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INTRODUCTION 

Since the  f i r s t  study of VIIF r ada r  s igna l s  from the mesosphere by WOODMAN 
and GUILLEN (1974) it has been c lea r  t h a t  neutra l  atmosphere turbulence play 
a cen t ra l  r o l e  i n  generating the  r e f r a c t i v e  index i r r e g u l a r i t i e s  t h a t  baok- 
s c a t t e r  the radio  waves. It i s  generally believed (HARDY, 1972; ROTTGER, 1980, 
LIU and YEB, 1980) t h a t  an increase i n  the turbulent energy d i s s ipa t ion  r a t e  
w i l l  r e s u l t  i n  a decrease i n  s ignal  co r re la t ion  time and an increase i n  
sca t t e red  s ignal  power, Thus, i n  turbulence-generated radar  echoes a negative 
co r re la t ion  between echo power and s ignal  co r re la t ion  time i s  expected (LN 
and YEH, 1980). We w i l l  i n  the  following adopt the nota t ion PIC cor re la t ion  
f o r  t h i s  re la t ionship .  

It has become apparent t h a t  the PIC cor re la t ion  changes as  a function of 
a l t i t u d e  (RASTOGI and BOWHILL 1976b; HARPER and WOOMAN, 1977). The PIC 
cor re la t ion  i s  negative i n  the  upper par t  of the  mesosphere as  expected of 
turbulence-generated i r r e g u l a r i t i e s ,  whereas i t  i s  largely  pos i t ive  i n  the  lower 
mesosphere. Similar changes i n  the  PIC cor re la t ion  have a l s o  been observed i n  
the  stratosphere/tropo sphere region (ROTTGEP. and LIU , 197 8). RASTOGI and 
BOWBILL (1976a,b) attempted t o  explain the  pos i t ive  PIC cor re la t ion  observed jn  
the  lower mesosphere i n  terms of stronger turbulence occurring i n  narrower 
layers.  However, LIU and YEH (1980) have argued t h a t  the e f f e c t  of a narrow- 
ing layer  i s  not strong enough t o  cause the  pos i t ive  P/C correlation.  Instead 
ROTTGER and LIU (1978) suggested t h a t  the pos i t ive  P/C cor re la t ion  i s  a mani- 
f e s t a t i o n  of p a r t i a l  r e f l e c t i o n  from s t r a t i f i e d  layers  of r e f r a c t i v e  index 
gradient.  

P a r t i a l  r e f l e c t i o n  would explain another observational f a c t ,  namely t h a t  
the sca t t e red  s ignal  i s  aspect sens i t ive  i n  the  lower part of the  mesosphere 
with maximum echo power coming from the v e r t i c a l  d i rec t ion  (FUKAO e t  al . ,  
1980). On the other hand, perfect  s t r a t i f i c a t i o n  would r e s u l t  i n  p a r t i a l  
r e f l e c t i o n  of the radar  waves, and no s ignal  should be observed i f  the radar  
probing d i rec t ion  was oblique t o  the v e r t i c a l .  Since radar  echoes, although 
reduced from t h a t  received from the v e r t i c a l  d i rect ion,  a r e  observed a t  very 
oblique aqgles it has been suggested t h a t  s t r a t i f i e d  l aye r s  modified by turbu- 
lence i s  needed t o  explain the  observations from the lower mesosphere. 

We s h a l l  examine the turbulence theory and assumptions made i n  previous 
s tud ies  and show t h a t  the  scat tered s ignal  from the mesosphere i s  compatible 
with t h i s  theory i f  reasonable assumptions a r e  made. We w i l l  show t h a t  under 
s i t u a t i o n s  of s t a b l e  turbulence the P/C cor re la t ion  i s  pos i t ive  i f  the radar 
Bragg wavelength (Ar) i s  wi th in  the i n e r t i a l  subrange. Final ly  we w i l l  com- 
pare the r e s u l t s  of the calcula t ions  t o  VHF radar  data. 

THEORY OF TURBULmCE 

Turbulent motions i n  a f l u i d  l i k e  the atmosphere a re  described by the  
Navier-Stokes equations, an unclosed s e t  of nonlinear equations with no known 
general  solution.  Considerable work has gone i n t o  f inding specia l  solut ions  
based on assumptions about, and observations o f ,  the physi'cal s t a t e  of turbu- 



lence. One of the assumptions usually made i s  tha t  the turbulence i s  i so t rop ic  
a t  a l l  s ca les  substant ia l ly  smaller than the l a rges t  (outer)  scale.  A general  
understanding of turbulence has emerged (TATARsKII, 1971; TENNEKES and LUMEY, 
1972); however, the r e s u l t i n g  equations t h a t  describe the turbulent spectra a r e  
more a r e s u l t  of l imited physical  ins ight  and assumptions than of s t r i c t  
mathematical analys is ,  and thus should be careful ly  compared t o  experimental 
r e su l t s .  

I n  the  i n e r t i a l  subrange of turbulence the veloci ty  and i r r e g u l a r i t y  
spect ra ,  E(k) and Ee(k), respect ively ,  a r e  given by TATARSKII (19711, and 
TENNEKES and LUMLEY (1972) a s  follows 

and 

Here a = 1.5 and f3 = 0.5 a r e  experimentally determined constants,  N i s  a 
v a r i a b l e  r e l a t ed  t o  the source of the r e f r a c t i v e  index gradient and E i s  the 
turbulent  energy d i s s ipa t ion  ra te .  Note t h a t  both spect ra  follow the -513 
power law inwave numger fJ4 The inner s3alelp$ the two spectra  a r e  defined 
separate ly  a s  rl (v  / E )  and qg = (y  / E )  , respectively.  Here . 
v i s  the kinematic v i scos i ty  and y the thermal d i f fus iv i ty .  For s impl ic i ty  
we s h a l l  assume V - Y so t h a t  the inner sca le  (Kolmogorov microscale) of the 
spect ra  a r e  equal. 

I n  the  d i s s ipa t ion  subrange of turbulence the spec t ra l  forms a r e  d i f fe ren t  
-and given by TENNEKES and LUMLEY (1972) a s  

and 

f o r  the ve loc i ty  and i r r e g u l a r i t y  spect ra ,  respectively.  For a discussion of 
the v a l i d i t y  range of these spect ra  see TENNEKES and LUMLEY (1972). I n  what 
follows only dimensional ana lys i s  w i l l  be made. 

A f i r s t  inspection of equation (1) and (3)  which determines the line-of- 
s igh t  ve loc i ty  va r i a t ions  a t  the Bragg wavelength indicate  a continuously 
increasing ve loc i ty  a s  a funct ion of an increase i n  E, both i n  the d i s s ipa t ion  
and the i n e r t i a l  subranges. However, the  radar  s ignal  c o r r e l a t i o n  time observed 
a t  one radar  wavelength i s  r e l a t ed  t o  the sum of a l l  veloci ty  f luc tua t ions  a t  
wavelengths l a rge r  than the Bragg wavelength. A s  the sca t t e r ing  i r r e g u l a r i t i e s  
move around, t h e i r  motions a r e  af fected by a l l  turbulent c e l l s  of s i z e  l a rge r  
than the Bragg wavelength. Thus we have the re la t ionship  between the radar 
rms ve loc i ty  v and the turbulent veloci ty  spectrum 

Here k i s  the radar Bragg wave number and % i s  the wave number cor- 
responhing t o  the outer s c a l e  of turbulence which i s  given by TENNEKES and 
LUIfLEY (1971 ) a s  
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V i s  the shear velocity-difference across the turbulent layer.  Assuming t h a t  
the re  i s  an i n e r t i a l  subrange and t h a t  k >> kL we get  by in tegrat ing 
equation (5) and subs t i tu t ing  equation (6) 

Equation (7) shows t h a t  v i s  d i rec t ly  proportional t o  the ve loc i ty  di f ference 
across  the turbulent layer. Rearranging equation (6 )  we g e t  

For f u r t h e r  s impl i f ica t ion we need t o  f ind  a re la t ionship  between ve loc i ty  
di f ference and the  layer  thickness L. 

The Richardson number i s  defined a s  

where % i s  the Brunt-Vais l a  frequency, and the average Ri across the  
turbulent layer i s  R.  - ug'S(V/L) . The c r i t i c a l  Richardson number f o r  
onset  of turbulence i s  known experimenatlly t o  be Ri = 1/4. The Brunt- 
Vaisala frequency is  a l s o  a constant a t  a given a l t l t u d e  so t h a t  the r a t i o  V/L 
i s  a constant and equation (8)  reduces t o  

and thus from (7) and (8) we ge t  

v a ?I2 a TI a V 

here T i s  the s ignal  co r re la t ion  t h e .  Since the line-of-sight rms veloci ty  
i s  proportional t o  the square root of the energy d i s s ipa t ion  r a t e ,  and the 
s ignal  co r re la t ion  time i s  inverse proportional t o  t h e - p f  ve loc i ty ,  we conclude 
t h a t  the s igna l  co r re la t ion  time i s  proportional t o  & regardless  of 
whether the Bragg wavelength is  i n  the i n e r t i a l  or d i s s ipa t ion  subrange. 

To ca lcu la te  the  r e l a t ionsh ip  between radar echo power and energy diss ipa-  
-- A t i o n  r a t e  we f i r s t  need t o  consider the f ac to r  N i n  equations (2) and (4 ) .  To 

do so we need physical, ins ight  i n  the meaning of N. N i s  a measure of the 
d i s s ipa t ion  of r e f r a c t i v e  index f luctuat ions .  Assuming f o r  the time being 
t h a t  the r e f r a c t i v e  index f luc tua t ions  a r e  due t o  temperature (8) var ia t ions  
and following TATARSKII (1971) we have 

I n  a steady s t a t e  N i s  a l s o  a measure of the combined heat sources of a turbu- 
l e n t  region. In  considering equation (2) both TATARSKII (1971) and HARDY (1972) 

assumed a constant overa l l  temperature gradient  through the turbulent layer.  
However, the  e f fec t ive  thermal d i f fus ion coeff ic ient  ( y) changes order of 
magnitude with the onset of turbulence, so t o  maintain a constant tenperature 
gradient  it i s  required t h a t  the source of the turbulent i r r e g u l a r i t y  s t ruc tu res  
(N)  change a s  a function of E. This leads t o  the following r e l a t i o n  between 
the  rada r  sca t t e r ing  cross  sect ion u and E given by HARDY (1972) 

This indicates  a posi t ive  co r re la t ion  between radar  echo power and turbulent  
energy d i s s ipa t ion  and l ed  ROTTGER (1980) t o  conclude t h a t  a negative P/C 

. cor re la t ion  exis ted i n  the  i n e r t i a l  subrange. However, the requirement t h a t  
the source of temperature f luc tua t ions  changes i n  order t o  keep up with the  



changing turbulent  energy d i s s ipa t ion  r a t e  seems physically unreasonable. It . 
seems much more reasonable t o  assume tha t  the source i s  independent of the 
turbulence. I n  t h i s  case N i s  independent of E and onset of turbulence 
produces a decrease i n  tenperature gradient across the turbulent  layer  t o  
compensate f o r  the increase i n  e f fec t ive  diffusion.  Thus ins ide  the i n e r t i a l  
subrange we g e t  from equation (2) the following re la t ionsh ip  

For a backscatter radar  t h a t  operates a t  a f ixed frequency with Bragg wave 
number k , i t  can be shown t h a t  the sca t t e red  power P(kr) i s  proportional t o  
E, TOTTERSTE~ 1969). Combining equations (9) and (10) gives the  
r e l a t ~ o n s h i p  P a T 13. Thus we f ind  t h a t  the re  should be a pos i t ive  correla- 
t i o n  between radar  echo power and s ignal  co r re la t ion  time i f  the radar Bragg 
wavelength i s  within the i n e r t i a l  subrange of the turbulent spectrum. 

I f ,  on the other hand, the  radar operates i n  the d i s s ipa t ive  subrange of 
the  turbulence spectrum we have t o  examine .equation (4) to obta in  the re la t ion-  
ship  between the energy d i s s ipa t ion  r a t e  and the  spec t ra l  power Ee. Sub- 
s t i t u t i n g  f o r  no i n  equation (4) and again assuming t h a t  N i s  a constant we ge t  

-113 
E~ ($1 r exp (-K ~ ~ ' 1 ~ 3 )  

where K i s  a constant. Considering equation (11) we conclude t h a t  i f  the radar  
Bragg wavelength i s  s u f f i c i e n t l y  ins ide  the d i s s ipa t ive  subrange, an increase i n  
energy d i s s ipa t ion  r a t e  w i l l  r e s u l t  i n  an increase i n  radar  echo power since the  
exponential term w i l l  overpower the power term. Thus considering equations (9) 
and (11) we conclude t h a t  the re  w i l l  be a negative PIC cor re la t ion  i f  the radar  
Bragg wavelength i s  wi thin  the d i s s ipa t ive  subrange of the tarbulent  spectrum. 

DISCUSSION d 

. I n  the previous sect ion i t  was pointed out t h a t  turbulent theory a s  
presented by TATARSKII (19711, and TENNEKES and L U ~ E Y  (1972) can eas i ly  ex- 
p la in  both pos i t ive  and negative PIC cor re la t ion  i n  VHF radar  data  provided 
the source of the r e f r a c t i v e  index va r i a t ions  (N) i s  a-constant  independent of - 
the  turbulent energy d i s s ipa t ion  ra te .  The equations were developed on the 
assumption of i so t rop ic  and homogeneous shear layer turbulence. - - -  -- - ---- 

RASTOGI and BOWHILL (1976b) have estimated t h a t  the Jicamarca WF radar  
operates a t  a Bragg wavelength (3  m) t h a t  i s  within the d i s s ipa t ive  subrange 
throughout the mesosphere, and recent  comparison between Jicamarca radar data  
and rocket electron-density data  (ROYRVIK and SMITH, 1984) have shown t h a t  t h i s  
i s  t rue  fo r  a turbulent  layer located a t  an a l t i t u d e  of 86 km. However, Royrvik 
and Smith a l s o  noted t h a t  the i n e r t i a l  subrange of the spectrum extended t o  
higher wave numbers than estimated by RASTOGI and BOWBILL (1976b). Thus we 
would expect a negative PIC cor re la t ion  i n  the a l t i t u d e  region around 85 km as  
observed by several  invest igators  (HARPER and WOODMAN, 1977; COUNTRYMAN and 
BOWHILL, 1979; FUKAO e t  a l . ,  1980, and ROYRVIK, 1983). 

I n  order t o  determine i f  the posi t ive  PIC corre la t ion observed i n  the 
lower mesosphere (RASTOGI and BOWHILL, 1976b; COUNTRYMAN and BOWHILL 1979, 
FUKAO, e t  a l .  1980 and ROYRVIK, 1983) i s  caused by the radar Bragg wavelength 
being i n  the i n e r t i a l  subrange of the i r r e g u l a r i t y  spectrum, we have recalcula ted 
the range of the inner sca le  of turbulence t h a t  can be expected i n  the meso- 
sphere. I n  doing so we have calculated the turbulent energy d i s s ipa t ion  r a t e  
(E)  from the s ignal  co r re la t ion  time; and the inner sca le  of turbulence n from 
E and the kinematic v i scos i ty  v taken from the U.S. Standard Atmosphere model. 
Outer l i m i t s  on cor re la t ion  time have been estimated from data avai lable  from 
the Jicamarca radar (RASTOGI and BOWHILL, 1976b; RARPER and WOODMAN, 1977; 



COUNTRYMAN and BOWHILL, 1979; FUKAO e t  al.,  1980 and ROYRVIK, 1983). The 
r e s u l t i n g  l i m i t s  on the inner and outer sca les  of turbulence have been p lo t t ed  
i n  Figure 1. It appears t h a t  fo r  strong turbulence the Jicamarca radar  Bragg 
wavelength w i l l  be i n  the i n e r t i a l  subrange of turbulence below about 70 km, and 
p o s i t i v e  P/C cor re la t ion  should be expected f o r  t h i s  a l t i t u d e  range a t  l e a s t  
pa r t  of the  time. 

This r e s u l t  i s  only p a r t l y  sa t i s fy ing  s ince  pos i t ive  PIC cor re la t ion  has 
been observed a s  high as  75 km i n  a region where kn < k . It should be 
noted, however, t h a t  equations (3) and (4) a r e  v a l ~ d  only fo r  k,, << k and 
the  changeover from negative t o  pos i t ive  PIC cor re la t ion  may occur no$ a t  kI1 - 
k but a t  Ak,, a kr where A i s  a f ac to r  somewhat l a rge r  than 1. Another 
poss ible  source f o r  the discrepancy i s  t h a t  the kinematic v i scos i ty  given by 
the  U.S. Standard Atmosphere i s  somewhat overestimated and thus has reduced 
the  estimate of kT1 i n  the lower mesosphere. 

Additional support for  t h i s  theory comes from HF pa r t i a l - r e f l ec t ion  data 
from the 2.6-klKz Urbana radar. Correlation between scat tered power and s ignal  
co r re la t ion  time i s  pos i t ive  throughout the D region as  can be seen i n  Figure 2. 
This i s  a s  expected of turbulent  sca t t e r ing  since the Bragg wavelength fo r  t h i s  
r ada r  (-56 m) i s  wi thin  the i n e r t i a l  subrange a t  l e a s t  up t o  90 km. The 
s i t u a t i o n  has been summarized i n  Figure 3 which shows the spectra ,of 
i r r e g u l a r i t i e s  fo r  two d i f f e r e n t  energy d i s s ipa t ion  ra tes .  

So although the re  i s  a small discrepancy between observations and the 
ca lcu la t ions  i n  t h i s  paper we f e e l  j u s t i f i e d  i n  concluding t h a t  the turbulent 
model as  described here  correct ly  predic ts  pos i t ive  and. negative P/C cor re la t ion  
i n  the lower and upper mesosphere, respect ively .  

I 

The model of turbulent sca t t e r ing  of radio  waves suggested here i s  very 
s imi la r  r o  a model suggested by BOLGIANO (1968) i n  which very strong turbulence 
r e s u l t s  i n  a layer  of nearly uniformly mixed r e f r a c t i v e  index bordered by two 
sharp ledges. Very l i t t l e  i s  known about the shape of these ledges;  however, 

WAVE NUMBER (md mi')  

Figure 1. P r o f i l e s  of inner and outer sca les  of turbulence 
i n  the mesosphere for two extremes of energy d i s s ipa t ion  
rates.. The maximum and minimum energy d i s s ipa t ion  r a t e s  
were calcula ted from the maximum var ia t ion  i n  s ignal  
co r re la t ion  time a t  each a l t i t u d e .  
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Figure 2 .  Correlogran of echo power versus signal correlation time for the 
Urbana 2.6-t.lHz partial-ref lect ion radar for data obtained on 24-26 April 
1982. Each curve represents from four t o  seven hours of data. 
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Figure 3. Schematic r ep resen ta t ion  of r e f r a c t i v e  

index i r r e g u l a r i t y  spec t r a  fo r  two d i f f e r e n t  . 
energy d i s s i p a t i o n  r a t e s .  

it seems reasonable t o  assume t h a t  a t  Bragg wavelengths equal t o ,  o r  smaller  
than, the  inner  s c a l e  of turbulence no add i t iona l  radar  echo w i l l  be received 
(ROTTGER e t  a l . ,  1979). On the  o ther  hand i f  the Bragg wavelength i s  a sub* 
s t a n t i a l  f r a c t i o n  of the ou te r  s c a l e  of turbulence these ledges may cause 
p a r t i a l  r e f l e c t i o n  t h a t  come i n  add i t ion  t o  the s c a t t e r i n g  from the turbulent  
l a y e r  it s e l f .  Th i s  may be the  reason f o r  observat ions  made a t  WJHF f requencies  
by HOCKING and VINCENT (1982) and o thers .  - 
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