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CHAPTER I  

INTRODUCTION

P rese n te d  in  t h i s  d i s s e r t a t i o n  i s  a  new tech n iq u e  to  rem o te ly  

sen se  w a te r  vapor in  th e  a tm osphere . The p r in c ip a l  concep t in v o lv ed  i s  

c h a t, f o r  a g iven  lo c a t io n ,  knowledge o f  j u s t  th e  d e r iv a t iv e  of th e  

a c o u s t i c a l  a b s o rp tio n  sp ec tru m  fo r  a u d ib le - f r e q u e n c ie s  i s  s u f f i c i e n t  to  

de te rm in e  w a te r vapor c o n te n t  and te m p e ra tu re  a t  th a t  lo c a t io n .

The b a lan ce  o f th e  d i s s e r t a t i o n  con cern s th e  q u es tio n s  o f  w heth­

e r  th e  te ch n iq u e  i s  s u p e r io r  to  o th e r s  th a t  have been t r i e d  or p ro p o sed , 

w hether th e  tech n iq u e  can b e  p r a c t i c a l l y  and econom ically  im plem ented, 

and w hether th e  range o f  a p r a c t i c a l  d ev ice  would be s u f f i c ie n t  f o r  most 

m e te o ro lo g ic a l p u rp o se s .

C hap ters  I I  and IV p ro v id e  background in fo rm a tio n  on th e  atm os­

phere  and a c o u s t ic s .  C h ap te r I I I  d e s c r ib e s  th e  f i e l d  o f  remote s e n s in g  

o f m e te o ro lo g ic a l v a r i a b l e s ,  w h ile  C h ap te r V p re s e n ts  p rev io u s p ro p o sa ls  

and p o s s ib le  improvements f o r  h y g ro m étrie  s o d a r s .  The new tech n iq u e  i s  

d e sc r ib e d  and ana lyzed  in  C h ap te rs  V I, V II, and V II I ;  a n a ly t i c a l  ex p re s ­

s io n s  a r e  d e r iv e d  f o r  th e  p r o b a b i l i t y  d i s t r i b u t i o n s  fo r  v a r ia b le s  in v o lv ed  

in  th e  m easuring  p ro c e s s .  C hap ter IX p re s e n ts  r e la t e d  in fo rm a tio n  w ith  

s u g g e s tio n s  fo r  fu tu re  s tu d y , and C h ap ter X sum m arizes and l i s t s  th e  con­

c lu s io n s  o f th e  d i s s e r t a t i o n  r e s e a rc h .
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A condensed d e s c r ip t io n  o f  th e  d i s s e r t a t i o n  fo llo w s:

A lthough w a te r  vapor com prises o n ly  a  sm a ll f r a c t io n  o f  th e  a t ­

m osphere, i t  i s  m e te o ro lo g ic a l ly  th e  m ost im p o rta n t c o n s t i tu e n t ;  i t  a c t s  

as  a main energy s to r a g e  and t r a n s p o r ta t io n  elem ent in  the  a tm osphere . 

W ater vapor i s  f u r th e r  d is t in g u is h e d  a s  th e  s o le  m ajo r a tm ospheric  com­

ponen t whose c o n c e n tr a t io n  i s  w id ely  v a r ia b le .

E nv ironm ental p r o te c t io n  program s and th e  economic need f o r  more 

a c c u ra te  and lo n g e r  ran g e  w ea th er f o r e c a s t s  have sp u rre d  th e  developm ent 

o f d a ta  system s c a p ab le  o f  fu rn is h in g  th e  r e q u is i t e l y  d e ta i l e d ,  th r e e -  

d im en sio n a l p i c tu r e  o f  th e  atm osphere (m ainly  th e  f i r s t  one o r  two k i l o ­

m e te rs  above th e  s u r f a c e ,  where s h o r t -  and in te rm e d ia te - te rm  w ea th er 

p a t t e r n s  a re  d e te rm in e d ) . Knowledge o f  w a te r  v ap o r c o n c e n tra tio n  i s  a 

n e c e s sa ry  p a r t  o f  t h i s  d e s c r ip t io n .  To fu r n is h  such  a p ic tu r e ,  mere ex­

te n s io n  o f  th e  p r e s e n t ,  th re e -d im e n s io n a l m o n ito rin g  system  (ra d io so n d e s  

a t  ro u g h ly  500 km s p a c in g s ,  tw ice  d a i l y ) ,  i s  d e f i n i t e l y  n o t ec o n o m ica lly  

f e a s i b le .  Hence, i n t e r e s t  h as been s h i f t e d  from ^  s i t u  s e n s o rs  to  s y s ­

tems cap ab le  o f re m o te ly  m o n ito rin g  th e  d e s ir e d  m e te o ro lo g ic a l v a r ia b le s  

(m ain ly  w ind, te m p e ra tu re , h u m id ity , and tu rb u le n c e ) .

Systems b ased  on e le c tro m a g n e tic  ( in c lu d in g  o p t ic a l )  and acous­

t i c  i n t e r a c t io n s  w ith  th e  a tm o sp h eric  v a r ia b le s  have been proposed  and 

many w orking system s h ave been  b u i l t .  A co u stic  d ev ice s  en joy  th e  advan­

ta g e s ,  in  most c a s e s ,  o f  a  much s t r o n g e r  i n t e r a c t io n  w ith  th e  a tm osphere 

and o f  c o s t in g  f a r  l e s s .  These d ev ic e s  s u f f e r  th e  d is a d v a n ta g e s , among 

o th e r s ,  o f  v a s t ly  d e c re a se d  ran g e  and d i r e c t i v i t y  and o f g r e a t ly  in c r e a s ­

ed sam pling  tim e , on th e  o rd e r  o f  th e  tim e c o n s ta n ts  c h a ra c te r iz in g  su b ­

s t a n t i a l  a tm o sp h eric  change.
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A ll p ro p o s a ls  to  d a te  fo r  a h u m id ity -se n s in g  system  have been  un­

s u c c e s s fu l  e i t h e r  p r a c t i c a l l y  o r  eco n o m ica lly . Two p ro p o s a ls  have been 

made fo r  an a c o u s t ic  ra d a r  (so d a r) cap ab le  o f  m easuring  w a te r-v a p o r ; the  

p ro p o sa l o f G eth ing  and Jen ssen  was a  c o n s id e ra b ly  more r e f in e d  v e r s io n  

o f  th e  e a r l i e s t  one, made by L i t t l e .  G ething t e s t e d  h i s  p ro p o sa l and 

found th a t  th e  re c e iv e d  a c o u s tic  i n t e n s i ty  cou ld  n o t be m easured w ith  

enough accu racy  in  p r a c t i c e .

As in d ic a te d  in  f ig u re  ( 1 :1 ) ,  the  Je n sse n  and G eth ing  Method 

(JGM) c o n s is te d  o f t r a n s m i t t in g  p u ls e s  a t  fo u r d i f f e r e n t  f r e q u e n c ie s .  

S in c e  th e  a b s o rp tio n  o f  a c o u s tic  energy  i s  dependent on th e  h u m id ity , 

te m p e ra tu re , and tu rb u le n c e  o f th e  atm osphere , and th a t  dependence i s  in  

tu rn  dependent on th e  frequency  o f th e  p ro p a g a tin g  wave (a s  shown in  f i g ­

u re s  (4 :1 ) th rough  ( 4 : 9 ) ) ,  then  each frequency  p u lse  w i l l  be a t te n u a te d  

d i f f e r e n t l y ,  depending  on th e  a tm o sp h eric  v a r ia b le s .  As th e  p u ls e s  prop­

a g a te ,  some o f t h e i r  energy  i s  s c a t t e r e d  back to  th e  so d a r by th e  in -  

ho m o g en e ities  o f th e  tem p era tu re  f i e l d .  The r e l a t i v e  i n t e n s i t i e s  o f  th e  

re c e iv e d  s ig n a ls  in d i c a t e  th e  in te g ra te d  e f f e c t  o f  th e  a tm o sp h eric  v a r­

ia b le s  betw een th e  so u rc e  and s c a t t e r in g  volume ( th e  a l t i t u d e  o f t h i s  

volume i s  o b v io u s ly  d e te rm in ed  by th e  tim e i n t e r v a l  betw een  tr a n s m it te d  

and re c e iv e d  p u l s e s ) . Four f re q u e n c ie s  w ere r e q u ir e d  to  a n a ly t i c a l l y  

e l im in a te  th e  e f f e c t s  o f te m p e ra tu re  and tu rb u le n c e .

The e f f e c t s  o f  tem p era tu re  and tu rb u le n c e  w ere n o t w e ll  under­

s to o d  a t  th e  time o f  th e  JGM p ro p o s a l,  and , most im p o r ta n tly , th e  random 

n a tu re  o f th e  r e tu r n in g  p u lse  i n t e n s i t i e s  was n o t f u l l y  a p p r e c ia te d .

The JGM would have r e q u ir e d  many h ours to  o b ta in  even m a rg in a lly  u s e fu l  

d a ta  ( f o r  a range o f  17 m e te r s ) ,  b u t ,  o f c o u rs e , th e  a tm o sp h e ric  tu rb u ­

le n c e  changes much f a s t e r .
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The p ro p o sa l o f  a  new tech n iq u e , th e  R e la x a tio n  Frequency Method 

(RFM) i s  now p o s s ib le  b ecau se  o f the  d e ta i le d  knowledge o f  th e  a c o u s t ic  

a t te n u a tio n  p ro c e s s  w hich has only re c e n t ly  become a v a i l a b le .  As i l l u s ­

t r a t e d  in  f ig u r e  ( 1 :2 ) ,  th e  RFM in v o lv e s  t r a n s m it t in g  a  s in g l e  frequency  

a t  any p a r t i c u l a r  tim e b u t  re c e iv in g  th e  r e tu rn in g  s ig n a l  from s c a t t e r ­

in g  volumes a t  two d i f f e r e n t  h e ig h ts .  Comparing re tu rn s  from  th e  same 

tra n s m itte d  wave e l im in a te s  a  g re a t  d e a l o f e r r o r  in h e re n t  in  th e  JGM.

In  a d d it io n , a co n tin u o u s wave, r a th e r  than  a p u ls e ,  i s  t r a n s m it te d  w ith  

a c o n s ta n tly  changing freq u en cy  (FM-CW), which fu rn is h e s  more d a ta  w h ile  

s t i l l  av o id in g  ambiguous r e tu r n s .  Sweeping th e  freq u en cy  n a tu r a l ly  p ro ­

duces an a t te n u a t io n  sp ec tru m . The h e a r t  o f  th e  RFM i s  t h a t  th e  spectrum  

h as a very  d e f i n i t e  sh ap e  (s e e , e .g .  f ig .  (4 :2 ) )  which i s  s tro n g ly  de­

pendent on th e  h u m id ity . T h e re fo re , the  hum id ity  can be d e te rm in ed  w ith ­

o u t re ly in g  on the  m agnitude o f th e  spec trum , which i s  v e ry  e r ro r -p r o n e .  

The mechanism o f  th e  RFM a ls o  a llo w s independen t d a ta  to  b e  g a th e red  s i ­

multaneously by s u i ta b ly  s e p a ra te d  r e c e iv e r s ,  which i s  im p o rta n t because  

th e  tim e n e c e ssa ry  to c o l l e c t  a g iv en  amount o f  d a ta  i s  d e c re a se d  and 

tim e is  th e  " A c h i l le s ' h e e l"  o f a c o u s tic  ra d a r  sy stem s.

A s t a t i s t i c a l  a n a ly s i s  has shown th a t  th e  RFM i s  c l e a r l y  s u p e r i ­

o r  to  th e  JGM. T y p ica l u n c e r t a in t i e s  in  w ind, te m p e ra tu re , p re s s u re ,  

and tu rb u le n c e  have l i t t l e  e f f e c t  on the  r e la x a t io n  freq u en cy  o f th e  ab­

s o rp t io n  p ro c e s s .

The q u e s tio n  o f  w hether a system  u s in g  th e  RFM can  fu rn is h  most 

o f  th e  re q u ire d  m e te o ro lo g ic a l d a ta  econom ically  canno t b e  f u l l y  answ er­

ed w ith o u t more in fo rm a tio n  on th e  p r a c t i c a l  l im i ta t io n s  and c o s t  o f 

v a r io u s  so d a r d e s ig n s .
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The t r a d e - o f f  in v o lv es  sam pling  d is ta n c e ,  frequency  range, r e s o ­

l u t io n ,  sam pling  tim e , c o s t ,  and th e  p e rc e n ta g e  o f time when m eteoro log­

i c a l  c o n d it io n s  a r e  " fa v o ra b le " .

I t  can be concluded on th e  b a s i s  o f  p re s e n t  in fo rm a tio n  th a t  a  

so d a r w ith  m odest im provements over e x i s t i n g  ( lo w -co s t)  so d a rs  can p ro ­

v id e  some in fo rm a tio n  under most c o n d it io n s  and most o f th e  re q u ire d  in ­

fo rm a tio n  u n d er some c o n d it io n s . I f  th e  u l t im a te  system  d esc rib ed  by 

L i t t l e  i s  a c h ie v a b le ,  then i t  sh o u ld  be p o s s ib le  to  o b ta in  th e  n e c e ssa ry  

in fo rm a tio n  (w ith in  th e  f i r s t  one o r  two k ilo m e te rs  o f th e  su rfa c e )  f o r  

a l l  b u t ex trem e w ea th er c o n d it io n s .



CHAPTER 2 

THE METEOROLOGICAL ATMOSPHERE

S tru c tu re

The a tm o sp h e ric  w ea th er p ro c e sse s  a re  d r iv e n  by two k inds o f 

fo rc e s .  F i r s t  a r e  therm al g ra d ie n ts  caused by d i f f e r e n t i a l  s o la r  h e a tin g .  

Second a re  f r i c t i o n a l  f o r c e s  caused by th e  "d rag "  betw een  th e  atm osphere 

and th e  r o t a t i n g  e a r th .  These fo rc e s  can be used  to  d i f f e r e n t i a t e  v a r i ­

ous re g io n s  o f  th e  a tm o sp h ere .^

V i r tu a l ly  a l l  o f d e te rm in a n ts  and m a n if e s ta t io n s  o f w eath er a r e  

co n ta in ed  in  th e  tro p o s p h e re , w hich ex tends from  th e  e a r t h 's  s u r fa c e  to  

a h e ig h t o f  10 to  15 km. a t  m id - la t i tu d e s .  The tro p o sp h e re  i s  ch a rac­

te r iz e d  by a  n e g a tiv e  v e r t i c a l  tem p era tu re  g ra d ie n t  w hich v a n ish e s  o r 

changes s ig n  a t  th e  tro p o p au se , th e  upper boundary o f  th e  tro p o sp h e re .

The tro p o sp h e re  can  be f u r th e r  su b d iv id ed  in to  th e  Eknan l a y e r , 

o r p la n e ta ry  boundary  l a y e r ,  and a  s u rfa c e  la y e r  w hich i s  c o n ta in e d  in  

the  boundary l a y e r .  The s u r f a c e  la y e r  ex ten d s  th e  f i r s t  few te n s  of 

m eters  above th e  e a r t h 's  s u r f a c e ,  and i s  ty p ic a l ly  a  la y e r  o f lam in ar 

flow (w ith  c o n s ta n t  s h e a r in g  s t r e s s )  which "m atches"  th e  m otion o f  r e s t  

o f th e  a tm osphere  to  t h a t  o f  th e  e a r th .  W eather c o n d i t io n s  w ith in  t h i s  

la y e r  a re  e x tre m e ly  v a r ia b le ;  v e ry  la rg e  g ra d ie n ts  o f  tem p e ra tu re  and 

wind speed can  o cc u r.

6
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The boundary l a y e r  i s  d e f in e d  a s  th a t  low er p o r t io n  o f the  t ro p ­

osphere  which i s  e f f e c te d  by the  s u r fa c e  f r i c t i o n  fo r c e .  About h a l f  th e  

a tm o sp h e re 's  lo s s  (o r g a in  depending  on th e  acco u n tin g  p ro ced u re ) o f  k i ­

n e t i c  energy tak es  p la c e  in  t h i s  re g io n  (most o f  th e  rem ain ing  energy  i s  

d i s s ip a te d  n e a r  th e  tro p o p a u se ) . The boundary l a y e r  i s  u s u a l ly  ab o u t one 

k ilo m e te r  th ic k ,  b u t t h i s  f ig u re  can  e a s i l y  vary  from  a  hundred m eters  to  

2 o r 3 km. That p o r t io n  o f the  boundary la y e r  above th e  s u r fa c e  la y e r  i s

c h a ra c te r iz e d  by a g re a t  d e a l  o f  tu rb u le n c e  (compared to  th e  h ig h e r  a t ­

m osphere) and i s  c a l le d  th e  mixed l a y e r .  The end o f th e  tu rb u le n c e ,  which 

co rre sp o n d s  to  top of th e  boundary l a y e r ,  i s  term ed " su b s id e n c e " ; a  tem­

p e ra tu re  in v e rs io n  u s u a l ly  accom panies t h i s  su b s id e n c e . Most c louds form 

a t  t h i s  l e v e l ,  where r i s i n g  w a te r v ap o r c o n ta c ts  c o ld e r ,  ca lm er a i r .

S u rface  la y e r  w inds a re  p r im a r i ly  caused by th e  s u r fa c e  f r i c t i o n  

fo rc e .  At th e  top of th e  s u r fa c e  l a y e r ,  a i r  i s  f a r  enough away from  a 

r i g i d  boundary th a t  i t  can  no lo n g e r  su p p o rt th e  sh e a r in g  s t r e s s  o f  th e  

lam in ar flow ; la rg e  d ia m e te r  (on th e  o rd e r  o f 100 m e te rs) v o r t i c e s  " sp in  

o f f "  th e  top o f th e  s u r f a c e  la y e r .  These v o r t i c e s  have h o r iz o n ta l  axes 

which a r e  ap p ro x im ate ly  p a r a l l e l  to  th e  wind d i r e c t i o n .  The mechanism of 

a v o r te x  i s  such t h a t  i t  g iv es  up en e rg y  to  form s m a lle r  v o r t i c e s  which

co n tin u e  th e  p ro cess  u n t i l  a  low er l i m i t  on th e  d ia m e te r  o f  th e  v o r t i c e s

i s  re ach e d . T his low er l im i t  i s  c a l l e d  th e  "Kolmogorov m ic ro s c a le " ,  which 

has a v a lu e  of about one m i l l im e te r .  The l im i t  i s  th e  r e s u l t  of th e  v i s ­

c o s i ty  o f  th e  a i r ;  so t h a t  energy l o s t  by th e  s m a l le s t  v o r t i c e s  i s  d i s s i ­

p a ted  a s  h e a t  energy ( th e  o rd e red  k i n e t i c  energy  o f  wind i s  t ra d e d  f o r  

random k i n e t i c ,  o r  th e rm a l,  en e rg y ) . The phenomenon i s  som etim es d e sc r ib e d  

as  an "en erg y  ca scad e " .
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C om position

The p r in c ip a l  components o f d ry  a i r  a re  n i t ro g e n  (78.08% , by v o l­

ume) and oxygen (20.95% ). The rem ain in g  1% i s  composed c h ie f ly  o f argon  

(0.93%) and carbon d io x id e  (0.03% , v a ry in g  a t  d i f f e r e n t  p la c e s  and tim e s ) . 

The amount of w a te r  vapor in  a i r  i s  q u i te  v a r ia b le ;  an a v e rag e  f ig u re  

would be 0.5% by m olar c o n c e n tra t io n  ( o r ,  e q u iv a le n t ly ,  by vo lum e). The

c o n c e n tra t io n  i s  alm ost alw ays below  3%.

W ater vapor i s ,  m e te o ro lo g ic a l ly ,  th e  most im p o rta n t a tm o sp h eric  

c o n s t i tu e n t  and a l s o  the  m ost w id e ly  v a r ia b le .  I t  can be co n s id e red  th e  

main s h o r t- te rm  e n e rg y -s to ra g e  mechanism o f  th e  a tm o sp h e ric  w ea th er ma­

c h in e ry  s in c e  w a te r  vapor can undergo bo th  o f i t s  phase changes w ith in  

th e  norm al tem p era tu re  range of th e  a tm osphere . B ecause o f i t s  trem en­

dous h e a t c a p a c ity ,  a tm o sp h eric  w a te r  has a m o d era tin g  e f f e c t  on tem per­

a tu r e ;  re g io n s  o f  te m p e ra tu re  ex trem es and th e  v ery  d ry  a r e a s  o f the  

w orld  c o in c id e . V i r tu a l ly  a l l  th e  w a te r  v ap o r in  th e  a tm osphere  i s  con­

ta in e d  in  the tro p o sp h e re  and most i s  found w ith in  th e  boundary  l a y e r .

W ater v ap o r a ls o  a f f e c t s  w e a th e r because  m o is t a i r  i s  more buoy­

a n t  th an  dry a i r  a t  th e  same te m p e ra tu re  and p re s s u re ;  f o r  a volume con­

c e n t r a t i o n  of 2% w a te r v a p o r , th e  m ix tu re  i s  abou t 1% l i g h t e r  th an  d ry  

a i r .  T h is  e f f e c t  can e a s i l y  be more im p o rtan t th an  th e  e x i s t i n g  therm al 

g ra d ie n t  fo r  th e  v e r t i c a l  t r a n s p o r ta t io n  o f th e  m o ist a i r .

A tm ospheric V a r ia b le s

P r in c ip a l  m easures o f  th e  a tm o sp h e ric  s t a t e  in c lu d e  te m p e ra tu re , 

p r e s s u r e ,  wind sp ee d , and h u m id ity . A lso o f i n t e r e s t  a r e  th e  s t r u c tu r e  

c o n s ta n ts  which c h a r a c te r iz e  th e  tu rb u le n c e  o f  b o th  th e  te m p e ra tu re  and 

v e lo c i ty  f i e l d s .
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The tem p era tu re  w i l l  be denoted  by "T ", and w i l l  be ex p re ssed  in  

u n i t s  o f  deg rees K e lv in  in  a l l  fo rm ulae and o th e rw ise  u n le s s  in d ic a te d .  

C e ls iu s  re ad in g s  a r e  co n v erted  to  K e lv in  by add ing  2 7 3 ., a p p ro x im a te ly .

A norm al range fo r  T i s  -30°C < T < 40®C, w ith  -6 0 “C and +60°C b e in g  ex­

trem es. At m id - la t i tu d e s ,  th e  average summer tem p era tu res  f o r  0 and 2 kn 

a l t i t u d e s  a r e  abou t 15“C and 0®C, r e s p e c t iv e ly .  As p re v io u s ly  m entioned, 

T d e c re a se s  w ith  a l t i t u d e  w ith in  th e  tro p o sp h e re  about 6.5°C/km . For 

w in te r ,  the  average tem p era tu re  a t  sea le v e l  d rops to  0 “C.

The p re s s u re ,  d e s ig n a te d  by " P " , w i l l  be ex p ressed  in  atm ospheres;

one atm osphere i s  th e  ty p ic a l  p re s su re  a t  sea l e v e l ,  w h ile  P = 0 .8  atm .

a t  2 km, and P = 0 . 4 7 a t 6 k m  a l t i t u d e .  The p re s s u re  a t  a g iv en  lo c a tio n  

n orm ally  v a r ie s  by l e s s  than  5Z from i t s  mean v a lu e . The e q u a tio n  below, 

a f t e r  the  H y d ro s ta tic  E q u a tio n , g iv es  th e  p re s s u re ,  P, a s  a  fu n c tio n  of 

a l t i t u d e ,  x :

P [x ] = P * EXP[-0 .0 3 4 1  T [z ]"^  dz] (2-1)
" 0

where sq u a re  b ra c k e ts  en c lo se  th e  argum ent of a fu n c tio n ,
P [x ] i s  th e  p re s s u r e ,  in  a tm o sp h eres , a t  h e ig h t  x ,
X is the height in meters,
Pq is the pressure, in atmospheres, at x = 0,
EXP[ ] i s  th e  e x p o n e n tia l  f u n c tio n ,
th e  a s t e r i s k  d en o tes  m u l t i p l i c a t i o n  and i s  used
w here th e  m eaning m ight n o t o th e rw ise  be c l e a r ,
T [z ]“ l  i s  th e  r e c ip ro c a l  o f  th e  a b s o lu te  tem per­
a tu r e ,  in  d e g re e s  K e lv in , a t  h e ig h t  z ,  and z i s  
a dummy in te g r a t io n  v a r ia b le .

T h is e q u a tio n  n e g le c ts  th e  buoyancy o f m oist a i r .  An ap p ro x im ate  co rrec ­

t io n  can be made, a lth o u g h  i t  i s  s m a ll ,  by r e p la c in g  T by T^, th e  v i r t u a l  

tem p e ra tu re  :

T^[x] -  T [x] (1 + H [ x ] /1 0 0 .)  . (2-2)
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where H[x] i s  th e  p e rc e n t m olar c o n c e n tra tio n  o f  w a te r vapor a t  a l t i t u d e  x .

The h o r iz o n ta l  and v e r t i c a l  wind speeds w i l l  be denoted by and 

V^, r e s p e c t iv e ly ,  and w i l l  have u n i t s  of m eters  p e r second. Mean v a lu e s  

fo r  d i f f e r  w id e ly  w ith  l o c a l i t y  and tim e, b u t an av erag e  f ig u re  o f  5 

to  10 m /s i s  u s e f u l .  V alues fo r  a r e ,  ro u g h ly , o n e - te n th  o f th o se  fo r

The w a te r  vapor w i l l  be re p re se n te d  by H, and w i l l  be m easured as 

the p e rc e n t m olar c o n c e n tr a t io n ,  which is  th e  same a s  th e  p e rc e n t concen­

t r a t i o n  by volum e. The p e rc e n t  c o n c e n tra t io n  i s  r e l a t e d  to  th e  r e l a t i v e  

h u m id ity , ( i n  p e r c e n t ) ,  as  fo llo w s:

H ■

where P i s  th e  t o t a l  p re s s u re  in  atm , and
?Sat i s  th e  s a tu r a t i o n  p a r t i a l  p re s s u re  o f w a te r  v ap o r, in  atm .

The s a tu r a t i o n  p re s s u re  i s  a fu n c tio n  of tem p era tu re  o n ly , and can be ap­

prox im ated  w i th in  0.1% fo r  -40"C < T < 60°C, a s  fo llo w s :

_ (20 .5 3  - ( 2 9 3 9 . /T) -  4.922*L0Giq  [T]) (2 -4 )
SAT ■

where Pg^^ i s  ex p re ssed  in  atm ospheres and

T i s  th e  te m p e ra tu re  in  d eg rees  K e lv in .^

F igu re  (2 :1 )  i s  a p lo t  o f  th e  maximum H, which co rresp o n d s  to  Pg^^ to

= 100%, v e rs u s  T; i t  can be used to  co n v e rt betw een H and H^, i f  T i s

known.

Average a n n u a l, m id - la t i tu d e  v a lu e s  f o r  H a r e :  H = 1% a t  0 km;

H = 0.5% a t  2 km; H » 0.1% a t  6 km; and H •  .003% a t  8 km.

T u rb u len ce  can be m easured by the  change in  f i e l d  v a lu e s  o v e r a 

s p e c if ie d  d i s t a n c e .  The v a r ia b le s  and have been chosen to  r e p r e s e n t
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tu rb u le n c e  in  th e  tem p era tu re  and v e lo c i ty  f i e l d s ,  and a re  c a l le d  s t r u c ­

tu r e  c o n s ta n ts .

C^[x] = {<(T[x] + T[x + (2 -5 )

where C^[x] i s  m easured a t  th e  p o in t d e f in e d  by th e  lo c a t io n  v e c to r ,  x, 
and has u n i t s  o f °K n r l /3 ^
p , w ith  m agnitude p= |"$ | , i s  the  s e p a r a t io n  le n g th  o v e r which th e  
a v e rag in g  in d ic a te d  by th e  b en t b r a c k e ts ,  < >, i s  to  tak e  
p la c e ,  and has u n i t s  o f m e te rs , a s  does Ic, and 
T[^] i s  th e  a b s o lu te  te m p e ra tu re , ®K, a t  x .

2 /3The ana logous ex p re ss io n  a p p l ie s  fo r  C^, w hich has th e  u n i t s  of m / s e c .  
2 /3The d iv id e r ,  p , was chosen so th a t  would be c o n s ta n t w ith  r e s p e c t  

to  p o v er a w ide ran g e , p ro v id ed  th a t ,  a s  i s  u s u a l ly  assum ed, th e  tu rb u -
3

le n c e  co rresp o n d s  to  the  Kolmogorov sp ec tru m .
4

Brown and C li f fo rd  have concluded  t h a t  ran g es  t y p ic a l ly  be­

tween 0 .0 3  and 0 .07  °Km w ith  extrem e v a lu e s  o f  0 .001  and 0 .3  ®Km

2/3T y p ic a l v a lu e s  fo r  would be 0 .2  to  1 .0  m / s e c . E m p irica l s tu d ie s

2 2have produced th e  forms o f  e q u a tio n s  o f th e  v a r i a t io n  o f  and w ith  

a l t i t u d e :

c j  = A + B ( r / r
^  ̂ ( 2- 6) 

= C ( r / r ^ ) " ^ / ^

where A, B, and C a r e  e m p ir ic a l  c o n s ta n ts ,
r^  i s  th e  h e ig h t  of th e  boundary l a y e r  in v e r s io n ,  i n  m e te rs , and 
r  i s  th e  a l t i t u d e ,  i n  m e te r s .

For ty p ic a l  v a lu e s  o f  A, B, and C, and r^  = 1 .2 5  km, e q u a tio n s  

(2 -6 ) become :

= 0 .0 4  + 0 .33 r"^ ^ ^

E q u a tio n s  (2 -6 ) and (2 -7 ) a r e  in ten d ed  to  ap p ly  o n ly  when r  ^  r ^ .
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A u to c o r re la t io n  o f V a ria b le s  

N orm ally , th e  v a r ia b le s  P and H change v ery  slow ly  — on th e  s c a le  

o f h o u rs . The means of T, V^, V^, and C^, i f  averaged  o v er s e v e ra l  

m ete rs  and m in u te s , r e q u i r e  tim es on th e  o rd e r o f 15 m inu tes to  change. 

In s ta n ta n e o u s  v a lu e s  fo r  th e s e  l a s t  f iv e  v a r ia b le s ,  averaged  o v er a  few 

m e te rs , can  change s i g n i f i c a n t l y  ev e ry  one to  te n  seco n d s.

Changes in  th e  g e n e ra l  c a n o n ic a l v a r ia b le s  o f  th e  tro p o sp h e re  

( e . g . ,  t o t a l  m o is tu re , e n e rg y , l a t e n t - h e a t )  r e q u ir e  from one day to  a 

week. ^



CHAPTER I I I  

REMOTE SENSING

The r e l a t i v e l y  r e c e n t ,  s t ro n g  I n t e r e s t  in  rem ote ly  s e n s in g  m eteo­

r o lo g ic a l  v a r ia b le s  i s  th e  r e s u l t  o f  a m u lti fa c e te d  need f o r  more tempo­

r a l l y  and s p a t i a l l y  f r e q u e n t  m e te o ro lo g ic a l d a ta  and o f th e  r e la t e d  need 

to  sen se  new "dynam ic p a ra m e te rs"  o f  th e  atm osphere such a s  wind and tem­

p e ra tu re  tu rb u le n c e  w hich canno t be w e ll - c h a ra c te r iz e d  by s in g le - p o in t  

m easurem ent. A ir  p o l lu t i o n  c o n t ro l  a c t i v i t i e s ,  th e  economic d e s i r a b i l i t y  

o f more a c c u ra te ,  s h o r t - te r m , and lo c a l  w eather f o r e c a s t s ,  and th e  a e ro ­

n a u t i c a l  i n t e r e s t  in  p r e d ic t in g  a i r c r a f t - n o i s e  p ro p a g a tio n  and in  moni­

to r in g  p o t e n t i a l l y  dangerous a tm o sp h eric  phenomena in  and around a i r p o r t s  

c o n s t i t u te  th e  main m o tiv a tin g  f a c to r s  b eh in d  the  in v e s t ig a t io n  o f  rem ote 

s e n s in g .

A ir  p o l lu t io n  c o n t ro l  a c t i v i t i e s  e s p e c ia l ly  r e q u ir e  th e  se n s in g  

o f th e  dynamic p a ra m e te rs  o f th e  a tm osphere so th a t  th e  flow  and m ixing 

o f p o l lu ta n ts  may be a n a ly z e d . B eran and H a ll w r i te  th a t :  " I n t e l l i g e n t

a i r  q u a l i ty  c o n t ro l  d e c is io n s  can on ly  come about th rough  e f f e c t iv e  r e a l ­

tim e m o n ito rin g  and a c c u ra te  s h o r t - te r m  p r e d i c t i o n . . . "  o f such f a c to r s  a s  

low le v e l  s t a b i l i t y ,  meso s c a le  flow  p a t t e r n s ,  and in v e rs io n  topography 

and d e p th .^

13
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The vortex-w akes of la rg e  a i r c r a f t  and sudden w in d -sh ears  d u rin g  

a i r c r a f t  lan d in g  o r  t a k e - o f f  a r e  two p o te n t i a l ly  dangerous c o n d itio n s  

which can only  be rem ote ly  sen se d . C onsiderab le  work has been done in  

th i s  a r e a .^  The problem s o f  a i r c r a f t  n o ise  are  w ell-know n; u n fo r tu n a te ly , 

th e  measurement o f  such n o is e  a t  a d is ta n c e ,  fo r  e n g in e e rin g  d esig n  and 

com parison p u rp o ses, i s  ex trem ely  dependent on lo c a l  geography and w eather 

c o n d itio n s  (hence th e  need fo r  rem ote s e n s in g ) .

The econom ically  most im p o rtan t c o n s id e ra tio n  i s  improvement in  

w ea th er f o r e c a s t in g .  L i t t l e  has s t a t e d  th a t  " re c e n t  a n a ly se s  o f  n a t io n a l  

needs fo r improved w eath er s e rv ic e s  show th a t  th e s e  needs l i e  p r im a r i ly  

in  th e  a re a  of s h o r t - te rm  l o c a l  w eather f o r e c a s ts ,  e . g . , f o r e c a s ts  fo r  a 

lo c a l  a re a  1 to  100 km in  s i z e ,  fo r  tim e p e rio d s  ran g in g  from 0 to  6 

h o u rs ."  L i t t l e  e s t im a te s  t h a t  such fo r e c a s ts  w i l l  r e q u ire  " a t  l e a s t  fo u r 

o rd e rs  of m agnitude" more d a ta  than  i s  provided by th e  c u r re n t  rad iosonde  

o b s e rv a t io n  system  (which i s  employed tw ice  per day a t  ab o u t 500 km h o r i ­

z o n ta l  i n t e r v a l s ) ; e s t im a te s  o f  th e  c o s t  of ex ten d in g  th e  p re s e n t system  

to  p ro v id e  th e  r e q u i s i t e  d a ta  show th a t  such a c t io n  i s  com plete ly  im prac­

t ic a l .®

Remote s e n s in g  system s have s e v e ra l  p o s s ib le  ad v an tag es over 

in  s i t u  d e v ic e s , in c lu d in g :  1) th e  p ro v id in g  o f  a t r u ly  th ree -d im en s io n ­

a l  p ic tu r e  of th e  m easured a tm o sp h eric  v a r ia b le ;  2) th e  se n s in g  o f v a r i ­

a b le s  rem o te ly , ( th e  a p p a ra tu s  does n o t have to  be tra n s p o r te d  to th e  

re g io n  o f con cern ); 3) v i r t u a l l y  no m o d if ic a tio n  o f  th e  q u a n ti ty  b e in g  

m easured; and 4) th e  c a p a c ity  o f  m easuring  new p aram ete rs  d e s c r ib in g  th e  

dynamic n a tu re  o f  th e  a tm osphere , and o f  d is c e rn in g  f e a tu r e s  o f  th e  a t ­

m ospheric  s t r u c tu r e  such a s  su b s id e n c e , which e s s e n t i a l l y  r e p re s e n t  h ig h ­

ly  p ro c essed  d a ta  o f  fundam ental v a r ia b le s .  The p o s s ib le  problem s w ith
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rem ote sen sin g  system s in c lu d e :  1) th e  i n t e r p r e t a t io n  o f re c e iv e d  d a ta ;

2) th e  i n i t i a l  c a l ib r a t io n  o f a  system ; 3) th e  l im i ta t io n s  on u se  caused

by v a r io u s  w eather c o n d it io n s ;  and 4) h ig h e r  o p e ra t io n a l  c o s ts  r e s u l t in g  

from the  re q u ire d  m aintenance o f  more complex equipm ent, and from the  

p o s s ib le  req u irem en t of hav ing  a  h ig h ly  s k i l l e d  o p e ra to r .  These advan­

ta g e s  and problem s a re  n o t u n iv e r s a l .  W hether ^  s i t u  o r rem ote sen s in g  

equipm ent i s  used fo r  r o u t in e  m e te o ro lo g ic a l  pu rposes w i l l  p robab ly  be 

determ ined  by th e  c o s t o f  m easuring  the  fundam ental a tm ospheric  v a r ia b le s .  

Remote sen sin g  w i l l  alw ays have a p la c e  in  a tm ospheric  p h y sics  re se a rc h

s in c e  i t  a lo n e  can p ro v id e  th e  r e q u ir e d ,  th re e -d im e n s io n a l p ic tu r e  o f  a t ­

m ospheric p ro c e s se s .

The advan tages l i s t e d  above apply p r in c ip a l ly  to  m o n o sta tic  sy s ­

tems which o p e ra te  in  th e  same way as th e  m ost famous rem ote s e n s o r ,  r a d a r ,
9

i . e . , by re c e iv in g  energy  r e f l e c t e d  back to  th e  s e n so r . The l i n e - o f - s ig h t  

and p a ss iv e  d ev ices  g ive  in te g r a te d  m easurem ents o f a v a r ia b le ;  fo r  th r e e -  

d im ensional p ic tu r e s  such d e v ic e s  u s u a lly  r e q u ir e  g ro ss  p h y s ic a l  movement.

Remote S en sin g  System R equirem ents 

For th e  purposes m entioned above, a  rem ote sen s in g  system  sh o u ld  

be ab le  to  com plete ly  probe th e  boundary la y e r ;  a s  d iscu ssed  i n  C hap ter 

I I ,  t h i s  la y e r  ex tends to  ro u g h ly  1 km, and c o n ta in s  most of th e  s h o r t -  

and in te rm e d ia te - te rm  w e a th e r-d e te rm in in g  f a c to r s  (so  th a t  a system  

shou ld  have a v e r t i c a l  range o f  about 2 km). A lso , th e  d a ta  g a th e r in g  

p ro c ess  sh o u ld  n o t tak e  lo n g e r  th an  fo r  s u b s ta n t ia l  change in  th e  q u a n ti­

t i e s  b e in g  m easured; t h i s  tim e would be ap p ro x im a te ly  f i f t e e n  m inu tes f o r  

th e  fundam ental v a r ia b le s ,  te m p e ra tu re , h u m id ity , p re s s u re ,  and mean w ind. 

The system  sh o u ld  be a b le  to  ta k e  d a ta  under m ost m e te o ro lo g ic a l condi­

t io n s ;  in  a d d it io n  to  th e  u s u a l  ran g es o f  th e  fundam ental v a r ia b le s  g iv en
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in  C hap ter I I ,  th e se  c o n d it io n s  a ls o  in c lu d e , e . g . , n ig h t  and day , fo g , 

c loud  co v e r, and p r e c i p i t a t i o n .

Id e a l ly ,  a rem ote system  shou ld  be based  on j u s t  one d ev ice  which 

i s  ca p ab le  of m easuring  a t  l e a s t  th e  fundam ental v a r ia b le s  m entioned 

above, and which i s  p o r ta b le  and a ls o  easy  to  o p e ra te  (o r au tom ate) and 

to  m a in ta in . Of c o u rs e , th e  p e r - u n i t  c o s t  and n e c e s sa ry  g r id  sp a c in g  

sh ou ld  be such as to  m inim ize t o t a l  c o s t .  A r e s o lu t io n  c e l l  o f  ab o u t 10 

m eters  h igh  by 100 m ete rs  sq u are  shou ld  be s u f f i c i e n t  fo r  th e  pu rp o ses  

noted  above, a lth o u g h  much f i n e r  r e s o lu t io n  may be re q u ire d  f o r  re s e a rc h  

p u rp o ses .

Remote S ensing  Schemes 

Methods fo r  rem ote sen s in g  a re  based  on th e  i n t e r a c t io n  w ith  a t ­

m ospheric v a r ia b le s  o f  e i t h e r  e le c tro m a g n e tic  waves (m ain ly  ra d io  and op­

t i c a l )  o r  a c o u s tic  waves (m ain ly  a u d ib le  so u n d ). The c o s t  of a c t i v e ,  

m o n o s ta tic  d ev ice s  b u i l t  to  d a te  which u t i l i z e  th e s e  i n t e r a c t io n s  can  be

e s tim a te d  as fo llo w s ( in  o rd e r  o f m agnitude o f  d o l l a r s ) ; a c o u s t i c

3 4 4(c a l le d  so d a r o r  a c o u s t ic  ra d a r)  $10 to  10 ; o p t i c a l  ( l i d a r )  $10 to

10^; and ra d io  ( r a d a r )  $10^ to  10^. A co m b in a tio n , c a l l e d  RASS o r  EMAC, 

which u ses  ra d a r  to  fo llo w  a c o u s t ic  waves h as a ls o  been s tu d ie d .

L id a r ,  which may be th e  u l t im a te  ch o ice  f o r  rem ote se n s in g , be­

cause  of i t s  h ig h  r e s o lu t io n  and a b i l i t y  to  i d e n t i f y  m o lecu la r s p e c ie s ,  

c u r r e n t ly  has s e v e ra l  m ajor d isa d v a n ta g e s : 1) th e r e  e x i s t s  a p o s s i b i l i t y

o f  eye damage by th e  l i d a r  beam d u rin g  i t s  sweep; 2) th e  n o is e  o f  sun­

l i g h t  e f f e c t i v e ly  r e s t r i c t s  l i d a r  to  n ig h t  u se ; 3) th e  expense  and com­

p le x i ty  o f equipm ent i s  q u i t e  h ig h ; and 4) s e n s in g  i s  b lo ck ed  by c lo u d s  

and fo g .
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A co u stic  d ev ice s  b e n e f i t  from much s t r o n g e r  i n t e r a c t io n s  w ith

12a tm ospheric  v a r ia b le s ,  and from c o s t in g  f a r  l e s s  to  c o n s t r u c t .  L i t t l e  

has examined th e  r e l a t i v e  i n te r a c t io n s  o f  th e  m ethods and f in d s  th a t  th e  

r e l a t i v e  b a c k s e a tt e red  energy  i s  abou t one m i l l io n  tim es  g r e a te r  fo r  

so d ar and th a t  th e  change in  r e f r a c t iv e  in d ex  caused  by tem p e ra tu re  changes 

i s  1 ,700 tim es s t ro n g e r .  For hum idity  changes, t h i s  l a s t  f ig u re  i s  35 

fo r  r a d a r  and 3500 fo r  l i d a r .  A coustic  waves a re  s t r o n g ly  a f f e c te d  by 

wind changes, w hereas e le c tro m a g n e tic  r a d ia t io n  i s  e s s e n t i a l l y  u n a f fe c t­

ed . The a t te n u a t io n  of a c o u s t ic  waves i s  a lso  much more s t ro n g ly  depen­

den t on tem p era tu re  and h u m id ity . S o d ars s u f f e r  th e  d isa d v a n ta g e s  of 

v a s t ly  d ec rea sed  range and r e s o lu t io n  and o f much lo n g e r  sam pling  tim e s . 

However, th e se  d isad v an tag eo u s  f e a tu re s  do n o t n e c e s s a r i ly  p r o h ib i t  th e  

so d ar from m eeting  th e  re q u irem en ts  o f th e  p re v io u s  s e c t io n ,  b u t they  do 

demand a g re a t  d ea l o f d e s ig n  c o n s id e r a t io n .  When a c o u s t ic  i n te r a c t io n s  

can be u t i l i z e d ,  so d ar i s  th e  favo red  ch o ice  b ecau se  o f i t s  low er con­

s t r u c t io n  and m ain tenance c o s t s .  However, in  o rd e r  to  use so d a r f u l l y ,  

i t  i s  n e c e ssa ry  to  p r e d ic t  th e  a b s o rp tio n  o f sound by th e  a tm osphere , 

which r e q u ir e s  a good e s t im a te  o f  h u m id ity  and rough e s t im a te s  o f tem per­

a tu re  and p re s s u r e .  The l a s t  two e s t im a te s  a re  f a i r l y  e a s i l y  a t t a in e d ,  

bu t th e  la c k  o f a good h u m id ity  e s tim a te  has been  a m ajor o b s t ru c t io n  to  

so d a r im provem ent.

Devices

Many p ro p o sa ls  have been made and w orking  system s b u i l t  u s in g  

the above m ethods to  m o n ito r v a r io u s  a tm o sp h eric  v a r ia b le s ;  L i t t l e  and 

D err^^ have com piled and ev a lu a te d  th e  numerous p a p e rs  on th e s e  p ro p o sa ls  

and d e v ic e s ,  and have concluded  t h a t ,  ta k e n  a s  a w ho le , th ey  w i l l  be a b le
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to  p ro v id e  a n e a r ly  co m p le te , th re e -d im e n s io n a l p i c tu r e  o f th e  boundary 

la y e r  in  th e  n ea r f u tu r e .  The one weak a r e a  has been  th e  d e te c t io n  o f 

th e  fundam ental v a r ia b l e ,  w a te r vapor c o n c e n tr a t io n .  No ra d a r  methods 

e x i s t  fo r  th e  d e te c t io n  o f  w a te r vapor, a lth o u g h  d e te c t io n  o f  w a te r in  

l iq u id  form by ra d a r  i s  in  w id e-sp read  u s e . A p a s s iv e  m icrowave te ch ­

n ique  s e n s in g  th e  20 GHz em issio n s o f w a te r  vapor m o lecu les  h a s  been

14s u c c e s s fu l ly  t e s t e d  by W estw ater, e t  a l .  , b u t i t  i s  s e n s i t i v e  to  haze 

and p ro v id es  d i r e c t l y  o n ly  an  in te g ra te d  m easure o f  w a te r v a p o r . An in ­

f r a r e d ,  s a t e l l i t e - b a s e d  system  which y ie ld s  in te g r a te d  w a te r vapor d a ta  

b u t which canno t sen se  a c c u ra te ly  below two k ilo m e te rs  above th e  e a r t h 's  

s u r fa c e  ( th e  re g io n  o f  g r e a t e s t  im portance) has a l s o  been d e s c r ib e d .

A l i d a r  te c h n iq u e , based  on R am an -sca tte rin g  by w a te r  vapor m o lecu le s , 

has been t e s te d  a g a in s t  a tow er-based  measurem ent d e v ic e  a t  a  h e ig h t  o f 

30 m ete rs  and was found to  be very  a c c u ra te .  On th e  b a s i s  o f  th i s  t e s t ,  

S tra u c h , e t  a l . have e s tim a te d  th a t  an improved v e r s io n  o f  t h e i r  l i d a r  

(100 k i lo w a t t ,  10 nanosecond p u ls e le n g th , 100 p u ls e s  p e r  second) could 

m easure w a te r  v ap o r to  a h e ig h t o f 4 k ilo m e te rs  w ith  an SNR of 10 (a t  

n ig h t)  w itn  a  f i f t y  m eter range r e s o lu t io n  and a f iv e -m in u te  o b se rv a tio n  

tim e fo r  50% r e l a t i v e  hum id ity  a t  20®C. U n fo r tu n a te ly , t h i s  l i d a r  used 

ex p e n s iv e , n ea r s t a t e - o f - t h e - a r t  l a s e r  equipm ent w hich re q u ir e d  g re a t  

ca re  in  c o n s t ru c t io n ,  m ain tenance, and o p e ra t io n .  T h is  l i d a r  s u f f e r s

from a l l  the  d is a d v a n ta g e s  o f  l i d a r  system s l i s t e d  above. E s p e c ia l ly  ob-
17

je c t io n a b le  i s  th e  n ig h t-o n ly  r e s t r i c t i o n ;  a  c h a r t  p re p a re d  by McNlce 

in d ic a te s  th a t  even m oonligh t w i l l  r e s t r i c t  th e  u l t im a te  ran g e  to  le s s  

th an  800 m e te rs , and t h a t  tw i l ig h t  w i l l  red u ce  i t  to  20 m e te rs  o r so .

T his tech n iq u e  w i l l  have to  aw ait th e  developm ent o f  b e t t e r  l a s e r s .
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e s p e c ia l ly  l a s e r s  th a t  o p e ra te  a t  f re q u e n c ie s  a t  which th e  a tm osphere  i s  

opaque to  s o la r  r a d ia t io n .

The so d ar d e s ig n s  which have been proposed have been  u n s u c c e s s fu l ,  

as d iscu ssed  in  C hap ter V. In  1973, L i t t l e ^ ^  concluded t h a t  " th e  a b i l i t y  

to  sen se  the  th re e -d im e n s io n a l hu m id ity  f i e l d  rem ote ly  . . .  seems to  be 

many y e a rs  away."



CHAPTER IV 

ATMOSPHERIC ACOUSTICS

E s s e n t ia l  to  th e  d e s ig n  o f  a h y g ro m étrie  so d a r i s  c ircu m sp ec t 

knowledge o f the  i n t e r a c t io n  o f th e  atm osphere w ith  a c o u s t ic  waves. A 

s u f f i c i e n t ly  d e ta i le d  knowledge d id  n o t e x i s t  as r e c e n t ly  a s  1974, so 

th a t  p rev io u s  so d ar d es ig n s  were based  upon e m p ir ic a l  d a ta ,  u s u a l ly  tak en  

in  calm , la b o ra to ry  c o n d it io n s ,  and e x t r a p o la t io n s  o f  such d a ta .  Much 

work rem ains to  b e  done in  t h i s  a re a  o f p h y s ic a l  a c o u s t ic s ,  b u t th e  in ­

fo rm a tio n  now a v a i la b le  p ro v id e s  a s o l id  t h e o r e t i c a l  fo u n d a tio n  in  th e  

m ajor a r e a s  o f  i n t e r e s t  to  th e  so d ar d e s ig n e r .  Most im p o r ta n tly , th e  ex ­

p e r im e n ta l d a ta ,  w hich in  many cases  seemed to  b e  in  c o n f l i c t ,  can be 

reaso n ab ly  o rd e red  by th e  p re s e n t  t h e o r e t ic a l  fram ework.

A tte n u a tio n

In  calm, homogeneous a i r ,  th e  p ro p a g a tio n  o f sound i s  a f f e c te d  by 

the a i r ' s  te m p e ra tu re , p re s s u re ,  and h u m id ity , and by th e  freq u en c y , sh ap e , 

and in t e n s i ty  of th e  p ro p a g a tin g  wave. I n  th e  a c tu a l  a tm o sp h ere , th e  ad ­

d i t io n a l  v a r ia b le s  o f wind speed and tu rb u le n c e , o f p r e s s u r e ,  and o f  tem­

p e r a tu re  tu rb u le n c e  must be co n s id e red . In h o m o g en e ities  in  th e  atm os­

phere  cau se  changes in  th e  a c o u s tic  r e f r a c t iv e  in d ex  w ith  th e  consequence 

th a t  a c o u s tic  energy  i s  s c a t t e r e d  from th e  m ain wave d i r e c t io n  and i s  

d i s to r t e d  in  freq u en cy .

20
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The a c o u s t ic  waves no rm ally  en co u n te red  in  th e  a tm osphere a re  

g e n e ra l ly  s p h e r ic a l  in  shape and so  a r e  s u b je c t  to  g eo m etric  sp re a d in g . 

Taking in to  acco u n t p h y s ic a l  a t t e n u a t io n s  which a re  p ro p o r t io n a l  to  the  

am p litu d e  o f the  wave (p ro v id ed  the  am p litu d e  i s  n o t too  g r e a t ) , th e  amp­

l i t u d e ,  A, o f  a s p h e r ic a l ly  p ro p a g a tin g  wave can be d e s c r ib e d  by th e  f o l -

17 18 low ing e q u a tio n : ’

R . R
A[R] = * E X P [-/ a [x ]  dx] , (4-1)

*0

where R i s  d is ta n c e  from th e  wave so u rc e , in  m e te rs ,
Aq is the amplitude at R=Rq » in atmospheres,
X is a dummy variable for the integration, and 
a  is the attenuation coefficient, in nepers per meter.

The problem  i s  to  e x p re ss  th e  a tm o sp h eric  p a ram ete rs  as fu n c tio n s  o f d is ­

ta n c e  and to  ex p ress  a as a  fu n c tio n  o f th e  p a ra m e te rs . F u rth erm o re , a 
may be a f f e c te d  by th e  freq u en cy  and am p litu d e  o f  th e  a c o u s t ic  wave. These 

e f f e c t s  a re  b e s t  han d led  s e p a r a te ly  from e q u a tio n  (4 -1 ) ;  th ey  a r i s e  from 

th e  n o n lin e a r  c h a r a c t e r i s t i c s  o f th e  p ro p a g a tio n  medium, and a re  d isc u sse d  

l a t e r  in  t h i s  c h a p te r ,

19The a t t e n u a t io n  h as  t r a d i t i o n a l l y  been  s tu d ie d  in  th e  form :

a  = a  , + a  + a  , where th e  s u b s c r ip t s  r e f e r  to  c l a s s i c a l  a b s o rp tio n ,  c l  m s

m o lecu la r a b s o rp tio n ,  and ex c ess  a t t e n u a t io n ,  r e s p e c t iv e ly .  The c l a s s i ­

c a l  a b s o rp tio n  o f  a c o u s t ic  energy  i s  t h a t  w hich would be ex p ec ted  i f  the  

a i r  m o lecu les w ere t r e a t e d  a s  " b i l l i a r d  b a l l s "  hav ing  o n ly  t r a n s l a t i o n a l  

energy  s t a t e s ;  th e  th e o ry  f o r  c l a s s i c a l  a b s o rp tio n  has been  known fo r  

many y e a rs .  M o lecu la r a b s o rp tio n  i s  th e  a b s o rp tio n  o f  a c o u s t ic  energy  by 

th e  in t e r n a l  energy s t a t e s  o f  th e  m o lecu le s ; good d a ta  f o r  t h i s  abso rp ­

t i o n  has been  a v a i l a b le  f o r  many y e a r s ,  b u t no t h e o r e t i c a l l y  b ased  equa­

t io n s  were a v a i l a b le  fo r  i t  u n t i l  th e  l a s t  co u p le  o f y e a r s .
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H is t o r i c a l l y ,  th e  ex c ess  a t t e n u a t io n  has b een  t h a t  a t te n u a tio n  which was 

n o t covered  by th e  o th e r  two te rm s , a lth o u g h  i t  was g e n e ra lly  a t t r i b u t e d  

to  a tm o sp h eric  tu rb u le n c e . No c o n s i s t e n t  d a ta  seemed to  e x i s t  f o r  t h i s  

a t te n u a t io n ,  which would o c c a s io n a l ly  even be m easured as a n  a m p l i f ic a ­

t io n ;  and u n t i l  a few m onths ag o , no g e n e ra l ly  s a t i s f a c to r y  th eo ry  had 

been c o n s tru c te d . The work o f  Brown and C l i f f o r d  (1976), seem s to  have 

c l a r i f i e d  th i s  a r e a .

I t  i s  more co n v en ien t to  s tu d y  a  a s :

where
“  ■ “ t r  *  “v.O “v .S  * %  •

\  ■ “ . , 0  *  “v .S  •
a  = a  , + a c r c l  r

The s u b s c r ip t s  r  and v  s ig n i f y  th o se  p o r t io n s  o f th e  m o lecu la r 

a b s o rp tio n  due to  r o t a t i o n a l  and v i b r a t i o n a l  i n t e r n a l  energy  m odes. The 

a d d i t io n a l  s u b s c r ip t s  0  and N d e s ig n a te  th e  v ib r a t i o n a l  a b s o rp tio n  a s s o ­

c ia te d  p r im a r i ly  w ith  oxygen and n i t ro g e n  m o le c u le s . As th e  l a s t  equa­

t io n  s u g g e s ts ,  " c r "  s i g n i f i e s  " c l a s s i c a l  p lu s  r o ta t io n a l " .

E quation  (4 -2) i s  c o n v e n ie n t b ecau se  th e  v ib r a t io n a l  a b s o rp tio n

term s a r e  th e  o n ly  ones e f f e c te d  by H, and b ec au se  each term  h as a  p a r -
2

t i c u l a r  freq u en cy  dependence: a  ^ i s  p r o p o r t io n a l  to  f  ; ^ and ^
2 2 2depend a s  f^ f  / ( f  + f ^ ) , where f^  i s  a c o n s ta n t  d e f in e d  below; and i s  

g e n e ra l ly  co n s id e red  to  be p ro p o r t io n a l  to  th e  cu b ic  ro o t o f  th e  f re q u e n c y .

I t  sh o u ld  be n o te d  t h a t  a b s o rp tio n  i s  a subcase  of a t te n u a t io n  in  

w hich a c o u s tic  energy i s  a c tu a l ly  ab so rb ed  i n  th e  volume th ro u g h  w hich 

th e  wave i s  p a s s in g ,  w hereas th e  term  " a t te n u a t io n "  in c lu d e s  any lo s s  

su ch  as r e f r a c t iv e  s c a t t e r i n g  in  which en e rg y  i s  removed from  th e  w ave, 

b u t n o t ab so rb ed .
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C la s s ic a l  and R o ta tio n a l A b so rp tio n  

C la s s ic a l  a b s o rp tio n  i s  alm ost com p le te ly  th e  r e s u l t  of f r i c t i o n  

due to  th e  v i s c o s i ty  of th e  a i r  and to  therm al co n d u c tio n  from th e  con­

v erg in g  v e lo c i ty  re g io n s  o f th e  a c o u s tic  wave. (The lo c a l - v e lo c i ty  i s  

" n in e ty  d eg rees  o u t o f  phase" w ith  th e  lo c a l  p r e s s u r e . )  The n e t e f f e c t  

o f  c l a s s i c a l  a b s o rp tio n  i s  to  random ize th e  o rd e red  t r a n s l a t i o n a l  m otion 

o f the  a i r  m o le c u le s . A d e c re a se  in  o rd e re d  m otion c o n s t i t u te s  a de­

c re a se  in  th e  a c o u s t ic  w av e 's  am p litu d e , w h ile  an in c re a s e  in  random 

t r a n s l a t i o n a l  m otion  i s  sim ply  an in c re a s e  in  av e rag e  te m p e ra tu re . 

T h e re fo re , c l a s s i c a l  a b s o rp tio n  co n v e rts  a c o u s tic  energy  in to  h e a t.

R o ta t io n a l  a b s o rp tio n  i s  a c tu a l ly  a r e la x a t io n  p ro c e s s  (d e sc r ib e d

below ), w ith  an ex tre m ely  h ig h  r e la x a t io n  freq u en c y , f^  > 10 MHz. Thus,

2 2 2th e  f  / ( f  + f^ ) dependence observed  f o r  r e la x a t io n  p ro c e s s e s  ap p ears  as 
2

an f dependence in  th e  a u d ib le  frequency  ra n g e . For a l l  a tm o sp h eric  con­

d i t i o n s ,  and fo r  f re q u e n c ie s  l e s s  than  10 MHz, th e  r o t a t i o n a l  a b so rp tio n  

i s  about o n e - th i rd  th e  m agnitude o f c l a s s i c a l  a b s o r p tio n .

The fo llo w in g  e q u a tio n  fo r  th e  c l a s s i c a l  and r o t a t i o n a l  a t te n u a ­

t io n  i s  a c c u ra te  to  w ith in  2 Z fo r 213°K<T < 373°K:

Ot = 1 .075  * 10"12f2 * T^^^/P , N /=  , (4-3)c r  p
22where f  i s  th e  freq u en cy  in  h e r tz .  R e la t iv e  to  v i b r a t i o n a l  a b s o rp tio n , 

th e  e f f e c t  o f i s  sm all ( l e s s  than  10%) fo r  tem p e ra te  a tm o sp h eric  con­

d i t io n s  and fo r  f r e q u e n c ie s  betw een 50 and 100,000 h e r t z .

The R e la x a tio n  P ro cess  

The e q u ip a r t io n  p r in c ip le  s t a t e s  t h a t  f o r  a  m o le c u la r  to  be in  

e q u il ib r iu m , i t s  t o t a l  energy  must be d iv id e d  among th e  t r a n s l a t i o n a l ,  

r o t a t i o n a l ,  and v i b r a t i o n a l  energy  forms i n  p ro p o r tio n  to  th e  number of
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d eg rees  o f freedom  a s s o c ia te d  w ith  each form . C onsequen tly , i f  en erg y  i s  

added to a m olecu le  in  one form, i t  w i l l  be r e d i s t r i b u t e d  to  th e  o th e r  

forms as w e ll  when th e  e q u il ib r iu m  s t a t e  i s  reach ed . Exchange o f  energy  

between form s o f  energy s to r a g e  can occur o n ly  d u rin g  m o lecu la r c o l l i s i o n s ,  

so th a t  th e re  w i l l  be a tim e la g  betw een a change in  energy  and th e  r e d i s ­

t r ib u t io n  o f  energy ac co rd in g  to  th e  e q u ip a r t io n  p r in c ip le .

An a c o u s tic  wave r e p re s e n ts  an o s c i l l a t i o n  o f  energy betw een a 

p o te n t i a l  energy  f i e l d  (p re s s u re )  and a  k in e t i c  en erg y  f i e l d  ( v e lo c i ty ,  

i . e .  te m p e ra tu re ) . As th e  lo c a l  te m p e ra tu re  in c re a s e s  d u rin g  th e  p assag e  

o f a wave, energy  w i l l  be t r a n s f e r r e d  from m o lecu la r t r a n s l a t i o n  to  m olec­

u l a r  r o ta t io n ;  th e  energy  w i l l  be re tu rn e d  to  o rd e re d , a c o u s t ic  t r a n s l a ­

t io n a l  m otion  a s  the  lo c a l  tem p era tu re  d e c re a s e s , p ro v id ed  t h a t  th e  d u ra ­

t io n  of th e  change in  te m p e ra tu re  i s  long  compared to  th e  tim e c o n s ta n ts  

c h a r a c te r iz in g  th e  in te rc h a n g e  of t r a n s l a t i o n a l  en erg y  w ith  r o t a t i o n a l  

and v ib r a t io n a l  energy l e v e l s .  I f  th e  p e r io d  o f th e  change in  te m p e ra tu re  

i s  too s h o r t ,  th e  energy  t r a n s f e r r e d  to  v ib r a t io n  and r o t a t i o n  w i l l  be r e ­

tu rn ed  o u t o f  phase w ith  th e  wave cau sin g  a t t e n u a t io n ,  o r  r e la x a t io n .

The tim e c o n s ta n t  fo r  energy  in te rc h a n g e  can  be e x p re sse d  a s  a 

freq u en cy , f ^ ,  th e  r e la x a t io n  freq u en cy . There w i l l  be one r e la x a t io n  

frequency  f o r  each p o s s ib le  energy  in te rc h a n g e  mechanism. F o r tu n a te ly ,  

th e  f re q u e n c ie s  fo r  t r a n s l a t i o n - r o t a t i o n  exchanges f o r  a i r  a r e  c lo s e ly

grouped and can be r e p la c e d  by one f^  which h as  been g iv en  above.
23T r a n s la t io n - v ib r a t io n  exchanges r e q u ir e  two f re q u e n c ie s  f o r  a i r .  The 

frequency  dependence o f  a b s o rp tio n  a s s o c ia te d  w ith  a  r e la x a t io n  freq u en c y , 

f ^ ,  can be ex p ressed ^^  a s  2 f  f ^ / ( f ^ +  f ^ ) , which e q u a ls  one when f  » f ^ .

I t  sh o u ld  be em phasized t h a t  a  r e la x a t io n  p ro c e s s  i s  n o t  a re s o ­

nance phenomenon. Most s i g n i f i c a n t l y ,  f o r  exam ple, th e  sum o f two
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a c o u s tic  waves w ith  s im i l a r  fre q u e n c ie s  and ^2 ’ such th a t  ( f ^ - f ^ )  « f ^ ,

w i l l  be a t te n u a te d  a t  th e  same r a t e  a s  a wave of freq u en cy  f  = (f^^+ f 2 ) / 2 ,
2 2

ra th e r  than  as s e p a ra te  waves as would be th e  c a se  i f  (fg,- f^) 

fo llo w in g  tr ig o n o m e tr ic  id e n t i ty  d em o n stra te s  th e  co n cep t:

COS[A] + COS[B] = - | C 0S[(A -B)/2] * SIN [(A+B)/2] 

so th a t  i f  f^  and f 2  a r e  c lo s e ,  th e  sum o f th e  two waves appears as a wave 

of frequency  ( f £2 )/^ w ith  a s low ly  m odulated  a m p litu d e . S ince th e  r e ­

la x a t io n  p ro c e ss  i s  concerned m ainly w ith  th e  d u ra t io n  o f  th e  change in  

lo c a l  te m p e ra tu re , th e  wave sum w i l l  be a t te n u a te d  a s  though i t  w ere a 

wave o f  th e  s in g le  freq u en cy  (f^^+

V ib ra tio n a l A b so rp tio n  

The two r e la x a t io n  fre q u e n c ie s  m entioned above w hich a re  needed to  

c h a ra c te r iz e  v i b r a t i o n a l  a b so rp tio n  can be ro u g h ly  a s s o c ia te d  w ith  oxygen 

and n i t ro g e n .  A t h i r d  r e la x a t io n  frequency  a c tu a l ly  e x i s t s  which i s  as­

s o c ia te d  w ith  ca rb o n  d io x id e ; i t s  om ission  cau ses  l e s s  th an  1% e r r o r .

The a d d i t io n  o f w ater vapor g r e a t ly  in c r e a s e s  th e s e  v ib r a t io n a l  

r e la x a t io n  f re q u e n c ie s  ( f^  i s  a lre a d y  ex trem ely  h ig h  so th a t  w ater 

vapor below  s a tu r a t i o n  in  th e  atm osphere has no e f f e c t ) .  W ater m o lecu les, 

because o f t h e i r  n o n - l in e a r  s t r u c t u r e ,  have many tim es th e  number o f in ­

t e r n a l  d eg rees  o f  freedom  p o ssessed  by oxygen and n i t ro g e n  m o lecu les ; 

t h e r e fo r e ,  th ey  can abso rb  much more energy . More im p o r ta n tly , e x te rn a l-  

i n t e r n a l  energy  exchanges a re  much more p ro b a b le  f o r  a i r - w a te r  c o l l i s io n s  

than f o r  a i r - a i r  c o l l i s i o n s ;  th e  f re q u e n c ie s  a s s o c ia te d  w ith  a ir -w a te r  

r e a c t io n s  a re  from one hundred thousand  to  a  b i l l i o n  tim es g r e a te r  than 

f o r  a i r - a i r  r e a c t io n s .  As w ater c o n te n t i s  in c re a s e d  more energy  i s  t r a n s ­

fe r re d  p e r c o l l i s i o n  and more e f f e c t iv e  c o l l i s i o n s  o ccu r ( th e  exchange i s
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f a s t e r ) . C onsequen tly , f o r  f  < f ^ ,  a d d i t io n  o f w a te r vap o r d e c re a se s  ab­

s o rp t io n ;  fo r  f  > f ^ ,  a b s o rp tio n  i s  in c re a s e d .

Bass e t  a l .  have d e r iv e d  a  t h e o r e t i c a l  e x p re s s io n  fo r  which i s

in  agreem ent w ith  th e  e x p e rim e n ta l d a ta .  I t  i s  more co n v en ien t and accu­

r a t e  to  e v a lu a te  c o n s ta n ts  i n  th e  e x p re s s io n  e m p ir ic a lly ;  th e  fo llo w in g

e x p re s s io n  i s  b e lie v e d  to  be a c c u ra te  to  w ith in  5% f o r  273“K < T < 313“K

27and fo r  50 Hz < f  < 10 MHz:

“v ■ “ v.O + “ v.N

“v . l  ■ <“* > . . . . 1  * I  (4 -4 )

(Q.^2 EXP[-e,/T]

c  = 20.06 * , m/s , (4 -6)

fj. Q = P * (24 . + 44100. * H * (0 .0 5 4 H )/(0 .3 9 1 -ffl) , (4 -7 )

f^  jj = P * (2 9 3 ./T )^^^*  (9 .+ 3 5 0 .* H * E X P [-6 .1 4 2 ((2 9 3 ./T )^ /^ - l) ] ) .

(4 -8 )

where th e  s u b s c r ip t  i  can d eno te  e i t h e r  0 o r  K,
(aX)^^^ax i  i s  th e  maximum a b s o rp tio n  p e r w av e len g th , n e p e rs ,

f^   ̂ i s  th e  v i b r a t i o n a l  r e la x a t io n  freq u en c y , h e r tz

i s  th e  f r a c t i o n a l  m olar c o n c e n tra t io n  o f gas i  in  d ry  a i r ,

9^ i s  th e  v ib r a t i o n a l  te m p e ra tu re  f o r  gas i ,  i n  °K, and

c i s  th e  speed o f  sound , m /s.

The v a lu e s  of and 0^ a re  g iv e n  in  ta b le  4 -1 .

(1-EXP[ -0 ^ /1 ] )^
n e p e rs  (4-5)

Table 4 -1

1 ” l  8 j ' 'K
oxygen 0 .2095 2239.
n i t ro g e n  0 .7808 3352.

E q u a tio n s  (4 -4) th rough  (4 -5 ) can be condensed (w ith  s l i g h t  lo s s  o f 

a c cu racy ) as :
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tty Q = 1.88*10^*T'^^^* EXP[-2239./T]*f^f^ g / ( f V  , (4-7)

a „ = 4.22*10^*t"^^^* EXP[-3352./T]*f^f J  , (4-8)V ; w r^N r  * M

The r e la x a t io n  f re q u e n c ie s  can  be very  ro u g h ly  e s tim a te d  a s :

Q = P * 3 .3  * 10^ * and jj = P * 350. * H. The oxygen r e la x ­

a t io n  frequency  i s  more s t ro n g ly  d ependen t on H b ecause  th e re  e x i s t s  a 

v ib r a t i o n a l  to  v ib r a t io n a l  en e rg y  exchange r e a c t io n  fo r  w a te r and oxygen 

in v o lv in g  v ery  n e a r ly  equal v i b r a t i o n a l  energy  s t a t e s  so t h a t  th e  r e a c t io n  

i s  n e a r  re so n an ce . A nother consequence o f  t h i s  dom inant r e a c t io n  i s  t h a t  

f^  Q i s  n o t a f f e c te d  by te m p e ra tu re ; in  c o n t r a s t ,  f^  ^  has a m ild  tem per­

a tu r e  dependence b ecause v i b r a t i o n a l - t r a n s l a t i o n a l  energy exchanges p la y  

a more im p o rtan t r o le  in  th e  o v e r a l l  r e la x a t io n  p ro c ess  fo r  n i t ro g e n .

For H=0%, f^  Q= 24 h e r t z  and f^  9 h e r tz ,  w h ile  f o r  H = 1%, 

f^  Q = 30 kHz and f^  ^  » 350 Hz; th e se  f ig u r e s  h ig h l ig h t  th e  s t ro n g  e f f e c t  

o f w a te r v ap o r on the  v ib r a t i o n a l  r e la x a t io n  f re q u e n c ie s .

The a b s o rp tio n  p e r w av e len g th , (aX ), i s  a conven ien t means o f ex­

p re s s in g  th e  t o t a l  a b s o rp tio n  s in c e  (aX) w i l l  v a ry  on ly  by one o r  two 

o rd e rs  o f m agnitude o v e r  th e  au d io  freq u en cy  ra n g e , and s in c e  th e  maximum 

v a lu e  o f  th e  v a r ia b le ,  (aX )^^^, which o cc u rs  a t  f - f ^ ,  i s  a c o n s ta n t  f o r  a  

g iven  te m p e ra tu re .

E q u a tio n s  (4 -9 ) and (4 -1 0 ) a re  u s e f u l  f o r  th e  r e a l  a tm o sp h ere , b u t  

eq u a tio n s  (4 -4) a r e  v a l id  o n ly  fo r  s t i l l  a i r .  The problem  w ith  (4 -4 ) i s  

t h a t  "c"  h as been used to  p roduce th e  f a c to r  (aX)^^^ ^ * f /c ,  which i s  

c o r r e c t  f o r  moving a i r  on ly  i f  (4 -6 ) i s  used  fo r  "c" r a th e r  th an  th e  more 

g e n e ra l  e x p re s s io n :

c -  20 .0 5 * T ^^^[l + H /(1 0 0 .* P ))+  V cos 0 , (4 -1 1 )
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where v i s  th e  m agnitude o f  th e  wind v e c to r ,  m /s, and
0 i s  th e  an g le  betw een th e  wind and th e  d i r e c t io n  o f p ro p a g a tio n .

A more p h y s ic a lly -b a s e d  e x p re s s io n , a s  can be a n t ic ip a te d  from th e  above

d is c u s s io n  o f  th e  r e la x a t io n  freq u en cy  p ro c e s s ,  would be:

( a / f )  = (aX )/c  , n e p e r -s e c /m e te r ,  (4-12)

where c i s  t h a t  g iven  by (4 - 6 ) ,  and ( a / f )  w i l l  be c a l le d  th e  a t te n u a t io n  

28p e r  c y c le .  T h e re fo re , e . g . . from (4 -9 ) :

( a / f ) ^ x  0 "  9 .4*10^ * eX P [-2239 ./T ] . (4 -13)

E xcess A tte n u a tio n  

U nlike th e  o th e r  so u rc e s  o f  a t t e n u a t io n ,  excess a t te n u a t io n  i s  a

s to c h a s t i c  p ro c e s s  and can  even r e s u l t  in  an  a m p l i f ic a t io n  o f a re c e iv e d

s ig n a l  over w hat would b e  ex p ec ted  c o n s id e r in g  c l a s s i c a l  and m o lecu la r 

a b s o rp tio n  a lo n e .  A lso u n lik e  th e  p re v io u s ly  d isc u s se d  mechanisms o f a t ­

te n u a t io n ,  i s  no t an a b s o rp tio n  p ro c e s s ,  b u t r e p re s e n ts  a lo s s  o f en­

ergy  th rough  s c a t t e r in g  o f energy  o u t o f  th e  beam o r  by s h i f t i n g  some o f  

th e  energy  to  h ig h e r  f r e q u e n c ie s .  Excess a t t e n u a t io n  does n o t o ccu r in  

calm , homogeneous a i r ,  b u t i t  i s  p re s e n t  i n  th e  atm osphere even under 

zero -w ind  c o n d i t io n s .  In  th e  d is c u s s io n  t h a t  fo llo w s , i t  w i l l  be assumed 

th a t  r e f l e c t o r s  and ground e f f e c t s  (which a re  u n im p o rtan t i f  th e  a c o u s tic  

wave i s  p ro p a g a tin g  a t  an  a n g le  to  th e  ground o f g r e a te r  th an  10®) a re

no t in v o lv e d ; th e r e f o r e ,  ex cess  a t t e n u a t io n  can be a t t r i b u t e d  to  s c a t t e r -

29in g  by tem p era tu re  and v e lo c i ty  tu rb u le n c e .

De Loach^^ made a  s tu d y  o f th e  e x p e rim e n ta l o b s e rv a tio n s  and

th e o r ie s  co n cern in g  ex cess  a t t e n u a t io n  r e p o r te d  p r i o r  to  March, 1975.

H is summary in c lu d ed  th e  fo llo w in g  o b s e rv a t io n s :  1) The ex cess  a t te n u a ­

t io n  can be o f  th e  same m agnitude a s  th e  m o le c u la r  a b s o rp tio n .  2) The
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r a t i o  ü g /(a ^ ^ +  a ^ ) , can change by an o rd e r  o f  m agnitude w ith in  a few min­

u t e s .  3) E xcess a t te n u a t io n  i s  g r e a te r  n e a r  th e  e a r t h 's  s u r fa c e  th an  a t  

31h ig h e r  a l t i t u d e s .  4) L a rg e r v a lu e s  o f a r e  g e n e ra l ly  observed  in  th e  

e a r ly  m orning than  in  th e  l a t e  a f te rn o o n .

S in ce  does n o t o ccu r in  calm , homogeneous a i r ,  i t  cannot be an 

i n t r i n s i c  q u a l i ty  o f  a i r ;  n e i th e r  can i t  depend s o le ly  on th e  tu rb u le n c e  

o f th e  a i r  f o r  th e  fo llo w in g  re a so n in g : I f  i s  caused  s o le ly  by tu rb u ­

len ce  s c a t t e r in g  a c o u s tic  energy  o u t o f a  p ro p a g a tin g  wave, as  su g g ested  

by th e  th e o r ie s  o f  De Loach and o th e r s ,  th e n  ex cess  a t te n u a t io n  canno t 

o ccu r fo r  a p la n e  wave in  an a b s o r p tio n le s s  medium. (The th eo ry  o f 

De Loach m isses  t h i s  p o in t  b ecau se  i t  makes no p ro v is io n  f o r  energy r e ­

tu rn ed  to  th e  wave by o th e r  s c a t t e r i n g s . )  This p o in t  can be j u s t i f i e d  by 

c o n s id e r in g  an id e a l  a c o u s t ic  so u rce  ( th e  " p u ls a t in g  sp h e re "  o f i n f i n i -  

te s im a l ly  sm all ra d iu s )  r a d ia t in g  u n ifo rm ly  in  a p e r f e c t ly  homogeneous 

and a b s o r p t io n - f r e e  medium. Once s te ad y  s t a t e  has been  ach iev ed , th e  

t o t a l  a c o u s t ic  energy  f lu x  a c ro s s  any c lo s e d ,  th re e -d im e n s io n a l s u r fa c e  

e n c lo s in g  th e  so u rce  w i l l  be th e  same; o th e rw is e , energy  would b u ild  up 

in  some re g io n  ( s in c e  th e r e  i s  no a b s o r p t io n ) , and th e  s t e a d y - s ta t e  con­

d i t io n  would be v io l a t e d .  T h is argum ent a ls o  ho lds f o r  a tu rb u le n t  me­

dium and can be ex tended  to  p lan e  waves w hich a re  th e  l im i t in g  case  o f 

s p h e r ic a l  w aves. T u rb u len ce-in d u ced  s c a t t e r in g  can le n g th e n  the  av e rag e  

p a th  t r a v e r s e d  by a  wave which has t r a v e l le d  to  a s u r fa c e  a  f ix e d  d is ta n c e  

from th e  s o u rc e , so  th a t  in  an a b s o rp tiv e  medium a d d i t io n a l  a b s o rp tio n  can 

o c c u r. But t h i s  a t t e n u a t io n  would ap p ear as s im ply  a f a c to r  m u ltip ly in g  

th e  a b s o rp tio n .  A lso , f o r  norm al a tm o sp h eric  c o n d i t io n s ,  th e  in c re a s e  

in  av e rag e  p a th  le n g th  would be q u i te  s m a ll .  T h e re fo re , ex cess  a t te n u a ­

t io n  m ust depend c r i t i c a l l y  on th e  geom etry o f  th e  s o u rc e , as  w e ll  a s  on
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th e  tu rb u le n c e . For exam ple, i f  th e  so u rce  were h ig h ly  d i r e c t i o n a l ,  t u r ­

b u len ce  cou ld  s c a t t e r  en e rg y  o u t o f th e  beam w ith o u t com pensating  energy 

be in g  re tu rn e d ;  th e  beam w i l l  " sp re a d " . T his e f f e c t  would in d eed  d e c rea se

w ith  d is ta n c e  and in c re a s e  w ith  freq u en c y . I t  would a ls o  be much more

32s e n s i t iv e  to  tu rb u len c e  lo c a te d  in  th e  beam n ea r th e  so u rc e . In g a rd  , 

fo r  example, has p o in ted  o u t th a t  th e  tem p era tu re  g ra d ie n t  below  ap p ro x i­

m ately  5 m eters  from th e  s u r fa c e  v a r ie s  g r e a t ly  w ith  tim e o f  day ; th i s  

would e x p la in  th e  fo u r th  o b s e rv a tio n  of De Loach m entioned above.

Brown and C l i f f o r d  (1976) have r e c e n t ly  fo rm u la ted  a  new th eo ry  

based  on a  fo rw a rd -p ro p a g a tio n - th ro u g h - tu rb u le n c e  th eo ry  (developed  fo r  o p t ic s )  

r a th e r  than  b ased  on s u b t r a c t in g  o u t th e  energy s c a t t e r e d  from  th e  beam 

acco rd in g  to  th e  s c a t t e r i n g  c r o s s - s e c t io n  e q u a tio n  g iv en  below , a s  was 

done by e a r l i e r  t h e o r ie s .  The r e s u l t s  o f  th e  th eo ry  a r e  in  agreem ent 

w ith  th e  p o in ts  m entioned above and w ith  th e  o b s e rv a tio n s  g iv e n  by De Loach.

I t  i s  f u r th e r  concluded t h a t  ex cess  a t te n u a t io n  i s  p r im a r i ly  determ in ed  by 

th e  phase f lu c tu a t io n s  cau sed  by changes in  th e  a c o u s t ic  r e f r a c t i v e  in d ex , 

r a th e r  than  am p litu d e  f l u c tu a t io n s .

Brown and C l i f f o r d  d e r iv e  th e  fo llo w in g  fo rm ula  fo r  th e  t o t a l  ex-

33c e s s  a t te n u a t io n ,  A^, in  n e p e rs , en co u n te red  a lo n g  a  p a th  o f  le n g th  L,

in  m e te rs:
,5 /3

1 .+ 1,2 , (4 -14)

Where LN i s  th e  n a tu r a l  lo g a rith m ,
k i s  th e  wave num ber, k  = Z irf/c ,
Dq i s  th e  d ia m e te r  o f  th e  s o u rc e , i n  m e te rs ,
C^ i s  th e  s t r u c t u r e  p a ram e te r f o r  r e f r a c t i v i t y  f l u c t u a t i o n s ,  w ith : 

C ^[s] = (C ^[s]/4 * T ^) + (C y [s ] /c ^ )  (4 -15)
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INT i s  th e  i n t e g r a l  o p e r a to r :

IN T [f(x ) ; x :a ,b ]  5 / '* f (x )d x  , and 

s  i s  th e  dummy v a r ia b le  o f  i n t e g r a t i o n .

For c o n s ta n t  C^, eq u a tio n  (4-14) h a s  been reduced  to :

6/5 '
).59  Dq Ju1 + 0 . 5 9  DZIk^L n (4 -16)

I t  ap p e a rs  th a t  th e  f a r  f i e l d  d ia m e te r ,  D [r] i n  m e te rs , o f th e  beam i s  r e ­

l a t e d  to  th e  beam d ia m e te r , D^[r] in  m e te rs , exp ected  on th e  b a s is  o f  on ly

F ra u n h a fe r  and F resn e l d i f f r a c t i o n ,  a s  fo llo w s :

i:XP[
5/3

D [r] = D^[r] * EXP[2A^] . (4 -17)

The f a c to r . L -s , in  e q u a tio n  (4 -1 4 ) "w eig h ts"  th e  n e a r - f i e ld

tu rb u le n c e  more h e a v ily . The a t t e n u a t io n  p e r  m eter, a ^ ,  can be e v a lu a te d

by ta k in g  th e  d e r iv a t iv e  o f  (4 -14) .

Brown and C l i f f o r d ,  u s in g  e q u a tio n s  (2 - 7 ) ,  have produced ty p i c a l

mean v a lu e s  f o r  ov er a 600 m e te r  v e r t i c a l  p a th  w ith  f  = 4KHz and

Dq = Im: fo r  a  g round-based  s o u rc e , » 8 .0  dB/km, b u t fo r  an e le v a te d

34s o u rc e , ~ 1 .5  dB/km. E q u a tio n  (4-14) ap p e a rs  to  be in  agreem ent 

w ith  th e  a v a i la b le  d a ta  on excess a t t e n u a t io n .

C urves

F ig u re s  (4 :1 ) and (4 :2 ) d e m o n s tra te  th e  r e l a t i v e  c o n tr ib u t io n s  o f  

a^, and a p o s s ib le  r e a l i z a t i o n  o f a ^ , upon th e  t o t a l  a t t e n u a t io n  and 

th e  t o t a l  a t te n u a t io n  p e r  w a v e len g th , fo r  s p e c i f i c  v a lu e s  o f  T and H. 

F ig u re s  (4 :3 )  and (4 :4 ) d em o n s tra te  th e  e f f e c t  o f  changes i n  r e l a t i v e  

h u m id ity  on a and (aA) f o r  f ix e d  T.

The in f lu e n c e s  o f T and H on a t te n u a t io n  can be s e p a ra te d , ex c ep t 

f o r  a  s l i g h t  dependence o f  f^  ^  on T. The in f lu e n c e  o f  T i s  d isp la y e d  in
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f ig u r e s  (4 :5 )  and ( 4 :6 ) ,  in  w hich th e  maximum v a lu e s  of th e  a t t e n u a t io n  

p e r  c y c le ,  ( a / f ) ^ ^ ^ ,  a r e  shown fo r  th e  oxygen and th e  n i t ro g e n  v ib r a t i o n a l  

r e la x a t io n  p ro c e s s e s .  The in f lu e n c e  o f  H is  ev id en ced  by i t s  e f f e c t  on 

f^ ;  ( f ^  g /P ) and ( f ^  ^ /P ) and c o rre sp o n d in g  v a lu e s  o f  H a r e  g iv en  in  f i g ­

u re s  ( 4 : 7 ) ,  ( 4 :8 ) ,  and ( 4 :9 ) .  The p re s s u r e ,  P , sim ply  s c a le s  th e  r e la x a ­

t io n  f r e q u e n c ie s .

For g iven  v a lu e s  o f f ,  H (or H ^), T, and P , th e  v i b r a t i o n a l  ab so rp ­

t io n  can be determ in ed  from th e  a fo rem en tio n ed  f ig u re s  by th e  fo llo w in g  

p ro ced u re  (H^ can be co n v erted  to  H u s in g  f ig u re  ( 2 :1 ) ) :  For q , e n te r

(4 :5 )  w ith  T to  f in d  (g / f ) ^ ^ ^  g , and m u ltip ly  by th e  freq u en c y , f ,  to  g iv e

a  „(w hich  i s  a  i f  f= f „ ) .  Then f i n d ( f  « /? )  from (4 :5 )  and m u ltip ly  S13X y u r  * u r  * u

by P to  g iv e  f^  ^ . Next form th e  q u o t ie n t ,  p = f / f ^  g. Then a = a^^^  g*
2

2 p /(p  + 1 ). A s im i l a r  p ro ced u re  h o ld s  f o r  f in d in g  a ^  ^ and th en  

^  = % ,N  + “v.O- Norm ally a  = a ^ .

N o n l in e a r i ty

The n a tu re  o f  a i r  i s  such t h a t  th e  a c o u s t ic  energy  o f  a p u re , 

s in g le  frequency  wave w i l l  be p a r t i a l l y  t r a n s f e r r e d  to  harm on ics o f  th e  

o r i g i n a l  freq u en c y , even i f  th e  wave i s  o f v e ry  sm all am p litu d e  r e l a t i v e  

to  th e  maximum am p litu d e  w hich can be p ro p ag a ted . (The maximum am pli­

tude I s  n a tu r a l ly  j u s t  somewhat l e s s  th an  the  a tm o sp h eric  p r e s s u r e . )  The 

w av efro n t becomes p ro g r e s s iv e ly  s te e p e r  because th e  more h ig h ly  com press­

ed a re a s  o f  th e  wave p ro p a g a te  f a s t e r .  This p ro c e s s  c o n tin u e s  u n t i l  b a l ­

anced by v isc o u s  fo rc e s^ ^  l i m i t i n g  th e  s te e p n e ss  o f  th e  w a v e - f ro n t.  A 

saw to o th  w ave-shape i s  th e  r e s u l t ;  i n  a i r ,  f o r  a u d ib le  f r e q u e n c ie s ,  t h i s  

waveform i s  f u l l y  dev e lo p ed  w i th in  a  few m eters  o f  the  s o u rc e . The e x a c t 

shape o f th e  wave i s  determ in ed  by th e  e n e rg y - t r a n s f e r  e q u i l ib r iu m . The
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r a te  a t  which en e rg y  is  t r a n s f e r r e d  to  h ig h e r  harm onics i s  v e ry  dependent

on th e  am p litu d e  of the wave; th e  r a t e  a t  which energy  i s  l o s t  from a

h ig h e r  harm onic i s  p r im a r i ly  determ ined  by th e  a t te n u a t io n  o f th e  a i r .

Energy a t t e n u a t io n  i s  v e ry  rough ly  p ro p o r tio n a l  to  f ,  so th a t  o n ly  th e

second (o r  p o s s ib le ,  th i r d )  harm onic i s  o f any consequence. The upper

l im i t  to  th e  en erg y  c a r r ie d  in to  th e  n th  harm onic can be e s tim a te d  a t  
2

100/m p e rc e n t o f th e  energy  c u r re n t ly  c a r r i e d  a t  th e  o r ig in a l  frequency  

by form ing th e  F o u rie r  s e r i e s  o f  th e  l im i t in g  saw to o th  w ave-shape. For 

s p h e r ic a l  waves in  a  d i s s ip a t iv e  medium, n o n lin e a r  e f f e c t s  a r e  much l e s s  

im p o rtan t th an  fo r  p lan e  waves in  a  l o s s le s s  medium, b ecau se  o f the  ra p id  

d e c re a se  i n  am p litu d e  cau sed  by s p h e r ic a l  s p re a d in g  and a t te n u a t io n .

T his s u b je c t  i s  review ed in  a t r e a t i s e  by B e y e r . F o r  the p u r­

pose o f sodar d e s ig n , i t  seems th a t  n o n lin e a r  e f f e c t s  can be n e g le c te d , 

ex cep t th a t  th ey  p lace  an  upper l im i t  on so u rc e  s t r e n g th  and th a t  th e re  

can be a m easu rab le  second harm onic.

F lu c tu a t io n s

A nother a sp e c t o f  ex cess  a t te n u a t io n  i s  th e  am p litu d e  f lu c tu a ­

t io n s  in  th e  p ro p a g a tin g  wave caused  p r im a r i ly  by tu rb u le n c e -in d u c e d  

phase changes a lo n g  each w a v e -fro n t.

Brown and K eeler^^  have observed ph ase  f lu c tu a t io n s  o f  up to  10 

c y c le s  and am p litu d e  f lu c tu a t io n s  o f up to  30 dB, f o r  " h ig h -fre q u e n c y , 

h ig h - tu rb u le n c e , lo n g -ra n g e "  c o n d itio n s  (f=4000 Hz, 10 ^m r=333m),

These extrem e f lu c tu a t io n s  had tim e c o n s ta n ts  o f  s e v e ra l  te n th s  of a sec ­

ond, w h ile  f lu c tu a t io n  tim e c o n s ta n ts  fo r  a w ide ra n g e  o f c o n d itio n s  v a r ­

ie d  from f iv e  h u n d red th s  o f  a second to  s e v e r a l  seconds.
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38K asper e t  a l . , f in d  th a t  v i r t u a l l y  a l l  o f th e  f lu c tu a t io n  power 

s p e c tr a  m easured by them (under s im i la r  c o n d i t io n s  to  above) show th a t  

m ost o f th e  f lu c tu a t io n  energy  o ccu rs  a t  f re q u e n c ie s  o f  l e s s  th an  10 Hz 

(u s u a l ly  le s s  th an  5 H z). In  term s of rms e r r o r  in  th e  re c e iv e d  sound 

p re s s u re  le v e l  (m easured in  d e c ib e ls ) ,  th e  f lu c tu a t io n s  w ere from 2% fo r  

550 Hz, to  25% f o r  8000 Hz, f o r  a d is ta n c e  o f  150 m e te rs . The e r r o r  was 

ro ugh ly  p ro p o r t io n a l  to  th e  freq u en cy  and to  th e  square  ro o t  o f th e  d i s ­

ta n c e .  S ig n a l o sc illo g ra m s  in d ic a t in g  in s ta n ta n e o u s  p re s su re  d isp la y e d  

some slow  f lu c tu a t io n s  w ith  tim e c o n s ta n ts  o f  s e v e ra l  seco n d s, b u t e sse n ­

t i a l l y  no f lu c tu a t io n s  fo r  tim es l e s s  th an  a  te n th  o f a second.

39T a ta r s k i i  , among o th e r s ,  has o b ta in e d  a  t h e o r e t ic a l  fo rm ula  f o r  

th e s e  f lu c tu a t io n s  which can be ex p ressed  as fo llo w s:

<X^> 5 <LN[A/<A>]^>= 0.124 , (4-18)

where <C^> = ( 5 . 544/L^)*INTn
5 /6  2

C ^[s] ; s :0 ,L (4-19)

and where x i s  th e  ro o t  mean sq u are  av e rag e  o f LN[a/<A>] which 
i s  a m easure o f  th e  f l u c tu a t io n s ,
< > b ra c k e ts  deno te  " a v e ra g e " , and 
L i s  th e  p a th  le n g th  from s o u rc e , in  m e te rs .

The q u a n t i ty  x i s  e s s e n t i a l l y  th e  lo g -a m p litu d e  v a r ia n c e  f o r

sm a ll f l u c tu a t io n s .  A form ula fo r  th e  s p a c ia l ly -d e p e n d e n t  lo g -am p litu d e

co v a ria n c e  has a ls o  been d e r iv e d  and h as been  e v a lu a te d  by Brown and

K e e le r  f o r  L = 1 km and h ig h  tu rb u le n c e  IC" * 10« , fo r  s e v e ra l

f r e q u e n c ie s .  The phase coherence le n g th ,  p , i s  p ro p o r tio n a l  to  (L /f^ )^ ^ ^ ; 

p= 1052 m ete rs  f o r  f = 5000 Hz and p= 87 m e te rs  fo r  f  = 400 Hz.

The phase  f lu c tu a t io n s  c o n s t i t u te  a  l im i t in g  f a c t o r  on how f a r  a 

c o h e re n t wave can p ro p ag a te  ( th e  e x a c t m eaning o f  the  term  "co h e re n t"  de­

pends on th e  s i z e  o f th e  r e c e i v e r ) . As p o in te d  o u t by Brown and K e e le r ,
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phase f l u c tu a t io n s  w i l l  n o t  be a  s e r io u s  l im i ta t io n  f o r  rem ote sen s in g  in  

th e  boundary  l a y e r ,  f o r  a u d ib le  f re q u e n c ie s .

S c a t te r in g

40Monin , among o th e r s ,  h a s  h e lp e d  develop a  t h e o r e t i c a l  e x p re s s io n  

fo r th e  amount o f  a c o u s t ic  energy  s c a t te r e d  o u t o f  a  p ro p a g a tin g  wave by 

tu rb u le n c e . The e f f e c t  o f  tu rb u le n c e  i s  co n v en ien tly  re p re s e n te d  a s  a p a r­

t i a l  r e f l e c t i o n ,  and i s  m easured in  term s of the  s c a t t e r i n g  c r o s s - s e c t io n  

p er u n i t  a r e a  fo r  a u n i t  s o l id  a n g le  making a  p lan e  a n g le  o f 6 d eg rees  

w ith  th e  o r ig in a l  d i r e c t i o n  o f p ro p a g a tio n :

O = 0 .0 3 5 j f / c  ]^ ''\*CO S[0]^  C0S[6/2]^*cJ/c^+O.13*C^/T^

(4 -20 )

where o i s  th e  r a t i o  o f power s c a t t e r e d  ( in  th e  d i r e c t io n  d e term in ed  
by 0) p e r  u n i t  s o l i d  an g le  to  th e  power i n c id e n t  on th e  s c a t t e r ­
ing  volume
V i s  th e  volume o f th e  s c a t t e r in g  volume in  c u b ic  m e te rs ,
0 i s  th e  an g le  betw een th e  s c a t te re d  beam (one s t e r a d ia n  in  
s i z e )  and th e  o r ig in a l  d i r e c t io n  of p ro p a g a tio n , i n  d eg rees  
o r  r a d ia n s , and
c i s  th e  speed  o f  sound in  s t i l l  a i r  a s  g iv e n  by e q u a tio n  (4 - 6 ) .

For th e  b a c k s c a t te r  (0*180® ), e q u a tio n  (4-20) red u ces  to :

O  -  .004 k^/^V * C^/T^ (4-21)

There a r e  many t a c i t  assu m p tio n s in v o lv ed  in  (4—2 0 ), b u t  th e  e q u a tio n  i s  

in  good agreem ent w ith  a v a i l a b le  d a ta  except fo r  th e  c a s e  o f a  t r a n s v e r s e  

w in d .^^  T h is  e x c e p tio n  does n o t  ap p ly  to  th e  b a c k s c a t t e r  e q u a tio n ,  (4 -2 1 ) .

T y p ic a lly ,  th e  b a c k s c a t te r e d  s ig n a l  i n t e n s i t y  i s  85 to  90 dB below 

the i n t e n s i t y  o f  th e  o r i g i n a l  w ave.^^ According to  e q u a tio n  (4 -2 0 ) ,  wind 

v a r ia t io n s  have no e f f e c t  on th e  in te n s i ty  o f  th e  b ack s  c a t t e r e d  wave; how­

e v e r , a  t r a n s v e r s e  wind can  cau se  a  " n o n -n e g lig ib le "  freq u en cy  s h i f t ,  i . e .  

43spectrum  b ro a d e n in g , f o r  a  s u f f i c i e n t l y  broad  a c o u s t ic  beam.



36

Speed o f  Sound

The speed  o f  sound as a  fu n c tio n  o f  H and T h as a l r e a d y  been p re ­

se n te d  as e q u a tio n  (4 -1 1 ) .  However, c i s  a ls o  dep en d en t (v e ry  weakly) on
44th e  frequency  o f th e  wave:

c^ = ( f^ c ^  + f^ C g ) /( f^  + f j )  (4-22)

Here f^  i s  th e  r e la x a t io n  frequency  im p o rtan t in  th e  range o f  f b e ing  u sed , 

and Cq and c^  a r e  th e  speed o f  sound f o r  f  «  f ^ ,  and f  »  f ^ ,  r e s p e c t iv e ly .  

F u rtherm ore , th e  d i f f e r e n c e  betw een c^ and c^ fo r  th e  oxygen r e la x a t io n  in  

a i r  i s  on ly  0 .1 2  m e te rs  p e r second .



CHAPTER V 

HYGROMETRIC SODARS

The concept o f  rem o te ly  m easuring  a tm o sp h eric  w a te r vapor concen­

t r a t i o n  by o b serv in g  th e  r e l a t i v e  a t t e n u a t io n  fo r  a c o u s tic  waves o f d i f -

45f e r e n t  fre q u e n c ie s  was f i r s t  m en tioned  ( i n  1969) by L i t t l e  , who c i te d  

th e  work o f H a r r i s . H a r r i s  had p u b lish e d  a p ap e r which co n ta in e d  

g raphs showing a c o u s tic  v i b r a t i o n a l  a b s o rp tio n  v e rs u s  r e l a t i v e  hum id ity  

fo r  s e v e r a l  d i s c r e te  fre q u e n c ie s  and d i s c r e te  tem p e ra tu re s  a t  a p re s s u re  

o f one a tm osphere; b u t H a r r i s '  a n a ly s i s  o v erlo o k ed  th e  n i tro g e n  compo­

n en t^^  (a lth o u g h  i t s  e f f e c t  was c l e a r ly  c o n ta in e d  in  h i s  raw d a ta )  so 

th a t  th e  g raphs were o n ly  " b e s t  f i t s "  of an e q u a tio n  o f th e  form: 

ot^= K * f ^ f ^ / [ f ^ +  f , w here K i s  a c o n s ta n t  w ith  r e s p e c t  to  freq u en cy .

L i t t l e  su g g ested  th a t  th r e e  i d e n t i c a l  so d a rs  be used s u c c e s s iv e ly  

to  o b ta in  echoes from th e  same volume o f  space  a t  th r e e  d i f f e r e n t  f r e ­

q u en c ie s  ( th e  th i rd  so d a r was n o t n e c e ssa ry  under c e r t a in  c o n d i t io n s ) .

The su g g es ted  f re q u e n c ie s  w ere 2, 4 , and 8 kHz. L i t t l e  s u p p lie d  a g raph  

showing ( f o r  T=20"C on ly ) th e  d e c ib e l  change p e r hundred m ete rs  o f  th e  

r a t i o  o f re c e iv e d  s ig n a l  i n t e n s i t i e s  fo r  2 kHz and 4 kHz, and fo r  4 kHz 

and 8 kHz, a f t e r  c o r r e c t io n  f o r  th e  change in  b a c k s c a t te r in g  c ro s s - s e c ­

t io n  (w hich i s  p ro p o r t io n a l  to  th e  cube ro o t  o f  th e  freq u en cy , fo r  a 

Kolmogorov spectrum  of tu r b u le n c e ) . P resum ably , th e  graph cou ld  be used

37
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to  p r e d ic t  r e l a t i v e  h u m id ity  ( in te g r a te d  ov er th e  pa th  le n g th )  b ased  on 

th e  re tu rn e d  s ig n a l  i n t e n s i t i e s .

L i t t l e  s t a t e d  t h a t ,  "One obvious weakness o f t h i s  method i s  th e  

assum ption  of an i s o t r o p i c ,  homogeneous Kolmogorov spectrum  o f tu rb u ­

le n c e ."  He su g g es ted  th a t  b i s t a t i c  a c o u s t ic  echo-sound ing  be used to  

i d e n t i f y  a tm o sp h eric  re g io n s  w hich sh ou ld  be avo ided . But L i t t l e  a ls o  

assumed th a t  i d e n t i c a l  t r a n s d u c e rs  cou ld  be c o n s tru c te d  w hich , a t  d i f f e r ­

e n t f re q u e n c ie s ,  would r a d ia te  th e  same peak power w ith  th e  same an ten n a  

p a t te r n  and tra n s d u c e r  e f f i c i e n c y .  A lso , L i t t l e  d id  n o t make p ro v is io n s  

fo r  p re ssu re  o r  te m p e ra tu re  changes and d id  n o t co n s id e r  th e  v e ry  s e r io u s  

e f f e c t s  of ex cess  a t t e n u a t io n .  T here was a ls o  a t a c i t  a ssu m p tio n  th a t  

th e  s c a t t e r in g  volume would ap p ear th e  same a t  each freq u en c y , i . e . , th a t  

excep t fo r  th e  f^^ ^  dependence th e  b a c k s e a t te re d ,  re c e iv e d  s ig n a l  power 

would be th e  same f r a c t io n  o f in c id e n t  power fo r  each freq u en cy  a t  any 

g iven  tim e ; t h i s  i s  d e f i n i t e l y  n o t th e  ca se  u n le s s  th e  f re q u e n c ie s  a re  

v ery  n e a r ly  th e  same and th e  th ic k n e s s  o f th e  s c a t t e r in g  volume i s  v e ry  

s m a l l . N o r m a l l y  th e  r e c e iv e d - ,  b a c k s c a t te r e d - s ig n a l  a m p litu d e s  w i l l
49

have a R ay leigh  o r  Rice-Nakagam i d i s t r i b u t i o n  and w i l l  be in d ep en d en t 

a f t e r  a  few seconds o r  w ith  r e l a t i v e l y  sm all change in  freq u en c y .

L i t t l e ' s  s u g g e s tio n s  were p a r t l y  re v is e d  by P a rry  and S an d ers . 

A pparen tly  m in d fu l o f th e  problem s (m entioned d i r e c t ly  above) in  assum ing 

th a t  any random f lu c tu a t io n s  induced  by th e  b a c k s e a t te r in g  p ro c e ss  would 

be the  same f o r  each freq u en c y . P a rry  and Sanders s p e c i f ie d  t h a t  th e  f r e ­

q u en c ies  be t r a n s m it te d  s im u lta n e o u s ly  and th a t  th e  f r e q u e n c ie s  be "n ear 

each o th e r " .  U n fo r tu n a te ly , th e  c lo s e r  th e  s ig n a ls  g e t th e  l e s s  w i l l  be 

th e  d if f e re n c e  in  a b s o rp tio n  w h ic h ,is  th e  d e s ir e d  q u a n t i ty .  More im por­

t a n t l y ,  as in d ic a te d  in  C hap ter IV i n  th e  d is c u s s io n  o f th e  r e la x a t io n
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p ro c e ss , s ig n a ls  whose f re q u e n c ie s  a re  too  c lo s e  ( i . e . ,  ^  < f ^ / f g  < 3) 

appear as  one s ig n a l  and w i l l  be a t te n u a te d  a t  e x a c t ly  th e  same r a te .

T his c o n d it io n  w i l l  e x i s t  whenever th e  f re q u e n c ie s  a r e  c lo s e  enough th a t  

the  f lu c tu a t io n s  o f  the  b a c k s e a t te re d  s ig n a ls  a r e  even weakly c o r r e l a t ­

ed .^ ^  P a rry  and S anders do ad d ress  th e  q u e s t io n  o f  tem p era tu re  change;

52they p re s e n t  a  g raph  fo r  two d i f f e r e n t  te m p e ra tu re s  f o r  fre q u e n c ie s  so 

c lo se  to g e th e r  ( th e  on ly  frequency  s p e c if ie d  i s  1000 Hz) th a t  th e  d e te c t­

ed change fo r  most v a lu e s  of r e l a t i v e  h u m id ity  i s  l e s s  th an  0.2% of the  

re ce iv ed  s ig n a l .

53G eth ing  and Je n sse n  au th o red  th e  f i r s t  p ap e r devoted  com pletely  

to  h y g ro m étrie  s o d a r .  They c i te d  L i t t l e ' s  su g g e s tio n s  a s  th e  b a s is  fo r

th e i r  s tu d y , b u t they  d id  t r e a t  th e  e f f e c t  o f  ex cess  a t te n u a t io n .  Al­

though u n su re  of th e  frequency  dependence o f a ^ , th ey  assumed th a t  i t

54was p ro p o r t io n a l  to  th e  cube ro o t  o f  th e  freq u en cy  ; th ey  s t a t e d  th a t  

t h e i r  method o f  d e te rm in in g  w a te r vapor c o n c e n tra t io n  would s t i l l  be ap­

p l ic a b le  p ro v id ed  th a t  ct  ̂ was d i r e c t l y  p ro p o r t io n a l  to  some power of th e  

frequency  (which i t  i s  n o t ,  a s  i s  d e s c r ib e d  in  C h ap ter IV ).

The Jen ssen -G e th in g  Methods (JGM) assumed th a t  th e  a t te n u a tio n

depended on th e  sum of th re e  term s a  , a , and a  , whose fu n c tio n a l  formc m s

was assumed to  be a s  fo llo w s:

a = C*f^ (5-1)c

a^  = M * f^ f^ /(f^ +  f^) (5-2)

= S * f l /3  (5-3)

where C, M and S a r e  c o n s ta n ts  w ith  r e s p e c t  to  freq u en c y . R e la tio n  (5 -2 ) 

a lso  s u f f e r s  from H a r r i s ' n e g le c t  o f  n i t r o g e n  r e la x a t io n .  The JGM re ­

q u ired  t h a t  fo u r  d i f f e r e n t  f re q u e n c ie s  be u sed . The re c e iv e d  s ig n a l  

i n t e n s i t i e s  w ere th en  used to  m a th em a tica lly  e l im in a te  th e  unknowns C,
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M, and S from eq u a tio n s  (5 - 1 ) ,  (5 - 2 ) ,  and (5 - 3 ) .  The JGM y ie ld s  b o th  

th e  tem p era tu re  and th e  r e l a t i v e  h u m id ity .

Jen ssen  and G ething s im u la te d  t h e i r  method on a com puter and found 

th a t ,  fo r  even m a rg in a lly  u s e f u l  r e s u l t s  from  one m easurement s e t ,  th e  JGM 

re q u ire d  t h a t  the  re c e iv e d  i n t e n s i t i e s  be m easured w ith  a  s ta n d a rd  d e v ia ­

t io n  o f  l e s s  than  0.1% o f th e  mean i n t e n s i t y .  But i f  th e  am p litu d es  o f 

the  re c e iv e d  s ig n a ls  a r e  ap p ro x im a te ly  R ay le ig h  d i s t r i b u te d ,  th en  th e

p er cen t s ta n d a rd  d e v ia t io n  w i l l  be abou t 90%. T h e re fo re , th e  number o f

2 2 -o b se rv a tio n s  re q u ire d  to  re d u ce  th e  e r r o r  to  0.1% would be (90) / ( O . l )  =

8 X 10^. Assuming t h a t  th e  s c a t t e r i n g  volume i s  a t  a h e ig h t  o f 17 m e te r s ,  

which i s  c lo s e  to  th e  minimum a l t i t u d e  o f i n t e r e s t )  the  tim e p e r o b se rv a ­

t io n  i s  ab o u t 0 .1  seco n d s, so th a t  th e  t o t a l  tim e re q u ir e d  fo r  a s ta n d a rd
4

d e v ia t io n  o f 0.1% i s  8 x 10 seco n d s , o r ab o u t 22 h o u rs .  T his tim e i s  

much too long  c o n s id e r in g  t h a t ,  a s  s t a t e d  in  C hap ter I I ,  even th e  m ajor 

a tm o sp h eric  v a r ia b le s  T, P , and H can  change s i g n i f i c a n t l y  w ith in  15 

m in u tes .

The bad p ro g n o s is  y ie ld e d  by th e se  f ig u re s  was a p p a re n tly  borne 

ou t by su b seq u en t ex p e rim en ts  perform ed by G ething to  t e s t  th e  JQ l; th e  

r e s u l t s  w ere , " . . .  i f  n o t e n t i r e l y  n e g a tiv e ,  so a t  l e a s t  u n h e lp fu l a s  

f a r  as  p r a c t i c a l  a p p l ic a t io n s  a r e  concerned .

R egarding th e  JGM, L i t t l e  h as  w r i t t e n  th a t^ ^ ,  "T h is  m u lti- f re q u e n ­

cy approach r e q u ir e s  a c c u ra te  m easurem ents o f  th e  chang ing  r a t i o  o f  echo 

s tre n g th s  on the d i f f e r e n t  f re q u e n c ie s  a s  a fu n c tio n  o f h e ig h t ,  and makes 

a number o f c r i t i c a l  a ssu m p tio n s  a s  to  th e  p ro p a g a tio n  c o n d itio n s  and 

th e  n a tu re  and co n stan cy  o f  th e  s c a t t e r i n g  p ro c e s s .  The au th o r  [ L i t t l e ] ,  

th e re fo re  rem ains d o u b tfu l  t h a t  th e s e  te c h n iq u e s  w i l l  i n  f a c t  p ro v e  u se ­

f u l  i n  p r a c t i c e . "  In  a n o th e r  p a p e r . L i t t l e  an a ly zed  th e  e x is t in g  (1973)
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p ro p o sa ls  fo r  rem o te ly  se n s in g  w a te r  vapor ( in c lu d in g  th e  Raman s c a t t e r ­

ing l i d a r )  and concluded  t h a t ,  " . . .  th e  a b i l i t y  to  sen se  th e  th ree -d im en ­

s io n a l  hum id ity  f i e l d  rem o te ly  . . .  seems to  be many y e a rs  aw ay." (The 

same co n c lu s io n  was reached  f o r  te m p e ra tu re .)

The m ajor problem s w ith  th e  te c h n iq u e s  p re s e n te d  in  t h i s  c h a p te r  

a re :  1) th e  l i m i t  on th e  number o f d a ta  p e r u n i t  tim e fo r  a p u lse d  r a d a r ,

which i s  imposed by th e  long  p e r io d  o f tra n sm is s io n  s i l e n c e  n e c e ssa ry  fo r  

unambiguous r e tu r n s  (which s e t s  th e  minimum tim e betw een p u ls e s )  and by 

the d e s ire d  r e s o lu t io n  o f th e  so d a r  (which s e t s  th e  maximum le n g th  o f th e  

p u l s e ) ; 2) th e  l i m i t a t i o n  on th e  t o t a l  le n g th  o f  tim e a v a i l a b le  f o r  ob­

s e r v a t io n s ,  which i s  re q u ir e d  b ecau se  o f th e  p o s s i b i l i t y  o f s i g n i f i c a n t  

changes in  th e  m e te o ro lo g ic a l  v a r ia b l e s ;  3) th e  random f lu c tu a t io n s  cau s­

ed by th e  b a c k s c a t te r  p ro c e ss  w hich d i f f e r  w ith  freq u en c y ; 4) th e  random 

f lu c tu a t io n s  caused  by r a p id  changes in  th e  ex cess  a t t e n u a t io n ;  5) th e  

problem o f b u i ld in g  a t r a n s d u c e r  h av in g  i d e n t i c a l  c h a r a c t e r i s t i c s  fo r  

w idely  v a ry in g  f r e q u e n c ie s ;  and 6) a la c k  o f  p r e c is e  knowledge o f th e  

e f f e c t s  on a t t e n u a t io n  caused  by chang ing  te m p e ra tu re  and p re s s u r e .

Problem  (6) i s  so lv ed  by th e  new in fo rm a tio n  on a t t e n u a t io n  p re ­

sen ted  in  C h ap ter IV. Problem s (2 ) and (3) a re  in e lu c ta b le  f o r  a so d a r 

system . However, th e  new p ro p o sa l fo r  a h y g ro m étrie  so d a r ,w h ich  i s  p re ­

sen ted  in  th e  n e x t  c h a p te r , e l im in a te s  o r  m i t ig a te s  th e  rem a in in g  problem s 

so th a t  th e  problem s o f b a c k s c a t t e r  f lu c tu a t io n s  and o f l im i te d  o b serv a­

t io n  tim e can be t o l e r a te d .



CHAPTER VI 

RELAXATION FREQUENCY METHOD

T his c h a p te r  p re s e n ts  a c o l l e c t i o n  of im provem ents f o r  th e  hygro­

m é tr ie  sodar p ro p o sa ls  d isc u s se d  in  C h ap ter V. The r e s u l t i n g  sen s in g  

p lan  w i l l  be r e f e r r e d  to  a s  th e  R e la x a tio n  Frequency Method (RFM). T h is  

m ethod, w hich a m e lio ra te s  th e  problem s l i s t e d  in  C h ap te r V, w i l l  be s t a ­

t i s t i c a l l y  an a ly zed  in  C hap ter V II , and th e  l im i t a t i o n s  on i t s  u se  w i l l  

be t r e a t e d  in  C hapter V I I I .  T h is  c h a p te r  in c lu d e s  a p re lim in a ry  "p ro p -  

a g a t io n - o f - e r r o r "  a n a ly s i s  to  d em o n s tra te  th a t  th e  RFM i s  s u p e r io r  to  

th e  JGM; i n t u i t i v e  re a so n s  fo r  t h i s  s u p e r io r i ty  a r e  a ls o  p re s e n te d .

Development o f  th e  RFM 

One v e ry  e f f e c t i v e  way to  a c h ie v e  more d a ta  p e r  u n i t  tim e from a 

so d a r i s  to  sweep th e  freq u en c y , as  in  th e  manner o f  FM-CW ra d a r s  so 

t h a t  the  so d ar can be t r a n s m i t t in g  c o n tin u o u s ly  w ith o u t  p ro d u c in g  ambig­

uous r e tu r n s ,  ( th e  freq u en cy  would have to  be c o n s ta n t ly  in c re a s in g  in  

o rd e r  to  av o id  p o s s ib le  harm onic i n t e r f e r e n c e ) . The r e c e iv e r  would c o r ­

re sp o n d in g ly  have th e  c e n te r  freq u en cy  o f i t s  b an d -p ass  f i l t e r  sw ept a t  

the  same r a t e  a s  th e  t r a n s m i t te r  so  t h a t  the  p a sse d  s ig n a l  would be from 

th e  same s c a t t e r in g  vo lum e. A lthough  t h i s  te ch n iq u e  co u ld  co n c e iv ab ly

y ie ld  a hundred tim es^ ^  th e  d a ta  a v a i l a b le  from a  p u lse d  r a d a r ,  i t  would

58n o t be enough to  make th e  JGM f e a s i b l e .

42
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The e r r o r s  and random f lu c tu a t io n s  o f ex cess  a t te n u a t io n  can be 

v i r t u a l l y  e lim in a te d  a s  a problem  by t r a n s m it t in g  j u s t  one freq u en cy  and 

form ing th e  am p litu d e  r a t i o  fo r  re c e iv e d  s ig n a ls  which have been back - 

s c a t t e r e d  from two d i f f e r e n t  h e ig h ts  (a s  seen  in  f ig u re  (1 :2 ) )  r a th e r  

than form ing th e  r a t i o s  of p a i r s  o f  many f re q u e n c ie s  b a c k s c a t te re d  from 

th e  same s c a t t e r in g  volume (a s  w ith  th e  JGM). Of c o u rse , t h i s  r e q u ir e s  

th a t  th e  r e c e iv e r  have two b an d -p ass  f i l t e r s ,  one fo r  each  h e ig h t .  By 

u s in g  th e  same tra n s m it te d  freq u en c y , th e  ex cess  a t te n u a t io n  a lo n g  w ith  

induced  random f lu c tu a t io n s  in c u rre d  betw een th e  t r a n s m i t te r  and th e  

f i r s t  s c a t t e r in g  volume w i l l  e x a c t ly  c a n c e l when th e  r a t i o  o f th e  two 

b a c k s c a t te re d  s ig n a ls  i s  form ed. S in c e , a s  d isc u sse d  in  C hap ter IV, 

most o f th e  e x c e ss  a t te n u a t io n  i s  due to  th e  tu rb u le n c e  lo c a te d  d i r e c t l y  

in  f r o n t  of th e  t r a n s m i t te r ,  and s in c e ,  a s  d isc u sse d  in  C hap ter I I ,  th e  

tu rb u le n c e  a s  measured by C^ and by C^, d e c re a se s  r a p id ly  w ith  in c r e a s ­

ing  a l t i t u d e ,  th en  i t  fo llo w s t h a t  m ost o f  th e  excess a t te n u a t io n  i s  can - 

59c e l l e d .  In  a d d i t io n ,  any ex cess  a t te n u a t io n  in c u rre d  by th e  s ig n a ls  

on th e  r e tu r n  t r i p  from th e  h e ig h t  o f th e  f i r s t  s c a t t e r in g  volume to  th e  

r e c e iv e r  w i l l  a l s o  c a n c e l ,  p ro v id ed  th a t  th e  tim e d e lay  betw een th e  two 

s ig n a ls  i s  n o t to o  g r e a t  (ro u g h ly  l e s s  th an  two seconds, co rre sp o n d in g  

to  a  s e p a ra t io n  d is ta n c e  o f l e s s  th a n  340 m ete rs) s in c e  th e  tu rb u le n c e  

f i e l d  which ca u se s  a t te n u a t io n  w i l l  ap p ea r s ta t io n a ry  ov er a  tim e span 

o f  a  few s e c o n d s . T h e r e f o r e ,  th e  o n ly  e f f e c t  o f tu rb u le n c e  induced  

f lu c tu a t io n s  i s  found in  th e  t r a n s m it te d  s ig n a l  as i t  p ro p a g a te s  from 

the f i r s t  s c a t t e r in g  volume to  th e  second volume and th e  second s ig n a l  

a s  i t  p ro p a g a te s  from th e  second s c a t t e r i n g  volume back to  th e  f i r s t ;  

b u t t h i s  o ccu rs  a t  th e  h ig h e s t  a l t i t u d e s  invo lved  in  th e  p ro c e s s  where
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and Cy w i l l  u s u a l ly  be m inim ized. Also th e  tim e o r d is ta n c e  tra v e rs e d  

w i l l  p robab ly  be r e l a t i v e l y  s h o r t  so  th a t  th e  e f f e c t  o f ex c e ss  a t te n u a ­

t io n  w i l l  be v e ry  sm a ll compared to  th a t  ex p e rien ced  w ith  th e  JGM. Be­

cause o f  the  v i r t u a l  ab sen ce  o f ex cess  a t te n u a t io n  w ith  th e  RFM, th e re  

i s  no need to  c o r r e c t  f o r  th e  f^^^ dependence a s  w ith  th e  JGM. In  ad d i­

t io n ,  because th e  same tra n s m it te d  s ig n a l  i s  used fo r  b o th  r e tu r n in g  s ig ­

n a ls ,  no c o r r e c t io n  i s  needed fo r  tra n sd u c e r  c h a r a c t e r i s t i c s .

As a bonus fo r  u s in g  th e  FM-CW tra n sm is s io n  scheme, an  a t te n u a ­

t io n  spectrum  i s  produced which n o t on ly  p ro v id es  am p litu d e  in fo rm a tio n  

fo r  each freq u en cy  b u t a l s o  d e r iv a t iv e  in fo rm a tio n , which i s  v e ry  s i g n i f ­

ic a n t  s in c e  th e  am p litu d e  in fo rm atio n ^^  i s  v e ry  " e r ro r -p ro n e " , w hereas th e  

d e r iv a t iv e ,  b ecau se  o f th e  s tro n g  frequency  dependence o f  th e  r e la x a t io n  

p ro c ess  compared to  th e  frequency  dependence o f p o s s ib le  e r r o r  p ro c e s se s , 

i s  n o t very  s e n s i t i v e  to  e r r o r s  in  am p litu d e . For exam ple, i f  th e  ab so rp ­

t io n  p e r  c y c le  i s  p lo t te d  v e rsu s  frequency  such t h a t  peaks ap p ear a s  in  

f ig u re s  (4 :2 ) o r  ( 4 :4 ) ,  th en  sy s te m a tic  e r r o r s  can be d e te c te d  by examin­

ing  th e  shape o f  th e  c u rv e ; i f  th e  peaks a re  too  "b ro ad " , th e  s e p a ra t io n  

d is ta n c e  betw een th e  two s c a t t e r in g  volumes i s  too  g r e a t  ( e . g . , H v a r ie s  

s ig n i f i c a n t ly  o v e r t h i s  d i s t a n c e ) ,  o r  i f  th e  peaks a re  "skewed" th en  a 

freq u en cy -d ep en d en t e r r o r  i s  p re s e n t  (such  as m igh t occu r i f  th e  s c a t t e r ­

in g  v o lu m e 's  mean v a lu e  o f  C,j, w ere to  s i g n i f i c a n t l y  change a s  th e  f r e ­

quency changed a t  one s c a t t e r in g  volume b u t n o t th e  o t h e r ) . H o p efu lly , 

once th e  e r r o r  i s  d e te c te d ,  c o r r e c t iv e  a c t io n  can be ta k e n ; w ith  th e  JGM, 

th e re  would be no d i r e c t  in d ic a t io n  o f an  e r r o r .

The h u m id ity , H, can be determ ined  d i r e c t l y  from th e  a t te n u a t io n  

spec trum  by e s t im a t in g  one o r  b o th  o f  th e  r e la x a t io n  f re q u e n c ie s  o r  th e  

frequency  o f th e  minimum or " v a l le y "  between p ea k s , i f  i t  e x i s t s  f o r  th e
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c u r re n t  com bination  o f  E and T. The f r e q u e n c ie s  d iv id e d  by th e  p re s su re  

in  the re g io n  betw een th e  s c a t t e r in g  volum es can  be r e l a t e d  d i r e c t ly  to  

Che hum idity^^ (e x cep t fo r  a  v e ry  s l i g h t  dependence on te m p e ra tu re  d is p la y ­

ed by th e  n i t ro g e n  peak and th e  " v a l le y " ) .  The p re s s u re  can be e s t i ­

mated w ith  n e g l ig ib ly  sm all r e s u l t a n t  e r r o r  in  hu m id ity  from  th e  Hydro­

s t a t i c  E q u a tio n , (2 - 1 ) ,  and g round-based  m easurem ents o f  tem p era tu re  and 

p re s s u re .  A l te r n a t iv e ly ,  th e  hu m id ity  (and te m p e ra tu re ) can  be d e te r ­

mined by f i t t i n g  th e  r e le v a n t  eq u a tio n s  o f  C h ap te r IV to  th e  a t te n u a tio n  

cu rv e . The f i t t i n g  can be accom plished  w ith  g r e a t e r  co n fid e n ce  i f  one o f 

th e  r e la x a t io n  freq u en cy  peaks o r th e  v a l l e y  i s  c o n ta in e d  w ith in  the 

range of f r e q u e n c ie s  swept by th e  so d a r .

A nother method o f in c re a s in g  th e  amount o f  d a ta  p e r  u n i t  time i s  

a v a i la b le  i f  two s c a t t e r in g  volumes a r e  u sed ; in d ep en d en t d a ta  can  be 

c o l le c te d  a t  th e  same tim e from r e c e iv e r s  s e p a ra te d  by a s u f f i c i e n t  d is ­

tan ce  (u s u a lly  o v e r a w a v e le n g th ) . The to p ic  o f  independence o f  back- 

s c a t t e r e d  s ig n a ls  in  sp ace , tim e , and th e  frequency-dom ain  has been 

t r e a te d  by T a t a r s k i i .  For fo u r  r e c e iv e r s  (which m ight be  a re a so n ab le  

compromise betw een c o s t  and s t a t i s t i c s ) ,  th e  r e s u l t a n t  e r r o r  in  H would 

be reduced  by h a l f ,  as an exam ple. T h is  te c h n iq u e  i s  n o t a v a i la b le  to  

th e  JGM w here f re q u e n c ie s  c lo s e  enough to  one a n o th e r  to  b e  id e n t i c a l l y  

b a c k s c a t te re d  from th e  same s c a t t e r in g  volume a r e  u sed , b ecau se  a change

in  r e c e iv e r  lo c a t io n  which r e s u l t s  i n  a  change o f  th e  " a s p e c t"  o f  th e  

64s c a t t e r in g  volume f o r  one freq u en cy  w i l l  r e s u l t  in  n e a r ly  th e  same 

change f o r  th e  o th e r  f r e q u e n c ie s ;  th u s  th e  r a t i o s  formed from th e  s ig ­

n a ls  re c e iv e d  by two s e p a ra te d  r e c e iv e r s  would n o t be in d ep en d en t.
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S ta tem en t o f  th e  RFM

F i r s t ,  a co n tin u o u s wave o f in c re a s in g  frequency  i s  t r a n s m it te d  

f o r  th e  le n g th  of tim e n e c e ssa ry  fo r  sound to  t r a v e l  to  th e  top o f  th e  

a tm o sp h e ric  re g io n  which i s  to  be sam pled and to  r e tu r n  to  th e  t r a n s m i t t e r  

( th e  tra n s m is s io n  i s  th en  r e p e a te d ) .  The s ig n a l  i s ,  o f  co u rse , p a r t i a l l y  

b a c k s c a t te re d  co n tin u o u s ly  as i t  p ro p a g a te s .  A number o f r e c e iv e r s  a r e  

eq u ip p ed  w ith  two o r more^^ b an d -p ass  f i l t e r s  whose c e n te r  frequency  i s  

swept a t  th e  same r a te  a s  th e  t r a n s m i t te d  s i g n a l 's  freq u en cy  but whose 

sweep s t a r t in g - t im e s  a re  d e lay ed  a f t e r  th e  s t a r t  o f  th e  tran sm iss io n  

sweep by d i f f e r e n t  amounts so t h a t  th e  r e tu r n s  from s c a t t e r in g  volum es 

a t  two s e le c te d  h e ig h ts  a re  c o n tin u o u s ly  m o n ito red . The r a t i o  o f  th e  

two am p litu d e  s ig n a ls  re c e iv e d  a t  each  sp ea k e r a t  each frequency i s  th e n  

c o n tin u o u s ly  formed and i t s  lo g a r i th m  c o n tin u o u s ly  tak en  ( c o r re c t io n  fo r  

a d d i t io n a l  s p h e r ic a l  sp re a d in g  o f  th e  second s ig n a l  can be made). The 

r e s u l t a n t  s ig n a ls  from a l l  o f th e  r e c e iv e r s  a re  th en  averaged^^ t o  form  

a fu n c tio n  of frequency  o r ,  e q u iv a le n t ly ,  o f  tim e ( t h i s  fu n c tio n  sh o u ld  

d i f f e r  from th e  a t te n u a t io n  sp ec tru m  by o n ly  a c o n s ta n t ) .  The h u m id ity ,

H, (and o th e r  v a r i a b l e s ) i s  th en  e s t im a te d  from t h i s  fu n c tio n ; m ethods 

o f e s t im a tio n  a re  d isc u sse d  below . In  an  advanced sy stem , th e  e s t im a te d  

v a r ia b le  v a lu e s  can be used a s  fe ed b ac k , a llo w in g  system  p aram eters  to  

be changed in  o rd e r  to  g iv e  a b e t t e r  e s t im a te  o f H (and th e  o th e r  v a r i ­

a b le s )  The sweep i s  re p e a te d  a s  many tim es  as d e s ir e d  o r  p e rm itte d  

by chang ing  m e te o ro lo g ic a l  c o n d i t io n s ,  and th e  e s t im a te s  o f H a re  th en  

av e rag ed .

There a re  many ways o f  e s t im a t in g  H from th e  fu n c tio n  m en tio n ed  

above. The b e s t  way i s  to  f i t  th e  f r e q u e n c y -d e r iv a tiv e  o f  th e  f u n c t io n  

w ith  th e  sum o f  th e  d e r iv a t iv e s  o f  e q u a tio n s  (4 - 4 ) ,  (4 - 9 ) ,  and (4 - 1 0 ) ,
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where T and H a re  the  in d ep en d en t v a r i a b l e s .  A s im p le r  method ( th e  "ey e­

b a l l "  method) would be to  e s t im a te  th e  v a lu e s  of f ^  ^ and ^ from th e  

fu n c tio n  and then  use f ig u re s  (4 :7 )  and (4 :9 ) to  f in d  H. Both o f th e s e  

m ethods r e q u ir e  th a t  P be known a c c u r a te ly .  An e s t im a te  o f  th e  n e c e ssa ry  

ac cu racy  can be o b ta in ed  from ground-based^^  m easurem ents and the Hydro­

s t a t i c  E q u a tio n , (2 -1 ) ;  and th e  accu racy  can be in c re a se d  by u sin g  th e  

e s t im a te s  o f T r e s u l t in g  from  th e  c u r v e - f i t t i n g  p rocedure  m entioned above.

T his p rocedure  g iv e s  th e  a v e rag e  c o n c e n tra t io n  o f w a te r v ap o r ex­

i s t i n g  betw een the  two s c a t t e r i n g  volum es. A th re e  d im ensional p ic tu r e  

o f H can be o b ta in e d  by v a ry in g  th e  h e ig h ts  o f  th e  two s c a t t e r in g  v o l -  

umes^^, and by v a ry in g  th e  a n g le  a t  w hich th e  o r ig in a l  a c o u s tic  wave is  

t r a n s m it te d .

S ources o f  E r ro r

U n c e r ta in t ie s  in  th e  v a lu e s  of P , T, and the  wind (which a f f e c t s  

th e  e s t im a te d  h e ig h t  o f  th e  s c a t t e r i n g  volum e) can cause e r r o r s  in  th e  

e s t im a t io n  o f  H. As w i l l  be d em o n stra ted  in  th e  n ex t c h a p te r ,  th e  r e s u l ­

ta n t  e r r o r  in  H when th e  RfM i s  used can  be h e ld  to  l e s s  th an  1% fo r  each 

v a r i a b l e .

A lso , th e re  i s  a s l i g h t  e r r o r  due to  th e  excess a t te n u a t io n  oc­

c u r r in g  betw een th e  two s c a t t e r i n g  volum es. As m entioned above, t h i s  

a t t e n u a t io n  shou ld  be r e l a t i v e l y  s m a l l , a n d  i f  o f  a s i g n i f i c a n t  magni­

tu d e , i t  can  be d e te c te d  from th e  a t t e n u a t io n  spec trum , and com pensation  

can be made. In  a d d i t io n ,  th e  m agnitude o f  t h i s  ex c ess  a t te n u a t io n  can 

be e s t im a te d  from e q u a tio n s  (4 -1 6 ) and (4 -1 8 ) .

B ecause th e  v a lu e s  o f  can  be d i f f e r e n t  a t  th e  two s c a t t e r in g  

volum es, a c o n s ta n t ,  th e  lo g a r ith m  o f  th e  r a t i o  o f  th e  two v a lu e s  o f  C„,
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w i l l  be added to  th e  a t t e n u a t io n  spectrum  (a lo n g  w ith  a c o n s ta n t  re p re ­

se n tin g  th e  a d d i t io n a l  s p h e r ic a l  sp re a d in g  o f  th e  second s ig n a l ,  i f  com­

p en sa tio n  has no t a lre a d y  been made) to  g e t th e  r a t i o  fu n c tio n  m entioned 

above. But th e  a d d i t io n  o f  a c o n s ta n t does n o t a f f e c t  e i t h e r  o f th e  two 

e s t im a tio n  methods m entioned above.

As th e  frequency  o f  th e  tr a n s m it te d  s ig n a l  in c re a s e s ,  th e  acous­

t i c  beam w id th  should  d e c re a s e , meaning th a t  th e  d iam ete rs  o f th e  s c a t t e r ­

ing  volumes d e c re a se . In  a homogeneous tu rb u le n c e  spectrum  (such  as 

K olm ogorov's) no d i f f e r e n c e  would be n o tic e d ;  b u t fo r  th e  nonhomogeneous 

c a se , th e  average v a lu e  o f  fo r  each volume may change s i g n i f i c a n t l y  

(e s p e c ia l ly  i f  th e  d iam e te r o f  th e  beam approaches th e  d iam ete r o f the  

reg io n s  o f r e l a t i v e ly  c o n s ta n t  C ^). The m agnitude o f t h i s  e f f e c t  i s  n o t 

known; how ever, i t s  freq u en cy  dependence i s  m ild . Examining th e  a t t e n ­

u a tio n  spectrum  sh ou ld  re v e a l  th e  e r r o r  and p e rm it com pensation fo r  i t .  

O ther m ethods o f re d u c in g  any e f f e c t  from t h i s  so u rce  w i l l  be d isc u s se d  

in  C hapter V I I I .

The m ajor so u rce  o f  e r r o r ,  th en , i s  th e  randomness o f th e

R a y le ig h -d is t r ib u te d  b a c k s c a t te re d  s ig n a ls .  A lthough th e  p e r c e n t  rms 

72e r r o r  in  re c e iv e d  a m p litu d e  s ig n a l  f o r  t h i s  so u rce  i s  v e ry  h ig h  (ab o u t 

50%), i t  i s  w e ll c h a ra c te r iz e d  and f ix e d ,  so th a t  a good maximum l i k e ­

lih o o d  e s t im a to r  o f  th e  b a c k s c a t te r  can be d e r iv e d . H o p e fu lly , enough 

d a ta  can be taken  in  a re a so n ab le  p e r io d  of tim e so th a t  th e  r e s u l t a n t  

e r r o r  in  H can  be reduced  to  a  few p e r c e n t;  t h i s  i s  th e  to p ic  o f  th e  

nex t s e c t io n .

P ro p ag a tio n  o f E rro r  

The p ro p a g a tio n  o f  e r r o r a n a l y s i s  f o r  th e  RFM, which i s  p re ­

sen ted  below , i s  a  q u ick  and s im p le  way to  e s t im a te  th e  u s e fu ln e s s  o f
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th e  RFM; the r e s u l t s  a r e  in  f a i r  agreement w ith  th e  fo rm al s t a t i s t i c a l

a n a ly s i s  p re se n te d  i n  th e  next c h a p te r .  For conven ience ,  th e  p er  cen t

ro o t-m ean -sq u are  e r r o r ,  d e s ig n a te d  by an "S" s u b s c r ip t e d  by th e  symbol of

th e  v a r i a b l e  concerned , w i l l  be used as th e  i n d i c a t i o n  o f  e r r o r  in  t h i s
74a n a l y s i s .  I t  i s  assumed in  th e  a n a ly s i s  t h a t  th e  o n ly  so u rc e  of e r r o r  

in  the re c e iv e d  s i g n a l  i s  caused by the random phase f l u c t u a t i o n s  of th e  

b a c k s c a t t e r e d  waves.

Let Q be d e f in e d  as r a t i o  o f  th e  am pli tude  s i g n a l  r e ce iv ed  from 

th e  second s c a t t e r i n g  volume, A^, to  t h a t  r e c e iv e d  from th e  f i r s t ,  A^,

then:

Q = ~ [ r + x ] / a  [ r ] )^ ^ ^ ( r / ( r+ x ) )* E X P [ - 2 x a ]  (5-1)

where o [ r ]  i s  th e  b a c k s e a t t e r i n g  c r o s s - s e c t i o n  from h e ig h t  r ,  
r  i s  th e  d i s t a n c e  from th e  t r a n s m i t t e r  to  t h e  f i r s t  
s c a t t e r i n g  volume,
X i s  th e  d i s t a n c e  between s c a t t e r i n g  volumes, and 
a is th e  av e rag e  a t t e n u a t i o n  between th e  s c a t t e r i n g  volumes.

S ince  th e  a m p li tu d e s  a r e  R ay le igh  d i s t r i b u t e d ,  S = S = 52%, and

n — r  :  2S < h  + = 52*(1 .414) = 73%. Now S i s  r e l a t e d  to  S . by:X A 2̂ ̂ 2 X

V ® Q  ■
da/a = 5  * da
dQ/Q a dQ

So th a t^ ^  S^ = 3 6 / (xa) % (5-3)

Assume t h a t  the " e y e b a l l "  method i s  used to  e s t im a te  th e  r e la x a ­

t i o n  frequency  from ( n / f ) [ f ] .  The eye makes judgm ents b ased  on b o th  the  

r e l a t i v e ^ ^  m agnitude and the d e r i v a t i v e  of the cu rve  of ( a / f ) [ f ]  a t  each 

p o i n t .  Let i t  f u r t h e r  b e  assumed t h a t  on ly  th e  oxygen r e l a x a t i o n  f r e ­

quency i s  in v o lv e d ,  then^^:

< » /£ )[£ !  -  , ( e .4 )
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so tha t  Sg / ^ ( a / f )  " D / ( F  -  1)^ (6-5)

where F 5 f / f ^   ̂ and .

a ls o  (0 / 1)' E d ( o / t ) [ £ l / d £  .  ( » / £ ) ^ . o * 2 £ r , 0 < 4 , 0 - "  '

( 6- 6 )

so t h a t  S .  / S ,  = | ( F ^ -1 ) / (F ^ -6 F ^ +  1 ) | .  (6 -7)
fj.^0

The a u t o c o r r e l a t i o n  f u n c t io n  o f  ( a / f ) [ f ]  must be  known b e fo re

78S ( ^ / f ) ,  can be de term ined  p r e c i s e l y .  But s in c e  " th e  eye" i s  aware of 

the shape o f  th e  curve ( a / f ) [ f ] ,  i t  i n  e f f e c t  "smooths" the a c tu a l  d e r i ­

v a t i v e ,  so t h a t  i t  can re a so n a b ly  be assumed t h a t  th e  av e rag e  v a lu e  o f  

S ( ^ / f ) ,  i s  o f th e  same o rd e r  of  m agnitude as  th e  av e rag e  v a lu e  of .

A l t e r n a t e l y ,  (5 -5 )  and (5 -7) can be e v a lu a te d  f o r  many v a lu e s  of F; th e

r e s u l t s  o f such e v a lu a t io n s  su g g e s t  t h a t  <S. <S > , f o r  th e  " e y e b a l l"
r , 0  “

method. For example, a t  th e  i n f l e c t i o n  p o in t s  F = +  1, ( a / f )* p rov ides

no in fo rm a t io n  abou t f^ q , whereas ( a / f ) '  i s  a maximum, so t h a t  any e r r o r  

in  ( a / f )  w i l l  cause  a r e l a t i v e l y  s m a l le r  e r r o r  i n  f^  q ; co r re sp o n d in g ly ,  

( a / f )  y i e l d s  no in fo rm a t io n  ( i n f i n i t e  e r r o r )  abou t  f^  g when F = 1, where­

as the e r r o r  i n  f ^  ^ i s  q u i t e  i n s e n s i t i v e  to  e r r o r  i n  ( a / f ) '  s in c e  th e  

r a t e  o f  change o f  ( a / f ) ' i s  g r e a t e s t .  T h e r e f o r e , t h e  fo l lo w in g  rough 

e s t im a te  o f  th e  average  e r r o r  in  f^  g o f  th e  p r e d i c t i o n  by th e  a t t e n u a ­

t i o n  cu rve  w i l l  be  adopted fo r  t h e  r e s t  o f  t h i s  d i s c u s s i o n :

<S^ > = <S > , ( f o r  th e  "av erag e"  d a ta  p o in t )  , (6-8)
r , 0

2 0
Now s in c e  H “  f ^ ’ g , as p re s e n te d  i n  C hap ter IV, i t  fo l lo w s  t h a t  on th e

av e rag e :

<S„> = 0 .6 < S ,  > , (6-9)
"  ' r , 0
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where i t  has been assumed t h a t  P i s  known e x a c t ly .  Then combining ( 6 - 9 ) ,  

(5 - 8 ) ,  and (5-3) g iv es

<S > = <22./xa> % (6-10)

For I  = 20°, P = 1 atm, and a r e l a t i v e  hum id ity  of 10%, th e  a t t e n u a t i o n

i s  on th e  o rd e r  o f  a=10 ^ n e p e rs /m e te r  so  t h a t  i f  x = 500 m e te rs ,  then

<Sjj> a 44%. Now i f  Ujj i s  th e  number of independen t d a ta  tak en  p e r  sweep,

Og i s  the  number o f  sweeps, n^  i s  the number o f  independen t r e c e i v e r s ,  

and N i s  d e f in e d  as  th e  t o t a l  number o f  independent d a ta ,  then

= 4 4 / Æ  % (6-11)

I t  can be seen  t h a t  N need o n ly  be about 100 f o r  to be l e s s  than  5%. 

Assuming an a l t i t u d e  o f  1700 m ete rs  f o r  th e  second sam pling volume (mean­

in g  a sweep p e r io d  o f  10 s e c o n d s ) , a d a ta  r a t e  per  sp ea k e r  o f  100 d a t a /  

sec  (a  c o n s e rv a t iv e  f i g u r e ) ,  fo u r  independent r e c e i v e r s ,  and a 5 m inute 

t e s t  t ime ( i . e . , 30 sw eeps) ,  g iv e s  N = 120000, o r  S y «  1%. The l a s t  e s t i ­

mate o f  Sy i s  n o t  j u s t i f i e d  by t h i s  crude "p ro p ag a t io n  o f  e r r o r "  a n a ly ­

s i s ;  however, i t  should  be c l e a r  t h a t  th e  RFM i s  f a r  s u p e r io r  to  th e  JQ l.  

In d eed , i t  seems p ro b a b le ,  b ased  on th e  " o v e r k i l l "  a v a i l a b l e  from N, t h a t  

th e  RFM can be th e  b a s i s  o f a p r a c t i c a l  h y g ro m étr ie  so d a r .

S t a t i s t i c a l  Advantages o f  th e  RFM

The g r e a t  s t a t i s t i c a l  improvement r e a l i z e d  by th e  RFM can be

t r a c e d  to  s e v e r a l  s o u rc e s :  F i r s t ,  and most im p o r ta n t ly ,  th e  use o f  FM-CW

and s e v e r a l  independen t r e c e i v e r s  g r e a t l y  i n c r e a s e s  the  amount o f  d a ta

a v a i l a b l e .  Secondly , e r r o r s  caused  by f l u c t u a t i o n s  encoun te red  d u r in g

p ro p a g a t io n  (which a r e  unknown and trem endously  v a r i a b l e ) , and by changes

79i n  t ra n s d u c e r  c h a r a c t e r i s t i c s  have been t r a d e d  f o r  f l u c t u a t i o n s  due to
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th e  b a c k s e a t t e r ing  p r o c e s s ,  which have a  f ix e d  and well-known p r o b a b i l i t y  

d i s t r i b u t i o n ;  c o n s e q u e n t ly ,  no c a l i b r a t i o n  of the  t r a n s m i t t e r  i s  r e q u ir e d .  

T h i rd ly ,  o b s e r v a t io n  o f  th e  shape of ( a / f ) [ f ] p e rm its  i d e n t i f i c a t i o n  of 

any a d d i t i o n a l  e r r o r s  and p e rm its  " ta i lo r -m a d e "  c o r r e c t i o n s .  Also th e  

oxygen r e l a x a t i o n  freq u en cy  p rov ides  a s e n s i t i v e  i n d i c a t i o n  o f  H which i s  

n o t  dependent on th e  te m p e ra tu re .  F in a l ly ,  th e  RFM i s  no t  h ig h ly  sen­

s i t i v e  to  e r r o r s  i n  th e  am pli tude  of a  (as i s  th e  JGM), e s p e c i a l l y  i f  a 

good c u r v e - f i t t i n g  te c h n iq u e  i s  used , because  the  hu m id ity  i s  r e v e a le d  by 

th e  shape or d e r i v a t i v e  of the  curve .

M o d if ic a t io n

In  the  above a n a l y s i s ,  i t  was t a c i t l y  assumed t h a t  an ac c e p ta b le  

s l g n a l - t o - n o i s e  r a t i o  (SNR) e x i s t e d ;  as shown in  C hap ter  V I I I ,  t h i s  i s  

a c r i t i c a l  assum ption .  T y p ic a l ly  an a c c e p ta b le  SNR w i l l  e x i s t  f o r  some 

p o r t io n s  of the  f req u en cy  range  and some a l t i t u d e s  and c o n d i t i o n s ,  bu t  

n o t  f o r  o t h e r s .  I t  may be a d v is a b le  to  modify th e  RFM to  c o n s t ru c t  i n ­

t e g ra te d  p r o f i l e s  o f  hu m id ity  by u t i l i z i n g  th e  sam pling scheme o f  th e  

JGM; t h i s  could  be advan tageous  a t  lower a l t i t u d e s  under c o o l ,  d ry ,  and 

calm c o n d i t io n s .  Under th e s e  c o n d i t io n s ,  p ro p a g a t io n  e r r o r s  w i l l  be 

s m a l le r  and th e  v a lu e  o f  a  so d im in ished  a s  t o  be d i f f i c u l t  to  d e t e c t  

o v er  a sm all  range by th e  r e g u la r  RFM scheme.



CHAPTER V II

STATISTICAL ANALYSIS

I n  t h i s  c h a p te r ,  th e  e f f e c t s  on th e  RFM e s t im a t io n  o f  H caused 

by th e  so u rc e s  of e r r o r  mentioned in  th e  p re c e e d in g  c h a p te r  a r e  i n v e s t i ­

g a te d .  The p r o b a b i l i t y  d i s t r i b u t i o n s  o f  s e v e r a l  I n te rm e d ia te  r e s u l t s  

and th e  f i r s t  two moments o f  th e se  r e s u l t s  a r e  d e r iv e d .  In  th e  fo l lo w ­

ing d i s c u s s io n s  i t  i s  assumed t h a t  th e  d e s ig n  p a ram e te rs  of th e  so d ar  and
81

the p r e v a i l i n g  a tm o sp h er ic  c o n d i t io n s  a r e  such as to  y i e l d  an a c c e p ta b le  

s i g n a l - t o - n o i s e  r a t i o ;  t h e s e  p o in t s  a r e  d i s c u s s e d  in  th e  nex t  c h a p te r .

E f f e c t  o f  P re s su re  V a r i a t i o n s

The e s t im a te  o f  H g iv en  by th e  RFM i s  p r o p o r t i o n a l  to  P™ where 

.5 < m < 1, and P i s  t h e  p re s s u r e  of th e  sam pling  r e g io n ,  as i s  d e r iv e d  

from e q u a t io n s  (4 -7 )  and (4 - 8 ) .  T h e r e fo r e ,  th e  p e r c e n t  rms e r r o r  i n  H 

must be g r e a t e r  th an  o r  equa l  to  t h a t  caused  by e r r o r  in  P a lo n e ;  i . e . ,

2  Sp/m. As i n d i c a t e d  by th e  fo l lo w in g  d i s c u s s i o n ,  t h i s  r e s t r i c t i o n  

imposes a  n e g l i g i b l e  l i m i t a t i o n  on ( i . e . , < 1%).

As i n d i c a t e d  in  Chapter  2, th e  p r e s s u r e  a t  any given  a l t i t u d e  

u s u a l ly  v a r i e s  by l e s s  th an  52 from i t s  mean v a lu e .  A b e t t e r  e s t im a te  

than  the mean v a lu e  can be o b ta in ed  by u s in g  e q u a t io n  (2 - 1 ) ,  th e  Hydro­

s t a t i c  E q u a t io n ,  which r e q u i r e s  an e s t im a te  o f  T as a  f u n c t io n  o f

53
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a l t i t u d e  from the  ground to  th e  sampling re g io n  and a g ro u n d - le v e l  mea­

surement o f  R efe rence  to  s ta n d a rd  t a b l e s ^ ^  which r e l a t e  p re s su re

to  a l t i t u d e  and tem p e ra tu re ,  su p p o r ts  th e  c o n c lu s io n  t h a t  a n  e s t im a te  o f  

th e  a b s o lu te  tem p era tu re  a c c u ra te  to  ab o u t  0.7% ( i . e .  + 20®C), i s  s u f f i ­

c i e n t  to g iv e  Sp £  1% fo r  a l t i t u d e s  o f  up to  a t  l e a s t  2 km; knowledge 

o f  the tem p era tu re  to  w i th in  4°C p e rm its  d e te r m in a t io n  of P w ith  

Sp £  0.05%. T h e re fo re ,  a g round-based  measurement o f  T, c o r r e c te d  fo r  

a l t i t u d e ,  should be s u f f i c i e n t  to  j u s t i f y  ig n o r in g  th e  p re s s u re  c o n t r i ­

b u t io n  to  e r r o r  in  H.

Note t h a t  an  e r r o r  in  e s t im a te d  h e ig h t  o f  th e  sam pling volume 

w i l l  show up as  an e r r o r  in  P. I f  th e  e r r o r  in  h e ig h t  i s  w i th in  + 50 

m e te rs ,  then  Sp _< 1%. Also, i f  the sam pling volume i s  too l a r g e ,  the  

v a r i a t i o n  in  p re s s u r e  o ver  th e  volume w i l l  r e s u l t  in  a b roaden ing  o f  th e  

a b s o r p t io n  peaks in  th e  f u n c t io n  ( a / f ) [ f ] ;  a 5% change in  P would occur  

f o r  a s e p a r a t io n  d i s t a n c e  of x = 500 m e te rs .  A c o r r e c t i o n  fo r  t h i s  e f ­

f e c t  might be d e s i r a b l e  f o r  a c u r v e - f i t t i n g  scheme o f  e s t im a t in g  H, a l ­

though a broadened p e a k 's  r e l a x a t i o n  frequency  would s t i l l  g ive  th e  c o r ­

r e c t  v a lu e  o f  H f o r  th e  volume, p rov ided  t h a t  th e  average v a lu e  o f  p r e s ­

su re  was used i n  th e  c a l c u l a t i o n .

As shown i n  e q u a t io n  (4 - 6 ) ,  th e  c l a s s i c a l  and r o t a t i o n a l  ab so rp ­

t io n  a l s o  depend on th e  p r e s s u r e .

E f f e c t  o f  Tem perature V a r i a t i o n s  

U n c e r ta in ty  i n  T as  a f u n c t io n  o f  h e i g h t  a f f e c t s  th e  e s t im a te  of 

H in  two ways; i t s  d i r e c t  e f f e c t  on th e  e s t im a te  of P h as  a l re a d y  been 

co n s id e red ;  i t s  o th e r  e f f e c t  i s  on th e  e s t i m a t i o n  o f  the h e ig h t  o f  th e  

s c a t t e r i n g  volume. The h e i g h t  i s  d e te rm in ed  from th e  tim e l a p s e  between
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the s t a r t  o f  the  t r a n s m i t t e r  frequency  sweep and th e  s t a r t  o f  a given 

band-pass  f i l t e r ' s  f req u en cy  sweep. This time i s ,  o f  c o u r s e ,  d iv id ed  by 

two and then  m u l t i p l i e d  by the speed of sound to g iv e  th e  h e ig h t  o f  the  

s c a t t e r i n g  volume a s s o c i a t e d  w i th  th e  g iven  f i l t e r .  The speed of sound 

v a r ie s  a s  th e  s q u a re  r o o t  of th e  a b so lu te  te m p e ra tu re ,  a s  i n  eq u a tio n  

(4 -6 ) ,  and so th e  e s t im a te  of h e ig h t  w i l l  a l s o .  But s in c e  a  6°C change 

in  I  r e p r e s e n t s  o n ly  abou t  a 2% change in  a b s o lu te  te m p e r a tu re ,  i t  a lso  

r e p r e s e n t s  only a  1% change in  th e  e s t im a te  o f  h e i g h t  (an  e s t im a te  of T 

which i s  a c c u r a te  to  w i th in  6°C shou ld  be e a s i l y  o b t a in e d ) .

In a d d i t i o n ,  u n c e r t a in ty  in  T a t  the  s c a t t e r i n g  volume a f f e c t s  

the e s t im a te  of H i n  t h r e e  ways: 1) the m agnitude o f  th e  a t t e n u a t i o n

spectrum  i s  dependen t on T, a s  shown in  e q u a t io n s  ( 4 - 1 1 ) ,  ( 4 - 1 2 ) ,  and 

(4 -1 3 ) ;  2) th e  d i f f e r e n c e  in  a b s o rp t io n  between th e  v a lu e s  a t  th e  n i t r o ­

gen and oxygen r e l a x a t i o n  f r e q u e n c ie s  i s  s o l e ly  te m p e ra tu re  dependent; 

and 3) the n i t r o g e n  r e l a x a t i o n  frequency i s  a  f u n c t i o n  of th e  tempera­

tu r e  a s  i n d i c a t e d  by e q u a t io n s  (4 -8 )  and (4 -1 2 ) .  The fo l lo w in g  r e l a t i o n s  

can be d e r iv e d  from th e  e q u a t io n s  mentioned above:

-  S ^ / 2 . ;  S = 5 .*S^; Sg = 9 .* S ^  . 
c r  v ,0  v,N

The change in  w i l l  be o p p o s i te  in  s ig n  to  th e  change i n  th e  o th e r  

two a b s o r p t io n  components (which w i l l  norm ally  overshadow th e  change in  

a ^ ^ ) . T h e r e fo r e ,  a  6°C change i n  T w i l l  cause a 10% to  18% change i n  a ,  

as  in  p a r t i a l l y  shown i n  f i g u r e s  (4 :5) and ( 4 : 6 ) .  The second dependence 

l i s t e d  above i s  r e a l l y  j u s t  a n o th e r  m a n i f e s t a t i o n  o f  th e  f i r s t  depen­

dence and i s  d i s p la y e d  by e q u a t io n  (4 -5 ) .  The e y e b a l l  method of d e t e r ­

m ining th e  r e l a x a t i o n  f r e q u e n c ie s ,  and th u s  the  h u m id i ty ,  i s  n o t  i n f l u ­

enced by th e s e  f i r s t  two tem p era tu re  d e p e n d en c ie s .  A c u r v e - f i t t i n g
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scheme which would a l s o  be Independen t would be to  f i t  th e  no rm alized  

frequency d e r i v a t i v e  of th e  a t t e n u a t i o n  spec trum . I f  c o n d i t io n s  a r e  such 

t h a t  on ly  the  oxygen r e l a x a t i o n  f requency  i s  o f i n t e r e s t  th e s e  two hu­

m id ity  p r e d i c t i n g  schemes w i l l  be independen t o f  t em p e ra tu re .

For th e  t h i r d  tem p era tu re  dependence mentioned above, e q u a t io n  

(4-8) can be used to  d e r iv e  th e  fo l lo w in g  approxim ate  r e s u l t :

S . ■= 2 .6  S . T h e re fo r e ,  a 6“C e r r o r  in  tem p era tu re  would cause  a  5% 
r ,N

e r r o r  in  H s in c e  S % S . , a s  seen  from e q u a t io n  (4-8) . C onsequen tly ,
"  ^ . N

e i t h e r  an e s t im a te  o f  T a c c u r a te  to  w i th in  abou t 1°C would be needed to  

g iv e  < 1%, o r  e l s e  the  cu rv es  must be f i t  s im u lta n e o u s ly  w ith  r e s p e c t  

to th e  two v a r i a b l e s  T and H (which in  e f f e c t  g iv e s  th e  d e s i r e d  + 1°C 

e s t i m a t e ) . As w i l l  be d i s c u s s e d  l a t e r ,  th e  d e s i r e d  e s t im a te  o f  T i s  

r e a d i l y  o b ta in e d  by c u r v e - f i t t i n g .  A l t e r n a t e l y  t h e r e  e x i s t  s e v e r a l  r e ­

mote sen s in g  schemes cap ab le  o f  d e te rm in in g  T to  w i th in  1 .0 °C .^^  A lso , 

of c o u r s e ,  T must be a c c u r a t e l y  known i f  th e  r e l a t i v e  h u m id ity  i s  r e q u i r ­

ed .

E f f e c t  o f  Wind

Wind can a l s o  a f f e c t  the  e s t im a te  o f  th e  l o c a t i o n  o f  th e  sam pling 

volume. The h o r i z o n t a l  d isp lace m e n t  o f  th e  sam pling volume by V^, th e  

h o r i z o n t a l  component of th e  wind i s  u n im p o r ta n t ,  g iven  a  r e l a t i v e l y  l a r g e  

sampling volume d iam e te r  compared to  V^*t, where t  i s  th e  tim e f o r  th e  

a c o u s t i c  r o u n d - t r i p  to  th e  sam pling volume, s in c e  th e  v a lu e  o f  H averaged  

over s e v e r a l  cu b ic  m e te rs  i s  f a i r l y  c o n s ta n t  f o r  a g iv en  a l t i t u d e  and 

approxim ate l o c a t i o n .  The an g le  of bending  i s  l e s s  th a n  2® f o r  a t y p i c a l  

h o r i z o n ta l  wind o f  10 m /s .  The d e c re a s e  i n  a l t i t u d e  r e s u l t i n g  from acous- 

t i c - r a y  bend ing  by i s  a l s o  n e g l i g i b l e .
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For v e r t i c a l  w ind ,^^  c = Cq + so t h a t  the  r a t i o  o f  a c tu a l
2

h e ig h t  o f  the sampling volume to  th e  e s t im a te d  h e ig h t  i s  p = 1-(V ^/C q) . 

T yp ica l  v a lu e s  o f  Cq and g iv e  p = .9999 o r  a h e ig h t  e r r o r  o f  l e s s  th an  

0 . 01%.

E f f e c t  o f  Turbulence 

The tu rb u le n c e  in  th e  v e l o c i t y  f i e l d ,  as  measured by C^, shou ld  

have no b e a r in g  on b a c k s c a t t e r e d  s i g n a l s ,  as  in d ic a te d  by e q u a t io n  (4 -2 1 ) .  

However, th e re  i s  an  e f f e c t  due to  tu rb u len c e - in d u ce d  f l u c t u a t i o n s  in  

th e  p ro p a g a t in g  wave, a s  d e s c r ib e d  by eq u a t io n  (4 -1 8 ) .  These f l u c t u a ­

t io n s  ca n ce l  ou t  as  d is c u s se d  i n  th e  p reced in g  c h a p te r ,  e x c e p t  f o r  

f l u c t u a t i o n s  induced between th e  f i r s t  and second s c a t t e r i n g  volum es.

To be n o t i c e a b l e , t h e  f l u c t u a t i o n s  would have to  cause a p e r c e n t  rms e r r o r  

87of a t  l e a s t  23%, because  of th e  l a rg e  f l u c t u a t i o n  c o n t r i b u t i o n  o f  th e  

b a c k s c a t t e r in g  p ro c e s s .  Data tak en  by K asper,  e t  a l .  under  a  wide v a r i ­

e ty  of w ea th e r  c o n d i t io n s  o f  th e  rms e r r o r  induced by tu r b u le n c e  o v er  a 

d i s t a n c e  from th e  sound so u rce  o f  up to  150 m eters  and f o r  f r e q u e n c ie s  o f  

up to  8 kHz, show t h a t  the  e r r o r  f o r  the  RFM due to  t u rb u le n c e  in  the

s c a t t e r i n g  volume w i l l  be l e s s  than  10% ( u s u a l ly  much l e s s )  p ro v id ed  t h a t
88

the  f i r s t  s c a t t e r i n g  volume i s  a t  a h e ig h t  o f  a t  l e a s t  40 m e te r s .

S ince most o f  th e  f l u c t u a t i o n - I n d u c i n g  tu rb u le n c e  i s  w i th in  200 m eters
89

of th e  s u r f a c e ,  i t  seems r e a s o n a b le  to  conclude t h a t  t u r b u l e n c e - i n ­

duced f l u c t u a t i o n s  w i l l  be a lm o s t  t o t a l l y  obscured by f l u c t u a t i o n s  due 

to b a c k s c a t t e r i n g .  A l t e r n a t e l y ,  t h i s  c o n c lu s io n  can be re ach e d  by exam­

in in g  eq u a t io n  (4 -1 8 ) .  For a  s i g n i f i c a n t  e r r o r  in  re c e iv e d  a m p l i tu d e ,

"~2X ?  0 .1 .  E qua tion  (4-18) i s  ap p ro x im a te ly  re p re s e n te d  by:

-  1 .2  X 10~^ f ^ ' ^ ^  <C^> (7 -1 )
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I f  i t  i s  assumed t h a t  L < 1000 m eters  and t h a t  th e  sampling volume i s

above th e  s u r fa c e  l a y e r  so t h a t  th e  low tu rb u len c e  co n d i t io n  can be

90 2 —8 *2 /3used , <C^> % 10 , m , then  th e  above c o n d i t io n  becomes, w ith

th e  a id  of (7 -1 ) :

f ^ ' ^ ^  > 0 .1 *l" ^ '® / ( 1 .2  + 10~^<C^>) , o r  

f  > 8 kHz.

The tu rb u len c e - in d u ce d  f l u c t u a t i o n s ,  s i n c e  the  above f ig u re  in c re a s e s  

sh a rp ly  as  L d e c re a s e s ,  w i l l  no t  be im p o r tan t  f o r  f req u en c ie s  o f  i n t e r ­

e s t  .

The tem pera tu re  tu rb u le n c e  a t  th e  f i r s t  and second s c a t t e r i n g  

volumes, C^[r]  and C^[r + x ] , c o n t r i b u t e  th e  addend, LN[C,j,[r+x]/C^[r] ] ,  

to  the a t t e n u a t i o n  spectrum . Under c e r t a i n  c o n d i t i o n s ,  t h i s  v a lu e  w i l l  

be c o n s ta n t  w ith  r e s p e c t  to  f req u en cy ;  th en  the  e f f e c t  o f  can be e l im ­

in a te d  by f i t t i n g  the  d e r i v a t i v e  o f  th e  re c e iv e d  a t t e n u a t io n  spec trum , 

o th e rw is e ,  t h i s  c o n s ta n t  must become a n o th e r  independen t v a r i a b l e  o f  the

c u r v e - f i t t i n g  p ro c e s s .  The c o n d i t io n s  under which t h i s  value  w i l l  be a

91c o n s ta n t  a r e  : 1) must be p r o p o r t i o n a l  to  a power of the  frequency

( f o r  a Kolmogorov tu rb u le n c e  sp ec tru m , th e  power i s  1 /3 ,  — see  eq u a t io n  

(4 - 1 2 ) ) ;  2) th e  sam pling  time must be s h o r t  compared w ith  the  tim e r e ­

q u ired  f o r  s i g n i f i c a n t  change in  th e  av e rag e  v a lu e  o f  in  th e  re g io n  

o f  i n t e r e s t  ( t h i s  time i s  a few seconds i f  th e  s c a t t e r i n g  volume has  a 

d iam ete r  o f  a t  l e a s t  a few te n s  o f  m e t e r s ) ; and 3) th e  average v a lu e  of 

over th e  s c a t t e r i n g  volume must n o t  change as the frequency (and thus 

th e  beam d iam e te r  and t h e r e f o r e  th e  volume over which the  av e rag in g  ta k e s  

p lace )  i s  changed. Design c o n s id e r a t i o n s  based on th e s e  c o n d i t io n s  a re  

co n s id e red  in  the next c h a p te r .  I t  i s  n o t  v i t a l  t h a t  th ese  c o n d i t io n s
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be s a t i s f i e d ;  any change in  L N [C ^[r+ x]/C ^[r]] should  be a m ild f u n c t io n

of frequency which can be d e t e c t e d  by o b se rv in g  the  shape o f  th e  re c e iv e d
92

a t t e n u a t io n  spec trum .

D oppler E f f e c t s

V e r t i c a l  motion o f  th e  s c a t t e r i n g  volume w i l l  cause  a Doppler 

s h i f t  in  the  r e f l e c t e d  f requency ;  however, f o r  th e  t y p i c a l  v a lu e  o f  

V^= 3. m/s, th e  r e s u l t a n t  e r r o r  i n  H i s  l e s s  th an  1%.

S p e c t r a l  b roaden ing  can a l s o  occu r  due to  tu rb u le n c e  and back -

93s c a t t e r i n g .  Brown has  s t a t e d  t h a t  f o r  t y p i c a l  c i rc u m sta n c e s ,  " th e

[spectrum] b roaden ing  e f f e c t s  of mean wind d u r in g  th e  s c a t t e r i n g  p ro c e ss  

outweigh th e  b roaden ing  e f f e c t s  o f  mean wind d u r in g  p ro p a g a t io n  to  th e  

s c a t t e r i n g  l a y e r . "  The b ro ad en in g  o c c u r r in g  d u r in g  th e  s c a t t e r i n g  p ro ­

cess i s  on ly  a few Hz c h a n g e . I n  a d d i t i o n ,  an energy lo s s  a t  one 

frequency due to  b ro ad en in g  w i l l  be f a i r l y  w e l l  compensated fo r  by energy 

added due to  b ro aden ing  f o r  n e ig h b o r in g  f r e q u e n c ie s .  So t h a t  i f  th e  f r e ­

quency i s  sw ept, a s  in  the  RFM, th e n  b ro ad en in g  i s  o f  l i t t l e  consequence .

In  c o n c lu s io n ,  none o f  e r r o r s  d e s c r ib e d  above c o n s t i t u t e s  a  s e r i ­

ous l i m i t a t i o n  on th e  RFM's a b i l i t y  to  measure hum id ity ;  a l th o u g h ,  

the sodar must be des igned  w ith  th e  e f f e c t s  o f  T and i n  mind. O ther­

w ise, the  e f f e c t s  o f  th e s e  two q u a n t i t i e s  must be known b e fo re  H can  be 

determ ined . C o n v en ien tly ,  th e  d a t a  r e c e iv e d  i n  the  RFM i s  such t h a t  T 

and (C ^ [ r + x ] /C ^ [ r ] ) can be e s t im a te d  s im u ltan e o u s ly  from i t  a lo n e ,  a long  

with H.

S t a t i s t i c s  f o r  A and Q

There i s  a  f i n i t e  l i m i t  to  the  b a c k s c a t t e r e d  am plitude r e c e iv e d  

by the  so d a r ;  t h i s  is  no t  th e  c a s e  d e s c r ib e d  by th e  R ay le igh  D i s t r i b u t i o n .
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I f  the  R ayleigh D i s t r i b u t io n  i s  n o t  t r u n c a t e d  to b e t t e r  r e p r e s e n t  th e  

a c tu a l  re c e iv e d  am pli tude  d i s t r i b u t i o n ,  th e n  th e  means and v a r ia n c e s  of 

q u a n t i t i e s  d e r iv e d  from the  re ce iv ed  a m p li tu d e s  w i l l  become i n f i n i t e .

The s ta n d a rd  R ay leigh  D i s t r i b u t i o n  i s :

p[A] = (2A/0^) EXP[-A^/0^] (7 -2 )

where o i s  ro o t-m ean -sq u are  e r r o r ,  and th e  "mean r a d i a l  e r r o r "  o r  s im ply  

the  mean v a lu e  i s  <A> = /rr a /2 .  Also th e  p e r c e n t  rms e r r o r  i s :

S.  = 100*/^1 + <A^>/<A>^ = 52% ( 7 - 3 )A

For a 12% t ru n c a t io n ^ ^  o f  (7 - 2 ) ,  43%.

I t  i s  m ath em atica lly  more c o n v e n ie n t ,  and i t  a l s o  i s  more e a s i l y  i n t e r ­

p r e te d  p h y s i c a l ly ,  to  d e r iv e  the d i s t r i b u t i o n  o f  Q = A^/A^ by assuming 

and A2  to  be R ay leigh  d i s t r i b u t e d  and th en  to  t r u n c a t e  the  r e s u l t i n g  

d i s t r i b u t i o n ^ ^ :

p [q] = INT[x*p [x]*p [ x / q ] ;  x :  0 . “ ] /q^g Aj A^

= 2*INT[x^*EXP[-6x^l; x^: 0 , « ] / ( a ^ o ^  q^B^)

=-2*((6x-l)EX P{-Bx^]) I ^[o^a^q^B^) 2 / (o^o^q^B^)

0

where 6 = a  2  q  ̂ , o r  i f  y 5

Pq[q] = 2qy^/(Y^+q^)^ (7-4)

I f  (7-4) i s  t ru n c a te d  so t h a t  y /1 0 <  q < lOy , th e n  (7 -4) must be 

m u l t i p l i e d  by k^, where

= INT[2y^q/(y^+ q ^ )^ ;  q :  O .ly  , lOy ] , o r  

kq = 1.02

T h e re fo re ,  on ly  a 2% t r u n c a t io n  has been  perfo rm ed , b u t  t h i s  i s  s u f f i ­

c i e n t  to keep the  means and v a r ia n c e s  o f  q u a n t i t é s  which a re  of i n t e r e s t



61

from becoming i n f i n i t e .  The f i r s t  and second moments o f  Q a r e :  

<q> = 2kqY^ INT[q^/Y^+q^)^; q :Y /10 , IOy ]

,2f---- r , . . 2 . _ 2 , - l _____

lOy

= 2kQY^{lNT[(Y^+q^) q :Y /1 0 ,1 0 Y l-Y ^ IN T [(Y  +q )"  ; q : Y / 1 0 ,IO y ] }

= kq^Y tan" [ q / y ]  -  Y q / (Y  +  q ) )

v /1 0

<q> = (1 .02) y ( 1 .37) = 1 .4y  (7-5)

<q’ >= k Y^ INT[2q^/(Y^+q^)^; q:Y/10,10Y]

= k Y^{lNT[(q^+Y^)"^; (q^+Y^): q-Y/10, q=10Y]

-Y^ INT[(yW ) “ ^; (q^+Y^): q=Y/10, q=10Y]

IOy
= kpY^ (LN[Y^+q^l + Y^/(Y^+q^))

Y/10

<q^>= 3.66y^ (7-6)

From (7-5) and ( 7 - 6 ) ,  i s  found to  be:

S = 1 0 0 * /(3 .6 6 y^ / (1 .A y) ^ ) - 1  = 92% (7-7)

T his  i s  a c o n s id e r a b le  d e p a r tu r e  from th e  73% f ig u re  d e r iv e d  i n  C hap ter  

VI b ecau se  the  p ro p a g a t io n  o f  e r r o r  techn ique  i s  based on a f i r s t - o r d e r  

T a y l o r ' s  S e r i e s  expansion  and assumes t h a t  th e  e r r o r s  in v o lv ed  a r e  q u i t e  

sm a l l  (<5%).

The p r o b a b i l i t y  d e n s i t y  fu n c t io n  o f  th e  i n t e n s i t y  of th e  re c e iv e d  

s i g n a l  whose am pli tude  i s  R ay le igh  d i s t r i b u t e d  w i l l  be th e  E x p o n e n t ia l  

D i s t r i b u t i o n :

P j [ z ]  = EXP[-z/m]/m (7-8)

2 2 2 where m « <z> = o and <z > = 2m , so t h a t  S^= 100%. The r a t i o

has  th e  d i s t r i b u t i o n :
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2 2 2 2 
F^[()] = Y / ( d  + y )  > where y =

However, there  i s  no reaso n  to co n v e r t  th e  re c e iv e d  s i g n a l ,  which i s  in

am p li tu d e  form to  an i n t e n s i t y ,  s i n c e  d a ta  p ro c e s s in g  adds no a d d i t io n a l

in fo rm a t io n .

S t a t i s t i c s  fo r  a  

An ex p re s s io n  r e l a t i n g  q and a  can  be d e r iv e d  from eq u a tio n s  

(4 -1 )  and (4 -2 1 ) :

A ,[ f ]
q [ f ]  = ^  = K (x ,r ]* E X P [-2 a [ f ]x ]  (7-9)

where K [x ,r ]  5 (C ^ [r+ x ]* T [r ] / (C .j , [ r ]* T [ r+ x ]) , (7-10)

and where i t  h a s  been assumed t h a t  th e  t h i c k n e s s e s  o f  bo th  s c a t t e r i n g  

volumes are the same, t h a t  a  i s  a c o n s ta n t  in  th e  sam pling volume ( o r  at 

l e a s t  can be re p la c e d  by th e  mean v a lu e ,  <a>), and t h a t  tu rb u len c e  i s  

homogeneous and Kolmogorov. The p r o b a b i l i t y  d e n s i ty  fu n c t io n  i s  der ived  

from Pg[q] as fo l lo w s :

p^[a] = p g [q [a ] ]  * |d q /d a |  (7-11)

S u b s t i t u t i n g  (7 -9 )  in to  (7 -4 ) then  m u l t ip ly in g  by th e  a b s o lu te  v a lu e  of 

th e  d e r iv a t iv e  o f  (7-9) y i e l d s  f o r  (7 -1 1 ) :

p [a] •= 4xY ^[x ,r]^*EX P[-4cxx]/(Y ^+K [x,r]^*EX P[-4ax])^ , ora

p^[ci] = X (2n EX P[-2ax]/(n^+  E X P[-4ax]))^  , (7-12)

where n E Y /K [x ,r ] .

Note t h a t  s in c e  th e  range o f  Q has  been d e f in e d  as  0 < q < “ , 

th e  range o f  a  i s  -  »  < ot < The n e g a t iv e  v a lu e s  can occur because o f  

th e  f l u c t u a t i o n s  in  re c e iv e d  am plitude  o r  becau se  C^[r+x] > C.^[r], for 

example. The mean o f  a  i s  g iven  by:
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<a> = IN T [a*p^[a] ;  a :  ] (7-13)

= -(Ax)  ̂ INT[LN[y] n^(n^+y) y=EXP[-Axa]: 0 , “ ]

T h is  i n t e g r a l  i s  i n f i n i t e ,  t h e r e f o r e  a t ru n c a t io n  i s  a g a in  needed. Assume 

Y/10 < q < IOy , a s  b e f o r e ,  th en  LN[n/10] <-2xa <LN[lOn]. So t h a t  (7-13) 

becomes :

<a> = k_(n^/Ax)*iNTrLNfy]*(n^+y)^; y :n^/iOO , lOOn^l

kq (n ^ /4 x )  i -L N (y ] /(n ^ + y )  + L N [y /(n ^ + y )] /n 4
loon^

n^/100

<a> = LN[n ^ ] / ( 2 x )  (7-14)

Equation (7-14) can be r e c a s t  in to  th e  form: n = EXP[-2x<a>], so t h a t

eq u a tio n  (7-12) can be r e w r i t t e n ,  t a k in g  in to  account th e  t r u n c a t io n ,  a s :

p^[a] = kqX [2 EXP[-2x(<a>+a)]/(EXP[-4x<a>] + EXP[-4xa]))^ o r

p [a] = 1 .02x  * SECH[2x(a- <a>)]^ (7-15)

The second moment f o r  a  i s :

<cĉ > = k q (n /4 x )^  INT[LN[y]^/(n^+y)^; y :n ^ /1 0 0 ,  IGOt)^]

The above i n t e g r a l  canno t  be  e v a lu a te d  in  c lo se d  form in  terms of a  f i n i t e
2

number of a n a l y t i c a l  f u n c t i o n s .  However, i f  n i s  removed from the  i n t e ­

g r a l  fu n c t io n ,  th e  rem a in in g  i n t e g r a l  can be ev a lu a ted  n u m e r ic a l ly .  The 

n“ can be removed v i a  i n t e g r a t i o n  by p a r t s  :

<a^> = k (4x )"^  IN T lL N [n ^z]^ /( l+ z)^ ;z= y /n ^ :  0 .0 1 ,1 0 0 . ]

-7 7 7 100.
= k (4x) ^{-LN[Ti z] / (1+ z)

0.01

+ 2*IN T [LN [n^z]/(z+z^);  z : 0 .0 1 ,1 0 0 .]}

The l a s t  i n t e g r a l  above can be ev a lu a te d  a s :
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100 . -
+ I N T [ l N [ z ] / ( z + z  ) ;  z ; 0 .0 1 .  100.]

0.01

S ince  the im mediately  l a s t  i n t e g r a l  d o e s n ' t  invo lve  r|, i t  i s  an e x a c t

number, which has  been n u m e r ic a l ly  e v a lu a te d  as ( - 8 .9 8 ) .  C onsequen tly ,
2

<a > can be e v a lu a te d :

<a^> = x"^(0.25*LN[n]^+ 0 .181) (7-16)

Now can be d e te rm in ed :

S = 100((<a^> -  <a>^)/<a>^}^^^

= 1 0 0 ( (4 (0 .2 5 * L N [n r+  0 .1 8 1 -0 .2 5  LN[n] )/LN[n] ]

= 200 /0 .1 8 1 / |L N [n ] I  = 8 5 / |L N [n ] |  %

S in ce  <a> = - (2 x )  ^*LN[n], can b e  w r i t t e n  a s :

S = 43/(x<0>) % (7-17)

P o s s ib le  v a lu es  o f  x co u ld  be from 10 to  500 m eters  and t y p i c a l  v a lu e s  

“ A 1fo r  a  would be 10 < a  < 10 , n e p e r s /m e te r .  These v a lu es  and e q u a t io n

(7-17) dem onstra te  the  c r i t i c a l  n a tu r e  o f  th e  s e l e c t i o n  o f  th e  s e p a r a t i o n  

d i s t a n c e ,  x .

S im u la t io n  Equation 

The cum ula tive  p r o b a b i l i t y ,  , can be found by i n t e g r a t i n g

(7 -1 2 ) ,  w ith  t r u n e t io n  acco u n ted  f o r  by the  f a c t o r  = 1 .0 2 :

IP [a] = 1.02n^ IN T [-(y+ n^)"^ ;  y-EX P[-4xa]: 0 ^ /1 0 0 ,  lOOr,^]

= 1.02 (1 + E X P [-4xa]/n^)"^  -  .01
2

And s in ce  n = EXP[-4x<a>], from eq u a t io n  (7 -1 4 ) :

IP [a ]  = 1 .0 2 [ l  + E X P [-4x(a-< a> )]}"^-  .01 

S o lv ing  fo r  a  y i e l d s :
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a  = (4x)“ ^ LN[(.01 + TP [ a ] ) / ( 1 . 0 1  -  IP [ a ] ) ]  + <a> (7-18)

The fo l lo w in g  form i s  a l s o  of i n t e r e s t :

( a / f ) [ f ]  = (4 x fÆ ) " ^  LN [(.01 + lPta])/(1 .01 -  IP [ a ] ) ]  + < ( a / f ) > [ f ]

(7-19)

where th e  f a c t o r  /N has been added assuming t h a t  N in d ependen t  o b se rv a ­

t i o n s  were made and s u i t a b l y  averaged  to  g ive  th e  v a lu e  ( a / f ) [ f ] .  Equation

(7-19) i s  a very u s e f u l  r e p r e s e n t a t i o n  o f  the  d i s t r i b u t i o n  o f  a  f o r  the  

fo l lo w in g  re a s o n s :  1) ( a / f )  h as  been decomposed i n t o  a s t r i c t l y  c o n s ta n t

term ( th e  average  v a lu e )  and a  term r e p r e s e n t in g  o n ly  the  f l u c t u a t i o n s  in

( a / f )  ; 2) th e  f l u c t u a t i o n  term  can be d iv id e d  i n t o  two f a c t o r s :  the "LN"

f a c t o r  c o n ta in s  a l l  th e  "random ness", and th e  (4xf*^) ^ f a c t o r  in c lu d e s  

the p a ram ete rs  o f  a p a r t i c u l a r  experim ent which w i l l  a f f e c t  the  magnitude 

of th e  f l u c t u a t i o n s ,  b u t  w hich a re  no t  random; 3) th e  random f a c t o r ,  LN[ 

i s  th e  same fo r  a l l  ex p e r im en ta l  s i t u a t i o n s ;  i t  i s  dependent s o le ­

ly  on IP [a] which i s  u n ifo rm ly  d i s t r i b u t e d  from 0 to 1; 4) th e  e f f e c t  o f  

t r u n c a t io n  i s  c l e a r l y  a p p a re n t  as  the  ( .0 1 )  addend i n  th e  num era tor and 

denom inator of th e  argument o f  the  lo g a r i th m ;  th e  addend bounds the  nu­

m era to r  and denom inator away from zero  and thus keeps  th e  f l u c t u a t i o n s  

f i n i t e ;  and 5) s in c e  IP [a ]  i s  un ifo rm ly  d i s t r i b u t e d , e q u a t i o n s  (7 -18) and 

(7-19) a re  id e a l  f o r  s im u la t in g  a and ( a / f )  u s in g  a computer.

C u r v e - f i t t i n g

The use o f  c u r v e - f i t t i n g  to d e te rm in e  th e  v a lu e s  o f  H and T r e ­

q u i r e s  an e s t im a to r  to  q u a n t i t a t i v e l y  measure t h e  e r r o r  betw een th e  ex­

p e r im e n ta l  and f i t t e d  c u rv e s .  The "m ax im u m -l ik e l ih o o d -e s t im a to r ,"  which 

w i l l  cau se  s e l e c t i o n  o f  th e  H and T m ost l i k e l y  to  have caused  th e  ob­

s e r v e d  cu rv e ,  i s  no rm ally  v e ry  w e ll  approx im ated  by th e  " m e th o d - o f - l e a s t -
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s q u a re s "  e s t im a to r ,  however, th e  f l u c t u a t i o n s  in  th e  p re s e n t  c a se  a r e  

such t h a t  " l e a s t - s q u a r e s "  w i l l  y i e l d  n o t i c e a b ly  d i f f e r e n t  r e s u l t s .  The 

e x a c t  maximum-likelihood e s t im a to r  i s  d e r iv e d  below : The p r o b a b i l i t y

t h a t  th e  observed  and a c t u a l  (o r  p r e d ic t e d )  v a lu e s  of a  w i l l  d i f f e r  by 

an amount 6 = a-<a> i s ,  from (7 -1 5 ) :

p[6] = 1.02x*SECH[2x6] (7-20)

T h e re fo r e ,  th e  p r o b a b i l i t y  ( d e n s i ty )  t h a t  T and H a re  c o r r e c t  i s  g iven  

by:

p[T,H] = n (1 .02x)  SECH[2x5 rT ,H ]l^  (7-21)
i  i

where 5^ r e p r e s e n t s  th e  d i f f e r e n c e  between observed  and p r e d ic t e d  v a lu e s

o f  a f o r  the  i  th  data p o in t .  I t  i s  d e s i r e d  to  p ic k  T and H such t h a t

p[T,H] i s  maximized, which i s  e q u iv a l e n t  to  m in im iz ing  th e  fo l lo w in g  

fu n c t io n :

M[T,H]= n COSH[2x5^] (7-22)

o r  to  m in im iz ing :

m[T,H] = I LN [C0SH [2x0j] (7-23)
i  i

E s t im a te s  of th e  e r r o r  in  th e  chosen  T and H can be o b ta in ed  s im u lta n e o u s ­

ly  to  c a l c u l a t i n g  (7 -22) o r  ( 7 - 2 3 ) The v a lu e  o f  p[T,H], M, o r  m p ro ­

v id e s  a measure of th e  "goodness o f  f i t " ,  which can i n d i c a t e  th e  "skew­

n ess"  o r  "b roaden ing"  o f  r e l a x a t i o n  peaks m entioned p r e v io u s ly .

S im u la t io n

T h e o r e t i c a l l y ,  and S.  ̂ a r e  fu n c t io n s  o f  each o th e r ,  o f  th e  f r e ­

quency sweep and e s t im a t io n  method u sed ,  and o f  I d e a l l y ,  form ulae

could  be d e r iv e d  f o r  and S^, b u t  even i f  th e  d e r i v a t i o n  were a n a l y t i ­

c a l l y  p o s s i b l e ,  i t  would s t i l l  depend on the  p a r t i c u l a r  e s t im a t io n  method
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used . A much e a s i e r  (and more g en e ra l)  a l t e r n a t i v e  i s  to  s im u la te  th e  

re c e iv e d  a [ f ]  u s ing  e q u a t io n  (7 -1 8 ) ,  and then to  t e s t  a g iven  e s t im a t io n  

method. F igu re  (7 :1 )  shows th e  r e s u l t s  o f  a s im u la t io n  o f  a [ f ] ,  which 

used the  s ta n d a r d  IBM-FORTRAN s c i e n t i f i c  s u b ro u t in e  program "RANDU".

The d a ta  were Chen f i t t e d  u s in g  th e  e s t im a to r  g iv en  i n  eq u a t io n  (7 -2 3 ) ,  

which was minimized u s in g  a n o th e r  s tan d a rd  IBM-FORTRAN-SSP program.

98’FMFP". This program uses  a g r a d ie n t  s ea rch  method, b u t  s in c e  good

i n i t i a l  e s t im a te s  o f  T and H a r e  p o s s ib le  and s in c e  v e ry  a c c u ra te  ( l e s s
99

than 1% e r r o r )  p r e d i c t i o n s  of T and H a re  d e s i r e d ,  a g r i d - s e a r c h  method , 

which i s  s im p le r ,  would be more a p p r o p r i a t e . Two examples o f  th e  so d ar  

s im u la t io n  a r e  d e s c r ib e d  below: The c o n d i t io n s  f o r  the  f i r s t  s im u la t io n

were: T=10°C; H=.4%; fo u r  r e c e i v e r s ;  100 Hz to  20 kHz frequency  ran g e ;

one sweep ( l o g - l i n e a r )  ; 100 d a ta  p o in ts  ( a  very  c o n s e rv a t iv e  number, r e ­

q u i r in g  l e s s  than  0 .2  sec o n d s ) ;  and x=1000 m e te r s .  For th e  g iven  cond i­

t i o n s ,  f^ 1 0  kHz. The "FMFP" r a p id ly  converged to  th e  minimum o f  m, 

with a r e s u l t i n g  a b s o lu te  e r r o r  in  T o f  O.04°C and a  p e rcen tag e  e r r o r  in  

the num erica l  v a lu e  o f  H o f  0.4% ( i . e .  an a b s o lu te  e r r o r  o f  1.6*10 ^%); 

the minimum v a lu e  o f  (m/100) was 0 .32.

The c o n d i t io n s  fo r  th e  second s im u la t io n  (which a re  more l i k e l y  

to be encoun te red  in  p r a c t i c e )  were: T=10°C; H=.2%; fo u r  r e c e i v e r s ;

100 Hz to 10 kHz frequency  ra n g e ;  400 d a ta  p o i n t s ;  x=500 m e te rs ;  and 

one sweep. For th e s e  c o n d i t io n s ,  f^  3 .5 kHz. The r e s u l t i n g  e r r o r

in T was 1®C, and th e  p e rcen tag e  e r r o r  i n  H was 3% ( i . e . , an a b s o lu t e

e r r o r  of 0.06%); th e  minimum v a lu e  of (m/400) was 0 .2 7 .  Of c o u r s e ,  th e

- 1/2p ercen tage  e r r o r  i s  reduced by a f a c t o r  o f  n^ i f  n^ sweeps a r e  tak en .  

For the above c o n d i t i o n s ,  n^ could e a s i l y  be 100.
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These s im u la t io n s  s u g g e s t  t h a t  the  RFM can be used as  th e  b a s i s  

f o r  a p r a c t i c a l  hygrom étrie  so d a r ,  bu t  s in c e  the c o n d i t io n s  l i s t e d  a re  

u n u su a l ,  and s in c e  the SNR problem i s  no t ad d ressed ,  no such c o n c lu s io n  

can be reached ( a t  l e a s t  i f  j u s t  one sweep i s  a l low ed) .

The answer to  th e  q u e s t io n  of p r a c t i c a b i l i t y  o f  the RFM depends 

on d e s ig n  l i m i t a t i o n s  (SNR and hardware) which w i l l  be c o n s id e red  i n  the 

nex t  c h a p te r ,  and on th e  q u e s t io n  o f  how many independent d a ta  can be 

c o l l e c t e d  b efo re  the a tm o sp h er ic  v a r i a b l e s  o f  i n t e r e s t  can change s i g ­

n i f i c a n t l y :  t h i s  l a s t  q u e s t io n  w i l l  now be cons idered .

Independen t  Data 

I f  the r e tu r n s  from th e  s c a t t e r i n g  volumes w ere indeed R ayleigh 

d i s t r i b u t e d ,  then  a s i n g l e  measurement would g ive a b s o l u t e l y  no inform a­

t io n  about th e  mean am pli tude  o f  th e  b a c k s c a t te re d  s i g n a l s  (and t h e r e ­

fo re  no in fo rm a t io n  abou t th e  s t r e n g t h  of th e  s ig n a l  p a s s in g  th ro u g h  the  

s c a t t e r i n g  volume). Of c o u rse ,  f o r  the  a c t u a l  s i t u a t i o n  even the  one 

measurement w i l l  g ive an  e s t im a te  o f  the  mean w ith  some f i n i t e  e r r o r  S^. 

The e r r o r  fo r  an e s t im a te  based  on n measurements i s  , p ro v id ed

t h a t  th e  measurements a r e  independen t^^^of  one a n o th e r .  The independence 

c o n d i t io n  i s  met i f  the a s p e c t  ( e .g .  the r e l a t i v e  p o s i t i o n s  o f  th e  

e f fe c t iv e ^ * ^ ^ s c a t te r in g  tu rb u le n c e  w i th in  th e  s c a t t e r i n g  volume) which 

th e  s c a t t e r i n g  volume p r e s e n t s  to  th e  r e c e iv e r  has had the  o p p o r tu n i ty  

to  change com ple te ly^^  between measurements.
104

The " e r r o r - r e d u c in g  a b i l i t y ” o f  a  continuous s ig n a l  may be 

d e s c r ib e d  by th e  " e f f e c t i v e "  number o f  independent d a t a ,  i n  o t h e r  words, 

th e  number o f  independen t  d a t a ,  n ,  which would r e s u l t  th e  same r e d u c t io n  

i n  as does t h e  co n tinuous  s i g n a l .  The s i t u a t i o n  can  b e  c o n c e p tu a l ly
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approxim ated  by d iv id in g  th e  co n tinuous  s ig n a l  i n to  co n t ig u o u s ,  d i s c r e t e  

d a ta  u n i t s  o f  th e  minimum s i z e  n ec e s sa ry  fo r  independence. A ccording to  

M a rsh a l l ,  H i t s c h f e ld ,  and W a l l a c e , t h e  e f f e c t i v e  number of independen t 

d a ta  f o r  a co n t in u o u s  s i g n a l  i s  about 1 .5  times th e  number o f  d i s c r e t e  

independen t  d a t a ,  co r re sp o n d in g  to  a re d u c t io n  of by a f a c t o r  o f  0 .8 2 .

For conven ience ,  the  d i s c r e t e  d a ta  model o f  the  r e c e iv e d  s i g n a l  i s  used 

fo r  d i s c u s s io n  o f  th e  RFM.

In o rd e r  to de term ine  the  number of d i s c r e t e  in d ep en d en t  d a t a  

which c h a r a c t e r i z e s  a s i g n a l ,  i t  i s  n e c e s sa ry  to  know th e  minimum datum 

" s i z e "  n e c e s s a ry  f o r  independence. The change r e q u ir e d  f o r  two m easure­

ments to  be independen t can tak e  p la c e  in  any one of t h r e e  p a r a m e te r s :

1) t im e ,  2) sp a c e ,  and 3) f requency . T a t a r s k i i ^ ^ ^  has c o n s id e re d  th e  

changes n e c e s s a ry  which a r e  p re sen ted  below:

The time r e q u i r e d  fo r  the  v o r t i c e s ^ ^ ^  in  th e  s c a t t e r i n g  volume 

to  move enough (by wind a c t i o n ,  fo r  example) to  g e n e ra te  in d ep en d en t  r e ­

tu rn s  i s  on the o r d e r  o f  a few seconds .  This i s  much too lo n g  f o r  i t  to  

do much good d u ring  one sweep o f  the  RFM, b u t  i t  does mean t h a t  d a t a  from 

subsequent sweeps can be t r e a t e d  as independen t .

A change in  th e  s p a c i a l  o r i e n t a t i o n  of th e  s c a t t e r i n g  volume, 

t r a n s m i t t e r ,  and r e c e i v e r  can a l s o  produce independen t r e t u r n s .  P h y s ic a l  

motion of th e  equipment (o r  even changing the  beam d i r e c t i o n  s l i g h t l y ^ ^ ^ )  

i s  p robab ly  i m p r a c t i c a l .  However, two o r  more r e c e i v e r s  can  g a t h e r  i n ­

dependent d a ta  s im u lta n e o u s ly  i f  th e  d i s t a n c e ,  d, between them i s :

d > c r / ( L f )  (7-24)

where d i s  th e  t r a n s v e r s e  s e p a r a t io n  d i s t a n c e ,  i n  m e te r s ,  
c i s  the  speed o f  sound, in  m e te r s  per  second,
r  i s  th e  d i s t a n c e  between s c a t t e r i n g  volume and r e c e i v e r ,  i n  m e te r s ,
L i s  th e  th ic k n e s s  o f  th e  s c a t t e r i n g  volume (Ar o r  A x)in  m e te r s ,  and
f i s  th e  frequency  of th e  s c a t t e r e d  wave.
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For d i s t a n c e s  n o t  s a t i s f y i n g  (7 -2 4 ) ,  th e  d a ta  w i l l  s t i l l  be independent

i f : 1 0 9

d = J c / ( f O )  = J * E (7-25)

where ç i s  th e  beam w id th
J  i s  an a r b i t r a r y  p o s i t i v e  i n t e g e r ,  and
H i s  th e  d iam e te r  of th e  beam a t  th e  t r a n s m i t t e r ,  i n  m eters .

Values of d o th e r  than  s p e c i f i e d  in  (7-25) can s t i l l  r e s u l t  in  p a r t i a l l y

independent d a t a .  The use of m u l t i p l e  r e c e iv e r s  w i l l  a l s o  reduce  e r r o r

due to  background n o i s e .

A change in  frequency  can a l s o  cause independen t  d a ta  s in c e  d i f ­

f e r e n t  s e t s  of v o r t i c e s  a c t  a s  th e  s c a t t e r e r s  a t  d i f f e r e n t  f r e q u e n c ie s .

The r e q u i r e d  change, Af, f o r  b a c k s e a t t e r e d  s ig n a l s  i s :

Af = c / ( 2 L ) ,  Hz. (7-26)

Independent d a ta  can a l s o  be g a th e red  i f  two o r  more sweeps w i th  com plete­

ly  d i f f e r e n t  f req u en cy  ranges a r e  t r a n s m i t t e d  (and re c e iv e d  from the same 

s c a t t e r i n g  volume) s im u l ta n e o u s ly .  The r e s t r i c t i o n ,  on th e  c lo sen e s s  o f  

f r e q u e n c ie s  o f  s im u lta n e o u s ly  p ro p a g a t in g  waves, which i s  a r e s u l t  o f  

the r e l a x a t i o n  p ro c e s s  (d i s c u s s e d  in  C hap ter  IV) must be observed  w ith  

th i s  t e c h n iq u e ,  o f  c o u r s e .  A re a s o n a b le  ex p re s s io n  o f  t h i s  requ irem ent 

would b e :  f g ^ t ]  > 5 f ^ [ t ] ;  co n se q u en t ly ,  o n ly  two o r  t h r e e  s im u ltaneous  

sweeps would be p o s s i b l e  in  th e  range of f r e q u e n c ie s  a v a i l a b l e  to  a p r a c ­

t i c a l  sodar  (even i f  t h i s  c o n d i t io n  were s a t i s f i e d ,  th e  e q u a t io n s  f o r  

c t [ f ]  might have to  be m o d if ie d ) .

For sake  o f  co m p le ten ess ,  i t  shou ld  be mentioned t h a t  th e re  i s  

no l i m i t a t i o n  ( o th e r  th an  s i z e  and c o s t )  on th e  number o f  Independent 

so d a r s  which can be used .
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R equired SNR

A s u f f i c i e n t l y  h igh  SNR a t  th e  r e c e i v e r  i s  re q u ir e d  f o r  th e  con­

c l u s i o n s  in  t h i s  c h a p te r  to  be f u l l y  a p p l i c a b le .  M arsh a l l ,  H i t s c h f e ld ,  

and W allace^^^ have shown t h a t ,  c o n t r a r y  to  most measurement s i t u a t i o n s ,  

an SNR of 10 d e c ib e l s  i s  a l l  t h a t  i s  r e q u i r e d ,  and t h a t  an improvement 

in  SNR to above 10 dB r e s u l t s  in  v i r t u a l l y  no improvement^^ in  S^ and 

t h e r e f o r e  i s  n o t  h e lp f u l  in  e s t i m a t i n g  T and H. The a v a i l a b le  in fo rm a t io n  

d e c re a s e s  r a p id l y  as SNR i s  d ec rea sed  below 1 dB. The requ irem ent of 10 

dB can be reduced  fo r  d a ta  from two o r  more r e c e i v e r s  s e p a ra te d  by 

more than a wavelength  (so t h a t  th e  n o i s e  component o f  the r e c e iv e d  s i g ­

n a l s  i s  in d ep en d e n t) .  For np, r e c e i v e r s  and n^ sweeps, the maximum re ­

q u i r e d  s ig n a l  to  no ise  r a t i o ,  SNR^^^, i s :

SNR = 10*(l-LO G ,-[n„n ] ) ,  d e c ib e l s  (7-27)IC&X XU K ^

The number of in d ep en d en t  d a t a  tak en  per  sweep, n^, w i l l  a l s o  r e ­

duce SNR , b u t  p robab ly  n o t  as s t r o n g l y  as n_ o r  n_ because th e  n o isemax  ̂ R S

a t  d i f f e r e n t  f r e q u e n c ie s  can be s t r o n g ly  c o r r e l a t e d  over p e r io d s  o f  time

l e s s  than a few seconds.

The e f f e c t  of n o i s e  i s  a l s o  reduced  i f  and A^ a re  r e c e iv e d

c lo s e  enough to g e th e r  i n  tim e t h a t  th e  background n o is e  i s  c o r r e l a t e d ;

th e  c o r r e l a t e d  n o ise  w i l l  c a n c e l  o u t  when th e  r a t i o  Q = A^/A^ i s  formed.

For th e  purposes  o f  d e te rm in in g  d e s ig n  l i m i t a t i o n s  in  th e  n ex t

c h a p te r ,  a minimum v a lu e ,  SNR . = 4  dB, w i l l  be adopted  fo r  a so d a r  w ithmln

fo u r  independen t  r e c e iv e r s  and f o r  one sweep.



CHAPTER V III  

DESIGN CONSIDERATIONS

The p h y s ic a l  l i m i t a t i o n s  on th e  a p p l i c a b i l i t y  o f  th e  RFM and the  

consequent c o n s id e r a t io n s  f o r  RFM so d ar  d es ign  a re  p re s e n te d  in  t h i s  chap­

t e r .  Hardware s p e c i f i c a t i o n s  a re  n o t  g iven  s in c e  no s t a n d a r d  so d a r  com­

ponents  e x i s t ;  in deed , th e  economic a t t r a c t i o n s  o f  a c o u s t i c  re m o te -se n s in g  

systems Inc lude  th e  wide v a r i e t y  of ways in  which th e  s o d a r  can be d e s ig n ­

ed and the  r e s u l t a n t  a b i l i t y  to  b u i l d  an ex p e r im en ta l  s o d a r  w i th  " o f f - t h e -  

112s h e l f "  components. In a d d i t i o n ,  any mass-produced s o d a r  would w a rra n t

s p e c i a l l y  des igned , s t a t e - o f - t h e - a r t  equipment.

Two s e t s  of  l i m i t a t i o n s  w i l l  be d e r iv e d ;  one w i l l  be based p a r t l y

on the  sodar c a p a b i l i t i e s  p r e d ic t e d  by L i t t l e ^ ^ ^  f o r  a " t h i r d - g e n e r a t i o n "

sodar ;  the  o th e r  w i l l  be b ased  on s p e c i f i c a t i o n s  o f  w orking s o d a r s  and

114o th e r  d ev ice s  which have a c t u a l l y  been b u i l t .  The form er s e t  w i l l

f u r n is h  an e s t im a te  o f  th e  u l t im a t e  c a p a b i l i t i e s  of th e  RFM; th e  l a t t e r  

w i l l  p rov ide  a minimum c a p a b i l i t y  e s t im a te .  The l i m i t a t i o n s  w i l l  be ex­

amined in  terms of a l t i t u d e s  o r  o f  c o n d i t io n s  o f  T and H fo r  which a so d a r  

can o b t a in  most of th e  r e q u i r e d  m e te o ro lo g ic a l  d a ta  u s in g  th e  RFM.

M e te o r o lo g ic a l  Requirements 

A sodar w i l l  p ro v id e  the  r e q u ir e d  m e te o ro lo g ic a l  d a ta  most of the  

time i f  i t  can sen se  H and T to  a h e ig h t  of a t  l e a s t  1500 m ete rs^^^

72
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fo r  -10°C < T < 30°C, f o r  r e l a t i v e  hum idity  g r e a t e r  than 10%, and , c o r r e ­

sp o n d in g ly ,  f o r  0.05% < H < 4%. Sodars a r e  n o t  a f f e c t e d  v e ry  much by 

r e f l e c t i o n s  from p r e c i p i t a t i o n ,  fog, o r c l o u d s . V e r t i c a l  r e s o lu t i o n

should  be on th e  o rd e r  of a few tens  of m e te r s ,  depending on the  a l t i -

, 117tude.

Design P aram eters  

Assuming a b a c k s c a t t e r ,  v e r t i c a l ly - a im e d  s o d a r ,  th e  RFM sodar  

would have the fo l lo w in g  r e l a t e d  design  p a ram e te rs  : 1) r ,  th e  d i s ta n c e

from the t r a n s m i t t e r  to  the  c e n te r  of th e  f i r s t  s c a t t e r i n g  volume; 2) x ,  

the v e r t i c a l  th ic k n e s s  of the  sampling volume, i . e . , th e  d i s t a n c e  between 

the s c a t t e r i n g  volume c e n te r s ;  3) Ar and Ax, th e  t o t a l  th ic k n e s s e s  o f  th e  

f i r s t  and second s c a t t e r i n g  volumes; 4) f ^ [ t ] ,  th e  frequency  t r a n s m i t te d  

a t  t ime t ;  5) f ^ ^ [ t ]  and f g ^ [ t ] ,  the r e c e i v e r  f i l t e r s '  c e n te r  f r e q u e n c ie s  

for the  f i r s t  and second s c a t t e r i n g  volumes; 6) b ^ [ f ]  and b ^ t f ]  r e c e iv e r  

f i l t e r  bandwidth fo r  th e  f i r s t  and second s c a t t e r i n g  volumes; 7) t^ ,  th e

p e r io d  of the sweep; 8) 5 , th e  e f f e c t i v e  d iam e te r  o f  the t r a n s d u c e r ;  and 9)

A^[ f^] ,  th e  am p li tu d e  o f  the  t r a n s m i t te d  f requency .  These param ete rs  a r e  

not a l l  in d ep en d en t;  in d eed ,  th e  fo l lo w in g  r e l a t i o n s h i p s  h o ld :  The time

d e lay  between t r a n s m is s io n  and r e c e p t io n  i s  d i r e c t l y  r e l a t e d  to  the h e ig h t s  

of th e  s c a t t e r i n g  volumes:

f%}[c] = fjj[t -  2r /c ]  (8-1)

fj^,[ t]  = fyJt -  2 (r +x) / c ]

The s c a t t e r i n g  volume th ic k n e s s  i s  r e l a t e d  to  t h e  r a t e  a t  which the t r a n s ­

m iss io n  frequency  i s  swept and to  the  co r re sp o n d in g  bandwidth:
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4 '^X ^^Rl~

^X ^^Rl~ ^2^^R1 1 /2 ]}  ,

where f i n d i c a t e s  th e  i n v e r s e  fu n c t io n  of f [ t ] .

For the  above e q u a t io n s ,  i t  has  been assumed t h a t  i s  a m o n o to n ica l ly  

in c r e a s in g  fu n c t io n  d u r in g  each sweep p e r io d ,  t ^ .

Design O b je c t iv e s  and C o n s t r a in t s  

I t  i s  d e s i r a b l e  to  maximize th e  p ro d u c t  xa in  o r d e r  to  reduce  th e  

s ig n a l  f l u c t u a t i o n s  as  shown in  e q u a t io n s  (6-10) and (7 - 1 8 ) .  S ince  th e  

v a lu es  of a [ f ]  w i l l  be de term ined  by th e  ex p e r im e n ta l  c o n d i t i o n s ,  only x 

can be maximized. However, i f  x i s  too l a r g e  H may v ary  s i g n i f i c a n t l y  

o ver  the sam pling volume (which can be d e te c te d  by ch eck in g  f o r  ab so rp ­

t i o n  peak "b ro ad en in g "  o r ,  f o r  c u r v e - f i t t i n g  methods, by n o t in g  t h a t  the 

v a lu e  of m, th e  l i k e l ih o o d  e s t im a to r  of e q u a t io n  (7 -2 3 ) ,  i s  too  l a r g e ) .

In  a d d i t i o n ,  an e x c e s s iv e  v a lu e  of x w i l l  d e c re a se  th e  c o r r e l a t i o n  b e­

tween th e  f l u c t u a t i o n s  induced by tu rb u le n c e  i n  the  two r e tu r n in g  s ig n a l s  

as  they p ro p a g a te  between th e  f i r s t  s c a t t e r i n g  volume and th e  r e c e i v e r .  

A lso ,  th e  f l u c t u a t i o n s  induced by tu rb u le n c e  in  th e  sam pling  volume may

become s i g n i f i c a n t . T h e  a n a ly s i s  a s s o c ia te d  w i th  e q u a t io n  (7 -1 )  and

119th e  two-second time c o n s ta n t  f o r  tu rb u le n c e  su g g e s t  t h a t  x be l im i te d  

to  a t  l e a s t  500 m ete rs  and p robab ly  to  300 m e te rs  ( u n le s s  th e  SNR i s  such 

t h a t  the a d d i t i o n a l  e r r o r s  can be t o l e r a t e d ) . The p r e s s u r e  w i l l  a l s o
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vary s i g n i f i c a n t l y  o v e r  th e  sam pling  volume i f  x i s  l a r g e ,  ca u s in g  a sim­

i l a r  v a r i a t i o n  i n  th e  r e l a x a t i o n  f r e q u e n c ie s  ( i f  x=500 m ete rs  then  AP=5%).

The s c a t t e r i n g  volume th i c k n e s s e s .  Ax and Ar, should  be maximized 

in  o rd e r  to g ive  a s t r o n g e r  b a c k s c a t t e r e d  s ig n a l  ( i t  i s  more im portan t  

th a t  Ax be maximized s in c e  i t  i s  a t  a g r e a t e r  d i s t a n c e  from th e  t ra n sd u c e r  

and s in c e  a t  h ig h e r  a l t i t u d e s  i s  g e n e ra l ly  s m a l l e r ) .  A lso ,  the  r e q u i r ­

ed Af f o r  independence i s  d ec rea sed  as Ax and Ar i n c r e a s e . The fo l low ­

ing c o n s t r a in t s  a p p l y ,  however, as  Ax and Ar are  in c re a s e d :  1) r e s o lu t i o n

d e c re a se s ;  c o n s e q u e n t ly ,  2) th e  u n c e r t a in ty  in  x ,  th u s  i n  a ,  H and T, i s

in c re a se d ;  3) t h e  maximum a l lo w a b le  x fo r  a g iven  r e s u l t a n t  e r r o r  i s  de­

c re a se d ;  ànd 4) th e  a l lo w a b le  range of r e c e iv e r  bandw idths and choice  o f  

f ^ [ t )  i s  u n fav o rab ly  r e s t r i c t e d .  The second and t h i r d  c o n s t r a i n t s  l i s t e d  

above su g g e s t  t h a t  (Ax + Ar) shou ld  be l e s s  th an ,  s a y ,  10% o f  (2x) in  

o rde r  th a t  i t s  e f f e c t  may be d i s r e g a rd e d .

The p e r io d  o f  the  sweep shou ld  be the minimum n e c e s s a ry  f o r  un­

ambiguous r e t u r n s ,  i . e . , tp= 2 ( r + x ) / c ,  s in ce  under most c o n d i t io n s  more 

independent (and t h e r e f o r e  " b e t t e r " )  d a ta  can be o b ta in e d  d u r in g  a r e p e a t  

sweep ( t h i s  i s  p a r t i c u l a r l y  im p o r tan t  a t  low f r e q u e n c ie s  f o r  which Af may

be in c o n v e n ie n t ly  l a r g e . )  The p e r io d  of the  sweep, however, p la c e s  a r e ­

s t r i c t i o n  on f j ^ [ t ] ,  on Ax and Ar,  o r  on b̂  ̂ and b^ ,  a s  ex p re s se d  in  r e l a ­

t io n s  (8 - 2 ) .

The b andw id ths ,  b^ and b^ shou ld  be l e s s  than  th e  freq u en cy  change 

necessa ry  fo r  independence (o th e rw is e  th e re  might be a p a r t i a l  c a n c e l l a ­

t io n  i n  the  re c e iv e d  s i g n a l ) . U nlike  th e  SNR o f  a p u ls e d  s o d a r ,  th e  SNR

121of an FM-CW s o d a r  cannot be improved by d ec rea s in g  th e  bandw idth  , s i n c e  

the r e c e iv e d  s i g n a l  i n t e n s i t y  w i l l  be decreased  by th e  same f a c t o r  as th e
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n o ise  i n t e n s i t y .  The Brownian motion which causes  th e rm a l n o is e  has a 

much s h o r t e r  coherence time than  does th e  m otion of th e  b a c k s c a t t e r in g  

v o r t i c e s ;  co n se q u en t ly ,  the bandwidth shou ld  be j u s t  sm all  enough to  in ­

su re  cohe rence  o f  th e  b a c k s c a t t e r e d  s i g n a l  i f  th e rm a l n o ise  i s  th e  main

122n o is e - s o u rc e  p r e s e n t .  I f  th e  frequency  sweep r a t e s ,  f ^  and f^ ^ ,  a re  

r e l a t i v e l y  c o n s ta n t  over th e  t im es  a s s o c i a t e d  w ith  th e  co r resp o n d in g  band­

w idths th en  e q u a t io n s  ( 8 - 2 ) can be w r i t t e n  a s :

Ar/c = b ^ / f ^ ^  , and Ax/c = 6 2 / 2 ^ 2  (8-3)

Using (7-26) to ex p re ss  th e  above recommendation f o r  beamwidth

g ives :

2Arb^ < c and 2 Axb2  < c (8-4)

Using (8 -3 )  to  e l im in a t e  Ar and Ax p roduces  fo r  i  = 1 ,2 :

I f  b [ f ]  i s  the  l a r g e r  o f  b ^ [ f ]  and b 2, [ f ] ,  then  (8 -5 )  can be w r i t t e n  more

c o n v e n ie n t ly  as :

f ^ [ t ]  > 2 b [ f ^ l t ] ] ^  (8-6)

This r e s t r i c t i o n  i s  of concern  only a t  low f r e q u e n c ie s .  I f  i t  i s  assumed 

t h a t  Ax 2  Ar then th e  o th e r  c o n s t r a i n t  on f^  which can be d e r iv e d  from 

(8-3) and (8-4) can be ex p re ssed  as:

f ^ [ t l  < (c/(Ax) [ f ^ [ t ] ] ) ^ / 2  ( 8 - 6 )

This  c o n s t r a i n t  p r im a r i l y  a f f e c t s  h ig h e r  f r e q u e n c ie s  which because

of t h e i r  g r e a t e r  a t t e n u a t i o n ,  r e q u i r e  t h a t  Ax be maximized, and which r e ­

q u ire  a  l a r g e r  f ^ i t ] .

The d ia m e te r  o f  th e  t r a n s d u c e r ,  5 ,  shou ld  be  maximized i n  o rd e r  

to  reduce th e  amount of s p h e r i c a l  s p re a d in g  o f  th e  a c o u s t i c  beam, and to
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d ec rea se  th e  r e l a t i v e  c o n t r ib u t io n  of i n t e r n a l  r e c e i v e r  n o i s e ,  s u b j e c t  to

th e  c o n s t r a i n t s  t h a t  th e  s c a t t e r i n g  volumes be w i th in  th e  f a r - f i e l d  r e -

123gion  o f  th e  t r a n s d u c e r  , and t h a t  th e  phase  of th e  r e tu r n in g  waves be 

r e l a t i v e l y  c o n s t a n t  o v er  th e  s u r f a c e  o f  th e  t r a n s d u c e r .  Brown and K ee le r  

have shown t h a t  t h i s  l a s t  c o n s t r a i n t  i s  n o t  l i k e l y  to  be im p o r ta n t  fo r  

a u d ib le  f r e q u e n c i e s . Of c o u rse ,  the  d iam ete r  a l s o  a f f e c t s  th e  sodar  

r e s o lu t i o n .

N a tu r a l l y ,  the  g r e a t e s t  p o s s ib le  am pli tude  should  be t r a n s m i t t e d ,

125s u b je c t  to  c o n s i d e r a t i o n  of env ironm enta l  n o ise  p o l l u t i o n  , and to  the

r a p id ly  d im in is h in g  r e tu r n s  from in c re a s in g  the  SNR above 4 dB ( f o r  fo u r

r e c e iv e r s  and one s w e e p ) . N o n l i n e a r  e f f e c t s  w i l l  be  l i m i t i n g  f o r  an

o u tp u t  sound power l e v e l  of g r e a t e r  than 160 dB.

The s im u la t io n s  p re s e n te d  in  C hap ter  VII s u g g e s t  t h a t  doub ling

127the range o f  th e  frequency  sweep i s  more im p o rtan t  than q u ad ru p lin g  

the  number o f  in d ependen t  d a ta .  I n t u i t i v e l y ,  the l a r g e r  range g r e a t l y  

a id s  th e  c u r v e - f i t t i n g  p ro c e s s .  C onsequently , i n c r e a s in g  th e  sweep range  

i s  a h i g h - p r i o r i t y  d e s ig n  o b j e c t iv e .  The b eg in n in g  frequency  fg  i s  bound­

ed below by p h y s i c a l  equipment c o n s id e r a t io n s  (e . g . an e x c e s s iv e ly  l a r g e  

t r a n s d u c e r  d ia m e te r  may be n ec essa ry  to  y i e l d  th e  r e q u i r e d  r e s o l u t i o n ) ,  

and by th e  req u irem en t  t h a t  x a [ fg ]  n o t  be so sm all  t h a t  a s  g iv en  in  

eq u a t io n  (7-17) becomes i n t o l e r a b l y  l a r g e .  The end frequency  fg  i s  bound­

ed above by th e  requ irem en t t h a t  a [ f ^ ]  be sm all  enough to p e rm i t  th e  r e ­

tu rn e d  s i g n a l s  to  be r e c e iv e d  w i th  an a c c e p ta b le  SNR.

Much o f  th e  s t a t i s t i c a l  advantage o f  th e  RFM would be l o s t  i f  th e  

frequency  sweep range d id  n o t  in c lu d e  an a t t e n u a t i o n  peak ,  o r  a t  l e a s t  

h a lv e s  of two p eak s .  F ig u re  (8 :1 )  may be used  to  de te rm in e  w hat f requency
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ranges  w i l l  p ro v id e  f u l l  coverage (always c o n ta in  a t  l e a s t  one r e l a x a t i o n  

frequency) under most w eather c o n d i t io n s .  The r e q u i r e d  v a lu es  o f  fg  a re  

p l o t t e d  a g a in s t  th e  upper l i m i t ,  f^ .  The v a lu e s  o f  H f o r  which fg= f^  ^ 

and fg = f ^  Q ( i . e .  th e  H above which th e  n i t r o g e n  peak i s  used and below 

which the oxygen peak  i s  u sed ) ,  a re  marked a lo n g  the  cu rv e .  The " v a l le y "  

between th e  two a b s o r p t io n  peaks (which e x i s t s  f o r  H > .2%) can  be used 

in  p la c e  o f  f^  ^ a s  an extremum o f  ( a / f ) ^ ^ ^ .  The co r resp o n d in g  frequency  

range curve  i s  a l s o  p re se n te d  in  f ig u re  ( 8 :1 ) .  The p a r t i c u l a r  frequency  

range used w i l l  depend on T, H, and th e  a l t i t u d e  sampled. I t  may be ad­

van tageous to have two t r a n s d u c e r s ,  one d es igned  fo r  low freq u en cy  work, 

and one f o r  h igh  freq u en cy  work.

The rem a in in g  problem w ith  f^  i s  to  d e te rm in e  t h a t  sweep (a s  a 

fu n c t io n  o f  time) which w i l l  maximize the  amount of in fo rm a t io n  g a th e red  

co n cern in g  H and T. I f  ( a / f )  f o r  one a b s o r p t io n  p ro c e s s  i s  p l o t t e d  v e rsu s  

LN [f], th en  th e  peak  w i l l  be sym m etrical .  T h is  i n d i c a t e s  t h a t  i f  an  e s t i ­

mate o f  T and H i s  n o t  a v a i l a b le  then a l o g - l i n e a r  sweep m ight be th e  b e s t  

fu n c t io n .  The in fo rm a t io n  gained about T and H cou ld  th en  be used to  im­

prove the sweep f u n c t io n .

The l o g - l i n e a r  sweep i s  o f  i n t e r e s t  f o r  low a l t i t u d e  work when 

th e re  m ight n o t  be enough time to  c o l l e c t  th e  a v a i l a b l e  in d ep en d en t  d a ta  

in  one sweep. I f  enough time i s  a v a i l a b l e ,  th e n  a " d i s c r e t e ,  in d ep en d e n t-  

d a ta  sweep", which changes frequency every  c y c le  by j u s t  enough (Af) to  

ach ieve  in d ependence ,  w i l l  be  more u s e f u l .  The t im e , T, r e q u i r e d  f o r  

such a sweep i s  a p p ro x im a te ly :

T = fg^ + L N [fg /fg ] / (A f)Q ,  seconds. (8-7)

Here (A f)q  i s  th e  frequency  change i n  r e c e iv e d  am p li tu d e  s i g n a l  i n t e n s i t y
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r e q u i r e d  to  produce independen t  v a lu e s  o f  Q; i f  Af f o r  th e  f i r s t  and 

second s c a t t e r i n g  volumes i s  th e  same, then^^^ (Af)q ~ A f / / 2 .  The num­

b e r  o f  in d ependen t  d a ta  g a th e r e d  in  one sweep, n^, i s

"D = (G-8)

Under many c o n d i t io n s  T w i l l  be co n s id e ra b ly  l e s s  th a n  th e  sweep p e r io d  

t p .  In o rd e r  to b e t t e r  u t i l i z e  th e  t im e , th e  s te p  s i z e  sh o u ld  be de­

c r e a s e d .  Even though c o n s e c u t iv e  d ? ta  w i l l  become p a r t i a l l y  dependen t,  

more in fo rm a t io n  w i l l  be a v a i l a b l e ,  e s p e c ia l ly  i f  s u b s t a n t i a l  n o ise  i s  

p re s e n t  in  th e  re c e iv e d  s i g n a l .  As mentioned i n  C hap ter  V I I ,  the  e f f e c ­

t i v e  n^ i s  in c re a s e d  by a f a c t o r  approach ing  1 .5  a s  th e  s t e p  s i z e  i s

p r o g r e s s iv e ly  d e c re a s e d .  The f a c t o r  1 .5  i s  a good ap p ro x im a tio n  i f  th e

129s t e p  s i z e  i s  d e c re a se d  by a f a c t o r  of 4 (o r  more). The r e s u l t a n t  T

w i l l ,  o f  c o u r s e ,  be fo u r  t im es  l a r g e r .  Should t h i s  l a r g e r  v a lu e  o f  T 

s t i l l  be l e s s  th an  t ^ ,  then  e x t r a  (dependent) d a ta  sh o u ld  be  taken  a t  the  

low er f r e q u e n c ie s ,  where th e  background no ise  l e v e l  w i l l  a lm o s t  c e r t a i n l y  

be  h ig h e r ,  in  hopes t h a t  some n o i s e  c a n c e l l a t i o n  w i l l  o c c u r .  For cond i­

t i o n s  under w hich t  as g iven  by eq u a t io n  (8 -7 ) ,  i s  l e s s  th a n  t ^ ,  i t  would 

appear  t h a t  l i t t l e  would be g a in ed  by two s im ultaneous  sweeps of p o r t i o n s  

o f  the  frequency  range as opposed to  j u s t  a s in g l e  sweep.

Background Noise 

The amount o f  a c o u s t i c  background no ise  d e t e c t e d  by a  r e c e iv e r  

v a r i e s  c o n s id e r a b ly  depending on th e  amount of " s i d e  lo b e  s u p p re ss io n "  

p re s e n t  in  th e  r e c e i v e r  and on th e  l o c a t i o n  of th e  r e c e i v e r .  L i t t l e ^ ^ ^  

has ana lyzed  th e  a v a i l a b l e  d a t a  on n o is e  and has  conc luded  t h a t  " . . .  th e  

am bient a c o u s t i c  n o is e  power a t  a  q u i e t  s i t e  i s  o f  th e  o rd e r  20 dB above 

[10 w a t t s /m e te r^ ]  f o r  an o c ta v e  band cen te red  a t  1 kHz and d ec rea se s
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by about 5 dB p e r  o c tav e  in c re a s e  in  f req u en c y ."  L i t t l e  has  a l s o  s t a t e d  

t h a t  " . . .  t h e  expected  in c re a se  i n  n o is e  l e v e l  p e r  h e r t z  o f  r e c e i v e r  

bandwidth i s  abou t  14 dB per  o c tav e  d ec rea se  in  f r e q u e n c y ."  Simmons 

e t  a l . ^^^ have compiled d a ta  on background n o i s e  l e v e l s  f o r  a wide range 

of en v iro n m e n ts .  Most of  the n o is e  r e p re s e n te d  by th e s e  d a ta  i s  no t im­

p o r t a n t ,  p ro v id ed  t h a t  the sodar has good (-90  dB) s id e lo b e  su p p re ss io n ;  

bu t  the  d a t a  co m p i la t io n  does f u r n i s h  an id ea  o f  how th e  n o is e  d e s c r ip ­

t i o n  of L i t t l e  may have to  be a d ju s te d  f o r  d i f f e r e n t  en v iro n m en ts .  The

aforem entio iied  o b s e rv a t io n s  can be expressed  by th e  fo l lo w in g  e q u a tio n s

132fo r  the n o i s e  sound power l e v e l  exp ressed  in  d e c ib e l s :

NSPL^glf] = 143 -  46.5*LOG^g[f] + 10 LOG^^Eb/n^] (8-9)

where b i s  th e  r e c e iv e r  bandwidth in  h e r t z ,  and 
n^ i s  th e  number of r e c e i v e r s .

E q u a t io n  (8 -9 )  r e p re s e n t s  a maximum v a lu e  ( a t  an "average"  lo c a ­

t i o n )  f o r  t h e  n o ise  re ce iv ed  by th e  sodar  s in c e  th e  background n o is e  i s  

h ig h ly  a n i s o t r o p i c  and a sodar (w ith  good s id e lo b e  s u p p re s s io n )  c o l l e c t s  

n o i s e  on ly  from the  v e r t i c a l  d i r e c t i o n ,  which i s  " l e a s t  n o is y " .

A minimum v a lu e  (which h a s  been observed  on ly  v e ry  r a r e l y )  f o r  

the  r e c e iv e d  n o is e  based  on the  i n e l u c t a b l e  th e rm a l n o i s e  of th e  atmos­

phere  i s  g iv e n  by the  fo llow ing  eq u a tio n :

NSPL^g = -10*LOG^Q[Trnj^E^/(4b)] -  83 .8  (8-10)

where 5 i s  th e  e f f e c t i v e  t ra n s d u c e r  d iam e te r  in  m e te r s .

133L i t t l e  r e p o r t s  t h a t  "The ambient n o i s e  l e v e l  on most a c o u s t i c  

sounders  i s  10-40 dB above the  t h e o r e t i c a l  l i m i t  . . . "  which i s  th e  t h e r ­

mal n o is e  g iv e n  in  e q u a tio n  (8-10) w i th  n^ = 1. L i t t l e  s u g g e s t s  t h a t  

w i th  c a r e f u l  d e s ig n  o f  the so d a r ,  th e  n o is e  can be reduced  by up to
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20 dB. T h e re fo re ,  an optimum n o ise  f i g u r e  o f  5 dB above th a t  given by 

( 8 - 1 0 ) w i l l  be used in  the remainder of t h i s  c h a p te r ;  th e  average n o i s e  

fo r  p r e s e n t ly - o p e r a t in g  so d a r s  i s  taken to be 25 dB l a r g e r  than (8 -1 0 ) .  

The improvements sug g es ted  by L i t t l e  in c lu d e  u s in g  q u i e t  f i e l d  s i t e s  f o r  

the so d ar  and lo c a t in g  th e  r e c e iv e r  below ground in  o rd e r  to d ec rea se  

the wind n o is e  ( i t  i s  p ro bab ly  more im portan t  t o  l o c a t e  the so d ar  above 

the s u r fa c e  l a y e r ;  the wind n o is e  can be  reduced  in  an  e lev a ted  r e c e i v e r  

as  w e l l ,  however).

Values o f  Sodar Param eters

Sodars which have a c t u a l l y  been c o n s t ru c te d  have had bandw idths 

ran g in g  from 6  Hz to  100 Hz. L i t t l e  has  e s t im a te d  t h a t  the s m a l l e s t  

r e a l i z a b l e  bandwidth i s  3 Hz, which is  l im i te d  by " th e  random f l u c t u a ­

t i o n s  of a c o u s t i c  p ro p a g a t io n " .

C urren t  sodars  t r a n s m i t  i n t e n s i t i e s  of up to  140 dB, bu t 110 dB 

i s  a more r e p r e s e n t a t i v e  f i g u r e .  L i t t l e  e s t im a te s  t h a t  an improvement 

in  t r a n s m i t t e d  power o f  20 dB can be r e a l i z e d .  Papers  have been pub­

l i s h e d  on s e v e r a l  d e v i c e s ( s o m e  o f  which a r e  m echanical) which have 

i n t e n s i t i e s  up to  166 dB. In  g e n e ra l ,  the  o u tp u t  i n t e n s i t y  i s  a  fu n c ­

t io n  of f requency , ten d in g  to  be much low er f o r  h ig h e r  f req u en c ie s  i n  

the  case  of e l e c t r o - a c o u s t i c  t r a n s d u c e r s .

The f r e q u e n c ie s  used by p re s e n t -d a y  so d ars  range  from 800 Hz to

13511 kHz , and some RASS and EMAC u n i t s  have been  o p e ra ted  a t  from 80 Hz 

to  22 kHz ( th e  maximum range u s u a l ly  d e c re a s e s  s t r o n g ly  as the f req u en cy  

i n c r e a s e s ) .

T ransducer  d iam ete rs  have u s u a l ly  been on th e  o rd e r  of 1 o r  2 

m e te r s ,  a l th o u g h  a t  l e a s t  one 15 m eter d iam ete r  so d a r  has been
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c o n s t r u c t e d . L i t t l e  r e p o r t s  one case  where an e f f e c t i v e  d iam e te r  o f  

100 m ete rs  could  be o b ta in e d .  L i t t l e  n o te s  t h a t  the  b e n e f i t s  o f  i n c r e a s ­

in g  E a r e  g r e a t l y  d im inished  f o r  E > 20X.

F e a s i b i l i t y  of th e  RFM

Using the optimum and "av erag e"  f i g u r e s  f o r  the  d e s ig n  p aram ete rs  

n o ted  above, the  f e a s i b i l i t y  of b u i ld in g  an RFM h y g ro m étr ie  so d a r  w i l l  

now be i n v e s t i g a t e d .  I f  i t  i s  p o s s ib le  to  b u i l d  a system  which w i l l  g ive  

in p u t  d a ta  e q u iv a le n t  to t h a t  used in  th e  s im u la t io n s  of C hap ter  VII fo r  

th e  "w ors t  case"  of the  c o n d i t io n s  p re s e n te d  a t  th e  b eg in n in g  o f  t h i s  

c h a p te r ,  th en  i t  w i l l  be concluded t h a t  th e  RFM i s  a v i a b l e  tech n iq u e  f o r  

m easuring  w a te r  vapor c o n c e n t ra t io n  and tem p era tu re  s u f f i c i e n t l y  w e l l  fo r  

most m e te o r o lo g ic a l  pu rp o ses .  The "w ors t  case"  used w i l l  be f o r  an upper 

s c a t t e r i n g  volume a l t i t u d e  of 1500 m e te r s ,  a ground tem p era tu re  of 30°C 

(c o r re sp o n d in g  to  T = 20*C a t  1500 m e te r s ) ,  and 10% to  100% r e l a t i v e  hu­

m id i ty  . The a n a ly s i s  w i l l  c o n s i s t  o f :  1) d e te rm in in g  th e  t o t a l  a l lo w ­

a b le  r o u n d - t r i p  a t t e n u a t i o n ,  ip in  d e c i b e l s ,  u s in g  th e  g iven  c o n d i t io n s  

and th e  optimum so d ar  d e s ig n ;  2 ) f in d in g  th e  maximum frequency  which can 

be used ,  g iven  f o r  the  range of h u m id ity ;  and 3) d e c id in g  i f  th e  maxi­

mum frequency  i s  h igh  enough to  p erm it  s u f f i c i e n t  d a ta  to  be g a th e re d .

The t o t a l  a l lo w ab le  a t t e n u a t i o n ,  ijj, w i l l  be th e  t r a n s m i t t e d  in t e n ­

s i t y  minus th e  n o ise  le v e l  a t  th e  r e c e i v e r  and minus th e  fo l lo w in g  i tem s 

( a l l  e x p re s sed  in  d e c ib e l s ) :  1 ) a t t e n u a t i o n  due to  s p h e r i c a l  sp re a d in g ;

2) ex cess  a t t e n u a t i o n ;  3) th e  c l a s s i c a l  and r o t a t i o n a l  a t t e n u a t i o n  (which 

i s  n e g l i g i b l e  a t  th e  f r e q u e n c ie s  which w i l l  be o f  i n t e r e s t  h e r e ) ; 4) th e  

r e d u c t io n  in  i n t e n s i t y  r e s u l t i n g  from th e  s c a t t e r i n g  p ro c e s s ;  and 5) th e  

r e q u i r e d  SNR given in  Chapter  V II,  4 dB f o r  one sweep and fo u r  r e c e i v e r s .
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The e f f e c t s  of s p h e r i c a l  sp re ad in g  and excess  a t t e n u a t i o n  can be 

combined us ing  e q u a t io n  (4 -17) in to  a  s in g l e  term re p re s e n t in g  t o t a l  beam 

s p re a d in g ;  bu t beam s p re a d in g  between the  t r a n s m i t t e r  and the s c a t t e r i n g  

volume e x a c t ly  ca n c e ls  o u t  when the s c a t t e r i n g  p ro c ess  i s  co n s id ered  

s in ce  the  r e f l e c t e d  power i s  p ro p o r t io n a l  to th e  volume o f  the s c a t t e r ­

ing  r e g io n ,  and th e r e f o r e  i s  p r o p o r t io n a l  to  th e  beam a r e a .  S p h e r ic a l  

sp read in g  a f t e r  the s c a t t e r i n g  i s  accounted  fo r  by th e  s c a t t e r i n g  e q u a t io n ,  

(4-21), which e x p re s se s  th e  r e f l e c t e d  power in  terms of th e  power p e r  u n i t  

s o l i d  an g le .  Thus th e  s c a t t e r i n g  eq u a t io n  t r e a t s  th e  s c a t t e r i n g  r e g io n  

as a c o l l e c t i o n  of s i n g l e  p o in t  s c a t t e r e r s  f o r  which ex cess  a t t e n u a t i o n  

e x i s t s  only because th e  s c a t t e r i n g  i s  a n i s o t r o p i c .  However, s c a t t e r i n g  a t  

an g les  c lo se  to  180° shou ld  be h ig h e r  than  f o r  com plete  b a c k s e a t t e r i n g  

so t h a t  any broaden ing  due to  excess  a t t e n u a t i o n  would mean an i n t e n s i t y  

i n c r e a s e . T h e r e f o r e ,  th e  beam b roaden ing  e f f e c t s  w i l l  be n e g le c te d ,  

along w i th  c l a s s i c a l  and r o t a t i o n a l  a t t e n u a t i o n .  More s tu d y  o f  (4 -21)  i s  

needed, e s p e c i a l l y  w i th  re g a rd  to  th e  s in g l e  p o i n t  s c a t t e r e r  approxima­

t io n ;  the  a c tu a l  s c a t t e r i n g  volume can be q u i t e  l a rg e  and w i l l  be shaped 

l i k e  a p a r t  o f  a s p h e r i c a l  s h e l l .  E xperim enta l  i n v e s t i g a t i o n s  o f  back­

s c a t t e r  have found r e tu r n s  10 to  15 d e c ib e l s  h ig h e r  th an  t h a t  p r e d ic t e d  

by (4 -2 1 ) .  The e x p la n a t io n  was su g g es ted  t h a t  energy i s  a lso  r e f l e c t e d  

by tem pera tu re  g r a d i e n t s  which a r e  n o t  r e p re s e n te d  in  (4 -2 1 ) .  The s t r o n g  

sub s id en ce  which u s u a l l y  marks th e  to p  of the  boundary l a y e r  can be used  

to g ive  much s t r o n g e r  r e t u r n s  than  would norm ally  be a v a i l a b l e  a t  a p a r ­

t i c u l a r  a l t i t u d e .  The 1500 m eter f i g u r e  mentioned e a r l i e r  was adop ted  a s  

a mean upper l i m i t  to  th e  boundary l a y e r ;  fo r  most m e te o r o lo g ic a l  p u rp o se s ,  

j u s t  th e  boundary l a y e r  i s  im p o r ta n t ,  so th a t  th e  second s c a t t e r i n g  v o l ­

ume cou ld  norm ally  be p la c e d  in  th e  su b s id en ce  l a y e r .
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From C hap ter  I I ,  a t y p i c a l  v a lu e  f o r  a t  1500 m ete rs  would be 

5*10 m a p o s s i b l e  v a lu e  f o r  Ax would be 75 m e te rs ,  co r re sp o n d ­

ing to  a maximum bandwidth o f  4 .5  Hz, and r e q u i r in g  an x of g r e a t e r  than

400 m ete rs  (which r e s t r i c t s  Ar to  ab o u t  20 m eters) .  For convenience l e t  
2

= (TTC /4 )  be the e f f e c t i v e  t r a n s m i t t e r  a re a  and l e t  be th e  e f f e c t i v e
138

r e c e i v e r  a r e a ;  then s u b s t i t u t e  Ç^*Ax f o r  V in  e q u a t io n  (4-21) , m u l t ip ly

by th e  s o l i d  an g le  sub tended  by th e  r e c e iv e r ,  co n v e r t  to  d e c i b e l s ,  add 4 

dB f o r  the  r e q u i r e d  SNR, and s u b t r a c t  15 dB to  c o r r e c t  th e  s c a t t e r i n g  p r e ­

d i c t i o n  to  g e t  the c o r r e c t i o n  term , Ç, whose components were l i s t e d  above:

C = 4-15-10*LOG^Q[.004(2Trf/c)^'^^i;^*75.*(5*10~^)*(293)“ ^*Cj^/(4-n*1500^)l 

= -11-10*LO G ^q[.01*ç^*(5.5*10 '^)C j^ /(5 .66x10^)]

4  = 139 -  10*LOG^^[;^*;^] , (8 -11)

where i t  has been assumed t h a t  th e  maximum frequency  i s  ab o u t  2 kHz. I f  

= 100 s q u a re  m ete rs  and = 5 sq u a re  m ete rs  th en  Ç = 140-27=113 dB.

The n o ise  f i g u r e  i s  g iv en  by eq u a t io n  (8 -1 0 ) ;  f o r  b = 3 / /2  h e r t z
2

and = 5 m , where b i s  th e  bandw idth  o f  th e  r e c e i v e r ,  th e  n o i s e  f i g u r e ,  

c o r r e c te d  5 dB fo r  minimum background n o is e ,  i s :  5-88 = -83  dB. There­

fo r e ,

(AdB) = 1 6 0 -( -8 3 )-1 1 3  = 130 dB . m
139Now th e  maximum r e l a x a t i o n  f req u en c y ,  based on oxygen a b s o r p t io n  a lo n e  , 

which can be t o l e r a t e d  i s :

(8-12)

From f i g u r e  ( 4 : 5 ) ,  q f o r  T = 25*C ( t h e  average  tem p e ra tu re  a lo n g

the  p ro p a g a t io n  p a th )  i s  3.3*10 ^ n ep e r-sec o n d s .  T h e re fo re ,  t h e  maximum 

oxygen r e l a x a t i o n  f requency  which can be observed  i s  1500 Hz. This
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co rresp o n d s  to  H x 0.1% which i s  abou t 3% r e l a t i v e  h u m id ity ;  t h e r e f o r e ,  

th e  oxygen r e l a x a t i o n  frequency  can o n ly  be used below 3% r e l a t i v e  hu­

m id i ty ,  which i s  o u t s id e  th e  normal range  o f  i n t e r e s t .  The 1500 Hz f i g ­

u re  i s  the  "minimum maximum-frequency"; as H i s  d ec rea sed  th e  maximum 

frequency , f^ ,  r i s e s  to o v er  12 kHz, and as H i s  in c re a s e d  to  100%, f^  i n ­

c r e a s e s  r a p id ly  to  6 .9  kHz. (See f i g u r e  ( 8 : 2 ) . )

The " v a l le y "  has a c h a r a c t e r i s t i c  f req u en c y ,  f^ ^ ^ ,  o f abou t  250 

Hz fo r  a r e l a t i v e  hum idity  o f  10%, co r re sp o n d in g  to  H = .31%. For H = .31%

th e  maximum frequency  which can be used i s  abou t  2350 Hz. For 100% r e l a ­

t i v e  hum id ity ,  f^^^ x 3 .8 kHz and f^  ^ x 1  kHz, so t h a t  com plete  coverage 

o f  th e  normal range  o f  H i s  p o s s ib le ,  p ro v ided  t h a t  an fg ^  250 Hz i s

p o s s ib le  (which i s  presumed to  be th e  case  s in c e  t h e r e  have been s e v e r a l

140p ro p o s a ls  to  use 200 Hz and even 100 Hz to  sample to  a l t i t u d e s  o f  up to  

10 km). The amount o f  d a ta  a v a i l a b l e  f o r  one sweep f o r  th e  " w o rs t -c a s e "  

o f  fg  = 250 and fg = 2350 i s  g iven  by e q u a t io n  ( 8 - 8 ) ,  w i th  th e  1 .5  c o r r e c ­

t i o n  f a c t o r  f o r  a " co n t in u o u s"  sweep:

n^ = 1 .5 (2 3 5 0 -2 5 0 ) / ( 3 / / 2 )  = 1620; 

w i th  a c o l l e c t i o n  time g iv en  by e q u a t io n  ( 8 - 7 ) ,  m o d if ied  by th e  4 .0  c o r r e c ­

t i o n  f a c t o r  f o r  a " co n t in u o u s"  sweep, a s :

T = 4 .0 { (2 5 0 )~ V  L N [2 3 5 0 /2 5 0 ] /(3 / /2 )}  = 4 .2 5  seconds ,

which leav e s  abou t  5 seconds to  tak e  a d d i t i o n a l  d a ta  a t  th e  low f requency

end or to take  d a ta  a t  h ig h e r  f r e q u e n c ie s  th an  fg  = f ^  by means of co­

h e re n t  i n t e g r a t i o n .

Comparing t h i s  c a s e  s tudy  to  th e  second s im u la t io n  o f  th e  p re v io u s  

c h a p te r ,  i t  i s  no ted  t h a t ,  a l th o u g h  th e  frequency  range  i s  n o t  as  g r e a t ,  

th e  range s t i l l  in c lu d e s  an ( a / f )  extremum, and n^ i s  over  fo u r  t im es
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g r e a t e r ;  b u t ,  most im p o r ta n t ly ,  th e  e r r o r  in  a  as g iven  by e q u a t io n

(7-17) i s  g r e a t ly  reduced: f o r  f  = 2350 and x = 400, = 22.% (o r  11%

fo r  4 r e c e i v e r s ) .  C onsequen tly , th e  c u r v e - f i t  sh o u ld  be e x c e l l e n t  and 

the r e s u l t i n g  e r r o r  i n  H and T should  be l e s s  than  i n  t , . ’ second s im u la ­

t i o n  ( e r r o r s  due to  v a r i a t i o n s  in  C. ,̂ P ,  and T e x c e p te d ) .  For h ig h e r  

v a lu es  o f  hum id ity ,  th e  s i t u a t i o n  i s  f u r t h e r  improved: f o r  1 0 0 % r e l a ­

t i v e  hum idity  and fg = 250 Hz, f^  = 6.9  Hz and n^ = 5100.

Of co u rse ,  th e  des ign  c o n d i t io n s  n e c e s sa ry  f o r  (AdB)^ = 130 dB 

a re  d i f f i c u l t  and c o s t ly  to  s a t i s f y ;  f o r tu n a t e l y ,  f ^  i s  p r o p o r t i o n a l  to  

a low power o f  (AdB) , between 0 .5  and 1. So t h a t  f o r  a tremendous de­

c r e a s e  to  (AdB) = 65 dB th e  f  d ec rea se s  on ly  from 2350 Hz to  1600 Hzm m
fo r  a r e l a t i v e  hum idity  o f  10% a t  T = 25°C. T h is  d ec rea se  i s  s u f f i c i e n t  

to a l low  a sodar  to  be  c o n s t ru c te d  w ith  p aram ete rs  w i th in  th o s e  l i m i t s  

g iven  p re v io u s ly  fo r  so d a rs  a l r e a d y  b u i l t ,  w ith  th e  e x c ep t io n  o f  the  

re q u ir e d  fg _< 250 Hz, and w ith  th e  cavea t  t h a t  n^  h as  d ec rea sed  to  1040 

fo r  the  case  d e s c r ib e d  above. The lower l i m i t  on f  mentioned above can be 

re p la c e d  w ith  fg ^  800 ( th e  c u r r e n t  sodar  l im i t )  f o r  H > 0.7%, which would 

be the  case  more than  h a l f  th e  t im e a t  1500 m e te rs  and below ( th e  l i m i t  

is  not a c r u c i a l  r e s t r i c t i o n  on the  RFM anyway —  only  a g u id e l in e  so t h a t  

comparison can be made w ith  th e  r e s u l t s  o f th e  C hap te r  VII s im u la t i o n s ) .

On th e  b a s i s  o f th e  ca se  s tu d i e s  above i t  seems re a s o n a b le  to  con­

c lu d e  t h a t  th e  RFM can be used to  measure w ate r vapor  c o n c e n t r a t i o n  and 

tem p e ra tu re  s u f f i c i e n t l y  w e l l  f o r  r o u t in e  m e te o r o lo g ic a l  p u rp o s e s ,u s in g  

optimum equipm ent,and  th a t  such measurements can be made under most con­

d i t i o n s  f o r  equipment having pa ram ete rs  c o n s i s t e n t  w i th  p r e v io u s ly  b u i l t  

d e v ic e s  — s u b je c t  to  the fo l lo w in g  p ro v i s io n s :  1 ) v a r i a t i o n s  i n  have

n o t  been accoun ted  f o r ; 2 ) f o r  very  low a l t i t u d e s ,  th e  p ro d u c t  xa may
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not be l a r g e  enough to  keep w i th in  reaso n ;  and 3) the  sampling volume 

and Ax a re  assumed to  be sm a l l  enough th a t  no o b j e c t io n a b le  e r r o r  in  H 

and T r e s u l t s ,  i . e . , t h a t  th e  r e s o lu t i o n  o f  the  sodar  i s  s u f f i c i e n t  fo r  

most m e te o ro lo g ic a l  p u rp o se s .

The f i r s t  p ro v i s io n  i s  d is cu s sed  in  the  next s e c t i o n .  The second 

problem can be so lv ed  by u s ing  a s i n g l e  s c a t t e r i n g  volume and e s t im a t in g  

the e r r o r s  such a s  th o se  due to  excess  a t t e n u a t i o n ,  o r  by d i r e c t l y  observ­

ing the  v a r i a b l e s ,  which should  be f e a s i b l e  a t  th e  low a l t i t u d e s  ( t h i s  

problem a r i s e s  o n ly  fo r  r e l a t i v e  h u m id i t ie s  o f  l e s s  than 1 0 %, o r  tempera­

tu r e s  below -1G°C, which a r e  no t  v e ry  f r e q u e n t ly  en co u n te red ) .

The t h i r d  problem , which i s  p a r t i a l l y  a s s o c ia te d  w ith  th e  second 

problem, i s  assumed not to  be s i g n i f i c a n t  f o r  th e  l i m i t s  a l re a d y  p lace d  

on X and Ax (and Ar) because  the  h u m id ity ,  averaged  over s e v e r a l  cub ic  

m e te rs ,  v a r i e s  o n ly  g r a d u a l ly  w ith  changes i n  a l t i t u d e  and even more slow­

ly  fo r  changes i n  h o r i z o n t a l  l o c a t io n  (ex cep t  n e a r  w eather  f r o n t s  and 

s h o r e l i n e s ,  f o r  exam ple).  A lso , th e  sampling volume can be changed to  

p ro v id e  an i n t e g r a t e d  hum id ity  p r o f i l e  which can  then  be d i f f e r e n t i a t e d  

to  g ive  b e t t e r  r e s o l u t i o n .

V a r ia t io n s  in

The v a lu e  o f  q c a lc u l a t e d  from the  am p li tu d es  o f  the  s i g n a l s  r e ­

ce ived  by the  s o d a r  from th e  second and f i r s t  s c a t t e r i n g  volumes i s  d i r e c t ­

ly p ro p o r t io n a l  to  th e  r a t i o  of  th e  tem pera tu re  tu rb u le n c e  c o e f f i c i e n t ,

C^, o f th e  two volumes: q “  ^12^^11' average^^^ v a lu e  -f t h i s  r a t i o

does no t  depend on th e  frequency  f o r  a uniform  spectrum  o f  tu rb u len ce^^^  

(such a s  in  th e  Kolmogorov Theory),  and so ^(C,^2^^T1^ shou ld  ap p ear  a s  a 

c o n s ta n t  addend to  th e  a b s o r p t io n  spec trum , a [ f ] .  I t  can be e l im in a te d  by
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tak in g  th e  d e r i v a t i v e  of a [ f ]  and then  app ly ing  c u r v e - f i t t i n g  te c h n iq u e s  

to  f in d  H and T, o r  i t  can be t r e a t e d  as  an a d d i t i o n a l  v a r i a b l e  in  the 

c u r v e - f i t t i n g  p ro c e s s .  E r ro r s  w i l l  o ccu r ,  however, i f  th e  sweep tak es  

too long (on th e  o rd e r  o f  s e v e r a l  s e c o n d s ) , o r  i f  the sam pling volume 

changes d im ensions  o r  l o c a t i o n  d u r in g  th e  sweep so t h a t  th e  v a lu e s  o f  

a re  e f f e c t i v e l y  a l t e r e d .  (Such e r r o r s  can be d e t e c t e d ,  o f  c o u rse ,  by 

o bserv ing  th e  shape o f  th e  a b s o r p t io n  spec trum .)  For a  normal a c o u s t i c  

t r a n s d u c e r ,  th e  beam a r e a  i s  in v e r s e ly  p ro p o r t io n a l  to  th e  sq u a re  o f  

the frequency ; so t h a t  as  the  frequency  i s  swept the  s c a t t e r i n g  volume 

can sh r in k  enough t h a t  th e  average  o v er  the volume can s i g n i f i c a n t l y  

change.
144

Neff has p re s e n te d  d a ta  showing th e  v a r i a t i o n s  o f  w i th  time

and a l t i t u d e ,  which can be ex tended to  in c lu d e  s p a c i a l  v a r i a t i o n s  by i n -
145

voking T ay lo r  s Frozen Turbu lence H ypo thes is  and assuming an average

wind-speed o f  10 m /s. N e f f ' s  d a t a ,  ex tended , shows t h a t  th e  most s e v e re
146

v a r i a t i o n s  i n  occur below 250 m eters  , and t h a t  above 300 m ete rs  th e

changes are  much m i ld e r ,  w ith  extreme v a r i a t i o n s  c o n ta in e d  w i th in  4 0 -m e te r-

d iam eter volumes, w i th  a doub ling  i n  r e q u i r in g  a change of a b o u t  50

m eters  (o r  a b o u t  5 s e c o n d s ) ,  and w i th  s u b s t a n t i a l  v e r t i c a l  c o r r e l a t i o n

between v a lu e s  o f  C^.

The e r r o r  caused  by i s  o r  can  be m i t ig a te d  by s e v e r a l  f a c t o r s :

1 ) the v e r t i c a l  c o r r e l a t i o n  o f  means t h a t  some of th e  e r r o r  w i l l  be

c a n c e l le d  when th e  r a t i o ,  C ^^/^T l ' formed; 2 ) m u l t i p l e  sweeps w i l l  r e -
— 1 / 2duce the e r r o r  by (n^) , which i s  p a r t i c u l a r l y  u s e f u l  below 250 m ete rs

where many more sweeps can be taken  p e r  u n i t  t im e; 3) th e  p e rc e n ta g e  e r r o r  

in  LN[C^2 /C^ 2  ̂ i s  obscu red  p a r t i a l l y  by th e  o th e r  term s i n  th e  sum which 

i s  equa l  to a ( i . e . , i t  i s  n o t  d i r e c t l y  p r o p o r t io n a l  t o  a ) ; and 4) th e
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sodar  can be des igned  to  minimize th e  e f f e c t s  o f  v a r i a t i o n s  i n  by in ­

s u r in g  t h a t  th e  s c a t t e r i n g  volume a t  th e  h i g h e s t  frequency  i s  s t i l l  l a rg e  

enough to  g iv e  a good s p a t i a l  av e rag e  o f  C^, by i n s t a l l i n g  c o l l im a t in g  

" c u f f s "  around the t ra n s d u c e r  to  l i m i t  the s i z e  of th e  beam a t  low f r e ­

q u en c ie s  and t h e r e f o r e  keep th e  s c a t t e r i n g  volume av e rag e  more uniform, 

and, p o s s i b ly ,  by u s in g  two t r a n s m i t t e r s ,  one f o r  h ig h  and one fo r  low 

f r e q u e n c ie s  d es igned  to  keep th e  s c a t t e r i n g  volume more n e a r ly  th e  same 

s i z e  a s  the frequency  i s  swept. C onven tiona l  echo -sound ing  methods could  

be used to  av o id  r e g io n s  of extrem e v a r i a t i o n s  i n  C^.

A lthough th e s e  m i t ig a t i n g  f a c t o r s  a r e  l i k e l y  to  be o f  c o n s id e ra b le  

im portance ,  th e  v a r ia n c e  of cannot be r u l e d  o u t  as a m ajor source  of 

e r r o r  f o r  th e  RFM. The d a ta  now a v a i l a b l e ,  which i s  i n s u f f i c i e n t ,  would 

i n d i c a t e  t h a t  th e  problem i s  manageable.



CHAPTER IX 

SUGGESTIONS FOR FUTURE STUDY

Contained  in  t h i s  c h a p te r  a r e  su g g e s t io n s  f o r  co n t in u in g  the  p r e s ­

e n t  i n v e s t i g a t i o n ,  s u g g e s t io n s  fo r  r e l a t e d  i n v e s t i g a t i o n s ,  and a d d i t i o n a l  

in fo rm a tio n  which may be u s e f u l  in  such s t u d i e s .

P r a c t i c a l  Test

The u l t im a t e  " f u t u r e  i n v e s t i g a t i o n "  f o r  a t h e o r e t i c a l  s tudy  i s ,  

o f  co u rse ,  th e  b u i l d in g  of a p r a c t i c a l  d e v ic e .  But because  of the  w idely  

va ry in g  c o n d i t io n s  o v er  which a hygrom étr ie  so d ar  shou ld  o p e r a te ,  i t  i s  

no t n e c e s sa ry  to  b u i l d  a co m p le te ly  new system  to t e s t  the concep t;  r e l a ­

t i v e l y  in e x p en s iv e  m o d i f i c a t io n s  to  e x i s t i n g  so d a rs  should  s u f f i c e  to 

a l lo w  the RFM to be t e s t e d  f o r  f a v o ra b le  s e t s  o f  c o n d i t io n s  ( p a r t i c u l a r l y  

lower a l t i t u d e s ) .  The minimum a d d i t i o n a l  equipment which would be r e q u i r ­

ed would be a sweep g e n e r a to r ,  two f i l t e r s  which can be swept, a d e lay  

mechanism, and a d i v i d e r ,  f i l t e r ,  and lo g a r i th m ic  c o n v e r te r  to  form a  

(assuming t h a t  th e  d i s p l a y  d ev ice  can be s u i t a b l y  m od if ied  to  d i s p la y  

a [ f ] ,  a l th o u g h  such a d e v ic e  would no t  be n e c e s s a ry  in  o rd e r  to  check the  

s t a t i s t i c a l  d i s t r i b u t i o n s  developed in  C hap ter  V I I ) . P o s s ib le  problems 

w ith  the  so d a r  in c lu d e :  1 ) u s in g  th e  same t r a n s d u c e r  as b o th  t r a n s m i t t e r

and r e c e iv e r  which w i l l  n e c e s s i t a t e  a p rem a tu re  end to  the  t r a n s m i t te d -  

frequency sweep; 2 ) p o s s ib le  e r r o r  due to  v a r i a t i o n s  i n  Cy averaged over

90
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Che sampling volume; 3) development o f  a s u i t a b l e  delay d e v ic e ,  s i n c e  a 

d e la y  of s e v e ra l  seconds can be invo lved ; and 4) m a in ta in in g  a re a so n ab le

t ra n s d u c e r  e f f i c i e n c y  (which was n o t  in c lu d ed  in  th e  a n a ly s i s  o f  Chapter

V II I )  o ver  th e  range of the  frequency  sweep. I f  a t  a l l  p o s s i b l e ,  a t  l e a s t  

one o th e r  r e c e i v e r  shou ld  be  in c lu d ed  (v e lo c i ty - t r a n s f o r m e r - ty p e  t ra n s d u c ­

e r s  a re  good fo r  10 Hz to  1500 Hz w h ile  a c c e l e r a t i o n  t r a n s d u c e r s  a r e  b e t t e r  

f o r  1 .5  to 20 kHz); th e  e f f e c t i v e n e s s  of s p a c i a l  independence cou ld  then be 

o bserv ed .  Also the eq u a t io n s  f o r  a [ f ,H ,T ,P ]  which are  f o r  p u re  to n es  in 

a calm a i r  (and which do n o t  e x a c t ly  accoun t f o r  a l l  of th e  a t t e n u a t i o n  

mechanisms) may have to be a d ju s te d  s l i g h t l y  f o r  a p r a c t i c a l  so d a r .

With a working h y g ro m étr ie  sodar  v a r io u s  ways of f i t t i n g  th e  ab­

s o r p t io n  curve, o th e r  than th e  presumably ex p en s iv e  use o f  a  g e n e r a l -u s e ,  

h igh -speed  computer, can be e v a lu a te d .  For example, the r e l a t i o n s h i p s  

between sim ple fu n c t io n s  o f  th e  p o in t s  o f  th e  a t t e n u a t i o n  cu rve  to  th e  

v a r i a b l e s  T and H cou ld  be approxim ated (h o p e fu l ly  in a s im ple  manner); 

th e  e f f e c t  o f  a c o n s ta n t  C.̂  can be e l im in a te d  by s u b t r a c t in g  th e  mean

v a lu e  o f  th e  curve from th e  curve :

N
y. = a. -  Z a . /N  ,

1   ̂ j = l  J

where th e  s u b s c r i p t  den o tes  th e  v a lu e  of the curve fo r  th e  i  t h  d i s c r e t e  

f requency , f^̂  (o f  co u r se  th e  summations w i l l  be i n t e g r a l s  and th e  and 

w i l l  be fu n c t io n s  i f  a " co n t in u o u s"  sweep i s  c o n s id e r e d ) . Then H and 

T should  be r e l a t e d  to the  c o n s ta n t s :

N 2
E « Z y and 

1=1

N 3 
V -  Z y^ 

i - 1  ^
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Also the  p o i n t  where p = 0 might be used.

T h e o r e t i c a l  Developments 

Of c o n s id e r a b le  i n t e r e s t  would be th e  development o f  a d i r e c t  re ­

l a t i o n  between S and S , S„, and S , ; th e  r e l a t i o n s h i p  would depend
CX li X X2 XI

on the so d a r  p aram ete rs  and on the e s t im a t io n  method used. The r e l a t i o n  

could  be e m p i r i c a l l y  d e r iv e d  us in g  a computer s im u la t io n  r a t h e r  than  ana­

l y t i c a l l y  which could be accom plished by means of th e  formulae:

'3H 1 2 “ i  ' 1

HlUj]i

a long  w ith  th e  analogous formulae fo r  th e  o th e r  d e r iv e d  v a r i a b l e s  in s te a d  

o f H; and where i s  th e  i - t h  independen t v a r i a b l e  such as th e  a t t e n u a ­

t i o n ,  a .  Some in te rm e d ia te  r e s u l t s  might a l s o  prove u s e f u l .  For example, 

th e  geom etr ic  mean average o f  th e  expected  v a lu e  o f  th e  minimum 

of the maximum l ik e l ih o o d  e s t im a to r ,  M, g iv en  in  eq u a t io n  (7-22) and av­

eraged  o v er  the  n d a ta  sam ples , could  be compared to  the  ex p e r im e n ta l ly  

determ ined  v a lu e s  of to  de term ine  th e  " g o o d n e s s - o f - f i t "  and,

th e re b y ,  to  d e t e c t  s y s te m a t ic  e r r o r .  S ince  th e  expected  v a lu e  o f  a pro­

duct o f ind ep en d en t  v a r i a b l e s  i s  th e  p ro d u c t  of th e  expected v a lu e s ,  use 

of (7-22) g iv e s :

= <COSH[2x6^1>

T h e re fo re ,  u s in g  (7-20) y i e l d s :

= 1.02 X *INT[SECHt2xô^]^* [COSH[2x6^]] ; 6 ^ :

-  LN[10]/2x, LN[10]/2x]

= 0 .51  * INT[SECH[2 ] ;  z=2x6^:-LN[10], LN[10]]

1  ̂ LN[10]
= 0 .51 * (tan [SINH[z ]]J

= 0 .51  * 2 .74  = 1.4
-L N [10 ]
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So th a t  f o r  n = 10, f o r  example, th e  minimum v a lu e  o f  M shou ld  be abou t  

29; any la rg e  d e v ia t io n  from t h i s  v a lu e  would i n d i c a t e  a bad f i t .

The eq u a tio n  fo r  s c a t t e r i n g  c r o s s - s e c t i o n ,  (4 -2 0 ) ,  has been suc­

c e s s f u l l y  checked a t  low a l t i t u d e s  and r e l a t i v e l y  sm all  s c a t t e r i n g  v o l ­

umes ( e s p e c i a l l y  w ith  r e s p e c t  to  the  dependence on 6 , th e  s c a t t e r i n g  

a n g l e ) . I t  has  been checked f o r  in te rm e d ia te  a l t i t u d e s  w ith  so d a rs  and 

the  b a c k s c a t t e r e d  s ig n a l s  were found to  be 10 dB to 15 dB g r e a t e r  th a n  

expected  ( r e f r a c t i o n  by tem p era tu re  g r a d ie n t  was named as  th e  c a u s e ) .  

However, such a s i t u a t i o n  as  co n s id e red  in  Chapter V I I I ,  namely a r e l a ­

t i v e l y  la rg e  s c a t t e r i n g  volume a t  1500 m eters  a l t i t u d e  has n o t  been i n ­

v e s t i g a t e d .  I t  i s  su g g es ted  t h a t  e x p r e s s io n  of a  as  an i n t e n s i t y  r a t i o  

per u n i t  s o l i d  ang le  may n o t  be c o r r e c t  fo r  t h i s  s i t u a t i o n ;  the re ce iv ed  

in t e n s i t y  may not be so s e v e r e ly  dependent on th e  a l t i t u d e ,  R, as  th e  

s o l i d  ang le  concep t d i c t a t e s ,  i . e . , as  R At l e a s t  i t  would seem t h a t  

the shape o f  a  l a rg e  s c a t t e r i n g  volume ( p a r t  o f  a  s p h e r i c a l  s h e l l  in  the  

afo rem entioned  case) would be a f a c t o r .

A lso ,  th e  eq u a t io n s  developed by T a t a r k s i i  d e s c r ib in g  th e  co n d i­

t io n s  on t im e , sp ace ,  o r  frequency  changes n ec es sa ry  f o r  th e  independence 

of b a c k s c a t t e r e d  r e tu r n s  a r e  q u i t e  s im p le  and ap p ear  to  be j u s t  s u p e r ­

f i c i a l  a n a ly s e s  fo r  the  s p e c i a l  case  o f  Kolmogorov tu rb u le n c e  i n  an o t h e r ­

wise calm, homogeneous a tm osphere . F u r th e r  i n v e s t i g a t i o n  in  t h i s  a r e a  i s  

needed, p a r t i c u l a r l y  w ith  re g a rd s  to  th e  c o r r e l a t i o n  e f f e c t s  o f  s im u l­

taneous changes in time, s p a c e ,  and frequency .

Equipment and Techniques 

Of g r e a t  p o t e n t i a l  a i d  would be the  development o f  a mechano- 

a c o u s t i c ,  gas-powered horn  whose frequency  could  be swept w ith  th e  speed
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re q u ire d  by th e  RFM hygrom étr ie  so d ar ;  such a  horn  would p ro b ab ly  be more 

e f f i c i e n t  than  th e  p r e s e n t  e l e c t r o - a c o u s t i c  t r a n s d u c e r s ,  and could  be an 

advantage in  remote l o c a t i o n s .

The RFM i s  no t  r e a l l y  a p p l i c a b le  to  l i n e - o f - s i g h t  d e v ic e s .  A 

p o s s ib le  l i n e - o f - s i g h t  a c o u s t i c  hygrom eter cou ld  o p e r a t e  on th e  hum id ity  

dependence o f  th e  phase change w ith  f req u en c y  f o r  a c o u s t i c  waves, a s  d e s ­

c r ib e d  in  e q u a t io n  (4 -2 2 ) .  Two s ig n a l s  cou ld  be t r a n s m i t t e d  s im u lta n e o u s ­

ly  w ith  f ,  >> f^ and w ith  f^ modulated by f^  so t h a t  th e  d i f f e r e n c e  in  

phase between th e  envelope of f ^  and f^̂  would be an i n d i c a t i o n  o f  th e  hu­

m id i ty .  The f r e q u e n c ie s  would have to  be swept in  o r d e r  to  g e t  a good 

e s t im a te ,  b u t  s in c e  wind and tem p era tu re  v a r i a t i o n s  would a f f e c t  b o th  

beams e q u a l l y ,  t h e r e  sh o u ld  be l i t t l e  e r r o r  in  the  method.

Another a r e a  which needs more s tudy  i s  the p o s s i b l e  use  of a 

"Fast  F o u r i e r  Transform " w ith  th e  r e t u r n  s i g n a l s  o f  an RFM s o d a r  so t h a t  

r e tu r n s  from a l l  a l t i t u d e s  cou ld  be m o n ito red  s im u l ta n e o u s ly .



CHAPTER X 

CONCLUSIONS

The new r e s u l t s  o r  h i g h l i g h t s  o f  th e  p r e s e n t  sodar  i n v e s t i g a t i o n  

in c lu d e :  1 ) a co m p i la t io n  o f  in fo rm a t io n  concern ing  th e  atm osphere  and

c o n ta in in g  d e s c r i p t i o n s  of th e  v a r i a t i o n s  o f  a tm o sp h er ic  p a ra m e te rs  so 

t h a t  the  in fo rm a t io n  n e c e s s a ry  to  s a t i s f y  most m e te o r o lo g ic a l  re q u irem en ts  

cou ld  be de te rm ined , and so t h a t  a tm ospheric  a c o u s t i c s  could  be p r o p e r ly  

i n t e r p r e t e d ;  2 ) a s tu d y  and a n a l y s i s  of p re v io u s  h y g ro m étr ie  so d a r  p ro ­

p o s a l s  as w e l l  a s  a s tu d y  o f  o t h e r  p ro p o s a ls  and d e v ic e s  f o r  th e  re m o te -  

s e n s in g  of w a te r  v ap o r ;  3) a v e ry  d e t a i l e d  s tu d y  o f  a tm o sp h er ic  a c o u s t i c s ,  

in c lu d in g  t h e o r e t i c a l l y - ,  and e x p e r im e n ta l ly -b a s e d  form ulae f o r  th e  major 

s o u rc e s  of a t t e n u a t i o n  and f o r  tu rb u le n c e  induced f l u c t u a t i o n s ,  and in ­

c lu d in g  a d e t a i l e d  c o n s i d e r a t i o n  of the r e l a x a t i o n  p ro c ess  which r e s u l t e d  

in  im p o rtan t  r e s t r i c t i o n s  on th e  o p e r a t io n  of FM-CW s o d a r s ;  4) p ro p o s a l  

o f  th e  RFM and f a v o ra b le  a n a ly s i s  o f  i t ;  5) d e r iv a t io n  of s t a t i s t i c s  im­

p o r t a n t  to  th e  RFM, p a r t i c u l a r l y  th e  development o f  a  "maxim um -likelihood 

e s t i m a t o r " ;  and 6 ) th e  p r e s e n t a t i o n  of s u g g e s t io n s  f o r  f u t u r e  s tu d y  on 

th e  s u b j e c t s  of  h y g ro m étr ie  so d a r  and a tm ospheric  a c o u s t i c s .

The r e l a x a t i o n  frequency  method which was proposed a s  p a r t  o f  the 

above s t u d i e s  co n s id e red  s e v e r a l  phenomena n o t  a d d re ssed  by p re v io u s  so d a r  

i n v e s t i g a t o r s ,  i n c lu d in g :  1 ) th e  e f f e c t s  o f  changes in  te m p e ra tu re ,

95



96

p r e s s u r e ,  wind, and tu rb u le n c e ;  2 ) t h e  s t r o n g ly  c h a r a c t e r i s t i c  a t t e n u a ­

t i o n  spectrum  and the r e l a t i o n  o f  th e  r e l a x a t i o n  f re q u e n c ie s  to  w a te r  

vapor c o n c e n t r a t io n ;  and 3) independence o f  a c o u s t i c  r e tu r n s  as a  method 

o f  in c r e a s in g  th e  in fo rm a t io n  g a th e re d  p e r  u n i t  time by a so d a r .

C onclusions o f  th e  s tudy  o f  p re v io u s  p ro p o s a ls  f o r  th e  rem ote- 

sens ing  o f  w a te r  vapor a re  t h a t  a l th o u g h  Raman l i d a r s  o f f e r  the  b e s t  lo n g ­

term prom ise f o r  d e t e c t in g  w a te r  vap o r ,  p r e s e n t  l i d a r  equipment i s  too 

c o s t ly  and d i f f i c u l t  to  o p e r a te ,  and i t  can  on ly  be used a t  n i g h t ;  l a c k in g  

a s u i t a b l e  l i d a r  system , a so d ar  system  ap p ears  to  b e  th e  o n ly  p r a c t i c a l  

a l t e r n a t i v e .  In  a d d i t i o n ,  th e  development of techn ique  to  m easure w a te r  

vapor by sodar would f u r n i s h  th e  "k ey s to n e"  f o r  the  e n t i r e  c o l l e c t i o n  o f  

sodar  d e v ic e s  which a r e  c u r r e n t l y  l im i t e d  by a  lack  o f  knowledge o f  th e  

amount o f  a c o u s t i c  a t t e n u a t i o n  which in  t u r n  depends on a  p r e c i s e  know­

ledge o f  H and T; t h e r e f o r e  an " a c o u s t i c  meteorograph" cou ld  be b u i l t  

cap ab le  of s e n s in g  T, H, wind, and tu rb u le n c e  in  the  boundary l a y e r .  

Supplemented w i th  a c e n t r a l  r a d a r  which cou ld  d e te c t  l i q u id  w a te r ,  i t  

would c o n s t i t u t e  a remote sen s in g  system cap ab le  of f u r n is h in g  th e  type 

o f  in fo rm a t io n  r e q u i r e d  to  s a t i s f y  th e  w ea th e r  f o r e c a s t in g  needs  c i t e d  by 

L i t t l e .  Knowledge o f  th e  tem p era tu re  and hum id ity ,  and t h e r e f o r e ,  the  

a c o u s t i c  a t t e n u a t i o n  shou ld  a id  th e  i n v e s t i g a t i o n s  o f  w in d -s h e a r ,  v o r t e x -  

wakes, and n o is e  p o l l u t i o n  now b e in g  conducted  f o r  a e r o n a u t i c s .  For en­

v ironm ent p r o t e c t io n  p u rp o ses ,  some means of rem ote ly  s e n s in g  th e  concen­

t r a t i o n  of s p e c i f i c  p o l l u t a n t s  i s  s t i l l  needed .

As a  r e s u l t  o f  th e  p r e s e n t  s tu d y ,  i t  has been concluded  t h a t  th e  

R e la x a t io n  Frequency Method sh o u ld  p e rm it  th e  d e te rm in a t io n  o f  tem p e ra tu re  

and h u m id ity  a c c u r a t e l y  to  an a l t i t u d e  s u f f i c i e n t  f o r  most m e te o r o lo g ic a l
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purposes i f  th e  s t a t e - o f - t h e - a r t  sodar  param eters  proposed by L i t t l e  can 

be r e a l i z e d ,  and t h a t  even p r e s e n t  d e v ic e s  w ith  minor m o d i f ic a t io n s  should  

be capable  o f  u s in g  the RFM to  d e t e c t  w a te r  vapor c o n c e n t r a t i o n  and tem­

p e r a tu re  over  a wide range o f  c o n d i t io n s  o f  m e te o ro lo g ic a l  i n t e r e s t .



NOTES

1. As g e n e ra l  r e f e r e n c e s  f o r  t h i s  s e c t i o n ,  s e e  D err , C hapter  1 ( w r i t t e n  
by R. L. Grossman), o r  Tennekes■

2. See S u th e r l a n d .

3. See D e r r , C hapter  4 ( w r i t t e n  by W. C. Meechan); o r  T a t a r s k i i ,
Chapter 1.

4. See Brown (1976).

5. See Tennekes, p . 59.

6 . See Beran and H a l l  (1974).

7. See Beran (1971).

8.  See L i t t l e  (1972) ,  and C hap ter  30 i n  D e r r .

9. A l i n e - o f - s i g h t  d ev ice  i s  b i s t a t i c  w ith  a  t r a n s m i t t e r  and a  r e c e i v e r
a t  the  ends o f  a s t r a i g h t  p a th .

10. The a c o u s t i c  e s t im a te  comes from Beran (1971) ;  t h a t  f o r  o p t i c a l  i s  
based on a system employing Raman s c a t t e r i n g ;  and th e  f i g u r e  f o r  
r a d a r  v a r i e s  w id e ly  — d o p p le r  system s w i l l  be most expensive .

11. See M a rsh a l l ,  P e te r s o n ,  and B a m e s .

12. See L i t t l e  (1969).

13. See D err and L i t t l e  o r  C h ap te r  30 in  D err o r  L i t t l e  (Oct. 1972);
a l s o  see  p ap e rs  on d ev ice s  l i s t e d  i n  th e  b ib l io g r a p h y .

14. See D e r r , Chapter 15.

15. I b i d .

16. See S tr a u c h ,  D e r r ,  and Cupp.

17. Contained  in  Derr and L i t t l e .

18. See L i t t l e  (1973) .

98
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19. The o p e r a t i o n  i s  v a l i d  on ly  f o r  the  " f a r  f i e l d "  o f  th e  so u rce ;  i . e .
R and must be such  t h a t  R ^  Rq >. R^ * where i s  the d i s ­
ta n c e  from source  to  " f a r  f i e l d " ,  D i s  th e  d ia m e te r  o f  th e  source 
and X i s  th e  w ave leng th  o f  t h e  em it te d  a c o u s t i c  r a d i a t i o n  ( a l l  u n i t s  
a r e  m e t e r s ) .

20. A s i m i l a r  e q u a t io n  could  be w r i t t e n  f o r  th e  i n t e n s i t y  o f  th e  wave; 
t h e r e  would be an a d d i t i o n a l  f a c t o r  o f  2 m u l t i p ly in g  a .  T h is  f a c t o r  
i s  o f t e n  o m it te d  ( e . g . . see Gething and J e n s s e n ) , which i s  i n c o r r e c t  
i f  a  i s  ex p ressed  i n  n e p e r s /m e te r .  F r e q u e n t ly ,  a  i s  g iv en  in  terms 
o f  d e c ib e l s  ( i . e . , dB/1000 f t . , or dB/100 m.) ,  i n  which ca se  i t  
a u t o m a t i c a l l y  a p p l i e s  to  i n t e n s i t y .

21. The g e n e r a l  mechanism, however, was u n d e rs to o d ,  b u t  n o t  w e l l  enough 
t o  p r e d i c t  over ra n g es  of T and H. See K n e se r .

22. Ge th in g  and J e n s s e n  u se s  an unusual  d e f i n i t i o n  f o r  and Og,; ju d g ­
in g  from th e  frequency  g iven  f o r  th e s e  term s in  th e  p a p e r ,  the d e f i ­
n i t i o n  used was and 0 ^ = 0 ^  o n ly .  T h is  same convention  
i s  used i n  H a r r i s .

23. This e q u a t io n  i s  s l i g h t l y  m odified  from t h a t  g iv e n  by S u th e r l a n d ,e t  a l .

24. Evans compares th e  p r e d i c t i o n s  of t h i s  two p a ra m e te r  model with the  
more g e n e r a l ,  2 4 - r e a c t io n  model of Evans, e t  a l .

25. See K neser and Knudsen.

26. A more e x a c t  " r u l e  o f  thumb" would b e :  0 .5  < ^ l / ^ 2  ^

27. Argon ca u se s  no e f f e c t  because  i t  i s  a  s i n g l e  atom and has n e i th e r
r o t a t i o n a l  n o r  v i b r a t i o n a l  energy  l e v e l s .

28. This i s  s l i g h t l y  m o d if ied  from m a te r i a l  made a v a i l a b l e  by Dr. H. E. Bass,
U n iv e r s i t y  o f  M is s i s s i p p i  ( p r i v a t e  com m unica t ion ); s e e  S u th e r lan d ,
e t  a l .  o r  Evans, e t  a l .  For a l t e r n a t e  forms o f  t h e s e  e q u a tio n s  s ee  
DeLoach.

29. This v a r i a b l e  i s  n o t  used i n  th e  l i t e r a t u r e .

30. DeLoach d i s c o u n t s  d u s t ,  fog , some o t h e r  p o s s i b l y - e x i s t e n t  r e la x a t io n  
p r o c e s s e s ,  and r e f r a c t i o n  a s  p o s s ib le  c a u se s  o f  e x c e s s  a t t e n u a t i o n .

31. See DeLoach fo r  a n a l y s i s  of p a s t  i n v e s t i g a t i o n s  o f  ex cess  a t t e n u a t io n ;  
fo r  th e o ry ,  however, c o n s u l t  Brown and C l i f f o r d  (1 9 7 6 ) .  The most 
c a r e f u l  (and r e c e n t )  ex p e r im en ta l  o b s e r v a t io n s  a r e  co n ta in e d  i n  
Kasper, e t  a l . A d d i t io n a l  in fo rm a t io n  on ground tu rb u le n c e ,  shadow 
zones, and o t h e r ,  n o n - tu rb u le n c e ,  s o u rc e s  o f  e x c e s s  a t t e n u a t i o n  can 
be found i n  In g a r d .

• 2 /332. The o b s e r v a t io n s  i n  DeLoach su g g es t  a  r  dependence , where r  i s  
the  a l t i t u d e ,  and a l s o  su g g es t  t h a t  Og i s  im p o r ta n t  m ain ly  below 
2 0 0  m e te r s .
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33. See In g a rd , f i g u r e  U,

34. When a t t e n u a t i o n  i s  m easured in  d e c ib e l s ,  i t  a u to m a t ic a l ly  r e f e r s  
to i n t e n s i t y .

35. These fo rc e s  a r e  c o n t r o l l i n g  only f o r  ex trem ely  loud sounds i n  a i r ;  
o th e rw is e ,  a t t e n u a t i o n  a f f e c t s  the  wave-shape f i r s t .

36. See Beyer o r  v a r io u s  p a p e rs  by B lacks tock  i n  J. Acoust.  Soc. Am.

37. See Brown and K e e le r ; th e  t e s t  was conducted w ith  th e  so u rc e  a to p
a 150 m eter tow er, and a microphone a t  g ro u n d - le v e l ,  333 m e te r s ,  
o b l iq u e ly ,  from th e  s o u r c e ,  mean winds were from 3 to  23 m /s .

38. See Kasper, e t  a l . ; f r e q u e n c ie s  used were 500 to  8000 Hz, w i th  a 
range  o f  150 m, and e l e v a t e d  sound source .  Data was ta k e n  w i th  
a 0 .5  Hz h ig h -p a s s  f i l t e r .

39. See T a t a r s k i i  o r  Brown and K eeler  ( t h e r e  a r e  s e v e r a l  ty p o g ra p h ic a l  
e r r o r s  in  t h i s  l a s t  p a p e r ) .  Brown (Dec. 1974) s t a t e s  t h a t  a " s a t ­
u r a t i o n "  phenomenon f o r  % occurs  f o r  c^ > (k ^ L ^ ^ )"^ /^ ,  which would 
app ly  to  the  examples g iv en .  Brown (Dec. 1974) a l s o  p r e s e n t s  a h i s ­
t o r i c a l  overview o f  work on t h i s  t o p i c .

40. See Monin o r  T a t a r s k i i . Brown (Dec. 1974) p r e s e n t s  a h i s t o r y  of
th e  s tudy  of s c a t t e r i n g .  M c A l l i s te r ,  e t  a l .  p r e s e n t  a d i s c u s s io n
o f  s c a t t e r i n g  from th e  so d a r  p o in t -o f -v ie w .

41. See Brown (Dec. 1971).

42. See Baerg o r  M c A l l i s te r ,  e t  a l .

43. See Brown, (Nov. 1974). Brown a l s o  shows t h a t  the  most e f f e c t i v e
tu rb u len c e  has c h a r a c t e r i s t i c  l e n g th s  o f  from X/2 to  X / /2 ,  where 
X i s  th e  a c o u s t i c  w ave leng th .

44. See H a r r is  (1971).

45 . See L i t t l e  (1969).

46. See H a rr is  (1966).

47. T his  o v e r s ig h t  was p ro b a b ly  due to  experim ents  and rem arks made by 
Kneser and Knudsen, who measured a b s o r p t io n  due to  w a te r  vap o r  in  
o th e rw ise  pu re  oxygen g a s  and th en  in  n i t r o g e n  g as .  They found 
t h a t  a b s o r p t io n  i n  n i t r o g e n  was much s m a l le r  th an  i n  oxygen (under 
th e  s p e c i f i c  c o n d i t io n s  chosen) and so gave th e  im p res s io n  t h a t  
v i b r a t i o n a l  a b s o r p t io n  i n  a i r  was due a lm os t  e x c lu s i v e ly  to  a  w a te r  
vapor-oxygen r e l a x a t i o n  p ro c e s s .  See Kneser o r  Knudsen.

48. See T a t a r s k i i , p .  452.
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49. T h is  d i s t r i b u t i o n  w i l l  a p p ly ,  e . g . . i f  th e  sam pling  volume c o n ta in s  
a tem p era tu re  in v e r s io n  l a y e r  which would c o n t r i b u t e  a m ajor p o r t io n  
o f  the  b a c k s e a t t e r e d  s ig n a l .

50. See Parry  and S anders  (1972).

51. I f  the  d i s t r i b u t i o n  i s  Rice-Nakagami, t h i s  s t a t e m e n t  w i l l  have to  be 
weakened a c c o rd in g ly .

52. The graph i s  a p p a re n t ly  m i s la b e l l e d ,  s in c e  no d i s t a n c e  i s  s p e c i f i e d ,  
and th e  v e r t i c a l  a x i s  i s  l a b e l l e d  " a b s o rp t io n  r a t i o  ( - 1  + I 1 / I 2 ) "«
The graph a l s o  i n c o r r e c t l y  shows com binations o f  tem p era tu re  and 
a b s o lu te  hu m id ity  f o r  which th e  r e l a t i v e  h u m id ity  i s  g r e a t e r  than  
100%.

53. See Gething and J e n s s e n  (1971). This pape r  was su b m itted  only a
couple of months ahead o f  Parry  and Sanders so t h a t  P a rry  and 
Sanders were p ro b a b ly  no t  aware of i t .

54. See DeLoach f o r  r e f e r e n c e s  to  t h i s  dependence.

55. I f  S i s  the s t a n d a rd  d e v ia t io n  fo r  one sample and Sg i f  th e  s ta n d a rd
d e v ia t io n  f o r  n sam ples ,  then S^ = S /Æ ,  assum ing t h a t  each o b s e r ­
v a t io n  i s  in d ep en d e n t .

56. U. Radok, p r i v a t e  communication.

57. See Chapter 19, s e c t i o n  1 9 .5 .3 ,  in  Derr (1972).

58. See L i t t l e  (1973) .

59. This  could  b e  th e  ca se  i f  the  p u ls e  le n g th  were 0 .0 1  seconds and 
th e  p u lse  r e p e t i o n  r a t e  were one p u ls e  p e r  second  which co rresponds  
to  a sam pling h e i g h t  of about 170 m e te r s .

60. Using the  f i g u r e s  g iv en  f o r  a 17 m eter sample h e i g h t  i n  C hapter V,
a h u n d re d -fo ld  i n c r e a s e  in  the d a ta  r a t e  would mean a sampling time 
of about 2 . 2  hou rs  r a t h e r  than 2 2  h o u r s ,  i . e . : 2 2 / / 1 0 0  = 2 . 2

61. T h is  c a n c e l l a t i o n  i s  e s p e c i a l l y  s t ro n g  when th e  t r a n s m i t t e r  i s  l o ­
ca te d  w i th in  1 0  m e te rs  o f  e a r t h ' s  s u r f a c e ,  s i n c e  Oj> can become 
q u i t e  l a rg e  in  th e  s u r f a c e  l a y e r  ( th u s  meaning t h a t  a m ajor p o r t i o n  
o f  the  ex cess  a t t e n u a t i o n  w i l l  occur h e r e ) .

62. The "two second" f i g u r e  comes from a n a ly z in g  th e  o sc i l lo g ra m s  of 
Kasper, e t  a l . ; K asper,  e t  a l .  a l s o  s t a t e  t h a t  most o f  t h e  energy 
o f  the f l u c t u a t i o n  spec trum  o f  an a c o u s t i c  wave i s  co n ta in e d  below 
10 Hz (c o r re sp o n d in g  to  a  f l u c t u a t i o n  time c o n s t a n t  o f  g r e a t e r  th an  
0 . 1  s e c o n d s ) .
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63. For Che JGM, e r r o r  in  am pli tude  in fo rm a t io n  i s  s e n s i t i v e  to  uncer­
t a i n t y  in  tem pera tu re  and p r e s s u r e ,  and i n  t r a n d u c e r  c h a r a c t e r i s t i c s ,  
excess  a t t e n u a t i o n ,  and Cp a t  th e  s c a t t e r i n g  volume, as  fu n c t io n s
of frequency ; the  RFM am pli tude  in fo rm a t io n  may c o n ta in  e r r o r s  due 
p r im a r i ly  to th e  change from m inute to  m in u te  o f  Cp a t  th e  two 
s c a t t e r i n g  volumes.

64. See eq u a t io n s  (4-8) and (4 -1 0 ) .

65. See T a t a r k s i i , p. 452.

6 6 . By " a s p e c t"  i s  meant the d i s t a n c e s  to  v a r io u s  p a r t s  o f  th e  s c a t t e r ­
ing volume and th e  v a lu e  o f  t h e  r e s u l t a n t  a d d i t i o n  i n  p h ases  p e r­
formed by the r e c e iv e r .

67. A f a s t - F o u r ie r - t r a n s f o r m  co u ld  be taken  o f  th e  re c e iv e d  s i g n a l  so 
t h a t  r e tu r n s  from a l l  h e ig h ts  would be c o n t in u o u s ly  a v a i l a b l e .

6 8 . P aram eters  cou ld  in c lu d e  s c a t t e r i n g  volume s e p a r a t i o n  d i s t a n c e ,  f r e ­
quency range and sweep r a t e ,  and r e c e i v e r  bandw idths  (which d e t e r ­
mine the r e s o lu t i o n  o f  the  sampled vo lum e).

69. P r e f e r a b ly ,  T should be measured above th e  s u r f a c e  l a y e r ,  say a t  a
h e ig h t  o f  10 m e te rs .  Then T can be assumed to  d e c re a s e  a t  a r a t e
of 6.5°K/km.

70. This can be speeded up by u s in g  the  f a s t - F o u r i e r - t r a n s f o r m  scheme 
as no ted  above.

71. I t  shou ld  be com plete ly  masked by th e  b a c k s c a t t e r  f l u c t u a t i o n s .

72. This i s  the same q u a n t i ty  as  th e  s ta n d a rd  d e v i a t i o n  ex p re s sed  in  
p e r c e n t .

73. See, f o r  example, B ev ing ton , Ch. 4.

74. A c tu a l ly ,  th e s e  f l u c t u a t i o n s  a r e  n o t  " e r r o r s " ,  b u t  a r e  due to  f a c t o r s
which cause th e  rece ived  s i g n a l  to  vary  no m a t te r  how p r e c i s e l y  i t  i s  
measured; s e e  Bevington , Ch. 1.

75. N otice  cha t th e  i n e q u a l i t y  h a s  been d ropped .

76. S ince only  t h e  r e l a t i v e  m agnitude i s  im p o r ta n t ,  e r r o r  i n  ( a / f ) ^^^ q
can be n e g l e c t e d .  '

77. In  the  fo l lo w in g  d e r iv a t io n  i t  i s  t a c i t l y  assumed t h a t  s e v e r a l  d a ta  
p o in t s  a r e  a v a i l a b l e  so t h a t  i t  i s  in d eed  p o s s i b l e  to  form the  
d e r iv a t i v e ,  to  rough ly  e v a lu a t e  (a /f)^ ,^ ,,  g and to  d e te rm in e  th e  
approxim ate l o c a t i o n  of f ^  g ( i . e . , to  tfie r i g h t  o r  l e f t  o f  the 
d a ta  p o i n t ) .

78. See Beckmann, Ch. 6 .
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79. These e r r o r s  a r e  r e a l l y  p re s e n t  i n  th e  JOi anyway.

80. I t  i s  dependent on th e  p r e s s u r e  e s t im a te ,  of co u rse .

81. I f  " a c c e p ta b le "  i s  t a k e n  to  mean a  SNR f o r  which the  background 
n o i s e  c o n t r i b u t e s  l e s s  th an  10% to  the  t o t a l  r e c e iv e d  f l u c t u a t i o n s ,  
th en  th e  s i g n a l  to n o i s e  r a t i o  need on ly  be g r e a t e r  th an  ab o u t  7 dB. 
The l a s t  f i g u r e  was d e r iv e d  a s  fo l lo w s :  The t o t a l  p e r c e n t  rms 
e r r o r  in  th e  r e c e iv e d  am p li tu d e  S =(S§+S^) ' ^ « where th e  s u b s c r i p t s  
B and N r e f e r  t o  b a c k s c a t t e r  and n o is e  f l u c t u a t i o n s ,  r e s p e c t i v e l y ,  
i i n c e  Sg È 50%, sjj must be such t h a t  S » 55% to  make a 10% change. 
Thus, S ^ = ( 5 5 ) (5 0 )^ ,  o r  = /525 = 23%, which co rre sp o n d s  to
a s i g n a l - t o - n o i s e  r a t i o  o f  20 lo g j^Q [l/ .23] * 7 dB.

82. I t  may be a d v i s a b l e  to  make th e  g round-based  measurements o f  T and 
P a t  a  p o i n t  above th e  s u r f a c e  l a y e r ,  i . e . , a t  a h e ig h t  o f  10 to 
30 m e te r s ,  b ecause  o f  th e  l a r g e  v a r i a t i o n s  in  tem p era tu re  and wind 
which occur in  the  l a y e r .

83. See "R educ tion  o f  B aro m etr ic  P r e s s u r e  to  Sea L ev e l" ,  CRC Handbook 
o f  C hem istry  and P h y s i c s .

84. See D e r r , C hap te r  30.

85. See Georges and C l i f f o r d .

86. The Cq  i s  th e  speed o f  sound w i th o u t  th e  wind.

87. The argument f o r  t h i s  f i g u r e  i s  ana logous to  t h a t  g iven  i n  n o te  81.

88. See K asper,  e t  a l .

89. The 200 m ete r  f i g u r e  i s  r e p o r te d  f o r  excess  a t t e n u a t i o n  i n  DeLoach.

90. See Brown and K e e l e r .

91. These c o n d i t i o n s  a r e  s u f f i c i e n t  b u t  n o t  n e c e s s a ry ,  in  th e  m athem ati­
c a l  s e n se .

92. The " r e c e iv e d  a t t e n u a t i o n  spec trum " i s  d e f in ed  as LN[A2 /Aj^], which 
i s  th e  a t t e n u a t i o n  spec trum  p lu s  v a r io u s  e r r o r s .  The spec trum  w i l l  
be "skewed" i f  t h e r e  i s  a  v a r i a t i o n  due to  tem p era tu re  t u rb u le n c e  
ch a n g e .

93. See Brown (1 973) .

94. See Beran and C l i f f o r d .

95. I n  o th e r  words, 12% o f  th e  a r e a  under th e  curve p[A] has  been  d e l e t e d  
(c o r re sp o n d in g  to  th e  ex trem e v a lu e s  o f  A) and p has been  m u l t i p l i e d  
by 1 .12  so t h a t  th e  t o t a l  a r e a  w i l l  s t i l l  be u n i t y ,  a s  i s  r e q u i r e d
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f o r  a  p r o b a b i l i t y  d e n s i ty  d i s t r i b u t i o n .  The r e t a i n e d  v a lu e s  in  
t h i s  case  a re  .1660 < A < I . 6 6 0 .

96. The q r e p re s e n t s  a member o f  the  t o t a l  p o p u la t io n  o f  Q. See 
Beckmann, p. 78, f o r  e q u a t io n  (7-3) ; n o te  t h a t  A  ̂ and A2  can be 
t r e a t e d  a s  though they w ere  independen t ( f o r  th e  p r e s e n t  p u rp o s e ) .

97. See B ev in g to n .

98. T can be e s t im a te d  w i th i n  2% and from t h i s  e s t im a te ,  H can norm ally  
be guessed  w i th in  a f a c t o r  o f  3.

99. See B ev in g to n .

100. See M arsha ll  and H i t s c h f e ld a s  a g e n e ra l  r e fe re n c e  and s p e c i f i c a l l y  
page 968, fo r  th e  e x p la n a t io n  of th e  "no in fo rm a tio n  s i t u a t i o n " .

101. Two measurements a r e  in d ep en d en t  i f  th e  p r o b a b i l i t y  o f  any p o s s i b l e  
outcome o f  one measurement does n o t  depend on the  outcome o f  th e  
o t h e r  measurement.

102. The d iam e te r  o f  the  v o r t i c e s  most e f f e c t i v e  i n  the  s c a t t e r i n g  p r o ­
ce ss  i s  X/2 where X i s  t h e  w avelength  o f  the s c a t t e r e d  s i g n a l .

103. This c o n d i t io n  i s  s a t i s f i e d  i f  th e  b a c k s c a t t e r e d  s i g n a l  f o r  each 
e f f e c t i v e  s c a t t e r i n g  v o r t e x  cou ld  have changed phase ( r e l a t i v e  t o  
the  r e c e iv e r )  by a t  l e a s t  2 u ra d ia n s .

104. The meaning o f  th e  term  " c o n t in u o u s"  h e re  i s  n o t  l i m i t e d  to  t im e ;  
i t  may a l s o  r e f e r  to  s p a c e  and freq u en cy .

105. See M arsh a ll  and H i t s c h f e l d . p. 979, and W allace , pp. 1000-1001.

106. See T a t a r s k i i , pp. 134 and 452.

107. Temperature v o r t i c e s  a r e  r e s p o n s ib l e  f o r  b a c k s e a t t e r i n g .

108. The beam might be moved e l e c t r o n i c a l l y  by means o f  an an tenna  
a r r a y ;  the  r e s u l t s  would depend on th e  c o r r e c tn e s s  o f  th e  assump­
t i o n  t h a t  th e  average  tu r b u le n c e  (and hum idity)  rem ain  th e  same 
a t  th e  same a l t i t u d e  f o r  sm a l l  d is p la c e m e n ts .

109. See M arsh a ll  and H i t s c h f e l d , p. 982.

110. See M arsha ll  and H i t s c h f e l d , and W allace , p .  990.

111. The reaso n  f o r  t h i s  r e s u l t  i s  t r e a t e d  in  n o te  81; i t  i s  concluded  
t h e r e  t h a t  an  SNR o f  7 dB i s  s u f f i c i e n t  to  keep th e  in c r e a s e  
(caused  by n o i s e )  i n  S^ u n d e r  1 0 %.
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112. Commercially a v a i l a b l e  t r a n s d u c e r s ,  f o r  example, a r e  no t  u s u a l ly  
d e s c r ib e d  w e l l  enough by the  m anufac tu re r  to  s a t i s f y  the  needs o f  a 
sodar  d e s ig n e r .  See Simmons. W escott.  and H a l l .

113. See D e r r , C hap te r  19.

114. For hardware d e s ig n  c o n s id e r a t io n s  see  e s p e c i a l l y :  P a r ry  and
S an d e rs ; D e rr , C hap ter  18; H a l l  and W e sc o t t ; and Simmons, W esco tt ,  
and H a l l .

115. See Brown and K e e l e r .

116. See L i t t l e  (May 1972).

117. I t  i s  assumed h e r e ,  of co u rse ,  t h a t  H ave raged  o v e r ,  say ,  a  cubic  
m eter v a r i e s  s lo w ly  in  space ,  and t h a t  th e  hum id ity  tu rb u le n c e  i s  
no t  o f p r a c t i c a l  im portance .

118. See th e  a n a l y s i s  in  n o te  81.

119. See n o te  62.

120. See e q u a t io n  (7 - 2 6 ) .

121. This s ta te m e n t  a p p l i e s  to  broad band n o i s e  such a s  the rm a l n o i s e ;  
however, i f  t h e r e  i s  some background n o i s e  of a s p e c i f i c  f requency , 
the s ig n a l  to  n o i s e  r a t i o  m ight be i n c r e a s e d  by in c r e a s i n g  th e  r e ­
c e iv e r  f i l t e r s ’ bandw id ths .

122. For a g iven  f req u en cy  sweep r a t e ,  the  t im e d u r in g  which a frequency
band i s  i n t e r r o g a t e d  w i l l  in c r e a s e  w ith  th e  bandw idth .

123. This  r e s t r i c t i o n  i s  a r e a l  problem i f  a f a s t - F o u r i e r - t r a n s f o r m  samp­
l in g  sheerne i s  u sed .

124. See Brown and K e e le r  (1975).

125. See Simmons, W esco tt ,  and H a l l . S ince  low f r e q u e n c ie s  have l e s s
a t t e n u a t i o n  (and t h e r e f o r e  a r e  more o f  a n o is e  problem) th ey  can 
be t r a n s m i t t e d  a t  low er am p li tu d es  than  h ig h  f r e q u e n c ie s .

126. See C hapter  V II .

127. There i s ,  o f  c o u r s e ,  no c o n f l i c t  between th e s e  two improvements.

128. Achieving com plete  independence i s  n o t  r e a l l y  p o s s i b l e ;  im p lied  i s
th e  ad o p t io n  o f  a conven tion  t h a t  independence h a s  been  ach iev ed  i f  
th e  v a r i a b l e  h as  had th e  o p p o r tu n i ty  to  change by  so many p e rc e n t
of i t s  v a lu e .  S in ce  Q = A2 /A1 , i t  w i l l  have th e  o p p o r tu n i ty  to
change by Jl more p e r c e n t  than  th e  p o s s i b l e  p e rc e n ta g e  change i n  Â  
o r  A2  ( i f  th e  change p o s s ib le  in  bo th  t h e s e  v a r i a b l e s  i s  th e  same).
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129. I n e q u a l i t i e s  (8 -6 )  and (8-7) can be changed to  r e f l e c t  t h e s e  p o i n t s .  
The r e s t r i c t i o n s  on th e  bandwidth remain the  same s in c e  A, no t  Q,
i s  th e  v a r i a b l e  which i s  p h y s ic a l ly  sensed .

130. See L i t t l e  (1969) and D e r r . C hapter 19.

131. See Simmons, W esco tt ,  and H a l l .

132. A z e ro - d e c ib e l  so u n d -p o w er- lev e l  co rresponds to  a s i g n a l  i n t e n s i t y  
of 10“ ^ -  w a t t s /m e te r^ .

133. See D e r r , C hap te r  19.

134. See A llen  and Rudnick, J o n e s , o r  "The E le c t r o a c o u s t i c  H orn ,"  by
Baucher and K re u te r ,  J .  A coust.  Soc. Am., 1969; v o l .  46, no. 6 
(p a r t  1 ) .  Also s e e  P e r r y ' s  Handbook o f  Chemical E n g in e e r in g , 
" S o l id -g a s  s e p a r a t o r s , "  the  Handbook of P h y s ic s ,  A c o u s t i c s , or 
Ingard  (40 horsepower s i r e n ) .

135. See th e  fo l lo w in g  paper by K elton  and B r ic o u t ,  who use a  "pow erfu l
Levavasseru  w h i s t l e " :  "Wind v e l o c i t y  measurements u s in g  so n ic
t e c h n iq u e s ,"  B u l l .  Amer. M eteor. S o c . , Sep t.  1961; v o l .  45, no. 91.

136. See Fukushima, O k i ta ,  and Janaka in  J .  of Radio Research  L a b o r a to r i e s , 
1975,; v o l .  22, no . 108.

137. See Brown and C l i f f o r d  fo r  an example which s u g g e s t s  t h a t  even fo r  a
speaker t r a n s m i t t i n g  from 1500 m e te rs  a l t i t u d e  to  th e  ground t h a t  the 
excess  a t t e n u a t i o n  would be l e s s  than  2 dB.

138. The Cj i s  s u b s t i t u t e d  to  can ce l  th e  afo rem entioned  e f f e c t s  of beam 
sp re ad in g .

139. The n i t r o g e n  a b s o r p t io n  i s  n e g l i g i b l e  a t  the  oxygen r e l a x a t i o n  f r e ­
quency .

140. See, f o r  example, M c A ll i s te r ,  e t  a l .  (1969).

141. I t  i s  assumed t h a t  v a r i a t i o n s  in  P and T w ith  h e ig h t  can  be c o r r e c t ­
ed f o r .

14 2. The av e rag e  i s  to  be taken over  the  time n e c e s s a ry  fo r  s e v e ra l  
sweeps.

143. Brown and K ee le r  among o th e r s  have found t h i s  to  be a r e a s o n a b le  
a ssu m p tio n .

144. See D e r r , C hap ter  18; the  d a ta  i s  b e l ie v e d  to  be fo r  f  = 2 kHz.

145. See D e r r , S e c t io n  1 .7 .3 .

146. This a c t i v i t y  i s  u s u a l ly  co n ta in e d  in  " th e rm al p lumes".
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F ig u re  ( 1 :1 ) ;  J e n ssen -G e th in g  Method
(o n ly  two o f  f o u r  f r e q u e n c ie s  a r e  shown.)

F igu re  (1 :2 ) r e l a x a t i o n  Frequency 
Method
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F ig u r e  ( 2 : 1 )  : P e rc e n t  m olar c o n c e n t r a t io n  o f  w a te r  v ap o r ,  F T], 
a s  a  f u n c t io n  of t em p e ra tu re ,  T, fo r  a p r e s s u r e  of 
one atm osphere  , a t  s a tu r a t i o n .®
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F ig u re  ( 4 : 1 ) :  S p ec tra  o f  a b s o r p t io n  components fo r  tem pera­
tu r e ,  T=20“C .;  p r e s s u r e ,  P=1 a t m . ; r e l a t i v e  
hum id ity ,  H^=70%. ( a f t e r  B ass ,  e t  a l . )
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Figure  ( 4 : 2 ) :  S p ec tra  fo r  components of a b s o rp t io n  per  cy c le  fo r  a tem p era tu re  of
T=20“C .,  a p r e s s u r e  of P=1 a tm .,  and a r e l a t i v e  hum idity  of H^=70%. 
( a f t e r  B ass , e t  a l .)
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f o r  v a r io u s  r e l a t i v e  h u m id i t i e s ,  as i n d ic a te d ,  
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F igure  ( 4 :4 ) :  Normalized m o lecu la r  a b s o r p t io n  per u n i t  w avelength  a t  25“C, fo r  r e l a t i v e  
h u m id i t i e s  of 0%, 2%, 11%, 40%, and 100%, as i n d i c a t e d .
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F igu re  ( 4 :5 ) :  The maximum a b s o r p t io n  p e r  c y c le  fo r  oxygen ( a / g [ T ] ,
as  a f u n c t io n  o f  t em p e ra tu re ,  T. M u l t i p l i c a t i o n  ’

^r,o) Sives q .
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F ig u r e  ( 4 : 6 ) : The maximum a b s o r p t io n  p e r  c y c le  f o r  n i t r o g e n ,  
(a /f )„a Y  tj[T] , a s  a f u n c t io n  o f  t e m p e ra tu re ,  T.'max ,N t ' ^ l  ’ ® .
M u l t ip l i c a t i o n  by 2 f ^ f ^  ( f g iv es  av,N
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F igure  (4 :7 ) The p e rc e n t  molar c o n c e n t r a t io n  of w a te r  vapor ,  as a fu n c t io n  of the
r e l a x a t i o n  frequency  of oxygen per u n i t  o f  a tm ospheric  p r e s s u r e .
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F igure  ( 4 :8 ) :  R e la t io n  between th e  r e l a x a t i o n  frequency  of n i t r o g e n  a t  one atmosphere 
p re s s u r e  and the  p e r c e n t  molar c o n c e n t r a t io n  o f  w a te r  vapor f o r  the  in ­
d ic a te d  te m p e ra tu re s .  (L in es  end a t  100% r e l a t i v e  hum id ity .)^
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F igu re  ( 4 : 9 ) :  Tlie p e rc e n t  molar c o n c e n t r a t io n  o f  w a te r  vapor ,  H[fp qK as  a fu n c t io n  of the
r e l a x a t i o n  frequency  of oxygen, p e r  u n i t  o f  a tm o sp h eric  p r e s s u r e ,  fo r  h ig h e r  
f r e q u e n c ie s
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F ig u re  (A :10): The p e rc e n t  molar c o n c e n t r a t io n  o f  w a te r  vapor ,  as  a f u n c t io n  of the
frequency ,  p e r  u n i t  o f  atm osphere p r e s s u r e ,  o f  th e  minimum o f  the  a b s o r p t io n  
p e r  c y c le  cu rv e ,  which o ccu rs  between the two a b s o r p t io n  peaks ,  fo r  T=20°C. 
There i s  no va] ley  f o r  H < .2%.*^
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f ,  Hertz

S im ulated  measurements o f  ( o ^ ) ,  norm alized  by (®^)max,0 T = 20°C, H 
(which i s  about 15% r e l a t i v e  h u m id i ty ) ,  P = 1 a tm . ,  and 100 d a ta  p o in t s ,  
w ith  th e  frequency  swept l o g a r i t h m ic a l ly .  The r e l a x a t i o n  frequency  of 
oxygen I s  In d ic a te d .

= .34%
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1 0
f .  H ertz

10

s im u la te d  measurements of  ( a / f ) ,  no rm alized  by ( a / f q , fo r  T=10“C; P=1 
atm osphere ;  H*>0.2%; a s e p a r a t i o n  d i s t a n c e ,  x , o f  500 m e te rs ;  fo u r  r e c e i v e r s ;  
and 400 d a ta  p o i n t s ;  w ith  the  frequency  was swept l o g a r i t h m i c a l l y .
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F ig u re  ( 7 :3 ) :

f ,  H ertz

The s im u la te d  d a ta  of  F igu re  ( 7 : 2 ) ,  w ith  each datum averaged  w ith  the 
im m ediately  su cceed ing  and p re ced in g  d a ta .
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F igu re  ( 8 :1 ) :  Somogram fo r  d e te rm in in g  th e  frequency  range ( f^ to  f^) f o r  i n c lu s io n  o f  an 
extremum of tlie a b s o rp t io n  p e r  c y c le  c u r v e , a t  20“C. Curve A i s  f o r  the n i t r o g e n  peak or 
the  " v a l l e y ' ' ,  curve B i s  f o r  th e  v a l l e y  o r  the  oxygen peak, and curve C i s  f o r  the  n i t r o ­
gen o r  oxygen peaks. C orresponding  v a lu e s  of H, the p e rc e n t  molar c o n c e n t r a t io n  of w ate r  
vapor a re  in d ic a te d  fo r  one atm osphere  p ressu re .®
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F igure  ( 8 :2 ) :  Maximum t r a n s m l t t a b l e  frequency  f o r  one atm osphere p re s su re  a t  25”C as a

fu . ic t io n  of h um id ity ,  H, f o r  (AdB/(2x)) = 0 .0 2 2 ,  e . g .  a' one-way t r i p  of 
1500 m ete rs  and an allowed a t t e n u a t i o n  of AdB = 65 dB. (P re s s u re  v a r i a t i o n s  
and ex cess  a t t e n u a t i o n  have been ig n o re d . )
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NOTES FOR FIGURES

F igure  (2 :1 )  can be used to  co n v e r t  between r e l a t i v e  hum idity  
and a b s o lu te  hum id ity  s in c e  the  curve corresponds to  100% r e l a ­
t i v e  h u m id ity .

The tem p era tu re  dependence o f  the  curves in  f i g u r e  (4 :8 )  i s  sm all 
enough to  be o v e r lo o k e d ,  e s p e c i a l l y  i f  the tem p era tu re  i s  known 
w i th in  5°C.

The a b s o r p t io n  i s  so g r e a t  fo r  the  f r e q u e n c ie s  d i s p la y e d  in  f ig u re  
(4 :9 )  t h a t  the  curve  i s  o f i n t e r e s t  only f o r  an in  s i t u  device .

The " v a l l e y "  d e s c r ib e d  in  f i g u r e  (4 :10) i s  p r e s e n t  in  th e  curves  
of f i g u r e  ( 4 : 4 ) ;  i t  does n o t  e x i s t  beyond th e  en d p o in ts  of the 
curves  shown in  ( 4 :1 0 ) .

F ig u re  (8 :1 )  i s  a c o n d e n sa t io n  o f  f ig u re s  ( 4 : 7 ) ,  ( 4 : 8 ) ,  and (4 :9) 
f o r  d e s ig n  p u rp o se s .  The n e c e s s a ry  sweep ran g e  f o r  con tinuous cover­
age o f  H by one o r  more of th e  extremum o f  th e  a b s o rp t io n  per  c y c le
cu rv e ,  and th e  c o r re sp o n d in g  range o f  a b s o lu te  h u m id i t ie s  (H) can be
dete rm ined  as  fo l lo w s :  S e l e c t  one curve and e n t e r  as  fg  th e  low est
frequency  a t  which th e  so d a r  i s  capab le  o f  o p e r a t in g .  The correspond­
ing  fg i s  the  minimum upper l i m i t  o f  the sweep, as i s  n ec e s sa ry  fo r  
co n t in u o u s  co v e rag e .  Using th e  same curve; i f  th e  p re v io u s ly  d e t e r ­
mined fg i s  e n t e r e d  on th e  fg a x is  and fg e n te r e d  on t h e  fg a x i s ;  then  
th e  two co r re sp o n d in g  v a lu e s  of H re ad  o f f  t h e  curve a r e  th e  l i m i t s  
of th e  range o f  H covered by th e  sweep. Any p a i r  o f sweep endpo in ts  
can be u t i l i z e d  in  t h i s  manner to  determ ine t h e  co r respond ing  range  of 
H. U su a l ly ,  cu rve  B w i l l  be most fa v o rab le ;  a l th o u g h  i t  should be 
no ted  t h a t  a com bina tion  o f  curves  can be u sed .  For example, cu rve  C 
and fg= 100 Hz y i e l d s  fg= 7kHz w ith  co rrespond ing  K range o f  .01% ^  H,
w ith  no p r a c t i c a l  upper l i m i t .
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