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In t roduc t ion

We are using the s c a t t e r i n g  of  sound fo r  the remote sens ing  of  thermal 
tu rbu lence  in the atmosphere. Over the p a s t  severa l  yea r s  an acous t ic  rada r  
has been developed and operated  a t  the Univers i ty  o f  Toronto to study the 
p lan e ta ry  boundary l a y e r .  We were one o f  the f i r s t  groups to opera te  su ccess ­
f u l l y  in a noisy  urban environment.  A b r i e f  o u t l i n e  of  the concept and technique 
o f  a co u s t i c  echo sounding wil l  be given along with a d iscuss ion  o f  some o f  our 
o b s e r v a t i o n s .

In the p a s t ,  the study of  the p la n e ta ry  boundary laye r  (50 m — 1 km) 
o f  the atmosphere has been l im i ted  by the lack  of  access with d i r e c t  access 
being l im i te d  to occas ional  baloon ascen ts  or  a i rp la n e  t r a v e r s e s  and in a few 
ca s e s ,  to ins trumented towers extending beyond 100 m. Recent advances in remote 
sens ing  techn iques  now allow us to remotely monitor parameters  of  the boundary 
la y e r  on a continuous rea l  time b a s i s .  Acoustic  r a d a r ,  FM-CW rada r  and l i d a r  
( l a s e r  rada r )  a re  the th re e  techn iques being most a c t i v e l y  in v e s t ig a t e d  and 
a p p l ied .

Theory

Inhomogeneit ies  in the a co u s t ic  r e f r a c t i v e  index produced by atmospheric 
tu rbu lence  w i l l  s c a t t e r  sound with t u r b u l e n t  f l u c t u a t i o n s  of  both temperature  
and wind speed c o n t r ib u t i n g  to the s c a t t e r i n g .  The lo c a t io n  and i n t e n s i t y  of  
t u r b u l e n t  reg ions  can be determined by t r a n s m i t t i n g  pulses o f  sound in to  the 
atmosphere and monitor ing the s c a t t e r e d  s i g n a l .  R e p e t i t iv e  opera t ion  genera te s  
a cross s e c t i o n  o f  the d i s t r i b u t i o n  of  tu rbu lence  in the por t ion  of  the atmos­
phere advected through the beam of the t r a n s m i t t i n g  system. An unders tanding 
o f  the s c a t t e r i n g  c h a r a c t e r i s t i c s  o f  atmospheric tu rbulence  allows the t u r b u l e n t  
s c a t t e r i n g  to  be used as a t r a c e r  fo r  the study o f  l a r g e r  s ca le  s t r u c t u r e s  in 
the boundary l a y e r .

For the ideal  case of  homogeneous, i s o t r o p i c  tu rbulence  o f  s u f f i c i e n t  
e x t e n t  to f i l l  the pulse volume, the s c a t t e r i n g  cross s ec t io n  has been shown to 
have a l i n e a r  dependence on the sp ec t r a l  d e n s i t i e s  of  thermal tu rbulence  and 
t u r b u l e n t  k i n e t i c  energy (Monin, 1962). The angular  dependence i s  such t h a t  
b a c k s c a t t e r in g  i s  due only to thermal tu rbu lence .  For b a c k s c a t t e r in g ,  the sca le  
o f  tu rbu lence  in te r r o g a t e d  i s  equal to 1/2 the a co u s t ic  wavelength.
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The opera t ing  frequency fo r  an acous t ic  radar  is  a compromise p r im ar i ly  
between the high noise  l e v e l s  a t  the low frequenc ies  and the s t ronge r  a t t e n u a ­
t io n  by the atmosphere a t  h igher  f r equenc ies .  The Unive rs i ty  of  Toronto 
a c o u s t i c  radar  normally opera tes  a t  2000 Hz and can give reasonable  r e s u l t s  
over  the range from 1300 Hz — 3700 Hz.

Q u a n t i t a t iv e  work with aco u s t i c  echo sounding i s  hindered by the 
u n c e r t a i n t i e s  in the received s ignal  a s soc ia t ed  with the a t t e n u a t io n  of  the 
t r an sm i t t ed  and s c a t t e r e d  sound. The s t rong  absorpt ion due to the presence 
of  water  vapour cannot be accounted fo r  without  having knowledge of  the real  
time d i s t r i b u t i o n  of  mois ture  in the i n t e r r o g a te d  volume. For a range of  
500 m when ope ra t ing  a t  2000 Hz l a b o ra to ry  measurements (H a r r i s ,  1966) in d i c a t e  
t h a t  fo r  temperatures  from -10°C to +30°C and r e l a t i v e  humidity from 10% — 90%, 
the round t r i p  a t t e n u a t io n  due to molecular  absorp t ion  would range from 8 to 
50 dB.

Experiment

The Univers i ty  of  Toronto aco u s t i c  radar  is  loca ted  on the 15th f l o o r  
balcony of  the Physics bu i ld ing  on the main campus in the cen te r  of  the c i t y  
o f  Toronto.  The system opera tes  in the monostat ic  mode using the same 
t r ansduce r  and antenna fo r  both t r a n s m i t t i n g  and r e c e iv in g .  Monostatic ope ra ­
t ion  means we are  looking a t  backsca t t e red  sound and hence d e tec t in g  s c a t t e r i n g  
only from thermal tu rbu lence .  The antenna i s  a modified microwave antenna with 
a high power moving co i l  loud speaker  d r i v e r  as the t ransduce r .  The antenna 
is  enclosed in a wooden s h ie ld  l in e d  with acous t ic  foam. The t r ansduce r  is  
d r iven  by an o rd ina ry  audio a m p l i f i e r .  The normal opera t ion  involves sending 
100 ms pu lses  a t  70 — 90 w e l e c t r i c a l  power level  every 4 s .  At t h a t  power 
the sound p res su re  leve l  1 m above the antenna apera tu re  is  136 dB while  
beside the s h i e l d  i t  i s  approximately 70 dB and on the ground i t  i s  bare ly  
d e t e c t a b l e  by a t r a in e d  l i s t e n e r .

The rece iv e  sec t io n  has a gain of  162.5 dB and a very narrow pass band. 
A v a r i a b le  gain a m p l i f i e r  c o r r e c t s  fo r  the spher ica l  divergence o f  the 
s c a t t e r e d  sound. The data  i s  recorded  on a modified f ac s im i le  recorde r  where 
each echo t r a i n  i s  r ep resen ted  as i n t e n s i t y  modulations along a s in g l e  l i n e .  
Recording a t  90 l i n e s  an inch with a 4 s per iod compresses 1 hour o f  data  in to  
10 inches o f  the c h a r t .

Resu l ts

Desp i te  the urban background n o i s e ,  ope ra t ion  of  the acous t ic  r ada r  
has been very s u c c e s s f u l .  The u n i t  has been ope ra t ing  on a 24 h basi s  
e s s e n t i a l l y  con t inuous ly  s ince  March 1973. During t h i s  time we have observed 
s t r u c t u r e s  a s s o c i a t e d  with a wide range o f  phenomena inc luding :

a) a tmospheric  g ra v i ty  waves
b) synop t ic  s ca le  cold f r o n t s  and warm f ron ts
c) mesoscale cold outflows a sso c ia t ed  with thunderstorm a c t i v i t y
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d) lake breeze c i r c u l a t i o n s
e) layering  a ssoc ia ted  with s t a b l e  s t r a t i f i c a t i o n
f) convec t ive  f i e l d s
g) formation and breakup o f  nocturnal in vers ions
h) many per iodic  s t r u c t u r e s ,  Kelvin Helmholtz i n s t a b i l i t i e s  and

other dynamic i n s t a b i l i t i e s .

The a c o u s t i c  radar v i v i d l y  d i sp la y s  the columns o f  buoyant,  thermally  
turbulent  a ir  a s so c ia ted  with convect ive  a c t i v i t y .  These thermal plumes are 
observed to occur i n t e r m i t t e n t l y  with l i t t l e  s c a t t e r i n g  occurring between them 
as thermally q u ie scen t  a ir  subsides to replace  the warm unstable a i r  carr ied  
up in the plumes.

The e x i s t e n c e  o f  s ta b l e  layers  in the lower troposphere i s  revealed by 
the aco u s t i c  radar as continuous bands o f  echoes showing only  gradual var ia t io n  
in a l t i t u d e .  Such s t a b l e  layers  are observed in a s so c ia t io n  with nocturnal  
i n v e r s i o n s ,  synopt ic  s c a l e  subsidence and onshore f low.  The decay o f  the s t a b l e  
l ayer  a s so c ia te d  with nocturnal in vers ions  i s  revealed by the aco u s t ic  radar as 
ear ly  morning s o l a r  heat ing  generates  convec t ive  a c t i v i t y .  The s t a b l e  layer  i s  
observed to be b u f f e t t e d  and d i s to r t e d  as the thermal plumes impinge upon i t .  
Ult imately  the s t a b l e  laye r  i s  l i f t e d  and dispersed as the in f lu ence  o f  the 
surface  heat ing extends in to  the planetary boundary laye r .

The a c o u s t i c  radar has proven to be very e f f e c t i v e  in monitoring the 
sequence o f  events  a s so c ia ted  with the onse t  and decay o f  lake breeze c i r c u l a ­
t io n s  (analogous to the sea breez e ) .  T yp ica l ly  the development o f  the lake  
breeze i s  preceeded by an a c t i v e  period o f  convect ion marked by thermal plumes.  
The passage o f  the lake breeze front  i s  revealed by the abrupt c e s sa t io n  o f  
convec t ive  a c t i v i t y  and the development o f  an in tense  sur face  s c a t t e r i n g  region  
a sso c ia ted  with the internal  boundary la yer  within the inf lowing  lake-modif ied  
a i r .  The cont inuat ion  o f  the lake breeze i s  marked by a regime o f  s t a b l e  a ir  
in the lower troposphere whi le  the r e t r e a t  o f  the lake breeze front  o f ten  i s  
observed to be fo l lowed by the return o f  convect ive  a c t i v i t y .  The aco u s t ic  
radar i s  a valuable  tool  in the study o f  the dynamic c h a r a c t e r i s t i c s  o f  lake  
breeze c i r c u l a t i o n .

The a c o u s t i c  radar has a ls o  allowed us to monitor and study the passage  
o f  both synoptic  and mesoscale cold fronts  and warm fr o n t s .  I t  a ls o  revea ls  
much about the dynamic i n s t a b i l i t i e s  preva lent  in the boundary l a y e r ,  p a r t i ­
cu la r ly  with regards to the Kelvin Helmholtz i n s t a b i l i t y .

In addit ion  to the d e te c t io n  o f  atmospheric s tructure  as revealed by 
the d i s t r i b u t i o n  o f  thermal turbulence ,  the a c o u s t i c  radar has detected  
s c a t t e r i n g  from d i s c r e t e  o b j e c t s .  In p a r t i c u l a r ,  in the migration seasons ,  
f lo c ks  o f  birds  pass ing  through the antenna beam r e s u l t  in a profusion o f  
strong po int  echoes and during the winter  f a l l i n g  snow c o n s i s t i n g  o f  large  
f la k es  produces a d i s t i n c t  s ignature  on the record.
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Our work with the acous t ic  radar  has shown t h a t  i t  can be operated 
s u c c e s s f u l ly  with in  an urban environment.  The technique allows the charac ­
t e r i s t i c s  and dynamics o f  many o f  the f e a tu re s  o f  the p lane ta ry  boundary l a y e r  
to be monitored and s tu d ie d .  The acous t ic  r ad a r  o f f e r s  g rea t  promise as an 
aid to the development o f  an understanding  o f  the p lane ta ry  boundary l a y e r .
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