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TECHNICAL MEMORANDUM X-53982 

WIND DETERMINATION BASED ON EDDY TRANSIT TIMES 

MEASURED BETWEEN FOUR NON-INTERSECTING LIGHT BEAMS 

SUMMARY 

The problem and t h e  cond i t ions  imposed on i t  are  i d e n t i f i e d  i n  an 
in t roduc to ry  s e c t i o n .  To observe winds from whichever compass p o i n t  they 
may a r r i v e ,  a symmetric arrangement of four  beams is  introduced. It con- 
t a i n s  t h r e e  f r e e  geometric parameters and o f f e r s  20 t r a n s i t  combinations 
of t h r e e  each, among which 16 can be employed f o r  wind determinat ion.  
Twelve of them a r e  p u t  t o  a c t u a l  use. They are divided i n t o  groups of 
fou r ,  each of which i s  capab le  of d e t e c t i n g  a c e r t a i n  c l a s s  of winds sub- 
j e c t  t o  prescr ibed terms of confidence and accuracy. Class l i m i t s  depend 
on two t r a n s i t  time r a t i o s  and t a k e  t h e  form of curves bounding o f f  a r e a s  
w i t h i n  which those r a t i o s  may be s a i d  t o  r e f e r  t o  an  observable  uniform 
wind blowing i n  a d e f i n i t e  s p a t i a l  region.  With a s u i t a b l y  constructed 
beam system, i t  may have any l a t e r a l  d i r e c t i o n .  Allowable wind i n c l i n a -  
t i ons  vary wi th  azimuth and the values adopted f o r  t h e  t h r e e  geometric 
and some i n t e r r e l a t e d  parameters r e f l e c t i n g  physical  and o t h e r  r e s t r a i n t s  
under which t h e  system i s  t o  operate .  Many of t h e  a c c e s s i b l e  winds a r e  
measured more than once by the  t h r e e  groups taken toge the r .  

The c l a s s  (or a d m i s s i b i l i t y )  a r eas  can b e  de l inea ted  without  decid-  
ing on the  r e fe rence  or  obse rva t ion  h e i g h t  near  which one may wish t o  
explore  the  a i r  motion. However, being l inked t o  parameters used, i t  
cannot be chosen completely a t  w i l l .  With t h e  beam arrangement developed 
and s tud ied  i n  the  main body of t h e  paper,  upward and downward winds wi th  
i n c l i n a t i o n s  running from 0 t o  w e l l  over 30 degrees a r e  a c c e s s i b l e  t o  
measurement, provided they move a t  r e fe rence  he igh t s  roughly between 25 
and 300 meters .  The l o c a t i o n  and dimensions of t h e  obse rva t ion  volume 
can be determined as we l l .  

Homologous systems a r i s i n g  by t h e  same gene ra l  method when app l i ed  
t o  d i f f e r e n t  s e t s  of parameters a r e  capable  of observat ion a t  lower and 
g r e a t e r  he igh t s .  The c a l c u l a t i o n  of t h e  then measurable wind i n c l i n a -  
t i ons  i s  bound up wi th  t h a t  of t h e  a d m i s s i b i l i t y  a r e a s  which is  laborious 
and has n o t  been c a r r i e d  ou t .  



I. INTRODUCTION 

To provide f o r  t h e  measurement of winds i r r e s p e c t i v e  of d i r e c t i o n  
and s l a n t  a n g l e  i s  recognized as a major concern of crossed-beam atmos- 
phe r i c  experimentation (which s u b s t i t u t e s  t h e  eddy o r  ( m a s s )  convection 
speed f o r  t h a t  of t h e  wind). The instrumentat ion and d a t a  processing 
phases a r e  pursued elsewhere and need not  be considered here .  The 
p resen t  r e p o r t  acknowledges t h e  end product of t h e  experimental  cha in ,  
namely, a number of eddy t r a n s i t  times,and asks t h e  quest ion:  What wind 
produced i t? Evident ly ,  t h e s e  f i g u r e s  vary w i t h  t h e  beam conf igu ra t ion  
o p e r a t i v e  which, however, is n o t  e n t i r e l y  a t  our d i s c r e t i o n .  It must b e  
shaped t o  answer c e r t a i n  requirements necessary t o  i n s u r e  t rustworthy 
measurement . 

The most p re s s ing  need i s  t o  keep t h e  beams c l o s e  toge the r  i n  the  
r eg ion  s e l e c t e d  f o r  obse rva t ion ,  s o  t h a t  t h e  a i r  flow t h e r e  can be con- 
s i d e r e d  uniform w i t h  s t r a i g h t  c y l i n d r i c a l  eddy paths r ep resen t ing  i ts  
d i r e c t i o n .  Their  c ros s  s e c t i o n s  ought t o  be comparable t o  beam width,  
p r e f e r a b l y  sma l l e r  than i t .  The volume of t h e  region w i l l  be compact 
as d e s i r e d  i f  t h e  beam connect ions e s t a b l i s h e d  by any and a l l  eddy motions 
t h a t  may occur i n  i t  a re  no t  too f a r  apa r t  t o  i n v a l i d a t e  t h e  assumption 
of uniform flow. This sweeping requirement,  however, cannot be s u s t a i n e d ,  
except perhaps i f  a l a r g e  number of d e t e c t o r s  can be brought i n t o  a c t i o n .  
P r a c t i c a l l y ,  one is led t o  d e f i n e  a c l a s s  of measurable winds. N o  r e s t r i c -  
t i o n  as t o  azimuths w i l l  be placed on them i n  t h e  p re sen t  i n v e s t i g a t i o n ,  
Since n e a r l y  h o r i z o n t a l  winds, as t h e  most common k i n d ,  ought t o  be 
d e t e c t a b l e  a t  any r a t e ,  i t  is t h e  e l e v a t i o n  a n g l e  t h a t  w i l l  be s u b j e c t  t o  
an upper bound beyond which s a f e  measurement is  precluded on t h e  ground 
t h a t  over l a r g e  c ros s  d i s t a n c e s  t h e  wind vec to r  cannot be expected t o  
s t a y  reasonably c o n s t a n t ,  To a l e s s e r  degree t h i s  is  a l s o  t r u e  i n  t h e  
lengthwise d i r e c t i o n ;  however, t he  r e s t r i c t i o n  thus suggested on path 
l e n g t h  r ece ives  added f o r c e  by the  des i re  t o  keep t h e  t r a v e l i n g  eddy 
from decay which would d e s t r o y  t h e  r o o t  of t h e  method. The path l eng th  
r e s t r i c t i o n  may sometimes be v i o l a t e d  when t h e  c r o s s  d i s t a n c e s  a r e  s t i l l  
s u f f i c i e n t l y  s m a l l  and then is dominant i n  l i m i t i n g  the  c l a s s  of observable  
winds. 

The experimental  e r r o r  is  assumed no t  t o  exceed kO.1 second. Dif-  
f e r e n t  ideas can, of course,  be p u t  f o r t h  on t h i s  head which w i l l  a l t e r  d 

t h e  d i s t r i b u t i o n  of s a f e l y  measurable winds. They w i l l  n o t  a f f e c t ,  
however, t h e  gene ra l  reasoning followed i n  t h e  paper. The t r ansmi t t ed  
e r r o r s  vary i n  i n v e r s e  p ropor t ion  t o  t h e  eddy so jou rn  time i n  between 
beams s o  t h a t ,  i n  o rde r  t o  keep them reasonably s m a l l ,  a lower l i m i t  w i l l  
have t o  be placed on t r a n s i t  t i m e s .  I f  i t  is p u t  a t  one second, an  
obse rva t iona l  e r r o r  of no t  more than 10 percent  is held permissible .  
A s  a c o r o l l a r y ,  no p a t h  a v a i l a b l e  t o  eddy t r a v e l  must have a s h o r t e r  
l e n g t h  than t h e  s t r o n g e s t  admitted wind would cover i n  u n i t  t i m e .  (To 
be s u r e ,  t h i s  would no t  exclude even s t r o n g e r  winds i f  they happened t o  

s 
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blow i n  t h e  d i r e c t i o n s  of longer beam connect ions.)  The need f o r  main- 
t a i n i n g  a minimum pa th  l e n g t h  might prevail over  t h e  need f o r  s h o r t  
c ros s  d i s t a n c e s  and then c u r t a i l  t h e  c l a s s  of a c c e s s i b l e  winds i n  i t s  
s t e a d .  

Outside t h e  obse rva t ion  r eg ion ,  t h e  wind may s h i f t  d i r e c t i o n  thus 
g iv ing  r i s e  t o  t h e  recording of extraneous t r a v e l  t i m e s  t h a t  must n o t  b e  

c used f o r  determining a wind vec to r .  Such "forbidden" t i m e s  can as a r u l e  
be recognized by assembling a l l  those t h a t  are  consonant w i t h  t r a n s i t i o n s  
a v a i l a b l e  w i t h i n  t h e  monitored volume. An o u t s i d e  t r a n s i t i o n  would r e q u i r e  
a t i m e  e i t h e r  too long o r  too s h o r t  except i n  rare cases where t h e  wind, 
besides  s h i f t i n g ,  s imultaneously a l t e r s  i t s  s t r e n g t h  w i t h i n  a d e f i n i t e  
narrow compass. To e s t a b l i s h  an "admiss ib i l i t y"  r o s t e r  i s  a major con- 
c e rn  of t h e  inves t i g a  t ion. 

I 

Sometimes spurious t r a n s i t s  o r i g i n a t i n g  through what may be lumped 
toge the r  as n o i s e  e f f e c t s  may be eliminated by t h e  same c r i t e r i o n .  How- 
eve r ,  s i n c e  t h e  times by which they a re  ind ica t ed  do not  a r i s e  from beam 
geometry, they may on occasion be found among those admissible .  
en t  rules  f o r  weeding them out  are d e s i r a b l e .  One a t  l e a s t  has a l r e a d y  
been propounded on a s t a t i s t i c a l  b a s i s .  

Independ- 

It is ev iden t  from t h e  foregoing t h a t  several opt ions have t o  be 
exercised b e f o r e  a r r i v i n g  a t  t h e  f i n a l  f i g u r e s  f o r  a beam conf igu ra t ion .  
The numerical dec i s ions  made i n  t h e  paper a t  c e r t a i n  c r u c i a l  s t a t i o n s  of 
t he  development a re  no t  immutable. The arrangement descr ibed is b u t  one 
of many t h a t  a r e  s imilar  (or even d i s s i m i l a r  i f  t h e  s t r e s s  i s  on d i f -  
f e r e n t  c l a s s e s  of winds). 

For ease of t h e  mathematical formulat ion t h e  beams and eddy paths 
i n  what follows a r e  replaced by t h e i r  c e n t e r  l i n e s .  The o u t e r  reaches 
of t h e  a d m i s s i b i l i t y  region a p p e a r  c l e a r l y  marked o f f  as a consequence, 
whereas i n  physical  r e a l i t y  t h e  border is n o t  q u i t e  s o  s h a r p l y  def ined.  

11. BASIC CONSIDERATIONS 

Observation of t h e  three-dimensional wind vec to r  r e q u i r e s  a minimum 
of t h r e e  beams. Such a conf igu ra t ion  has been s tud ied  i n  r e f e r e n c e  1, 
where an arrangement b e s t  s u i t a b l e  f o r  measuring h o r i z o n t a l  winds arr iv-  

ma t i ca l  foundat ion w a s  couched i n  g e n e r a l  terms, s o  t h a t  a n  a r r a y  of 
non-horizontal  winds a c c e s s i b l e  t o  measurement by t h e  same arrangement 

by adding a f o u r t h  beam, t o  seek  t o  widen t h e  obse rva t iona l  range t o  

J; 

c ing from a 90-degree azimuthal compass has been obtained.  The mathe- 

u could a l s o  have been determined. It is  tempting t o  use i t  as a base  and, 

J; 
W. H. Heybey, Wind v e c t o r  c a l c u l a t i o n  using crossed-beam da ta  and 
d e t e c t o r  arrangement f o r  h o r i z o n t a l  winds, NASA TM X-53754, J u l y  11, 1968. 
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i nc lude  winds from a l l  d i r e c t i o n s .  This l i n e  of approach, however, has 
met w i t h  f a i l u r e ,  as one might have a n t i c i p a t e d .  An arrangement more 
symmetric than any one connected w i t h  t h a t  of r e fe rence  1 is more l i k e l y  
t o  r each  t h e  goal .  

L e t  us  i n t roduce  a right-handed r e c t a n g u l a r  C a r t e s i a n  system wi th  
t h e  x- and y-axes on l e v e l  ground, po in t ing  forward and t o  the  r i g h t ,  
r e s p e c t i v e l y .  The most symmetric l ayou t  of four  d e t e c t o r s  would p l ace  
them on t h e s e  axes ,  each a t  t h e  same d i s t a n c e ,  s ,  undetermined as y e t ,  
from t h e  o r i g i n .  Their  p o s i t i o n s  then are 

lSt d e t e c t o r  (beam a): 

Znd d e t e c t o r  (beam b): 

3rd d e t e c t o r  (beam c ) :  

4th d e t e c t o r  (beam d):  

a t  Pa(Xa = S, ya = 0, za = 0) 

a t  Pb (O,s,O) 

a t  Pc (-s,O,O) 

a t  Pd ( 0 , - s , O ) .  

The d e t e c t o r s  are  s i t t i n g  a t  t h e  corners  of a squa re  of diagonal  l eng th  
2s. 

I n  o rde r  t o  d e f i n e  a symmetrical beam system l e t  us i n t roduce  a 
p a r a l l e l ,  smaller squa re  whose c e n t e r  is  on t h e  z-axis  a t  the "reference" 
h e i g h t  z = h. Using a p o s i t i v e  dimensionless parameter 

we may w r i t e  t h e  coord ina te s  of i ts  co rne r  po in t s  as 

The beams a ,  b y  c y  d w i l l  then be f ixed  by t h e  segments 

¶ 

r e s p e c t i v e l y .  Note t h a t  i f  A were t o  be l a r g e r  than u n i t y  they would 
diverge,  r ende r ing  i t  impossible t o  b r ing  them c l o s e  toge the r  near  any 
p o s i t i v e  r e f e r e n c e  o r  "observation" he igh t .  Their  d i r e c t i o n  cosines  a r e  
found as 
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where 

( 3 )  o = s / h ,  c o t g  = CT m. 

The a c u t e  a n g l e  $ is  t h e  e l e v a t i o n  a n g l e  common t o  t h e  fou r  beams and 
s o  f a r  a f r e e  parameter. 

F igu re  1 shows the  top view of t h e  conf igu ra t ion ,  w h i l e  Figure 2 
o f f e r s  a look i n t o  t h e  f i r s t  o c t a n t  of t h e  Car t e s i an  system. 

I n  r e f e r e n c e  1 no beforehand dec i s ions  were made e i t h e r  on d e t e c t o r  
p o s i t i o n s  o r  on beam d i r e c t i o n s .  Much of t h e  f l e x i b i l i t y  granted thereby 
and p u t  t o  good use is l o s t  w i t h  t h e  p re sen t  arrangement. However, t h i s  
l a c k  i n  freedom is no t  r e a l l y  s e r i o u s ,  l a r g e l y  on t h e  grounds t h a t  now 
s i x  t r a n s i t i o n s  a r e  a v a i l a b l e  ( in s t ead  of t h r e e ,  composing one s i n g l e  
t r a n s i t  t r i a d ) .  S e l e c t i n g  s u i t a b l e  connection l i n e  t r i p l e t s  o u t  of t h e  

(2) = 20 t h a t  are  conceivable  w i t h  fou r  beams, i n  f a c t ,  makes up f o r  t he  

r e l a t i v e  r i g i d i t y  of t h e  geometry, i n  which a r e  now only t h r e e  f r e e  
parameters (s,h,A).  It w i l l  l a t e r  be seen t h a t  t h e i r  values  can be 
a d  j u s  ted such t h a t  winds a r r i v i n g  from a s u r p r i s i n g l y  l a r g e  azimuthal 
s e c t o r  can be handled by every t r a n s i t  combination employed, a l though 
w i t h  h o r i z o n t a l  winds, none of them is capable  of monitoring a 90-degree 
compass by i t s e l f ,  as is t h e  s i n g l e  t r i a d  of r e f e r e n c e  1. We w i l l  have 
t o  be con ten t  w i th  smaller s e c t o r s ,  which, however, must be wide enough 
t o  cause t h e  azimuthal reaches of t h e  p e r t i n e n t  t r i a d s  t o  overlap.  Taken 
toge the r ,  they must cover t h e  e n t i r e  r o s e  i n  order  t o  achieve a prime 
o b j e c t i v e  of t h e  i n v e s t i g a t i o n .  

Not a l l  of t h e  twenty t r a n s i t  groups of t h r e e  each w i l l  a c t u a l l y  be 
used. Among those  t h a t  a r e ,  t h e  b u i l t - i n  symmetry r e l a t i o n s  g r e a t l y  
reduce t h e  mathematical l abo r  involved i n  t h e i r  s tudy.  Nevertheless ,  
be fo re  symmetry p r o p e r t i e s  can be invoked, some lengthy formulat ions 
are  unavoidable i n  dea l ing  w i t h  fou r  beams and s i x  beam connections.  
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111. P O S I T I O N  VECTORS, EDDY PATHS, RESTRAINING PLANES 

The l o c a t i o n  of t h e  p o i n t s  Pa ... Pd may be descr ibed by t h e i r  
p o s i t i o n  v e c t o r s  

where i., 1, - k a r e  t h e  u n i t  v e c t o r s  on t h e  coord ina te  axes.  

( 4 )  

Of much g r e a t e r  importance a re  those p a r t i c u l a r  p o i n t s  on t h e  
beams whose connections are  p a r a l l e l  t o  t h e  unknown wind vec to r  

It has been shown i n  r e f e r e n c e  1 t h a t  f o r  any wind d i r e c t i o n  t h e r e  e x i s t s  
exac t ly  one such connect ion between two beams.* 
uniquely d e f i n e s  t h e  terminals  of a connecting l i n e  whose l eng th ,  i f  
divided by t h e  measured t r a n s i t  t ime, y i e l d s  t h e  wind speed. A s  
another  consequence, t h e  a n a l y t i c  expressions f o r  t h e  terminals  posi-  
t i o n  vec to r s  are n o t  dependent on wind speed; r a t h e r ,  they c o n t a i n  
t h e  r a t i o s  of t h e  wind v e c t o r  components, and, i n  f a c t ,  a r e  l i n e a r  
homogeneous func t ions  of them as given i n  r e f e r e n c e  1, p. 13 .  For 
needed c l a r i t y  t h e  number ind ices  used t h e r e  w i l l  b e  replaced h e r e  by 
l e t t e r  i n d i c e s  ( L ~  -5, rl+rab, r2 + r  , r2 -+;bay e t c . ) .  With 
d o u b l e - l e t t e r  s u b s c r i p t s  t he  f i r s t  le t ter-3enotes  t h e  beam t h e  terminal  
s i ts  on, t h e  second i n d i c a t e s  t o  which beam t h e  wind vec to r  drawn 
through i t  i s  point ing.  Evaluat ion of the expressions i n  terms of t h e  
d e t e c t o r  coord ina te s  (1) and t h e  d i r e c t i o n  cos ines  (2)  y i e l d s  a group 
of formulas : 

Thus, wind d i r e c t i o n  a lone  

* Jr J; J; 

Jr h v1 + v, + V,a(l+A) 
r = r  + - - a  -ab a a, - V,(l+h) + V,(l-A) + V3o(l+A2) 

(equat ions ( 6 )  continued on nex t  page) 

J; 
When t h e  wind happens t o  be p a r a l l e l  t o  t he  para l le l  planes i n  which 
they a r e  contained,  t h e r e  e x i s t s  none. 
handled by o t h e r  beam p a i r s .  

Such winds m u s t  and can be 
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n 

P 

V, + V, + V,a(l-A) h r* = r  + -  
-ba -b a, fi V,(l+A) + V2(1-A) + V30(l+A2) 

V, - V, - V,a(l+A) h 
- V30(l+A2) 

r* = r  + -  -bc -b a3 fi V I ( 1 - A )  - V,(l+A) 

h VI - V, - V,a(l-A) 
rJC = r  + -  
-cb -c a, Vl(l-A) - V,(l+A) - V30(l+A2) 

V, + V2 - V,o(l+A) 
Jc h = r  + -  

-cd -c a, V,(l+A) +, V,(l-A) - V3a ( l+A2) 

V, - V, + V3cr(l-A) 
9c r = r  + L a  

-ad -a a3 - v , ( ~ - A )  - V,(l+A) + v3a(1+h2) 

h v, + AUV, 
r* = r  + - a  -ac -a a, - AV, + V, 

v, - AUV, 
r = r  -ca -c + AV, + V, 
J; h 

v, - AUV, * h 
Lbd = &b + .@ V, - AV, 

v, + AoV3 h 
+ - 6  9c - 

%b - .Ed a, - V, - AV2 

The u n i t  v e c t o r  components v i  appearing i n  r e f e r e n c e  1 have been 
replaced h e r e  by t h e  wind vec to r  components V i  = v i V  themselves. 
Furthermore, _a, g, 2, 2 are  t h e  u n i t  vec to r s  i n  beam d i r e c t i o n  
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(a  = a& + a d  + a&, e tc . )  
o? two vec to r s  w i th  interchanged index sequence are seen  t o  be equal  
when V3 = 0, as is  geomet r i ca l ly  ev iden t  w i th  h o r i z o n t a l  t r a n s i t s .  Four 

Since a, = p3 = y3 = tj3, t h e  z-components 

The group (6) can be considered a main r e s u l t .  A l l  t h ings  e s s e n t i a l  
can b e  der ived from i t ,  as indeed i t  embodies t h e  geometric c o r e  of t h e  
problem i n  t h a t ,  from among t h e  m u l t i t u d e  of eddy courses  p re sen t  i n  a 
given uniform wind motion, it s i n g l e s  o u t  t h e  s i x  t o  which a meaningful 
pa th  l e n g t h  and t h e r e f o r e  a measured t r a n s i t  t i m e  can be a s c r i b e d .  

The d i r e c t e d  l eng ths  of t h e  several paths  may b e  w r i t t e n  as 

V -L - J- R* = rd\  - r" = 2As 
- c d  -dc - c d  V,(l+A) + V,(1-A) - V,O(l+A2) 

V - 
-L -L R;k = r" 

= -2As Avl + v2 -ac -ca -ac 
- r" 

(7) 

These expressions a r e  gained by combined use of r e l a t i o n s  ( 2 )  
The p a t h  l e n g t h  v e c t o r ,  Gn, connecting beam m and n through (6) .  

( i n  t h a t  o r d e r )  is  e i t h e r  paral le l  o r  a n t i p a r a l l e l  t o  1, depending on 
whether t he  c o e f f i c i e n t  a t  r i g h t  is  p o s i t i v e  o r  negat ive.  This d i s t i n c -  
t i o n  a f f e c t s  t h e  s i g n  of t h e  t r a n s i t  time. I f  t h e  uniform flow r e l a -  
t i o n s h i p  is w r i t t e n  as 

V -mn mn - RJ; = T* 
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t h e  t r a n s i t  time 7 i n  is  def ined as p o s i t i v e  o r  nega t ive  w i t h  eddies 
moving from beam m t o  beam n, o r  o p p o s i t e l y  so, i n  which c a s e  zin = 
-T& < 0. 
record n ve r sus  record m ( f n  > 0) as w e l l  as v i c e  versa (-cgn < 0) ,  
s i n c e  of cour se  t h e  d i r e c t i o n  of t h e  flow is unknown. 

As a practical  consequence, one must, i n  c o r r e l a t i n g ,  de l ay  

Eddy travel between sepa ra t ed  beams r e q u i r e s  a f i n i t e  t i m e ,  so  
t h a t  record c o r r e l a t i o n  can never e x h i b i t  a peak a t  t i m e  z.in = 0. 
Should such a peak a r i s e  n e v e r t h e l e s s ,  one would f i r s t  t r y  t o  put  i t s  
presence down t o  extraneous circumstances and simply d i s c a r d  it .  I f  
t h i s  is not  warranted by a n o i s e  peak c r i t e r i o n ,  its occurrence may 
suggest  inadequate ope ra t ion  o r  undesirable  flow p r o p e r t i e s  (as over- 
s i z e d  eddies  o r  winds too s t r o n g ) ;  t h e  v a l i d i t y  of any o t h e r  maximum 
is l ikewise  dubious i n  such cases .  

I d e a l l y ,  i n  each c o r r e l a t i o n  curve, t h e r e  is j u s t  one r e l e v a n t  
peak d e f i n i n g  one s i n g l e  t r a n s i t  time." 
peaks, we a r e  s t i l l  l e f t  w i t h  s e v e r a l  "wind" peaks,  a l l  b u t  one of them 
w i l l  have been caused by s h i f t e d  winds o u t s i d e  the  obse rva t ion  region.  
The a d m i s s i b i l i t y  r o s t e r  w i l l  p o i n t  out  t h e  " t rue" peak. I f  even 
a f t e r  consu l t ing  i t ,  a m u l t i p l e  cho ice  p e r s i s t s ,  t h e  measurement w i l l  
have t o  be abandoned as ambiguous. I n  a n t i c i p a t i n g  l a t e r  r e s u l t s  i t  
may be added h e r e  t h a t ,  f o r t u n a t e l y ,  many winds can be observed by more 
than one t r a n s i t  t r i a d ,  n o t  a l l  of which may use the  p a i r  w i t h  t h e  
inconclusive c o r r e l a t i o n  p a t t e r n .  

I f ,  a f t e r  removing t h e  n o i s e  

Re la t ions  (7)  and (8) e s t a b l i s h  the  dependence of t h e  wind vec to r  
components p re sen t  on t h e  t r a v e l  times r e g i s t e r e d  and thereby f u r n i s h  
the  b a s i s  f o r  answering t h e  paper 's  main problem as it w a s  formulated 
i n  the  In t roduc t ion .  A f t e r  c a l c u l a t i n g  the  t h r e e  components, t h e  
l a t e r a l  d i r e c t i o n  of t h e  wind is found from 

where t h e  azimuthal a n g l e  rp is  counted counterclockwise from t h e  p o s i t i v e  
x-axis .  The s i g n s  of V, and V, i n d i c a t e  which one of t h e  two supple- 
mentary d i r e c t i o n s  m u s t  be  assigned t o  t h e  wind. Its e l e v a t i o n  a n g l e  
i s  def ined by 

v3 t an  x = 

" 
Occasionally t h e r e  is none ( i n  the  circumstances mentioned i n  the  
preceding foo tno te ) .  Any p a r t i c u l a r  beam p a i r  (m,n) is  u n f i t  f o r  
d e t e c t i n g  c e r t a i n  winds. 
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where t h e  r o o t  w i l l  be taken a b s o l u t e l y ,  so  t h a t  t h e  a n g l e  X is a c u t e  o r  
obtuse depending on whether t h e  a i r  i s  moving upward or  downward. 

On account of t h e  symmetric beam conf igu ra t ion ,  t h e  six paral le l  
connecting paths  a s s o c i a t e d  w i t h  a uniform wind ought t o  have i n t e r -  
r e l a t e d  l eng ths ,  so t h a t  t he  eddy t r a v e l  times cannot be expected t o  
be wholly independent of each o the r .  Combining t h e  expressions (7) and 
(8) one can indeed show t h a t ,  f o r  any wind whatsoever, t h e  r e l a t i o n s  
e x i s  t 

1 1 1 +,=-+- T9; T* 
1 - 

':b 'cd bc da 

2 1 1 - = - - -  +a Tda 
'Ed 

I f  t h r e e  t r a v e l  times a r e  known, the  remaining t h r e e  can be computed 
from t h e  system (11) which t h e r e f o r e  could be used t o  check t h e  r e s u l t s  
obtained through back-and-forth c o r r e l a t i o n  of t h e  s i x  record pa i r s .  
Approximately, equat ions (11) ought t o  be s a t i s f i e d  and thus may s e r v e  
t o  remove un re l a t ed  c o r r e l a t i o n  peaks, e s p e c i a l l y  i f  t h e  admi . s s ib i l i t y  
r o s t e r  leaves doubt i n  t h i s  r e s p e c t .  

Since t h e  v e l o c i t y  components can be expressed i n  terms of t r a n s i t  
t i m e s  , t h e  e q u a l i t y  (8) converts  path l eng th  r e s t r i c t i o n s  i n t o  condi- 
t i o n s  which pronounce c e r t a i n  time sets as inadmiss ib l e  and, as w a s  
mentioned e a r l i e r  , sometimes take precedence over t h e  l i m i t a t i o n s  impose( 
by t h e  phys ica l  n e c e s s i t y  of r e s t r a i n i n g  what had loose ly  been c a l l e d  
t h e  c r o s s  d i s t a n c e s  o f  t he  eddy paths .  

To f i x  ideas  h e r e  cons ide r  an inc l ined  s t r a i g h t  s t r e a m l i n e  and t h e  
v e r t i c a l  p l ane  i n  which i t  is  contained. I n  the  ope ra t ion  region one 
may presume t h e  wind reasonably cons t an t  i n  l a t e r a l  d i r e c t i o n s ,  more 
p r e c i s e l y ,  i n  a plane,  E ,  t h a t  passes through a given connecting path 
and is perpendicular  t o  t h e  v e r t i c a l  plane. Wind shea r  w i l l  sooner be 
expected i n  t h e  d i r e c t i o n  of t h e  p l ane ' s  normal which has the  cos ines  t 
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With h o r i z o n t a l  winds (V, = 0) t h i s  normal is po in t ing  upward ( i n  posi-  
t i v e  z - d i r e c t i o n ) .  I n  r e f e r e n c e  1 t h e r e f o r e ,  t he  d i s t a n c e  between 
h o r i z o n t a l  planes had been kep t  w i t h i n  p re sc r ibed  bounds i n  o rde r  t o  
i n s u r e  s a f e  measurement. With inc l ined  winds one would r e s t r i c t  t h e  
" l aye r  thickness" i n  t h e  analogous d i r e c t i o n  

It may then be def ined as t h e  ("cross") d i s t a n c e  between two " r e s t r a i n -  
ing" planesJC E through t h e  (k H a )  and (m-n) beam connections and 
is  given by 

= 5 - r* 1. 
'ka,mn m n  

For de r iv ing  expression (13) cons ide r ,  q u i t e  g e n e r a l l y ,  two paral-  
l e l  planes through a r b i t r a r y  po in t s  P, and P2: 

Their common normal through t h e  o r i g i n ,  

i n t e r s e c t s  w i th  t h e  two planes a t  po in t s  w i t h  the  coord ina te s  

~~ ~~ ~~ 

J; 
These a re  p a r a l l e l  t o  each o t h e r ,  as i d e n t i f i e d  by two p a i r s  of paral-  
l e l  l i n e s ,  each c o n s i s t i n g  of a beam connect ion and a normal t o  t h e  
v e r t i c a l  plane.  
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where 

a r e  t h e  p o s i t i o n  vec to r s  of PI and P2. 
s e c t i o n  po in t s  is 

The d i s t a n c e  of t h e  i n t e r -  

*- 

I V .  FOUR BASIC TRANSIT TRIADS 

To develop t h e  beam system's  c a p a b i l i t y  of measuring h o r i z o n t a l  
winds r e g a r d l e s s  of t h e i r  d i r e c t i o n  is  a foremost concern which w i l l  
guide us  i n  s e l e c t i n g  b a s i c  t r i a d s  from among the twenty ope ra t ive .  

L e t  us begin,  q u i t e  modestly, w i t h  winds a r r i v i n g  from about t h e  
f i r s t  q u a r t e r  of t h e  r o s e  (9 x 0" ... 4 5 " ) .  Inspec t ion  of Figure 1 
suggests  t o  employ the  beam connections 

de f in ing  t r i a d  I. Indeed, w i t h  V, = 0, t h e  f i r s t  two a r e  r e a l i z e d  a t  
h e i g h t  h when cp = 45" ,  t h e  l a s t  one i s  so w i t h  cp = 0". Note t h a t  a l l  
four  beams a r e  employed wi th  t h e s e  t h r e e  t r a n s i t i o n s . *  Relat ions (7) 
and (8) y i e l d  t h e  equat ions 

J; J; (-2- - V,-AV2 (Tdb = -Tbd) 

+;The s i n g l e  t r a n s i t  t r i a d  of r e f e r e n c e  1 uses t h r e e  beams only,  a l though 
i n  a h igh ly  asymmetric arrangement, t o  t r a c k  h o r i z o n t a l  winds a r r i v i n g  
from a 90" azimuthal s e c t o r .  

1 2  



which can be resolved f o r  t h e  wind components: 

r 

To prepare the  way f o r  concise  formulations l a t e r  on an abbreviated 
n o t a t i o n  has been introduced here:  

JC JC 2 71,  Tdb 2 7.7, Tdc 73. ab 

Since the  zi, and t h e r e f o r e  t h e  V i ,  w i l l  be s u b j e c t  t o  c e r t a i n  a d m i s s i -  
b i l i t y  cond i t ions ,  t h e  p a t h  l e n g t h  vec to r s  R&, $ac, and &, c o n s t i t u t e  
a vec to r  se t  whose elements a r e  bounded both i n  magnitude and d i r e c t i o n .  
Taken together  they f i l l  a f i n i t e  space r eg ion  which may be termed the  
obse rva t ion  volume of winds a c c e s s i b l e  through t r i a d  I t r a n s i t s .  S imi l a r  
remarks hold f o r  a l l  t r i a d s .  The o v e r a l l  obse rva t ion  volume thus i s  a 
composite body. 

.I- 

For dea l ing  w i t h  t h e  second h a l f  of t h e  f i r s t  q u a r t e r  (cp x 45" ... 
90") a t r i a d  I1 composed of t h e  t r a n s i t s  

w i l l  be  s u i t a b l e .  
a t o  b y  d t o  c ,  wh i l e  i t  connects a and c when cp = 90" (Figure 1). 

A t  he igh t  h a h o r i z o n t a l  wind wi th  cp = 45" aga in  l i n k s  

The formulas (8) and (9)  h e r e  g i v e  



which system re so lves  i n t o  

where 

Winds w i t h  cp x 90" ... 135" w i l l  be  handled by a t r a n s i t  t r i a d  I11 
which can be obtained e i t h e r  as above o r  e l s e  from the  t r i a d  I. The 
beams a ,  b 7  c, d used t h e r e  w i l l  have t o  be r o t a t e d  by 90" about t h e  
z-axis t o  go i n t o  b , c , d , a .  Mathematically,  t h i s  is equ iva len t  t o  keep- 
ing t h e  beams where they a r e  and r o t a t i n g  the  coord ina te  system by -90" 
The o r i g i n a l  wind vec to r  (5) then transforms i n t o  

s o  t h a t  t he  former components V,, V2 have t o  be replaced by V2, -Q,. 
From the  s o l u t i o n s  (15),  
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where 

The t r a n s i t s  (bc) ,  (ac), and (ad) a r e  being used by t h e  t r i a d  111. 

I n  l i k e  manner, winds o u t  of t h e  s e c t o r  cp x 135" ... 180" a r e  
turned by 90" from those  a c c e s s i b l e  by t r i a d  11. 
pr i a t e  f o r  them w i l l  t h e r e f o r e  c o n s i s t  of t h e  t r a n s i t s  

The t r i a d  I V  appro- 

Following t h e  p a t t e r n  (17) ,  we f ind  the  v e l o c i t y  components as 

wi th  

The'four t r i a d s  a r e  des t ined  t o  monitor winds a r r i v i n g  from an  
aggrega te  angu la r  s e c t o r  cp x 0" ... 180". The a s s o c i a t e  four  groups of 
s o l u t i o n s  a r e  a l l  of t h e  same gene ra l  form 
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a p rop i t ious  circumstance t h a t  allows t h e  u s e  of t h e  same f o u r  t r iads  
f o r  cp x 180" ... 360".  This is  seen as fol lows.  

I f  a r i g h t - s i d e  wind vec to r  i s  r o t a t e d  by 180" about  t h e  z -ax i s ,  
t h e  V3-component is preserved wh i l e  t h e  two o t h e r s  t u r n  i n t o  t h e i r  
nega t ive  c o u n t e r p a r t s .  The r o l e  of t h e  beams a , b , c , d  is  taken over by 
t h e  beams c , d , a , b ,  s o  t h a t ,  e s p e c i a l l y ,  any z2 goes i n t o  't: = - T ~  (as 
T~~ - -T;~). 

-1, Jc - From t h e  transformed s o l u t i o n  system: 

one concludes t h a t  among t h e  remaining ' t ' s  t h e  r e l a t i o n  m u s t  hold 

1 1 1 1 - (a) - - - - - - -  
a 1  T 3  T i  74  ' 

because V; = V3. Since furthermore t an  cp = t a n  (rp + 180") we have 

3 = v ,  V' 

v i  V l  

which e q u a l i t y ,  together  w i t h  T: = -'t2, leads t o  the  l i n k  

1 1 1  1 
(b) ~ + 7 + - + - = 0 .  

T 1  't3 'tl 't3 
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From r e l a t i o n s  (a) and (b) 

I -  a 1  - -T3, T; = 'TI. 

Thus, any l e f t - s i d e  wind covered by t h e  p r i m e d  system can be w r i t t e n  
as 

t h a t  i s ,  i t  is  a l s o  covered by t h e  o r i g i n a l  system. I f  a c e r t a i n  s e t  
of a i  de f ines  a r i g h t - s i d e  wind, a l e f t - s i d e  wind ( t h e  former turned 
by 180" about t he  z -ax i s )  w i l l  be descr ibed by t h e  s e t  -ai. 
aga in  seen t h a t ,  i n  c o r r e l a t i n g ,  one m u s t  de l ay  both ways. Since 
fou r  beams a r e  employed, c ros s  c o r r e l a t i o n  of a l l  s i x  record combina- 
t i o n s  is  c a l l e d  f o r .  The t r a v e l  times e x t r i c a t e d  a r e  convenient ly  
arranged i n  fou r  sequences T ~ ,  a2, a3: 

It is  

Note t h a t  t he  middle time-term of I V  is  oppos i t e ly  equal t o  t h a t  of I. 
It is  q u i t e  p o s s i b l e  t h a t  some spaces a r e  f i l l e d  by s e v e r a l  e n t r i e s  
of which one a l o n e  (and a t  most) ought t o  be i n  the  a d m i s s i b i l i t y  r eg ion .  
A moderately inc l ined  wind w i l l  be discovered by t h e  presence of an 
admiss ib l e  t r a v e l  time t r i a d  and can be computed from t h e  p e r t a i n i n g  
s o l u t i o n  group f o r  i t s  components. 

Further  d i scuss ion  of travel times can c o n c e n t r a t e  on t r i a d s  I 
and I1 t h a t ,  taken toge the r ,  a r e  supposed t o  handle winds s t reaming 
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toward t h e  f i r s t  quadrant .  The r e s u l t s  a re  a l s o  b inding  f o r  t h e  
" ro ta ted"  t r i a d s  111 and I V  (2nd quadrant)+:, and,  by s imply i n v e r t i n g  
t h e  t r a n s i t  t i m e  s i g n s ,  f o r  t h e  e n t i r e  l e f t  h a l f  of t h e  r o s e  as w e l l .  

The l as t  l i n e  of t h e  system ( 1 4 ) ( t r i a d  I) r e q u i r e s  t h a t  

v, - AV2 # 0, 

because o therwise  t h e  travel t i m e  -rib(= z2),  and t h e r e f o r e  t h e  a s soc ia t ed  
pa th  l eng th ,  would grow beyond a l l  l i m i t s ,  c l e a r l y  marking a phys ica l ly  
p roh ib i t ed  s i t u a t i o n .  I n  p a r t i c u l a r ,  V, and V2 a r e  n o t  allowed t o  be  
both  zero ,  s o  t h a t  t h e  measurement of  v e r t i c a l  winds is  n o t  feasible."" 
S ince  w e  had p r o v i s i o n a l l y  assumed t h a t  t r i a d  I t r a n s i t s  a r e  used when 

- 

v, < v2 5 0, 

t h e  travel t i m e  T~ is positive;- 
two cases. 
provided t h a t  

Continuing, we must d i s t i n g u i s h  between 
is  so ,  

-L 

I f  f i r s t  V3 2 0, zGc E z3 is  a l s o  p o s i t i v e ;  ~ i b  E z, 

The oppos i t e  requirement+:9cf: precludes t h e  measurement of h o r i z o n t a l  
winds, i n  which t h e  main i n t e r e s t  of t he  p re sen t  s e c t i o n  resides.  
Secondly, w i t h  V, 5 0, z1 i s  p o s i t i v e  by i t s e l f ,  wh i l e  z3 w i l l  be  
found a s  p o s i t i v e  i f  

a cond i t ion  s a t i s f i a b l e  by h o r i z o n t a l  winds. 

~ ~ 

.v- ' 
The r e l a t i v e  pos i t i ons  of wind vec to r s  and beam systems a r e  t h e  same 
as w i t h  I and I1 t r a n s i t s .  

J--L 
I. ,. 

It r e q u i r e s  d i f f e r e n t  t r i a d s ,  o r  perhaps a n  a l t o g e t h e r  d i f f e r e n t  
approach (as some pre l iminary  i n v e s t i g a t i o n s  seem t o  suggest) .  To 
d e a l  w i t h  s t r o n g l y  inc l ined  winds must be  r e l e g a t e d  t o  l a t e r  work. 

It w i l l  be  made  i n  a l a te r  s e c t i o n .  
.I- -LA 
,\ ,. ,, 
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Turning t o  t h e  t r i a d  I1 which is supposed t o  govern winds w i t h  

v, < v, 5 0, 

Jr we s e e  from t h e  las t  l i n e  of t h e  system (16) t h a t  'tat E 7, is p o s i t i v e .  
The f i r s t  two l i n e s  a r e  i d e n t i c a l  w i t h  those of t he  system (14) s o  t h a t  
t h e  r e s t r a i n i n g  cond i t ions  (20a) and (20b) a g a i n  apply.  All t r a v e l  
times are p o s i t i v e .  

For r i g h t - s i d e  winds, they a r e  a l s o  p o s i t i v e  w i t h  t r i a d s  111 and 
IV which app ly  t o  t h e  second quadrant  i n  s u b s t i t u t i n g  V,, -V, f o r  V,, 
V,. The above i n e q u a l i t i e s  a r e  t o  be w r i t t e n  accordingly.  

Conversely, a l l  t r a v e l  t i m e s  a r e  n e g a t i v e  wi th  l e f t - s  ided winds 
of a class t h a t  includes d e t e c t a b l e  h o r i z o n t a l  winds. It is  permis- 
s i b l e  t o  d i s r ega rd  such times as long- as cond i t ions  (20) are upheld 
(which gua ran tee  equal s i g n s ) .  

The cond i t ions  r e s t r a i n  the  magnitude of IV3/  and thereby l i m i t  
t h e  X-ranges a c c e s s i b l e  t o  measurement. The mathematical formulat ion 
s i m p l i f i e s  consequent on t h e  f a c t  t h a t ,  by expression (10) and t h e  
s o l u t i o n  systems, tan X depends on t h e  ( p o s i t i v e )  r a t i o s  

r a t h e r  than on t h e  rci themselves. With t h e  abbrev ia t ions  

w e  f i r s t  rewrite t h e  fou r  groups of solutions' '  as 

.I, 

'The p a r t i c u l a r  choice (21) of time r a t i o s  has been suggested by t h e  
form of t h e  expressions (15),  (17),  (18),  and (19). 
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(2-AT) v 2 = - - -  A s 1  
1+A2 T 2  

With all f o u r  groups, 

(2311)  

(23111) 

(23IV) 
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Since V, is a l s o  g iven  by t h e  s a m e  expression everywhere, a common 
formula 

desc r ibes  t h e  X-variat ion i n  t h e  realms of t h e  fou r  b a s i c  t r i a d s . *  The 
d i f f e r e n c e s  l i e  i n  t h e  c o r r e l a t i o n  of t h e  number i n d i c e s  w i t h  t h e  double- 
l e t t e r  i n d i c e s  as s p e l l e d  ou t  by t h e  i d e n t i t i e s  (15a),  (17a), (18a),  and 
(19a). 

Since through s o l u t i o n s  (23) t h e  r e s t r i c t i o n s  (20) assume the  form 

D < T + 2  i f  V, 2 0 

D > - T  - 2 i f  V, s 0, 

upper bounds on t h e  wind e l e v a t i o n  a p p e a r  i n  w r i t i n g  

( t a n  X I  < T+2 t a n  q. 
-4 

Once a va lue  of $ has been agreed upon, they a r e  determined by t h e  
azimuthal a n g l e  a lone;  f o r  so  is t h e  q u a n t i t y  T,  as can be seen by the  
s o l u t i o n s  (23).  

A f u r t h e r  s i g n i f i c a n t  conclusion can b e  drawn from t h e s e  s o l u t i o n s .  
On p u t t i n g  them i n t o  t h e  expressions (7)  and ( 1 3 ) ,  t h e  time -r2 c a n c e l s ,  
s o  t h a t  t h e  path l e n g t h  and c r o s s  d i s t a n c e  r e s t r i c t i o n s  imposed on the  
~i a f f e c t  t h e  values  of T and D a lone ,  t h a t  i s ,  those of Q 1  and Q,. 
Hence, t h e  a d m i s s i b i l i t y  range of t h e  -ci can now be determined, more 
p r e c i s e l y ,  as a range of t h e i r  r a t i o s ,  Q1 and Q3, r ep resen t ing  a c e r t a i n  
a r e a  i n  t h e  Ql,Q3-plane such t h a t  any p o i n t  w i t h i n  i t  i s  def ined by 
t r a v e l  times compatible w i t h  t h e  physical  requirements f o r  t rustworthy 

J- 

The beam e l e v a t i o n  ang le  q e n t e r s  from the  second of t h e  r e l a t i o n s  (3). 
The s i g n  depends on whether D/- r2  is  p o s i t i v e  (V, > 0) o r  negat ive.  
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measurement. 
a r e a ,  a t a s k  a l l e v i a t e d  by the  following observat ion.  

The nex t  s e c t i o n  is p repa ra to ry  t o  d e l i n e a t i n g  such an 

From t h e  four  groups (23),  i t  is seen t h a t  

w i t h  V, 2 0: Q3 2 Q1 (> 0 ) ,  

w i t h  V3 5 0: Q, B 4, (> 0 ) .  

S i m i l a r  i n e q u a l i t i e s  apply wi th  l e f t - s i d e d  winds. I n  any even t ,  
upward a n d  downward motion merely d i f f e r s  i n  t h a t  Q1 takes  the r o l e  
of Qs and v i c e  ve r sa .  Since t h i s  exchange does not  a l t e r  t h e  va lue  
of T,  any v a l i d  po in t  Q1,Q3 on a l i n e  T = cons t .  (V, 2 0) corresponds 
t o  a v a l i d  p o i n t ,  QY = Q,, Q L  = Q1, on the  s a m e  l i n e ,  a t  which V, 5 0 
It s u f f i c e s  t o  develop t h e  a r e a  i n  ques t ion  f o r  V, L 0. That f o r  
V, S 0 is  s i m p l y  i t s  mi r ro r  image wi th  r e s p e c t  t o  t h e  a x i s  Q1 = Q, 
(V, = 0) which i s  orthogonal t o  t h e  l i n e s  T G Q1 + Q, - 2 = cons t .  

V. UNIFIED TREATMENT OF PATH LENGTHS AND CROSS DISTANCES 

(BASIC TRIADS) 

A l l  f ou r  s o l u t i o n  groups y i e l d  formally t h e  same expression f o r  
t he  wind speed: 

a s  follows d i r e c t l y  from r e l a t i o n s  (24) and (25). With t h e  l a t t e r  t h e  
p o s i t i v e  s i g n  a p p l i e s  i n  t h e  c a s e  taken up h e r e  where V, B 0 (D 2 0 ) .  

The path lengths  p e r t a i n i n g  t o  t h e  t r a n s i t s  i n  any of t he  fou r  
t r i a d s  may be w r i t t e n  as 
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o r ,  more e x p l i c i t l y ,  as 

R 

A s 1  R; = - - J T ~  + 4 + DZ tan2q m Q3 

where t h e  e a r l i e r  correspondences between number- and l e t t e r - i n d i c e s  
can be used t o  r e t u r n  t o  a p a r t i c u l a r  t r i a d .  Since by r e l a t i o n s  (3)  

t h e  paths a r e  seen t o  wax longer  wi th  l e s s  i nc l ined  beams, provided 
t h e  h e i g h t ,  h ,  of t h e  square a l o f t  is  kep t  f ixed .  This behavior appears 
as ev iden t  geomet r i ca l ly .  
than RT; RZ can be s h o r t e r  o r  longer than both,  o r  have an  in t e rmed ia t e  
length.  

With V, > 0 t h e  pa th  R$ is  always s h o r t e r  

The soluTion groups (23111) and (23IV) were obtained from t h e  
preceding two groups by r o t a t i o n s  which cannot a l t e r  t h e  measure of a 
length.  It i s  t h e r e f o r e  s u f f i c i e n t  t o  dea l  w i t h  t h e  f i r s t  two 
t r a n s i t  t r iads  when d e r i v i n g  t h e  needed expressions f o r  t h e  c r o s s  
d i s t a n c e s .  We wish t o  l e a r n  besides  which of them is l a r g e s t  i n  
given circumstances,  and f o r  t h i s  reason,  is  t o  be kep t  i n  bounds. 

From t h e  g e n e r a l  r e s u l t  (13) t h e  dis tances"  

.I. 

"The double s i g n s  have been removed as i r r e l e v a n t  i n  t h e  p re sen t  
con tex t .  
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have t o  be compared i n  t h e  t r i a d  I of a + + b y  d H b ,  d w c  t r a n s i t s .  The 
sum of t h e  r i g h t  s i d e s  being ze ro ,  one d i s t a n c e  balances t h e  two o t h e r s .  
Marked by a s i g n  oppos i t e  t o  t h e i r s ,  i t  is t h e  one t o  be s u i t a b l y  
r e s t r i c t e d .  

With t h e  a i d  of r e l a t i o n s  ( 6 ) ,  (12),  ( lo ) ,  and (23I), t h e  6-expres- 
s i o n s  can b e  rearranged t o  g i v e  

= -612 xT+1-x2) (2SxT) 
(l+x) ( T q 4 )  

- 2Ah COS X (xT+1-x2) (T2-xT+2) - e 623 'db , d c  1+A2 (T+l-x) (T2+4) 

- 2Ah COS X (xT+1-x2) (T-2) ( T - 2 ~ )  - -  
'dc , ab 1+A2 (l+x) (T+l-x) ( T q 4 )  

where 

x = Q 1  - 1. 

To judge t h e  r e l a t i v e  wind l a y e r  thicknesses  (cross  d i s t ances ) ,  i t  s u f f i c e s  
t o  examine t h e  aggregates  

(2-T)+TQ 1 _ -  2+xT 
l+x - l+x 

A = - - -  

T2-xT+2 
T+1- x B =  

c = -  ( T-2) ( T - 2 ~ )  
( l+x) (T+l-x) 

From Q3 2 Q1 (V3 2 0) one i n f e r s  t h a t  T 2 2x and t h e r e f o r e  

T+l-x B l+x = Q1 > 0.  

The t h r e e  denominators thus a r e  p o s i t i v e .  
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The numerator of B may be pu t  i n t o  two forms: 

T(Q3- l )  + 2 > 0 when T L 0 

when T 5 0. 1 x ) ~  + 2 - 'i; x2 > 0 
T2-xT+2 = 

The f i r s t  s t a t emen t  is t r u e ,  s i n c e  w i t h  T 2 0 and Q3 L Q1, t h e  r a t i o  
Q3 is a t  l eas t  equal t o  un i ty .  The second is based on t h e  f a c t  t h a t  
i f  T i s  nega t ive  t h e  d i f f e r e n c e  x 5 T / 2  is  so ,  too,  b u t  remains l a r g e r  
than -1 (as Q1> 0) .  One concludes t h a t  B > 0. 

The s i g n s  of By A ,  and C prove 

Rule I: I f  T 5 2 ,  r e s t r i c t  t h e  thickness  IS121. 

For A < 0, C 2 0 then. With T > 2 ,  however, C i s  negat ive.  A s  a con- 
s equenc e , 

Rule I I A :  

Rule I I B :  

I f  T > 2 and 2+xT > 0, res t r ic t  thickness  lSz31. 

I f  T > 2 and 2+xT < 0, r e s t r i c t  t h i ckness  1631(. 

With t h e  s o l u t i o n s  (231) 

T-2A t a n  cp = - I AT+2 ' 

s o  t h a t  t h e  main d i v i d i n g  l i n e  T = 2 ,  o r  Q1 + Q3 = 4 ,  corresponds t o  

J- 1 - A  t a n  cp" = - I 1+A , 

i . e . ,  t o  an  azimuth sma l l e r  than 45" (depending on t h e  va lue  chosen f o r  
A < 1). 

Furthermore, s i n c e  x = - T-D 2 ,  t he  cond i t ion  2+xT > 0 may be w r i t t e n  
as 
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and thus r e f e r s  t o  t h e  wind e l e v a t i o n .  It must be s u f f i c i e n t l y  s m a l l :  

t an  X < T2-4 t a n  + 
T J ? Z  

i f  r u l e  I I A  r a t h e r  than r u l e  I I B  is t o  apply.  

The beam connections c o n s t i t u t i n g  t h e  second t r i a d  d e f i n e  t h e  
c ros  s d is t anc  es : 

whose sum i s  zero aga in ,  

For rearrangement we may use the same formulas except t h a t  (2311) 
e n t e r s  f o r  (231) .  I n  t h e  f i n a l  outcome 

'ac , d c  = '823 

I n  o the r  words, t h e s e  d i s t a n c e s ,  a s i d e  from s i g n  inve r s ion ,  a r e  given by 
expressions formally i d e n t i c a l  w i th  those of t h e  f i r s t  t r i a d .  Owing t o  
t h i s  lucky circumstance,  t he  r u l e s  der ived above a r e  a l s o  a p p l i c a b l e  w i t h  
t r i a d  I1 t r a n s i t s ,  consequently w i t h  a l l  t r a n s i t  combinations introduced 
as y e t .  Since t h e  pa th  l e n g t h  expressions a r e  a l s o  formally a l i k e  f o r  
t h e  fou r  t r i a d s ,  the a d m i s s i b i l i t y  area,  i n s o f a r  as i t  depends on physical  
r e s t r i c t i o n s ,  can be e s t a b l i s h e d  once f o r  a l l  i n  taking t h e  f i r s t  t r i a d  
as r e p r e s e n t a t i v e .  This r a t h e r  remarkable r e s u l t ,  which saves a g r e a t  
d e a l  of i n t r i c a t e  work, is doubt less  due t o  t h e  symmetry of the  geomet- - 
r i c a l  arrangement. 
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The i n d i v i d u a l  t r i a d ,  as we know, reappears  as soon as the  common 
symbol T is i n t e r p r e t e d  i n  terms of azimuths. With t r i a d  11, e.g. ,  

2-AT 
T+2A ' t a n  cpII = - 

an expression d i f f e r e n t  from t h a t  holding w i t h  t r i a d  I (although t h e  

c r i t i c a l  va lue  T = 2 a g a i n  corresponds t o  t a n  cp " 1-4) = - 
I1 l + A  

The puzzl ing s i g n  discrepancy i n  the  two r e s u l t s  found f o r  8dcYab 

Where they ove r l ap ,  t h e  va lue  of t h e  d i s t a n c e  comes o u t  
is founded i n  t h e  d i f f e r e n t  cp-ranges f o r  which t r iads  I and I1 a r e  
responsible." 
as t h e  same f o r  t h e  same wind. 

For i l l u s t r a t i o n ,  t a k e  cpI = cpII = 45" corresponding t o  

1 - A  , T = 2 -  l + A  T I = 2 -  
1 - A  I1 1+A a 

Writ ing T-2x f o r  D i n  r e l a t i o n  (25) ,  we may o b t a i n  a common value of X 
by p u t t i n g  t an  XI = t a n  XII o r  

I1 ' A - (1-A) XI  = - A  - ( l+A)  x 

From among t h e  many e l e v a t i o n  angles  conceivable,  l e t  us  s e l e c t  t h e  one 
a s soc ia t ed  wi th  

-The l a s t  expression i n  t h e  s e t  (29)  then g ives  

* 
The same o r i g i n a l  expression w a s  worked on w i t h  two d i f f e r e n t  s e t s  of 
expressions f o r  t h e  v e l o c i t y  components (and thus might have transformed 
q u i t e  d i f f e r e n t l y ,  no t  ending up w i t h  j u s t  a s i g n  exchange). 
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whi le  w i t h  t r i a d  I1 va lues ,  

s o  that indeed t h e  d i s t a n c e  6dc,ab has t h e  same (negat ive)  magnitude. 

VI. (Ql,Q,)-PAIRS ADMISSIBLE WITH BASIC TRIAD TRANSITS 

A s  w a s  pointed out i n  t h e  in t roduc t ion ,  t he  s t r a i g h t  eddy traces 
i n  between beams should n e i t h e r  be too  s h o r t  nor too long, nor should 
they d e f i n e  r e s t r a i n i n g  planes too f a r  d i s t a n t  from each o t h e r .  These 
requirements a r e  phys i ca l  i n  n a t u r e  and m u s t  be  held more important 
than the  need f o r  e r r o r  t ransmission l i m i t a t i o n .  Moreover, they 
s u p p l y  a l l  t h e  information necessary fou r  bounding o f f  t h e  a d m i s s i -  
b i l i t y  area. Of cour se ,  i f  t h e  e r r o r  estimates ( l a t e r  t o  be made) run 
too high,  one would have e i t h e r  t o  c u t  back t h e  a r e a  or  t o  check i n t o  
and perhaps modify t h e  numerical assumptions which, avoided s o  f a r ,  
m u s t  now be made. 

The boundary sought depends both on T and D,  t h a t  i s ,  on wind 
azimuth and e l eva t ion .  The phys ica l  ques t ion  t h e r e f o r e  is: Which 
"elevat ion" D can be t o l e r a t e d  a t  any given "azimuth" T? 
t i o n s  (22), 

By d e f i n i -  

T+2-D 
Q1 =-  2 

T+2+D 
43 = - 2 '  

suggest ing an  a l t e r n a t i v e  formulat ion of t h e  problem: Given t h e  l i n e  

T = Q1+ Q3 - 2 = cons t . ,  

which po in t s  Q1,Q3 on i t  are  admissible? 
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With Q3 and Q1 p l o t t e d  on t h e  h o r i z o n t a l  and ver t ical  axes ,  
r e s p e c t i v e l y ,  t he  a d m i s s i b i l i t y  area f o r  V3 2 0 is  some por t ion  of 
t h e  upper r i g h t  quadrant  i n  which Q1 5 Q3. According t o  r e l a t i o n s  
(32) inc reas ing  e l e v a t i o n  a t  cp = cons t .  causes the  po in t  Q1,Q3 t o  
s l i d e  down on t h e  corresponding l i n e  T = cons t . ,  whose i n c l i n a t i o n  
a n g l e  i s  135 degrees.  However, t h e r e  is  c l e a r l y  an  end t o  th i s 'mo t ion .  
I f  D grows as l a r g e  as T+2, Q1 a t t a i n s  t h e  v a l u e  ze ro  which is no t  
accep tab le .  

Observing t h a t  t h e  pa th  l eng th  R; i nc reases  beyond a l l  bounds as 
Q1 approaches zero,  we s t a r t  w i t h  l i m i t i n g  it  by a s u i t a b l e  l a r g e s t  
l eng th ,  8. Since by t h e  f i r s t  expressions (27) and (32) t h e  path R; 
i nc reases  w i t h  D,  t h e  s o l u t i o n  D = 6(T)  which s a t i s f i e s  t h e  equation 
R t  = R r e p r e s e n t s  t h e  l a r g e s t  va lue  of D admiss ib l e  a t  a given T. 
corresponding s m a l l e s t  value,  Q1 = q l ( T ) ,  can be cgmputed from r e l a -  
t i o n s  (32), as w e l l  as t h e  a s s o c i a t e d  va lue ,  Q3 = Q,(T), l a r g e s t  on 
the  given l i n e  T = cons t .  
t raced o u t  by these  l i n e  terminals .  

The 

An arc of t he  lower boundary curve" w i l l  b e  

Actual c a l c u l a t i o n  m u s t  a w a i t  parameter i d e n t i f i c a t i o n ;  however, a 
s i g n i f i c a n t  po in t  r e l a t e d  t o  t h e  argument can be made without  i t .  

With V, 2 0, t h e  q u a n t i t y  Q3, by the  second r e l a t i o n  (32), is  
l a r g e r  t h a n  (or equal t o )  un i ty  a t  l e a s t  w i th  T 2 O:d' s i n c e  D = Q3 - 
Q1 L 0. The path R; h e r e  may always be taken as t h e  s h o r t e s t  of t h e  
t h r e e .  Along any l i n e  T = cons t .  it can be shown t o  dec rease  as D 
i n c r e a s e s ,  c e r t a i n l y  as long as t an  I# s 2-Oo5. 
reasoning it appears as p l a u s i b l e  t h a t  t h i s  c o n d i t i o n  w i l l  have t o  be 
imposed on t h e  beam e l e v a t i o n  anyway; i n  f a c t ,  t h e  va lue  even tua l ly  
chosen f o r  \Ir does s a t i s f y  i t ,  Taking t h i s  f o r  g ran ted ,  w e  conclude 
t h a t  t h e  s h o r t  pa th  R; i s  s h o r t e s t  along t h e  lower a r e a  boundary. 
v a r i a t i o n  along t h e  a r c  R; = 
t he  pa th  R$ assumes a minimum leng th  r e g a r d l e s s  of t h e  values  t h e  s t i l l  
undetermined parameters may have; they drop out  of t h e  equat ion f o r  t he  
extremum. It can be shown t h a t  the lower terminal  of t h e  l i n e  T = 2 is  
among those determined by the c o n d i t i o n  R; = k: r a t h e r  than by some o t h e r  
of t h e  phys ica l  r e s t r i c t i o n s .  The r e s u l t  thence is  meaningful. 

By an  independent 

I ts  
e x h i b i t s  a s u r p r i s i n g  property:  A t  T = 2 

A t  t h i s  s t a t i o n  it becomes necessary t o  in t roduce  a f i r s t  numerical 
value.  Let us assume we wish t o  measure a 20  m/sec wind (..: 40 kno t s )  

9; 
It i s  composed of s e v e r a l  arcs,  as w i l l  be  seen p r e s e n t l y .  

;kJc 
E a r l i e r  t h e  cp-range sub jec t ed  t o  t r i a d  I t r a n s i t s  had been loose ly  
def ined as 'pI = 0" ... 45". 
qI= -arc t an  A, s i n c e  expression (30) decreases  w i t h  T. 

I n  accept ing T = 0, we extend i t  down t o  
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even i f  it should happen t o  blow p a r a l l e l  t o  t h e  s h o r t e s t  of a l l  pos- 
s i b l e  eddy t r a c k s .  Because t h e  minimum t r a n s i t  t i m e  we are  prepared 
t o  a d m i t  is  one second, t h e  l a t t e r  must be.assigned t h e  l e n g t h  20 m. 
Thus, a t  t h e  terminal  T = 2 ,  D = 8(2), two cond i t ions  have t o  be 
s a t i s f i e d :  

* R, = 2 0 ,  

from which t h e  unknown q u a n t i t y  s ( 2 )  can be el iminated.  
of t h r e e  parameters ensues: 

A r e l a t i o n s h i p  

As J 2(k+20)2  + 4 ( g - 2 0 ) 2  tan2+ = 40g. 
K 2  

(33 )  

4 d e f i n i t e  va lue  w i l l  even tua l ly  be s e l e c t e d  f o r  t h e  l a r g e s t  path l e n g t h  
R we a r e  going t o  t o l e r a t e .  Nevertheless ,  t h e  q u a n t i t i e s  

i n s t rumen ta l  i n  shaping d e t e c t o r  l ayou t  and beam c o n f i g u r a t i o n ,  cannot 
be found as y e t .  Needed f u r t h e r  information i s s u e s  from t h e  b a s i c  
demand t o  i n s u r e  t h e  measurement of h o r i z o n t a l  winds a t  l e a s t  up t o  the 
azimuth 4 5 " .  Accordingly, by expression ( 3 0 ) ,  one must s e e  t o  i t  t h a t  
t he  T-range a t  l e a s t  extends t o  

l+h T = 2 -  l - h  

Even i f  t he  A-interval  is  narrowed down t o  

1 
O < A S -  4 ,  

* t h e  minimum requirement is T = 10/3 E T. 

( 3 5 )  

( 3 4 )  
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With h o r i z o n t a l  winds (Q1 = Q,), w e  have T = 2x and t h e r e f o r e  
631 = O, 

The T-function has a minimum a t  T = 2($2Tl) < T*. I f  w e  accep t ,  as a 
second numerical l i m i t ,  t h a t  c r o s s  d i s t a n c e s  should not  exceed 16 my', 
t h e  va lue  of @ implies  t h a t  t h e  parametr ic  f a c t o r  should b e  chosen 
below 11.3. i8 ** Deciding a l s o  on a va lue  f o r  R,  w e  p u t  

A 

11 m y  R = 154 m. - =  Ah 
1+A2 (37) 

Re la t ion  (28) transforms the  r o o t  f a c t o r  i n  equat ion (33) , which then 
has t h e  (almost exac t )  s o l u t i o n  

(38) 
1 

t an  \Ir = - 2 ,  

t h e  beam i n c l i n a t i o n  becoming x 26.5 degrees.  

To t h e  f i g u r e s  (37) and (38) ,  we a d d ,  f o r  convenience, a r e l a t e d  
f i g u r e  fol lowing from t h e  e q u a l i t y  (28):  

- -  - 22 m. AS 

rn ( 3 9 )  

These r e s u l t s ,  
t he  s h o r t e s t  t r a v e l  

t o  r e c a p i t u l a t e ,  r e f l e c t  numerical assumptions on 
time (made f o r  e r r o r  containment) ,  on t h e  maximal 

wind speed expected, on t h e  l a r g e s t  c r o s s  d i s t a n c e  and pa th  l eng th  
allowabl,e, and on t h e  v a r i a t i o n  permitted f o r  'the r e l a t i v e  s i z e ,  
c h a r a c t e r i z e d  by A, of the  squares  on ground and a l o f t .  
overlapping cp-ranges ( t o  measure h o r i z o n t a l  winds a r r i v i n g  from any 

The need f o r  

* 
I n  r e f e r e n c e  1, as much as 1 8  m w a s  considered t o l e r a b l e .  

** 
Clear-cut  b racke t s  f o r  i t  a re  hard t o  come by. The f i g u r e  chosen 
seems reasonable  and leads t o  the  smooth r e s u l t  (38). 
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d i r e c t i o n  whatsoever) has been taken c a r e  o f ,  b u t  no f i g u r e  has been 
placed on r e f e r e n c e  h e i g h t  which, by r e l a t i o n s  (37) and (39) ,  would 
f i n a l l y  i d e n t i f y  d e t e c t o r  p o s i t i o n s .  The a d m i s s i b i l i t y  a r e a  can be 
developed wi thou t  it. 

Of i t  we s o  f a r  merely know t h a t  some p a r t  of i t s  lower boundary 
follows from t h e  c o n d i t i o n  R t  = 154 m. 
path R$ becomes t h e  l o n g e s t ,  and t h e  c o n d i t i o n  is  r e l i e v e d  by R$ = 154 m. 
With t h e  parameter f i g u r e s  as e s t a b l i s h e d ,  t h i s  happens a t  T = 6. The 
a l t e r e d  r e s t r a i n t  causes  a s h a r p  break (discont inuous tangent)  t o  appear 
a t  t h e  p o i n t  ql = 1, Qn3 = 7. I n  proceeding t o  even l a r g e r  values  of T 
(and ql), one has t o  watch t h e  c r o s s  d i s t a n c e  823 which, by Rule IIA, 
is t h e  l a r g e s t  of t h e  t h r e e  here .  A t  T = 6.32 a l r e a d y ,  t h i s  thickness  
a r r i v e s  a t  i t s  l i m i t  (16 m ) ,  s topping f u r t h e r  i n c r e a s e  of T and con- 
t i n u a t i o n  o c  t h e  lower boundary. 

I f  ql(T)  reaches u n i t y ,  t h e  

The end p o i n t  has t h e  coord ina te s  
A 

Q 3  = 6.40, Q 1  = 1.92. 

The oppos i t e  end p o i n t ,  too,  is  n o t  c o n t r o l l e d  by the  cond i t ion  
RT = 154 m y  a l though i t  is s t i l l  o p e r a t i v e  a t  T = 2 and values  below. 
The d i s t a n c e  requirement 812 = 16 m y  which must be heeded according t o  
Rule I, takes  over a t  T = 0.0516 (8, = 1.747, q1 = 0.304), where t h e  
lower boundary s u f f e r s  another  break. A t  T = -0.529" i t  reaches t h e  
l i n e  D = 0 (6, = G1 = 0.736) and i t s  n a t u r a l  end. 
T = -0,529 would v i o l a t e  t h e  612- re s t r i c t ion  (which a l s o  a p p l i e s  along 
D = 0, where 612 takes  t h e  form (36) ) .  

Any va lue  below 

The upper p a r t  of the boundary, def ined by the  upper terminals  of 
'+L 

t h e  l i n e s  T = cons tA  " star ts  a t  t h e  lower par t ' s  end p o i n t  f), = 6.40 

r e s p o n s i b l e  a l l  t h e  way down from T = 6.32 t o  T = 3.348, when 823 
becomes i d e n t i c a l  w i t h  zl2, and t h e  upper boundary a r r i v e s  a t  the  
l i n e  D = 0 ending t h e r e  (6; = ?), = 2.72). 
d e n t a l l y ,  is  not  p a r t  of t he  boundary; Figure 3 d e p i c t s  one h a l f  of t h e  
a r e a  only which cont inues ac ross  D = 0 i n t o  t h e  realm of downward winds, 
as w a s  pointed o u t  e a r l i e r .  The t o t a l  a r e a  is bounded by curved a r c s  
everywhere, which appear i n  symmetric pairs.  

The fjZ3-res t r i c t i o n  r u l i n g  t h e r e  remains 9;9& 
(=$3), $1 = 1.92 (=Q1). 

This s t r a i g h t  l i n e ,  i n c i -  

J- 

Rule I keeps i n  f o r c e  when T drops below t h e  zero po in t .  

A J- J. ,, 0 
Here Q3 = q3 is  s m a l l e s t  and Q1 = Q1 i s  l a r g e s t .  

J.J--L I. n 8. 

There is  only one p o i n t  admiss ib l e  on T = 6.3, which t h e r e f o r e  is 
both lowest and topmost. 

32 



One ga the r s  from t h e  foregoing t h a t  h o r i z o n t a l  winds can be 
de t ec t ed  i n  t h e  i n t e r v a l  -0.529 s T 5 3.348. 
a r e  found from expressions (30),  (31), and two s i m i l a r  ones, depending 
on which of t he  fou r  t r iads  is ope ra t ive .  

The a s s o c i a t e d  cp-values 

Table I g ives  a number of lower boundary p o i n t s  t oge the r  w i t h  the  
l a r g e s t  e l e v a t i o n  a n g l e  t h a t  can be measured a t  the  p e r t a i n i n g  azimuths,  
and adds some o t h e r  i n t e r e s t i n g  information. Note e s p e c i a l l y  t h e  r a p i d  
growth of 823 when T > 6. 

TABLE I. Lower Boundary of Admiss ib i l i t y  Area (Basic Tr i ads )  

T 

-0.529 

-0.5 

-0.4 

-0.2 

0 

0.05 

0.2 

0.5 

1 

1 .5  

2 

2.5 

3 

3.5 

4 

5 

6 

6.1 

6.2 

6.32 

h 

Q3 

0.736 

0.77 

0.89 

1.14 

1.5 

1.74 

1.892 

2.177 

2.641 

3.095 

3.54 

3.98 

4.42 

4.851 

5.283 

6,143 

7 

6.84 

6.66 

6.40 

0.736 

0.73 

0.71 

0.66 

0.5 

0.31 

0.308 

0.322 

0.359 

0.405 

0.46 

0.52 

0.58 

0.649 

0.717 

0.857 

1 

1.26 

1.54 

1.92 

;O 

0 

0.6 

2.5 

6.8 

14 

19.6 

21.5 

24.2 

27.0 

28.3 

28.9 

28.5 

28.0 

27.5 

27.0 

26.1 

25.4 

23.9 

21.5 

18.7 

24.7 

22.8 

20.9 

20.2 

20.0 

20.1 

20.2 

20.6 

21.0 

21.5 

22.0 

22.5 

23.1 

24.0 

6.8 

10.9 

16.0 
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It may be  thought u n s a t i s f a c t o r y  t h a t  a t  the  lowest  T ' s  winds w i t h  
b u t  small e l e v a t i o n  ang le s  can be  handled. Here, however, t h e  t r i a d  I 
t r a n s i t s  can  be supplemented by those  of t h e  t r i a d  IV" which, as w e  know, 
are  useable  i n  t h e  second ha l f  (roughly) of t h e  f o u r t h  azimuthal  quadrant .  
The nega t ive  va lues  of c p ~  assoc ia t ed  w i t h  TI 5 0 are  equ iva len t  t o  
'PIV - - 360 + 91. By s o l u t i o n s  (23IV) and (231) 

3.5 

3.10 
2.40 
4.0 
89.1 

TIV + 2 A  TI - 2h 
- 2 -  tancpI=AT + 2 t a n  cp = 

I V  ATIv I 

4 5 6 

3.86 5.02 6.07 
2.14 1.98 1.93 

10.9 15.7 18.1 
100 123 147 

s o  t h a t  

TIV -TI. 

Although w i t h  t r i a d  I t h e  "azimuth" TI = -0 .5 goes wi th  very  s m a l l  wind 
e l eva t ions  only ,  t r i a d  I V ,  a t  t he  "same azimuth'' TIV = 0.5,  enables  us 
t o  observz s l a n t  angles  up t o  24 degrees .  
l i m i t  is  X = 14" (a t  TT = TIV = 0) .  
capable  of measuring cons iderably  l a r g e r  e l eva t ions  w i l l  be  explained 
i n  subsequent  s e c t i o n s .  

C lea r ly ,  t h e  lowest  upper 
That i n  f a c t  t h e  arrangement is  

The upper arc  of t h e  boundary is  marked out  by te rmina ls  of l i n e s  
T > 3.438, s o  t h a t  winds a c c e s s i b l e  a t  t h e s e  azimuths t o  t r i a d  I t r a n s i t s  
can never be  horizontal. '" '  Table  I1 l i s t s  a few of t h e  upper arc po in t s  
and t h e  s m a l l e s t  e l e v a t i o n  a n g l e  measurable a t  t h e  equiva len t  azimuths.  
The longes t  pa th ,  R;, reaches 154 m a t  T = 6 . 3 ;  l a r g e r  T ' s  would i n c r e a s e  
i t  beyond t h a t  l i m i t ,  

J*.L 

TABLE 11. Upper Boundary of Admiss ib i l i t y  Area (Basic Tr iads)  

0.0  
~~ 18.7 

.b 

Table I and t h e  la ter  Table I1 a re  a p p l i c a b l e  wi th  a l l  f o u r  t r i ads  of 
t h e  b a s i c  group. The same a d m i s s i b i l i t y  a r e a  holds  f o r  a l l  of them. 

.L.L 
,b ,. 

Horizontal  winds a r e  de t ec t ed  by t r i a d  11 t r a n s i t s .  One f i n d s  r e a d i l y  
t h a t  TI and TII = 4/T1 d e f i n e  the  same azimuth. 
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I n  computing the  boundary t h e  p e r t i n e n t ,  i. e. , t h e  most demanding 
r e s t r a i n t ,  has of course been sought o u t  and used. I n  the  i n t e r i o r  t h e  
pa th  l e n g t h  func t ions ,  being on T = cons t .  monotonic between boundary 
p o i n t s ,  cannot have values  o u t s i d e  t h e  realm 20 m . 154 m. The c r o s s  
d i s t a n c e  func t ions  may e x h i b i t  a maximum as one l e a r n s  by t h e  usual  
method. Numerica1,computations made along s u i t a b l y  spaced T-l ines  on 
which i t  occurs have shown t h a t ,  notwithstanding,  t h e  +values t h e r e  
remain s u f f i c i e n t l y  s m a l l .  From t h e i r  slowly changing, continuous 
c h a r a c t e r  it is s a f e  t o  i n f e r  t h a t  i n  between they w i l l  no t  exceed t h e  
p re sc r ibed  l i m i t  e i t h e r .  By Tables I and I1 t he  l a y e r  thickness  ]8311 
can never be t h e  l a r g e s t  and w a s  n o t  considered;  w i th  T > 2 t h e  sum 
2+xT cannot become nega t ive  as r equ i r ed  by Rule IIB. 

VII. ERROR ESTIMATES (BASIC TRIADS) 

I n  i n v e s t i g a t i n g  e r r o r s  one w i l l  s eek  t o  s e t  up expressions f o r  t h e  
worst  t h a t  can poss ib ly  be expected - t o  occur w i t h i n  t h e  a d m i s s i b i l i t y  
a rea .  It w i l l  soon be seen  t h a t  it s u f f i c e s  t o  consider  one h a l f  of 
i t ,  e.g., where D = Q3*-  Q1 I 0 ( T ~  L z3). J; 

The worst  experimental  e r r o r  w a s  taken as 

I A T ~ ~  = 0.1 s e c .  

The a n a l y t i c  expressions f o r  V, t a n  9,  t a n  X c o n t a i n  t h e  q u a n t i t i e s  
z2, T,  D; t h a t  i s ,  they depend on the  t h r e e  T ~ ,  which f o r  t h e  sake  of 
argument w i l l  (and can) be taken as p o s i t i v e  (winds a r r i v i n g  from r i g h t -  
hand d i r e c t i o n s ) .  I n  a f i r s t  approximation 

From t h e  d e f i n i t i o n s  (21)  and (22) one deduces t h a t  

~~ ~ * 
It is depicted on F igu re  3. 
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These e r r o r s  estimated f o r  T and D i n c r e a s e  when -c2 decreases .  
s m a l l e s t  va lue  permit ted,  z2 = 1, can b e  used i f  Q3 5 1, f o r  then 
z3 2 1, zl 2 73 2 1. 
small r eg ion  near  t he  lower terminal  of t he  l i n e  D = 0. P u t t i n g  a2 = 1 
when Qs > 1 is  p roh ib i t ed  as 7 3  would become sma l l e r  than un i ty .  Rather,  
one should t ake  z3 = 1, s o  that z2 = Q3 > 1. Also, ‘tl 2 1. 

The 

The p e r t a i n i n g  po in t s  Ql,Q3 are  assembled i n  a 

It is seen  t h a t  t he  r e s t r i c t i o n  on travel t ime indeed se rves  t o  
reduce t h e  t r ansmi t t ed  e r r o r s .  A s t i p u l a t i o n  of t h i s  kind is necessary 
f o r  t h e i r  appraisal i n  gene ra l  terms. However, a measurement e x h i b i t -  
ing t r a v e l  times l e s s  than u n i t y  need no t  be discarded ou t  of hand i f  one 
.is w i l l i n g  t o  t e s t  i t s  r e l i a b i l i t y  by c a l c n l a t i n g  t h e  p a r t i c u l a r  e r r o r s  
involved.* 
f i c i e n t l y  s m a l l  numerators. 

The s m a l l  denominators might be compensated f o r  by s u f -  

From a l l  fou r  s o l u t i o n  groups (23) the s t r e n g t h  of t h e  wind 
emerges as t h e  same expression,  

As 4T2+4 + D2 tan2$ v = -  JiZ? ’t2 
Y 

where 

1 tan2$ = 
0 (1+A2) 

is a c o n s t a n t ,  wh i l e  T, D,  and T~ a r e  v a r i a b l e s .  Through loga r i thmic  
d i f f e r e n t i a t i o n  and a p p l i c a t i o n  of expressions (40),  one f i n d s  t h a t  

2(T-2)da2 - Q:(T-D tan2$)dT1 - Q;(T+D tan2+)d.t3 
dV 1 
v 72 T2 + 4 + D2 tan2$ 
-=e 

On p u t t i n g  Id.ril = 0.1 and tan2+ = 1 / 4 ,  an e s t ima te  f o r  t h e  l a r g e s t  
p o s s i b l e  s t r e n g t h  e r r o r s  may be s e t  down as 

~~ - * 
Before doing t h i s  one should of cour se  a s c e r t a i n  t h a t  t h e  Qi-values 

found d e f i n e  a n  admiss ib l e  po in t .  
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With D < 0 t h e  r o l e s  of Q 1  and Q3 a r e  interchanged wi thou t  a l t e r i n g  t h e  
expression.  Systematic numerical c a l c u l a t i o n s  have shown t h a t  t h e  p e r -  
c e n t  e r r o r  e s t i m a t e  (41) is l a r g e s t  on the  a x i s  D = 0 of h o r i z o n t a l  
winds where i t  can go up t o  13 pe rcen t  (near i t s  lower terminal  po in t ) .  
Elsewhere, and more commonly, l a r g e s t  e r r o r s  l i e  around 11 percent .  
They a r e  as low as 7 pe rcen t  i n  some ins t ances  (where then t h e  one o r  
o the r  t r a v e l  t i m e  somewhat smaller than u n i t y  may be t o l e r a t e d ,  provided 
t h a t  t h e  cp- and X-errors s t a y  a l s o  low enough). 

The "worst" e r r o r s  as def ined presuppose: (1) maximum obse rva t iona l  
a i -errors  committed such t h a t  (2)  t h e i r  c o n t r i b u t i o n s  add up, and (3) 
s t r o n g  winds ( s m a l l  a i ' s ) .  
r e a l i z e d  s imultaneously.  It does n o t  seem worthwhile t o  c u t  o f f ,  f o r  
example, t h e  t i p  f a r t h e s t  a t  l e f t  of t h e  a d m i s s i b i l i t y  a r e a  merely t o  
avoid t h e  r e l a t i v e l y  l a r g e  s t r e n g t h  e r r o r  t h a t  might occur t h e r e  i n  a 
combination of unfavorable circumstances ." I n  a d d i t i o n ,  t h e  wind 
p e r t a i n i n g  t o  the  t i p  can be measured both through t r i a d  I and t r i a d  I V  
t r a n s i t s ;  i n  t h e  l a t t e r  c a s e  t h e  worst  conceivable  e r r o r  w a s  found as - 8.5 pe rcen t .  

These t h r e e  cond i t ions  w i l l  n o t  o f t e n  be 

Although t h e  expressions f o r  t an  cp = V,/V, a r e  d i f f e r e n t  i n  t h e  
fou r  s o l u t i o n  groups (23 ) ,  t h e  d i f f e r e n t i a l  

is  e s s e n t i a l l y  t h e  same, s o  t h a t  one e r r o r  eva lua t ion  only is needed. 
With t h e  a i d  of t he  f i r s t  r e l a t i o n  (40) ,  we may w r i t e  t h e  wors t - e r ro r  
e s t i m a t e  as 

It c l e a r l y  holds wi th  D > 0 and D < 0 a l i k e .  Values f o r  admiss ib l e  
po in t s  range from - 2 t o  - 1 2  degrees and should n o t  cause concern. 

J; 

I f  a l l  cond i t ions  a r e  met w i t h  except t h a t  A .C ,=-AZ~,  t h e  e r r o r  a l r e a d y  
reduces t o  11 .7  percent .  
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A s  t o  t h e  e l e v a t i o n  a n g l e ,  r e l a t i o n s  (25) and (40 )  y i e l d  

D 2  dX = 
72 d x  (T2 + 4 + T )  

s o  t h a t  

> Evaluation of t h i s  formula (which is  a p p l i c a b l e  wi th  D < 0) yielded 
estimated e r r o r  values  o f t e n  i n s i g n i f i c a n t  and a t  most ‘V 4 degrees .  

V I I I .  ADDITIONAL OBSERVATIONS THROUGH THE BASIC TRIADS 

On i n v e r t i n g  cond i t ions  (20) a number of nonhorizontal  wind arrays 
should be found a c c e s s i b l e  t o  measurement. A s  w a s  shown i n  g e n e r a l ,  t h e  
i n v e s t i g a t i o n  can be r e s t r i c t e d  t o  t r i a d  I t r a n s i t s .  

Condition (20a) a p p l i e d  w i t h  V, 2 0. Le t  us r e p l a c e  i t  by t h e  
oppos i t e  requirement: 

s o  t h a t ,  from t h e  two f i r s t  l i n e s  of system ( 1 4 ) ,  

;b The t h i r d  t ime, Zdb -r2, can be e i t h e r  p o s i t i v e  o r  nega t ive ;  no condi- 
t i o n  f o r  i t  e x i s t s .  I n  e i t h e r  c a s e  Q1 and Q 3  a r e  of oppos i t e  s i g n s .  

I n v e r t i n g  t h e  requirement (20b) a s s o c i a t e d  w i t h  V3 5 0, 

( I + A ~ ) v , ~  < (~+A)v,  + ( ~ - A ) v ,  < 0, 

38 



we f i n d  t h a t  

Tit 73 < 0 ,  T" E 71 > 0. 
d c  a b  

Again, whether w e  t ake  72 p o s i t i v e  o r  nega t ive ,  Q1 and Q3 have d i f -  
f e r e n t  s igns .  
Q 3  > 0; i t  has a symmetric c o u n t e r p a r t  mirrored a t  t h e  a x i s  D = 0, 
s o  t h a t  t h e  former Q1 assumes t h e  r o l e  of Q3 and v i c e  ve r sa .  

The a d m i s s i b i l i t y  a r e a  w i l l  b e  determined wi th  Q1 < 0, 

Q1 must n o t  approach zero i n d e f i n i t e l y .  We w i l l  have t o  s a t i s f y  
t h e  cond i t ion  

-L 

R; 5 Spot checks w i t h  T = 0 , 1 , 2 , 3  have shown t h a t  i 

(T- 2 ~ )  d T 2  + 4 + 
4 

S 154. - (l+x) R: = 22 

54, one of t he  
thickness  cond i t ions  is  always v i o l a t e d .  
t r u e  f o r  a l l  p o s i t i v e  values  of T. 

One may-expect t h i s  t o  be 

I n  ca rv ing  ou t  t he  a d m i s s i b i l i t y  a r e a  f o r  T < 0 one m u s t  cons ide r  
t h e  e a r l i e r  expressions 

2+T (Q 1-1) A =  
-Q 1 

2+T (Q 3- I-) B =  
4 3  

T-2) (Q3-Q 1) c = (  
-Q 143 

whose denominators a r e  a l l  p o s i t i v e .  Hence, A > 0,  C < 0. Depending 
on whether t h e  B-numerator 

is  l a r g e r  o r  smaller than zero one w i l l  have t o  res t r ic t  e i t h e r  /8311 
o r  18121. The a r e a  is depicted on Figure 4,  where those p a r t s  of i t s  
boundary where a pa th  l eng th  r e s t r i c t i o n  is dominant a r e  a l s o  ind ica t ed .  

39 



The wors t  t ransmission e r r o r s  estimated t o  occur w i t h i n  t h e  a r e a  
go up t o  12 pe rcen t  i n  s t r e n g t h ,  t o  7 pe rcen t  i n  azimuth, and t o  
5.5 degrees i n  e l e v a t i o n  angle .  The e r r o r  s t r u c t u r e  seems accep tab le .  

Since t h e  useable  T-range w a s  determined as 

-6 S T 5 - 0 . 3 ,  

t he  system (231) t e l l s  t h a t  w i t h  72 > 0 the  wind is  d i r e c t e d  toward t h e  
f o u r t h  quadrant  blowing upward (downward) wi th  D > 0 (D < 0).  Opposite 
winds are p r e s e n t  when T~ < 0. The s a m e  conclusions can b e  drawn from 
the  system (2311). Both t h e  t r i a d s  I and I1 thus measure an  a d d i t i o n a l  
class of winds approaching t h e  f o u r t h  and second quadrants .  One f i n d s  
t h a t  t h e  azimuthal v a l i d i t y  ranges overlap i n  l a r g e  measure. However, 
V2 can never become zero,  nor can V,, unless  A i s  r e l a t i v e l y  l a r g e .  
That i s ,  t h e  t r iads  a r e ,  as a r u l e ,  n o t  geared t o  t h e  measurement of 
winds whose h o r i z o n t a l  components a r e  e i t h e r  p a r a l l e l  o r  a n t i p a r a l l e l  
t o  one of t he  coord ina te  axes.  Since t h e  same is t r u e  of t h e  t r iads  
111 and I V  t h a t  govern overlapping azimuthal reaches i n  t h e  f i r s t  and 
t h i r d  quadrants ,  t h e  upper bound of t h e  measurable e l e v a t i o n  a n g l e  
remains a t  i t s  r a t h e r  low va lue  ( x  14")  f o r  winds w i t h  cp = 0" ( 9 0 " )  
and cp x 90" (270")." To s e e  i t s  r ise  wi th  o t h e r  d i r e c t i o n s  l e t  us 
compare upward winds amenable t o  I, 11, and I11 t r a n s i t s ,  provided t h a t  
w i th  t h e  l a t t e r  T~ < 0, 't2 > 0 ,  T~ > 0. By t h e  s e t s  (23 I ) ,  ( 2 3 I I ) ,  
(23111) equal azimuths r e q u i r e  t h a t  

The values  of X def ined by t h e  i n t e r s e c t i o n  p o i n t s  of t he  l i n e  TIII = 
cons t .  w i th  t h e  a r e a  boundary g i v e  the  lower and upper bound of the 
X-range a v a i l a b l e  a t  t h e  p e r t a i n i n g  azimuth. Some of them a r e  l i s t e d  
i n  t h e  following t a b l e .  For easy comparison t h e  corresponding b racke t s  
w i th  t r i a d  I and I1 t r a n s i t s  are taken over from Tables I and 11. 

.I- 

"A remedy f o r  t h i s  is  o f f e red  i n  the  nex t  s e c t i o n .  
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TABLE 111. Measurable X-Ranges (Basic Tr i ads )  

-0.8 TIII -1 

23.6 ... 33.2 

15.7 ... 26.1 

x:II 

I 0 ...- 26 I 0 ... 27.0 

22.2 ... 33.7 

: 10.9 ... 27.0 

-2  -3  

21.5...33.4 

0 ...-2 8" 

0 ... 28" 

20.9. ..33.8 

0 ... 28.6 

0 ... 28.6 

-4 

22.2...32.6 

0 ... 27.0 

10.9...27.C 

-813 

2 1 . 1 . .  . 33.7 

0 ... 28.3 

0 ...-2 8.5 

21.4 ... 34.0 

0 ... 28.0 

0 ...- 28  

21.1 ... 34.0 

0 ...- 28.5 

0 ... 28.3 
I 

22.9...31.8 

0 ...- 26 

15.7.. .26.1 

It a p p e a r s  t h a t  a t  a l l  azimuths permit ted by added 1 1 1 - t r a n s i t s  one 
can measure eddy t r acks  wi th  e l e v a t i o n  angles  from 0" t o  w e l l  over 30". 
I n  many ins t ances  a wind can be obtained i n  two o r  even t h r e e  ways, 
f o r  i n s t a n c e ,  i f  i t  blows a t  t h e  azimuth TIII = -4 (TI = 1, TIT = 4) 
wi th  an e l e v a t i o n  a n g l e  around 25 degrees .  With X > 28.6 degrees b u t  a 
s i n g l e  obse rva t ion  can be made. 

I X .  AUXILIARY TRIADS 

Among t h e  twenty t r i a d s  of beam-connecting eddy pa ths ,  four  use t h e  
same beam t h r i c e .  Being pa ra l l e l ,  t h e s e  connections a r e  coplanar .  I n  
taking the  t r a n s i t s  (ab) ,  ( a c ) ,  (ad) as examples, t h e  a n a l y t i c  c o r o l l a r y  
is  recognized as t h e  l i n e a r  r e l a t i o n s h i p  of t h e  t r a n s i t  times given by 
t h e  second of t h e  e q u a l i t i e s  ( l l ) . "  
s e t  up a f t e r  t h e  p a t t e r n  of t h e  systems (14) o r  (16) a r e  t h e r e f o r e  
underdetermined and the  four  t r i a d s  must be dismissed as u n f i t  t o  
d e l i v e r  r e s u l t s .  

-1, 

The Vi-equations which one could 

* 
With o t h e r  such beam connections the  r e l a t i o n s h i p  can be obtained by 
r ea r r ang ing  s y s  tern (11). 
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The q u a r t e t  of what may be c a l l e d  the c y c l i c  t r i a d s ,  as (ab) ,  (bc) ,  
(cd) , is  b e s e t  by d i f f e r e n t  shortcomings, l e s s  unavoidable i n  c h a r a c t e r .  
It could be used f o r  measurement, b u t  n o t  s a f e l y  s o  when T~ > O,;+ s i n c e ,  
w i th  t h e  parameter values  as chosen, i t  does no t  possess an a d m i s s i b i l i t y  
a rea .  E i t h e r  r e s t r a i n i n g  planes remain too f a r  apar t ,  o r  one of t h e  pa th  
l eng th  cond i t ions  i s  v i o l a t e d .  

By t h e  s o l u t i o n s  (23)  t h e  argument T = 0 de f ines  winds whose l a t e r a l  
components a r e  roughly p a r a l l e l  t o  t h e  x- and y-axes. The e l e v a t i o n  
a n g l e  he re  s t o p s  near  14 degrees.  Wishing t o  improve on t h a t  va lue  by 
employing a d d i t i o n a l  "aux i l i a ry"  t r i a d s  we have t o  r e j e c t  those four  
t h a t  i nc lude  both (ac) and (bd) t r a n s i t s  (running between beams p a r a l l e l  
i n  top view). I n  examining t h e i r  a d m i s s i b i l i t y  range one f i n d s  t h a t  a t  
l e a s t  one confidence requirement is  no t  f u l f i l l e d  f o r  t h e  Ql,Q3-pairs 
t h a t  correspond t o  the  above l a t e r a l  components This leaves us w i th  
a las t  group of four  t r a n s i t  triads:""" 

ZIJ..1, 

A I 1  d e +  b,  d w a ,  a w b  

A I 1 1  awe, a ~ d ,  d H c  

A I V  a t - t c ,  a w b ,  b++c . 

I n  dea l ing  wi th  them one w i l l  follow the same s t e p s  as were taken when 
s tudying t h e  b a s i c  t r i ads  I, 11, 111, and I V .  It seems excusable,  t hen ,  
t o  suppress  much of the d e t a i l  work which t h e  r e a d e r ,  i f  s o  i n c l i n e d ,  
can supply by himself 

The s o l u t i o n  groups a s s o c i a t e d  w i t h  t h e  four  a u x i l i a r y  t r i a d s  emerge 
as 

.L " 

Other p o s s i b i l i t i e s  have no t  been probed i n t o .  

9:+; 
These ( "un i l a t e ra l " )  t r i a d s  make use of only one pa i r  of beams i n  
a l p h a b e t i c a l  sequence. They a r e  discussed i n  the  next  s e c t i o n .  

.L&& ,. I. I .  

They forgo t h e  use of one beam each ("three-beam" t r i a d s ) .  
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V I = - - -  As (2 + A D )  1+A2 72 

(D - 2A) A s 1  v2 = - -- 
1+A2 72 

As 1 T  = - - - -  i l+A2 72 a 

v , = - - -  ( 2 A  - D) As 
1+h2 72 

1+A2 T2 

1+A 72 (5 

As L ( 2  + AD) v2 = - 

1 T  v, = - ~-+ - - 

* 
d a  71 = 7 

* 
T2 = 

* 
73 = Tab . 

* 
ab 71 c 7 

I 

ac  T2 S T 

J- 

bc T3 E 7" 

( 4 4 A I )  

( 4 4 A I I )  

( 4 4 A I I I )  

(44AIV)  
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It w i l l  be  remembered t h a t ,  i f  an  eddy t r a i n  moves from t h e  beam 
f i r s t  named i n  t h e  d o u b l e - l e t t e r  s u b s c r i p t s  t o  t h e  one named second, t he  
t r a v e l  t ime i s  counted p o s i t i v e ,  otherwise negat ive.  By imposing con- 
d i t i o n s  on V3 analogous t o  t h e  i n e q u a l i t i e s  (20) such t h a t  IV31 can 
become l a r g e  one a r r i v e s  a t  t h e  conclusion t h a t  t h e  t h r e e  t r a v e l  t i m e s  
p e r t i n e n t  t o  a g iven  t r i a d  must e i t h e r  be a l l  p o s i t i v e  o r  a l l  nega t ive ,  
Experimental values  f o r  them must now b e  arranged i n  fou r  more sequences 
71, 't2, 't3: 

A f t e r  e s t a - l i s h i n g  an a d m i s s i b i l i t y  area f o r  Q1 and Q3, one can d e t e r -  
mine whether o r  no t  one of t h e s e  sequences marks a v a l i d  measurement. 
I f  so, t h e  wind vec to r  components can be computed from the  pe r t a in ing  
s o l u t i o n  group. 
e l  imina t ed a t  onc e. 

Any sequence n o t  e x h i b i t i n g  equal s i g n s  can h e r e  be 

I n  t h e  s e t s  (44)  t h e  symbols D and T have t h e  former meanings ( 2 2 ) .  
However, t h e i r  r o l e s  a re  interchanged. 
wh i l e  t h e  a l lowab le  T-va r i a t ion  g ives  the  e l e v a t i o n  range a t  D = cons t . ,  
s i n c e  

D is  now equ iva len t  t o  a n  azimuth, 

T t a n  $ t an  X = 4 
E 4  ' 

(45) 

Owing t o  t h i s  i n t e rchange  the  o p e r a t i b n a l  domain of an a u x i l i a r y  
t r i a d  is  r a d i c a l l y  d i f f e r e n t  from t h a t  of a b a s i c  t r i a d  where i t  
comprises upward h o r i z o n t a l  and downward winds t h a t  arrive,  roughly, 
from a c e r t a i n  rp-compass a d j a c e n t  t o  one of t h e  coord ina te  a n g l e  
b i s e c t o r s .  
w i t h  admiss ib l e  values  of Q1 and Q s ,  t h e  q u a n t i t y  T is  always 
posi t ive.* 

Consider t h e  t r i a d  A I ,  f o r  example. One can show t h a t ,  

By c o n t r a s t ,  D can be nega t ive  as w e l l  as p o s i t i v e  

* 
Horizontal  winds, i n c i d e n t a l l y ,  a re  t h e r e f o r e  not  measurable by 
a u x i l i a r y  t r i a d s  when t h e  'ti have equal s i g n s .  Unequal s i g n s  have 
been t r i e d  a l s o .  I n d i c a t i o n s  a r e ,  however, t h a t  i f  such times a r e  
measured, no confidence can be placed i n  wind determinat ion.  

44 



(and ze ro ) .  Contemplation of t h e  s o l u t i o n s  (44AI) r e v e a l s  t h a t  t h e  
t r i a d  A I  is Capable of monitoring upward (downward) winds a r r i v i n g  
from forward (backward) d i r e c t i o n s  provided t h a t  T~ > 0 ( T ~  < 0).  
Opposite winds are  captured by A I I - t r a n s i t s .  
t r iads  then combine t o  handle eddy paths  whose p a r a l l e l s  drawn through 
the  coord ina te  o r i g i n  group around t h e  x-axis .  Those grouping 
around t h e  y-axis a r e  observable  by t h e  t r i a d s  A I 1 1  and AIV, each of 
which carries h a l f  t he  load i n  a s imi l a r  manner, These r e s u l t s  a r e  
encouraging, f o r  p r e c i s e l y  those l a t e r a l  d i r e c t i o n s  a r e  favored i n  
which w e  wish t o  extend t h e  e l e v a t i o n  a n g l e  range. By c o n t r a s t ,  t h e  
l a s t  q u a r t e t  excluded i n  t h e  survey of t r i a d s  can be shown t o  favor  
t h e  b i s e c t o r  d i r e c t i o n s .  

The f i r s t  two a u x i l i a r y  

Unified t r a v e l  path and l a y e r  thickness  r e s t r i c t i o n s  aga in  d e t e r -  
mine the  bounds of t h e  a d m i s s i b i l i t y  a r e a .  Wishing t o  explore  them 
along t h e  diameters D = const .  (9 = const.) ,  we formulate  i n  terms of 
D = Q3 - Q 1  and T = Q1 + Q3 - 2 .  

- - -  1 Ah (D2 + 4 - T2)(D2 + 4 + DT) 

(T + 2 + D)(D2  + 4 )  
b 3  - 2 1+A2 (47)  
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where, as agreed upon e a r l i e r ,  

22, - Ah = 11. hs -=  1 t a n  qr = - 1+F 
2 y  rn 

The number ind ices  r e f e r  t o  t h e  t r a n s i t s  considered i n  t h e  va r ious  
t r i a d s  as they a re  s p e l l e d  out  i n  t h e  -ri-definit ions a f f i x e d  t o  the  
s o l u t i o n s  (44A). The formulas are  a p p l i c a b l e  i n  a l l  four  t r a n s i t  
groups a l i k e ,  s o  t h a t  aga in  one s i n g l e  a d m i s s i b i l i t y  a r e a  is r e l e v a n t  
f o r  a1 1 a u x i l i a r y  t r i a d s  . 

A p p r a i s a l  of t h e  r e l a t i v e  magnitude of t h e  l a y e r  thicknesses  18ikl 
leads t o  t h e  following p recep t s :  

Rule 111: 

{ i r e s t r i c t  821 . I f  D I 0 and D2 + 4 - DT { 823 

Rule IV:  

I f  D 5 0 and D2 + 4 + DT 

The va lue  of l8ikl  a t  r i g h t  is the  l a r g e s t  of t h e  t h r e e  i n  t h e  circum- 
s tanc es ind i c a  t ed . 

It was found t h a t ,  be fo re  t h e  612- re s t r i c t ion  becomes o p e r a t i v e ,  
a path- length c o n d i t i o n  always l i m i t s  t h e  a d m i s s i b i l i t y  a r e a ,  one-half 
of which is  depicted on F igu re  5 (D > 0). The o t h e r  h a l f  ( for  D < 0) 
is  symmetric t o  i t  w i t h  respect t o  t h e  a x i s  D = 0. One can show t h a t  
i n  t h e  i n t e r i o r  t h e  t r a v e l  paths and l a y e r  t h i cknesses  remain w i t h i n  t h e  
prescr ibed bounds. However, a s m a l l  p a r t  of t h e  a r e a  has been c u t  o f f ,  
s i n c e ,  i n  i t ,  the  azimuth e r r o r  can become uncomfortably l a r g e .  

The worst  p o s s i b l e  e r r o r s  a r e  estimated i n  the  manner adopted 
when dea l ing  wi th  t h e  b a s i c  t r iads .  With D > 0,  i t  y i e l d s  t h e  expres- 
s ions+; 

.I. 

"Figure 5 shows t h a t ,  w i t h i n  t h e  a d m i s s i b i l i t y  a r e a  f o r  D > 0, Q3  > 1 
always. Accordingly, t h e  o r i g i n a l  denominator q u a n t i t y  - G ~  has been 
replaced by Q 3  everywhere. 
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21T-81 + Qfl4D-TI + Q$I4D+TI 
4(D2 + 4) + T2 

1 2 [ D 2  + 2(T+2)] + Q:1D2 + 4 + TDI + QzlD2 + 4 - TD/  - - -  
[4(D2+4) + T2] 

(aX)larg.  5Q, 

It is r e a d i l y  seen t h a t ,  when Q 1  and Q, exchange r o l e s ,  as they do 
wi th  D < 0, t h e  e r r o r  e s t ima tes  remain numerical ly  unaffected.  

On D = 0 the  worst  f o r e s e e a b l e  azimuthal e r r o r  appears as 

i'r and, i f  it is t o  b e  l i m i t e d  t o  15", r e q u i r e s  t h a t  Q3 m u s t  no t  grow 
beyond 2.618. I n  a l i k e  manner, t h e  a d m i s s i b i l i t y  a r e a  is t o  be c u t  
back f o r  o t h e r  s m a l l  values  of D (< 0.4). 

The worst  s t r e n g t h  e r r o r  e s t ima tes  range between 7 and 1 2  pe rcen t .  
The X-errors remain below 7 degrees and can be as l i t t l e  as 1 degree.  
These f i g u r e s  appear accep tab le .  

With p o s i t i v e  values  of D and -c2 t h e  a u x i l i a r y  t r i a d  A I  monitors 
upward winds blowing i n t o  the  f i r s t  quadrant  from azimuths no t  t oo  
l a rge .^"  Expression (45) here  a p p l i e s  w i t h  t h e  p o s i t i v e  s i g n ,  s o  t h a t ,  
a t  a f ixed  azimuth D, t h e  p o s i t i v e  a n g l e  X i nc reases  wi th  T. On Fig- 
ure 5 it grows from t h e  lower boundary t o  t h e  upper boundary when one 
follows a l l n e  D = cons t .  
l a r g e s t  values a r e  l i s t e d  i n  t h e  t a b l e  below. The r i g h t  half-columns 
g i v e  t h e  corresponding values  a t  t he  same azimuths""" when the  b a s i c  
tr iads I and I11 are  ope ra t ive .  They a r e  taken from Tables I and 111; 

J-.I- 

For some of t h e s e  l i n e s ,  t h e  lowest and 

JX 
I n  r e f e r e n c e  1, @ = 16  degrees w a s  considered t o l e r a b l e .  

V, = 0 obviously cannot be obtained wi th  D > 0, T~ > 0. 

By t h e  s e t s  (44AI) and (231) an azimuth descr ibed i n  A I  by D = c is 
given by T = c i n  I. The v a l u e  c = -0.2 i s  included,  s i n c e  i t  a l s o  
can be handled by t h e  t r i a d s .  It des igna te s  a wind blowing i n t o  t h e  
f o u r t h  quadrant  a t  a nega t ive  azimuth of s m a l l  magnitude. 
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TABLE I V  

D 

? 

2" 

Eleva t ion  Angle Ranges Measurable by Triads A I ,  I, and I11 

- 
1.5 2 3 4 5 

14.6 0 16.7 0 19.5 0 2 1 . 1  10.9 23.5 15.7 

29.4 33.7 28.6 33.8 29.9 34.0 32.1 33.7 33.6 33.2 

While the  three-beam t r i a d  is  n o t  s u i t a b l e  f o r  d e t e c t i n g  h o r i z o n t a l  winds 
(x" = O " ) ,  i t s  use q u i t e  conspicuously enlarges  t h e  top e l e v a t i o n  acces-  
s i b l e  near D = 0 (q = 0). 

Table I V  i n  essence is v a l i d  f o r  any p a i r  of t r i a d s  intended t o  
work on (more o r  l e s s )  t h e  same winds. Inconsequent ia l  s i g n  inversions 
may become necessary,  a t r i v i a l  c a s e  being t h a t  of downward winds 
(X < 0 ) ,  when, f o r  example, t r iads  A I 1  and I a r e  combined. T r i a d s  A I  
and I V  o p e r a t e  on upward winds a r r i v i n g  from t h e  l e f t  f r o n t  s i d e .  Here, 
D < 0 i n  t h e  s e t  (44AI), s o  t h a t  i n  Table I V  t h e  head row m u s t  be given 
inverted signs.''; This i s  a l s o  necessary when combining t r i a d s  A I 1 1  and 
I1 whose common t a r g e t s  a r e  upward winds blowing i n t o  t h e  f i r s t  quadrant  
a t  azimuths no t  t o o  s m a l l .  D = 0 he re  corresponds t o  a wind wi th  

1 cp = arc t a n  - 
A 

( c l o s e  t o  90" when A is  s u f f i c i e n t l y  sma l l ) .  T r i a d  I1 can handle such 
winds between 0 and x 14 degrees e l e v a t i o n  ang le s ,  wh i l e  A I 1 1  extends t h e  
range up t o  a t  l e a s t  39 degrees.  

9; 
D = -c then corresponds t o  T = c i n  expressions (23IV), where -c2 has 
t o  be nega t ive ;  otherwise,  I V  would monitor winds from t h e  r i g h t  
back s i d e .  
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Analogous correspondences hold w i t h  any o t h e r  p e r t i n e n t  combination 
of a u x i l i a r y  and b a s i c  t r i a d s :  The three-beam t r i a d s  d o  provide t h e  
s e r v i c e  expected of them. Horizontal  winds, f o r  which they are u s e l e s s ,  
are handled by the b a s i c  t r i a d s . *  

X. CONTROLLING TRIADS 

The s t r i k i n g  s i m i l a r i t y  of t he  s o l u t i o n  groups a s s o c i a t e d  w i t h  t h e  
b a s i c  and t h e  A - t r i a d s  seems t o  be bound up w i t h  t h e i r  common use of two 
s e q u e n t i a l  t r a n s i t s .  Deviating forms were found when d e a l i n g  wi th  t h e  
"cycl ic"  t r i a d s  ( t h r e e  s e q u e n t i a l  t r a n s i t s )  and t h e  " u n i l a t e r a l "  t r i a d s  
(one t r a n s i t  only between beams i n  a l p h a b e t i c a l  sequence).  The l a t t e r  
c o n s t i t u t e s  a useable  second group of a u x i l i a r i e s .  Although i t  does no t  
extend t h e  range of s a f e l y  measurable wind v e c t o r s ,  i t  may be u t i l i z e d  
t o  check r e s u l t s  ("control l ing" t r i a d s ) .  Adding ano the r  s e t  does n o t  
apprec i ab ly  i n c r e a s e  t h e  eva lua t ion  burden, s i n c e  t h e  main p a r t  of i t ,  
namely t h e  back-and-forth c o r r e l a t i o n  of t he  s i x  record p a i r s ,  must be 
c a r r i e d  o u t  i n  any event.  Af t e r  including t h i s  group twelve of t h e  
s i x t e e n  meaningful combinations of t h r e e  t r a n s i t s  each have been p u t  t o  
work. 

The Vi s o l u t i o n s  r e l a t e d  t o  the  c o n t r o l l i n g  a u x i l i a r i e s  e x h i b i t  a 
p e c u l a r i t y  which ought t o  be rooted i n  f e a t u r e s  of t he  beam geometry 
t h a t  a r e  hidden i n  the  formulas (7) s o  f a r  used t o  o b t a i n  s o l u t i o n  
systems i n  a r o u t i n e  manner. To b r ing  them o u t  we no te  a t  f i r s t  
t h a t  any two beams, m and n,  a r e  contained i n  two p a r a l l e l  planes 
whose common normal ("binormal") is i n  t h e  d i r e c t i o n  of t h e  vector  

where t h e  c o e f f i c i e n t s  p i  and v i  a r e  the  d i r e c t i o n  cos ines  of t h e  beams 
m and n ,  r e s p e c t i v e l y .  

Of the  p a r a l l e l  eddy t r a i n s  c a r r i e d  along by a wind of uniform 
v e l o c i t y  a s i n g l e  one, as we know, is capable  t o  connect t h e  beams m 
and n. The terminal  p o i n t s  of t h e  connecting l i n e  a r e  given by t h e  
p o s i t i o n  vec to r s  ( 6 )  which have t h e  gene ra l  form 

9: 
With a c a r e f u l l y  contr ived d i f f e r e n t  arrangement of t h r e e  beams, such 
winds can be measured, a l though i n  a l imi t ed  range of azimuths only 
( r e fe rence  1). 
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.I. r” = r  + k F  
m n  m 

I: >k = r  + v G .  -nm -n - 

An eddy moving from m t o  n w i l l  cover t he  d i s t a n c e  

9; &>k = r  - 
-nm m n  - 

whose d i r e c t i o n  is p a r a l l e l  t o  the wind ( i . e . ,  t h e  time ~i~ needed f o r  
t h e  movement is p o s i t i v e ) .  The p r o j e c t i o n  of t he  movement onto t h e  
binormal,  namely, 

N m n  v .  - m  
r e q u i r e s  the  same time t o  cover the p ro jec t ed  d i s t a n c e  

s o  t h a t  t h e  r e l a t i o n  e x i s t s  

where t h e  above expressions f o r  r& and $m were i n s e r t e d  i n t o  the  
o r i g i n a l  t r i p l e  scalar product 

t o  o b t a i n  t h e  s i m p l i f i e d  ve r s ion  a t  l e f t .  
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This d e r i v a t i o n  of a d i r e c t  equation* f o r  t he  v e l o c i t y  components 
is mainly given k e r e  t o  emphasize t h e  dominant r o l e  of t h e  binormal. 

Winds blowing i n t o  t h e  f i r s t  quadrant  w i l l  i n  gene ra l  move from 
a t o  c ,  from d t o  b (T:~,T&, w i l l  be p o s i t i v e ) .  
s i o n s  a s s o c i a t e d  w i t h  t h e s e  beam p a i r s  , 

The binormal expres- 

d e f i n e  vec to r s  of equal l eng th  which a re  orthogonal t o  each o t h e r  and 
p a r a l l e l  t o  t h e  ground plane.  

The t h i r d  of t hese  p e c u l i a r  p r o p e r t i e s  causes  t h e  r i g h t  s i d e  of 
equat ion (48) t o  l o s e  t h e  component V, ( i ts  c o e f f i c i e n t  becoming ze ro ) .  
A s  a cu r ious  consequence, t h e  components V, and V, a r e  determined by 
the  ( ac ) -  and ( d b ) - t r a n s i t s  a lone.  They s u f f i c e  f o r  measuring t h e  
h o r i z o n t a l  wind component; however, as w i l l  be  seen s h o r t l y ,  a d m i s -  
s i b i l i t y  c r i t e r i a  l i m i t  t h e  cp-range and prevent  the obse rva t ion  of 
winds pu re ly  h o r i z o n t a l .  

Adding t o  t h e  (ac) ,  (db) t r a n s i t s ,  f i r s t  t h e  (ab)-connection, 
secondly the  (dc)-connection, i n  order  t o  compute t h e  G I -  GII-groups, 
w e  a r r i v e  a t  t h e  s o l u t i o n  systems 

* 
71 T ac 

* 
ab T2 T 

<b 7, = [Crv, = - -- 'As (1  - Q1 - Q,) l+A2 T2 

(49CI) 

JC 
It w a s  used t o  w r i t e  down the  s e t  (12)  i n  r e f e r e n c e  1. 
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2As 1 v, = - (WL + Q 3 )  JC 
7, = Tac 

(49CII )  

Since w i t h  both sys  tems 

Q1 - AQ3 

A Q i  +- 43 ' 
t an  cp = 

t he  admiss ib l e  cp-ranges n o t  only ove r l ap ,  but  a r e  a l t o g e t h e r  congruent. 
The t r i a d s  thus d u p l i c a t e  the  measurement of winds blowing i n t o  the  f i r s t  
(zi  > 0) o r  i n t o  t h e  t h i r d  ('ti < 0) quadrants .  
look f o r  e i t h e r  t h r e e  p o s i t i v e  o r  t h r e e  nega t ive  t r a n s i t  t imes.  The 
r a t i o  Q1 and Q3 a r e  p o s i t i v e .  

Record eva lua t ion  has t o  

For winds a r r i v i n g  i n  t h e  f o u r t h  and second quadrants ,  s u i t a b l e  
t r ans  i t  combinations a r e  

They g i v e  r i s e  t o  the  s o l u t i o n  systems 
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2As 1 v3=--  (Q1 + Q3 - 1)  1+A2 72 

T2 = T* da 

- *  
73 - aca 

( 4  9 C I V )  

These t r i a d s  m i n i s t e r  t o  winds d i r e c t e d  toward t h e  f o u r t h  quadrant 
( i f  -cCi > 0) ,  and toward t h e  second quadrant  ( i f  -ri < 0). 
measure t h e  same wind, i f  i t  is measurable a t  a l l .  

They both 

For c a l c u l a t i n g  t h e  confines  of t h e  a d m i s s i b i l i t y  area we need 
t h e  pa th  l eng th  and l a y e r  thickness  expressions which aga in  can be 
un i f i ed  and a r e  val id  f o r  a l l  fou r  t r i a d s  a l i k e :  

(Q: + Q$) + (1 - Q1 - Q3I2 tan2@ 
2As , Q 2  = 1, i = 1 , 2 , 3  

Qi R-! = - m 

where 
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have t h e  numerical values  adopted e a r l i e r .  Ass i s t ed  by t h e  f a c t  t h a t  
Q1 and Qr are  p o s i t i v e  one demonstrates t h a t ,  of t h e s e  t h r e e  d i s t a n c e s ,  

[18121 is l a r g e s t  i f  Q3 - Q1 < - - Q1 

43 ' 

43 
18231 is l a r g e s t  i f  Q3 - Q1 >q 

I 
A s  an 

Q 1  Q3 

Q3 Q1 831( i s  l a r g e s t  i f  - - < Q3 - Q1 < - . 

a p p l i c a t i o n  c o n s i d e r  t h e  c a s e  V, = 0 (Q1 + Q, = 1). where 

must be r e s t r i c t e d .  This f u n c t i o n ' s  minimum a t  Q1 = 1 / 2  t e l l s  that 

The two r e s t r a i n i n g  planes thus are  always too  f a r  apar t  by our 
s t anda rds .  Horizontal  winds cannot be measured w i t h  confidence.  A s  
a consequence, t he  a d m i s s i b i l i t y  a r e a  (Figure 6 )  s e p a r a t e s  i n t o  two 
par ts ,  t he  upper and l a r g e r  one v a l i d  f o r  Q1 + Q3 > 1, t h e  o the r  one 
f o r  Q1 + Q3 < 1. 

An e r r o r  a n a l y s i s  w a s  c a r r i e d  ou t  following t h e  e a r l i e r  p a t t e r n .  
The worst  e r r o r s  l i k e l y  t o  be encountered i n  t h e  a d m i s s i b i l i t y  regions 
were estimated as = 1 2  pe rcen t  i n  speed, x 6 degrees i n  azimuth, 
x 8 degrees i n  e l e v a t i o n  angle.  The l a t t e r  r e l a t i v e l y  l a r g e  va lue  w a s  
found more o r  l e s s  throughout t h e  realm Q 1 +  Q3 < 1 (lower a r e a ) ,  while  
i n  t h e  upper a r e a  nX r an  up t o  a t  most x 4.5 degrees ,  which va lue  is 
more i n  l i n e  wi th  t h e  maximum obtained f o r  t h e  bas i c  t r i a d s . + '  Con- 
versely,  t h e  speed and azimuth e r r o r  e s t ima tes  a t t a i n  t h e i r  l a r g e r  
values  i n  t h e  u p p e r  area, e s p e c i a l l y  a long the  l i n e  Q l  = Q3."" 

-b.L 

.I- 

@X = 7 degrees w a s  t o l e r a t e d  wi th  t h e  A - t r i a d s .  

.I.& 
I. I. 

This l i n e  aga in  d iv ides  the a r e a s  i n t o  two symmetric ha lves .  
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The X-ranges s a f e l y  measurable, r e g r e t t a b l y ,  a re  n o t  wider than 

For comparison we n o t e  t h a t  an  azimuth 
those amenable through t h e  b a s i c  and A-tr iads .  As befo re ,  they a r e  
d i f f e r e n t  w i t h  wind azimuth. 
descr ibed by T when using t r i a d  I is a s s o c i a t e d  w i t h  

T 

when using C I  o r  C I I .  On Figure 6, t h e r e f o r e ,  a g iven  azimuth r e s i d e s  
along the  l i n e s  

1 1.5 2 3 4 5 6 

which, when c u t t i n g  through t h e  a d m i s s i b i l i t y  a r e a ,  d e f i n e  t h e  terminal  
values  of t h e  X-range as those p e r t a i n i n g  t o  t h e i r  po in t s  of i n t e r -  
s e c t i o n  w i t h  t h e  a r e a  boundaries.  For t h i s  reason,  t h e r e  a r e  two d i f -  
f e r e n t  upper values  depending on whether V, is l a r g e r  or  sma l l e r  than 
zero.  The two lower va lues ,  however, were found t o  co inc ide  (as can 
be shown they m u s t ) .  I n  Table V,  C I  and C I I - t r a n s i t s  a r e  considered 
f o r  azimuths which a r e  a l s o  monitored by t r i a d  I t r a n s i t s .  It is 
r e p r e s e n t a t i v e  as we l l  f o r  t h e  ranges t h a t  can  be a t t a i n e d  wi th  winds 
a r r i v i n g  from t h e  o t h e r  l a t e r a l  d i r e c t i o n s .  

X" 

'c: 1 

TABLE V 

17.4 14.8 14.0 15.5 17.4 18.9 20.1 

27.0 28.3 28.6 28.0 27.0 26.1 25.4 

32.2 29.3 28.6 29.9 32.2 32.3 25.4 

Elevat ion Angle Ranges Measurable by Triads C I  and C I I  

I I i I I I I I 

Comparison wi th  Table I V  (where t h e  e n t r y  D is equ iva len t  t o  t h e  
e n t r y  
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i n  Table V) shows t h a t  no improvement of t he  upper bounds has been 
achieved. 
w i t h  A I -  t r a n s  i t s .  

Moreover, t h e  lower bounds a r e  a l l  l a r g e r  than those found 

Almost t h e  e n t i r e  a d m i s s i b i l i t y  a r e a  is enclosed between the l i n e s  

1= Qi 1 
Q3 , = T o  3 and 

By both t h e  s e t s  (49CI) and (49CII) 

3 -A 
t an  cp = 

Qi A - +1 
Q3 

Since the  func t ion  a t  r i g h t  i nc reases  w i t h  Q1/Q3, t h e  pe rmis s ib l e  
cp-variation runs from a va lue  something smaller than 1 7  degrees t o  a 
va lue  sma l l e r  than 72 degrees .  
t h r e e  o t h e r  quadran t s ) .  

(Analogous r e s u l t s  apply regarding t h e  

On t h e  whole, t h e  C-group i s  thus l e s s  e f f e c t i v e  than t h e  two 
o t h e r s ,  but  i t  can s e r v e  as a checking group f o r  winds w t t h i n  s p e c i -  
f i e d  X- and cp-ranges. To e v a l u a t e  it seems a d v i s a b l e  when such winds 
have been shown p resen t  through b a s i c  o r  A - t r i a d s .  

Some eddy t r a c k s ,  among them h o r i z o n t a l  ones w i t h  cp x 0 (180") o r  
cp x 90" (270") azimuths,  remain a c c e s s i b l e  through one s o l i t a r y  t r i a d  
only. However, double and m u l t i p l e  observat ions are  f e a s i b l e  of many 
wind v e c t o r s .  A s  a s t r i k i n g  example, t ake  

* T'; = 6,  T~~ = 3 .  ac 

These s i x  times d e s c r i b e  a l l  t r a n s i t s  r e a l i z a b l e  i n  a four-beam configura-  
t i o n  and s a t i s f y  the  symmetry r e l a t i o n s  (11) as they m u s t  do t h e o r e t i c a l l y .  
The d o u b l e - l e t t e r  and number ind ices  c o r r e l a t i o n s  lead t o  the  values  of 
Q1 and Q 3  p e r t i n e n t  t o  t h e  s e v e r a l  t r i a d s * ;  they are found admiss ib l e  
w i t h  n o t  l e s s  than seven of them: 

* 
Sometimes one is  t o  r e c a l l  t h a t  7'' = - TZn. nm 
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I and I1 (supplementary area) 

I11 and I V  (main a r e a  including h o r i z o n t a l  wind po in t s )  

A I 1 1  

C I I I  and CIV.  

I f ,  i n  an  i d e a l  case, t h e  s i x  va lues  were a c t u a l l y  observed, they would 
seven times y i e l d  t h e  same s o l u t i o n s :  

v2 = - 1 -+ (1 + 2A) 3 1+A (53) 

This wind is  d i r e c t e d  toward t h e  second quadrant  w i t h  an azimuth 
def ined by 

1 i- 2A < - - 
2- A 2 ( cp  < 153"). t an  cp = - 

Its  e l e v a t i o n  i s  

1 (X 24.1"). t a n  X = - 
&- 

A s  follows from the  p o s i t i o n  vec to r s  (6) computed w i t h  s o l u t i o n s  
(53), a l l  connection terminals  a r e  above ground i n  t h e  p re sen t  i n s t ance .  
It might happen on occasion t h a t  one o r  two a r e  no t .  
though geomet r i ca l ly  e x i s t i n g ,  is  phys ica l ly  incomplete; no t r a n s i t  time 

t r i a d  through which t h e  measurement can be made. 

Such an eddy t r a c k ,  

.re w i l l  be r e g i s t e r e d .  However, m u l t i p l e  observat ion may y e t  provide a 
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XI, REFERENCE HEIGHT. HOMOLOGOUS BEAM SYSTEMS 

S e l e c t i o n  of t he  he igh t  h determines t h e  va lue  of A (by t h e  f i r s t  
of t h e  formulas (37) )  and t h a t  of s (by formula (39)) .  It completes 
t h e  s p e c i f i c a t i o n s  f o r  t h e  beam c o n f i g u r a t i o n  and, f o r  any 1 measured, 
f i n a l l y  permits us t o  s a y ,  by t h e  t i p s  of t h e  p o s i t i o n  vec to r s  (6) ,  
where t h e  observed wind had been blowing. 

The need f o r  overlapping cp-ranges of h o r i z o n t a l  winds d i c t a t e s  a 
lower h- threshold.  The upper bound (35) on A would p l ace  i t  a t  h = 47 m,  
b u t  need n o t  be upheld any more. A s  f a r  as w a s  known a t  t h e  t i m e  of i t s  
i n t r o d u c t i o n ,  t h e  azimuth range of h o r i z o n t a l  winds d e t e c t a b l e  by t r i a d  I 
t r a n s i t s  began a t  a va lue  s l i g h t l y  below 0" and had t o  extend t o  45" t o  
s e c u r e  overlapping wi th  t h e  analogous cp-range of t r i a d  IT. Based i n  p a r t  
on t h i s  concept ion,  d e f i n i t e  f i g u r e s  were even tua l ly  reached f o r  t h e  
parameters e s s e n t i a l  i n  computing the  a d m i s s i b i l i t y  a r e a  which d i s p l a y  
a cons ide rab ly  wider i n t e r v a l  of T-values admiss ib l e  a t  D = 0 than a t  t h e  
o u t s e t  could have been known t o  e x i s t .  It runs from T = -0.529 t o  
T = 3.438 (Tables I and 11). Tr ia l  c a l c u l a t i o n s  revealed tha t ,  i n  v i r t u e  
of t h a t  broad range, t he  o r i g i n a l  l i m i t  A = 1 can be r e s t o r e d  without  
c r e a t i n g  gaps between succeeding cp-sectors. 
t i o n s  fol low from t h e  s o l u t i o n s  (23)." I f ,  e.g. ,  we choose A = 0.6, t h e  
cp-ranges f o r  admiss ib l e  h o r i z o n t a l  winds a r e  

The necessary T- and cp-rela- 

w i t h  t r i a d  I: -45.8" ... 26.5" 

w i t h  t r i a d  11: -0.8" ... 73.9" 

w i t h  t r i a d  111: 44.2" ... 116.5' 

w i th  t r i a d  IV:  89.2" ... 163.9". 

Overlapping takes  p l ace  over s e c t o r s  embracing somewhat l e s s  than 30". 
The e n t i r e  cp-range covered is  209.7", we l l  above t h e  f i g u r e  of 180" t h a t  
i s  r equ i r ed  t o  measure h o r i z o n t a l  winds around the  rose.  The range 
a l l o t t e d  t o  a s i n g l e  t r i a d  is more than 70", a sweep considerably l a r g e r  
than t h e  45"-compass o r i g i n a l l y  envisaged. 

Taking A = 0.6 implies t h a t  one wishes t o  measure nea r  t he  r e f e r -  
enc e h e i g h t  

1+A2 
A 

h = 11-= 24.9 m. 

J; 
Two of them have been quoted as the  formulas (30) and (31). 
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The parameter va lue  (39) y i e l d s  t h e  d e t e c t o r  d i s t a n c e  from t h e  o r i g i n ,  

42.7 m. s = 2 2 - =  m 
A 

The beam d i r e c t s o n  cosines  are given by t h e  system (2) where co tg  \~r = 2 
and, from formulas (13) ,  

The beam arrangement can then b e  s e t  out .  

The smallest, no t  r e a l l y  a t t a i n a b l e  obse rva t ion  h e i g h t  (A = 1) is 
h = 22 m. I f  one intends t o  measure below i t ,  t h e  b a s i c  f i g u r e  11 f o r  
t h e  parameter combination (37) must be lowered e n t a i l i n g  a change i n  
t h e  a d m i s s i b i l i t y  a r e a s  which must be computed guided by the  same view 
po in t s  as be fo re  ("hpmologous" a r e a s ) .  I f  one keeps the  maximum pa th  
l e n g t h  R a t  154 m, t h e  e l e v a t i o n  a n g l e  1]1 w i l l  a l s o  be d i f f e r e n t .  

Re la t ion  (28) s i m p l i f i e s  i n t o  

h s = -  (54) 

For p r a c t i c a l  reasons one would not  wish the  d i s t a n c e  s t o  grow too  
l a r g e ,  s o  t h a t  h is a l s o  sub jec t ed  t o  some upper threshold.  With t h e  
p re sen t  conf igu ra t ion ,  i f  A = 0.1, h N 110 m, s N 2 2 0  m. Furthermore, 
the va lue  of h could no t  be lowered i n d e f i n i t e l y  l e s t  t h e  beams, 
a c t u a l l y  of f i n i t e  width,  i n t e r s e c t  i n  t h e i r  ou te r  f r i n g e s  and thus 
i m p a i r  t h e  soundness of t h e  measurement. To check i n t o  t h i s  ques t ion ,  
consider  t h a t ,  by r e l a t i o n  (54),  t h e  h a l f  diagonal  l eng th  of t he  squa re  
a l o f t  is 

hs = Ah co tg  * 
meaning t h a t  i t s  s i d e  i s  of o r d e r  2Ah, o r  22 m i n  our  c a s e ,  q u i t e  
i r r e s p e c t i v e  of obse rva t ion  he igh t .  The danger f o r  t h e  c r o s s  s e c t i o n s  
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of t h e  ( s l i g h t l y  c o n i c a l )  beams t o  become as wide as that w i l l  probably 
no t  be encountered till one reaches i n t o  r a t h e r  l a r g e  he igh t s  indeed. 
Perhaps i t  can  be abated y e t  by improving on t h e  o p t i c a l  arrangement.* 

I n  some measure t h e  l e n g t h  s can b e  held down by decreasing co tg  ~r 
which can b e  accomplished both by r a i s i n g  and t h e  l i m i t  f o r  t h e  6. 
Let  us t u r n  m a t t e r s  around, s t a r t i n g  o u t  w i th  demanding t h a t  co tg  ~r = 
fi** be s u b s t i t u t e d  f o r  c o t g  I) = 2. 
@ = 180 m ( f o r  154 m) as the  l a r g e s t  admiss ib l e  pa th  l eng th ,  equation 
(33) y i e l d s  t h e  va lue  

I f  i n  a d d i t i o n  w e  acknowledge 

- =  Ah 14.05. 
1+A2 

Expression (36) desc r ibes  the  v a r i a t i o n  of t h e  c ros s  d i s t a n c e  zj12 a long 
D = 0, i . e . ,  when h o r i z o n t a l  winds a r e  present .  I f  we r e t a i n  16 m as 
i ts  upper l i m i t ,  we f i n d  t h a t ,  when A = 0.03, T may move between t h e  
values  -0.22 and 2.5 which, w i t h  the t r i a d  I azimuths (30) ,  correspond 
t o  cpI = -8" and "pI = 49.6". Since t h e  s e c t o r s  amenable t o  t h e  t h r e e  
remaining t r i a d s  are  probably of s imi l a r  width (57.6"),  one can hope 
t h a t  t h e  fou r  toge the r  cover (a t  l e a s t )  h a l f  of t h e  r o s e  without  gap. 
I f  a c t u a l  computation shows t h a t  t h i s  is not so ,  one would have t o  
r a i s e  the  l i m i t  on tj12, because t h i s  widens t h e  T-range, and conse- 
quen t ly  t h e  cp-ranges of h o r i z o n t a l  winds. 

With A = 0.03, 

h =  

s =  

14.05 - = 468 m y  0.03 

h c o t g  Jr = 468 hs2 = 662 m. 

With A = 0.03 and t h e  former value,  co tg  ~r = 2 ,  

11 
h = 0.03 = 367 m y  s = 2h = 734 m. 

* 
A long sleeve o r  tube pu l l ed  over an  o b j e c t i v e ,  f o r  example, is c u t t i n g  
o u t  some of t h e  s i d e  l i g h t .  

** 
This i s  t h e  smallest va lue  s t i l l  making i t  reasonabky c e r t a i n  t h a t  t h e  
minimum of t h e  path R; is encountered on t h e  curve RJi = R. 
otherwise,  t h e  v a l i d i t y  ,of equat ion (33) should be questioned. 

Were i t  
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JC The improvement i s  evident .  The a d m i s s i b i l i t y  area and e r r o r  e s t i -  
mate computations can employ t h e  t e x t  r e l a t i o n s  w i t h  t h e  new inpu t s  

h Nz R = 180 m y  - = 14.05, Cotg \Ir = & .  1+A2 

The area on Figure 3 ,  conceivably,  w i l l  t u r n  o u t  narrower w i t h  t h i s  
homologous system; t h e  lesser scope of T-values on D = 0 may s e t  t h e  
t rend.  
higher  X-figures,  a l though i t  could be t h a t  t h e  oppos i t e  is  t r u e  w i t h  
b a s i c  t r iads  when D is s m a l l .  

The diminished magnitude of co tg  q i n  gene ra l  should al low 

I n  dea l ing  w i t h  t h e  o r i g i n a l  system it w a s  p re fe r r ed  n o t  t o  enforce 
a va lue  of t h e  beam e l e v a t i o n  (as was done j u s t  now); i n s t e a d ,  a way w a s  
sought which would lead t o  a s u i t a b l e  f i g u r e  f o r  c o t g  q ou t  of t h e  
i n f i n i t e l y  many t h a t  could be proposed. The outcome w a s  a beam con- 
f i g u r a t i o n  t h a t  can be used w i t h  e a r l y  experimentation ope ra t ing  a t  
h e i g h t s ,  s ay ,  between 25 m and 300 m. 

X I I .  CONCLUSION 

While i t  has been shown i n  the  foregoing t h a t ,  notwithstanding t h e  
d e l i c a t e  i n t e r p l a y  of a number of competing c o n d i t i o n s ,  beam sys t e m s  
can be worked o u t  t o  answer immediate needs, t h e  f u l l  c a p a b i l i t i e s  of 
t h e  squa re  arrangement have no t  y e t  been explored. 
c y c l i c  t r i a d s  i n  p a r t i c u l a r  have not  been t r i e d  when Q r  and Q3 a r e  of 
unequal s i g n s ,  and the  nega t ive  r e s u l t s  obtained i n  t h i s  r e s p e c t  w i th  
a u x i l i a r y  and c o n t r o l l i n g  t r i a d s ,  wh i l e  c o r r e c t ,  may have overlooked 
f avorab le  s i t u a t i o n s .  A f t e r  a l l ,  i t  seems odd t h a t  t h e  b a s i c  t r i ads  
a lone  should al low f o r  such oppos i t e  s i g n s .  Furthermore, s c a n t  a t t e n -  
t i o n  has been g iven  t o  t r a n s i t  combinations where both Q1 and Q3 a r e  
nega t ive .  The l i t t l e  t h a t  has been done h e r e  was k e p t  i n  t h e  no te s ,  
because,  as f a r  as t h e  s tudy  went, one of t h e  path l eng th  o r  c ros s  
d i s t a n c e  cond i t ions  w a s  always v i o l a t e d .  

The so -ca l l ed  

* 
The lowest  va lue  b a r e l y  a t t a i n a b l e  (A = 1) i s  now h = 28.1 m ( i n s t ead  
of 22 m).  
he igh t s  (by upping t h e  va lue  a c c e p t a b l e  f o r  t h e  l eng th  R ) .  

The a l t e r e d  beam system w a s  geared t o  measur: a t  l a r g e r  
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These q u e s t i o n s ,  g iven  s u f f i c i e n t  time, can a l l  b e  resolved w i t h i n  
the  framework of t he  p re sen t  methods. Some mod i f i ca t ions  (minor o r  
perhaps major) are  fo reseen  when t a c k l i n g  two f u r t h e r  problems a l s o  
r e l a t e d  t o  t h a t  of t h e  p re sen t  pape r .  

I n  t h e  f i r s t  p l ace ,  winds wi th  a s t r o n g  v e r t i c a l  component s o  f a r  
escape d e t e c t i o n .  I f  t h e r e  is  a need f o r  i t  i n  some q u a r t e r s ,  means 
should be found t o  s a t i s f y  it. The t a s k  is  tempting i n  i t s e l f ,  because 
appa ren t ly  convent ional  meteorological  experimentation is  inadequately 
equipped t o  o b t a i n  information on the v e r t i c a l  component. 

Secondly, d e t e c t o r s  a r e  a v a i l a b l e  t h a t  can r e c e i v e  several beams 
s imultaneously.  I n  using them t h e  number of t r a n s i t  combinations is 
a p t  t o  grow very l a r g e  indeed, e s p e c i a l l y  i f  t h e r e  a r e  two o r  more 
i n s t a l l e d  i n  t h e  squa re  arrangement. A l so ,  t h e  symmetry advantages 
w i l l  be  more o r  l e s s  l o s t .  On t h e  o t h e r  hand, one can  o p e r a t e  s i m u l -  
taneously i n  neighboring r eg ions ,  poss ib ly  even a t  markedly d i f f e r e n t  
h e i g h t s ,  thus determining a wind p r o f i l e .  
single-beam d e t e c t o r  is pe rmis s ib l e  wi thou t  des t roy ing  the  f l e x i b i l i t y  
of t h e  system should be among t h e  f i r s t  quest ions t o  be answered. 

Whether o r  not  omission of one 

The long-standing proposal of measuring winds by mounting two 
d e t e c t o r s ,  a t  l e a s t  one of them m u l t i p l e ,  on an a i r p l a n e  f l y i n g  
h o r i z o n t a l l y  a t  c o n s t a n t  speed introduces an  a d d i t i o n a l  parameter 
and a v a s t l y  changed s i t u a t i o n  which is  not  purely geometr ic ,  b u t  
kinematic as we l l .  The argument includes elements f o r e i g n  t o  those 
used s o  f a r ,  and t h e  problem would t h e r e f o r e  seem t o  c a l l  f o r  a f r e s h  
approach which, though heeding t h e  same fundamental r e s t r a i n t s ,  should 
end up w i t h  a methodological and computational scheme q u i t e  d i f f e r e n t  
i n  d e t a i l .  
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FIG. 1, TOP VIEW OF B E A M  S Y S T E M  
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FIG. 2. BEAM C O N F I G U R A T I O N  IN F I R S T  O C T A N T  
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FIG. 4. S U P P L E M E N T A R Y  A D M I S S I B I L I T Y  A R E A  

OF T H E  B A S I C  T R I A D S  ( a ,  < 0 ,  Q 3  > 0) 
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