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I Ve r t i ca l  v e l o c i t i e s  a r e  assumed t o  be measurable with v e r t i c a l l y  pointing - , antenna beams. An exact hor izonta l  f eve l l ing  and good phase ca l ib ra t ion  of the 

. I  
radar.  antenna system can y ie ld  r e a l  main-bean d i rec t ions  which do not s ign i f i -  
can t ly  d i f f e r  f r y  calcula ted patterns.  It is, thus, an t i c ipa ted  t h a t  antenna 
beams can be pointed exactly v e r t i c a l l y .  Because of area  s i z e  and near-field 

I 
l imi ta t ions ,  PIEF radar  antennas have typ ica l ly  bean widths of more than several  
degrees. 

It i s  known t h a t  most of the  r e f l e c t i v i t y  s t ructures  detected by v e r t i c a l l y  
beming VHF radars  i n  the troposphere, s t ra tosphere  and lower mesosphere a r e  
aspect-sensit ive.  It cannot a p r i o r i  be assumed t h a t  these s t ruc tu res  a r e  
exactly hor izonta l ly  s t r a t i f i e d ,  they a r e  r a the r  inclined according t o  the atmo- 

. . spher ic  f low pa t t e rn  i n  which they a r e  enbedded. This flow pa t t e rn  i s  mostly 
no t  exactly hor izonta l .  We have col lec ted a few examples t o  support t h i s  s ta te-  
ment, 

I n  synoptic-scale disturbances the i sop le ths  of temperature and humidity 
a r e  incl ined and correspondingly the i sop le ths  of the v e r t i c a l  gradient  of the 
po ten t i a l  r e f r a c t i v e  index a r e  incl ined,  too. This i s  shown i n  Figure 1 which 
compares the  radiosonde-deduced and the VHF radar-deduced r e s u l t s  obtained 

~ during t h e  successive passages of a cold f r o n t  and a warm f ron t .  Another 
i l l u s t r a t i v e  example of passage of a warm f r o n t  i s  shown i n  Figure 2 which very 
c l e a r l y  indicates  l aye r s  sloping downwards and upwards with time. Since these' 
disturbances propagate and have l i f e t imes  of a day or more, layers  ascending 
o r  descending with time over a f ixed ( radar)  locat ion have to  be t i l t e d .  Typi- 
c a l  tilt angles of these f r o n t a l  s t ruc tu res  a r e  a f r a c t i o n  of a degree t o  some 
degree. 

Whereas synoptic-scale disturbances have c h a r a c t e r i s t i c  hor izonta l  sca les  
of some 1000 km and v e r t i c a l  scales  of the height of the troposphere (" 10 km), 
the  corresponding ba roc l in ic i ty  ( t i l t  angle) i s  f a i r l y  small but not negl ig ible .  
For i l l u s t r a t i o n  of ti1 ted c ross  sect ion see a l s o  Figure 4. Larger t i 1  t angles 
occur i n  smaller sca le  disturbances such as  orographically influenced flow pat- 
t e rns ,  namely mountain l e e  waves (Figure 3). Here t i l t  angles of several  
degrees o r  more can occur. 

; This generally holds f o r  any kind of gravi ty  waves. For example, it was \ 
i , pointed out by GAGE e t  a l .  (1981) t h a t  the specular r e f l e c t i o n  point changes 

I 
i t s  d i rec t ion  with respect t o  the v e r t i c a l  antenna beam a t  d i f f e ren t  phases of 
a gravi ty  wave (Figure 5). This r e s u l t s  i n  a modulation of the radar r e tu rn  
power i f  the radar beam i s  narrower than the o f f s e t  range of the d i rec t ion  t o  

I 
the  specular point  (2, 4). It can a l s o  r e s u l t  i n  defocussing (1) o r  focussing 
(3) fo r  wider antenna beams. More c ruc ia l ,  i t  changes the d i rec t ion  of inci-  

! dence, and even with an exactly v e r t i c a l l y  or iented antenna be-am the ray di- 
r ec t ion  i s  o f f -ve r t i ca l .  This has an obvious e f fec t  on the measurement accura- 
cy of the v e r t i c a l  velocity.  The poss ible  e r r o r  can be reduced by applying a 
technique t o  measure the incidence angle and correct  the estimated hor izonta l  
and v e r t i c a l  ve loc i t i e s .  

*presently a t  Arecibo Observatory, Arecibo, Puerto Rico, on leave from 
Max-Planck-Institut f u r  Aeronmie, Lindau, W.  Germany. 
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F i g u r e  1. L o g a r i t  ms o f  t h e  v e r t i c a l  g r a d i e n t  of p o t e n t i a l  re-  
f r a c t i v e  index  *, deduced from radiosqnde d a t a ,  and of t h e  
cor responding  e f f e c t i v e  r e f l e c t i v i t y  C , measured w i t h  a 
v e r t i c a l l y  beaming VHF r a d a r  (from LARSEN and ROTTGER. 1983). 
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F i g u r e  2. Modified (mean p r o f i l e  s u b t r a c t e d )  he igh t - t ime  
i n t e n s i t y  p l o t  showing s l o p i n g  l a y e r s  of enhanced r a d a r  
r e f l e c t i v i t y  due t o  f r o n t a l  boundar ies  and t ropopause 
( a f t e r  ROTTGER. 1981) ,  observed w i t h  the  SOUSY-VHF Radar. 
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Figure 3. Displacement of streamlines of l e e  waves. 
r e s u l t i n g  i n  equivalent s t r u c t u r e s  of the  po ten t i a l  
r e f r a c t i v e  index. 

4- time ' horiz. distance - 
Figure 4. Ideal ized cross  sec t ion  f o r  in t e rna l  g rav i ty  

wave ( a f t e r  HOLTON. 1972). 

Figure 5. Schematic diagram showing changes i n  the  specular 
point  with respect  t o  the v e r t i c a l  angenna beam a t  d i f f e r e n t  
phases of the g rav i ty  wave ( a f t e r  GAGE e t  a l . ,  1981). 
Addit ionally,  wide beam widths a r e  inse r t ed  t o  show the  
e f f e c t  of focussing (3) and defocussing (1). 
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The Doppler and the spaced antenna d r i f t s  method do no t  separately evalu- 
a t e  the s p a t i a l  d i s t r ibu t ion  of the phases of the f i e l d  pa t t e rn  a t  the ground. 
With the spaced antenna set-up the amplitudes and the phases can be measured. 
Combining i n  a su i t ab le  procedure the complex s igna l s  from d i f fe ren t  antennas 
i s  i n  a wide sense the appl icat ion of the interferometer technique. I n  the 
f i r s t  spaced antenna measurements with VW radars ,  ROTTGER and VINCENT (1978) 
and VINCENT and ROTTGER (1980) applied t h i s  method t o  measure the angular spec- 
trum of tropospheric returns.  The v e r t i c a l  veloci ty  measurements can a l s o  be 
improved by using a spaced antenna interferometer. The basic  p r inc ip le  of the 
technique i s  sketched i n  Figure 6. Let us assume dif fuse  r e f l e c t i o n  from a 
rough surface or s t ruc tu re  S which i s  su f f i c ien t ly  f a r  from the radar antenna 
and which i s  s l i g h t l y  t i l t e d  t o  the hor izontal  by an angle 6'. This s t ruc tu re  
moves with a ve loc i ty  given by the horizontal  component U and the  v e r t i c a l  cam- 
ponent W. A radar with v e r t i c a l l y  pointing antenna A. with beam width l a rge r  
than 6' measures the r a d i a l  ve loc i ty  

Thus, even when knowing the horizontal  ve loc i ty  U ,  the v e r t i c a l  veloci ty  i s  
s t i l l  incorrect  i f  6 '  i s  unknown. 

The ref lected.  signal. can a l s o  be received' a t  two separate antennas A1 
and the complex cross-correlation funct ion p12 computed. Its 

amp11 ude I P I and phase $ a r e  sketched i n  the lower par t  of Figure 6. 
From the d i s # a c s e n t  r 12 ok2the . maximum of and the horizontal  sepa- 

Figure 6. The p r inc ip le  of phase measurements a t  antennas 
A1 and A2, and determination of time delay 712. 



r a t i o n  d  of the receiving antennas, the  apparent ve loc i ty  V a  = d12/2T12 
i s  ca lcu la t ed  with the spaced antenna d r i f t s  method. We assume here f o r  
s impl i f i ca t ion  t h a t  V = U ( ins t ead  of Va, t he  t rue  ve loc i ty  has t o  be 
ca lcula ted  according ifo f u l l  co r re l a t ion  ana lys i s )  . The r a d i a l  ve loc i ty  i s  
ca lcula ted  from the  time de r iva t ive  of 4 a t  T = 0: 

. ' The tilt angle 6' , which i s  similar to. t he  incidence angle 6, i s  

This y i e lds  the  correc ted  v e r t i c a l  ve loc i ty  

For a  typ ica l  r a t i o  U/W = 100 and 6  = 0.6*, f o r  example, t he  v e r t i c a l  ve loc i ty  
es t imate  would be incorrect  by a  f ac to r  of 2  (0.5) i f  t h i s  correc t ion were not  
applied.  The angle 6' i s  equivalent t o  the  i n c l i n a t i o n  of the r e f l e c t i n g  
s t ruc tu res .  Its average can give  an es t imate  of the i n c l i n a t i o n  of i s en t rop ic  
surfaces  (ba roc l in i c i ty ) ,  which i s  evident ly  of i n t e r e s t  f o r  meteorological 

, app l i ca t iops  (GAGE, 1983). 

The phase l ag  between two antennas can a1 so' be introduced instrumentally , 
e i t h e r  by including a  delay l ine  between the  antennas and the  receiver  or by 
adding a  phase lag  t o  the complex s igna l  samples received a t  the d i f f e r e n t  
antenna channels. I n  the f i r s t  case (prese lec ted  bean d i r ec t ion )  the  s igna l s  
from both antennas would be added i n  an analogue coupler, and i n  the second 
case (post-selected beam d i r e c t i o n )  the d i g i t a l  samples would simply be added a s  
vec to r s  during data  processing. This procedure i s  equivalent t o  e l e c t r i c a l l y  
swinging t h e  be= t o  d i f f e r e n t  angles 6. The addi t ion  ( d i s t r i b u t i o n )  of 
s igna l s  from ( t o )  d i f f e r e n t  antenna modules i s  used t o  swing the  receiver  
( t r ansmi t t e r )  beam of a  phased ar ray .  For separate transmission and receiving 
antennas, the  t r ansmi t t e r  antenna beam can be kept f ixed  and the  receiving an- 
tenna beam be swung by post-selection a s  long as  the  angle 6  i s  narrower than 
the  beam of the t r ansmi t t e r  antenna. The advantage of t h i s  l a t t e r  method i s  
the  post-selection of a l l  poss ib le  angles 6, whereas the  former method pre- - selects "an angle which cannot be changed a f t e r  the data were taken. Of course, 
t h i s  method i s  e a s i l y  extendable from the explained 1-dimensional example t o  a  - - . -- 2-dimensional appl ica t ion as we l l  a s  t o  an ar ray  of more than two antenna 
modules. 

This radar  interferometer method not only allows the measuranent of the 
hor izonta l  wind components by the Doppler ~ e t h o d ,  but a l so  the  tilt, the aspect  
s e n s i t i v i t y  and the  hor izonta l  phase v e l o c i t y  and wavelength of atmospheric 
waves (see  R O ~ ~ G E R ,  1983). 

Another appl ica t ion,  which o r ig ina l ly  was used t o  study ionospheric plasma 
turbulence (FARLEY e t  al . ,  19811, was recent ly  applied a l so  to  MST radars  to  
t r ace  d i s c r e t e  s t ruc tu res ,  such as  blobs of turbulence moving through the an- . 
tenna bean (RoTTGER and IERKIC, i n  preparation).  By making use of a  cross- 
spectrum ana lys i s  and observing the  change of 6 and V '  a s  a  function of time. 

- not only the locat ion of the blobs but a l s o  t h e i r  v e r t i c a l  and hor izonta l  ve- 
l o c i t i e s  can be measured more accurately ( see  a l so  paper 2.2A by ROTTGER, t h i s  
volume). 

The measuranents of 6  and i t s  temporal va r i a t ions  a r e  very useful  t o  avoid 
erroneous i n t e r p r e t a t i o n s  tha t  the r a d i a l  v e l o c i t i e s  measured with v e r t i c a l  
antenna beans a r e  r ea l ly  v e r t i c a l  v e l o c i t i e s .  
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