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R?TRODUCr ION 

Refractive index f luc tua t ions  cause coherent sca t t e r ing  and r e f l e c t i o n  of 
VHF r ad io  waves from the c l e a r  a i r  i n  the a l t i t u d e  region between 0 and approxi- 
mately 90 km. Similar echoes from the  stratosphere/troposphere and the  meso- 
sphere a re  observed a t  UHF and MF/HF frequencies,  respectively.  The nature  of 
the  r e f r a c t i v e  index f luc tua t ions  has been studied_for many years without pro- 
ducing a c l e a r  consensus on what mechanism causes them. It i s  believed t h a t  the  
i r r e g u l a r i t i e s  can o r ig ina te  from two d i f f e r e n t  mechanisms : turbulent  mixing of 
the  gradient  of r e f rac t ive  index, and s t a b l e  horizontally s t r a t i f i e d  laminae of 

' sharp gradients  i n  the  r e f r a c t i v e  index. 

I n  order  t o  explain observations of volume dependence and aspect sens i t iv i -  
t y  of the echo power i n  the  MST region, a d ive r s i ty  of submechanisms has been 
proposed. They include i so t rop ic  and anisot ropic  turbulent scat ter ing,  Fresnel 
s c a t t e r i n g  and re f l ec t ion ,  and di f fuse  r e f l e c t i o n  (Figure 1) .  

I so t rop ic  turbulent sca t t e r ing  i s  believed t o  cause a majority of the 
c lear-a i r  echoes observed by MST radars.  Echoes showing no apparent aspect sen- 
s i t i v i t y  a r e  expected t o  be of t h i s  type. The mechanism requires  ac t ive  turbu- 
lence mixing of a preexis t ing gradient i n  the  r e f r a c t i v e  index p ro f i l e .  

Anisotropic turbulent sca t t e r ing  a l s o  requires ac t ive  turbulence mixing of 
a gradient i n  the  r e f r a c t i v e  index p ro f i l e .  A t  the l a rge r  scales ,  turbulence 
must be anisot ropic  i n  the d i rec t ion  of the shear ve loc i ty ,  r e su l t ing  i n  aniso- 
t r o p i c  sca t t e r ing  a t  radio  wavelengths comparable t o  these l a rge  turbulent ir- 
r e g u l a r i t i e s .  A t  some unknown smaller sca le ,  t h e  i r r e g u l a r i t i e s  a r e  expected t o  
become isot ropic .  

Fresnel r e f l ec t ion ,  a l s o  cal led  p a r t i a l  r e f l ec t ion ,  r e s u l t s  when a radio  
s igna l  encounters a s ingle  sharp, horizontally s t r a t i f i e d  ledge i n  the  re- 
f r a c t i v e  index. I f  perfect  s t r a t i f i c a t i o n  i s  assumed, r e f l ec ted  s ignals  would 
be received only from the  v e r t i c a l  d i rect ion.  

Fresnel scattering i s  s imi la r  to  Fresnel r e f l ec t ion  except t h a t  it con-. 
sists of mul t ip le  s t r a t i f i e d  l aye r s  r e f l e c t i n g  individually with random phase. 
This concept has been introduced t o  explain the pulse length dependence of some 
aspect-sensi t ive  echoes. 

Diffuse r e f l e c t i o n  r e s u l t s  from a corrugated layer of sharp changes i n  the  
r e f r a c t i v e  index. The concept was introduced t o  explain observations showing 
s ign i f i can t  amounts of radar sca t t e r ing  from large off -ver t ica l  angles i n  l aye r s  
that .  a r e  believed t o  be horizontally s t r a t i f i e d .  

The subject  of turbulence i s  a very involved one, and no c lea r  consensus 
e x i s t s  a s  t o  what signatures radar  echoes from turbulent l aye r s  should have. 
Some of the questions a r i s i n g  from in te rp re ta t ion  of turbulent sca t t e r ing  of 
r ad io  waves w i l l  be considered below. 
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TURBULENT SCATTERING 

Figure 1. Diagram depicting d i f f e r e n t  forms of i r r e g u l a r i t i e s  
causing VHF rada r  echoes i n  the MST regions. 

( a )  Aspect Sens i t iv i ty  

In  order t o  simplify considerations of shear-layer turbulence, it i s  
usually assumed t h a t  turbulent i r r e g u l a r i t i e s  a t  scales smaller than the outer 
sca le  of turbulence a r e  s t a t i s t i c a l l y  i so t rop ic  (TFNNEKES and LUMLEY, 1972) and 
should therefore  s c a t t e r  radio waves i so t rop ica l ly .  Howwer, it i s  recognized 
t h a t  individual turbulent i r r e g u l a r i t i e s  a r e  not i so t rop ic  and t h a t  they have 
a  tendency t o  be aligned along the  d i rec t ion  of the shear flow velocity.  I n  
f a c t ,  STEWART (1969) and others  have shown from experiments t h a t  anisotropy 
extends throughout the i n e r t i a l  subrang'e and we l l  in to  the d i s s ipa t ion  subrange 
of turbulence. This might ind ica te  t h a t  i so t rop ic  sca t t e r ing  from shear-layer 
turbulence i s  more an abnormality than a  normal s t a t e  of a f f a i r s .  

It seems l ike ly ,  therefore,  t h a t  aspect s e n s i t i v i t y  would decrease with * 
decreasing rada r  wavelength u n t i l  isotropy i s  obtained, perhaps ins ide  the 
d i s s ipa t ive  subrange. Thus it appears t h a t  aspect s e n s i t i v i t y  i s  not a  good 
discriminator between p a r t i a l  r e f l e c t i o n  and sca t t e r ing  from shear-layer 
turbulence. 

(b)  PIC Correlation 

I n  radar  s ignals  sca t t e red  from c l e a r  a i r ,  t he re  e x i s t s  a  r e l a t ionsh ip  
between s ignal  co r re la t ion  time and echo power. I n  some regions of the 
atmosphere the co r re la t ion  i s  posi t ive ,  whereas i t  i s  negative i n  other regions. 
It i s  believed t h a t  negative P/C cor re la t ion  i s  a  manifestation of turbulent 
s c a t t e r i n g  (ROTTGER, 1980). RASTOGI and BGQHILL (1976) a t tenpted t o  expla in  the  
pos i t ive  PIC cor re la t ion  a s  r e s u l t i n g  from stronger turbulence occurring i n  
narrower layers. Howwer, LIU and YEH (1980) have shown t h a t  the e f fec t  of 
narrowing a turbulent layer  i s  not enough t o  cause posi t ive  PIC corre la t ion.  
Thus e t  a l .  (1980) and ROTTGER (1980) have suggested t h a t  posi t ive  P I C  
co r re la t ion  may be a-manifestation of p a r t i a l  r e f l ec t ions  from horizontally 
s t r a t i f i e d  layers.  I n  the mesosphere, howwer, it i s  d i f f i c u l t  t o  see how 



s t a b l e  l aye r s  of widths l e s s  than 3 m can be maintained, s ince  the inner s c a l e  
of turbulence tends t o  be l a r g e r  than 3 m. Pos i t i ve  P/C co r re l a t ion  may, 
howwer, be explainable i f  an,approach s imi l a r  t o  t h a t  of BOLGIANO (1968) i s  
taken. I n  the  mesosphere, p o s i t i v e  or negat ive  PIC c o r r e l a t i o n  i s  obtained when 
t h e  r ada r  wavelength i s  w i th in  the  i n e r t i a l  or  d i s s i p a t i v e  suLrange of turbu- 
lence ,  respect ive ly .  Howwer, t h i s  approach r equ i r e s  slowly varying shear-layer 

. turbulence t h a t  i s  compared t o  the mixing t i e  wi th in  the  turbulent  layer.  

( c )  Turbulent  Spect ra  

. It has genera l ly  been taken f o r  granted t h a t  the r ada r  Bragg uravelength 
must be wi th in  t h e  d i s s i p a t i v e  subrange of turbulence i n  order  f o r  the radar  t o  
observe s c a t t e r i n g  from turbulent  i r r e g u l a r i t i e s  (CRANE, 1980). RASTOGI and 
BOWHILL (1976) est imated t h a t  the inner  s c a l e  of turbulence i n  the  mesosphere i s  
l a r g e r  than 3 m. Nwer the le s s ,  r a d a r  echoes f ro= c l e a r  a i r  a r e  r ead i ly  received 
on 50 MKz a l l  the way up t o  about 90 km. Recent rocket  da t a  now show tha t  the 
inne r  s c a l e  of turbulence i n  the  upper mesosphere i s  almost one order of 
magnitude l a r g e r  than t h e  radar  Bragg wavelength (ROYRVIK and S111TI1, 19843, Yhe 
l a r g e  but f i n i t e  negat ive  gradient  of the wave number spectrum i n  the  
d i s s i p a t i v e  subrange provides enough i r r e g u l a r i t i e s  t o  cause s c a t t e r i n g  a t  
f r equenc ie s  a s  h igh  a s  50 MXz. Only i n  t h e  lowest par t  of the  mesosphere \!ill a 
50-MKz r ada r  opera te  wi th in  the  i n e r t i a l  subrange of the spectrum. 

(d)  Convective Ins t ab i ' l i t y  

Whereas turbulence causing r ada r  r e tu rns  of VHF i s  usual 1:. callbidered t o  be 
caused by l aye r s  of s t rong v e l o c i t y  shears,  i t  may a l so  be of the convecti>re 
i n s t a b i l i t y  type. BACSLEY e t  a l .  (1983) have argued t h a t  convective 
i n s t a b i l i t i e s  r e s u l t i n g  from breaking g r a v i t y  waves may cause a major f r a c t i o n  
of the  radio-wave s c a t t e r i n g  i n  the  h igh- la t i tude  winter  mesosphere.. Some 
recen t  Langmuir probe da ta  from high- la t i tude  winter  n~esospltere have s i ~ o v i ~  LLat 
t h e  inner  s c a l e  of turbulence i s  considerably smaller  than t h a t  nteasured a t  the 
equator,  possibly ind ica t ing  a d i f ference  between shear-layer and 
convective-instabil  i t y  t u rbu lence  

PARTIAL REFLECTION 

While the na tu re  of r ada r  echoes due t o  p a r t i a l  r e f l e c t i o n  i s  f a i r l y  easy 
t o  understand, it i s  more d i f f i c u l t  t o  expla in  the  s t a b i l i t y  and shor t  v e r t i c a l  
s c a l e  he ight  of l aye r s  r e f l e c t i n g  r ad io  waves a t  VHF frequencies.  This i s  par- 
t i c u l a r l y  t rue  f o r  the mesosphere. S t r a t i f i e d  l aye r s  r e f l e c t i n g  VBF r ad io  f r e -  
quencies must be ho r i zon ta l ly  s t r a t i f i e d  over a t  l e a s t  one Fresnel  zone (severa l  
hundred meters i n  the mesosphere). The change i n  the r e f r a c t i v e  index must be a 
f r a c t i o n  of 1% within  a v e r t i c a l  d is tance  t h a t  i s  small compared t o  the radio  
wavelength. At VHF f requencies ,  t h a t  means one meter or l e s s .  I n  the meso- 
sphere the  r e f r a c t i v e  index i s  due t o  t h e  ambient e l ec t ron  dens i ty .  I t  i s  c l e a r  
t h a t  such a sharp and l imi ted  ledge i n  the e l ec t ron  dens i ty  cannot be generated 
by the  n a t u r a l  production and l o s s  mechanisms of the ion iza t ion  (WUG e t  a l . ,  . 
1977). Even i f  they could be generated, they would disappear wi th in  a few t ens  
of seconds due t o  d i f fus ion . '  

BOLGIANO (1968) has suggested t h a t  turbulence ac t ing  on a gradient  i n  the  
r e f r a c t i v e  index would genera te  sharp s t r a t i f i e d  ledges a t  the boundary of the 
a c t i v e  turbulent  region. These boundary ledges might then cause p a r t i a l  re- 
f l e c t i o n s  of the radio  waves. Although t h i s  appears t o  be a f e a s j  bl e mechanism 
f o r  the  troposphere/stratosphere region. i t  i s  oul ike ly  t h a t  i t  can genera te  
s t r a t i f i e d  l aye r s  i n  the mesosphere capable of r e f l e c t i n g  a t  VBF f requencies  a l l  
t h e  time the  r ad io  wavelength i s  equal t o  or smaller  than the inner s ca l e  of 
turbulence. 



VANZANDT and VINCENT (1983) have suggested t h a t  the s t r a t i f i e d  layers  i n  
the troposphere/stratosphere can be formed by a spectrum of buoyancy waves with 
very short  wavelengths and near-horizontal phase surfaces act ing on a gradient 
of r e f r a c t i v e  index. A de ta i l ed  evaluation of t h i s  mechanism has not been made 
s ince  it has not been poss ible  t o  observe waves with wavelengths a s  shor t  as a 
few meters. 

Some of the mechanisms associa ted with radar  echoes a t  VHF from the MST 
region have been considered, and some of the  problems with each mechanism have 
been pointed out. It seems f a i r l y  wel l  documented t h a t  turbulence generates a 
l a r g e  f r a c t i o n  of r e f r a c t i v e  index s t ruc tu res  responsible f o r  sca t t e r ing  of the 
VHF radio  waves. A s  f o r  o ther  mechanisms ( for  instance.  buoyancy waves of ver- 
t i c a l  wavelength equal t o  the radar Bragg . wavelength), no d e f i n i t i v e  answer i s  
avai lable .  However, even hor izonta l ly  s t r a t i f i e d  laminae of r e f r a c t i v e  index 
may be generated by turbulence. so a generalized turbulence theory may provide 
a l l  the answers. 
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