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INTRODUCTION 

The M t U r e  of the sca t t e r ing  and r e f l e c t i o n  mechanisms t h a t  give rise t o  
che MST radar echoes from the c l ea r  a i r  has been a subject of invest igat ion for  
uany years since the beginning of the experimental observation of tropospheric 
c-?er-the-horizon propagation of radio Waves. 
n~echanisms i s  e s sen t i a l  i n  the correct i n t e rp re t a t ion  of the da t a  which carry 
information about winds. waves, turbulence and s t a b i l i t y  i n  the atmosphere. 
There a r e  two main aspects  of t he  problem. The f i r s t  concerns the  na tu re  of the 
t a rge t s  the radar sees and t h e i r  generation mechanisms. The second aspect i s  
t h e  signatures of the radar  s igna l s  returned from the d i f f e ren t  targets .  Volume 
acat ter ings from i so t rop ic  o r  anisotropic  turbulence, and 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 ,  sharp r e f r a c t i v e  index gradients are believed t o  
be the main contributors t o  the radar echoes. 
t h a t  combined e f f e c t s  from a l l  these mechanisms produce the observed data. 
Therefore, it i s  important t o  study the signature of the echo s ignals  €or these 
d i f f e ren t  s ca t t e r e r s  under r e a l i s t i c  experimental conditions. 
as: how the pulse r a t e ,  width and coding w i l l  a f f e c t  the returned s ignal ;  what 
a r e  the d i f f e ren t  features  of the complex s ignal  statistics under d i f f e ren t  
s c a t t e r i n g  and r e f l e c t i o n  conditions,  etc., should be invest igated.  It i s  hoped 
t h a t  from these s tudies ,  the nature of the t a rge t s  can be b e t t e r  understood. 
Then i t  may be possible to  relate them t o  atmospheric dynamic processes (GAGE 
2nd BALSLEY, 1980). 

BASIC THEORY 

The understanding of these 

I n  general ,  it i s  most l i ke ly  

Questions such 

A t  the VHF and UHF frequency bands fo r  the MST radars ,  the atmosphere i s  
almost transparent.  The changes of r e f r a c t i v e  index caused by the  inhomogeneous 
s t ructures  a r e  usually very small compared t o  the ambient values. 
conditions, the s ingle  sca t t e r ing  Booker-Gordon equation f o r  t he  scat tered f i e l d  
can be applied: 

Under these 

'bilere the geometry i s  shown i n  Figure 1. 
receiver ,  N 1  i s  the inhomogeneous part  of the r e f r a c t i v e  index, E O  i s  the  
incident f i e l d  and iin i s  the un i t  vector pointing from the sca t t e r ing  volume t o  
t h e  receiver.  The formula appl ies  t o  general  types of inhomogeneities which are 
iabeded i n  a homogeneous background. For back-scatter geometry, (1) reduces t o  
the f ami l i a r  expression f o r  plane incident wave 

%s i s  the scat tered f i z l d  a t  the 

This formula has been used i n  the s t a t i s t i c a l  formulation t o  study 
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Figure 1. 

sca t te r ing  from turbulence, i so t rop ic  or anisotropic ,  yielding the radar 
r e f l e c t i v i t y  

+ 
where S (IC) i s  the three  dimensional power spectrum for  the f luc tua t ion  of the 
r e f r ac t ive  index, N1. 
a vector  2k an indicat ing t h a t  the formula can be applied t o  an iso t ropic  
turbulence i n  general. 

N It i s  worthwhile t o  point out t ha t  the argument of SN i s  

Equation (1) can a l so  be used t o  der ive the formula for  p a r t i a l  re f lec t ion .  
For t h i s  case, the r e f r ac t ive  index inhomogeneities f o m  horizontal ly  s t r a t i f i e d  
laminae tha t  extend t o  horizontal  dimensions grea te r  than several  Fresnel zone 
size. For a v e r t i c a l l y  incident  wave, equation (1) can then be in tegra ted  f i r s t  
with respect  t o  the horizontal  coordinates and y ie ld  the expression fo r  a re- 
f l ec t ed  f i e ld .  

E ( z )  = ikEO eikz ( 2 ' )  e-2ikz' dz' (4) 
L 

From t h i s  equation the formula used i n  p a r t i a l  r e f l ec t ion  ca lcu la t ions  can 
be derived 

dz' 1 ikz  dN1 -2ikz' 
Er(z) =yEoe 1 e 

L 
(5) 

where the condition t h a t  outside the inhomogeneous region L, N1 vanishes has 
been used. 
ana lys i s  of the  p a r t i a l  r e f l ec t ion  problem. I n  the s t a t i s t i c a l  approach the 

Equation (4) or (5) can be applied f o r  s t a t i s t i c a l  o r  determinis t ic  
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scat tered power i s  proportional t o  
Ar/2 +Ar 

where the integrat ion l i m i t s  -Art2 to  Ar/2 correspond t o  a range gate of width 
A r .  I n  the usual s t a t i s t i c a l  approach, t he  f luc tua t ing  f i e l d  N1(z) i s  assumed 
t o  be s t a t i s t i c a l l y  homogeneous such t h a t  <N1(21)N1(22)> i s  a function of 
(21-22). I f  t he  co r re l a t ion  length E, of <N ( z  )N ( z  )> i s  much less than the 
range gate  A r ,  then the l i m i t s  of i n t eg ra t ion  with respect t o  (z,-z2) i n  
equation (6) can be extended t o  f -which r e s u l t s  i n  spectral  resolut ion of N1, 
yielding 

1 1 1 2  

I f ,  on the other hand, the co r re l a t ion  length R, is  not so short  as compared t o  
the range ga te  A r ,  then the d(z1-22) integrat ion w i l l  depend on the l i m i t s  of 
integrat ion,  A r  and w i l l  not have a strict  l i n e a r  dependence on A r .  
Depending on the correlat ion function of N 1  and the r a t i o  Ar/R, ,  the dependence 
of <IEs12> on A r  may vary. 

It should be emphasized t h a t  it i s  under the assumption t h a t  the l i n e a r  
dimension of the sca t t e r ing  volume i s  much greater  than the correlat ion length 
of the turbulence, the sca t t e r ing  process r e s u l t s  i n  the select ion of the 
component of the turbulence spectrum a t  the Bragg wave number, leading t o  the 
r e s u l t s  shown i n  equations (3) and (7). This does not j u s t i f y  i n  general the 
p r e s e l e c t i o n  of t h a t  pa r t i cu la r  Bragg component of the turbulence spectrum 
alone t o  represent the r e f r ac t ive  index f luc tua t ions  i n  the der ivat ion of the 
r e f l e c t i v i t y  formula. 

Other complications may a r i s e  i n  the e f f o r t  t o  model the sca t t e r ing  process 
s t a t i s t i c a l l y .  
homogeneity ( s t a t ioua r i ty )  of the sca t t e r ing  region i s  not s t r i c t l y  s a t i s f i e d ?  

SIGNAL STATISTICS 

For example, how much a re  the r e s u l t s  affected i f  the 

The statist ics of the received s ignal  depend on the sca t t e r ing  mechanism. 
When the returned s ignal  comes from independent s ca t t e r e r s  or r e f l e c t o r s  of 
similar strength which are d i s t r ibu ted  i n  space i n  such a way t h a t  the nus 
deviation from the mean posi t ion i s  greater  than one wavelength, then the 
amplitude of the received s ignal  w i l l  have the c l a s s i c a l  Rayleigh dis t r ibut ion.  
I f  a dominating specularly r e f l ec t ed  component e x i s t s  i n  the received s ignal ,  
t he  data  w i l l  exh ib i t  t h e  Rice-Nakagami d i s t r i b u t i o n  f o r  the amplitude. Another 
type of d i s t r ibu t ion  known as the %oyt d i s t r ibu t ion"  (BEGKMANN, 1962) may 
r e s u l t  when the phase d i s t r i b u t i o n  of the independently scat teredlref lected 
s igna l s  i s  not uniform. This occurs, for  example, when the nus deviation from 
the mean posit ion f o r  the s c a t t e r e r s  i s  less than a wavelength. Examples of 
these d i f f e ren t  types of s ignals  are shown i n  Figures 2 and 3. Numerical 
simulations can be devised t o  study these s ignal  statistics. Comparisons 
between the numerical models with obsemed data  may help us understand more 
clear ly  about the various sca t t e r ing / r e f l ec t ion  mechanisms. 

Another aspect of s ignal  s t a t i s t i c s  i s  the spectral  cha rac t e r i s t i c s  of the 
While the c l a s s i c a l  turbulence theory predicts  t h a t  the returned power signal. 

is proportional t o  .the width of the s ignal  power spectrum, the opposite r e l a t i o n  
has been observed i n  many occasions (BBSTOGZ and BOWHILL, 1976; ROTTGER and LIU, 
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Figure 2. a. Power spectrum of modeled data for specular reflection 
from a flat layer. b. Histogram of the modeled amplitude data €or 
specular reflection from a flat layer. c. Power spectrum. d. Histo- 
gram o f  the amplitude. 
height of 2.5 km. 

Height number 26 corresponds to an actual 

1978) i n  d i f f e ren t  regions of t he  atmosphere. Explanations i n  terms of p a r t i a l  
r e f l ec t ion ,  d i f fus ive  sca t t e r ing  etc. have been proposed. However, a sat isfac-  
tory quan t i t a t ive  explanation of the phenomenon has y e t  t o  be developed. 

ORIGIN OF REFRACTIVE INDEX FLUCTUATIONS 

Wind shears have been considered as one of the possible sources f o r  
generating turbulence. 
s ignal  power and measured wind shear i n  the troposphere and stratosphere.  The 
o r ig in  of the horizontally s t r a t i f i e d  laminae tha t  give rise t o  enhanced s ignal  
r e tu rn  when the radar i s  operating a t  the v e r t i c a l  posi t ion i s  not w e l l  under- 
stood. 
l aye r s  similar to  the s i t ua t ion  a t  oceanic thermocline may be the possible 
cause. 
mesoscale wind f luc tua t ions  i n  the troposphere and lower s t ra tosphere can be 
modeled by a universal  spectrum of buoyancy waves. 
i nves t iga t e  how the model extends t o  smaller scales. 

A t  mesospheric heights,  electron-density p ro f i l e s  strongly a f f e c t  the radar 

Good correlat ions have been found between received 

ROTTGER (1980) suggested t h a t  temperature s t eps  separating turbulent 

VANZANDT (1982) has shown t h a t  experimentally measured power spectra of 

It w i l l  be of i n t e r e s t  t o  

returns.  
so l a r  a c t i v i t i e s ,  a l l  can influence the received s ignal  power. 

Dynamic e f f e c t s ,  such as turbulence and wave act ivi t ies ;  as w e l l  as 
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Figure 3. a. Power spectrum of modeled volume scattering data. 
b. 
e .  Power spectrum. d. Histogram of the amplitude. 

Histogram of the amplitude for modeled volume scattering data. 

RESTRUCTURE OF IRREGULARITIES 

Coherent s ignals  of the complex f i e l d  received a t  the three receivers  i n  
the spaced antenna d r i f t  measurements can be used t o  study the restructur ing of 
the inhomogeneities. The temporal evolutions of the i r r e g u l a r i t i e s  give rise t o  
change of s ignal  pat tern as they d r i f t  across the radar beams from the spaced 
antennas. A number of physical phenomena can be responsible t o  make the flow 
non-frozen. For example, the random veloci ty  f luctuat ions superposed on the 
mean flow; the diffusion of inhomogeneities; veloci ty  gradient (wind shear) i n  
the sca t t e r ing  volume, etc. 
individually or col lect ively one needs t o  examine the space-time s t ruc tu re  of 
the sca t t e r ing  region and model them accordingly. 
a ce r t a in  radio signal s ignature  which can be compared with experimental data. 
Hopefully, the physical model and the experimental data can be r e l a t ed  following 
t h i s  procedure. 
Booker-Gordon applied t o  non-frozen scatterers. 
non-frozen turbulence can be applied. 
dispersion analysis  should be studied, 
process under the non-frozen condition w i l l  help us gain information about the 
temporal evolution of t he  i r r egu la r  s t ructures  from the experimental data. 

To take these f a c t o r s  i n t o  account e i the r  

Each model w i l l  give rise t o  

The bas i c  s t a r t i n g  point i s  the sca t t e r ing  formulation of 
Model space-time spectra f o r  

Both cross-correlation and cross-spectra 
A c l e a r  understanding of the sca t t e r ing  
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EFFECTS OF ANTENNA BEAM SIZE 

The f i r s t  order s ca t t e r ing  theory as discussed earlier neglects the change 
of phase i n  the sca t t e r ing  volume. A s  t he  sca t t e r ing  volume increases such t h a t  
the l i n e a r  dimension becomes comparable or greater  than the Fresnel zone, phase 
incoherency within the sca t t e r ing  has t o  be taken i n t o  account. 
turns  out t h a t  a parameter P=(kdRc/r) plays a r o l e  i n  determining whether the 
phase incoherence i s  important or not (LIU and YM, 19801, where k i s  the wave- 
number corresponding t o  the radar frequency, d i s  the linear dimension of the 
antenna beam, Rc i s  the co r re l a t ion  length of the turbulence and 4 i s  the 
range. For P<<1, the usual Booker-Gordon formula appl ies .  For P>1, t h e  antenna 
beam width i s  comparable or l a rge r  than the coherent cone of the sca t t e red  wave, 
higher order phase terms i n  the s c a t t e r  i n t eg ra l  have t o  be taken i n t o  account. 
These e f f e c t s  should be studied i n  the general  case with the space-time varia- 
t i o n  of the i r r e g u l a r i t i e s  a l s o  taken in to  account. 

Indeed, it 
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SUMMARY 

(a)  Range Gate Dependence of Specular Echoes 
2 The question of AR v s  (AR) dependence of specular echoes was resolved 

during the discussions. 
led t o  t h i s  conclusion. 
length of the i r r egu la r  s t ruc tu re  i s  much shorter  than the range gate, AR 
dependence should be v a l i d  i n  the s t a t i s t i c a l  treatment of the problem. 
range gate i s  decreased, or other assumptions such as  homogeneity of the 
s t ruc tu re  etc. are violated,  dependence other than l i n e a r  on (AR) w i l l  arise. 
Careful experimental r e s u l t s  agreed with t h i s  conclusion. 

(b) Mechanisms fo r  Layered Structures 

More careful  and r e a l i s t i c  t heo re t i ca l  analyses have 
The main point i s  t h a t  as  long as the co r re l a t ion  

As the 

Two possible mechanisms f o r  generation of the layered s t ructures  were 
discussed. One corresponds t o  v e r t i c a l  mixing i n  a loca l  turbulent region due 
t o  Kelvin-Helmholz i n s t a b i l i t y .  Sharp, step-like gradients w i l l  appear a t  the 
boundaries of the turbulent regions as the consequence of the mixing. 
quan t i t a t ive  study of t h i s  mechanism i s  needed. 
i s  t h a t  the horizontally s t r a t i f i e d  laminae of the r e f r ac t ive  index may be due 
t o  the displacement of low frequency buoyancy waves ac t ing  on the background 
v e r t i c a l  gradient of r e f r ac t iv i ty .  The  radar r e f l e c t i v i t y  based on t h i s  model 
has been estimated. 
of Fresnel r e f l e c t i v i t y  as a function of Brunt Vaisala frequency o r  i n e r t i a l  
frequency, the aspect dependence of r e f l e c t i v i t y ,  etc, have been suggested. 
Certainly the understanding of the generation mechanisms w i l l  be one of the 

More 
The other mechanism proposed 

Experimental ve r f i ca t ion  of the model such as measurements 
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major e f f o r t s  f o r  the community. For t h i s  e f f o r t ,  s tatist ical  character izat ion 
of Fresnel s ca t t e r ing / r e f l ec t ion  s t ructures  i s  important. I n  pa r t i cu la r ,  the 
e f f o r t s  i n  studying s ignal  statist ics of radar r e tu rns  t o  determine the 
s t a t i s t i c a l  nature  of s c a t t e r e r s  and r e f l ec to r s ,  and parameterization of Fresnel 
r e tu rns  were discussed. 

( c )  Mechanism fo r  Maintaining Long Lasting Turbulent Layers 

Observations a t  Arecibo a t  15' off  zeni th  d i r ec t ion  showed long l a s t i n g  
turbulent l aye r s  i n  the stratosphere.  Strong turbulent patches were a l so  
observed by the Chatanika radar a t  12 km heights f o r  15" % 45" off zeni th  
directions.  W h a t  a r e  the mechanisms t h a t  generate these strong turbulent 
l aye r s  and kept them there? 

(d) Spectrum 

Several i n t e re s t ing  points were discussed. The e f f ec t  of "diffuse 
ref lect ion" on "vert ical"  veloci ty  spectrum has t o  be considered i n  data 
analysis.  
of veloci ty  variance. 
t o  have posi t ive co r re l a t ion  with fading time which i s  inverse of spectral 
width. 
correlat ion.  This i s  contrary t o  the r e s u l t s  expected from usual turbulence 
sca t t e r ing  theory. Some explanations have been suggested. A b e t t e r  knowledge 
of the s t ructure  of the s c a t t e r e r s  i s  needed t o  in t e rp re t  the data. 

( e )  

Beamwidth broadening of the spectrum is important i n  the  measurement 
I n  the lower mesosphere, the s ignal  power i s  of ten found 

Recent tropospheric low-elwation experiments a l so  showed such pos i t i ve  

Effects of Pulse Repetit ion (PRF) Rate, Power (Pph) Width (rp) and Coding 
on Signal Detectabi l i ty  

Based on the assumption t h a t  the following are constants: antenna area, 
echo r e f l e c t i v i t y ,  Doppler s h i f t ,  spec t r a l  width, spectral  resolution, sampling 
rate, and incoherent spec t r a l  averaging t i m e ;  the  e f f e c t s  Of PRF, Pph and T~ on 
the de t ec t ab i l i t y  of the radar  were discussed. 

( f )  C lu t t e r s  from Aircraf t  and Ground 

The problem can be solved during da ta  taking o r  during da ta  processing. 
Directional f i l t e r i n g  by antenna sidelobe suppression, pulse s tu t t e r ing ,  more 
sampling, etc.  can be used during data taking. Temporal f i l t e r i n g ,  spectra 
estimation, range f i l t e r i n g ,  interference f i l t e r ,  notch f i l t e r ,  o r  s e l ec t ion  by 
s ignal  amplitude d i s t r i b u t i o n  or by power l i m i t  threshold, etc.  can be done 
during da ta  processing. 
t h i s  volume. 

The problems are discussed more f u l l y  i n  Chapter 8, 

(g) Origin of Mesosphere Refractive Index Fluctuations 

Mesospheric echoes are strongly influenced by the electron-density p r o f i l e  
i n  the D region. 
s ignal  re turn usually can be a t t r i bu ted  t o  the enhancement of e lectron density 
or electron-density gradient.  
power during s o l a r  f l a r e  events showed the turbulence t o  be confined t o  inter-  
mit tent  layers. 
a l so  observed. 

A sudden increase or even moderate v a r i a t i o n  by VIIF radar 

Observations of the enhancement of radar echo. 

Solar control of winter mesospheric echoes a t  Poker F l a t  w a s  

DRAFT RECOMMENDATION FROM DISCUSSION I N  TOPIC 2 

RECOGNIZING the importance f o r  an accurate character izat ion of the spectrum Of 
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  f o r  the e f f o r t s  t o  understand mechanisms of 
turbulence generation and t o  measure with MST radar,  winds, turbulence and 
s t a b i l i t y ;  
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NOTING the spectral sampling capability of steerable, multiple wavelength radars 
w e  
RECOMMEND that: 

Multiple frequency radar observations supported by i n  s i t u  measurements be 
carried out with existing equipment such as a t  Arecibo and other radar 
f a c i l i t i e s .  


