppler  wind  data.  However, when we l o o k   a t   t h e  smal l e r - s c a l e  

f l u c t u a t i o n s ,  we see a s i m i l a r i t y   i n   s c a l e ,   a l t h o u g h   s e e m i n g l y   o u t   o f  phase. 

Th is   impress ion  becomes s l i g h t l y   c l e a r e r  when we compare the   Lagrang ian  

c a s e   ( F i g u r e   4 f )   t o   t h e   t w o   E u l e r i a n   c a s e s   ( F i g u r e s  4g-h) . Our o n l y  

e x p l a n a t i o ' n   f o r   t h e   l a c k   o f   p h a s i n g   p e r t a i n s   t o   t h e   m o d e l ' s   a p p a r e n t   i n a b i l i t y  

t o   p r e d i c t  weak w ind   shear   s i t ua t i ons   accu ra te l y ;  we will d i s c u s s   t h i s   l a t e r  

i n  more d e t a i l .  

I n   F i g u r e s  5-1 8 , we present   the   remainder   o f   the   compar isons .  We 

g i v e   o n l y   t h e   a l t i t u d e   v a r i a t i o n s f r o m   t h e   g l i d e   s l o p e ,   s i m i l a r   t o   p a n e l  b 

i n   F i g u r e s  3 and 4, and  the  comparison  between  the  Lagrangian  Doppler  and 

a i r c r a f t  w i n d s ,   s i m i l a r  t o  panel f f o r   F i g u r e s  3 and 4. N o t e   t h a t   t h e  

a l t i t u d e   d e v i a t i o n  was u n a v a f l a b l e   f o r   t h e   l a s t   c a s e  QF17R254, o r   F i g u r e  18. 

The most   obv ious  feature of  these  comparisons  has  been  the  remarkably 

good  agreement  between t h e   a i r c r a f t  and  Doppler  data.   This i s   p a r t i c u l a r l y  

t r u e   f o r  case  (a )   and  fo r   approx imate ly   75%  o f   the   cases  examined'. F u r t h e r -  

more, we were   p leased  w i th   the   apparent   coherence  o r   representa t iveness   o f  

t h e   E u l e r i a n   p r o f i l e s   o v e r   t h e  3 t o  4 m in   o f   t he   app roach   pe r iods ,   i nd i ca t i ng  

t h a t  such a da ta  sample, when processed t o   p r o v i d e  a q u a n t i t a t i v e   e s t i m a t e  

of a p p r o a c h   d e t e r i o r a t i o n ,   l i k e l y   w o u l d  be s u i t a b l e .  One i m p o r t a n t   c a u t i o n  

should be cons idered:   the   compar isons   g iven   here   a re   fo r   essent ia l l y   non-  

thunders to rm  re la ted   shears ,  so a good 3 t o  4 min  coherence  might  be 

expected. I n   t h e   c a s e   o f   t h e   m i c r o b u r s t  phenomenon d i s c u s s e d   b y   F u j i t a  
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TIME ( S I  BETWEEN 115247 AND 115447 

Figure  5a. SF6RlM07 showing a i r c r a f t   ( s o l i d  l ine)  
and model (dashed  l ine) ,   a l t i tude ( m )  departure from 
a 3 deg gl ide  s lope  path  to  the radar,  w i t h  posi t ive 
values   represent ing  a l t i tude  departures  above the 
pa th ,   a l l   as   func t ion  o f  time. 
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Figure 5b. SF6RlM07 compar i son   o f   a i r c ra f t   ( so l id  
l i n e )  long i tud ina l  wind (m s-1) and  Lagrangian  Doppler 
v e l o c i t y  (m s-1) (dashed l i n e )  a s  a func t ion   of  time. 
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Figure  6a. SF8RlM14 showing a i r c r a f t   ( s o l i d  l i n e )  
and model (dashed 1 ine)  a1 t i  tude ( m )  departure from 
a 3 deg glide  slope  path  to the radar ,  w i t h  posi t ive 
values   represent ing  a l t i tude  departures  above the 
path,   a l l   as   funct ion  of   t ime.  
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F i g u r e  6 b .  SF8RlM14 comparison  of a i r c r a f t   ( s o l i d  
l i n e )   l o n g i t u d i n a l   w i n d  (rn s - l )  and  Lagrangian 
D o p p l e r   v e l o c i t y  (rn s -1 )  (dashed l i n e )  as a f u n c t i o n  
o f   t i m e .  
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TIME ( S )  BETWEEN 095447 AND 095822 

Figure  7a.  SF8RZM14 showing a i r c r a f t   ( s o l i d   l i n e )  and 
model ( d a s h e d   l i n e )   a l t i t u d e  (m)  d e p a r t u r e   f r o m  a 3 deg 
g l i d e   s l o p e   p a t h  t o  the r a d a r ,  w i t h  p o s i t i v e   v a l u e s  
r e p r e s e n t i n g   a l t i t u d e   d e p a r t u r e s   a b o v e  the p a t h ,  a l l  a s  
f u n c t i o n  o f  time. 
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Figure  7b. SF8RZM14 comparison of a i r c r a f t   ( s o l i d  
1 i ne) 1 ongi  tudi  nal   wind ( m  s-1) and  Lagrangian 
Dopp le r   ve loc i ty  (m s -1)   (dashed  l i n e )  a s  a f u n c t i o n  
o f  time. 
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Figure  8a. SF8R3M14 showing a i r c r a f t   ( s o l i d   l i n e )  
and model (dashed 1 i ne) a1 t i  tude ( m )  departure from 
a 3 deg gl ide  s lope  path  to   the  radar ,   wi th   posi t ive 
values  representing  alt i tude  departures above the  
pa th ,   a l l  a s  function o f  time. 

41 



TIME (S) BETWEEN 101651 AND 102101 

Figure   8b .  SF8R3M14 comparis  n o f  a i r c r a f t   ( s o l i d  
1 i ne )   l ong i tud ina l   w ind  (m s-  P ) and  Lagrangian  Doppler 
v e l o c i t y  ( m  s - 1 )   ( d a s h e d   l i n e )  as a f u n c t i o n  o f  time. 
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TINE (SI BETWEEN 100532 AND 100739 

Figure  9a. QF5RlA25 showing a i r c r a f t   ( s o l i d   l i n e )  
and  model (dashed  l ine)   a l t i tude ( m )  departure from 
a 3 deg glide  slope  path  to  the  radar,   with  posit ive 
values representing a l t i tude   depar tures  above the 
path,  all  as  function  of  time. 
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Figure 9b. QF5RlA25 comparison  of a i r c r a f t   ( s o l i d  
l ine)   longi tudinal  w i n d  (m s - l )  and Lagrangian  Doppler 
veloci ty  (m s - l )  (dashed l i n e )  a s  a function  of time. 
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F i g u r e   l l a .  QF8RlM14 s h o w i n g   a i r c r a f t   ( s o l i d   l i n e )  
and model ( d a s h e d   l i n e )   a 1   t i t u d e  (m) d e p a r t u r e   f r o m  
a 3 d e g   g l i d e   s l o p e   p a t h  t o  the r a d a r ,  w i t h  p o s i t i v e  
v a l u e s   r e p r e s e n t i n g   a l t i t u d e   d e p a r t u r e s   a b o v e  the 
p a t h ,  a l l  a s   f u n c t i o n   o f  time. 
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Figure l l b .  QF8RlM14 comparison o f  a i r c r a f t   ( s o l i d  
l ine)  longitudinal wind (m s-1) and Lagrangian  Doppler 
veloci ty  ( m  s - l )  (dashed  l ine) a.s a function o f  time. 
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Figure   12a .  QF8RZM14 showing a i r c r a f t   ( s o l i d   l i n e )  
and   mode l   (dasned   l i ne )   a l t i t ude  (m) d e p a r t u r e  from a 
3 d e g   g l i d e   s l o p e   p a t h   t o  the r a d a r ,  w i t h  p o s i t i v e  
v a l u e s   r e p r e s e n t i n g   a l t i t u d e   d e p a r t u r e s   a b o v e  the 
p a t h ,   a l l   a s  function of time. 
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Figure 12b. QF8R2M14 comparison o f  a i r c r a f t  (sol i d  
1 ine) longitudinal wind (m s - l )  and Lagrangian 
Doppler velocity (m s - ’ )  (dashed l i n e )   a s  a function 
of time. 
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TIME ( S )  BETWEEN 100824 AND 101219 

Figure  13a. QF8R3M14 showing a i r c r a f t   ( s o l i d   l i n e )  
and model (dashed 1 ine)  a1 t i  tude ( m )  departure f rom 
a 3 deg g l ide , s lope   pa th   to   the   radar ,  w i t h  posit ive 
values  representing a1 t i  tude departures above the  
pa th ,   a l l  as function of time. 
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Figure  13b. QF8R3M14 compariTon o f   a i r c r a f t   ( s o l i d  
1 i ne)   l ong i tud ina l   w ind  (m s- ) and  Lagrangian  Doppler 
v e l o c i t y  (m s - l )  (dashed l i n e )  as  a f u n c t i o n   o f   t i m e .  

52 



Figure  14a. QF9RlM16 showing a i r c r a f t   ( s o l i d   l i n e )  . 

and  model  (dashed l i n e )   a l t i t u d e  (m) depar tu re   f rom 
a 3 deg g l i d e   s l o p e   p a t h   t o   t h e   r a d a r ,   w i t h   p o s i t i v e  
v a l u e s   r e p r e s e n t i n g   a l t i t u d e   d e p a r t u r e s  above t h e  
path, a l l  as f u n c t i o n   o f   t i m e .  

53 



TIME (S) BETWEEN 084602 AND 084811 

Figure 14b. QF9RlM16 compari on of a i r c r a f t   ( s o l  i d  
1 ine)  longitudinal wind (m s -?)  and Lagrangian 
Doppler velocity ( m  s-1)  (dashed l i n e )   a s  a function 
of  time. 
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Figure  15a. QF9RZM16 showing a i r c r a f t   ( s o l   i d  1 i n e )  
and  model  (dashed 1 i n e )  a1 t i t u d e  (m) depar tu re   f rom 
a 3 deg g l i d e   s l o p e   p a t h   t o   t h e   r a d a r ,   w i t h   p o s i t i v e  
v a l u e s   r e p r e s e n t i n g   a l t i t u d e   d e p a r t u r e s  above t h e  
path, a l l  a s   f u n c t i o n   o f   t i m e .  
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Figure 15b. QF9R2416  comparison of aircraft (sol id 
1 ine)  lon i tud'nal wind (m s-1)  and  Lagrangian  Doppler 
velocity ym s-1) (dashed  line)  as a function of time. 
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TIME (SI BETWEEN 085224 AND 085634 

Figure  16a. QF16RlJ1 showing a i r c r a f t   ( s o l i d   l i n e )  
and model (dashed 1 ine) a1 t i t u d e  ( m )  departure from a 
3 deg glide  slope  path  to  the  radar,  w i t h  posi t ive 
values  representing a1 t i  tude  departures above the 
path,   al l   as  function of time. 
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Figure 16b. QF16R1 J l  comparison of  a i r c r a f t  (sol id  
1 ine) 1 ongi tudinal wind (m s - l )  and Lagrangian  Doppler 
veloci ty  (m sdl  ) (dashed l i n e )   a s  a function o f  time. 
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TIME (S) BETWEEN 091411 AND 091856 

Figure 17a. QF16RZJ1 showing a i r c r a f t   ( s o l i d   l i n e )  
and model (dashed l i n e )   a l t i t u d e  (m) departure from 
a 3 deg glide  slope  path  to  the  radar,  w i t h  posi t ive 
values  representing  alt i tude  departures above the  path, 
a l l   as   func t ion  o f  time. 
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Figure  17b. QF16RZJ1 compari on o f   a i r c ra f t   ( so l   i d  
l i ne )  longitudinal wind (m s- ? ) and Lagrangian  Doppler 
ve loc i ty  ( m  S - l )  (dashed l i n e )  a s  a function o f  time. 
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TIME (SI BETWEEN 160009 AND 160257 

Figure 18a. QFl7R2J4  compari on o f   a i r c r a f t   ( s o l i d  
1 ine)  1 ongi tudinal wind ( m  s- 4 ) and Lagrangian  Doppler 
veloci ty  (m s - l )  (dashed l i n e )  a s  a function o f  time. 
NOTE: Alti tude  deviation  data was not   avai lable .  
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(1980) , we believe Doppler scans on the  order of once  each  minute migh t  

be requi red. 

We were less  pleased w i t h  the lack  of  phasing i n  the  smaller 

scale   features  , par t icu lar ly  i n  25% of  our  sample,  as  represented by 

case ( b ) .  We decided t o  look more c a r e f u l l y   a t  the spectra which were 

used to   obtain the Doppler wind p ro f i l e ,   t o  see if a more sa t i s fac tory  

explanation  could be obtained. Figure 19  represents  ten  such  spectra, 

ranging from  9.55 t o  8.2 km from the  Norman-radar. . .  Although the spectra   are  

not  exactly  clean,  those  at  8.2',  8'.35, 8.5, and 9.55 km a r e  single-moded, 

suggesting that  our  .averaging technique us ing  equations  (1 ) and ( 2 )  was 

sui table .  However, f o r  the spectra   a t   8 .65,  8.8, 8.95,  9.1,.  9.25, and 

9.40 km, a c l e a r  bimodal d i s t r ibu t ion  is  evident.  Consequently,  our 

radial  velocity  esti 'mates a t   t h e s e   l a t t e r  ranges  are  probably  inaccurate, 

a f ac t   cons i s t en t  with.Figure 4f. The causes  for such spectra   are  many, 

and there is  no' unique way t o   s i n g l e  ou t  any one. For instance,   strong 

point  targets i n  t h e  side  lobes can spi 11 enough power into  contiguous 

range b i n s  to  .create  such.spectra.. Yet we. cannot   discard  the  possibi l i ty  

that  meteorological"signa1s on 'small scales   are   responsible   for   these 

bimodal veloci'ty  spectra. The presence  of  turbulent  vortices  or  eddies, 

coupled w i t h  our  lack  of  colocation i n  our  comparisons,  particularly i n  

. .  . .  

.. 

. ,  I . .  

. .  , .  

azimuth,  could  certainly  account  for some of  the  differences i n  a i r c r a f t  

and Doppler data.   If   the  radar and a i r c r a f t  sampling had been precisely 

colocated, we would expect these var ia t ions   to  be considerably  less  obvious. 

Finally,  we  know t h a t  even i f  this  were the case,   the two measurements 

d i f f e r  i n  t h a t  the a i r c r a f t  i s  providing a s e r i e s  of  point  velocity measure- 

ments,  while the Doppler radar  presents a r e f l e c t i v i t y  and resolution 

volume weighted mean values. 
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DOPPLER RADIAL VELOCITY (m S-9 

Figure 19. NSSL processor   spectral   d isplay  for  
10 Doppler radial   velocity  spectra,   ranging from 
8.2 t o  9.55 km, expressed  as  a  function o f  spectral  
i n t ens i ty  (dB below peak). For each  spectrum dis- 
played,  three  spectral  data  samples were averaged. 
Time of sample was 11 471 9 CST on 7 May 1979--refer 
t o  Figure 4a-h f o r  comparison. 
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The following  conclusions  are  justif ied: 

1. For 75% of  the  cases examined t o  date ,   excel lent  agreement i s  

obtained. 

2.  Certain  small-scale  disturbances were n o t  ver i f ied  i n  the 

comparisons, due t o  the  following  problems: 

a. a lack of Doppler resolution, 

b. a  lack o f  colocation  of  the two sampling  systems, 

c. the  possible  presence of eddy or  vortex-like  disturbances 

w i t h i n  the  pulse volume, as well  as  point  targets i n  

antenna  side  lobes. 

3. I f  a  Doppler radar were to  o b t a i n  c lear -a i r   rad ia l  wind  data 

precisely  along  the  intended approach  path , problems 2a and 

2b would be greatly  reduced.  Furthermore, we believe  that  

i f  the  antenna was shrouded t o  reduce  side  lobes,  the problem 

w i t h  p o i n t  t a rge ts  would  be practically  eliminated. 

4. Use of  a Doppler radar t o  provide  the measurement component 

of an Airport Wind Shear  Detection and Warning System appears 

j u s t i f i ed .  
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CHAPTER IV 

RESULTS OF FIXED  STICK  BLICK NUMERICAL SIMULATION MODEL 

The model o f   a i r c r a f t  performance  developed by Blick, and reported 

i n  McCarthy e t  a1 . (1979) , was appl  ied t o  the 16  approaches  studied i n  

detai   1 .  Airplane transfer functions f o r  the Queen Air and Sabrel iner 

were developed  and  tested. All model runs were made w i t h  the f ixed st ick 

assumption, while a pilot-in-the-loop  edit ion was run by Frost  

and Turkel (1 980). A1 1 runs were begun a t  th.e in i t ia l   range   ind ica ted  

i n  the figures  of  Chapter 111, w i t h  the nominal a i r speed   fo r  the Queen Air 

and Sabrel iner 61.77 m s-l (120  knots)  and  66.92 m s-l (1 30 knots) 

respectively.  A typical  example of the  Blick model output i s  given i n  Figure  20. 

As i n  McCarthy e t  a1 . (1979) , we computed approach  quality by two  means: 

1 /2  

A u '  = [ d  t L  u 2  dt] (8) 

Ah'  = [k/ tL(h - hn)*  dt]  (9) 
1 /2 

0 

Where Au'  i s  the root-mean-square  value  of  airspeed (m s -' ) deviation 

from the nominal or   equi l ibr ium  airspeed,  Ah' i s  the root-mean-square 

value of  a1 t i  tude  deviation from the 3 deg gl ide  s lope , tL is  the t o t a l  

approach time (s)  t o  landing, u i s  airspeed (m s"), h i s  a i rc raf t  a l t i -  

tude (m), h n  i s  nominal a i r c r a f t   a l t i t u d e  (m) along a 3 deg gl ide  s lope,  

and t i s  time ( s ) .  From the equations and as   discussed i n  McCarthy e t  a1 . 
(1979), we can see t h a t  1  arge  values  of Au ' and A h '  represent ser ious 

I 



IJG 
000020 

WG 
000020 

TRS 
000020 

THE 
000020 

Figure 20. Typical i n p u t  and output  of Blick model. 
Case i s  f o r  Boeing 727 airplane.   Input ,  shown as  
top two panels on l e f t ,  are   horizontal  (UG) and 
ver t ica l  (WG)  wind; ou tput   a re  true airspeed (TAS) 
and pitch angle ( T H E ) .  Trace shows gl ide  s lope and 
0.7 deg missed  approach limits ( so l id   l i nes )  and 
a i r c r a f t   p o s i t i o n   ( 1 ' s ) .  
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deter iorat ions of the  approach.  Consequently , we c a l l  Au' and Ah' 

approach deterioration  parameters (ADP) .  

To gain  further i n s i g h t  into  the  importance  of  the  horizontal 

phugoid wave, we have  examined the approach deterioration  parameters of 

a B-727 class   a i rplane,  when f u l l ,  ha l f ,  and one-quarter  sinewaves  of 

horizontal   ( longitudinal)  winds,  p rec i se ly   a t   t he   a i rp l ane ' s  phugoid 

frequency,  are  inputted  into  the  controlled-fixed  simulation model. 

Results  are shown i n  Table 2 i n  terms of A u ' ,  Ah', and D T D ;  here DTD 

represents  the  distance long or  short of a i r c r a f t  nominal touchdown. 

. . .  . .  

Our work suggests  that  Au'  may  be the most useful  indicator,   since 

airspeed  f luctuations may be . the most d i f f i c u l t   f o r   t h e   p i l o t  and 

airplane  to  handle.  Note tha t   the  Au '  parameter i s  rms veloci ty ,  and 

not  the  instantaneous  airspeed. I t  i s  c l ea r  t h a t  an aircraf t   encounter  

w i t h  a f u l l  wave can be most ser ious,   as  can the  half wave s i tua t ion .  

The one-fourth wave s i tuat ion,   represent ing a  simple ramp or step  shear 

which may be encountered i n  a gus t  f ron t ,  is  considerably  less  serious 

than an encounter w i t h  a  phugoidal wave. Another i n t e re s t ing  p o i n t  is  

seen when the ADP values  for  Eastern Air Lines  Flight  66,  as  reported 

i n  McCarthy e t   a l .  (1979) , are  considered i n  the  context of  Table 2. 

Notice t h a t  this crash  occurred when the  airplane  encountered a  re1  atively 

low 1/2 wave amplitude.  Recent  studies of the phugoidal waves associated 

w i t h  severe  thunderstorms show amplitudes i n  the 15 t o  25 m s - '  range 

(see Wilson e t   a l . ,  1980) , and implies '   that   the  Eastern  Flight 66 of 

wind shear  accident may be associated w i t h  r e l a t ive ly  non-severe  storms, 

a f a c t  we1 1 documented by F u j  i t a  and Caracena (1977). P i  l o t s  have  long 

, .  

. .  

I avoided  severe  thunderstorms; this work  shows the  extreme  danger  associ- 

ated w i t h  weak thunderstorms  that have phugoidal waves. 
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TABLE 2 

~~~~ ~ 

Approach deter iorat ion  parameters   for  Boeing 727 c l a s s   a i rp l ane ,   fo r  simu- 
lated  sinusoidal f u l l ,  half  and one-fourth wave longitudinal wind i n p u t s  
a t   a i r p l a n e  phugoid frequency o f  0.026 Hz, for   cont ro l - f ixed  model , w i t h  
both i n i t i a l  headwind and in i t i a l   t a i lw ind   ca ses ,   fo r   5 ,   10 ,   15 ,  20, 
m S-l  amp1 i tudes. DTD (km) i s  airplane touchdown dis tance from nominal 
(runway), w i t h  negative  being  short ,   posit ive long,* 

I n i t i a l  Headwind I n i t i a l  Tailwind 
Wave Amplitude ( m  s-') 

5 10  15 20 I 20 15  10  5 
I I I  
I I I 

A u ' !  F u l l  Wave 4.8  10.2  16.6  23.9  23.0  16.0  9.9  4.7 
I I I 

I Half Wave f 2.3* 4.6  6.9  9.3 I 9.8  7.3  4.7  2.3 
I 

I I I 

! One-Fourth I .5 
I Wave 

I I 

I 3.0  4.6  6.1 I 7.5  5.2  3.4  1.6 
I 

I I 
I 

I 
I I 

I I I 
I I I 
I I I 

A h 1 !  F u l l  Wave f 47.6 129.6 237.5  350.4 I 318.6  209.1 109.0  39.5 

I Half Wave I 17.0*  36.1 61.5  95.2  139.3  90.7  52.1  22.2 
I I 
I I I 

I I 
I I I 

f One-Fourth 
I Wave 
I 
I 
I 
I 
I 

DTD! F u l l  Wave 

i Half Nave 
I 

I 

One-Fourth 
I Wave 
I 

I 

! 32.2 57.8  75.3  85.0 
I 
I 
I 
I 
I 

-0.93 -3.39 -6.65 -9.98 
I 

+0.01  -0.17 -1.02* -2.16 
I 
I 

+0.53  +1.01 +1.30 +1.36 
I 

I 

! 212.2  149.6 93.5  43.3 
I 
I 
I 
I 
I 
I 
I -9..26 -5.95  -2.78  -0.40 
I 

I -2.27  -1.87  -0.72 -0.17 
I 
I 

f -4.57  -2.59 -1 -91  -0.89 
I 
I 

I I I 
I I I 

*Represents approximate  values  for  Eastern Air Lines Fl ight  66. 



Table 3 gives A u '  and Ah' for  our 16 simulations. Shown are  values 

for   the  Lagrangian and  two Eulerian  estimates,  as  defined i n  Chapter 111. 

The most obvious feature  seen i n  the  table  is   the  absence of large  values 

of model o u t p u t  Au' and A h ' .  This i s  par t icu lar ly   t rue   for  Au' , where rms 

airspeed  variations  (Eulerian Before--1 sec  before   tes t )  from nominal 

never  exceed 2.1 m s - l ,  with  the  average  being  only 1 .O  m s-'. Remember 

that  the  Eastern Air Lines  Flight 66 value was 3.5 m s- ' .  Note too, t h a t  

the Sabre1 iner  average i s  2.0 m 5-l  while  the Queen  Air  average i s  0.7 m s - l .  

The Sabreliner has a higher phugoidal  response  than  does  the Queen Air, 

as may  be suggested  in  these  data. 

- 

With regard t o  Ah',  for a f ixed  s t ick model, ce r t a in   a l t i t ude  

I 
departures from the  glide  slope  readily can be corrected were p i l o t  con- 

! trols  included. Consequently less  importance is   a t tached t o  A h '  values. 

More discussion of th i s   po in t  can be found in McCarthy e t   a l .  (1979) .  

We have plot ted  the  resul ts  of the  Blick o u t p u t  as a dashed l i ne  

on Figure  3a-e,  4a-e, and 5 t o  18, for  the  Eulerian  Before  case (1 sec   a f te r  

tes t ) .   Resul t s   a re   qu i te   s imi la r   for   the   Euler ian   Af te r  and Lagrangian 

and consequently  are n o t  shown. 

I t  i s   c l e a r  from Table  3 and  the  plotted  figures t h a t  we did n o t  

encounter  significantly  adverse wind shear. We a t t r i b u t e   t h i s  t o  the 

f a c t  t h a t  our p i lo t s ,   con t ro l l e r s ,  and SESAME '79  Aircraft  Coordinator 

did n o t  want t o  attempt PAR approaches  in  dangerous wind shear con- 

dit ions.   This  serious  l imitation i n  the planned t e s t  of f e a s i b i l i t y   w i l l  

be discussed  in  detail  in  Chapter VII.  

1 

'Lead author, John McCarthy. 
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TABLE 3 

Approach deterioration  parameters ( A D P ,  Au' and Ah')for  16  Blick Fixed sticK simulations. Also include 
ADP are   es t imates  of ac tua l   a i r c ra f t  performance, t o  be discussed i n  Chapter VI. 

I Approach A u  I A u  I Au I Au I Ah I Ah I Ah I Ah I 

Before After Before After 

ms ms  ms  ms  

Code Lagrangian  Eulerian  Eulerian  Aircraft Lagrangian Eulerian , Eulerian  Aircraft 

-1 -1 -1  -1 m m m rn 

S F6R1  M07 
SF8R1  M14 
SF8R2M14 
SF8R3M14 
QF5RlA25 
QF5R3A25 
QF7R3M07 
QF8R1 M14 
QF8R2M14 
QF8R3M14 
QF9R1  M16 
QF9R2M16 
QF9R3M16 
QF16R1 J1 
QF16R2J1 

U 
0 

2.1 
0.7 
1.6 
2.1 
0.4 
0.4 
0.8 
0.5 
0.7 
0.4 
0.3 
0.4 
0.4 
0.5 
0.8 

2.6 
2.4 
1.4 
1.4 
0.5 
0.5 
1 .o 
0.7 
0.7 
0.7 
0.9 
0.8 
0.8 
0.6 
0.4 

1.3 
1 .o 
2.0 
1.4 
0.5 
0.8 
1.1 
0.6 
0.6 
0.8 
1 .o 
0.8 
1 .o 
0.6 
0.5 

~~ ~~~ 

1.9 
4.3 
7.2 
2.4 
1.4 
3.2 
2.9 
3.8 
3.0 
4.5 
1.7 
4.8 
4.9 
2.9 
8. D 2 

~ ~ ~~ 

20.3 
29.7 
36.0 
20.9 
25.3 
10.9 
9.1 

23.5 
27.1 
24.8 
36.9 
46.7 
19.9 
15.6 
12.9 

~ ~ ~~ ~ ~~~ 

24.8 
37.6 
34.7 
16.3 
23.6 
13.4 
7.6 

26.6 
20.5 
22.3 
39.1 
35.9 
39.3 
26.2 
13.9 

~~~ ~ ~ ~ 

15.7 
28.7 
33.3 
16.3 
25.6' 
29.7 
15.2 
24.8 
24.3 
26.0 
46.1 
40.6 
47.0 
26.2 
13.1 

40.6 
149.2 
73.4 

108.4 
75.6 
32.2 
69.6 
69.9 
74.4 
41.5 
51.3 
39.3 
71.7 
20.3 
54.0 

I 

QF17R2J4 0.8 0.9  0.8  1.7 9.1 13.2  11.5 18.7 



CHAPTER V 

PAR APPROACH QUALITY ASSESSMENT  TOOL 

As an  independent  method o f   a s s e s s i n g   t h e   q u a l i t y   o f   t h e   a p p r o a c h ,  

an-approach  qua l i t y   assessment   too l ,   des igned  to   be   comple ted   by   the  

p i l o t ,  was developed  by M r .  A. L. F incher .   F igure 21 i s  a copy o f   t h i s  

eva lua t ion   sheet .   Tab le  4 p r e s e n t s   t h e   r e s u l t s   o f   i t s  use f o r  15 o f   t h e  

1 6   a p p r o a c h e s   s t u d i e d   ( t h e   e v a l u a t i o n   f o r   S a b r e l i n e r   F l i g h t  6 Run 1 was 

n o t   a v a i l a b l e ) .  As a means o f   e s t i m a t i n g   t h e   q u a l i t y   o f   t h e   a p p r o a c h ,  

we have t o t a l l e d   q u e s t i o n s  7 through  12,  by  assigning a numer ica l   va lue 

o f  1 f o r  a, 2 f o r   b ,  and 3 f o r  c. These t o t a l s   i n d i c a t e   t h a t  Queen Air 

approaches  16-2, 9-3, 8-3, and 5-3 were   cons idered  by   the   p i lo ts   to   be  

the  most  adverse.  However, as i s   c l e a r   f r o m   t h e   l a s t   c h a p t e r ,  none o f  

our  approaches  were  conducted i n   t r u l y  dangerous  shear  condi t ions.  We 

be l i eve ,   however ,   t ha t   t he   use fu lness   o f   t h i s   t oo l  will be  more  meaning- 

f u l   i n  an  experiment  where a g rea te r   range   o f   shear   i s   encoun te red .  
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Date 

P i l o t ' s  N a m e  

A i r c r a f t  I . D .  
A p p r o a c h   S t a r t   T i m e  
Approach   S top   Time 

APPROACH  QUALITY 
(PILOT) 

1. 

2 .  

3 .  

4 .  

5. 

6. 

A p p r o x i m a t e l y  how many  power   ad jus tments  were r e q u i r e d  on 
t h i s   a p p r o a c h ?  

a .  L e s s  t h a n  f i v e  ( 5 )  
b. More t h a n  f i v e  ( 5 )  b u t  less t h a n   t e n   ( 1 0 )  
c. More t h a n  t e n  (10) 

C o n c e r n i n g   t h e   m a g n i t u d e   o f   p o w e r   c h a n g e s :   I n   y o u r   o p i n i o n ,  
were t h e   p o w e r   a d j u s t m e n t s   r e q u i r e d   o n   t h i s   a p p r o a c h ?  

a .  On ly   minor  
b .  Moderate 
c. M a j o r   P o w e r   C o r r e c t i o n s  

A p p r o x i m a t e l y  how  many p i t c h   a d j u s t m e n t s  were r e q u i r e d  on 
t h i s   a p D r o a c h ?  

a .   L e s s  t h a n  f i v e  (5) 
b.  More t h a n  f i v e  ( 5 )  b u t  less t h a n   t e n   ( 1 0 )  
c.  More t h a n  t e n   ( 1 0 )  

P i t c h   c o r r e c t i o n s   o n   t h i s   a p p r o a c h  k-re: 

a .  S l i g h t   a n d   p r e d o m i n a n t l y  less t h a n   f i v e  (5) d e a r e e s .  
b. Modera t e  - b e t w e e n   f i v e  (5) a n d   t e n   ( 1 0 )   d e q r e e s .  
c. S i g n i f i c a n t  - m o r e   t h a n   t e n   ( 1 0 )   d e g r e e s .  

C o n c e r n i n g   a z i m u t h a l   d e v i a t i o n s  from t h e   f i n a l  aporoach cour se ,  
on t h i s   a p p r o a c h   t h e r e  were: 

a. O n l y   " m i n o r "   d e v i a t i o n s  
b. S i g n i f i c a n t   d e v i a t i o n s  
c.  E x t r e m e   d e v i a t i o n s  

C o n c e r n i n g   v e r t i c a l   d e v i a t i o n s   f r o m   t h e  a l ide  p a t h  o n  t h i s  
a p p r o a c h ,   t h e r e  were: 

a .  M i n o r   d e v i a t i o n s  
b .   S i g n i f i c a n t   d e v i a t i o n s .  
c. Extreme d e v i a t i o n s  

Figure 21 a. P i l o t  approach  quality  assessment  eval u- 
ation form,  questions  1  through 6. 
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"" . 

7 .  

8.  

9. 

10. 

11. 

1 2 .  

T u r b u l e n c e   e x p e r i e n c e d   o n  t h i s  a p p r o a c h   c o u l d  be c a t e g o -  
r i z e d  as:  

a. None 
b. L i q h t  
c. Moderate 
d.  Severe 

Airspeed d e v i a t i o n s   o n   t h i s   a p p r o a c h  were: 

a .  L e s s  t h a n  f i v e  ( 5 )  k n o t s  
b. More t h a n  f i v e  (5) k n o t s  
c. More t h a n  t e n   ( 1 0 )  k n o t s  

rdaximum c h a n  es i n  ve r t i ca l  v e l o c i t y  ( W I )  i n d i c a t i o n s  re- 
q u i r e d  t&*is a p p r o a c h  were: 

a .  2 5 0  FPM or less 
b. More t h a n  2 5 0  FPX b u t  less t h a n  500 FPM 
c. More t h a n  500  FPM 

How w o u l d   y o u   e v a l u a t e   t h e   f i n a l   c o n t r o l l e r ' s   p e r f o r m a n c e  
o n   t h i s   a p p r o a c h ?  

a .  E x c e l l e n t  
b. Average  
c. B e l o w  a v e r a g e  

How w o u l d   y o u   c h a r a c t e r i z e   t h e   " s a f e t y "   o f   t h i s   a p p r o a c h ?  

a. C o m p l e t e l y   s a f e  
b. M a r g i n a l l y   s a f e  
c .  U n s a f e  

What was y o u r  "overa l l  i m p r e s s i o n "   o f   t h i s   a p p r o a c h ?  

a .  E a s i l y   f l o w n ,   o n l y   m i n o r   i n f l i g h t   d e v i a t i o n s ,   a n d  com- 

b. R e q u i r e d  a g o o d   d e a l   o f   c o n c e n t r a t i o n   w i t h  some i n f l i T h t  

c. R e q u i r e d   s i g n i f i c a n t   c o n c e n t r a t i o n   a n d   a b o v e   a v e r a q e  

p le te ly  s a f e .  

d e v i a t i o n s .  

p i l o t i n g   s k i l l s  t o  s u c c e s s f u l l y  comDlete t h e   a p p r o a c h .  

Please a d d   a n y   a d d i t i o n a l   D e r t i n e n t   c o m m e n t s :  

Figure 21.b. Questions7  through 12. 
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TABLE 4 

Summary o f  Approach Quality  Assessment  Tool 

SF8R1 M14 

S F8R2M14 

SF8R3M14 

QF5R1  A25 

QF5R3A25 

Q F7 R3MO 7 

QF8R1  M14 

QF8R2M14 

QF8R3M14 

QF9RlM16 

QF9R2M16 

QF9R3M16 

QF16R1 J 1 

QF16R2J2 

QF17R2J4 

1 

2 

2 

2 

2 

3 

2 

2 

2 

2 

2 

2 

2 

2 

2 

1 

1 

1 

1 

2 

1 

1 

2 

2 

2 

1 

3 

2 

3 

2 

1 

3 

1 

3 

2 

1 

2 

2 

2 

2 
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1 

1 

1 

1 

1 

1 

3 

1 

1 

1 

3 

1 

1 

3 

1 

3 

1 

1 

1 

1 

1 

2 

1 

1 

1 

2 

1 

1 

2 

1 

2 

1 

6 

10  

8 

9 

12 

8 

8 

9 

1 2  

9 

8 

14  

8 

14 

8 
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CHAPTER VI 

COMPARISON OF AIRCRAFT PREDICTED RESPONSE 

TO ACTUAL AIRCRAFT RESPONSE 

A major objective of t h i s   f ea s ib i l i t y   s tudy  was t o  t e s t   t h e   a b i l i t y  

of our  numerical  simulation model to   p red ic t   ac tua l   a i rc raf t  performance 

on the PAR approach  course. The sequence  of t h i s   p red ic t ion   i s   i l l u s t r a t ed  

in  Figure 22 ,  which depicts our  concept of a real-time  detection and 

warning  system, a s  previously  presented  in McCarthy e t   a l .   ( 1980a ) .  In  

the  real-time  concept, we would derive an approach deterioration  parameter 

by using a Doppler wind p ro f i l e  which approximates our Eulerian  Before 

p ro f i l e  used in   this   feasibi l i ty   s tudy.   Decis ions by the a i r  t r a f f i c  

con t ro l l e r ,   o r  by t he   p i lo t ,  with  the ADP d a t a  uplinked t o  the  cockpit, 

would be  made pr ior  t o  executing an  approach. 

In our study, we had the  benefit  of  comparing predicted  performance 

t o  t h a t  actually  encountered by the  instrumented  aircraft.  Table 3 gives 

the   resu l t s  o f  model (or  predicted) approach  parameters , as  well  as a 

calculat ion of  actual   a i rcraf t   values .  All calculat ions used equations (8)  

and ( 9 ) .  An independent  assessment  of  the  approach  quality was obtained 

from the  pi lot   evaluat ion  tool ,  a s  given  in  Figure 21 and Table 4. 

As i s  obvious from the  discussions  in  the  preceding two chapters,  

e s s e n t i a l l y   a l l  of  our  approaches were conducted in weak shear  conditions. 

This i s  seen  clearly when model-derived ADP values o f  Table 3 are  com- 

pared t o  much more intense  shear,  seen i n  the  theoretical  values  given i n  

Table 2. However, ac tua l   a i rc raf t  ADP values  are  considerably  higher 
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1 FOR SPECIFIC AIRCRAFT TYPE I (4) APPL.Y RESPONSE  FUNCTION 
RESPONSE TO  WIND FUNCTION I '  

116) DETERMINE  APPROACH 
DETERIORATION  PARAMETER I 

Figure 22. Diagrammatic i l l u s t r a t i o n  of wind shear 
detection and warning  system.  Process i s   s equen t i a l ,  
s t a r t i n g  from Doppler radar measurement o f  winds 
along  the  precision  approach pa th ,  and ending w i t h  
a prediction o f  approach deter iorat ion  for  a particu- 
l a r   c l a s s  o f  airplane.  In  a real-time  system,  steps 
1-6 would take  place  within  several  seconds by use 
o f  a computer slaved t o  the  Doppler. 
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than model estimates.  This  discrepancy may be due t o  imprecision i n  

vectoring  our SESAME a i rc raf t   p rec ise ly  onto  the PAR course.  Further- 

more i t  was not  always  possible t o  maintain a f ixed  s t ick mode, due 

t o  t raff ic ,   shear   condi t ions,  and control ler   inst ruct ions.  

Inspection of Table 3 f o r  an estimate of the  predict ion  ski l l  of 

the  Blick model gives  the  impression of a rather  inadequate  capabili ty.  

More spec i f i ca l ly ,  we are   t es t ing   the  A u t  or Ah'  ADP for  the  Eulerian 

Before  case  as a predictor of the Au' and Ah' for  the  real   Aircraft  

d a t a  resul ts   case.  We find  the  case  for a good pred ic t ive   ab i l i ty   l ess  

t h a n  convincing. 

To examine the   p red ic t ive   ab i l i ty   fur ther ,  we computed l i nea r  

regressions,  where the  independent  variable was the   ac tua l   a i rc raf t  

response, and  the  dependent  variable was the  Blick model response. The 

r e su l t s   a r e  given  in  Table 5. Actual values of A u t  and Ah' approach 

deterioration  parameters were taken from Table 3. Some ra ther   interest ing 

b u t  tenuous  conclusions can be drawn.  F i r s t  of a l l ,  when a l l  16 

approaches  are  included, no s ignif icant   correlat ions  resul t  (Case a ) ;  

the same holds  true when j u s t  Queen Air  approaches  are  considered  (Case b ) .  

We see a l i t t l e  more correlat ion when only  the  Sabreliner  approaches  are 

examined (Case c ) .   Surpr i s ing ly   the   a l t i tude   var ia t ion  ADP, Ah',  appears 

t o  be be t te r   cor re la ted  t h a n  Au'. However, as i n  our  ear l ie r   inspec t ion ,  

the most obvious  conclusion i s  t h a t  ac tua l   a i rc raf t  approach deter iorat ion 

parameters  a're  not  well  correlated t o  model predictions.  

We t r i e d  one addi t ional 'correlat ion t o  see   i f  our  independent 

approach quality  assessment,  discussed  in  Chapter V, could  provide a 

means  of s t r a t i fy ing   t he  more adverse wind shear   s i tuat ions.  I n  Table 5, 

Case ( d )  represents  the  correlation between model predicted and actual 



TABLE 5 

L inea r   reg ress ion   s lope ,   i n te rcep t ,   co r re la t i on   coe f f i c i en t ,   and   exp la ined   va r iance   f o r   Au '   and  Ah' 
ADP v a l u e s ,   f o r   f o u r   t e s t s :   ( a )   a l l  16 approaches,  (b) f o r  12  Queen Air approaches, ( c )   f o r  4 
Sabrel iner  approaches,  and  (d),   for   the  four  most  adverse  approaches  ident i f ied i n  Table  4 as 
QF16R2J1, QF9R3M16,  QF8R3M14, and QF5R3A25. 

L i   n e a r  Explained 
Sample C o r r e l a t i o n  Variance 

Case V a r i a b l e   A i r c r a f t  Number S1 ope Y - I n t e r c e p t   C o e f f i c i e n t  ( a  

( a )  Au I S/QA 16  0.03  0.93 0.00 6 

Ah ' 0.08 19.79 0.07 26 

( b )  AIJ I QA 12 -0.02 0.76  0.01 11 

4 Ah I 0.06 20.24 

( 4  Au I S 4 -0.11 2.38 
a7 

0.02 

0.16 

12 

40 

Ah I 0.06 22.71 0.08 29 

( d l  au ' QRlmos t 4 0.17  -0.12 
adverse 

Ah I 0.56 -5.87 

0.46 

0.63 

68 
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a i r c r a f t  ADP values. In this case  the  correlations seem to  approach sig- 

nificant  values,   with 68% and 80% of the  variance  explained between pre- 

dicted and verified  values of A u '  and A h ' ,  respectively.  

We do n o t  want t o  overemphasize  the  importance  of  these  simple 

s t r a t i f i c a t i o n s .  However, we might draw the  following  conclusions: 

1 .  Most of the  approaches were made through weak wind  shear. 

2. For the  total  sample of 16 approaches, which are  heavily 

weighed toward weak shear  si tuations,   the  Blick  f ixed  st ick 

model does a poor job of p red ic t ing   a i rc raf t  performance. 

Looking a t  i t  another way, the  atmospheric  shear  signal and  

the  a i rcraf t   response,  when examined by the model, are   in  

the  ' 'noise," where presumably other   factors  such as 

occasional  pilot hands-on periods, moments o f  a i r c r a f t  being 

o u t  of trim,  inadequacies o f  the Doppler radar wind measur- 

ing  system, e t c . ,  cause  errors   in   the  predict ive  abi l i t ies  

o f  the model. 

3. The capab i l i t i e s  o f  the model t o  predict  the  response o f  the 

Sabreliner somewhat  more accurately may l i e   i n   t he   f ac t  t h a t  

t h i s   a i r c r a f t   i s  more sensi   t ive t o  changes  in  the wind t h a n  

i s   t h e  Queen Air. 

4 .  As the  atmospheric  signal  contains more shear, and hence  has 

a more de le te r ious   e f fec t  on a i r c r a f t  performance,  the  model's 

capabi l i ty  t o  p red ic t   a i r c ra f t  performance i s  enhanced. Or 

i n  other words,  the  strength of the  shear  brings  the model 

predictive power out of the  "noise. 'I 
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CHAPTER VI1 

CONCLUSIONS 

1. Summary and Overall  Assessment 

A f ea s ib i l i t y   s tudy  was conducted to  determine  whether  ground-based 

Doppler radar  could  measure the wind  a1  ong the  path of an approaching  ai r- 

c r a f t  with  sufficient  accuracy  to be used t o   p r e d i c t   a i r c r a f t  performance. 

A severe storm research program, SESAME ' 79 ,  provided the too l s   fo r  this  

tes t ,   inc luding  two instrumented  research  aircraft ,  a Sabreliner and 

PAR u n i t  Queen Air from NCAR,  a Doppler r a d a r   a t  NSSL, and an Air Force 

for  precision  approaches t o  the  Doppler radar.  

Forty-three PAR approaches  were  conducted,  with 16 exam 

d e t a i l .  In each,  Doppler-derived  longitudinal winds  were comp 

ined  in 

ared  to  

a i r c r a f t  measured  winds; we concluded that  in  approximately 75% of the 

cases ,   the  Doppler and a i r c r a f t  winds were in  acceptable  agreement. In 

the remaining  cases,  errors may have been due t o  a lack o f  Doppler 

resolut ion,  a lack  of  colocation  of  the two sampling  volumes,  the 

presence of eddy or  vortex-like  disturbances  within the pulse volume, 

or  the  presence  of  point  targets i n  antenna  side  lobes. I t  was fu r the r  

concluded that  shrouding  techniques would have reduced  the  side  lobe 

problem. The work l e f t   l i t t l e  d o u b t  t ha t  a ground-based  Doppler radar ,  

operating i n  t h e   o p t i c a l l y   c l e a r   a i r ,  would provide the appropriate 

longitudinal winds along an a i rc raf t ' s   in tended   f l igh t   pa th .  

The study went on to   a t tempt   to  tes t  whether,  given the winds 

along the intended  approach  path  taken  immediately  prior  to the s t a r t  
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of  an approach,  a fixed s t i c k  numerical  simulation model could  predict 

a i r c r a f t  performance. We found t h a t  most of  our  cases  occurred i n  

extremely weak wind shear  conditions,  and the r e su l t i ng  model calculat ion 

was unable to   quant i fy   p rec ise ly  the a i r c r a f t  performance, i n  terms o f  

shear  conditions.  However, f o r  the four approaches  identified by an 

independent  quantitative  pilot  assessment, the model  was more successful.  

This  led  to  the  conclusion  that   as the shear became more severe,  the 

model 's   capabili ty improved. However, we were not   able  t o  v e r i f y   t h i s  i n  

a  convincing manner. Final ly ,  we obtained some f ie ld   ind ica t ions   tha t   a  

high  performance j e t  transport  (Sabre1 iner) was  more adversely  affected 

by shear  than was a   l ight   pis ton  t ransport  (Queen Air) , presumably 

operating i n  s imilar   condi t ions.  

2.  Preliminary  Plans for  an Experiment With Aircraf t  F l i g h t  Simulators 

In our f eas ib i l i t y   s tudy  we were unable  to  encounter  shear o f  a 

magnitude t o  cause  a  major  effect on our a i r c r a f t  performances, due' t o  our 

unwillingness  to  endanger our crews and equipment. This was for tuna te  

for o u r  crews, b u t  unfortunate for an adequate   tes t  of  the  concept. We now 

bel ieve  that  any subsequent   f ie ld   tes t  of  wind shear  detection and warning 

should  always  avoid  intentionally  placing  aircraft i n  even remotely 

dangerous s i t ua t ions .  Consequently we be l ieve   tha t   the   f ina l   "ca l ibra t ion"  

of t he   t heo re t i ca l   r e su l t s  given  in McCarthy e t   a l .  (1979) must' be con- 

ducted i n  manned a i r c r a f t  f l i g h t  simulators.  Shears  covering  a  range  of 

wavelengths and p ro f i l e s ,  b o t h  those measured i n  the atmosphere and the 

theoretical  ones  such  as  those  given i n  Table 2 ,  can be studied w i t h  

rea l   p i lo t s  manning f l ight   s imulators   such  as  the Boeing 727, 747, L-1011, 

and DC-10. 
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We have had preliminary  discussions  with one air l ine  regarding a 

possible operational/experimental program. We bel ieve   tha t  a f u l l   f l i g h t  

simulator program w i t h  an a i r   c a r r i e r  would  be b o t h  beneficial  t o  our work, 

and t o  the a i r   ca r r i e r ,   p rov id ing   p i lo t s  w i t h  experience i n  encountering 

wind  shear  containing h i g h  energy a t   t h e  phugoidal  wavelength. We wil l  

continue t o  pursue the establishment  of a program with an a i r   c a r r i e r .  

Anticipating  such an arrangement, we wil l  be ident i fying and re f in ing  

appropriate wind  shear   p rof i les ,  a n d  preparing them in  the  correct  format 

for   input   into  f l ight   s imulators .  

3. Preliminary  Plans For a Field Experiment In 1982 

As we discussed  in  Chapter I ,  several  concepts  regarding wind 

shear and i t s  detect ion and warning have been advanced. To ident i fy  g u s t  

f ron t  and o the r   s ingu la r i t i e s ,   t he  low level wind shea r   a l e r t  and micro- 

barograph  systems have been developed. To measure actual  shear  along a 

quasihorizontal  approach o r  departure  path, groups represented by 

McCarthy  and Offi have investigated ground-based  Doppler  radar  techniques 

and Tinsley ( F A A )  has cal led  for   a i rborne  systems  ut i l iz ing  the  a i rspeed/  

groundspeed difference  technique.  Finally,   Fujita has ident i f ied  the 

downburst mechanism, b u t  has n o t  es tabl ished a technique f o r  t h e i r   r e a l -  

time  detection and warning. 

We propose t h a t  a major f i e l d  program be planned and executed, 

possibly  during  the summer of 1982, a t  Denver's  Stapleton  Airport. We 

envisage this  program t o  be a t e s t  of the ex is t ing  and anticipated  tech- 

nology designed t o  de tec t  and  warn of  wind shear.  By t h a t  time the FAA's 

operational wind  shear program wil l  have i n  p lace  a t   Stapleton the 
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low-level wind shear   a ler t   (a l ready  in   place)  and  microbaragraph  systems. 

NCAR's 5 and 10-cm Doppler radars  could be  made avai lable  on request,  as 

could PAM I and/or  PAM I 1  surface mesonet systems, and several  instrumented 

research   a i rc raf t .  Mesoscale observing and display  systems  of  the 

Prototype  Regional  Observing and Forecast System (PROFS) of NOAA may  be 

avai lable ,  and remote  probing  techniques  of NOAA's  Wave Propagation 

Laboratory would  be important. One or more a i r   c a r r i e r s  with major 

operations a t  Stapleton  could be s t imulated  into  par t ic ipat ing.   Final ly  

i t   i s   a n t i c i p a t e d  t h a t  the FAA will  have prototype  airborne wind  shear 

detection  systems  available  for  testing by 1982. Persons who have 

expressed  interest  include  the  authors, Dr. Robert Seraf in ,  NCAR-FOF, 

Dr. Walter Frost,  University of Tennessee, Dr. Ted Fujita,  University 

of  Chicago, Dr. Richard  Doviak, NSSL, Dr. A1 Bedard, NOAA-WPL, 

Dr. Fernando  Caracena , NOAA-APCL, and  Dr. Ron A1 berty of NOAA - PROFS. 

We see   th i s  program t o  be a comprehensive t e s t  of how wind shear   affects  

a i r c r a f t  approach and departure   operat ions,   i t s   detect ion , and i t s  

warni ng.  
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F o r t y - t h r e e  PAR approaches were conduc ted ,   w i th   16   examined   i n   de t a i l .   I n   each ,   Dopp le r -  
d e r i v e d   l o n g i t u d i n a l   w i n d s  were compared t o   a i r c r a f t - m e a s u r e d   w i n d s ;   i n   a p p r o x i m a t e l y  75 
p e r c e n t   o f   t h e  cases, the   Dopp le r   and   a i r c ra f t   w inds  were i n   a c c e p t a b l e   a g r e e m e n t .   I n   t h  
r e m a i n i n g   c a s e s ,   e r r o r s  may have  been  due  to  a l a c k   o f   D o p p l e r   r e s o l u t i o n ,  a lack  of  CO- 
l oca t ion   o f   t he   two   s ampl ing   vo lumes ,   t he   p re sence   o f   eddy   o r   vo r t ex - l ike   d i s tu rbances  
w i t h i n   t h e   p u l s e   v o l u m e ,   o r   t h e   p r e s e n c e   o f   p o i n t   t a r g e t s   i n   a n t e n n a   s i d e   l o b e s .  I t  was 
f u r t h e r   c o n c l u d e d   t h a t   s h r o u d i n g   t e c h n i q u e s  would  have  reduced  the  s ide  lobe  problem. 
The work l e f t  l i t t l e  d o u b t   t h a t  a g r o u n d - b a s e d   D o p p l e r   r a d a r   o p e r a t i n g   i n   t h e   o p t i c a l l y  
c l e a r   a i r ,  would p r o v i d e   t h e   a p p r o p r i a t e   l o n g i t u d i n a l   w i n d s   a l o n g  an a i r c r a f t ' s   i n t e n d e d  
f l i g h t   p a t h .  The s t u d y   a l s o   a t t e m p t e d   t o  t e s t  whe the r ,   g iven   t he   w inds   a long   t he   i n t ende  
a p p r o a c h   p a t h   t a k e n   i m m e d i a t e l y   p r i o r   t o   t h e  s t a r t  o f  an  approach, a f i x e d   s t i c k   n u m e r i c  
s i m u l a t i o n  model c o u l d   p r e d i c t   a i r c r a f t   p e r f o r m a n c e .  Most o f   t h e  t e s t  c a s e s   o c c u r r e d   i n  
extremely weak wind s h e a r   c o n d i t i o n s ,   a n d   t h e   r e s u l t i n g  model c a l c u l a t i o n  was u n a b l e   t o  
q u a n t i f y   p r e c i s e l y   t h e   a i r c r a f t   p e r f o r m a n c e ,   i n  terms o f   shea r   cond i t ions .   However ,   fo r  
t h e   f o u r   a p p r o a c h e s   i d e n t i f i e d   b y   a n   i n d e p e n d e n t   p i l o t   a s s e s s m e n t   t o   b e   m o s t   s e v e r e ,   t h e  
model was more s u c c e s s f u l .   T h i s   l e d   t o   t h e   c o n c l u s i o n   t h a t  as t h e  shear became  more 
seveSe ,   t he   mode l ' s   capab i l i t y   improved .  However, t h i s   c o u l d   n o t   b e   v e r i f i e d   i n  a con- 
v incmg  manner .   F ina l ly ,  some f i e l d   r e s u l t s   i n d i c a t e d   t h a t  a high-performance j e t  t r a n s -  
p o r t   ( S a b r e l i n e r )  was more a d v e r s e l y   a f f e c t e d  by s h e a r   t h a n  was a l i g h t   p i s t o n   t r a n s p o r t  
(Queen Ai r ) ,   p re sumab ly   ope ra t ing   i n  similar c o n d i t i o n s .  
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