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A comparison is made between acous t i c  rada r  echoes and convent ional  meteorological  
d a t a  obtained from t h e  WKY tower, f o r  t h e  purpose of b e t t e r  understanding t h e  r e l a t i o n -  
s h i p s  between acous t i c  rada r  echoes and boundary l a y e r  processes. 

d a t a  and Charba's gust f r o n t  model. It i s  found t h a t  t h e  a c o u s t i c  rada r  echoes revea l  
t h e  boundary between warm and co ld ai r  and o the r  a r e a s  of mixing and s t rong  thermal 
g rad ien t  q u i t e  w e l l .  The thunderstorm outf low of 27 June 1972 is found t o  compare w e l l  f 
i n  most r e s p e c t s  t o  Charba's gust  f r o n t  model. ' 

a r e a  behind t h e  head by mixing wi th  t h e  ambient a i r .  
compare as w e l l ,  probably due t o  t h e  weakness of t h e  storm. 

sented.  
i d e n t i f i e d  q u i t e  e a s i l y  i n  t h e  acous t i c  rada r  record. 
format ion and d i s s o l u t i o n  of t h e s e  invers ions are d iscussed,  and r e l a t e d  t o  the  synopt ic  
p a t t e r n .  

can be  q u i t e  va luab le  i n  t h e  s tudy of t h e  boundary l aye r .  

t 
Two thunderstorm outf low cases are presented and compared t o  both acous t i c  rada r  

The major d i f f e r e n c e  is t h e  complete 
separa t i on  of t h e  head from t h e  main body of cold a i r ,  probably caused by eros ion of t h e ,  t 

The second case  i s  found not  t o  ; 

i Two cases of nocturnal  invers ions caused by advection of w a r m e r  a i r  a l o f t  a r e  pre- 
It is found t h a t  areas of tu rbu len t  mixing o r  s t rong  thermal gradient  can be 

Poss ib le  mechanisms f o r  t h e  

It is concluded t h a t  t h e  q u a l i t a t i v e  d a t a  afforded by a c o u s t i c  rada r  echo p a t t e r n s  
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ACOUSTIC RADAR INVESTIGATIONS OF BOUNDARY LAYER PHENOMENA 

CHAPTER I 

INTRODUCTION 

One of t h e  g r e a t  chal lenges facing meteorology today is 

t h a t  of understanding the  p lanetary  boundary layer .  sur face  

f r i c t i o n ,  sur face  heat ing and o ther  e f f e c t s  make t h e  study 

of t h e  boundary layer  exceedingly more complex than t h a t  of 

t h e  f r e e  atmosphere. Understanding of the  boundary l aye r  and 

t h e  r o l e  it plays i n  l o c a l  processes such as  severe storms and 

i n  l a r g e r  scale processes m u s t  come before s i g n i f i c a n t  improve- 

m e n t  can be made i n  forecast ing schemes i n  a l l  s c a l e s  of motion. 

Severe weather fo recas t ing  has b e e n  espec ia l l y  a f fec ted  by 

lack of knowledge of the  boundary layer.  

I n  recent  years s i g n i f i c a n t  advances have been made i n  

understanding t h e  sur face  f r i c t i o n  l a y e r ,  bu t  such has n o t  been 

t h e  case f o r  t h e  "Ekman layer " .  The lack of advance i n  under- 

s tanding of t h i s  l aye r  has l a rge ly  been the  r e s u l t  of t h e  

d i f f i c u l t y  i n  obta in ing data.  M o s t  of the  da ta  obtained on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 
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the "Ekman laye r "  thus f a r  has come from balloon-borne packages, 

a i r c r a f t ,  and the few instrumented towers ava i l ab le .  Each Of 

these methods is  e i t h e r  expensive, o r  w i l l  not provide the  

q u a l i t y  and accuracy of da ta  needed, o r  both. Fu r the r ,  a l l  

these methods d i s t u r b  the f i e l d  i n  which the measurement i s  

made, a t  l e a s t  t o  some ex ten t .  For these reasons a t t e n t i o n  

has turned i n  recent  years t o  remote sensing of t he  p lanetary  

boundary l aye r .  

One of t he  most promising remote sensing i ns t ruments  

developed i n  recent  years is  the  acous t ic  radar .  The acous t ic  

radar i s  highly  s e n s i t i v e  t o  f l uc tua t i ons  i n  both temperature 

and ve loc i ty ,  much more so than e i t h e r  electromagnet ic radar  

o r  l i da r .  F u r t h e r  enhancing i ts  a t t r a c t i v e n e s s  i n  boundary 

layer  app l i ca t ions  is  i t s  low c o s t  of cons t ruc t ion  and opera- 

t ion .  

The h i s t o r y  of t he  study of acous t i c  backscat te r ing  has ,  

l i k e  most s c i e n t i f i c  developments been one of i n t e r e s t  followed 

by periods of r e l a t i v e  i n a c t i v i t y .  Tyndall  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1875), whi le study- 

i n g  the propagation of sound from a l a rge  fog horn,  de tec ted  

acoust ic  backscat te r  from thermal and wind s t r u c t u r e  i n  t h e  

atmosphere and a t t r i b u t e d  it t o  "acous t i c  c louds" d r  t o  t h e  

" f ~ o c C u ~ e n t "  na ture  of t he  atmosphere. By  u s i n g  a s e n s i t i v e  

flame d e t e c t o r ,  he was ab le  t o  show t h a t  heated a i r  could 
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attenuate the direct propagation of sound and lead to back- 

scattering. 

The next significant event in acoustic echo-sounding did 

not occur until zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1944 when Gilman et al. (1946) used acoustic 

backscatter to study low-level temperature inversions which 

were causing radio-wave fading. They discovered that the 

backscattered signal. revealed an amazing amount of atmospheric 

structure beneath these inversions. The intensity of the 

acoustic echoes they received was unexpectedly high, much 

higher than the theoretical predictions for the reflection of 

sound from strong temperature gradients. The conclusion they 

reached was that the received echoes were due not only to 

strong temperature gradients but zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAalso to turbulent temperature 

fluctuations. Moreover, they concluded that turbulent temper- 

ature fluctuations were the primary scatterer of the acoustic 

signal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 

-- 

Little further development occurred until McAllister (1968) 

set up an acoustic sounding test site in Australia in 1967. 

The purpose of the experiments was to develop a means to monitor 

the lower atmosphere for the purpose of detecting conditions 

conducive to radio wave fading. The results obtained, however, 

had a muck wider application, McAllister found that acoustic 

energy could be used to probe the atmosphere and that the 



4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
detected backscat te red  energy could be used t o  ob ta in  a v i s u a l  

record of t u rbu len t  temperature f l uc tua t i ons  as a continuous 

funct ion of he igh t  and t i m e .  (1969) 

presented a more d e t a i l e d  report of t h i s  experiment i n  which 

he  descr ibed observat ions of var ious meteoroloqical phenomena 

such as thermal plumes, breaking waves and r a d i a t i o n  invers ions.  

The acous t i c  rada r  d a t a  w a s  compared t o  convent ional  meteoro- 

l og i ca l  da ta  received from an instrumented 75 m t o w e r .  McAl l i s te r ' s  

experimencs confirmed the conclusions of  Gilman -- e t  a l .  (1946) 

t h a t  backscat te red  acous t i c  energy i s  pr imar i l y  due t o  turbu- 

l e n t  temperature f l uc tua t i ons .  

La te r  M c A l l i s t e r  -- e t  a l .  

L i t t l e  (1969) reviewed the p o t e n t i a l  use fu lness  of acous t i c  

probing of  the atmosphere. H e  pointed o u t  t h a t  acous t i c  methods 

should prove e s p e c i a l l y  va luable i n  the study of t h e  boundary 

layer .  H e  f u r t h e r  suggested tha t  a c o u s t i c  sounding methods 

could be developed t o  monitor temperature invers ions ,  mechanical 

turbulence, temperature f l u c t u a t i o n s ,  and the v e r t i c a l  prof i les  

of wind speed, wind d i r e c t i o n  and humidity. 

Beran -- e t  a l .  (1971) used t h e  Doppler s h i t t  i n  frequency 

of t h e  received acous t i c  s i g n a l  t o  determine v e r t i c a l  v e l o c i t i e s  

i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe boundary layer .  They c a l c u l a t e d  det .a i led v e r t i c a l  veloc- 

i t y  pa t te rns  w i th in  i nd i v idua l  thermals and w i th in  an inversior.  

a t  a time when breaking g r a v i t y  waves w e r e  p r e s e n t ,  accu ra te  
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t o  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- + 0.2 m sec-l. 

of t h e  acous t i c  Doppler approach i n  the study of convection and 

wave phenomena i n  t h e  atmosphere. 

They a l s o  pointed out t he  u t i l i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An acoust ic  radar  w a s  constructed and placed i n  operat ion 

a t  t he  Univers i ty  of Oklahoma i n  1971. Prel iminary r e s u l t s  w e r e  

repor ted by Cronenwett e t  a l .  (1972). Resul ts of prel iminary 

s t u d i e s  l e d  t o  modif icat ion and improvement of t he  equipment, 

and s i n c e  June of 1971 the  acous t ic  radar  has been i n  operat ion 

a t  a s i te  near  t h e  meteorological ly instrumented WKY t e l e v i s i o n  

tower. The WKY tower is l oca ted  about 6 n m i  nor th of Oklahoma 

Ci ty ,  Oklahoma, i n  gent ly  r o l l i n g  t e r r a i n .  The acous t ic  radar  

is  s i t u a t e d  approximately 450 m from the  tower. 

-- 

The tower da ta  acqu is i t i on  system has been descr ibed by 

Car te r  (1970). The t o w e r  is instrumented a t  seven l e v e l s  

(23 ,  45, 90, 177 ,  266, 355, and 444 m) . Temperatures, wind 

speeds, and wind d i rec t i ons  are recorded a t  a l l  seven leve ls .  

V e r t i c a l  v e l o c i t i e s  and wet-bulb temperatures a r e  recorded a t  

t h r e e  l e v e l s  (23, 177,  and 444 m ) .  

The o r i g i n a l  purpose of t h i s  research was t o  determine 

v e r t i c a l  v e l o c i t i e s  i n  t h e  boundary layer ,  from t h e  Doppler 

s h i f t  i n  frequency of t h e  returned acous t ic  s igna l .  The t rans-  

mi t ted  and returned s i g n a l s  were recorded on tape,  d i g i t i z e d  

and processed by computer. The received s i g n a l  was d i g i t i z e d  
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i n  512 word segments wi th a sampling t i m e  of  110 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp sec and a 

f a s t  Four ie r  transform w a s  performed on t h e  d i g i t i z e d  d a t a  t o  

obta in  t h e  received s i g n a l  spectrum. The received frequency 

was then determined by inspect ion of  the spectrum. I t  w a s  

found tha t  t he  received frequency determined by th is  method 

d id  no t  m e e t  t h e  reso lu t i on  requirements demanded f o r  computa- 

t i o n  of v e r t i c a l  v e l o c i t i e s .  The reso lu t i on  of a f a s t  Four ie r  

transform depends upon t h e  number of da ta  po in ts  ava i lab le .  

The 5 1 2  word sample d i d  no t  provide enough d a t a  po in ts  f o r  

proper frequency reso lu t ion .  

have su f fe red  i f  t h e  number of words i n  t h e  sample w e r e  i nc reased,  

it w a s  decided t h a t  t h e  f a s t  Four ie r  transform method w a s  no t  

s u i  tab le. 

s i n c e  v e r t i c a l  reso lu t i on  would 

I t  w a s  then decided t o  determine t h e  received frequency 

by counting t h e  zero  cross ings i n  t h e  d i g i t i z e d  da ta .  However, 

a f t e r  seve ra l  weeks of  t r y ing  d i f f e r e n t  f i l t e r i n g  and process- 

ing techniques,  i t  w a s  decided t h a t  t h i s  approach w a s  a l s o  

unsui tab le due t o  no ise  i n  the s i g n a l  and d i f f i c u l t y  i n  pro- 

cess ing i n  a reas  of w e a k  re tu rns .  Work is now underway t o  

provide on-equipment processing of v e r t i c a l  v e l o c i t i e s .  

Following t h e  f a i l u r e  t o  ob ta in  re l iable es t imat ions  of 

v e r t i c a l  v e l o c i t i e s ,  a t t e n t i o n  w a s  focused on i n t e r p r e t a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of the acous t i c  facsimi le records  and t h e i r  re la t i onsh ips  wi th  
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on-going boundary l aye r  processes. Major emphasis has been 

placed on t h e  study of co ld  a i r  outflow from thunderstorms and 

t h e  formation and d i sso lu t i on  of nocturnal  invers ions.  R e s u l t s  

a r e  discussed as case s t u d i e s ,  re la t i ng  the  synopt ic  s i t u a t i o n ,  

d a t a  obtained from t h e  t o w e r ,  and the acous t ic  radar  data.  

Conventional t e l e t y p e  and facs imi le  da ta  w e r e  used f o r  deter-  

mination of the  synopt ic  s i t u a t i o n  and t o  augment on-s i te  data.  

Previous s t u d i e s  have g r e a t l y  advanced knowledge i n  t h e  

area  of pa t te rn  recogni t ion and i n t e r p r e t a t i o n  of acoust ic  

echoes. However, previous s t u d i e s  have not  had the  advantage 

of operat ing i n  conjunct ion with a meteorological ly instrumented 

t o w e r  as t a l l  (450 m) as the  WKY tower. The main purpose of 

t h i s  research has been t o  interpret the acoust ic  record and 

determine the re la t i onsh ips  ex is t ing  between acous t ic  echo 

p a t t e r n s  and boundary layer  processes. A f u r t h e r  purpose 

has been t o  f u r t h e r  confirm, as theory p r e d i c t s ,  t h a t  acous t ic  

backsca t te r  r e s u l t s  only from i n t e r a c t i o n  of the  acous t ic  s i g n a l  

wi th tu rbu len t  f l uc tua t i ons  of temperature and s t rong thermal 

g rad ien ts .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA t h i r d  purpose has been t o  inc rease knowledge of 

the s t r u c t u r e  of  gus t  f r o n t s  and nocturnal  invers ions.  



CHAPTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 

ACOUSTIC RADAR THEORY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND OPERATION 

Acoustic energy i n  genera l  i n t e r a c t s  much more Strongly  

wi th the atmosphere than does electromagnet ic energy. The 

st rong i n t e r a c t i o n  r e s u l t s  because the atmosphere is  t h e  t rans-  

mi t t ing veh ic le  f o r  acous t ic  waves, whereas i t is only  a per- 

t u rba t i on  f o r  t h e  propagat ion of elect romagnet ic  waves, such 

as those produced by convent ional  radar o r  l i da r .  Because 

of t h i s  s t rong i n t e r a c t i o n  acous t ic  echo-sounding equipment 

can be b u i l t  much more cheaply and simply than o t h e r  radar 

devices re ly ing  upon e lect romagnet ic  propagat ion.  

Transmission of acous t i c  energy i n t o  the atmospnere may 

r e s u l t  i n  s c a t t e r i n g ,  r e f l e c t i o n ,  o r  absorpt ion.  Ref lec t ion  

occurs when t h e  acous t i c  energy encounters sharp v e r t i c a l  

g rad ien ts  i n  t h e  mean a i r  temperature. s c a t t e r i n g  i s  caused 

by tu rbu len t  f l uc tua t i ons  of temperature and wind v e l o c i t y ,  

and by p a r t i c u l a t e s .  Var ia t ions  i n  w a t e r  vapor p ressu re  a lso  

a f f e c t  acous t ic  energy t ransmi t ted  i n t o  t h e  atmosphere. HOW- 

ever .  CalcUlationS made by M c A l l i s t e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- e t  a l .  (1969) i n d i c a t e  

1 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8 
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t h a t  the e f f e c t s  of water zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAvapor upon t r,tiisiniss zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1011 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA..in' l\c\ Low 

t he  threshold of d e t e c t a b i l i t y  of present  rece ivers .  

The s c a t t e r i n g  of acous t ic  rad ia t ion  i n  dry a i r  has been 

q u a n t i t a t i v e l y  t r e a t e d  by Ka l l i s t ra tova  (1961). Severa l  impor- 

t a n t  conclusions can be drawn f r o m  the equat ions of Ka l l i s t ra tova  

and those of Monin (1962): (1) M o s t  of t h e  acous t ic  energy is 

s c a t t e r e d  i n  t h e  forward d i rec t i on .  (2 )  N o  acoust ic  energy is 

s c a t t e r e d  a t  an angle of 90' with respect  t o  the  d i r e c t i o n  of 

propagation, s ince  sound is a long i tud ina l  v ib ra t ion .  ( 3 )  

Acoustic power va r ies  weakly wi th wave length.  (4) Acoustic 

power is  s c a t t e r e d  by wind f l uc tua t i ons  and temperature f luc tua-  

t i ons .  (5 )  Wind f l uc tua t i ons  produce no s c a t t e r  i n  t h e  back- 

ward. d i r e c t i o n  (180 ') ; a l l  backscat tered energy i s  t h e  r e s u l t  

of temperature f l uc tua t i ons .  The l a t t e r  p o i n t  is  very impor- 

t a n t  f o r  our purposes, s i n c e  a l l  observat ions repor ted i n  t h i s  

research w e r e  obtained by operat ing t h e  acous t ic  radar  i n  t h e  

monostatic mode. 

The backscat ter ing acous t ic  radar equat ion a s  given by 

M c A l l i s t e r  _I- et  al. (1969) f o r  i so t rop i c  homogeneous turbulence 

t 
i s  

where P, is t h e  received acoust ic  p o w e r  ( w ) ,  P i s  t h e  t ransmi t ted 

acous t i c  p o w e r  ( w ) ,  c i s  t h e  ve loc i ty  of sound (m sec-I), T is 
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the t ransmi t ted  pu lse  length (sec) ,  A is t h e  c o l l e c t i n g  area of 

the antenna ( m  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) ,  L i s  an a t tenua t ion  f a c t o r  which accounts fo r  2 

t ransducer e f f i c i e n c i e s ,  atmospheric a t tenuat ion ,  and. antenna 

e f f i c iency ,  R is  t h e  range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(m), and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACJ is  t h e  s c a t t e r e d  power 

Per u n i t  volume per u n i t  i nc iden t  f l u x  per r ~ r . i t  solid angle i n  

the  backscat te r  d i r e c t i o n .  The equat ion f o r  CJ i s  given by 

M c A l l i S t e r  (1969) as 

( 2 )  

where A i s  t h e  t ransmi t ted  wave length (cm),  T i s  t h e  temper- 

a tu re  (K), and CT i s  a measure of  t h e  temperature f l u c t u a t i o n  

. The value of C can be ca lcu la ted  from i n t e n s i t y  ( K  Cm 

t he  s t r u c t u r e  funct ion of t h e  temperature f i e l d  given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- v 3 )  

T 

( 3 )  
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 / 3  

DT = [T (x) - T (x+r) ] *  = c T r , 

where T (x)  and T (x+r)  a r e  instantaneous temperatures a t  

t h e  po in ts  x and x+r i n  the  r d i r e c t i o n .  
4 

Therefore C c  can be 

i n te rp re ted  a s  the  mean square of the temperature d i f f e r e n c e  

between t w o  po in ts  i n  space separa ted  by a u n i t  d i s tance .  The 

above equat ions account on ly  f o r  t h a t  p o r t i o n  of t h e  acous t i c  

energy which i s  backscat te red  a s  a r e s u l t  of t u rbu len t  f l uc tu -  

a t i o n s  of temperature. Backscat ter ing due t o  Specular  reflec- 

t i o n  of acoust ic  energy i n  reg ions of sharp  temperature g r a d i e n t s  

i s  not  included. 
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The upper l i m i t  on the  range of an acous t ic  radar  is a 

funct ion of t he  speed of sound and the pu lse  r e p e t i t i o n  fre- 

quency of t he  radar .  However o the r  f a c t o r s  can reduce the  

e f f e c t i v e  range t o  below t h i s  value. Some of t hese  f a c t o r s  

are.  atmospheric absorpt ion,  receiver  l i m i t a t i o n s ,  and noise.  

Atmospheric absorpt ion decreases the  e f f e c t i v e  range by 

decreasing the  amount of power ava i lab le  f o r  backscat te r ing .  

Absorption inc reases  a s  the  t ransmi t ted  frequency increases 

and as t h e  r e l a t i v e  humidity of the a i r  increases.  Absorption 

decreases w i t h  increas ing temperature. 

Noise not cn ly  l i m i t s  t h e  e f f e c t i v e  range bu t  can, i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

extreme cases ,  render the  acoust ic  radar  t o t a l l y  useless by 

obscuring a l l  v a l i d  echoes. Attenuat ion caused by absorpt ion 

and by loss of t h a t  p a r t  of t he  t ransmi t ted  s i g n a l  which was 

backscat te red  before reaching the l e v e l  i n  quest ion ,  results 

i n  a decrease of received p o w e r  a s  t h e  range of s c a t t e r e r s  in -  

creases .  Since received power decreases as  the  range of s c a t -  

t e r e r s  i nc reases ,  obscurat ion of t he  received s i g n a l  by no ise  

becomes more c r i t i c a l  as range increases.  The most important 

sources of no ise  a r e  raindrops which s t r i k e  the  antenna and 

wind. High winds o r  heavy ra in  can produce noise s u f f i c i e n t  

t o  obscure even the  s t ronges t  echoes. Environmental no ise is  

less important i n  most cases ,  s i n c e  it may be minimized by 

jud ic ious  s i te  se lec t i on .  

~ 
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The acous t ic  radar  used i n  t h i s  research is a pulsed radar  

which sends ou t  a brief  b u r s t  of  acous t ic  energy. Backscattered 

o r  r e f l e c t e d  energy i s  then de tec ted  by t h e  rece ive r ,  ampl i f ied 

and d isp layed o r  recorded. The func t i ona l  opera t ion  of t h e  

u n i t s  composing t h e  rada r  a r e  n e t  r a d i c a i i y  d i f f e r e n t  f r o m  

those encountered i n  convent ional  e lect romagnet ic  pulsed rada rs ,  

s i n c e  the b a s i c  p r i n c i p l e s  under ly ing both are t h e  s a m e .  How- 

ever ,  due t o  t h e  d i f f e r e n t  types of  energy involved, acous t i c  

radar c i r c u i t s  can be cons t ruc ted  much more simply than those 

of convent ional  radar .  A f unc t i ona l  b lock diagram of t he  acous t i c  

radar  is shown i n  Fig. 1 and equipment parameters a r e  l i s t e d  i n  

Table 1. 

A s  shown i n  Fig.  1 t h e  facsimile recorder  prov ides t h e  

synchronizat ion f o r  t h e  s t a r t  of  t h e  t ransmiss icn  cyc le .  When 

t h e  facs im i le  recorder  begins i ts  t r a c e ,  a synchroniz ing pu lse  

i s  sen t  t o  t h e  tone b u r s t  genera tor .  This pu lse  al lows t h e  

tone b u r s t  genera tor  t o  g a t e  a s h o r t  b u r s t  of  audio s i g n a l  a t  

t h e  t ransmi t t ing  frequency from the  audio o s c i l l a t o r  through 

a f i l t e r  t o  t h e  p o w e r  amp l i f i e r .  The ampl i f ied audio pu l se  is 

coupled by a l i n e  t ransformer t o  t h e  t ransmiss ion  l i n e  which 

c a r r i e s  the  pulse t o  t h e  t ransducer  s i t e ,  where another l i n e  

t ransformer couples t h e  s i g n a l  through t h e  t ransmi t - rece ive  

s w i t c h  ( T R )  t o  the  t ransducer .  The t ransducer  conver ts  t h e  
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s i g n a l  t o  ve r t i ca l l y -d i rec ted  sound. The TR switch provides 

a very important funct ion.  Since the transducer is used both 

a s  a t ransmi t te r  and as a receiv ing antenna, s o m e  means must 

be provided t o  keep t h e  high-power t ransmi t ted pulse from 

enter ing  t h e  rece iver  sec t i on  of the  radar.  The TR switch 

provides t h i s  means, disconnecting t h e  rece iver  system from 

the  t ransducer  whi le t ransmission is underway. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A s h o r t  t i m e  a f t e r  transmission has begun the  sequence 

t i m e r ,  which had been ac t i va ted  by a pulse from t h e  tone  b u r s t  

genera tor  a t  t he  beginning of t ransmission, resets the  TR switch. 

Since s i g n a l  amplitude decreases as range increases ,  some method 

must be provided t o  i nc rease t h e  rece iver  ga in as  a funct ion 

of range, so t h a t  equal  amplitude d is turbances a t  d i f f e r i n g  

ranges w i l l  be depicted as such. The sequence t i m e r  provides 

t h i s  means i n  the  form of a vol tage which inc reases  l i n e a r l y  

wi th  t i m e  during each cyc le  (Ramp). The received s i g n a l  is 

mul t i p l i ed  by t h e  Ramp t o  achieve the  des i red  gain.  

Acoustic re tu rns  a re  converted t o  a vo l tage by t h e  t rans-  

ducer and conveyed through t h e  TR switch t o  t h e  preampl i f ier  

which provides i n i t i a l  ampl i f icat ion.  The received s i g n a l  

then passes through the  receiver  and the  ampl i f ie r  t o  the 

m u l t i p l i e r ,  where it i s  combined with t h e  Ramp. The s i g n a l  

then passes through the  recorder d r i v e r  t o  t he  facs imi le  

recorder ,  ending the  cycle.  
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COLD OUTFLOW FROM THUNDERSTORMS 

C a s e  I 

Charba (1972) ,  i n  h i s  s tudy of t h e  i n tense  g u s t  f r o n t  

leading t h e  s q u a l l  l i n e  of 3 1  May 1969, advanced t h e  theory 

t h a t  a g u s t  f r o n t  is  e s s e n t i a l l y  a g r a v i t y  cu r ren t  caused by 

outf low of co ld  a i r  from downdrafts i n  areas of severe  thunder- 

storm a c t i v i t y .  Essen t ia l  e lements  o f  Charba's g u s t  f r o n t  

model a r e  shown i n  Figs.  2 and 3 (Charba, 1972). The wind- 

s h i f t  l i n e  i s  caused by a p ressure  jump propagat ing on an 

invers ion ahead of t he  thunderstorm a c t i v i t y ;  no change i n  

a i r  m a s s  accompanies t h i s  l i n e .  The g u s t  surge is an i n tense  

sudden increase i n  the  speed and gus t i ness  of t h e  wind and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  

coupled with s t rong upward motion. The dens i t y  surge l i n e ,  

which marks t h e  i n t e r f a c e  between ambient a i r  and t h e  e leva ted  

head of t h e  co ld a i r  m a s s ,  fo l lows t h e  g u s t  surge. The dens i t y  

surge l i n e  marks t h e  leading edge of t h e  e leva ted  pressure  

I 
head. Sur face f r i c t i o n  causes re ta rda t ion  i n  t h e  l o w e r  

'The t e r m  head, used h e r e  as an analogy t o  heads i n  
laboratory  g r a v i t y  cu r ren ts  desc r ibes  the area a t  the f r o n t  
of the co ld  a i r  m a s s  where the depth of t h e  cold a i r  is  g r e a t e r  
than a t  po in ts  upstream (Fig.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3)  . 

14 
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por t ions of the  head, which r e s u l t s  i n  t he  formation of a 

protruding nose zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand an a rea  of mixing b e l o w  t h i s  nose. 

motion behind t h e  head i s  downward. A broad thermal maximum 

e x i s t s  i n  t h i s  region, caused by ad iabat ic  heat ing and mixing 

of t he  co ld a i r  with t h e  anibient a i r  from above. Following t h e  

thermal maximum, a wind speed minimum occurs co inc ident  wi th  

a maximum of wind gus t iness .  A f t e r  t h i s  minimum a secondary 

wind s h i f t  and speed maximum precede the  a r r i v a l  of an even 

co lder  a i r  mass. 

V e r t i c a l  

Although t h e  s i t u a t i o n  on 27 June 1972 was s u b s t a n t i a l l y  

d i f f e r e n t  from t h a t  on which Charba b u i l t  h i s  model, Comparison 

can s t i l l  be f r u i t f u l  i f  t he  following considerat ions are kept  

i n  mind: (1) The co ld outf low on 27 June 1972 resu l ted  from 

a s i n g l e  in tense thunderstorm and not  from a s q u a l l  l i n e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 )  

The observat ion s i te  was not i n  the  d i r e c t  path of t h e  storm. 

The c e n t e r  of t h e  s t o r m  passed approximately 6 n m i  t o  the  

south of t h e  s i te  on i ts  path from w e s t  t o  e a s t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  Only 

p o i n t  observat ions w e r e  made. Despite these d i f f e rences ,  t h e r e  

was s u b s t a n t i a l  agreement wi th Charba's model. The fol lowing 

d iscuss ion  is intended not only t o  s u b s t a n t i a t e  these po in ts ,  

bu t  a l s o  t o  show t h e  c a p a b i l i t i e s  and l i m i t a t i o n s  of t he  

acous t i c  radar  i n  thunderstorm outf low s i t u a t i o n s .  
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The synopt ic s i t u a t i o n  i n  c e n t r a l  Oklahoma preceding the  

thunderstorm a c t i v i t y  of 27 June 1972 is shown i n  F i g s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 and 

5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn elongated sur face  low was centered over w e s t  c e n t r a l  

Oklahoma, with i t s  major ax is  o r ien ted  southwest-northeast. 

An zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA850-mb trough was o r ien ted  nsrth-south from the  c e n t r a l  

Dakotas through the  Texas Panhandle t o  the  B i g  Bend area.  A 

weak, quas i -s ta t ionary  f r o n t  lay  i n  t he  v i c i n i t y  of t he  

Oklahoma Ci ty  area.  Dry a i r  was present  a t  both the  su r face  

and a t  700 nib i n  w e s t e r n  Oklahoma and the  Texas Panhandle. A 

weak trough a t  700 m b  was present  over the  Texas Panhandle 

( F i g .  5 ) .  The l i f t e d  index a t  Oklahoma Ci ty  a t  0600 CST was 

-8. 

A t  1510 CST, a rap id ly  bu i ld ing i s o l a t e d  thunderstorm 

w e s t  of Oklahoma Ci ty ,  moving eastward, was de tec ted  on the 

WSR-57 weather radar a t  the Nat ional  Severe Storms Laboratory 

i n  Norman. A t  1540 CST the  storm entered  t h e  extreme western 

edge of Oklahoma Ci ty .  Basebal l  s i z e  h a i l  was repor ted  i n  t he  

C i ty .  Tinker A i r  Force Base, on the  eas te rn  edge of t he  C i ty ,  

l a t e r  reported winds i n  excess of 70 mph from t h e  same storm. 

A t  1 6 2 5  CST t h e  cen te r  of the  storm, as determined by rada r ,  

lay d i r e c t l y  south of the WKY tower and acous t i c  radar  s i t e ,  

which is s i t u a t e d  about 6 n m i  nor th  of downtown Oklahoma Ci ty .  

P rec ip i t a t i on  a t  the radar  s i te  was l im i ted  t o  a few sp r ink les .  
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Pr ior  t o  t he  wind s h i f t ,  which began a t  1625 (Fig.  8 d ) ,  

winds w e r e  uniform e a s t e r l y  a t  a l l  leve ls  of t h e  ower. During 

the  wind s h i f t ,  winds i n  the  lower leve ls  switched t o  the  

southwest. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA d i s t i n c t  wind speed minimum ( F i g .  8c) occurred 

co inc ident  wi th  the  windshi f t  a t  a l l  l eve l s .  This wind speed 

minimum has  been descr ibed by Charba (1972) a s  a t y p i c a l  gus t  

f r o n t  f ea tu re .  N o  change i n  a i r  mass p roper t i es  occurred 

across t h e  wind s h i f t .  There was e s s e n t i a l l y  no change i n  

e i t h e r  temperature (Fig.  8b) or w e t  bulb temperature across 

t h e  wind s h i f t .  A sharp pressure  rise was measured co inc ident  

with t h e  wind s h i f t  ( F i g .  7 ) .  Pressure continued t o  rise 

a f t e r  t h e  wind s h i f t  so t h a t  no d i s t i n c t  leve l ing  o f f  of 

p ressure  occurred between t h e  wind s h i f t  and the  a r r i v a l  of 

the g u s t  f r on t .  Charba associated the  wind s h i f t  not  t o  the  

gus t  f r o n t ,  bu t  t o  a pressure jump propagating ahead of the  

gus t  f r o n t .  I n  t h e  case be ing  discussed the  gus t  f r o n t  fol lows 

the  wind s h i f t  so c lose ly  t h a t  one might quest ion such a sepa- 

r a t i o n  of t he  o r i g i n  of the  wind s h i f t  and the  gus t  f ron t .  

However, it should be noted, a s  explained b e l o w  t h a t  a sur face  

pressure  rise of 1.1 m b  cannot possibly be explained as due t o  

i n f l u x  of co lder  a i r .  The maximum temperature decrease across 

the  gus t  f r o n t  was 1.3c; t h i s  occurred a t  266 m. Furthermore, 

t he  temperature decrease of only zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.3C a t  the  t o p  of t he  tower 
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i nd ica tes  t h a t  t h e  co ld  a i r  d i d  not  extend much above t h i s  

l e v e l .  The su r face  pressure  dropped 0 .3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmb a f t e r  passage of 

the i n i t i a l  surge  of co ld  a i r .  Thus, i t  seems reasonable t o  

t he  co ld a i r .  The remaining zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ.0 r ise was probably due t o  

a weak hydrau l i c  jump. The ca lcu la ted  depth of the co ld  a i r  

assoc ia ted  w i th  a 0 . 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn2.1 pressure  rise and t-he temperature drop 

descr ibed above is  approximately 800 m.  A su r face  p ressu re  

r i se  of  0 . 2  mb (F ig .  7)  accompanied t h e  a r r i v a l  of the main 

. 

m a s s  of  co ld a i r  a t  1638 ( F i g .  8h) .  

The leading edge of t h e  g u s t  f r o n t  a r r i v e d  a t  1629 ,  s h o r t l y  

a f t e r  t h e  wind s h i f t .  Maximum winds i n  the gus t  surge  w e r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 

m sec- l  a t  100 m (F ig .  8 c ) .  The a x i s  of  maximum wind speeds is 

s i g n i f i c a n t l y  re ta rded near  t h e  ground, as i s  t h e  a x i s  of mini- 

mum temperature (F ig .  8b) .  Rapidly f l u c t u a t i n g  wind speeds 

below 50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArn pr io r  t o  t h e  a r r i v a l  of t h e  gus t  surge  a t  t h i s  l e v e l  

a r e  i nd i ca t i ve  of t u rbu len t  mixiiig b e l o w  t h i s  l e v e l .  The pro- 

t:rudinq nose can be seen i n  both t h e  temperature and the wind 

analyses. Temperatures began dropping a t  t h e  90- and 177-111 

l e v e l s  approximately one min be fo re  dropping a t  other  l e v e l s .  

A broad zone of upward v e r t i c a l  motion occurred i n  advance of 

the  head ,  with maximum v e r t i c a l  v e l o c i t i e s  of 1 . 5  m sec a t  

444 m. Downward v e r t i c a l  v e l o c i t i e s  behind the head w e r e  even 

Stronger ,  

-1 

with a maximum of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 3  m sec- l  a t  the 444 m l e v e l .  
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These strong downward cur ren ts  > t?h ind  the head zauscd t h c y  

formation of a broad thermal masimum ( F i g .  t i b ) ,  w i t h  maslnium 

temperatures near the  sur face  exceeding the  ambient a i r  tempera- 

tu res .  Apparently there  was i n s u f f i c i e n t  inflow of cold a i r  

from t h e  thunderstorm t o  counteract  t he  e f f e c t s  of ad iaba t i c  

heat ing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand mixing with the  a b i e n t  a i r .  A s  a r e s u l t  t he  

head was completely separated from the  cold a i r  upstream. 

Acoustic radar  echoes f r o m  t h e  cold a i r  i n  t he  head during 

the  per iod  1630 t o  1635 CST ( F i g .  8a) were weak because of t he  

smal l  temperature d i f fe rences  between the  head and the  ambient 

a i r .  Stronger echoes below 200 m are  i nd i ca t i ve  of t he  s t ronger  

mixing near the  sur face.  The dark pin-point l i k e  re tu rns  from 

200 t o  700 m are  suspected t o  be acous t ic  r e f l e c t i o n s  from 

ra indrops which evaporated before they reached the  ground 

( L i t t l e ,  1 9 7 2 ) .  or  from p a r t i c u l a t e s .  Possibly they could 

be caused by dust p a r t i c l e s  swept up i n to  the  c i r c u l a t i o n  of 

t he  head, although no s i g n i f i c a n t  dus t  concentrat ions were 

v i s i b l e  when the  head passed the s i t e .  Weak o r  no r e t u r n s  

w e r e  received from 1635 to  1638 CST. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A wind speed m i n i m u m  ( F i g .  Ec) preceded the  secondary 

w i n d  s h i f t  (F ig .  8d) and increase i n  wind speeds which marked 

the  a r r i v a l  of the  second, colder mass of a i r .  A s  i nd ica ted  

prev ious ly ,  the  sur face pressure rose 0.2  mb a t  t h i s  p o i n t  

( F i g .  7 ) .  Tower da ta  ind ica tes  t h a t  t h i s  sir mass was la rge ly  
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confined b e l o w  450 m. Maximum he igh t  of s t rong acous t ic  radar  

re tu rns  (F ig .  8a) was 474 m with very weak echoes extending t o  

550 m. T h i s  a i r  m a s s  w a s  a lso  re tarded near  the  ground dur ing 

the per iod 1638 t o  1643 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACST (Fig.  8 h ) ;  gus t i ness  of t h e  wind 

below 50 m during this geriod a i s o  i nd i ca tes  tu rbu len t  mixing 

i n  th is  l ayer .  A secondary e leva ted  head is  a l s o  ev ident  i n  

the temperature ana lys i s ,  w i t h  a prot rud ing nose extending f r o m  

50 t o  180 m. 

t h i s  secondary head (Fig.  8 c ) ,  compared wi th  11 m sec-l observed 

i n  t h e  primary gus t  surge. 

of 1.7 m sec’l occurred immediately preceding the  secondary head 

a t  444 m. A weak zone of downward motion occurred behind t h e  

head. T h e  s i t u a t i o n  a t  177 m w a s  s u b s t a n t i a l l y  d i f f e r e n t ,  how- 

ever. Upward v e r t i c a l  v e l o c i t i e s  preceding t h e  head w e r e  weak 

b u t  v e r t i c a l  v e l o c i t i e s  of -1.3 m sec-l occurred i n  t h e  region 

immediately fol lowing t h e  head. V e r t i c a l  v e l o c i t i e s  of 1.3 m 

sec-l w e r e  observed a t  177 m immediately preceding t h e  temporary 

inc rease i n  the  depth of t h e  cold a i r  m a s s  a t  1649. Afterward 

v e r t i c a l  motion was downward a t  all l e v e l s  wi th  a maximum of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-1.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm sec-l at. 444 m. V e r t i c a l  v e l o c i t i e s  i n  t h e  core of 

t h e  cold a i r  m a s s  w e r e  s m a l l .  

Maximum wind speeds of 6 m sec-l occurred w i th in  

Maximum upward v e r t i c a l  v e l o c i t i e s  

The acous t ic  facs imi le  record (F ig .  8a) r e f l e c t s  t h e  

composition of t h e  a i r  mass revea led  by t h e  temperature ana lys i s .  
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The echoes caused by tu rbu len t  mixing and the  strong thermal 

g rad ien t  i n  the  protruding nose are apparent below 200 m from 

1638 t o  1641. From 1642 t o  1645 strong echoes-appear along 

the  boundary between the  warm and cold a i r  and weak echoes 

appear wi th in  t h e  uniform cold a i r  mass. Strong tu rbu len t  

mixing behind the  head from 1645 t o  1647 i s  suggested by the 

s t rong echoes along the  backside of t he  head from the sur face  

upward t o  t h e  100 m l eve l .  The temporary increase i n  the  depth 

of the cold a i r  mass a t  1649 call zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAalso be seen as an echo-free 

area  surrounded by s t ronger  echoes. I nd i ca t i ve  of t he  f i n e  

reso lu t i on  of t he  acous t ic  radar observat ions i s  the c l e a r  

a rea  vis ib le below 220 m a t  3.645. This c l e a r  a rea  resu l ted  

from a temporary increase i n  the depth of t he  cold a i r .  This 

f e a t u r e  i s  bare ly  d iscernab le  i n  the  temperature ana lys is  

(F ig .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8b) due t o  i n s u f f i c i e n t  reso lu t ion  of the  temperature 

sensors.  The strong echoes between 50 and 150 m a t  1644 

occurred simultaneously with v e r t i c a l  v e l o c i t i e s  of -1.3 m 

sec  a t  t he  177  m l eve l .  N o  evidence of the presence of cold 

a i r  appears i n  e i t h e r  the  analyses o r  t he  acous t ic  radar  record 

a f t e r  1653. Acoustic radar  echoes w e r e  l im i ted  t o  the  lower 

l e v e l s ,  as they w e r e  p r i o r  t o  t he  f i r s t  i n f l u x  of cold a i r .  

-1 

case 11 
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On 8 August 1972 a co ld  f r o n t ,  pushed southward by a 

Canadian airmass which was extremely co ld  f o r  t h e  season, was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

crossing Oklahoma. The co ld  f r o n t  passed through t h e  Oklahoma ~ 

City a rea  i n  t h e  e a r l y  a f ternoon and then s t a l l e d  ou t  i n  

southern Oklahoma. Durinq t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAearly af ternoon thunderstorms 

were occurr ing both along t h e  f r o n t  i n  southern Oklahoma and 

south of t h e  f r o n t  i n  w e s t e r n  Texas. The 850-mb c h a r t  f o r  

1800 CST ( F i g .  9b) showed a weak trough extending from a low 

centered over Michigan t o  no r theas t  Oklahoma t o  t h e  Big Bend 

area of Texas. A h igh  extended from nor th  t o  south from western 

South Dakota t o  the  Texas Panhandle. By 0000 CST 9 August (F ig .  

9a) a minor wave had formed on t h e  f r o n t  wi th  a weak su r face  

low centered i n  southwest Oklahoma. By t h i s  t i m e  t h e  a rea  of  

thunderstorm a c t i v i t y  had spread nor th  o f  t h e  f r o n t  across  

Oklahoma. 

One of these thunderstorms reached t h e  acous t i c  radar  s i t e  

a t  2318  CST. The co ld outf low from t h i s  thunderstorm prov ides 

an i n t e r e s t i n g  c o n t r a s t  t o  t h a t  repor ted  i n  case  I .  This 

thunderstorm was much less Severe than t h a t  i n  Case I and no 

h a i l  o r  high winds w e r e  repor ted.  There was no sharp  p ressu re  

jump assoc ia ted  with t h i s  thunderstorm, al though a su r face  

Pressure r ise of 1 . 2  m b  d id  occur from 2230 t o  2305 CST. A f t e r  

t h e  i n i t i a l  r ise,  t h e  s u r f a c e  p ressu re  remained s teady  u n t i l  
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t he  onset  of t h e  co ld a i r  outf low a t  2 3 1 8 ,  a t  which t i m e  a 

f u r t h e r  rise of 0.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmb occurred,  followed by a drop of 0.2 mb.  

There was no s t rong ,  sudden wind s h i f t  (Fig.  lOd) pre- 

ceding the  co ld a i r  out f low, although a minor s h i f t  d i d  occur 

a t  2316 CST. Wind speed d a t a  (Fig.  1 O c )  shows t h a t  a d e f i n i t e  

wind speed maximum d i d  occur co inc ident  wi th  the i n f l u x  of co ld  

a i r  a t  2320 CST, bu t  w a s  weaker and less organized than i n  t h e  

27 ,June case. The wind speed maximum i n  t h i s  case  a l s o  w a s  

s i g n i f i c a n t l y  re ta rded near  t h e  ground, although a minor maximum 

occurred a t  2319 CST fol lowed by a r e l a t i v e  minimum before  t h e  

major maximum occurred a t  2319 CST. The speed maximum occurred 

a t  177  m a t  2320 CST. A d e f i n i t e  wind speed minimum preceded 

the maximum i n  the l o w e r  l eve l s .  T h e  high v a r i a b i l i t y  of wind 

speeds i n  t h e  lower l e v e l s  from 2318 t o  2323 CST is  i n d i c a t i v e  

of s t rong tu rbu len t  mixing along the  leading edge of the co ld  

a i r  near  t h e  sur face .  

T h e  i n f l u x  of cold a i r  shows up m o s t  c l e a r l y  i n  t h e  acous t i c  

radar  facs im i le  record (Fig.  l o b ) .  Both the  temperature ana lys i s  

and acous t i c  radar  echoes show the boundary of the co ld  a i r  t o  

be almost v e r t i c a l .  Acoustic radar echoes show t h e  maximum 

he igh t  of t h e  co ld  a i r  t o  be 600 m. The i n i t i a l  temperature 

drop as revealed by t h e  temperature ana lys i s  (Fig.  l ob)  w a s  

3 . 5 ~  near  t h e  su r face ,  bu t  decreased t o  0.5C a t  t h e  top  of t h e  
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tower. The co ld  a i r  was s i g n i f i c a n t l y  re ta rded near  t h e  

s u r f  ace. 

Strong p o s i t i v e  v e r t i c a l  motions w e r e  observed immediately 

preceding t h e  co ld a i r  i n f l u x  wi th  a maximum v e r t i c a l  v e l o c i t y  

of 1 . 7  m sec a t  444 m. Downward v e r t i c a l  motions chara-c- 

t e r i z e d  t h e  region immediately fol lowing t h e  i n f l u x  wi th  a 

maximum of -1.3 m sec-l a t  444 m. A s  i n  case I t h e  s t rong 

downward motions a r e  co inc ident  wi th  a thermal maximum. T h i s  

thermal maximum may be observed i n  t h e  temperature a n a l y s i s  i n  

a per iod centered around 2 3 2 6  cST. The maximum he igh t  of 

acoust ic  radar  echoes gradua l ly  lowered dur ing t h i s  pe r iod  from 

600 m a t  2320 CST t o  250 m a t  2332 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACST. The s t rong acous t i c  

echoes wi th in  t h e  body of t h e  cold a i r  i n d i c a t e  s t rong turbu- 

l e n t  mixing. This i nd i ca t i on  is  confirmed by s t rong v e r t i c a l  

motioris w i th in  the  co ld  a i r  mass. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-1 

The a rea  of s t rong echoes surrounding r e l a t i v e l y  weak 

echoes on t h e  acous t i c  rada r  facs im i le  record which reaches 

a height  of approximately 530 m a t  2340 CST shows up only  

weakly i n  t h e  temperature da ta .  The darker  r e t u r n s  correspond 

t o  areas of coo le r  a i r  where mixing i s  occur r ing  wi th  t h e  w a r m e r  

ambient a i r .  The r e l a t i v e l y  weak r e t u r n s  i n  t h e  center are 

revealed by t h e  temperature d a t a  t o  correspond t o  a r e l a t i v e l y  

homogeneous area  of warmer a i r .  ~ r o m  2340 cST u n t i l  t h e  r a i n  
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began s h o r t l y  a f t e r  0000 CST re tu rns  w e r e  weak and confined 

below 400 m. There w e r e  no f u r t h e r  s i g n i f i c a n t  in f luxes  of 

cold a i r  during t h i s  per iod.  The dark black bands on t h e  

acous t ic  radar  record a f t e r  0000 CST and the  completely dark 

a-rea occurr ing a f t e r  0015 CST are caused by no ise  from r a i n  

s t r i k i n g  t h e  antenna. 



CHAPTER I V  

NOCTURNAL INVERSIONS 

case I 

Following t h e  thunderstorms of 8-9 August 1972 repor ted 

i n  Chapter 111 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, another i n t e r e s t i n g  s i t u a t i o n  occurred. The 

sur face  l o w  which had formed on t h e  f r o n t  ( F i g .  9 a ) ,  a f t e r  

expanding northwestward and weakening somewhat (Fig.  9c) , began 

moving eastward along the  f r o n t .  The a i r  above t h e  s u r f a c e  

pos i t i on  of t h i s  low was much warmer than t h e  a i r  t o  the e a s t  

o r  west, b u t  t h e  3 i f f e rence  was b a r e l y  no t i ceab le  a t  the su r -  

f ace  because of modi f icat ion of the  a i r  near t h e  su r face  by 

co ld  outf low from thunderstorms i n  t h e  area .  BY 0500 CST t h e  

Oklahoma Ci ty  a rea  had come under t h e  in f luence of t h i s  l o w .  

Surface pressure  a t  t h e  WKY tower dropped 1.8 m b  during t h e  

per iod 0445 t o  0510 CST. co ld  a i r  from t h e  w e s t  pene t ra ted  

the  southern por t ion  of t h e  low a t  t h i s  t i m e  and t h e  l o w  began 

moving northeastward. By 0600 CST t h e  c e n t e r  of t h e  l o w  had 

passed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto t h e  w e s t  of Oklahoma C i t y  and by 0700 CST t h e  low 

had completely d i s s i p a t e d  wi th  c o o l e r  a i r  dominating t h e  e n t i r e  

area.  

26 
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Af te r  t he  r a i n f a l l  ended a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0340, a weak invers ion ex- 

tended from the  sur face  t o  approximately 300 m ( F i g .  l l b )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
Strong tu rbu len t  mixing wi th in  the  invers ion caused strong 

echoes t o  appear below the  300 m l eve l  i n  t h e  acous t ic  radar  

record fo r  t h i s  per iod (Fig. l l a ) .  

The f i r s t  i nd i ca t i on  of t he  advection of w a r m  a i r  can be 

seen on t h e  acous t ic  radar  record a t  700 m a t  0350 CST. The 

boundary between warmer and cooler a i r  was marked by a t h i n  

l i n e  of dark echoes. These echoes reveal  tu r3u len t  mixing of 

the  warm and co ld a i r  a t  t h e  boundary. The movement of t h i s  

boundary downward with t i m e  can be followed q u i t e  eas i l y .  The 

warmer a i r  reached t h e  444 m l e v e l  of t he  t o w e r  a t  0410 CST 

(Fig.  l lb )  . The he igh t  of t he  boundary between warm and co ld 

a i r  a t  0410 was ind icated by the acous t i c  radar  record t o  be 

approximately 440 m. From t h i s  t i m e  onward the  he igh t  of t h e  

boundary on the  acous t ic  radar  record and on the  temperature 

record agree q u i t e  w e l l .  By 0510 CST the  warm a i r  had pene- 

t r a t e d  t o  the  sur face.  

The maximum temperature rise was 5C a t  approximately 180 

m. The temperature a t  t he  top  of t h e  tower rose approximately 

3C while t h e  sur face  temperature rose only 0.5C. 

By inspect ing F i g .  12a and F ig .  1 2 b  one can see t he  g r e a t  

amount of s t r u c t u r e  revealed i n  t h e  acous t ic  radar  record and 
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the high c o r r e l a t i o n  between the acous t ic  radar  record and 

temperature f i e l d .  I n  F i g .  12a the  dark t r a c e  below 100 m 

from 0515 t o  0600 CST i s  i nd i ca t i ve  of tu rbu len t  mixing near 

the sur face ,  while t h e  bands of echoes above correspond t o  

regions of st rong temperature grad ien t  wi th in  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt h e  Inversion. 

The reso lu t ion  of t h e  temperature da ta  is  not g r e a t  enough to  

reveal  such d e t a i l e d  s t r u c t u r e .  However, it can be seen t h a t  

the areas  of strong temperature grad ien t  t h a t  do appear i n  the  

temperature ana lys is  correspond t o  a reas  of st rong echoes on 

the acous t ic  record. For example, t he  per tu rba t ions  occurr ing 

i n  t he  temperature f i e l d  a t  approximately 0528 CST and a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0554 

CST correspond t o  an inc rease i n  t h e  maximum height  of st rong 

acoust ic  radar  echoes. 

A t  0600 CST the  re tu rn  of t he  co ld a i r  began i n  q u i t e  a 

dramatic fashion. The co ld a i r  re turned i n  a series of surges ,  

each deeper than the  surge t h a t  preceded i t .  

The f i r s t  surge began a t  0603 CST and reached a maximum 

h e i g h t  of approximately 470 m a t  0609 cST. This surge appears 

i n  the acous t ic  radar  record ( F i g ,  1 2 a ) ,  as a peak of echoes, 

w i t h  strong echoes along i ts  boundary and weaker echoes i n  

i t s  center.  The layered appearance of t he  echoes a t  t h i s  t i m e  

should be noted. Whether t h i s  layered s t r u c t u r e  i s  r e f l e c t e d  

i n  the temperature f i e l d  cannot be determined because spacing 

Of  the sensors is  inadequate f o r  such f i n e  reso lu t i on .  The 
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temperature ana lys is  {F ig .  12b) shows a maximum temperature 

drop of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 C  a t  150  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm. The temperature ~ i e a ? .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe- s u r f . 3 c c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdi-c>ppcd 

only s l i g h t l y .  Wind speeds ( F i g .  12c) increased below 250 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin 

and decreased above t h a t  l e v e l .  Wind d i r e c t i o n  (F ig .  12d) 

showed a d i s t i n c t  s h i f t  from north-northeast t o  southeast  

below 250 m fol lowing the  i n i t i a l  surge of co ld  a i r .  The warm 

a i r  re turned from 0609 t o  0615 CST, cooled s l i g h t l y  by mixing 

with the  co lder  a i r .  The maximum he igh t  of echoes dropped t o  

180 m a t  0615 on the  acous t ic  radar record. Temperatures a t  

t he  150 m l e v e l  rose 3.3c. Again sur face  temperatures changed 

very l i t t l e .  Wind speeds increased above 150 m and decreased 

below t h a t  l e v e l .  Wind d i rec t i ons  changed back t o  the  north- 

no r theas t  a t  upper l e v e l s  and t o  the  nor theas t  a t  lower l eve l s .  

The second surge of co ld  a i r  began a t  0615 CST; t he  mass 

of t he  cold a i r  reached a maximum depth of 480 m a t  0620 CST. 

Acoustic radar  echoes were very s t rong along the  i n t e r f a c e  

between t he  warm and cold a i r  dur ing t h i s  t i m e .  The maximum 

temperature again changed very  l i t t l e .  Wind speeds increased 

below 250 m and decreased above t h a t  l e v e l .  Wind d i r e c t i o n s  

switched t o  the  southeas t  below 300 m and remained no r theas te r l y  

above t h a t  l eve l .  

Warmer a i r  reappeared above 200 m during the  per iod 0620 

t o  0626 CST. The a i r  was 2 t o  3C coo ler  than prev ious ly ;  t h i s  
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suggests considerable mixing. Wind d i r e c t i o n  changes w e r e  

confined t o  l e v e l s  above 100 m. 

The next surge of co ld  a i r  brought co ld  a i r  dominance 

t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAall l e v e l s  of t h e  tower. Temperatures began t o  i nc rease 

s l i g h t l y  i n  t h e  lower l e v e l s  due t o  su r face  heatizg. The wind 

d i r e c t i o n  remained f a i r l y  cons tan t  from t h e  southeas t  fo l lowing 

t h i s  surge. Wind speeds remained v a r i a b l e  i n  t h e  upper l e v e l s  

and the  gus t i ness  decreased s l i g h t l y  i n  t h e  lower l e v e l s .  

Strong acous t i c  radar  echoes a t  a l l  l e v e l s  a f t e r  t h i s  t i m e  

i nd i ca tes  tu rbu len t  mixing i n  the  coo le r  a i r .  

case  11 

A t  0001 CST on 26 June (F ig.  1 3 a ) ,  a weak qUaSi-StatiOnary 

f r o n t  was o r ien ted  i n  an east-west d i r e c t i o n  along the Kansas- 

Oklahoma border .  A su r face  low was centered  i n  western Oklahoma 

with a trough extending south-southwestward t o  t h e  Big Bend a rea  

of Texas. An zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA850-mb t rough ( F i g .  13b) was o r ien ted  north-south 

on a l i n e  extending from western North Dakota i n t o  t h e  Texas 

Panhandle. Extensive thunderstorm a c t i v i t y  was occurr ing i n  

Kansas and e a s t e r n  Oklahoma. Winds i n  t h e  Oklahoma C i t y  a rea  

w e r e  from t h e  southeas t .  Temperatures measured a t  t h e  WKY 

tower { F i g .  14c) showed a s l i g h t  decrease from t h e  su r face  t o  

t h e  444 m l e v e l .  with t h e  approach of t h e  s u r f a c e  low and 

\ 



the  formation of a cut-of f  low a t  850 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnib over the  Texas Pan- 

handle,  winds switched t o  the  southwest a t  a l l  l e v e l s  and i n -  

creased i n  speed ( F i g .  14d) .  This caused advection of warmer, 

d r i e r  a i r  a l o f t .  The acous t ic  radar record j u s t  p r i o r  t o  

midnight showed weak echoes which extended from the  su r face  

t o  700 m. These echoes ind icated tu rbu len t  mixing a t  a l l  

l eve l s .  Soon a f t e r  midnight, the  i n t e n s i t y  of re tu rns  in- 

creased (F ig .  14a) .  This inc rease was r e f l e c t e d  i n  t he  analyses 

of tower d a t a  as  rap id  f l uc tua t i ons  wi th t i m e  of temperatures 

; F i g .  14d) and v e r t i c a l  ve loc i ty .  The upper l i m i t  of s t rong 

echoes coincided with the  base of a n  invers ion which had formed 

a l o f t .  This invers ion began propagating slowly downward as 

warm a i r  advection increased the  temperature a t  lower l e v e l s .  

The base of t he  invers ion passed the 444 m l e v e l  of t he  tower 

a t  approximately 0030. From t h a t  t ime u n t i l  0700 CST tempera- 

t u r e  increased with he ight  a t  a l l  l e v e l s  of the  tower. Strong 

echoes continued t o  be received i n  the region below t h e  base 

of the  invers ion ,  b u t  only weak echoes w e r e  received from t h e  

a rea  above t h e  base. The base of a second invers ion appeared 

a t  t he  600 m l e v e l  of the  acoust ic  radar  t r a c e  a t  0130 CST. 

This invers ion a l s o  propagated downward u n t i l  i t  jo ined the  

base of the second invers ion a t  300 m a t  0300 CST ( F i g .  14b) .  

I t  appeared as  a t h i n  l i n e  of echoes on the  facs imi le  record;  
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on ly  weak echoes w e r e  received from the area between it and 

the base of t h e  l o w e r  invers ion.  Examination of the t o w e r  

d a t a  revealed t h a t  t h i s  second invers ion  w a s  much s t r o n g e r  than 

the f i r s t .  ~t w a s  accompanied by a low-level wind maximum 

( F i g .  14d) a t  i t s  base of 16-18 m sec zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.At 5300 a band Of 

very s t rong echoes appeared on the f acs im i le  record below t he  

wind maximum. Weaker echoes w e r e  received i n  the  area b e l o w  

t h i s  band of s t rong echoes. These s t rong re tu rns  w e r e  proba- 

b l y  caused by tu rbu len t  downward mixing of t h e  w a r m  a i r .  The 

tu rbu len t  mixing w a s  probably,  i n  t u r n ,  caused by the s t rong 

wind s h e a r  which overcame t h e  s t a b i l i t y  of t h e  l aye r .  Above 

the  wind speed maximum, r e t u r n s  w e r e  weak or  nonex is ten t  u n t i l  

0630 CST (Figs.  15a and 15b).  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-1 

Richardson numbers c a l c u l a t e d  fo r  the l a y e r  b e l o w  the wind 

maximum w e r e  c o n s i s t e n t l y  below 0 . 2 5 ,  the c r i t e r i a  genera l l y  

accepted fo r  t h e  onse t  of tu rbu lence being R = 0.25 ,  The 

wind speed maximum g radua l l y  lowered t o  250 rn (F ig .  15b) and 

remained t h e r e  u n t i l  approximately 0635 CST (F ig.  16b) .  I t  

then began a s l o w  r ise and reached a h e i g h t  of approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
300 m a t  0715, immediately before the i nve rs ion  broke down. 

Changes i n  he igh t  o f  t h e  wind speed m a x i m u m  are r e f l e c t e d  i n  

t h e  acous t i c  radar  record (F igs .  15b and 16a) as changes i n  

i 

height  of t h e  top of the area of echoes. A t  0545 CST (F ig -  15b) 
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t h e  f i r s t  weak echoes from t h e  base of a t h i r d  invers ion 

appeared a t  approximately 550 m. This t h i r d  invers ion a l s o  

propagated downward and reached the  350 m l e v e l  a t  0630. The 

t r a c e  from t h i s  invers ion appears a s  a l aye r  of echoes approxi- 

mately 50-100 m th ick .  

invers ion w e r e  s t rong ly  p o s i t i v e ,  so t h e  echoes w e r e  probably 

not t he  r e s u l t  of s c a t t e r i n g  of the  acous t ic  wave by tu rbu len t  

f l uc tua t i ons  i n  the temperature f i e l d .  The echoes w e r e  proba- 

b l y  t h e  r e s u l t  of specu la r  r e f l e c t i o n  of t h e  acous t ic  wave from 

the  s t rong thermal g rad ien t  a t  t h e  base of t h i s  invers ion 

(approximately +7c per  100 m ) .  s t ronger  echoes which w e r e  

received f r o m  t he  base of t h i s  invers ion from approximately 

0650 t o  0655 CST (Fig. l l a )  poss ib ly  w e r e  caused by a tempo- 

ra ry  upward excursion of t he  wind speed maximum. Although 

t h e r e  is s l i g h t  evidence t h a t  t h i s  occurred, reso lu t ion  of t he  

wind speed ana lys i s  i s  i n s u f f i c i e n t  t o  make the  statement with 

any degree of c e r t a i n t y .  The two areas  of echoes almost merged 

dur ing t h i s  per iod.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA series of wave-like per tu rba t ions  ap- 

peared i n  the  echoes from the  base of t h e  upper invers ion a t  

0700 CST. These per tu rba t ions  are  a l s o  v i s i b l e  i n  echoes 

from t h e  lower l aye rs  and a r e  re f l ec ted  i n  t h e  temperature 

ana lys i s  (Fig.  16b) a s  deformations of t h e  temperature f i e l d ,  

The cause of t hese  per tu rba t ions  i s  unknown. They w e r e  poss ib ly  

Richardson numbers w i th in  the  t h i r d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
t h e  r e s u l t  of weak pressure  jumps. Temporary cool ing b e l o w  t h e  



34 

base of t h e  invers ion during t h e  f i r s t  showing pe r tu rba t i on  i s  

i nd ica ted  by the temperature ana lys is  t o  be -0.5 t o  -0.8 C .  Such 

cool ing is e n t i r e l y  cons is ten t  with t h e  a d i a b a t i c  rise of an a i r  

parcel of 50 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA100 m or  approximately t h e  v e r t i c a l  ex ten t  of 

the per tu rba t ions .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAlso note  t h a t  temperatures rise back t o  

t h e i r  former l e v e l s  a f t e r  t h e  per tu rba t ions  pass. The area 

of very weak re tu rns  b e l o w  150 m (F ig .  lea) probably re f lects  

t h e  s l i g h t  r ise i n  he igh t  o f  t h e  m a x i m u m  wind speed l e v e l  (F ig ,  

1 6 c ) ,  smaller wind shears  i n  t h e  l a y e r ,  and t h e  development of 

a weakly negat ive temperature g rad ien t  (Fig. 16b) below 150 m,  

The e n t i r e  invers ion s t r u c t u r e  broke down c h a o t i c a l l y  a t  

0718.  A s  can be seen f r o m  t h e  temperature t i m e  sect ion,  t e m -  

peratures a t  t h e  top of t h e  t o w e r  f e l l  by 1OC i n  5 min. The 

sur face pressure  rose sharp ly  from 0716 t o  0720 CST w i t h  a 

to ta l  r ise of 2 mb.  The su r face  pressure  remained f a i r l y  

s teady u n t i l  0735 CST, then dropped 0.5 mb from 0730 t o  0735 

CST. I t  rose  back t o  the 0735 l e v e l  a t  0742 and remained 

f a i r l y  s teady  af terward. Temperatures, winds and v e r t i c a l  

v e l o c i t i e s  w e r e  h igh ly  va r iab le  from 0718 t o  0742 CST. V e r t i -  

cal v e l o c i t i e s  w e r e  h igh ly  v a r i a b l e  f r o m  0718 t o  0742 CST. 

V e r t i c a l  v e l o c i t i e s  w e r e  h igh  ( p l u s  or  minus 4.5 m sec-’ maxi- 

mum) and isotherms w e r e  o r i en ted  e s s e n t i a l l y  v e r t i c a l l y  from 0718 

to 0735 and again from 0745 t o  0748 CST. The  f acs im i le  record 
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f o r  these per iods shows bands of a l t e r n a t e l y  strong and l i g h t  

echoes (Fig 16a) extending throughout t h e  e n t i r e  he igh t  range 

of the  radar .  The cur ious s p i r a l  e f f e c t  noted i n  t h e  acous t ic  

radar  echoes f r o m  0730 t o  0735 CST occurred during a per iod of 

s t rong ly  p o s i t i v e  v e r t i c a l  v e l o c i t i e s  and a d i s t i n c t  reappear- 

ance of w a r m e r  a i r  a t  a l l  l e v e l s  of the  tower (F ig .  16b).  H o r i -  

zon ta l  wind speeds (Fig.  16c) during t h i s  per iod w e r e  highly  

va r iab le ,  wi th a d e f i n i t e  maximum a t  higher l e v e l s  and a d i s -  

t i n c t  minimum a t  lower l eve l s .  The per iod of st rong re tu rns  

from 0745 t o  0748 CST was a l s o  coincident wi th s t rong upward 

motion and warmer temperatures a t  a l l  l eve l s .  The per iod of 

r e l a t i v e l y  weak echoes from 0735 t o  0745 w a s  charac ter ized  by 

downward motion, cooler temperatures a t  a l l  l e v e l s ,  and a more 

ho r i zon ta l  o r i e n t a t i o n  of t he  isotherms, i n d i c a t i v e  of less 

t u rbu len t  mixing during t h i s  t i m e .  

A f t e r  0751 CST the  t i m e  sec t i on  of temperature (F ig .  16b) 

shows a s teady decrease i n  temperature wi th he igh t .  The lapse  

r a t e  was, i n  f a c t ,  dry ad iabat ic .  Acoustic radar  echoes (F ig .  

16a) w e r e  weak a f t e r  0751 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACST, t he  only s t rong echoes being 

from s m a l l  thermals which began t o  form i n  t h e  lower 100 m. 

Complete des t ruc t i on  of such a s t a b l e  boundary l aye r  

s t r u c t u r e  (temperature grad ien t  a t  t h e  355 m l e v e l  was 6 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 

C p e r  100 m 30 m i n  before breakdown began) p resents  the  quest ion 
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of what mechanism caused the des t ruc t i on .  Severa l  t heo r ies  

were considered and d iscarded i n  t u r n .  

The f i r s t  mechanism considered was a f r o n t a l  passage, 

s ince the re  was a f ron t  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe nor th of the s t a t i o n  a t  t he  

time. Facts  argued aga ins t  a f r o n t a l  passage a t  t h i s  

however. Winds remained from the  northwest f o r  a per iod of 

only about 30 m i n  and were h i g h l y  va r iab le  during the  whole 

per iod,  then switched back t o  the  southwest a f t e r  30 m i n .  

Furthermore the re  i s  evidence of a f r o n t a l  passage a t  0930 

CST, r e s u l t i n g  i n  a prolonged per iod of nor th  winds, a reduc- 

t i o n  i n  sur face  temperature r i s e ,  and a su r face  pressure  r i s e .  

A pressure jump was the  next mechanism considered (Tepper, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 9 5 5 ) ,  

s ince  the re  were i n tense  thunderstorms occurr ing i n  nor theas t  

Oklahoma and Kansas during t h i s  t ime, although t h e  l e v e l  of 

a c t i v i t y  was diminishing. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA pressure  jump was ru led  ou t ,  s i n c e  

an e leva t ion  of t he  height  of the  invers ion with the  r e s u l t a n t  

ad iaba t i c  cool ing of the a i r  below could i n  no way have produced 

the  ad iaba t i c  lapse r a t e  present  a f t e r  0751. 

There was no evidence of passage of a convergence zone 

o r  i n s t a b i l i t y  l i ne .  Nor was t h e r e  evidence of t he  passage 

of an upper a i r  trough. The su r face  low c e n t e r  remained t o  

the  west Of Oklahoma C i t y  during the  e n t i r e  per iod.  The most 

p laus ib le  explanat ion l i e s  i n  t he  co ld  a i r  produced by 
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thunderstorms t o  t h e  nor th ,  A t  0700 CST t h e r e  w e r e  two meso- 

highs i n  southern Kansas with c e n t r a l  pressures of 1013 and 

1014 m b ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn isotherm ana lys i s  showed t h a t  t h e r e  was a de f i -  

n i t e  extens ion of co ld  a i r  i n t o  northwestern Oklahoma. Cent ra l  

p ressure  i n  both meso-highs dropped by 2-3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmb from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0700 t o  0800 

CST, accompanied by sur face  pressure rises a t  s t a t i o n s  i n  north- 

e r n  and c e n t r a l  Oklahoma. Evidence ind i ca tes  t h a t  some of t he  

co ld a i r  pushed out  ahead of t h e  f r o n t ,  destroying the  inver-  

s ion.  The main body of cold a i r  remained behind the  f r o n t  and 

provided t h e  mechanism f o r  r e i n t e n s i f i c a t i o n  of the  f r o n t ,  

which had been s t a t i o n a r y  f o r  some t i m e ,  enough so t h a t  it 

pushed i n t o  southern Oklahoma. D u e  t o  st rong sur face  heat ing ,  

t h e  co lder  a i r  was hard ly  not iced a t  t h e  su r face ,  resu l t i ng  

only i n  a decrease i n  t h e  r a t e  of temperature rise. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CHAPTER V 

SUMMARY AND CONCLUSIONS 

The r e s u l t s  of the s t u d i e s  repor ted  i n  previous chapters 

i nd i ca te  t h a t ,  as pred ic ted  by theory,  the major sources of 

acoust ic rada r  echoes i n  t h e  backsca t te r  mode are  s t rong thermal 

grad ien ts  and tu rbu len t  f l u c t u a t i o n s  of temperature. The 

p a t t e r n  and i n t e n s i t y  of re tu rns  can be r e l a t e d  d i r e c t l y  t o  

the temperature f i e l d  i n  t h e  case of  re tu rns  from s t rong 

thermal g rad ien ts  and t o  t h e  temperature,  wind, and s t a b i l i t y  

f i e l d s  i n  t h e  case of  re tu rns  from tu rbu len t  f l u c t u a t i o n s  of 

temperature. The amount of f i n e  s t r u c t u r e  revealed by acous t i c  

radar records cannot be a t t a i n e d  by convent ional  ir istruments. 

The at tempt made here  t o  re la te t h e  boundary l a y e r  pro- 

cesses revealed by t h e  acous t i c  radar and tower data t o  c a u s i t i v e  

synopt ic  processes w a s  on ly  p a r t i a l l y  success fu l  due t o  lack of 

r e s o l u t i o n  of t h e  synopt ic  data ava i l ab le .  However, it has 

been shown t h a t  such assoc ia t i ons  can prov ide va luab le  i n s i g h t  

i n t o  boundary l aye r  p rocesses .  ~ u r t h e r  s t u d i e s  using meso- 

network d a t a  would be desirable.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
38 
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The acous t ic  radar  shows grea t  promise i n  thunderstorm 

outf low s tud ies .  A s  shown i n  Chapter 111 the  s t r u c t u r e  of 

g u s t  f r o n t s  can be q u i t e  d i f f e r e n t  depending on t h e  i n t e n s i t y  

and a r e a l  coverage of t he  storms, storm path ,  and o the r  fac to rs .  

The thunderstorm outf low of 27 June 1972 showed s i g n i f i c a n t  

c o r r e l a t i o n  wi th  Charba's (1972) gust f r o n t  m o d e l .  The case 

study of 8-9 August 1972 showed less c o r r e l a t i o n ,  probably due 

t o  t h e  lack  of t h e  s e v e r i t y  of the  s t o r m  and i n t e r a c t i o n  wi th  

outflow from o the r  storms i n  t he  immediate area.  This r e s u l t  

is  t o  be expected s ince  Charba's model p red ica tes  a s t rong,  

organized thunderstorm system ra the r  than a broad area  of weak 

o r  moderate thunderstorm a c t i v i t y  as was the  case on 8-9 August 

1972. 

The s tudy and monitoring of invers ions using t h e  acous t ic  

radar  has d i r e c t  app l i ca t ion  t o  a i r  p o l l u t i o n  meteorology. 

Acoustic da ta  revea l  a reas  of st rong thermal g rad ien ts ,  mixing 

a reas ,  and t h e  exact  t i m e  of invers ion breakdown. Fur ther  

s t u d i e s  should be c a r r i e d  out  i n  order  t o  discover  the  mechan- 

i s m s  involved i n  invers ion breakdown. 

Although t h i s  s tudy has been l im i ted  t o  q u a l i t a t i v e  

i n t e r p r e t a t i o n  of acoust ic  radar d a t a ,  c a p a b i l i t i e s  of t h e  

acous t i c  rada r  a r e  not l im i ted  t o  q u a l i t a t i v e  d a t a  only. 

Determination of t he  s t r u c t u r e  constants  of wind and temperature 
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would enable the collection of quantitative data on both 

winds and temperatures, qil-en zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt h e  proper zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe q ~ i j p m e n t  confiaura- 

tion. Vertical velocities can be determined u s i n g  the Doppler 

shift of the acoustic returns. Thus the acoustic radar holds 

the potential of becoming an invaluakle asset in boundary layer 

studies and monitoring. 
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Table 1 

Acoust ic  R a d a r  P a r a m e t e r s  

Rang e 700 m e t e r  

Frequency 1500 H e r t z  

Acoust ic  pulse p o w e r  

P u l s e  l e n g t h  

Receiver  b a n d w i d t h  

30 w a t t s  

42.6 m i l l i s e c o n d s  

70 H e r t z  

Antenna d i a m e t e r  1 . 2 1  m e t e r  
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Fig. 4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASurface analysis for 1100 CST 27 June 
1972 (pressure conrours in millibars, 
i.e., 08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1008 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmb) . 

I I c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
L 

4 

Fig. 5 .  i l e iqht  contour patterns a c  the 700 nb 
l eve l  for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0600 CST 27 Jcne 1972 (contour 
in terva l  is 60 m). 
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F i g .  7. Microbarograph trace (pressure in 
millibars) at WKy tower for 27 June 
1972. 
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400- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8 h 
- $ 

100- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I630 CST 
I645 I700 

8. Acoustic radar facs imi l e  record (a)  and t i m e  s e c t i o n  

of temperature (degrees C) (b) for 1625-1707 CST 27 

June 1972. 



50 

I 1630CST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAId45 I700 I 

F i g .  8. T i m e  sec t i on  of wind speed ( m s e c - l )  
d i rec t i on  (degrees) (d) f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1625-1707 CST 27 June 
1972. 

(c) and wind 
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 fir^. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9a. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS u r f a c e  a n a l y s i s  for 0000 CST 9 August 

1972 ( p r e s s u r e  contours  i n  millibars, 
i.e., 08 = 1008 mb). 

Fig. 9b. Ilciyht cantour p.1Ltcri1s at t h c  05J r.b 
l c v c l  for LOO0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACST 8 August 1972 

(contour  i n t e r v a l  is 30 rn). 
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F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4c. Surface  a n a l y s i s  f o r  0300 CST 9 August 

1972 (pressure  contours  i n  m i l l i b a r s ,  

i.e., 08 = 1008 m b ) .  

F i g .  3d. Surface  analysis for 0600 CST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 August 

1972 ( p r e s s u r e  contours i n  millibars. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i.a., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOf3 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1000 mb) .  
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Fig. 10. Acoustic radar facsimile record (a) and time section 
of temperature (degrees C) (b) for 2230-0030 CST 8-9 
August 197 2. 
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i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig.  10. T i m e  sec t i on  of wind speed ( m s e c - l )  

d i r e c t i o n  (degrees)  (d) f o r  2230-0030 CST 8-9 
August 197  2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(c) and wind 



400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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IOC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

55 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

19 

1 1  
0400 CST 0430 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. 11. Acoustic radar facsimile record (a) and time section 
of temperature (degrees C) (b) for 0330-0515 CST 

9 August 1972. 
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60 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 

1 I I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I 1 1 
0400 CST 0430 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0500 

Fig. 11. T i m e  sec t i on  of wind speed (rnsec-l) 
d i r e c t i o n  (degrees) (d) f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0330-0515 CST 9 August 
1972.  

(c) and wind 
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0530 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACST 0600 0630 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12. Acoustic radar facsimile record (a) and time section 

of temperature (degrees C) (b) for 0515-0700 CST 
9 August 1972. 



Fig.  12 .  T i m e  sec t i on  of wind speed ( m s e c - l )  
d i r e c t i o n  (degrees) (a) f o r  0515-0700 CST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 August 
1972. 

(c) and wind 
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Pig .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13a. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs u r f a c e  a n a l y s i s  f o r  0000 CST 26 June 
1972 ( p r e s s u r e  contours  i n  m i l l i b a r s ,  

i.c., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA08 - 1008 mb) . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

rig. 13b. Height contour p a t t e r n s  a t  t h e  
850 mb l e v e l  f o r  0600 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACST 26 June 

1972 (contour i n t e r v a l  is 30 a). 
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Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14. Acoustic radar  facs im i le  record f o r  0000-0137 CST (a) 
and acous t ic  radar  facs im i le  record f o r  0138-031s 
CST (b) 26 June 1972. 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

I 

I I ]  I 

400- 

100- 
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1 033dCST 0400 0430 I 

0500 CST 0530 0600 “ “ I  

F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15. Acoustic radar  t d c s i m i l e  record f o r  0315-0452 CST 
(a) and acous t ic  radar  facs imi le  record f o r  0452- 
0630 CST (b) 26 June 1972. 
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i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

I 0400 CST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0500 0600 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F i g ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15. T i m e  sec t i on  of temperature (degrees C )  (c)  and t i m e  

s e c t i o n  of wind speed (msec'l) (d) f o r  0315-0630 CST 
26 June 1972. 
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Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA16. A c o u s t i c  radar  facsimile record (a) and t i m e  s e c t i o n  
of temperature (degrees C) (b) f o r  0630-0815 CST 
26 June 1972. 
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F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA16. T i m e  sect ion of w i n d  speed ( m s e c - l )  (c) fo r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0630- 
0815 CST 26 June 1972. 
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