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INTRODUCTION 

Using a spaced antenna se tup of a VHF radar ,  the  s p a t i a l  d i s t r i b u t i o n  of 
amplitudes and phases of the  radar echoes from the troposphere, s t ra tosphere  and 
mesosphere can be measured. Combining i n  a s u i t a b l e  ana lys i s  procedure the 
complex d i g i t a l  samples from the d i f fe ren t  receiving antennas i s  consis tent  with 
the  r ada r  interferometer method. I n  add i t ion  t o  the well-known parameters 
measured with the commonly applied Doppler and d r i f t s  methods, i.e., 
r e f l e c t i v i t y  and mean and f luc tua t ing  v e l o c i t y ,  the  interferometer technique 
allows to measure the angular spectrum of the  returns.  I t  gives supplementary 
useful  information on wave and turbulence s t ruc tu res  and on the  ba roc l in ic i ty  of 
the  detected s t ruc tu res  a s  we l l  as  improves the  accuracy of the  v e r t i c a l  velo- 
c i t y  measurements. 

This technique, which was f i r s t  applied with the spaced antenna system of 
the SOUSY-VHF-Radar i n  W. Germany, a s  we l l  a s  some f i r s t  examples of r e s u l t s  a r e  
described here. These comprise the  measurements of the hor izonta l  and v e r t i c a l  
v e l o c i t i e s  of the  mean flow as  we l l  a s  of turbulence s t ruc tu res ,  the aspect 
s e n s i t i v i t y  and the tilt of layers  from which the ba roc l in ic i ty  can be 
estimated.  P a r t i c u l a r l y ,  r e s u l t s  of in terferometer  measurements of the  v e r t i c a l  

= and hor izonta l  phase v e l o c i t i e s  and wavelengths of gravi ty  waves i n  the s t r a to -  
sphere a r e  displayed. The l a t t e r  r e s u l t s  a r e  a l so  discussed i n  terms of the 
generation and propagation of these waves. 

RADAR INTERFEROMETRY 

The interferometer technique i s  most extensively used i n  radio  astronomy 
(e.g., KBAUS, 1966). It i s  a l s o  applied i n  the radar  technique (e.g., WOHLLEBlEN 
and MATTES, 1973). Under specia l  conditions i t  was a l s o  employed i n  radar  
inves t iga t ions  of the ionosphere (e.g., PFISTER, 1971; FARLEY e t  a l . ,  1981; 
WHITEHEAD e t  al.,  19831, although only Farley e t  a l .  used the  name "radar 
interferometry1'. F i r s t  at tempts t o  apply it t o  VHF radar ' inves t iga t ions  of the 
lower and middle atmosphere were reported by ROTTGER and VINCENT. (19781, VINCENT 

A - a and ROTTGER (1980 1, ROTTGER (1983) and ROYRVIK (1983) ., The commonly u t i l i z e d  
methods i n  the MSTfVHF radar  operations a r e  the Doppler (beam swinging) method 
and the spaced antenna ( d r i f t s )  method. Although i n  both methods the amplitudes 
and phases of the s igna l s  a r e  recorded (coherent detect ion) ,  an evaluation of 
the  s p a t i a l  va r i a t ions  of the  phases of the radar  echoes ( radar  interferometry) 
i s  not  accomplished. 

The Doppler method uses d i f f e r e n t  preset  beam d i rec t ions  (obtained e i t h e r  
by appropriate posit ioning of a d ish  antenna o r  by f ixed instrumentally imple- 
mented phasing between submodules of a phased-array antenna systan).  Combining 
the  r a d i a l  Doppler v e l o c i t i e s  measured a t  d i f f e r e n t  bean d i rec t ions  y ie lds  the 
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t o t a l  bulk v e l o c i t y  vector  of the moving s c a t t e r e r s .  If one does r ece ive  the  
r ada r  s igna l  with two d i f f e r e n t  ( s p a t i a l l y  separa ted)  antenna systems a s  shown 
i n  Figure 1, and i n s e r t s  a s u i t a b l e  phase s h i f t  A 4  t o  the recorded da ta  one can 
point  the rece iv ing antenna beams t o  d i f f e r e n t  pos i t i ons  without changing the  
hardware ( i n s e r t i o n  of phase d i f f e rences  before taking the  da t a ) .  This kind of 
in ter ferometer  method we nay c a l l  "pos tse t  beam direction".  Whereas the  method 
of "preset  beam d i r ec t ion"  ( i .e . ,  the  commonly applied Doppler method) uses 
mostly the same f ixed  beam d i r e c t i o n  f o r  transmission and recept ion  and there- 
f o r e  does no t  al low a change of beam d i r e c t i o n  a f t e r  the da t a  were recorded,  the  
method of "pos tse t  beam d i r ec t ion"  has t o  use a f ixed  t r ansmi t t e r  beam with beam 
width broader than the s t e e r i n g  angles of the  r ece ive r  beams. However, the  
( r ece ive r )  beam d i r e c t i o n  of the  l a t t e r  method can s t i l l  be va r i ed  (wi th in  the  
l i m i t  of the  t r ansmi t t e r  beam width) a f t e r  the  da ta  a r e  recorded on tape. It 
has t o  be noted here t h a t  both these methods work f o r  r e f l e c t i o n  from small  o r  
extended t a r g e t s  a s  we l l  a s  f o r  volume s c a t t e r i n g .  Because the  beam widths of 
t he  t r ansmi t t e r  and r ece ive r  antennas a r e  equal  i n  the  p re se t  beam d i r e c t i o n  
method, i t  y i e l d s  a b e t t e r  signal-to-noise r a t i o  than the p o s t s e t  beam d i r e c t i o n  
method where pa r t  of the  t r ansmi t t e r  energy i s  l o s t  because the  r ece ive r  antenna 
beam picks out  only a por t ion  of the wide t r ansmi t t e r  antenna beam. However, 
t h e  pos t se t  method has o the r  advantages s ince  i t  allows t o  scan (simultaneously) 
t he  t o t a l  a rea  i l luminated  by the  t r ansmi t t e r  beam and thus  y i e lds  improved 
in fo rna t ion  (high s p a t i a l  and temporal r e so lu t ion )  on the  atmospheric s t r u c t u r e  
de t ec t ed  by the  radar.  The example i n  Figure 1 ind ica t e s  a wave-like s t r u c t u r e  
overhead the  radar  antennas, which can be scanned no t  only a t  the ind ica t ed  

. pos i t i ons ,  but (provided the  r ece ive r  antennas a r e  su i t ab ly  conf igura ted)  a1  so 
a t  pos i t i ons  i n  between, y i e ld ing  the  r a d i a l  v e l o c i t i e s  and r e f l e c t i v i t i e s  a s  a 
funct ion  of incidence angle (angular s p e c t r m ) .  

The conf igura t ion  of the  r ada r  i n t e r f e r o n e t e r  a r r a y  can be computed i n  a 
way s i m i l a r  t o  the standard procedure of antenna theory. Assume t h a t  N 
indiv idual  antenna elements with equal spacing d a r e  hor iz  n t a l l y  l ined  up t o  9 
iorm a ntulti-element ar ray .  I n  the a r r ay  f a r - f i e ld  r > ( ~ d )  / A ,  where A i s  
t he  r ada r  wavelength, the antenna po la r  diagram i s  
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Figure 1. P r i n c i p l e  of pos t se t  beam s t ee r ing .  



where E  (6 )  i s  the pa t t e rn  of an indiv idual  element, 6  i s  the zen i th  angle 
and  is the r e l a t i v e  phase placed on t h i s  element. Since En(&) does not  - vary  considerably i n  our app l i ca t ions  (small 6  ), we assume E (6)  = En - 
const ,  and $,(6) = 2ridsinG (n-l)/X. Equation (1) can be writPen a s  

E(6) En exp ( i (4n(6)  + A+,)) . (2) 

The i n t e g r a l  of (2)  over 6  i s  propor t ional  t o  the complex s i g n a l  C which i s  
measured a t  the  antenna n, For At$ = 0"  and d  < h the antenna sysfem has a  
main I O D ~  st 6  0" ( zen i th )  with 8 i d t h  6B  = a r c s i n  C h / ~ d ) .  The d i r e c t i o n  of 
the  main lobe 6 can be changed by applying a  l i n e a r l y  progressing phase 
A" from e l m e n t  t o  e l m e n t :  

Note, t h a t  i n  the  r a d a r  inferometer appl ica t ionA4 i s  i n s e r t e d  during the  
da t a  processing procedure. Also g ra t ing  ( s i d e )  loges occur i n  t h i s  app l i ca t ion  
f o r  d  > A, which have t o  be su i t ab ly  suppressed. 

@ereas t h i s  method of beam s t e e r i n g  works p r inc ipa l ly  f o r  hard t a r g e t s  
. ( r e f l e c t i n g  s t r u c t u r e s )  and ' fo r  s o f t  t a r g e t s  ( s c a t t e r i n g  s t r u c t u r e s )  i t  can i n  a  

bas i ca l ly  s imi l a r  way a l s o  be used t o  measure the incidence o r  zen i th  angle of 
r e f l e c t i n g  d i s c r e t e  s t r u c t u r e s  o r  small blobs o r  patches of turbulence 
i r r e g u l a r i t i e s  and t o  correc t  v e l o c i t y  es t imates .  This  i s  b r i e f l y  sketched i n  
F igure  2. 

Let us assume t h a t  d i f fuse  r e f l e c t i o n  takes place from a  rough surface  o r  
s t r u c t u r e  S  which i s  s l i g h t l y  t i l t e d  t o  the hor izonta l  by an angle 6 ' .  This 
s t r u c t u r e  s h a l l  move with a  v e l o c i t y  given by the  hor izonta l  conljonent I! and thc- 
v e r t i c a l  component W. A r a d a r  with v e r t i c a l l y  pointing transmit  t i n e  antenna ' 
A. wi th  beam width l a r g e r  than 6' measures the r a d i a l  ve loc i ty  

Figure 2. P r i n c i p l e  of measuring incidence 
angle  6. 



Thus, even when knowing ( i . e . ,  measuring by o t h e r  means) t h e  h o r i z o n t a l  v e l o c i t y  
U, t h e  v e r t i c a l  v e l o c i t y  i s  s t i l l  i n c o r r e c t l y  measured, i f  6 '  i s  unknown 
(RCTTGEB, 1981 1. 

Vhen we a p p l y  t h e  i n t e r f e r o m e t e r  t e c h n i q u e  w i t h  n=2 a n t e n n a s  A1 and A2,  
we can compute t h e  complex c r o s s  c o r r e l a t i o n  f u n c t i o n  of t h e  s i g n a l s  measured a t  
A1 and A2.  I t s  phase a t  z e r o  l a g  (T=O) i s  A$12, which y i e l d s  t h e  t i l t  o r  
i n c i d e n c e  a n g l e  

Measuring t h e  h o r i z o n t a l  v e l o c i t y  U w i t h  t h e  spaced antenna d r i f t s  method and 
t h e  r a d i a l  v e l o c i t y  V' from t h e  t ime d e r i v a t i v e  of t h e  c o r r e l a t i o n  f u n c t i o n  n e a r  
z e r o  

we o b t a i n  t h e  c o r r e c t e d  v e r t i c a l  v e l o c i t y  

T h i s  method (ROTTGER, 1984) can be  r e f i n e d  by apply ing  a  complex c r o s s  spectrum 
a n a l y s i s  (FARLEY e t  a l , ,  1981) ,  which a l l o w s  t o  improve t h e  s ignal- to-noise 
r a t i o  and t o  d i s c r i m i n a t e  (by means of Doppler s o r t i n g )  between s e p a r a t e  
d i s c r e t e  s c a t t e r e r s  o r  r e f l e c t o r s  i n  t h e  beam which move w i t h  d i f f e r e n t  ve lo-  
c i t i e s .  

Th is  r a d a r  in te r fe rom'e te r  method a l l o t i s  no t  only t h e  m e a s u r m e n t s  of t h e  
h o r i z o n t a l  wind component (when p o i n t i n g  t h e  r e c e i v e r  beams a s  done i n  t h e  pre- 
s e t  beinn d i r e c t i o n  Doppler method) bu t  a l s o  t h e  t i l t  or  i n c l i n a t i o n  ( b a r o c l i n i -  
c i t y )  and t h e  a s p e c t  s e n s i t i v i t y  of r e f l e c t i n g  s t r u c t u r e s .  I t  i s  a l s o  s u i t a b l e  
f o r  g r a v i t y  rlave i n v e s t i g a t i o n s  a s  d e s c r i b e d  i n  a  l a t e r  s e c t i o n ,  a s  w e l l  a s  w i l l  
a l l o w  t o  measure the nomantun1 f l u x ,  i . e . ,  t h e  c r o s s  product  between U and 1; 9s 
done by VIIICCNT and RFTC (1983) with p r e s e t  beam d i r e c t i o n s .  

EXPERIlZl1lT N i D  DATi', ANALYSIS 

The i n t e r f e r o m e t e r  i n v e s t i g a t i o n s  were done by a n a l y s i n g  a  d a t a  s e t  t aken  
i n  an e a r l i e r  experiment c a r r i e d  ou t  front 3-14 September 1980 w i t h  t h e  SOUSY- 
VHF-Radar. The r a d a r  was o p e r a t e d  a t  53.5 FElz w i t h  500 kW p u l s e  peak power and 
4;6 d u t y  c y c l e .  S i n c e  t h i s  experiment  c o n c e n t r a t e d  on t h e  s t r a t o s p h e r e  and meso- 
sphere ,  an 8-bi t  coruplenentary code w i t h  10-ps b i t  l e n g t h  was used, p r o v i d i n g  a  
r a n g e  r e s o l u t i o n  of 1.5 km a t  t h e  maximun average  power 20 k1g. The lowest  
recorded  h e i g h t  was 13.5 km and t h e  spaced antenna method was a p p l i e d  u s i n g  t h e  
196 Yagi s y s t m  f o r  t r a n s m i s s i o n  and t h e  3x32 Yagi s y s t e ~ ~  f o r  r e c e p t i o n  ( F i g u r e  
3 ) .  The d a t a  were c o h e r e n t l y  p r e i n t e g r a t e d  o v e r  116 s, y i e l d i n g  an e f f e c t i v e  
sampling r a t e  of 1 / 2  s for. t h e  3  spaced an tennas .  S ince  t h e  e a r l i e r  d a t a  
a n a l y s i s  (ROTTGCI:, 1381) showed a  f a i r l y  pronounced wave a c t i v i t y  i n  t h e  s t r a t o -  
sphere ,  t h e  i n t e r f e r o m e t e r  a n a l y s i s  was a p p l i e d  t o  a  p a r t  of  t h i s  d a t a  s e t  i n  
o r d e r  t o  t e s t  t h e  a p p l i c a b i l i t y  of t h e  method and t o  g a i n  a  more profound 
i n s i g h t  i n t o  t h e  g r a v i t y  wave phenomena. 

We f i r s t  had t o  compute t h e  optimum i n t e r f e r o m e t e r  antenna p a t t e r n  E, 
r e s u l t i n g  from t h e  combinat ion of the  spaced antenna s e t u p  En, t h e  t r a n s -  
m i t t e r  a n t e n n a  p a t t e r n  ET and t h e  a s p e c t  s e n s i t i v i t y  A .  T h l s  was done by j u s t  
combining two spaced antenna modules (3-1, 3-2 or  2-11 a t  a  t ime which i s  
e q u i v a l e n t  t o  a  two-element i n t e r £  erometer  w i t h  quasi-cont inuous a p e r t u r e  d i s -  
t r i b u t i o n .  I t  a l lows  t o  s t e e r  t h e  i n t e r f e r o m e t e r  beam i n  an E-W d i r e c t i o n ,  
26' E of E.!.and 26' W of N. Taking i n t o  account  t h e  p o s i t i o n s  of s i n g l e  Yagis  of  
t h e  spaced antenna system ( f e d  w i t h  equa l  phase f o r  each module),  e q u a t i o n  ( 1 )  



(3L) SOUSY-VHF-RADAR 
Antam systems 

Figure 3.2 Antenna system with main antenna 
(3155 m a rea )  aqd th ree  spaced antenna 

E moaules (3x395 m a rea )  pointing v e r t i c a l .  
Distance between centres  of spaced an- 
tennas was 24 m (2-1) and 28 m (3-1,3-2). 

i 

was used with n-2 to ca lcu la te  ER. The aspect s e n s i t i v i t y  was assumed a s  A52 
dB/degree. The t o t a l  interferometer pa t t e rn  then becomes : 

By varying the  phase di f ference A$ between two modules, the maximum dif ference 
betweea the two interferometer lobes c loses t  t o  the zeni th  was searched' for .  
The optimum suppression of t h i s  simple 2-element interferometer configuration 
was found t o  be 6 dB. In tegra t ing  the  antenna pat tern  over 6 from -6" t o  +6" 
y ie lds  an apparent in terferometer  beam d i rec t ion  61.2" fo r  the combinations 
3-2 and 3-1. The corresponding A 4  then was used t o  transform the complex data 
recorded with antenna 3 ,  2 and 1, which a r e  ava i l ab le  on tape. After complex 
summation ( ~ i g u r e  1 and equation ( l ) ) ,  the  procedure was applied t o  ca lcu la te  
the f i r s t  moment of the  Doppler spectrum, respect ively  the r a d i a l  ve loc i ty  W*, 
which i n  the following treatments i s  reasonably assumed t o  be equal t o  W. 

OBSERVATIONS 

I n  Figure 6 of ROTTGER (1981) a s e r i e s  of quasi-vertical  ve loc i ty  data  i s  
shown which was obtained measuring with one antenna. The observed ve loc i ty  
o s c i l l a t i o n s  a t  periods of 4-6 minutes a r e  c l e a r l y  repeated i n  Figure 5 of t h i s  
paper. These r e s u l t s  were obtained by combining the data of antenna 3 and 1 t 

a f t e r  introducing phase s h i f t s  TA~. A s  described ir the  preceding sect ion 
t h i s  corresponds t o  t i l t i n g  the  in te r fe rone te r  team 21.2' off  the v e r t i c a l  
d i rect ion.  The average horizontal  probing dis tance a t  these t i l t  angles is ' 
about 800 m a t  20 km a l t i tude .  It i s  c lea r ly  seen t h a t  t h i s  t i l t i n g  r e s u l t s  i n  
a phase s h i f t  of the wave-like o s c i l l a t i o n s  i n  Figure 5. The curves with open - 

- c i r c l e s  correspond t o  a tilt i n  d i rec t ion  3-1 (about N) and the  closed c i r c l e s  
i n  d i rec t ion  1-3 (about S). The phase delay of the wave s t r u c t u r e  was not so 
pronounced when observing wi th  antennas 3-212-3, and i t  was not observed with - - - ..- 2-111-2. We, thus, conclude t h a t  we observed a wave propagating i n t o  the 
d i rec t ion  around 26' E of N. 

Figure 4. Optimum interferometer 
pa t t e rn  E, r e s u l t i n g  from pat- 
t e r n  of t r ansmi t t e r  antenna ET, 
spaced antenna ER and aspect 
s e n s i t i v i t y  A. 
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Figure 5. Radial ve loc i ty  time s e r i e s ,  mea- 

sured with interferometer beam t i l t e d  t o  
zeni th  angles 1.2' N (open c i r c l e s )  and UI-I 1.20 s ( c l o u d  c i r c l e s )  f o r  range gates  
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These observations can be improved by a  more quan t i t a t ive  approach which 
r e s u l t s  i n  the data displayed i ~ .  Figure 6.  Here we have shown the  average phase 

,d i f f e rence  between the o s c i l l a t i o n s  of the r a d i a l  quasi-vertical  ve loc i ty  
observed with d i f f e r e n t  beam direct ions .  The nota t ions  N32, S32, N31, S31 
ind ica te  the d i rec t ions  (N or S )  t o  which the antenna combinations 3-2 and 1-1 
were t i l t e d .  The phase angle $ was calcula ted by a  cross  spectrum ana lys i s  
of the quasi -ver t ica l  ve loc i ty  rime s e r i e s  over a  time i n t e r v a l  of 90 min from 

= 0446-0616 UT. The cross  spectrum ana lys i s  y i e l d s  a l so  the coherence of two time 
se r i e s .  Since the  observed o s c i l l a t i o n s  a re  not monochromatic but cover a  band 
corresponding t o  about 4-6 min period (ROTTGER, 1981), the average phase 
di f ference $w was calcula ted by a  weighted average using the coherence as  a  
weighting function.  This procedure suppressed noisy veloci ty  f luc tua t ions  and 
f i l t e r e d  out the period band of about 4-6 nin.  ' 

It i s  evident from Figure 6 t h a t  the phase di f ference $ changes i t s  
sign when s t ee r ing  the  interferometer from the northward t o  rhe  southward tilt. 
The absolute phase di f ference was i n  the range of about 5'-15'. There a re  

- obviously some f luc tua t ions  superimposed on these estimates of $w. These a r e  
pa r t ly  because of the nonstationary wave o s c i l l a t i o n s ,  t h e i r  nonmonochmmatic - - - - - nature  and a l s o  due t o  the f a c t  t h a t  the interferometer sidelobe (posit ioned a t  
about opposite zeni th  d i rec t ion  of the main lobe, Figure 4 )  i s  suppressed by 
only 6  dB. This obviously y ie lds  spurious contr ibut ions  from the opposite 
d i rect ion.  I t  i s  a l s o  l ike ly  t h a t  the r e f l e c t i v i t y  s t ruc tu res  a re  s l i g h t l y  

Figure 6. Phase di f ference 4, of 
r a d i a l  ve loc i ty  o s c i l l a t i o n ,  
measured with beams t i l t e d  t o  
N and S. 



t i l t e d  with respect  t o  the hor izonta l  (due t o  the wave modulation), which 
r e s u l t s  i n  a  change of incidence angle (and aspect  s e n s i t i v i t y  model i n  Figure 
4 )  and consequently of the  measured r a d i a l  ve loc i ty .  P r inc ipa l ly ,  however, the 
r e s u l t s  of Figure 6 prove t h a t  the applied in ter ferometer  method i s  cons i s t en t  
with the expectations.  

Not only f luc tua t ing  o r  o s c i l l a t i n g  r a d i a l  v e l o c i t i e s  can be evaluated wi th  
t h i s  method but a l so  the average v e r t i c a l  and hor izonta l  ve loc i ty .  We have 
b r i e f l y  ou t l ined  the  deduction of the average v e r t i c a l  ve loc i ty  i n  a  previous 
sec t ion  and it was discussed a l s o  by ROTTGER (1981), and we w i l l  descr ibe  here 
the  approach t o  measure the hor izonta l  ve loc i ty  with the in ter ferometer  setup. 
Even a t  small  off-zenith angles,  the  component of the hor izonta l  ve loc i ty  i s  not  
neg l ig ib le  and can be measured. \Then averaging over 90 min wi th  the  in t e r fe ro -  
meter beam a t  the  same pos i t ions  N32,... a s  described e a r l i e r ,  we Eeasure the 
mean r a d i a l  ve loc i ty  ff' (Figure 7). It. i s  again noticed t h a t  a l s o  V'  has 
a  d i f f e r e n t  s ign with the beam towards N and S. I f  the method i s  co r rec t ,  the  
d i f f e rence  A=~'(N)-fft(s)=O. The s i n g l e  s t a r s  and crosses i n  Figure 7  ind ica te  A 
f o r  the  an te  na conf igura t ions  3-2 (*) and 3-1 (+I. The r e s idua l  A of l e s s  
than 0.1 ms-I  i s  acceptably smaller  than 7'. 

The average U obtained with 3 antenna combinations can be t ransver ted  
i n t o  the horizontaP ve loc i ty  vector because we know the tilt angle 6. This 
y i e l d s  the  average wind speed U and d i r e c t i o n  a. (Figure 8). The sub- 
s c r i p t  i denotes the  values dedgced with the described in ter ferometer  technique 
and the  subscr ip t  D t he  values deduced with the  spaced antenna d r i f t  method 
(ROTTGER, 1981). The s i m i l a r i t y  of these  r ada r  r e s u l t s  with radiosonde data  (99) 
ga ins  a  very  r e l i a b l e  con£ idence t h a t  the in ter ferometer  method i s  appl icable  
and p rac t i ca l .  

WAVES AND TURBULENCE 

Combining the  r e s u l t s  of the  c ross  spectrum ana lys i s  of the wave events 
shown i n  Figure 5; t he  hor izonta l  wave vector ,  respect ively ,  hor izonta l  phase 
speed V , wavelength X and propagation d i r e c t i o n  a p  can be estimated. t 

The a n a l y s i s  a l s o  y ie l$s  the mean anpl i tude  of the v e r t i c a l  ve loc i ty  W and the  
. . mean period T of the  wave. Results  a r e  shown i n  Figure 9. I n  t h i s  diagram 

4 
add i t iona l ly  the  hor izonta l  width b  of the volume probed with the applied beam 
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Figure 7. Average r a d i a l  ve loc i ty  V', mea- Figure 8. Average wind speed U and 
sured with beans t i l t e d  to. N and S. d i r e c t i o n  a  measured with in t e r -  

ferometer (?) .and spaced-antenna d r i f t s  
(Dl compared with radiosonde data  from 
Essen (HI. 



ORlGfNAL PALI'rE 
OF POOR QUALIR 

wid ths  i s  indicated.  I t  i s  much smaller than the  hor izonta l  wavelength A h ,  
The v e r t i c a l  wavelength of the  g rav i ty  wave events i s  found by cross  
spectrum ana lys i s  of adjacent a l t i t u d e  gates.  Since we observed coherent wave 
events only over a few kilometers height range (RoTTGER, 1981) and the  phase 
d i f ferences  with height a r e  not too pronounced, the  measurenent of the v e r t i c a l  
wavelength i s  not too consis tent .  The v e r t i c a l  wavelength and mean period 
change with a l t i t u d e  which a l s o  makes the determination of X Z  d i f f i c u l t .  

Knowing t h e  hor izonta l  wave vector  from the  described measurenents, one can 
f ind  the hor izonta l  phase ve loc i ty  V (with respect  t o  the  f ixed  observer)  . 

. and the  propagation d i r e c t i o n  a of ?he wave event. These a r e  shown i n  
Figure 10, where addi t ional ly  tRe average background wind speed Uo and i t s  
d i r e c t i o n  a. a r e  inser ted .  We can summarize the  r e s u l t s  of the  ana lys i s  of 
these  wave events observed i n  the  lower s t ra tosphere :  

The hor izonta l  wavelengths a r e  about 10-20 km and increas ing with height ,  
The v e r t i c a l  wavelengths a r e  2-3 times l a r g e r  than the hor izonta l  wave- 
lengths,  
The wave periods increase with a l t i t u d e  from about 250 s t o  300 s, 
The m e 3  v e r t i c a l  ve  o c i t y  amplitude increaszs  with height from about - 1 8 c m s  t o 1 0 c m s  , 
The d i r e c t i o n  of wave propagation i s  aln: s t  constant  with a l t i t u d e ,  
The phase s p e d  of waves i s  about 40 ma-' and constant  with a l t i t u d e ,  
it i s  severa l  times l a r g e r  than the  mean wind above 15 km a l t i t u d e ,  
The phase speed and d i r e c t i o n  e r e  s imi la r  t o  wind speed and d i r ec t ion  
close to  the lowest height observed (-13.5 Ian), 
The wave phases propagate downward, 
From (7)  and (8 )  it i s  deduced t h a t  these waves a r e  probably generated i n  
wind shear  regions c lose  t o  13.5 km a l t i t u d e .  

Average v e r t i c a l  v e l o c i t i e s  connected with synoptic s c a l e  disturbanc s were -'i 
analysed by ROTTGEP. (1981). I t  was est imated t h a t  they a re  some 10 cm s i n  
the  lower s t ra tosphere  and can be determined wi th  an accuracy of about 20X i f  + 

one does not correc t  f o r  poss ib le  t i 1  t s .  Qua l i t a t ive  analyses of b a r o c l i n i c i t y  
i n  the  troposphere indicated  t i l t  angle changes during f r o n t a l  passages, but 
q u a n t i t a t i v e  inves t iga t ions  a r e  s t i l l  under way. The aspect  s e n s i t i v i t y  
(angular spectruni) and t i l t  (incidence) angles were a l so  measured by VIHCENT and 

- ROTTGER (1980). 

Incidence angle v a r i a t i o n s  can be e i t h e r  explained by varying t i l t  angles 
- .& of extended r e f l e c t i n g  s t ruc tu res  or by turbulence blobs moving through the 

d ,9 ,n 
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Figure 9 .- Helght p r o f i l e s  of average Figure 10. Phase speed V and 
period T, quas i -ver t ica l  ve loc i ty  - propagation d i r ec t ion  aP of 
W ,  hor izonta l  (Ah) and v e r t i c a l  waves, and mean wind spged Uo 
(AZ) wavelengths. and d i r e c t i o n  a 

0. 



antenna bean. The l a t t e r  case may occur i n  the  mesosphere as  suggested by 
ROTTGER e t  a l .  (1979). To t e s t  t h i s  hypothesis we have analysed a sixnilar event 
which i b  displayed i n  the height-time-intensity p lot  of Figure 11. It shows a 
f a i r l y  t h i n  and short-l ived s t ruc tu re  a t  about 65 km a l t i t u d e  a£ t e r  0710 UT. 
Analysing t h i s  event with the  cross  spectrum interferometer technique yielded 
the  r e s u l t s  displayed i n  Figure 12 (see IERKIC and ROTTGER (1984) fo r  d e t a i l s ) .  
Here P1, P2 and P3 a r e  the power spect ra  measured over 40 s a t  the three  
d i f f e r e n t  spaced antennas. They c lea r ly  show a change of Doppler s h i f t  from 
p o s i t i v e  values a t  the beginning t o  negative values  a t  the end of the event. I n  
the  lower diagrans the  coherence C and phases 4 of s igna l s  measured a t  
antennas 1 and 3 a r e  displayed. d 3 i s  evident th i?  the phases changed a s  a 
frmction of time, which would not be expected i f  the  sca t t e r ing  t a r g e t  would 
have remained overhead and moved down and up i n  the radar bean, according t o  the 
Doppler s h i f t .  The only explanation of these  'observations i s  t h a t  a small 
s c a t t e r i n g  blob was i n  the antenna beam, moving with v e r t i c a l  and hor izonta l  
veloci ty .  This ana lys i s  evidently proves the great  advantage i n  applying the  
interferometer technique t o  avoid mis interpre t ing the ve loc i ty  measurements, by 
assuming only a v e r t i c a l  ve loc i ty  component in fe r red  from the Doppler spectra.  
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Figure 11. Height-time-inte'nsity p lo t  of mesospheric s ignals .  
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Figure 12. Power spect ra  P coherence C13 and phase $13 of the 
mesospheric s igna l  a t  z = 65 km. The s t r a i g h t  l i n e  connects 
s ign i f i can t  phase estimates a t  high coherence. 



In  summary we recognize t h a t  the appl ica t ion of the interferometer 
technique t o  MSTIVIIF radars  i s  f e a s i b l e  and y ie lds  addi t ional  and very 
e s s e n t i a l  in£ ormation on atmospheric s t ruc tu res  and dynamics. 
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