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FOREWORD 

The. Second Workshop on Technical Aspects of MST Radar was held Hay 
22-25, 1984 and t h i s  voluue contains the papers presented a t  t h a t  meeting. 

This Workshop was a successor t o  the f i r s t  Uorkshop, held on Kay 23-27, 
1983, papers from which were published i n  HANDBOOK FOR MAP, VOL. 9 .  A s  before, 
the topics were divided i n t o  nine major topics ,  with a Keynote Speaker fo r  
each. These keynote addresses were modified i n  the l i g h t  of discussions 

. . . . . . . . .  . ; . . . . .  . . . . . :  , : . . . . .  . . . . . . . . . .  . . .  ... . . . .  . . . . . . .  . . . . . .  ..,presented,.at the.me.eting.. ...: : :_ . . .  . . . .  . . 

The continued growth i n  use of the  technique i s  r e f l ec ted  by descr ip t ions  
of seven new 1BT radars  i n  Section 9 ,  beyond those which were described i n  the 
previous llorkshop jus t  one year before. 

. . . . . . . . . . . . . .  ... ..,... . .  . . .  The. ava i . l ab i l i ty 'o f  new r e su l t s . . f ron  bFT radars  during ,the lliddle 
At~lo'iiphere Progiam has given aruajor impetus t o  s tudies  of the dynamics of the 

. . . . .  
' . . . . .  . . . .  . . .  . . : .  . .  . I  .. 6tr.atosphere.and .nesosphere, a s  witnessed ,by . a  great ly  increased v o l 9 e  of 

?. 

. . .  publications of' t heore t i ca l  and experimental r e s u l t s ,  leading t o  a great ly  t 

. . . . . .  . . . .  expande.d' understanding-of the physics. of the .@iddle aimospehre... . . 

My Co-Organizer, D r .  C. ?I. Liu, and I again would l i k e  t o  thank the  
sponsoring organizations (The Internat ional  Union of Radio Science, URSI, and 
the S c i e n t i f i c  Conmittee on Solar-Terres t r ia l  Physics, SCOSTEP), and the  
conveners and discussion leaders  fo r  t h e i r  unst in ted contr ibut ions  t o  the  . - success  of the meeting. The s t a f f  and students of the Aeronony Laboratory, 

under the leadership  of tfrs. Belva Edwards, again ensured t h a t  the arrangements - . - ran smoothly, and we a re  very g ra te fu l  t o  them also .  
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I. METEOROLOGICAL AND AERONOMICAL REQUIREMENTS FOR MST RADAR NETWORKS 

(Keynote Paper) ' M. A. Gel ler  

Laboratory fo r  Planetary A-ospheres, Code 964 
NASA/Goddard Space F l igh t  Center 

.Greenbelt, MD 20771 

INTRODUCTION 

MST radar  a re  phase coherent r ada r s  t h a t  measure the iimplitude and Doppler 
s h i f t  of r ad io  waves t h a t  a r e  sca t t e red  back t o  the receiving antennas. For  a 
monostatic system, the line-of-sight project ion of the wind vector i s  obtained 
i f  one assumes t h a t  the atmospheric s c a t t e r e r s  a r e  being swept along with the 
wind veloci ty .  The three-dimensional wind i s  then derived e i t h e r  by using mul- 
t i p l e  beans o r  by bean swinging. The turbulence in tens i ty  i s  derived e i t h e r  by 
measuring the  backscattered power or by der iving the width of the autocorrela- 
t i o n  funct ion f o r  the wind. Furthermore, some information on sharp changes i n  
the atmospheric s t a t i c  s t a b i l i t y  (e.g. a t  the tropopause) can be obtained by 
looking for. specular ref lec t ions .  I n  the following, we w i l l  d iscuss  how these 
MST measurement c a p a b i l i t i e s  can contr ibute  t o  various meteorological and 

+ .  

aeronomical research areas. 

TROPOSPRERE-STRATOSPHERE EXCHANGE 

We can dis t inguish  iimong var ious  types of troposphere-stratosphere in ter-  
actions.  There a r e  dynamical in teract ions .  For instance,  troposphere dynamics 
c o m m ~ i c a t e  with s t ra tosphere  and mesosphere dynamics through the v e r t i c a l  
propagation of ex t ra t rop ica l '  p lanetary  waves, t rop ica l  waves, t ides ,  and gravi ty  
waves. Extra t ropical  planetary waves require  global measurenents and thus 
would require  a global network of radars ;  howwer, since ex t ra t rop ica l  plane- 
t a r y  wave motions a r e  geostrophic, s a t e l l i t e  measurements can be used f o r  t h e i r  
study. On the other hand, since equator ia l  wave motions a r e  ageostrophic. t h e i r  
motions cannot be eas i ly  derived from s a t e l l i t e  measurements, so MST radars  can 
play a very important r o l e  i n  t h e i r  study. Tides and gravi ty  waves can a l so  be 
studied by MST radars  since they a re  capable of obtaining frequ l y  space wind 

- p r o f i l e s  with good a l t i t u d e  resolution.  

On the  subject  of troposphere-stratosphere mass exchange, tropospheric a i r  
has long been thought t o  en te r  the s t ra tosphere  i n  the r i s i n g  a i r  of the Badley 
c i rcula t ion.  More recent ly ,  however, evidence has been accumulating t h a t  t h i s  
i s  not a symmetric process but takes place i n  conjunction with the intense con- 
vect ive  a c t i v i t y  t h a t  occurs i n  the Indonesian-Malaysian sector  i n  the  November- 
March period and over the Bay of Bengal and India  during the Monsoon. Exten- 
s ive  a i r c r a f t  prograns a re  being mounted t o  study t h i s  process. MST radars  
could study these processes i f  they were located properly. For instance,  a 
meridional chain of MST radars  i n  the t ropics  could study the Hadley c icu la t ion ,  
and a zonal chain could study the Walker c i rcula t ion.  It  should be noted t h a t  
the f i r s t  "equatorial" ST radar  has recent ly  been es tabl ished a t  an is land lo-- 
ca t ion a t  158'E and 7'N. 

Several groups i n  the world a r e  making plans t o  e s t a b l i s h  prototype ST ra- 
da r  networks. One such network has already been operated f o r  about one year i n  
Colorado by NOAA1s Wave Propagation Laboratory. The Australian Bureau of 
Meteorology and CSIRO a r e  planning t o  e s t a b l i s h  a network t o  enhance the  pre- 
d i c ~ i o n  of cold f r o n t s  during the summer season. The Pennsylvania S t a t e  
University i s  planning a network of th ree  ST radars t o  study mesoscale dynamics, 
and f i n a l l y  NOAA i s  considering es tab l i sh ing  an extensive ST network throughout 
the middle United S ta tes  t o  provide da ta  fo r  t h e i r  mesoscale forecas t ing models. 



Given t h a t  more extensive  ST networks are foreseen i n  the  near fu ture ,  
various issues  ar i se .  Sme  o f  these are as fo l lows:  

( 1 )  Since ST network data can be very  valuable for both operational and re- 
search purposes, how can we best  ensure that  valuable information on gravi ty  
wave motions, for example, are not l o s t  i n  the  data reduction process and tha t  
the  ST network data are avai lable  t o  be used f o r  research purposes. 

( 2 )  I t  i s  very  important that  mesoscale modelers participate i n  the planning 
o f  fu ture  mesoscale ST networks. 

Stratospheric a i r  i s  thought t o  descend i n t o  the troposphere i n  extra- 
t ropical  la t i tudes  i n  conjunction wi th  tropopause folding events.  Some work . 
has been done on measuring the  transverse c i rcu la t ion  around the  j e t  stream 
and more could be done on t h i s .  

ST radars can a l so  obtain  climatologies o f  clear a i r  turbulence and v e r t i -  
cal  v e l o c i t y .  There i s ,  however, the  nagging problem o f  the apparent paradox 
between radar and a i r c r a f t  measurements o f  lower stratosphere turbulence. 
Meteorological a i r c r a f t  data indicate  that  turbulence plays a negl ig ible  r o l e  i n  
v e r t i c a l  const i tuent  transport i n  the lower stratosphere. Radar data indicates 
t h a t  turbulence plays a much larger role .  Th i s  apparent discrepancy needs 
resolution.  Balloon measurenents o f  turbulence can play a very  large r o l e  i n  
t h i s .  

SEVERE WUIIIER AND FRONTS 

Conventional meteorological radar only gives returns when precipi ta t ion i s  
. present. ST radar networks potent ia l ly  could be used t o  fo l low the organiza- 

t i o n  of  severe*weather i n  clear a i r  be£ ore precipi ta t ion begins. Given tha t  
+ 

mil l imeter  radars can sense clouds i n  the precipi ta t ion phase, a properly con- 
ceived radar network could sense the en t i re  l i f e  cycle  o f  mesoscale events ,  
occurring w i t h i n  such a network. 

GRAVITY WAVES FROM STRATOSPHERE TO MESOSPHERE 
- 

1lST radars can get wind p r o f i l e s  w i th  very  good height and time resolu- 
t i o n .  Th i s  makes them v e r y  well  suited for  gravity-wave s tudies .  So f a r ,  there  - . . . . -  have been measurenents o f  wave spectra, wave momentum f luxes ,  and some process 

. studies from selected cases. MST networks are required t o  measure such impor- 
tant  wave parameters as horizontal wavelength and wave phase v e l o c i t y .  I n  in- 
terpret ing MST radar data on gravi ty  waves it i s  very  important t o  be aware 
tha t  gravi ty  waves can travel  thousands o f  km from t h e i r  tropospheric source 
and reacn mesospheric aLtitudes days a f t e r  being launched. T h i s ,  i n  addi t ion 
t o  the fac t  that  radiat ive  damping processes w i l l  absorb many gravi ty  waves i n  
the-s tratosphere ,  should be kep,t i n  mind when analyzing mesospheric gravity wave 
data. 

GENERAL CIRCULATION OF THE MIDDLE ATMOSPHERE INCLUDING EQUATORIAL WAVES 

Since the general c i rcu la t ion  i s ,  by d e f i n i t i o n ,  a global scale phenome- 
non, a global network o f  IlST radars would be required t o  study the general cir-  
culat ion o f  the middle atmosphere i n  a straightforward manner. Radar data and 
temperature data would s t i l l  be required. On the  other hand, S T  data from 
even a few s ta t ions  are valuable as i s  evidenced by the  s igni f icance o f  the ra- 
dar measurenents o f  meridional motions i n  the  mesosphere. One d i f f i c u l t y ,  how- 
ever ,  i s  t o  demonstrate the representativeness o f  s ingle  s ta t ion  measurenents. 
Thzs can be done by using s a t e l l i t e  data,  for example. 



Single s t a t i o n  s t a t i s t i c s  of wind p r o f i l e  f luc tua t ions  can be q u i t e  use- 
f u l  t o  t e s t  general c i r c u l a t i o n  model simulations. Also, radar  data together 
with s a t e l l i t e  data  can be used t o  look a t  the transit i .on from a predominantly 
geostrophic t o  an ageostrophic regime. 

One issue  t o  which MT radars  can contr ibute  s ign i f i can t ly  i s  i n  the study 
of s t r a topsher ic  gravi ty  waves. It i s  now appreciated t h a t  gravi ty  waves play 
a very important r o l e  i n  the  general  c i r c u l a t i o n  of the mesosphere, but i t  i s  
not  hown how important a r o l e  they play i n  .the stratosphere.  

Final ly ,  an equator ia l  MST radar  could be used t o  look a t  the in te rac t ions  
between t r o p i c a l  waves and t h e  mean flow. 

- KIND AND PROFILING 

A s  was mentioned i n  the  introduction,  MT radars  provide p r o f i l e s  of wind 
ve loc i ty  and turbulence. These p r o f i l e s  could be used operationally (e.g. near 
a i r p o r t s ) ,  .could s u b s t i t u t e  f o r  rawinsonde wind measurements i n  providing in i -  
t i a l  conditions f o r  meteorological fo recas t s ,  a s  wel l  as  be used f o r  research 
purposes. 

Experience wi th  the Colorado Wind-Profiling Network has i l l u s t r a t e d  some 
of the  p r a c t i c a l  d i f f i c u l t i e s  t h a t  a r e  encountered with an MT radar  network. 
These include frequency a l l o c a t i o n  problans, a l t i t u d e - l i m i t a t i o n s  on data  
acquis i t ion,  radio  in terference problems, s i t e  se lect ion;  and slow data proces- 
s ing  procedures. 

TROPOPAUSE HEIGHT DETERMINATION 

It has been demonstrated t h a t  there  i s  enhanced backscattered power from 
the  tropopause fo r  a v e r t i c a l l y  ,point ing bean r e l a t i v e  t o  t h a t  fo r  one pointing 
o f f - v e r t i c a l  due- t o  specular r e f l ec t ion .  These measurements can be used t o  
ob ta in  ground-based measurements of tropopause heights. These measurenents 
can b e  q u i t e  useful.  For example, such knowledge can be helpful  i n  s a t e l l i t e  
temperature r e t r i e v a l s .  

- SYNOPTIC-SCALE DYNAMICS W I l l i  VERTICAL VELOCITY 

MST radars  a r e  unique i n  t h e i r  a b i l i t y  t o  d i rec t ly  measure v e r t i c a l  velo- 
- _ Y c i t i e s  ins tead  of deriving it ind i rec t ly  as  i s  usually done i n  meteorology. 

Experience has shown t h a t  one can s t a t i a t i c a l l y  obta in  large-scale v e r t i c a l  ve- 
l o c i t i e s  a t  a s ing le  radar  s i t e  t o  2 2  cm 6-1 with about nine hours of data 

. during q u i e t  times. These "quiet" times have been found t o  occur about 10-40% 
of the time depending on the t e r r a i n  of the radar  s i t e .  Studies have shown 
t h a t  radar  measured v e r t i c a l  v e l o c i t i e s  a r e  usually q u i t e  s imi la r  t o  those 
derived from meteorological models but have a tendency t o  be a b i t  l a rge r  than 
the  derived v e r t i c a l  ve loc i t i e s .  The reasons f o r  t h i s  a r e  not understood a t  
the present time. . 

ST networks can contr ibute  valuable da ta  fo r  many s tudies  of the atmo- 
sphere. Among these a re  s tudies  of mesoscale dynamics and s tudies  of tropo- 
spher ic  sources f o r  gravi ty  waves. It i s  not c l ea r  t h a t  we can define a s ing le  
optimal network of a l l  these purposes or indeed whether it i s  best t o  use a 
v a r i e t y  of network configurations with t ranspor table  ST radars  t o  inves t iga te  
phenomena with various radar  spacings. We bel ieve  tha t  s tudies  should be 
ca r r i ed  out with por table  ST systems t o  inves t iga te  optimal spacings. We a l so  
bel ieve  t h a t  s tudies  with mesoscale model simulations can help i n  es tabl ishing 



desi red network configurations.  

Since equa to r i a l  wave motions a r e  ageostrophic t h e i r  motions cannot be 
derived eas i ly  from s a t e l l i t e  measurenents, so MST radars  can play a very im- 
por tant  r o l e  i n  t h e i r  study. Tides and g rav i ty  waves can a l s o  be studied by 
UST radars  s ince  they a r e  capable of obtaining f requent ly  spaced wind p r o f i l e s  
with good a l t i t u d e  resolution.  

A meridional chain of MST radars  i n  the t rop ics  w u l d  study the  Hadley 
. c i rcu la t ion ,  and a.zona1 chain could study the  Walker c i rcula t ion.  

.. ST radars  can a l so  obta in  climatologies of c l e a r  a i r  turbulence and v e r t i -  
c a l  veloci ty .  Balloon measurenents of turbulence can play a very l a rge  r o l e  i n  
th i s .  

A properly conceived radar  network could sense the e n t i r e  l i f e  cycle of 
mesoscale events occurring wi thin  such a network. 

I n  in te rp re t ing  MST radar  da ta  on g rav i ty  waves it i s  very  important t o  be 
aware t h a t  g rav i ty  waves can t r a v e l  thousands of km from t h e i r  tropospheric 
source and reach mesospheric a l t i t u d e s  days a f t e r  being launched. This, i n  
addi t ion t o  the f a c t  t h a t  radiometric damping processes w i l l  absorb many gravi- 
t y  waves i n  the stratosphere,  should be  kept i n  mind when analyzing mesoepheric 
g rav i  ty-wave data. 

One d i f f i c u l t y ,  however, i s  t o  demonstrate the representativeness of 
s i n g l e  s t a t i o n  measurenents. Single  s t a t i o n  s t a t i s t i c s  of wind p r o f i l e  f luctua? 
t ions  can be q u i t e  useful  t o  t e s t  general  c i r cu la t ion  model simulations. 

It i s  now appreciated t h a t  gravi ty  waves play a very important r o l e  i n  the 
general  c i r cu la t ion  of the mesosphere., but it Fs not known how important a r o l e  
they play i n  the  stratosphere.  

- Experience with the Colorado Wind-Profiling Network has i l l u s t r a t e d  some 
of the  p r a c t i c a l  d i f f i c u l t i e s  t h a t  a r e  encountered with an MST radar  network. 

- These include frequency a l loca t ion  problems, a l t i t u d e  l imi ta t ions  on data  
- A acquis i t ion,  radio  in terference problems, s i t e  se lect ion,  and a l s o  da ta  proces- 

sing procedures. 

These measurements can be used t o  obta in  ground-based measurements of 
tropopause heights. These measuranents can be q u i t e  useful. For example, such 
knowledge can be helpful  i n  s a t e l l i t e  tenperature r e t r i eva l s .  

MST r ada r s  a r e  unique i n  t h e i r  a b i l i t y  t o  d i r e c t l y  measure v e r t i c a l  ve- 
l o c i t i e s  ins tead of deriving i t  i n d i r e c t l y  as i s  usually done i n  meteorology, 
but have a tendency t o  be a b i t  l a rge r  than the derived v e r t i c a l  ve loc i t i e s .  
The reasons f o r  t h i s  a r e  not understood a t  the present time. 

It i s  not c l ea r  tha t  we can define a s ing le  optirixil network of a l l  these 
purposes or indeed whether it i s  best  t o  use a v a r i e t y  of network conf igura- 
t i o n s  with t ranspor table  ST radars  t o  inves t iga te  phenomena with various radar 
spacings. 

We bel ieve  t h a t  s tudies  should be carr ied  out with por table  ST systens t o  
inves t iga te  optimal network spacings. We a l s o  bel ieve  t h a t  s tudies  with meso- 
sca le  model simulations can help  i n  es tabl ishing des i red network configurations. 



1.1A TROPOSPHERIC-STRATOSPHERIC EXCHANGE 

C. R. Cornish 

School of E l e c t r i c a l  Engineering 
Cornell University,  I thaca ,  NY 14853 

The t o p i c  of in te rac t ion  between the troposphere and s t ra tosphere  has been 
reviewed recent ly  by MURGATROYD and O'NEILL (1980) and HOLTON (19831, the  high- 

. l i g h t s  of w h i c h a r e  described below. Circula t ion i n  the  ex t ra t rop ica l  winter 
s t ra tosphere  i s  characterized by a zonal westerly flow and planetary waves of 
zonal wave numbers 1 and 2, which appear t o  be driven by v e r t i c a l l y  propagating 
forced planetary  waves from the troposphere. The tropospheric sources a t t r i -  
buted t o  these waves a r e  orographic forc ing and d i f f e r e n t i a l  heating. On the  
other  hand, the  eas te r ly  flow of the sumer ex t ra t rop ica l  s t ra tosphere  i s  un- 
d is turbed a s  planetary waves a r e  blocked from reaching the  annual va r i a t ion ,  
t r ans ien t  planetary wave a c t i v i t y  v a r i e s  the  mean flow, r e su l t ing  i n  s t r a to -  
spher ic  sudden warnings, which a r e  a t t r i b u t e d  t o  the breakdown of the s t ra to-  
spher ic  po la r  night j e t  and coincide with enhanced upward f luxes  of eddy energy 
from the troposphere. I n  con t ras t ,  the t rop ica l  s t r a tospher ic  c i r cu la t ion  i s  
dominat.ed by the 26-month period quasi-biennal o s c i l l a t i o n  which i s  driven by 
wave-mean flow in te rac t ions  betwe- eastward Kelvin waves and westward Rossby 
waves. These Kelvin and Rossby waves a r e  forced i n  the troposphere, possibly 
by large-scale t rop ica l  convective disturbances.  

Much of the observational evidence of l a rge  scale  tropospheric-strato- 
spher ic  exchange has been obtained by radiosonde and s a t e l l i t e  radiance data. 
So f a r  MST radars  have made minimal contr ibut ions ,  i n  par t  due t o  t h e i r  recent  
use a s  a meteorological too l ,  i n t e rmi t t en t  operation a t  same f a c i l i t i e s  and 
sparse geographic d i s t r ibu t ion .  However, as  more MST f a c i l i t i e s  come on-linq 
i n  more locat ions ,  the  good time and height r e so lu t ion  da ta  throughout the 
troposphere and much of the s t ra tosphere  obtainable by MST r ada r s  w i l l  enhance 
the  d e t a i l  of s t r a tospher ic  and tropospheric c i r cu la t ions  and in te rac t ions .  On 
smaller scales  &ST radars have already been used t o  examine convective forc ing 
from the troposphere i n t o  the s t ra tosphere  and subsequent launching of g rav i ty  
waves (LARSEN e t  al . ,  1982). Observations of pe r s i s t en t  turbulent l aye r s  i n  
t h e  s t ra tosphere  over Arecibo, a t t r i b u t a b l e  t o  i n e r t i a l  o s c i l l a t i o n s ,  appear. t o  
propagate away from a source region near the tropopause (SAT0 and WOODMAN, 
1982 1. 

While much observational and theore t i ca l  i n t e r e s t  has been devoted t o  ef- 
f e c t s  of the  troposphere on the s t ra tosphere ,  few obsenrations have been made 
and l i t t l e  i s  known of s t r a tospher ic  e f f e c t s  on the troposphere. HOLTON (1983) 
suggests t h a t  'the QBO may a f f e c t  the interannual v a r i a b i l i t y  of the equator ia l  
troposphere and sudden warnings may a f fec t  high l a t i t u d e  regions. MURGATROYD 
and O'NEILL (1980) suggest t h a t  s t r a tospher ic  conditions may a f fec t  the upward 
propagation of planetary waves and c i t e  two poss ible  mechanisms. One proposed 
by Hines i s  the r e f l e c t i o n  of energy from higher a l t i t u d e s  t o  the regions of 
planetary-wave generation i n  the troposphere and subsequent const ruct ive  or de- 
s t r u c t i v e  in terference.  The other proposed by Bates i s  a sens i t ive  connection 
between planetary-wave s t ruc tu re  and hor izonta l  heat  f luxes  i n  the troposphere 
and s t r a tospher ic  wind p r o f i l e  and s t a t i c  s t a b i l i t y .  

I n  sunmry, S T  radars  o f f e r  the a v a i l a b i l i t y  of high resolut ion wind data  
i n  height and time needed t o  observe in te rac t ions  between the troposphere and 
stratosphere.  The lack 'of geographic coverage (e.g. equator ia l  regions) and 
i n s u f f i c i e n t  data  bases a t  many MST f a c i l i t i e s  presently i n h i b i t  s tudies  of 
large-scale in teract ions .  A t  present IlST radars  can be used t o  examine smaller 
sca le  in teract ions .  
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INTRODUCTION 

1.2A OBSERVATIONS OF FRONTAL ZONE STP.UCTURES WITH A 
VHF DOPPLER RADAR AND RADIOSONDES* 

M. F. Larsen 

Cornell  Universi ty 
I thaca, NY 14853 

EISCAT S c i e n t i f i c  Associat ion 
Kiruna , Sweden 

The SOUSY-VHF-Radar i s  a pulsed coherent  radar  opera t ing  a t  53.5 MHz and 
loca ted  nea r  Bad Lauterberg,  West Germany. Since 1977, the f a c i l i t y ,  operated 
by the Max-Planck-Institut f u r  Aeronomie, has been used t o  make a s e r i e s  of 
f r o n t a l  passage observat ions  i n  the sp r ing  and f a l l .  Experiments i n  win te r  have 
been d i f f i c u l t  because pa r t  of the t r ansmi t t i ng  and rece iv ing a r r ay  i s  usually 
covered by snow during t h a t  pa r t  of the year. Wavelengths around 6 m a r e  known 
t o  be s e n s i t i v e  t o  the  v e r t i c a l  temperature s t r u c t u r e  of the  atmosphere (GREEN . 
and GAGE, 1980; RASTOGI and ROTTGER, 1982). Thus, i t  has been poss ib l e  t o  use 
r ada r s  opera t ing  a t  frequencies near 50 MHz t o  loca t e  the tropopause. Compari- 
sons between radar  da ta  and radiosonde data  have shown t h a t  t he re  i s  a l a r g e  
g rad ien t  i n  the  radar  r e f l e c t i v i t y  a t  the height  where the  radiosonde tropopause 
occurs. 

An experiment ca r r i ed  out  by ROTTGER (1979) on March 15-16, 1977, showed 
t h a t  the r a d a r ' s  s e n s i t i v i t y  t o  the v e r t i c a l  temperature s t r u c t u r e  could a lqo  be 
used t o  loca t e  the  pos i t i on  of f r o n t s .  The SOUSY-VHF-Radar c o n s i s t s  of a t rans-  
mi t t i ng  a r r a y ,  a l s o  used f o r  rece iv ing i n  some con£ igu ra t ions ,  t h a t  can be 
scanned i n  the o f f -ve r t i ca l  d i r e c t i o n  but not  a t  s u f f i c i e n t l y  low e l eva t ion  
angles  t o  study the ho r i zon ta l  ex ten t  of s t r u c t u r e s  a s  extended a s  f r o n t s .  GAGE 
and BALSLEY (1978), BALSLEY and GAGE (1980), ROTTGER (1980), and LARSEN and 
ROTTGER (1982) have reviewed UHF and VHF Doppler radar techniques and 

- app l i ca t ions  t o  atmospheric research.  I n  t h e  experiments described here ,  t he  
r a d a r  was operated i n  the spaced antenna mode. ROTTGER and VINCENT (1978) and 

- VINCENT and ROTTGER (1980) have described the  method and i.ts advantages. The 
t r ansmi t t i ng  a r r ay  cons i s t s  of 196 Yagi antennas,  and the  r ece ive r s  a r e  t h r e e  2 
s e p a r a t e  a r r a y s  of 32 Yagis each. The e f f e c t i v e  antenna a p e r t u r e  was 2500 m , 
t he  appl ied  average t r ansmi t t e r  power was t y p i c a l l y  20 kW, and the height  
r e s o l u t i o n  was 150 m. Ve r t i ca l  p r o f i l e s  of the  r e f l e c t i v i t y  were obtained i n  
each of the three  r ece ive r  ar rays ,  and i t  was found t h a t  bes ides  the  enhancement 
of the s lgna l  s t rength  associa ted  wi th  the tropopause region,  t he re  was a l s o  a 
secondary band of enhanced r e f l e c t i v i t i e s  s t r e t c h i n g  downward from the upper t o  
the lower troposphere. Comparisons between the radar  da t a  and data  from a 
nearby radiosonde s t a t i o n  show t h a t  the band i s  associa ted  with the temperature 
g rad ien t s  i l l  a passing f r o n t a l  zone. The v e r t i c a l  and ho r i zon ta l  v e l o c i t i e s  
were a l s o  measured during the  experimenfs, but they w i l l  no t  be discussed here.  

The r e s u l t s  of analyzing two events have been presented by ROTTGER (1979, 
lY8 l j ,  ROTTGER and SCHMIDT (1981), and LARSEN and ROTTGER (1983). However, i n  

* Published a l s o  i n  P rep r in t  Volume, 22nd Conference on Radar Meteorology, 
Zurich, September 10-14, 1984, 489-494. 

**Presently a t  Arecibo Observatory, Arecibo, Puerto Rico, on leave from Max- 
Planck-Ins t i t u t  f u r  Aeronomie , Lindau, W. Germany. 



t h i s  paper we would l i k e  t o  summarize a more complex da ta  s e t  consis t ing of a 
s e r i e s  of f i v e  observations of f r o n t a l  s t ruc tu re  made with the SOUSY-VHF-Radar 
i n  March 1977, March 1981, November 1981, February 1982, and April 1984. The 
extensive da ta  s e t  shows r e s u l t s  e s sen t i a l ly  i n  agreement with the preliminary 
r e s u l t s .  Comparison of t imejheight c ross  sec t ions  of r e f l e c t i v i t y  measured with 
the  radar  and p o t e n t i a l  r e f r a c t i v i t y  gradients  ca lcula ted from radiosonde data 
taken a t  a nearby locat ion show good agreement. Theref o re ,  we conclude t h a t  the  
r ada r  i s  detect ing the  temperature s t ruc tu re  associated with the f r o n t  and t h a t  
the  enhancement i n  r e f l e c t i v i t i e s  i s  not due t o  p rec ip i t a t ion  or other very 
local ized processes. Also, we have found t h a t  t h e  radar  can be used t o  loca te  
the  f r o n t s  cons i s t en t ly ,  w e n  i n  some cases when the f r o n t s  a r e  r a the r  weak. 

MARCE 15-16, 1977 

A t  0000 UTC on March 15, 1977, a low pressure center  in  the North A t l a n t i c  
was propagating eastward toward the B r i t i s h  I s l e s .  The associated warm f ron t  
and the t r a i l i n g  cold f r o n t  extended southward from the center  of the low. The 
warm f r o n t  a t  the surface had t raversed France and West Germany by 0000 UTC on 
March 17. R e f l e c t i v i t i e s  measured with the SOUSY-VHF-&adar from 1200 UTC on 
March 15 t o  0900 UTC on March 16 a r e  shown i n  Figure 1. Cloud cover observa- 
t i o n s  from two nearby meteorological observatories a re  shown below the 
r e f l e c t i v i t i e s .  

Of p a r t i c u l a r  i n t e r e s t  i s  the band of enhanced echoes s t r e t ch ing  from 4 km 
a l t i t u d e  a t  0000 UTC on March 16 t o  2 km a l t i t u d e  a t  0600 UTC. Extrapolating 
the  slope of the band t o  the surface gave a time for  the surface f r o n t a l  passage 
i n  agreement with t h a t  derived from the  ueather  charts.  Comparison between the 
temperature c ross  sect ion perpendicular t o  the f r o n t  and the  fea tu res  seen i n  
the  radar  r e f l e c t i v i t y  data  showed good agreement. 

MARCH 6-7, 1981 
6 

Figure 2 shows the  r e f l e c t i v i t i e s  observed with the radar  between 1200 UTC 
on March 6 and 0900 UTC on March 7,  1981. The contour i n t e r v a l  i s  2 dB, and the  
s t i p p l i n g  ind ica tes  regions of higher r e f l e c t i v i t y .  The s ignal  s t rength  
generally decreases with height i n  the  troposphere but increases by 10-12 dB 
over a v e r t i c a l  d is tance of 0.5 km o r  so a t  the tropopause. The tropopause 
determinations from Hannover radiosonde da ta  i a  shown by the heavy bars  i n  the 
f igure .  The bar corresponding t o  0900 UTC was ac tua l ly  obtained a t  1200 UTC, 
the  standard synoptic time. 
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Figure 1. Radar r e f l e c t i v i t i e s  a s  a function of height and time measured 
by the  SOUSY-VXF-Radar. Observations from the meteorological observa- 
t o r i e s  a t  Kassel, 60 km southwest, and Hannover, 90 km north-northwest, 
a r e  shown on the l e f t  and r i g h t  s ides  of the boxes, respect ively .  



617 MARCH :931 

Figure 2. Radar r e f l e c t i v i t i e s  a s  a function 
of height and time. Contour i n t e r v a l  i s  
2 dB. Stippled areas  show higher ref lec- 
t i v i t i e s  . 

12 !8 00 36 UTC 

The fea tu re  of p a r t i c u l a r  i n t e r e s t  i s  the  band of enhanced echo s t rength  
s t r e t ch ing  downward from the tropopause beginning a t  approximately 1700 UTC. 
The f e a t u r e  i s  associated with a warm f ron t  t h a t  was essen t i a l ly  p a r a l l e l  t o  the 
NNW-SSE d i r e c t i o n  and propagated eastward across  We$t Germany and pas t  the 
radar.  The radar  r e f l e c t i v i t y  i s  proportional t o  M with M given by 

where P i s  i n  mi l l iba r s ,  T i s  absolute temperaturet 9 i s  po ten t i a l  temperature, 
and q i s  the spec i f i c  humidity. The contours of N calcula ted from the 

-- Hannover radiosonde data a re  shown i n  Figure 3 with a contour i n t e r v a l  of 4 dB. 
Once again, the s t ippled areas  correspond t o  higher values.  The agreement bet- 
w en the observations and the  calcula ted -values i s  q u i t e  good. The contours of - 1 M show the increase i n  the height of the tropopause a t  1200 UTC on March 7. 
Also, the enhancement of the echoes between 6.8 and 8.3 km a f t e r  0000 UTC on 
March 7 i s  apparent. There i s  an indicat ion of the f r o n t a l  echo band i n  the 
values o i  the po ten t i a l  r e f r a c t i v i t y  a t  0000 UTC a s  shown by the  f e a t u r e  near 
8.75 km a l t r tude .  However, the time reso lu t ion  of the radiosonde data  i s  not 
s u f f i c i e n t  t o  show the d e t a i l s  of the f r o n t a l  zone s t ructure .  

NOVEMBER 4-10, 1981 

I n  the f i r s t  half  the November 1981 observations were made over a period of 
more than a week. The r e f l e c t i v i t i e s  fo r  the period from November 4 (Day 308) 
t o  November 10 (Day 314) a r e  shown i n  Figure 4. On Day 308, the  r e f l e c t i v i t i e s  
decrease with a l t i t u d e  i n  the  troposphere and then begin t o  increase jus t  below 
the  tropopause. A cold f r o n t a l  band i s  observed a f t e r  1600 UTC and s t r e t ches  
upward i n  a l t i t u d e  with time a s  would be expected. Two warm f r o n t a l  bands a r e  
evident a s  enhanced r e f l e c t i v i t y  regions moving downward with time. The f i r s t  
i s  observed near the tropopause a t  0000 UTC on Day 309. The second i s  f i r s t  
seen a t  0600 UTC on Day 310. 

Po ten t i a l  temperatures were calcula ted from the Hannover radiosonde data  



Figure 3. Gradient of po ten t i a l  r e f r a c t i v e  
inaex calcula ted from Hannover radiosonde 
da ta  f o r  the time period corresponding t o  
the r e f l e c t i v i t i e s  shown i n  Figure 2. 
Stippled areas  correspond t o  l a rge r  values. 
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and have been p lo t t ed  and contoured on a sca le  s imi lar  t o  t h a t  used f o r  the 
r e f l e c t i v i t i e s .  The r e s u l t s  a r e  shown i n  Figure 5. The same general  f ea tu res  
are .  evident i n  both figures.  The packing of the po ten t i a l  temperature contours 
i s  c h a r a c t e r i s t i c  of the  tropopause and s t ra tosphere .  The lower boundary of the  
packing i s  located a t  the same height as  the increase i n  the radar  
r e f l e c t i v i t i e s  associated with the tropopause. The cold f r o n t  and the second 
warm f ron t  show up c lea r ly  i n  the po ten t i a l  temperature data ,  but the f i r s t  warm 
f r o n t a l  band i s  not as c l e a r l y  evident.  Bowever, s a t e l l i t e  photos f o r  t h i s  time 
show two d i s t i n c t  cloud bands. 

During the  time from Nov. 4 to 10,  the radar  s i t e  was i n  a region of 
nor ther ly  flow on the eas tern  s ide  of a s t a t ionary  high pressure system centered 

- over the B r i t i s h  I s l e s .  The f r o n t s  t h a t  traversed the radar  s i t e  were confined 
t o  the upper troposphere, a s  the  po ten t i a l  temperature cross  uection shows. 

- . - -- FEBRUARY 7-9, 1982 

The r e f l e c t i v i t i e s  measured by the  radar  during the period from February 7 
'to 9,. 1982, a r e  shown i n  Figure 6. Once again the s t ippled areas  represent  

3 io 
Julian Day 1981 

Figure 4. Ref lec t iv i t i e s  measured by the SOUSY-VHF-R~~~~ during the 
period from NOV. 4 to l o ,  1981. 
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Julian Day 1981 
Figure 5. Po ten t i a l  temperatures ca lcula ted from the Hannover radio- 

sonde data  f o r  the period corresponding t o  the r ada r  r e f l e c t i v i t i e s  
shown i n  Figure 4. 
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Figure 6 ;  Sane as  Figure 2 but f o r  February 7-9, 1982. 

l a r g e r  r e f l e c t i v i t i e s .  However, t h i s  time the intermediate values have been 
c ross  hatched, a s  well. The typical  f ea tu res  already noted i n  the previous 
examples a r e  present. The echo s t rength  decreases with a l t i t u d e  i n  the tropo- 
sphere, but there  i s  an enhancement i n  the r e f l e c t i v i t i e s  i n  the upper tropo- 
sphere associa ted with the temperature discont inui ty  t h a t  defines the locat ion 
of the tropopause. .The heavy c i r c l e s  show the  tropopause height determined from 
the  Hannover radiosonde. 

Near 1200 UTC on February 8 ,  a band of enhanced r e f l e c t i v i t i e s  associa ted 
wi th  a warm f r o n t  s t r e t c h e s  downward from the tropopause. Beginning a t  approxi- 
mately 0200 UTC on February 8 ,  a band of intermediate r e f l e c t i v i t i e s  s t r e t ches  
upward i n  connection with a cold f r o n t  associa ted with the low pressure 
system. The cold f r o n t  f o r  t h i s  p a r t i c u l a r  event was much weaker than the warm 
f r o n t ,  and the  di f ference i n  s t rength  accounts fo r  the di f ference i n  the 
magnitude of the r e f l e c t i v i t i e s .  



We have a l s o  calcula ted the  po ten t i a l  r e f r a c t i v e  index gradient $ based 
on Hanuover radiosonde data.  The v e r t i c a l  time sect ion i s  s o m  i n  Figure 7. 
The same fea tu res  a r e  evident i n  both the r e f l e c t i v i t y  and 3 cross  sections.  
More de ta i l ed  ana lys i s  of the  event i s  given by M S E N  and ROTTGER (1983). 

APRIL 9-13 , 1984 

Observations were made with the SOUSY-VHF-Radar over a f i v e  day period i n  
Apri l  1984. Prom 1200 UTC on April 9 u u t i l  1200 UTC on April  11, the  radar  was 
located i n  a region of nor ther ly  flow on the eas tern  s ide  of a s t a t i o m r y  high 
pressure s y s t a .  During t h i s  time a number of mesoscale disturbances with 
hor izonta l  scales  of 50 t o  100 Ian developed i n  the  region. Most did not  pass 
the  radar,  but one such s y s t a  was observed near  0000 UTC on April  11. The 
rada r  r e f l e c t i v i t i e s  a r e  shown i n  Figure 8. 

The s igna l  s t rength  showed an e n c h m c a e n t  i n  the upper troposphere during 
t h e  pasaage of the mesoscale system, but the  f ea tu re  i s  not a s  narrow and does 
not  snow the  tilt c h a r a c t e r i s t i c  of the o the r  f r o n t a l  passage observations t h a t  
we have presented. Late i n  the  day on April  12 a surface f r o n t a l  passage took 
place ,  a s  shown by the  weather char ts  and s a t e l l i t e  photographs. The fea tu res  
typ ica l  of a f r o n t a l  passage a r e  c l ea r ly  present i n  the  r e f l e c t i v i t y  da ta  
beginning a t  about 1600 UTC on April 11. A band of enhanced echoes begins t o  
descend from the height of the  tropopause and s t r e t ches  downward toward the  
surface. The a i r  mass following the  f r o n t a l  passage then has a higher tropo- 

-- - 
Time 

Figure 7. Sane a s  Figure 3 but corresponding t o  the data  shown 
i n  Figure 6. 

I'. -v.. 

Figure  8. Sme a s  i n  Figure 2 but f o r  the period April 9-13, 1984. 
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pause height than the  a i r  mass pr ior  t o  the f r o n t a l  passage. The morphology i n  
t h i s  event is  very s imi la r  t o  the morphology i n  the other  four events presented 
here. 

CONCLUSION 
3 

Observations of f i v e  separate  f r o n t a l  passage events made with t h e  
SOUSY-VEF-Radar have shown t h a t  a radar  operating a t  a frequency near 50 MBz can 
be used t o  detect  the locat ion of f r o n t s  on a rout ine  basis.  The SOUSY-VHF- 
b e a r  does no t  operate  on a continuous basis.  While the observation periods 
were c k s e n  on the bas i s  t h a t  it would be l i k e l y  t h a t  a f r o n t a l  passage would 
take  place a t  the  locat ion of the  radar ,  no attempt was made t o  choose only the 
s t rongest  or most developed f ronts .  I n  f a c t ,  the  f r o n t  observed i n  April  1984 
and the  cold f r o n t  observed i n  February 1982 did  not  have pa r t i cu la r ly  s t rong 
temperature gradients.  

The comparisonsbetween rada r  and radiosonde data have shown good agreement, 
indicat ing t h a t  the f ea tu res  seen i n  the  r ada r  r e f l e c t i v i t y  da ta  a r e  
c h a r a c t e r i s t i c  of the f r o n t a l  temperature s t ruc tu re  and a r e  not associa ted with 
p r e c i p ~ t a t i o n  or loca l  convection. That is par t i cu la r ly  t rue  s ince  the 
separat ion between the  radar  s i t e  and the  neares t  radiosonde s t a t i o n  i s  approxi- 
mately 90 km. 
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1.3A EXCERPTS FROM THE PAPER:. RESEARCH STATUS AND RECOMMENDATIONS 
FROM THE ALASKA WORKSHOP ON GRAVITY WAVES AND TURBULENCE I N  TIIE 

MIDDLE ATMOSPHERE, FAIRBANKS, ALASKA, 18-22 JULY 1983* 

4 D. C. ~ r i t t s ' ~  M. A. ~ e l l e r ~ ~  B. B. ~ a + s l e ~ ~ ,  M. L. Chgnin , 
I. Hirota  , J. 5. Holton , S. Kgto , R. S. Lindzen 
M. R. Schoeberl , R. A. Vincent , and R. F. Woodman 

... 3 ; THEORETICAL DIS CZTS SION 

In te rna l  g rav i ty  waves a r e  disturbances whose i n t r i n s i c  frequencies 
k(c - ii) a r e  smaller than the  Brunt-Vaisala frequency (N). Their  importance 
a r i s e s  because : 

(1) they a r e  the major components of the  t o t a l  flow and temperature 
v a r i a b i l i t y  f i e l d s  of the mesosphere (i.e., shears and lapse r a t e s )  and 
hence c o n s t i t u t e  the l i k e l y  sources of turbulence; 

(2) . they a r e  associated with f luxes  of momentum t h a t  communicate s t r e s s e s  over 
. l a rge  distances.  For example, g rav i ty  waves exer t  a drag on the  flow i n  
the  upper mesosphere. However, i n  order f o r  g rav i ty  waves t o  exert  a n e t  
drag on the atmosphere, they must be attenuated.  - 

There a r e  two general  types of processes t h a t  seek t o  a t tenuate  gravi ty  waves -- 
d i s s i p a t i o n  and sa tura t ion.  Diss ipat ion i s  any process t h a t  i s  e f f e c t i v e  
independent of the wave amplitude, while sa tu ra t ion  occurs when c e r t a i n  wave 
amplitude conditions a r e  met. Radiative damping i s  an e x q p l e  of d i s s ipa t ion ,  
while convective overturning, which a r i s e s  when the wave-breaking condition 

1 a 1 % r(or u' % Ic - El) is  met, i s  an example of sa tura t ion.  The two ' 
processes a r e  not mutually exclusive. 

Satura t ion implies t h a t  the  wave f i e l d  has reached amplitudes such t h a t  
e i t h e r  secondary i n s t a b i l i t i e s  (LINDzEN , 1981 ; DUNKERTON , 1982a) or nonlinear 
in te rac t ions ,  such as  the parametric subharmonic i n s t a b i l i t y  (LINDzEN and 

- FORBES, 1983), cam occur, which l i m i t  f u r t h e r  wave growth. I n  the atmosphere, 
amplitudes s u f f i c i e n t  f o r  sa tu ra t ion  may r e s u l t  e i t h e r  from exponential growth 

- -- - with height or from the approach of a wave packet t o  a c r i t i c a l  level .  The 
sa tu ra t ion  mechanism considered most common i s  the generation of convective or 
Kelvin-Helmholtz (KX) shear i n s t a b i l i t i e s .  Both i n s t a b i l i t i e s  were observed i n  
the  laboratory study of gravity-wave propagation by KOOP and PlCGEE (19831, but 
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convective i n s t a b i l i t i e s  were found t o  dominate when both were possible. The 
loca l  development of convective and dynamical i n s t a b i l i t i e s  may r e s u l t  i n  the 
r ad ia t ion  of secondary gravi ty  waves (DUNKERTON and FRITTS, 1983) ; howwer, the  
most important r e s u l t  i s  the production of turbulence. Turbulence generation 
i n i t i a l l y  i s  confined t o  regions of dynamical o r  convective i n s t a b i l i t y  within 
the  wave f i e l d .  Following generation,  turbulence may be advected away from the 
unstable zone, whereas the ac t ive ly  unstable region propagates with the wave. 

The most important consequence of sa tu ra t ion  on the dynamics of the large- 
sca le  c i r c u l a t i o n  i s  the momentum deposit ion resu l t ing  from the  amplitude- 
l imi t ing  mechanism (LINDZEN, 1981 ). Secondary e f f e c t s  produced by the  tu rbu len t  
l a y e r s  include heat as  we l l  as cons t i tuen t  t ranspor t .  The study by SCHOEBERL e t  
a l .  (1983) suggests t h a t  the turbulent  heat t ranspor t  drives the  mean s t a t e  
towards an ad iaba t i c  lapse ra t e .  Using a quasi-l inear in i t ia l -value  model, 
WALTIJRSCHEID (1983) found t h a t  large-amplitude, gravity-wave sa tu ra t ion  produces 
a rapid reduction i n  both the i n t r i n s i c  phase ve loc i ty  of the wave and the  eddy 
d i f f u s i o n  needed t o  balance wave growth. There a l so  i s  some heat ing due t o  wave 
and turbulence diss ipat ion.  

This descr ip t ion provides a very s impl i s t i c  view of the sa tu ra t ion  of an 
i s o l a t e d  monochromatic g rav i ty  wave. The de ta i l ed  evolution of the wave f i e l d  
during sa tura t ion,  including the  production of turbulence and poss ible  wave 
frequency broadening (WEINSTOCK, 1976; 19821, i s  not wel l  understood. Advances 
i n  t h i s  a rea  w i l l  have immediate consequences fo r  observational programs. For 
example, to  what extent  can waves be p a r t i a l l y  r e f l ec ted  from neu t ra l ly  buoyant 
l aye r s  produced by turbulent  zones or from la rge  veloci ty  shears due t o  
d i f f e r e n t i a l  momentum deposit ion,  and could we expect t o  see evidence of such 
r e f l e c t i o n s  i n  the data?  Reflection a t  an i n t e r n a l  shock and wave sca t t e r ing  
due t o  local ized d i s s ipa t ion  were observed i n  the numerical experiments of 
DUNKERTON and FRITTS (1983). F ina l ly ,  there  i s  some evidence t h a t  suggests t h d t  
mul t ip le  wave in te rac t ion  can lead t o  sa tura t ion,  although t h i s  process has not 
been studied i n  d e t a i l .  

The s p a t i a l  and temporal v a r i a b i l i t y  of gravi ty  waves enter ing the meso- 
sphere i s  understood poorly a t  present. Clearly,  the upward f l u x  of waves a t  
the  stratopause i s  a funct ion of the production of waves i n  the troposphere, - 
t h e i r  transmission, and zonal and meridional propagation (DUNKERTON, 1982b; 
SCHOEBERL and STROBEL, 1983). The obvious tropospheric gravity-wave sources a r e  

- .  - unstable  wind shear, topography, and convection. Others may be important as  
well .  Wind shear produces waves with phase v e l o c i t i e s  c h a r a c t e r i s t i c  of tropo- 
spher ic  wind speeds, while topography generates gravi ty  waves with a phase 
ve loc i ty  d i s t r i b u t i o n  centered about zero. Of the three  dominant gravity-wave 
sources, the phase ve loc i ty  spectrum associa ted with convection if, the l e a s t  
understood. However, it i s  reasonable *to  suppose tha t  the  phase .bpeed d i s t r ibu-  
t i o n  i s  broad and centered near tropospheric wind speeds. Charac te r i s t i c  sca les  
and amplitudes, as  wel l  as the d i s t r i b u t i o n  and v a r i a b i l i t y  of the  sources jus t  
mentioned a r e  not wel l  known a t  present (LINDZEN, 1983). Such information 
requires  addi t ional  theore t i ca l  work and de ta i l ed  tropospheric observations of 
gravity-wave forcing and s t ruc tu re .  

The transmission of g rav i ty  waves in to  the mesosphere i s  control led  by 
t h e i r  propagation i n ,  and in te rac t ion  with, a va r i ab le  environment. Important 
e f f e c t s  include r e f r a  t ion ,  r e f l ec t ion ,  and c r i t i c a l - l e v e l  absorption due to  2 v a r i a t i o n s  of iT and N with height.  These va r i a t ions  cause changes i n  the 
v e r t i c a l  wavelength and group ve loc i ty  of the wave and may lead t o  se lec t ive  
f i l t e r i n g  of the gravity-wave spectrum (BOOKER and BRETHERTON , 1967 ; HINES and 
REDDY, 1967). For motions with small i n t r i n s i c  frequencies,  nonstationary mean 
flows and r a d i a t i v e  damping a l s o  a re  l ike ly  t o  be important (FRITTS, 1982; 
SCIIOEBERI, e t  a l . ,  1983). Spa t i a l  inhomogeneities of gravity-wave sources or 
t ransmiss ivi ty  a re  l ike ly  t o  produce a v e r t i c a l  smoothing and broadening of the 



zonally averaged momentum deposit ion,  as well  as the exc i t a t ion  of large-scale 
g rav i ty  waves and planetary wa.es. I n  order t o  understand the consequences of 
gravity-wave momentum deposit ion and turbulence production i n  the middle 
atmosphere, however, the morphology of the  f l u x  of gravi ty  waves i n t o  and ... through the  middle atmosphere must be b e t t e r  known. 

... 4b. TOPICS 

(1  ) Turbulence 

Radar methods provide a powerful too l  fo r  studying turbulence i n  the middle 
atmosphere ( for  d e t a i l s ,  see BALSLEY and GAGE, 1980; ROTTGER, 1980). The back- 
sca t t e red  echo power and the  Doppler spec t ra l  width of the s ignal  r e tu rns  a r e  
r e l a t e d  d i r e c t l y  t o  turbulence in tens i ty .  The echo power i s  a d i r e c t  measure of 
one s p a t i a l  Fourier component of the r e f r a c t i v e  index va r i a t ion  produced by a 
turbulent  region, while the spec t ra l  width (used with caution) i s  a measure of 
the  variance of turbulence ve loc i t i e s .  

Turbulence s p a t i a l  c h a r a c t e r i s t i c s  already have been studied a t  a number of 
s i t e s  v i a  the backscatter power s t ructure .  The presence of v e r t i c a l l y  th in ,  
hor izonta l ly  extended turbulent  regions t h a t  e x i s t  fo r  many hours has been noted 
i n  both the  s t ra tosphere  and lower mesosphere (CZECEOWSKY e t  a l . ,  1979; SATO and 
WOODMAN, 1982). While some exceptions t o  t h i s  general  p ic tu re  e x i s t  ( i .e. ,  i n  
t h e  high-lati tude summer mesosphere), they probably can be considered typical .  

Estimates of v e r t i c a l  d i f fus ion  can be made using s t a t i s t i c a l  proper t ies  of 
the  t h i n  turbulent  regions (WOODMAN e t  a l . ,  1981). This i s  of p a r t i c u l a r  
importance i n  the current context,  since enhanced d i f f u s i v i t y  increases gravi ty  
wave dmping and the  corresponding mean flow accelerations.  Estimates of 
s t r a tospher ic  d i f fus ion and turbulence d i s s ipa t ion  have been obtained from the  
observed dispers ion of rocket vapor t r a i l s  (ROSBIBERG and DEWAN, 1975) and from 
high-resolution balloon da ta  (CADET, 1977) among other  things. Current radar  
estimates of v e r t i c a l  d i f f u s i v i t y  i n  the lower s t ra tosphere  suggest values t h a t  

- may be appreciably larger  than those obtained by a i r c r a f t  techniques (LILLY e t  
a l . ,  1974). Further measurenents appear necessary t o  address t h i s  d ispar i ty .  

The p o s s i b i l i t y  of using radar  systems with very good v e r t i c a l  resolut ion 
( t ens  of meters) t o  study the  space-time s t ruc tu re  of turbulence within the 
l aye r s  i s  exc i t ing  and should allow us t o  understand b e t t e r  the underlying 
generation mechanisms (i.e., dynamical and convective breaking of the waves). 
I n  t h i s  regard,  the  use of specia l  rocket and balloon-borne techniques 
(PHILBRICK e t  a l . ,  1983; BARAT, 1983) concurrent with radar  observations t o  
obta in  the  high-resolution s t ruc tu re  of turbulent  regions would appear important 
f o r  understanding the  generation mechanisms of turbulence and would enable a 
valuable  comparison between techniques. 

The use of Doppler spec t ra l  width to  measure turbulence in tens i ty  has y e t  
t o  be exploi ted  f u l l y  (SATO and WOOIMAN, 1982; HOCKING, 1983). Since the  velo- 
c i t y  variance i s  re la t ed  d i r e c t l y  t o  the eddy d i s s ipa t ion  r a t e ,  i t  i s  c l e a r  t h a t  
a g rea t ly  increased observational program using spec t ra l  width estimates of eddy 
d i s s ipa t ion  r a t e s  would have d i r e c t  relevance to  the development of more 
accurate  general  c i r c u l a t i o n  and mechanistic models. Energy d i s s ipa t ion  r a t e s  
a l s o  can be used t o  i n f e r  v e r t i c a l  d i f f u s i v i t y  and heating,  thus spec t ra l  width 
measurements may provide an a l t e r n a t i v e  method of determining v e r t i c a l  
d i f f u s i v i t y .  Spectral  width measurements, however, require  a narrow radar beam 
and a correspondingly large  antenna area. 

Final ly  , the general  c h a r a c t e r i s t i c s  of the turbulent s t ruc tu re  pr f i l e s  
can be expressed i n  terms of the r e f r a c t i v e  index s t ruc tu re  constant Cn 

9 
(TATARSKII, 1971). This parameter i s  use£ u l ,  fo r  example, i n  comparing radar,  



op t i ca l ,  and other  turbulence measurenents. 

(2)  Gravity Glaves 

A s i g n i f i c a n t  amount of information on middle-atmosphere g rav i ty  waves 
a l ready has been obtained by e x i s t i n g  techniques. Radars can provide a de ta i l ed  
descr ip t ion of the wind f i e l d  a s  a funct ion of height and time. They can a l s o  
produce spec t ra l  descr ip t ions  of the wind f i e l d  f luc tua t ions  a s  a funct ion of 
frequency (BALSLEY and CARTER, 1982). Lidars  provide s imi la r  inf o m t i o n  f o r  
the  temperature f luc tua t ions  (CHANIN and HAUCBECORNE, 1981). Data from rocket 
networks can reveal long-term s t a t i s t i c s  on the 'geographical  and seasonal 
v a r i a t i o n  of the wave f i e l d  (XIROTA, 1983). Rocket da ta  a l s o  provide 
instantaneous p r o f i l e s  of tenperature  and wind (THEON e t  al., 1967) from which 
g rav i ty  wave processes can be inferred.  

Two important parameters about which r e l a t i v e l y  l i t t l e  information has been 
co l l ec ted  a r e  the hor izonta l  wavelengths (Ah) and phase v e l o c i t i e s  ( c )  of 
g rav i ty  waves. Some information on these parameters has been obtained from 
s tud ies  of a i rg lov  m i s s i o n s  and noct i lucent  clouds (ARMSTRONG, 1982; XERSE e t  
a l . ,  1980; HAURWITZ and FOGLE, 1969). I n i t i a l  radar estimates of X and c 
were made by VINCENT and REID (1983) and by FRITTS e t  a l .  (1983). &NCENT and 
REID (1983) a l s o  made the f i r s t  d i r e c t  measurements of another important 
quant i ty ,  the upward f l u x  of hor izonta l  momentum (;?;;r) i n  the  mesosphere, and 
VINCENT (1983) used ro ta ry  spec t ra  t o  obta in  a lower l i m i t  on the  f r a c t i o n  of 
upward-propagating, lo r f requency  g rav i ty  waves i n  the mesosphere and lower 
thermosphere. The l a t t e r  study suggests an upward f l u x  of energy and momentum 
consis tent  with the -requirement of gravity-wave drag. 

Two in te rp re ta t ions  have been advanced t o  account f o r  the  l o r f r e q u e n c y  ' 
(U < N) and low (hor izonta l )  wavenumber spect ra  observed i n  the middle 
atmosphere. One i s  t h a t  the motions a r e  due t o  a spectrum of i n t e r n a l  g rav i ty  
waves analogous t o  the "universal" wave spectrum applied t o  the ocean (VANZANDT, 
1982). Such a theory i s  consis tent  with both the apparent r o l e  of gravity-wave 
t ranspor t ,  drag, an& d i f fus ion  i n  middle-atmosphere dynamics and the observed 

- spec t ra l  character  of atmospheric f luc tua t ions .  A second in te rp re ta t ion ,  based 
upon the  theory of 2-dimensional turbulence, a l s o  appears t o  be consis tent  with 
c e r t a i n  spec t ra l  observations (GAGE, 1979; LILLY, 19831, but t h i s  theory 

- -, -.-A requires  the  presence of propagating gravi ty  waves a s  the  primary coupling be- 
tween the  lower and middle atmosphere and i s  concerned primarily with t h e  
spec t ra l  d i s t r i b u t i o n  of k i n e t i c  energy. The ac tua l  s t a t e  of t h e  atmosphere, of 
course, nay involve a combination of gravi ty  waves, 2-dimensional turbulence, 
and other  motions, with f u r t h e r  s tudies  needed t o  del ineate  t h e i r  r e l a t i v e  
importance. 

Gravity-wave observation$ t o  da te  have provided good preliminary information 
on motions, processes, and spectra  using a v a r i e t y  of techniques. Often, 
however, such observations a r e  made without knowledge of the  mean ve loc i ty  and 
s t a t i c  s t a b i l i t y  p ro f i l e s .  This i s  a major shortcoming (pa r t i cu la r ly  the  lack 
of ii) because i t  causes ambiguities i n  the determination of the  c h a r a c t e r i s t i c s  
and/or consequences of the wave motions t h a t  might otherwise be inferred.  

5 FUTURE RESEARCH NEEDS 

( a )  Modeling Needs 

Because they tend t o  be computationally e f f i c i e n t  and allow individual  
processes t o  be studied i n  i s o l a t i o n ,  mechanistic models probably w i l l  continue 
t o  play a major r o l e  i n  the development and t e s t i n g  of parrrmeterizations f o r  
gravi ty  wave-mean flow interact ions .  Both the quasi-geostrophic models and the  
global pr imi t ive  equation models w i l l  be useful tools.  We an t i c ipa te ,  however, 



t h a t  t he re  may be l e s s  emphasis on zonally symmetric models i n  the fu tu re ,  
p a r t i c u l a r l y  f o r  the  study of -gavemean flow in te rac t ions  i n  the winter hemi- 
sphere. The cu r ren t  p r imi t ive  s t a t e  of knowledge of gravity-wave morphology and 
of the  d e t a i l e d  physics of wave-breaking allows f o r  a wide range of assumptions 
i n  present models. Idea l ly ,  mechanistic models t h a t  properly handle wave-mean 
flow i n t e r a c t i o n s  w i l l  provide some useful  cons t r a in t s  on the  poss ib le  
c h a r a c t e r i s t i c s  of the observed wave climatology. However, t he re  is l i t t l e  
prospect  t h a t  modeling can be i n  any sense a s u b s t i t u t e  f o r  observations.  

. It should be cautioned t h a t  measured gravity-wave f luxes  and o the r  para- 
meters w i l l  no t  be ab le  t o  be used d i r e c t l y  i n  middle-atmosphere models. One 
reason f o r  t h i s  i s  t h a t  measured q u a n t i t i e s  depend on atmospheric condit ions i n  
t h e  troposphere, s t ra tosphere ,  and mesosphere t h a t  may be very d i f f e r e n t  from 
those e x i s t i n g  i n  a model. However, measurements of the  g lobal  gravity-wave 
morphology should allow the  development of schemes t h a t  can represent  con- 
s i s t e n t l y  the  proper dependence of the  large-scale flow on gravity-wave 
processes. 

(b)  Theoret ica l  Needs 

Theoret ica l  s tud ies  a r e  needed t o  address a number of problems t h a t  a r e  
un l ike ly  t o  be solved us ing e x i s t i n g  observat ional  techniques. The most obvious 
of these  r e l a t e  t o  the  sa tu ra t ion  process i t s e l f .  I n  p a r t i c u l a r ,  s tud ies  a r e  
needed t h a t  address the  de ta i l ed  mechanisms and consequences of sa tu ra t ion ,  
inc luding wave-scattering and r e f l e c t i o n ,  and multiple-wave sa tu ra t ion ,  and the  
e f fec t s  of the  temporal and s p a t i a l  v a r i a b i l i t y  of sa tura t ion.  The f o m e r  
s tud ies  a r e  necessary t o  understand the evolution of a sa tu ra t ing  gravity-wave 
spectrum; the  l a t t e r  i s  needed t o  incorpora te  co r rec t ly  the e f f e c t s  of 
s a t u r a t i o n  and i t s  v a r i a b i l i t y  i n  mechanist ic and general  c i r c u l a t i o n  model$ of 
the  middle atmosphere. 

Other areas  i n  which theore t i ca l  work i s  needed a r e  the i d e n t i t i c a t i o n  and 
q u a n t i f i c a t i o n  of the  dominant tropospheric sources of g rav i ty  waves and the  
study of wave propagation and f i l t e r i n g  through wave-wave and wave-mean flow 

- i n t e rac t ions .  Theoret ica l  s tud ies  of gravity-wave sources i n  conjunction wi th  
high-resolution observat ions  may help determine the phase speed and hor izonta l  

- - ..a 
wavelength d i s t r i b u t i o n s ,  a s  wel l  as t h e i r  geographical and temporal va r i ab i l -  
i t y .  These d i s t r i b u t i o n s  a r e  poorly known a t  present,  but they a r e  expected t o  
have a major impact on the  occurrence and e f f e c t s  of sa tu ra t ion  i n  the  middle 
atmosphere. Likewise, the  propagation of g rav i ty  waves through, and t h e i r  
i n t e r a c t i o n  with,  a va r i ab le  environment w i l l  influence the character  and 
occurrence of sa tura t ion.  It a l so  i s  important t o  determine to  what extent the  
concept of a universa l  gravity-wave spectrum can be applied t o  the  atmosphere. 

( c )  Observational Needs 

(1) Gravity wave and turbulence climatology 

There i s  a c l e a r  need t o  extend our s tud ies  of the climatology of 
atmospheric g rav i ty  waves and turbulence. Observations of the  geographical and 
temporal d i s t r i b u t i o n s  of gravity-wave sources,  energies,  and iuomentum and heat  
f luxes ,  a s  we l l  a s  tu rbu len t  d i f fus ion,  a r e  required. T h e d i s t r i b u t i o n s  of 
momentum f luxes  (u'w'and-1 and heat  f luxes  (vlT'  and WIT') ,  i;l p a r t i c u l a r ,  
have d i r e c t  implications f o r  modeling the large-scale c i r cu la t ion  and w i l l  
depend on the  dominant sources and the  propagation of g rav i ty  waves i n t o  the 
middle atmosphere. leasurements of turbulent  d i f fus ion  and spec t ra l  w i d t h  a r e  
needed t o  address the  r a t e  of gravity-wave energy d i s s ipa t ion  and the  e f f e c t s  of 
d i f f u s i o n  i n  the  middle atmosphere. 



It i s  a l s o  important t o  address t h e  v e r t i c a l  t ranspor t  of energy and 
momentum by the  f u l l  spectrum of g rav i ty  waves under various conditions. To 
t h i s  end, s tud ies  of low-frequency motions using ro ta ry  spect ra  i d  f i l t e r i n g  
through r a d i a t i v e  cooling, and wave-wave and wave-mean flow in te rac t ions  appear 
relevant.  

Momentum f lux,  energy, turbulence in tens i ty ,  and ro ta ry  spectrum measure- 
ments current ly  a r e  poss ible  with multiple-beam radar  systems; hea t  f luxes  could-  
be determined with combinations of r ada r s  and l ida r s .  

(2) case  s tud ies  

Case s tud ies  of near ly  monochromatic wave motions providing the  mean and 
per turbat ion wind f i e l d s  and the  d i s t r i b u t i o n s  of v e r t i c a l  wavenumber would 
permit comparisons with theore t i ca l  models and provide evidence of important 
processes and in te rac t ions .  Independent measurements of the associa ted tempera- 
t u r e  f i e l d s  would permit a check on the wave paremeters in fe r red  from radar  
measurements. Observations of wave exc i t a t ion  and d i s s ipa t ion  (or sa tu ra t ion)  
a r e  p a r t i c u l a r l y  GDpo~tant i n  t h i s  regard. It a l s o  would be useful  t o  i d e n t i f y  
the  frequency of occurrence of the var ious  gravity-wave processes and i n t e r -  
ac t ions  thought t o  be important i n  the  middle atmosphere. 

One example of a useful case study i s  near ly  monochromatic ravity-wave 
sa tura t ion.  Satura t ion i s  associa ted with e i t h e r  l a ~ / a z l  Q.r or f u l  1 Q l c  - TI. 
Because the re  a r e  uncer t a in t i e s  i n  estimating c using da ta  from a s ing le  
s t a t i o n ,  however, sa tu ra t ion  may be i d e n t i f i e d  most unambiguously i n  measure- 
ments of the temperature s t ruc tu re .  Because c i s  constant and ii may change with 
height,  lu' I need not  remain constant above the  sa tu ra t ion  level .  

(3) Measurement of Ah and c 

Two gravity-wave paremeters of p a r t i c u l a r  s ignif icance a r e  the  hor izonta l  
wavelength (Ah) and the (hor izonta l )  phase v e l o c i t y  (c).  They a r e  important 
because they a r e  e s sen t i a l ly  constant following the wave motion and they deter-  
mine the  occurrence and d i s t r i b u t i o n  of g rav i ty  waves i n  the middle atmzsphere. 
Other re levant  wave parameters, such a s  the i n t r i n s i c  frequency (k(c - 2 ~ ) )  and 
the  v e r t i c a l  wavenumber (m - 2n/XZ) , a r e  not constant,  but depend on N - 4 and ii. Determination of the phase speed d i s t r i b u t i o n  of g rav i ty  waves near  
t h e i r  source regions i n  the  troposphere and i n  the middle atmosphere would 
permit a q u a n t i t a t i v e  assessment of the e f f e c t s  of f i l t e r i n g  and wave-wave 
in te rac t ions  as  the  g rav i ty  waves propagate v e r t i c a l l y .  Horizontal wavelength 
measurements would help e s t a b l i s h  the degree of homogeneity i n  the  mesospheric 
response t o  gravity-wave sa tura t ion.  

Estimates of h and c can be obtained i n  c e r t a i n  instances with present 
r ada r  and l i d a r  syskems using multiple-bean techniques, However, such es t imates  
a r e  subject  t o  po ten t i a l ly  l a rge  e r r o r s  and may be biased towards r e l a t i v e l y  
small-scale waves (Ah 6 200 km) because of small hor izonta l  beam separations.  
It would be des i rable ,  therefore ,  to  make more d i r e c t  radar  and l i d a r  measure- 
ments a t  a range of spacings from a few tens  of a kilometer upwards i n  order t o  
measure those wavelengths and phase v e l o c i t i e s  more re lavant  t o  middle- 
atmosphere dynamics. Such spacings a r e  considerably l e s s  than those required t o  
address the geographical d i s t r i b u t i o n  of gravity-wave sa tu ra t ion  and turbulent  
d i f fus ion.  

(4) Measurement of mean winds 

I n  add i t ion  t o  gravity-wave and turbulence measurements, long-term measure- 
ments of the  mean zonal and meridional wind components i n  the  mesosphere and 
lower thermosphere a r e  required. A t  present,  the climatology of the mean zonal 



wind a t  these l eve l s  i s  not we l l  known, especia l ly  i n  the  t ropics .  The current  
data  base f o r  the mean meridiornl wind i s  completely inadequate. The l a t t e r  i s  
pa r t i cu la r ly  important since gravity-wave drag i n  the mesosphere i s  balanced 
primarily by the  Coriol is  torque due t o  the  mean meridional motion, 

(d) Observational networks h 

A s  discussed i n  several  of the previous sect ions ,  i t  would be des i rab le  t o  
e s t a b l i s h  networks of radar  and/or l i d a r  systems f o r  the following reasons : 

(1) The hor izonta l  wavelengths and phase v e l o c i t i e s  of monochromatic 
atmospheric g rav i ty  waves can be measured more r e l i a b l y  by making observations 
from a t  l e a s t  tliree s p a t i a l l y  separated points.  Because the  wavelengths of 
longer waves cannot be determined accurately using small spacings, i t  w i l l  be 
necessary t o  use a range of spacings. 

(2) Studies of the  global  morphology of gravi ty  waves requ i re  t h a t  several  
such f a c i l i t i e s  be es tabl ished a t  geographically d i s t i n c t  locations.  Such 
systems should make extended observations t o  determine seasonal and interannual 
v a r i a b i l i t y .  The po ten t i a l ly  important e f f e c t s  of orography can be examined by 
es tab l i sh ing  s i t e s  near  extensive mountain ranges and by comparing these r e s u l t s  
with observations taken i n  orographically smooth regions. 

Other combinations of observing systems a l s o  would provide important 
information on gravity-wave propagation and d i s s ipa t ion  processes and 
morphology. Colocated l i d a r  and radar  f a c i l i t i e s ,  f o r  example, would permit 
much more de ta i l ed  observations of gravity-wave sa tu ra t ion  i n  the mesosphere. 
Saturated wave amplitudes then could be compared d i r e c t l y  with per turbat ion 
lapse r a t e s  f o r  both narrow- and broad-spectrum satura t ion.  Meteorological , 
rockets would provide an important compleaent t o  both radar  (UST o r  PR) and 
l i d a r  f a c i l i t i e s  through the addi t ion of mean wind, temperature, and gravity- 
wave s t r u c t u r e  i n  regions where no balloon or radar  wind da ta  a r e  available.  
Such da ta  would make s tudies  of gravity-wave propagation and the  onset of 
sa tu ra t ion  possible.  

One f i n a l  recommendation pe r t a ins  t o  es tabl ishing such observatories i n  the  
t ropics .  Extended t rop ica l  observations,  pa r t i cu la r ly  within a few degrees of 
the  equator, w i l l  y ie ld  ( i n  addi t ion t o  the  low-latitude gravi ty  waves) 
important new information on long-period equa to r i a l  waves. These waves e x i s t  
only i n  t h e  t rop ics  and comprise the  major mechanism fo r  momentum t ranspor t  i n t o  ... t he  middle atmosphere i n  t h a t  region. 
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1.3B GRAVITY WAVES FROM THE STRATOSPHERE TO THE MFSOSPHERE 

M. R. Schoeberl 
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Greenbelt, MD 20771 

The propagation of g rav i ty  waves from the s t ra tosphere  t o  the mesosphere 
has important implications both f o r  observers and those who a r e  attempting t o  
parameterized wave breaking i n  global models. A s  they propagate from the 
tropopause t o  t h e i r  breaking l eve l  (here, assumed t o  be the mesosphere), gravi- 
t y  waves can encounter a r e f r a c t i v e  environment since the v e r t i c a l  group ve- 
l o c i t y  i s  a funct ion of the background wind. They may be focussed or sca t t e red  
o r  d i s s ipa ted  before reaching the mesosphere. It i s  even conceivable t h a t  
g rav i ty  waves may break, stop breaking, and begin breaking again a t  higher 
a l t i t u d e s  with a r e su l t an t  l o s s  of wave energy i n  the intervening region. 

-. 

From a modeling viewpoint, the important concern f o r  large-scale flows i s  
the  t o t a l  upward f l u x  of gravi ty  wave (pseudo) momentum enter ing the s t r a to -  
sphere and mesosphere. Admittedly t h i s  quant i ty  may show enormous s p a t i a l  
v a r i a t i o n s  since the usual tropospheric generation processes f o r  gravi ty  waves 
(e.g. orography and thermal convection) a r e  local .  The re f rac t ion  of gravi ty  
waves a l s o  presents a d i f f i c u l t  problem fo r  observers since waves passing 
through the tropopause may a r r i v e  a thousand kilometers upstream in  the meso- 
sphere. Thus, it would appe'ar t o  a s ing le  s t a t ion  looking upward near the 
source point  t h a t  a l l  the g rav i ty  waves a r e  absorbed i n  the stratosphere.  

Since MST radars  sense tropospheric and mesospheric conditions most ac- 
cu ra te ly ,  they are  idea l ly  su i t ed  t o  assess  the t o t a l  gravity-wave f l u x  t h r m g h  

* 

the  tropopause and stratopause.  Unfortunately, the r e f r a c t i o n  problem suggests 
networks of radars making coordinated measurments may be required t o  accurate- 
ly  determine the upward f l u x  of momentum as  wel l  as the f l u x  convergence be- 
tween layers.  The obsenrational requirements needed t o  determine these 
f luxes  a re  discussed i n  FRITTS e t  a l .  (1984). 
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1.3C THE SUPPRESSION OF QONVECTIVE WAVEBREAKING BY 
RADIATIVE TRANSFER PROCESSES 
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SCKOEBERI. e t  a l .  (1983) suggested t h a t  convective wavebreaking of mono- , 

chromatic g rav i ty  waves might be suppressed by rad ia t ive  t r ans fe r  processes i f  
the .ve r t i ca1  wavelength waves were s u f f i c i e n t l y  short ,  As the  v e r t i c a l  wave- 
length or the  g rav i ty  wave decreases, r a d i a t i v e  t r ans fe r  between adjacent ver- 
t i c a l  l aye r s  becomes increasingly important. This exchange can increase the 
r a d i a t i v e  r e l axa t ion  time sca le  so t h a t  the wave w i l l  no longer grow with a l t i -  
tude. Thus, very short  v e r t i c a l  wavelength waves may d i s s ipa te  r ad ia t ive ly  
ra the r  than become convectively q s t a b l e .  SCHOEBERL e t  $1. (1983) sipwed t h a t  
g rav i ty  waves with (c-c) < 22 m s  (Ax = 1000 km), and (u-c) < 13 m s  (Ax = 
100 km) would be rad ia t ive ly  damped. 

Since publ icat ion of these r e s u l t s ,  APRUZESE and STROBEL (1984) have re- 
v ised the exchange coef f i c i en t s  used i n  SCHOEBERL e t  a l .  (1983). Also, CHAO . 
and SCHOEBERL (1984) pointed out t h a t  the computation made by LINDZEN (1981) of 
the  convective d i f fus ion  r a t e  may be a f ac to r  of two too low a s  the convective 
adjustment processes tends t o  minimize the thermal transport  by the wave. The 
purpose of t h i s  note i s  t o  r ev i se  the values given i n  SCHOEBERL e t  a l .  (1983). 
These r e s u l t s  a l s o  suggest t h a t  the very t h i n  turbulent layers  observed by- MST 
radars  (e.g. WOODMAN, 1980) cannot be produced by the convective i n s t a b i l i t y  qf 
monochromatic g rav i ty  waves with l a r g e  hor izonta l  scales.  

MEpIODOLOGY AND RESULTS 

The condition required t o  prevent convective wavebreaking i s  

- - - - -.-. where Y i s  the d i f fus ive  damping time sca le  required t o  prevent wave 
growth w$fi fa l t i tude and Yrad i s  the r a d i a t i v e  damping time scale. Now, 

= 'diff - 
m(u-c) N 

where D P  ?J 3 , a = = -  
H 6  N 

u-C 

D i s  twice LINDZEN'S (1981) turbulent  d i f fus ion  (see CHAO and SCHOEBERL, 1984), 
and a  i s  the v e r t i c a l  wave number of the gravi ty  wave. The other terms i n  (2) 
a re .  B the atmospheric sca le  height (7 km), N, the buoy P C 3  f?!yPenc~ ( 2  x 

s-'1, m, the zonal wave number (2*/L) and 6 a ( 1  + k /m ) where k 
i s  the  meridional wave number, For s impl ic i ty  we take 6 = 1. 

For y we use Equation (20) from FGLS (1982) which agrees with the re- 
cen t  r e s u l ~ % ~ o f  APRUZESE and STROBEL (1984) and a l s o  includes the e f f e c t  of O j  
i n  the  IR exchange paremeterization. The transcendental systern (1) can then be 
solved numerically. Since D v a r i e s  with m and yrad va r i e s  with a l t i t u d e ,  our 
r e s u l t s  f o r  u m i n  (CEO) a r e  shown i n  Figure 1 verses L a t  5 km i n t e r v a l s  from 
20 t o  70 km. The values shown i n  Figure 1 a r e  the  magnitudes of zonal mean 
wind values below which convective wave breaking would not take place fo r  a 
standing gravi ty  wave. Below 20 lira the exchange approximation given by FELS 
i s  not v a l i d  because of CO l i n e  overlap. Above 70 km non-LTE e f f e c t s  domi- 2 



hate. I n  the  intermediate region N and H a r e  assumed constant .  The background 
teupera ture  i s  given by the  1962 US Standard Atmosphere. 

DISCUSSION 

A v e r t i c a l l y  propagating g rav i ty  wave w i l l  grow i n  am'plitude with height 
unless  the  v e r t i c a l  wavelength i s  small  enough t h a t  r a d i a t i v e  exchange between 
l a y e r s  damps the g r a v i t y  waves. The equivalent minimuu phase speed i n  a reet-  
i n g  atmosphere (or equivalent zonal wind speed f o r  a s t a t iona ry  wave) f o r  a 
g rav i ty  wave which w i l l  be so  s t rongly  damped rad ia t ive ly  t h a t  it w i l l  not  grow 
wi th  height i s  shown i n  Figure 1. These r e s u l t s  were obtained from ( 2 )  and t h e  
FEtS (1982 ) parane te r i za t ion  of IB cooling. 

Obviously from Figure 1 the  cutoff  phase speeds a r e  very  slow, t h u s  these  
wave approach periods where the i n e r t i a l  frequency cannot be neglected. Under 
such s i tua t ions ,  f u l l  so lu t ion  of Laplace' s t i d a l  equation i s  required;  how- 
ever,  compared t o  Laplace t i d a l  r e s u l t s ,  (2)  tends t o  underestimate the  v e r t i -  
c a l  wavelength so the  cu to f f  v e l o c i t i e s  shown i n  Figure 1 w i l l  be lower l imi ts .  

Figure 1. The minimum zonal wind poss ib le  f o r  convective wavebreaking by a 
monochromatic gravi ty  wave with zonal wavelength L and zero phase speed. The 
l e t t e r s  correspond t o  computations a t  d i f f e r e n t  a l t i t u d e s  with 5 km incre- 

= ,..., . ments s t a r t i n g  a t  20 km (e.g. A 20 km, B 25 km J = 70 km). For wind 
values  below t h a t  shown, the wave is rad ia t ive ly  damped so s t rongly  t h a t  it 
cannot grow i n  amplitude with height. 
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AB, STRACT 

The s t r u c t u r e  of uns table  p lanetary  waves i s  computed by a quasi-geo- 
s t roph ic  model extending from the  surface up t o  80 km by means of eigenvalue- 
eigenfunction techniques i n  spher ica l  coordinates.  Three kinds of unstable 
modes of d i s t i n c t  phase speeds and v e r t i c a l  s t ruc tu res  a re  i d e n t i f i e d  i n  the  
winter cl imate s t a t e :  (1) the  deep Green 11iode with i t s  maximum amplitude i n  
the  s t ra tosphere ,  ( 2 )  the deep Charney mode with i t s  maximum ampritude i n  the  
troposphere; and (31 the  shallow Charney mode which i s  l a rge ly  confined t o  the  
troposphere. Both the Green mode and the  deep Charney mode a r e  character ized 
by very  slow phase speeds. They a r e  mainly supported by upward wave energy 
f luxes ,  but the loca l  ba roc l in i c  energy conversion wi th in  the  s t r a tosphere  a l s o  
contr ibutes  i n  supporting these deep modes. The mesosphere and the  troposphere 
a r e  dynamically independent i n  the summer season decoupled by the  deep s t r a to -  
spher ic  e a s t e r l y .  The summer mesosphere supports the e a s t e r l y  uns table  waves 
1-4. Waves 3 and 4 a r e  i d e n t i f i e d  with the  observed ruesospheric 2-day wave and 
1.7-day wave, respect ively .  

INTRODUCTION 

Since the  d-iscovery of the  spectacular  na tu ra l  phenomena of s t r a t o s p h e r i c  
sudden warnings, i n t e r e s t  i n  planetary waves has been increasingly enhanced. 
Af ter  s a t e l l i t e  observations became possible.  along with previous observations 
by meteor radar ,  pa r t i a l - r e f l ec t ion  r ada r  and rocket sounding, many t r a n s i e n t  
wave a c t i v i t i e s  i n  the  upper atmosphere have been documented, such as 2-day 
waves i n  the  summer mesosphere (RODGERS and PRATA, 19811, 4-day waves i n  the  
upper s t ra tosphere  (VJZNNE and STANFORD, 1982 1, the slowly moving planetary  waves 
i n  the  winter s t ra tosphere  and mesosphere (HARTMANN, 19761, and a wide wave 
spectrum i n  the  lower s t ra tosphere  (YU e t  a l . ,  1983). Swe  wave a c t i v i t i e s ,  
mainly i n  wave 1 and 2, a r e  in t imate ly  r e l a t e d  t o  the sudden warming phenomena, 
which extend from the  s t ra tosphere  we l l  i n t o  the  mesosphere. The planetary  
sca le  waves possess deep v e r t i c a l  s t r u c t u r e  i n  winter ,  but v e r t i c a l l y  decoupled 
i n  summer (LABITZKE. 1981a,b). 

The purpose of the present study i s  t o  inves t iga te  those t r ans ien t  plane- 
t a ry  waves based on i n s t a b i l i t y  theory. The growth r a t e ,  phase speed, merid- 
ional  and v e r t i c a l  s t r u c t u r e  of unstable modes a r e  examined f o r  the winter and 
summer s o l s t i c e  c l imate  s t a t e s .  A comparison study. of s t a b i l i t i e s  f o r  the 
bas i c  s t a t e s  before and a f t e r  the 197611977 sudden warming event i s  a l s o  dis-  
cussed. 

. &%"ETHOD OF ANALYSIS 

( a )  Governing Equation 

. Assuming the  large-scale wave motions a r e  ad iaba t i c  and nondiss ipat ive ,  we 
use the  l inea r i zed  quasi-geostrophic, spher ica l  model formulated by I?ATSUNO 
(1971 : 



where 

Equations 1 and 2 a r e  v o r t i c i t y  and thermodynamic equations, respect ively ,  where 
1 denotes the  longitude, 0 the l a t i t u d e .  c = cos 0, s = s i n  8, i2 the angular 

ve loc i ty  of the  earth.  a the radius  of the ea r th ,  4 the per turbat ion geopo- 
t e n t i a l ,  U the  bas ic  zonal flow, and S the s t a t i c  s t a b i l i t y .  

(b) Grid Point Arrangenent and Boundary Conditions 

The model i s  d i sc re t i zed  v e r t i c a l l y  by ten computation l eve l s  covering 
from the surface up t o  80 km and it i s  re fe r red  t o  as  an MST model (11 f o r  meso- 
sphere, S f o r  s t ra tosphere  and T f o r  troposphere). The computation l e v e l s  a r e  
arranged a t  p 0.01, 0.04, 0.2, 1 mb i n  the mesosphere; a t  p a 3 ,  10, 30, 100 
mb i n  the s t ra tosphere  and a t  p = 250, 750 mb i n  the troposphere. The v e r t i c a l  
boundary condition w = 0 i s  assumed a t  p = 0 and p = 1000 mb. I n  the  meridion- 
a1  d i rec t ion  the  model i s  bounded by the  f ixed  boundary conditions 4' u' V '  

= 0 a t  the pole and the equator with 10' meridional mesh s izes .  The g r i d  point 
arrangement i s  shown i n  Figure 1. 

Figure 1. Ver t ica l  and meridional g r i d  arrangement 
and boundary conditions used ir, the spher ical  model. 



( c )  Basic S t a t e  Parameters 

The winter and summer s o l s t i c e  cl imate bas ic  flows a r e  shown i n  Figure 2. 
The zonal-mean temperature f i e l d  and the  wind f i e l d  cons i s t  of the  parameter 
space (S, U), where the s t a t i c  s t a b i l i t y  i s  ca lcula ted  from the  temperature 
f i e l d .  

( d )  Normal Hode Solution 

Figure 2. The s o l s t i c e  c l imate  s t a t e s .  The upper 
panel i s  temperature (K) and the lower panel i s  
the  zonal mean wind i n  m/s. 



We assume a normal mode solut ion:  

0 = @(e,  p)eim(X-ctl 

and ca lcu la te  the phase speed C r ,  growth r a t e  oi = mCi, and the eigen- 
funct ion @(e ,p ) ,  where C Cr + i C i  and 0 = @r + ia i  a re  complex 
numbers . 
RESULTS 

(a) Winter 

Figure 3 shows the spectrum of the growth r a t e s  and phase speeds of the 
unstable waves computed f o r  the winter  bas ic  flow. The values of a and as 
a r e .  representa t ive  f o r  "dry" and "wet" tropospheric conditions. Both reveal 
the presence of th ree  kinds of unstable modes: 

1. Green mode. denoted by MST i n  Figure 3 ,  fo r  waves 1 and 2,  
2. Deep Charney mode, denoted by ST i n  Figure 3 ,  f o r  wave 3 ,  and 
3. Shallow Charney mode. denoted by T i n  Figure 3 ,  fo r  waves 5-9. 

m 

Figure 3. The growth r a t e  (ordinate)  and the phase speed a t  
the equator (labeled ic m/s) fo r  winter s o l s t i c e  bas ic  
s t a t e :  a )  the dry troposphere; b) the moist troposphere. 
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The phase speeds given i n  Figure 3 reveal an in te res t ing  i n s t a b i l i t y  ex- 
change between the slow modes (waves 1-4, including the Green mode and the deep 
Charney modes) and the f a s t  modes (waves 5-9, a l l  of which a r e  confined t o  the 
troposphere). I t  implies some i n t r i n s i c  r e l a t i o n  between the phase speed and 
the v e r t i c a l  s t ructure .  The v e r t i c a l  wave energy fluxes (Figure 4 )  depic t  t h a t  
the deep waves a re  v e r t i c a l l y  coupled a s  an e n t i r e t y .  They may be i d e n t i f i e d  
with the slowly moving waves 1, 2 and 3 i n  the r e a l  atmosphere. 

(b) Summer 

.The spectra  of the growth r a t e s ,  phase speeds fo r  the summer c i r c u l a t i o n  
a r e  given i n  Figure 5. The mesospheric modes, with large  negative phase speeds 
Cr < 0, and the tropospheric modes. with the pos i t ive  phase speeds Cr > 0, 
exchange t h e i r  s t a b i l i t i e s  a t  wave number 4. The computed most unstable mode 
i s  wave 3 with a period of 2 days which compares favorably with the observed 
2-day wave. Figure 6 shows s t ruc tu res  of the computed mesospheric waves with 
m 1-4 and the tropospheric wave with m = 6. They a r e  s p a t i a l l y  separated by 
the e a s t e r l y  wind i n  the stratosphere.  The planetary scale  waves dominate i n  
the  mesosphere and the synoptic scale  waves dominate i n  the  troposphere. 

VEXTICAL COUPLING AND DECOUPLING 

I n  order  t o  understand the  s t a b i l i t y  due to  v e r t i c a l  coupling between the 
mesosphere, the s t ra tosphere  and the troposphere i n  the winter season, a case 
study i s  performed t o  compare the eigenmodes i n  the bas ic  s t a t e s  before and 
a f t e r  the 1976/1977 sudden warming event. Figure 7 shows the  observed var ia-  
t i o n  of geopotential  amplitude fo r  waves 1 and 2 during the warming phase. 

0 ,  degree! 

Figure 4. Geopotential eigenfunctions (upper and v e r t i c a l  wave energy 
f l u x  (lower) i n  the NH winter bas ic  flow with the "dry" troposphere. 
Units a r e  a rb i t r a ry .  



Figure 5. The growth ra te s  (ordinate). and the p h a ~ e  speeds 
(labeled i n  m/s) fo r  summer s o l s t i c e  bas ic  s t a t e  with 
a )  the  "dry" troposphere and b) the  ' ho i s t "  troposphere. 
m indicates  the wave number, M the  mesospheric mode and 
T ' the tropospheric node. 

Both waves 1 and 2 were growing during December 1976 and decreasing i n  January 
1977. The bas ic  flow i n  December 1976 i s  characterized by a broad, weak 
throughout the  troposphere and the s t ra tosphere ,  and i n  January 1977 i s  
characterized by e a s t e r l i e s  a t  high l a t i tudes .  Figure 8 s?mmarizes the r e s u l t s  
of frequency computations f o r  December and January. 

Three s ign i f i can t  changes occur a f t e r  the sudden warming : 

1. The maximum growth r a t e  s h i f t s  from planetary- scale  (m = 2 )  t o  synop- 
t i c  sca le  (m = 7) and the planetary sca le  waves a re  subs tan t i a l ly  
s tabi l ized.  

2. Transi t ion occurs f ron  the slow modes t o  the f a s t  modes a t  wave number 
4 before the warning, but a l l  waves change t o  the f a s t  modes a f t e r  it. 

3. A 1 1  the  deep modes (BET modes and ST modes) a r e  suppressed t o  the 
shallow, tropospheric modes a f t e r  the sudden warming a s  shown i n  
Figures 9 and 10. 

Since the  deep Green mode and the deep Charney mode have been calcula ted 
i n  the winter cl imate bas ic  flow, we suspect t h a t  the deep modes e x i s t  i n  the 
whole season except i n  periods a f t e r  sudden warnings, i n  which a l l  deep modes 
a r e  suppressed p r j m r i l y  by the  reversed zonal flow a t  high l a t i tudes .  
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F i g u r e  6. The g e o p o t e n t i a l  e i g e n f u n c t i o n s  f o r  waves m = 1 - 4 
i n  t h e  summer mesosphere, f o r  wave m = 6 i n  t h e  summer t ropo-  
sphere.  The u n i t s  of ampl i tude  ( s o l i d  l i n e )  a r e  a r b i t r a r y .  
The phases (broken l i n e )  a r e  i n  n r a d i a n s .  

0 

f "  100 Wave 2. 20 mb 

F i g u r e  7. Lat i tude-t ime c r o s s  s e c t i o n s  of g e o p o t e n t i a l  h e i g h t  wave 
ampl i tude  ( m e t e r s )  f o r  waves 1 and 2 d u r i n g  t h e  1976/1977 sudden 
warming e v e n t  ( a f t e r  O'NEILL and TAYLOR, 1978). 



Figure 8 .  The growth rate (ordinate) and the phase speed 
a t  the equator ( labeled i n  m/s) as a function of wave- 
number m. 

8. degree 

Figure 9 .  Geopotential (top) and wave energy f lux  (bottom) 
i n  December 1976. Units are arbitrary. 
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Figure 10. A s  i n  Figure 9 except i n  January 1977. 

CONCLUSION 

I n  conclusion, we propose a ba-clinic i n s t a b i l i t y  for the generation of 
some planetary t r ans ien t  waves i n  the  upper atmosphere. The usually observed 
t r ans ien t  waves 1 and 2 i n  the winter may have an o r ig in  of ba roc l in ic  ins tabi-  
l i t y  i n  addi t ion t o  the response t o  the external  forcing. The mesosphere, t h e  . 
s t ra tosphere  and the  troposphere a r e  in t imately  coupled by the  deep planetary 
waves i n  the  winter c i r cu la t ion ,  while the  summer c i rcu la t ion  is  v e r t i c a l l y  de- 
coupled by the s t r a tospher ic  e a s t e r l y  zonal wind. The computed unstable  wave 

- 3 ,  confined t o  the mesosphere and the. upper stratosphere,  compares favorably 
with the observed 2 d a y  wave. 
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I n  both the t rop ica l  and ex t ra t rop ica l  regions t h e r e  a r e  a l a rge  number of 
dynamical problems which can be addressed by MST radars. The d i s t i n c t  advan- 
tage the  MST radar  has over rocket observations i s  continuous data  acquisit ion.  
Without a doubt, the  time-space spectrum of the  mesospheric flow f i e l d  i s  r i c h  
i n  high frequency motions associa ted with g rav i ty  waves ra the r  than turbulent 
(random) f luctuat ions ,  and these events a r e  pa r t i cu la r ly  amenable t o  ana lys i s  
with continuous data  se ts .  I n  addi t ion t o  the high frequency motions the re  a r e  
longer period f luc tua t ions  i n  the upper s t ra tosphere  and mesosphere wind f i e l d s  
which; combined with temperature f i e l d s  derived from s a t e l l i t e  data  or l i d a r s ,  
can g rea t ly  enhance our knowledge of the upper atmosphere. 

. Previously, it had been thought t h a t  the mesosphere, l i k e  the s t ra to-  
sphere, contained very large-scale waves (which propagated up from the s t r a to -  
sphere) and in te rmi t t en t  turbulent f luc tua t ions  associated with local  shear or 
convective i n s t a b i l i t i e s .  However, H0IX;ES (1969) and LINDZW (1967) pointed 
out t h a t  the l i k e l y  source f o r  the turbulent f i e l d  i s  the convective breakdown 
of v e r t i c a l l y  propagating g rav i ty  waves. The theore t i ca l  requirement of a 
l a r g e  v e r t i c a l  f l u x  of momentum carrying gravi ty  waves fo r  the mesospheric mean 
c i rcu ra t ion  models (LINDZEN, 19811, and the ind i rec t  observational evidence of 
a l a rge  zonal mean meridional wind which would require  a huge drag on the  zonal 
flow (possibly hundreds of meters per second per day) to  balance the Cor io l i s  , 
torque both indicate  t h a t  a l a r g e  f lux  of g rav i ty  waves from the troposphere 
does penetra te  t o  menospheric heights.  I t  fu r the r  suggests t h a t  the dynamics 
of the  mesosphere may be much more complex than p rwious ly  thought, a s  the 
s t r e s s  on the  loca l  flow, s e t  up by the breaking gravi ty  wave, could produce an 
e n t i r e  sub-spectrum of Rossby and gravi ty  waves which a r e  f r e e  t o  propagate 
l a t e r a l l y  and v e r t i c a l l y  t o  o ther  regions. For example, consider a mountain 

- - wave which penetra tes  t o  the mesosphere. The convective breakdown of t h i s  wave 
produces a s t a t ionary  torque and a secondary c i r cu la t ion  which would generate a - - - - -  t r a i n  of Rossby waves much l i k e  the barot ropic  wave t r a i n s  observed i n  the  
troposphere as  we l l  as  secondary gravi ty  waves. 

I n  add i t ion  t o  the subspectrum of forced disturbances,  the turbulent 
f luc tua t ions  produced by the convective breakdown of the gravi ty  wave can have a 
profound e f f e c t  on the heat and const i tuent  t ranspor t  i n  the mesosphere. The 
depth of the turbulent layer  determines the miring sca le  fo r  f a s t  t ranspor t  of 
constifuents a s  wel l  a s  po ten t i a l  ta tpera ture .  Since the mesosphere i s  a 

. r ad ia t ive ly  s t a b l e  region, the mixing due t o  turbulence produces a downward 
f l u x  of heat and tends t o  push the mesospheric lapse r a t e  toward adiabatic.  
Thus the t o t a l  production of turbulence and the depth of the turbulent l aye r s  i s  
a re levant  quest ion t o  the thermodynamic budget of the mesosphere. Unfortu- 
nate ly .  a s ing le  MST radar s i t e  i s  not adequate t o  determine the "climatology of 
turbulence" a s  there  could be as much s p a t i a l  va r i a t ion  i n  the turbulent f i e l d  
a s  the re  i s  i n  the  surface orography. 

The upward f l u x  of momentum by small-scale waves has been measured by 
dual-bean radars  (e.g. VINCENT and REID, 1983). But the dual-bean radar lacks ' 

precis ion i n  measuring the  momentum f l u x  due t o  l a rge  hor izonta l  sca le  g rav i ty  
waves and it may be d i f f i c u l t  t o  separate the momentum t ranspor t  by waves from 
the t ranspor t  of the bas ic  shear momentum by the turbulent  f i e l d .  In  o ther  
words, the re  may be a loca l  r ed i s t r ibu t ion  of: momentum due t o  the  e f fec t  of 



turbuiencF on the mesosphe;ic shear not associa ted with a f l u x  of momentum 
from the &oposphere. 

I n  th equator ia l  zones, the  dynamics of large-scale flows can be reduced 
t o  a two-dimensional problen (height and longitude).  DUNKERTON (1982) has sug- 
ges ted t h a t  the mesopause semiannual o s c i l l a t i o n  could be induced by gravi ty  
waves. ynfortunately , the observations of the semiannual o s c i l l a t i o n  a r e  not 
trenendously r e l i a b l e  and v e r i f i c a t i o n  of the theory i s  d i f f i c u l t .  A s e r i e s  of 
MST r ada r s  located along the equator would provide important input i n t o  our 
understanding of the dynamics of the t rop ica l  mesosphere. 

To sumqrize ,  the MST radar  can have tremendous impact on our understand- 
ing of the general  c i r cu la t ion  of the mesosphere and upper stratosphere.  
Single s t a t i o n s  l inked i n t o  networks could provide both continuous s p a t i a l  and 
temporal infarmation on medium and l a r g e  s c a l e  waves i n  the mesosphere a s  wel l  
a s  the  loca l  climatology of turbulence. Multibean s t a t i o n s  can provide data on 
the  v e r t i c a l  f l u x  of momentum by small-scale (gravi ty)  motions. Additional 
d iscuss ion of the impact of the MST radars  on our understanding of the general  
c i r c u l a t i o n  i s  discussed i n  FRITTS e t  a l .  (1984). 
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The Wave Propagation Laboratory (WPL) has operated a network of radar  wind 
Prof i l e r s  i n  Colorado fo r  about 1 year. The network consis ts  of four  VHF (50- 
MEz) rada r s  and a UHF (915-MHz) radar  located a s  shown i n  Figure 1, The 
P l a t t e v i l l e  VHF radar  was developed by the Aeronomy Laboratory (AL) and has 
been operated jo in t ly  by WPL and AL f o r  several  years. The other  radars  were 
i n s t a l l e d  between February and May 1983. The radars,  t h e i r  remotely control led  
operation,  and t h e i r  data  processing a r e  described by STRAUCH e t  a l .  (1984). 
I n  t h i s  paper we summarize our experiences with these radars  and discuss  some 
general  aspects  of tropospheric wind measurements with Doppler radar. 

RANDOM SAMPLE CONSENSUS AVERAGE 

I n  examining the performance of the Colorado Wind-Prof i l i n g  Network it i s  
important t o  understand how the da ta  a r e  acquired and averaged. The VIIF rada r s  
a t  Fleming, Lay Creek, and Cahone have iden t i ca l  cha rac te r i s t i c s  and operating 
procedures, a s  described by STRAUCH e t  a l .  (1984). One par t  of the da ta  pro- 
cessing t h a t  i s  not f u l l y  described i n  t h a t  reference i s  the  method used t o  
average data  fo r  hourly wind prof i les .  This averaging i s  performed a s  follows 
f o r  the VIIF radars  : 

Twenty-four observations a r e  made of the  (u,v) wind components a t  each I 

height during a t o t a l  data acqu i s i t ion  time of about 48 min: twelve measure- 
ments a r e  made with a 3-US pulse duration, and twelve a re  made with a 9-us 
pulse. The u and v components a re  measured simultaneously. The short  pulse 
or l'Low'l mode i s  used t o  measure winds as close as possible t o  the surface and 
extending t o  about 9 km MSL ( the  s i t e s  a r e  located a t  about 1.5 km MSL). Data 
a r e  sampled a t  range i n t e r v a l s  of two-thirds of the pulse width; heights from 

- about 4 to  9 km a r e  observed with both pulses. Figure 2 shows how the time i s  
shared between the two modes of operation. Data acquis i t ion s t a r t s  on the hour - ..- and l a s t s  f o r  about 48 min; 2 min a r e  required t o  analyze the  data and the  l a s t  
10 min of the  hour a r e  used f o r  telephone (dial-up) communications with the 
network. Figure 3 shows the  d e t a i l s  of how the time i s  spent during each mode. 

Following the 48-min observation period, the u and v components f o r  each 
height a r e  averaged using the random sample consensus method (FISCHLER and 
BOLLES, 1981). The mean r a d i a l  v e l o c i t i e s  of the twelve observations a t  each 
height a r e  exmined t o  f ind the l a rges t  subset of data points whose mean r a d i a l  
v e l o c i t i e s  a r e  within two Doppler spec t ra l  points of each other.  The t o t a l  
number of spec t ra l  points i n  the  Doppler ve loc i ty  spectrum i s  64; the window of 
acceptable data  i s ,  therefore,  one-sixteenth of the t o t a l  r a d i a l  veloci ty  in- 
t e r v a l ,  I f  the l a rges t  subset i s  four  or more, the average of t h i s  subset i s  
taken as  the  mean r a d i a l  ve loc i ty  during the 48-min observation period. I f  the  
l a rges t  subset i s  l e s s  than four ,  the data a r e  discarded and no wind component 
i s  computed f o r  t h a t  height. I f  there  i s  more than one subset with the same 
( l a rges t  number of data points ,  then the subset containing measuranents c loses t  
t o  the end of the data-acquisit ion period i s  accepted. Both the u and v com- - ponents must y ie ld  an acceptable subset t o  ca lcula te  wind speed and di rect ion.  
The width of the ve loc i ty  window corresponds t o  a horizontal  wind speed of 7.3 
m/s f o r  the  3-us pulse mode and 8.7 m/s f o r  the 9-us mode. This algorithm has 
proved e f f e c t i v e  fo r  r e j ec t ing  data  contaminated by a i r c r a f t  and fo r  r e j ec t ing  
da ta  when the signal-to-noise r a t i o  i s  so low tha t  the se t  of twelve estimates 
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Figure  1. Loca t ion  of r a d a r  wind P r o f i l e r s .  
Data a r e  t r a n s m i t t e d  by telephone t o  a 
c o n t r o l  computer l o c a t e d  a t  t he  WSFO a t  
Denver. 

Figure. 2 ,  Hour1 y sequence of wind obse rva t i ons  
wi th  3-us pu l s e s  (L) and 9-us pu l s e s  (B) .  
The i d l e  per iod  i s  f o r  network communications. 
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Figure  3. Deta i l  s  of temporal averag ing  du r ing  
t h e  3-us ("LOW") mode and 9-us ('BIGH") mode 
of opera t ion .  



of r a d i a l  v e l c c i t y  a r e  e s s e n t i a l l y  uniformly d i s t r i 1 ) u t e d  over. the  4gcluist 
v e l o c i t y  i n t e r v a l .  

To s e e  how t h i s  a l g o r i t h m  f u n c t i o n s  i n  t h e  case of no atmospl~c-r ic  s i g n a l ,  
and because an a n a l y t i c  s o l u t i o n  f o r  t h e  p r o b a b i l i t y  of o c c v t r m c e  c! t h ~  
l a r g e s t  s u b s e t  was n o t  obvious,  we s intulated t h e  rrrf orrna1lrr. TI*(, 1~l-ol~: tbi l i ty  
p  t h a t  e x a c t l y  k v a l u e s  w i l l  b e  i n  t h e  d a t a  w i ~ d o w  i s  t h e  fo l luwjng:  

The p r o b a b i l i t y  i s  z e r o  t h a t  t h e  l a r g e s t  subse t  i s  z r r o  because t l ~ r  c l p o r i t l m ~  
c e n t e r s  t h e  window on  each measured d a t a  po in t  t o  cosnt  the n i ~ b s ~ t .  l'lir proba- 
b i l i t y  t h a t  t h e  l a r g e s t  subse t  i s  g r e a t e r  than sc'verl 4.s too  low t o  m,::1.ilire by 
s imula t ion .  I f  t h e  input  i s  n o i s e ,  t h e  prcbal) j l  i t y  tllnl t 1 1 ~  l a r p e n t  s u b s e t  i s  
f o u r  o r  more i s  0.119; i f  e s t i m a t e s  of t>ct1! 11 oncl v a r e  ntndr irr r ~ t l . i e n .  t!,e 
p r o b a b i l i t y  of  o b t a i n i n g  a  ' G a l i d "  wind e s t j i w t  9 j r: 0.01f:. \.ltln!r t l r o  r ~ r l a r  a t -  
tempts  t o  measure winds a t  h e i g h t $  wfirre t t ~ ~  p tn~!~nl , l~p~  i r .  n i q , l n !  j.: 1r11, wc~llr.  t o  
d e t e c t ,  t h e  l a r g e s t  s u b s e t  i s  usual  3y two or I ;  I : i I I r I :  t h ~  
r a d i a l  v e l o c i t y  e s t i m a t e s  a r e  u r~ i formly  di .~trSh*1ter l ,  :IS + l l ~ . y  i * ~ , s l  f(?r t h i s  + 

a l g o r i t h m  t o  f u n c t i o n  proper ly .  

W F  RADAR PERFOWANCF: 

The Colorado Network r a d a r  c have clm:11311::l : ~ t  PC! t . l i :~ t c n n  t ; I I I ! . ~ * : ~ .  I ~ P I I ~ ?  y 
averaged wind p r o f i l e s  could bcl pl csv.i c1~d 1.y n r1;ll.i or~ri 1 i>nf  T ! ~ , ~  1 t,f 1 orln--r v i  t h  
a u t o u a t e d  a n d .  unat tended opr rn t ic ' r~ .  . Fig~l!  e !I s l ~ o ~ s  a t?:ictl>Jv - r  i lor. l r ~ * t ~ . l y  
averaged winds measured' by t h e  VHF radrrr. a t  1'1 R ~ I ~ I I ~ .  (, Stn"v r11' tll,? p r t ~ b !  ens 
t h a t  a r e  apparen t  w i t h  t h e  d a t a  fro111 OGOO L O  1.500 Cf.11: 011 Frh. 2 4 ,  I?Ch: a.1-c 
d i s c u s s e d  below.) The d e t a i l s  t h a t  can he  o b s ~ r v s t l  clnr5!ig CvelLto r:11ct1 as  
f r o n t a l  passages g i v e  a  temporal and s p a t i a l .  pict ~ lrc  of tlic. f lo r r  ficlr?!: t i t a t  i s  
n o t  p r e s e n t l y  a v a i l a b l e  t o  t h e  o p e r a t i o r ~ ~ l  m e t e o r o l o g i s t s .  Wllotlrer f h j s  p i c t u r e  
can l e a d  t o  improved wea ther  f o r e c a s t i n g  i s  a qrlret i o n  that. mtlnt be n i ~ s v c r e d  
b e f o r e  an o p e r a t i o n a l  network i s  pursued;  b o r i ~ v r r ,  t h e  i n t . n ~ r ~ t  i n  1;-1rh d z t a  
by commercial a v i a t i o n  i s  obvj.ous. 

An impor tan t  q u e s t i o n  i n  t h e  desiyri of a t r o p o s p h s r i c  wir lc l  P r o f i l e r  i s  
t h a t  of s e n s i t i v i t y :  given a d e s i r e d  i l e i g l ~ t  r t , ' ; o l ~ ~ t  i crn, an a-q~rnpirtr: t J m r b  f o r  
t h e  wind d a t a ,  t h e  maximum he igh t  d e s i r e d ,  end rllo f ?  ?ct i on  of t l ~  tip< tho  
winds must be  measured, how s e n s i t i v e  must the radar b-? 1r.r VMF 7 - ; l , l : ~ r .  t l ~ c  
answer t o  t h i s  q u e s t i o n  determines the  average  t7.n~ smit tpd ror;fbr rnrl t.r+ er t j -ve  
antenna a r e a  requ i red .  The,VBI: r a d a r s  i n  t h e  CoJorndo Uetttvrl. Itavc n no~7t.r- 
a p e r t u r e  product  of 106 w-rnl: 400 W of a v r t  ;lgr, ! I  : ~ t l c ~ ~ ~ i t t r d  I ~ ~ * V C T  a1111 a 
50 m x 50 m antenna.  F i g u r e  5 sllows 111.- r r l r r l l t a p ~  c.f I t n . * t .  ~ I I -  l.:ljr C I P P ~ :  r a d a r  
was a b l e  t o  measure hour ly  winds a s  n f tul- t ion of I~. ight .  'Vlln syoares  C ? ~ E  t h e  
d a t a  p o i n t s  f o r  t h e  3-11s pu lse  mode, ant1 t h e  c i r c l v . :  q r P  tl!!. d a t a  for the  9-us 
mode. Both t h e  u  and v  wind components passed t h e  randor1 satnple consensus 
t e s t ,  d e s c r i b e d  i n  t h e  f i r s t  s e c t i o n ,  f o r  t h e  prrcen~;lp.o nf r i a e  shown ( a s  2 

f u n c t i o n  of h e i g h t ) .  The d a t a  a r e  from 450 prof  j l  PS ( f o r  each p u l s c  a-d:)) ob- 
t a i n e d  from Nov. 1 2  t o  Dec. 1 2 ,  1983. IJe do qcrt h a v r  ~ J I P P ~  s t a t i s t  i c n l  r n q l l l t s  
from a l l  t h e  d a t a ;  i n  g e n e r a l ,  we expect  tlip s:lrun t i r ~ * r l  a s  c l ~ ~ i v n  j17 I ; ~ ~ : . I I Y ~ ~  5 ,  
b u t  t h e  r a p i d  decrease  i n  h e i g h t  coveragp thnl  s ta t  I .: : ~ t  , I ~ J ~ ~ T I  !5. 1-11> !(I--I's mode) 
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Figure 4. Sanple of hourly averaged winds measured by the 6-n wavelength 
radar a t  Fleming. . 

Figure 5. Percentage of time the 6-m 
radar  a t  Lay Creek was ab le  t o  mea- 
sure  wlnd p r o f i l e s  with a 3 - l .~  pulse 
(squares) and a 9-vs pulse ( c i r c l e s ) .  
Power aper ture  product i s  the same 
f o r  both modes. Data shown a re  from * 
450 p ro f i l e s  measured from Nov. 12 
to  Dec. 12, 1983.- Twelve p r o f i l e s  
a r e  measured during each hour; four  
o r  more must pass the consensus t e s t .  zfi.o 0.0 20.0 60.0 
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fo r  the winter data w i l l  probably s t a r t  a t  about 14 km f o r  summer data. The 
decrease i n  percentage coverage a t  about 12 km i s  due t o  s ignal  dropout i n  the  
core of a j e t  stream t h a t  was over the Network during t h i s  period. No syste- 
matic data  ana lys i s  has been performed t o  s o r t  cut  the d i f fe ren t  meteorological 
regimes. 

Figure 6 shows what percentage of the da ta  would have passed the random 
sample consensus i f  the algorithm had required t h a t  8 or more of the 12 obser- 
vat ions  be i n  the l a rges t  subset. The decrease i n  percentage a t  about 5 km 
a l t i t u d e  (3-ps mode) i s  probably a r e s u l t  of moving c l u t t e r ,  such as  automobile 
t r a f f i c ,  which would tend t o  cause the da ta  system t o  se lec t  a f a l s e  veloci ty ,  
whereas f ixed  c l u t t e r  i s  r e j ec ted  ( t o  a l a rge  extent)  by the data processing. 
Figure 7 shows the percentage of the u (squares),  v ( c i r c l e s ) ,  and both u and v 
( t r i a n g l e s )  components t h a t  pass the consensus. We believe the  di f ference i n  
the  u and v data  r e f l e c t s  the di f ference i n  radar  s e n s i t i v i t y  (separate  trans- 
mi t t e r s ,  receivers ,  and antennas) r a t h e r  than a difference i n  radar  ref l ec t iv i -  
t Y  

The accuracy of the wind measuzenent i s  d i f f i c u l t  t o  a s sess  because there 
i s  no reference or standard ava i l ab le  f o r  comparison. We bel ieve  the major 
l imi ta t ion  on the accuracy of the hourly averaged winds l i e s  i n  the  assumption 
t h a t  the v e r t i c a l  winds averaged over an hour a r e  negligible.  I f  the v e r t i c a l  

' 

winds a r e  negl ig ible ,  then a worst-case accuracy can be found by examining the  
data-averaging algorithm; i f  we have but four  measured data points i n  the  
l a r g e s t  subset,  and they a r e  uniformly d i s t r ibu ted  over the ve loc i tg  window, 
then the  variance of the consensus-averaged u or v w i l l  be = 1.3 m /s  2. I n  
general ,  the variances of u and v w i l l  be l e s s  than 1 m 2 / s 2  because the re  
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Figure 7.  Percentage of time the 6-m 

: radar was ab le  t o  measure u (squares),  
0.0 Z0.0 40.0 60.0 80.0 ,,., v ( c i r c l e s )  and both u and v ( t r i -  

PERCENT PRS5 1NG angles) with the 3-ps mode. Same 
data  as i n  Figure -5. Four or more 

Figure 6. Sme as Figure 5 but 8 or more must pass the consensus t e s t .  
of the 12 p r o f i l e s  must pass the consensus 
test.. 



a r e  usually more than four estimates i n  the average and they a r e  not uniformly 
d i s t r i b u t e d  i n  the window. The s p a t i a l  and temporal consistency of the wind 
p r o f i l e s  indicates  t h a t  the variance of the estimates of hourly averaged winds 
i s  much l e s s  than 1 m2/s2. 

VHF RADAR PROBLEMS 

Same of the problans encountered with the  VHF radars  i n  the Colorado Net- 
work a r e  associa ted with the p a r t i c u l a r  hardware implementation we used and some 
a r e  the r e s u l t  of VHF operation. 

Problems associated with VW operation: 

(1) Frequency a l loca t ions  are  d i f f i c u l t  t o  obta in  a t  VHF. The frequency 
a l loca t ion  for  the Colorado Network i s  on a noninterference bas i s  
with another user. 

(2) Even when frequency a l loca t ions  a r e  obtained, the authorized band- 
width l i m i t s  the height r e so lu t ion  of the radar. The bandwidth 
authorized fo r  the Colorado Network i s  400 kHz, so the bes t  height 

. r e so lu t ion  i s  about 400 m. 

(3) The weakest s ignal  t h a t  can be detected by the  VHF radars  i s  about 
-145 dBm. It i s  d i f f i c u l t  t o  avoid in terference from the many com- 
munications systems t h a t  operate a t  nearby frequencies. We have had 
occasional in terference problems with a l l  our QlF systens. 

(4)  A remote s i t e  with an ac re  or more of l w e l  ground i s  required. We 
selected our VHF radar  s i t e s  i n  r u r a l  Colorado t o  be a t  l e a s t  10 
miles from small towns or a i r p o r t s ;  s i t e s  were r e l a t i v e l y  easy t o  
f ind ,  and a l l  the s i t e s  a r e  r e l a t i v e l y  f r e e  from moving c l u t t e r .  ' 
Howwer, the renote locat ions  can lead t o  problems with primary power 
and telephone service.  The radar s i t e  a t  Lay Creek has had yery un- 
r e l i a b l e  power; power outage occurred several  t i n e s  per week during 
the  thunderstorm season. The computer a t  t h a t  s i t e  had t o  be modi- 
f i e d  so it could be r e s e t  by telephone. (All systens se l f - s t a r t  
a f t e r  power f a i l u r e  unless the power renains off  f o r  more than 30 
min; i f  t h i s  happens the  computer must be reset .)  The s i t e  near 
Craig has a l so  had telephone problens; when telephone service i s  in- 

. terrupted,  r u r a l  locat ions  a r e  the  l a s t  t o  be restored.  Note i n  
Figure 4, fo r  example, da ta  fo r  the 3-us mode was l o s t  during t e l e -  
phone transmission a t  1500 GMT on Feb. 24, 1984. 

Problems r e l a t e d  t o  our p a r t i c u l a r  hardware: 

(1) The minimum height t h a t  can be measured i n  the 3 7 s  pulse mode i s  
about 1.7 km AGL. I t  should be poss ible  t o  measure winds below 1 km 
AGL, but the combination of recovery time of the t ransmit / receive  
switch and switching t r ans ien t s  l i m i t s  the minimum height. 

6 2 (2)  The power-aperture product of 10 W-m does not always permit 
hourly wind measurenents a t  a l l  heights of i n t e r e s t .  In  pa r t i cu la r ,  
the  core of the j e t  stream i s  a region of poor signal-to-noise r a t i o  
where s ignal  dropout occurs. Note the data dropout a t  about 300 mb 
from 0600 to  1600 GMT on Feb. 24, 1984, i n  Figure 4. Whether t h i s  i s  
a ser ious  problem t h a t  needs to  be corrected by increased average 
transmitted power or increased antenna aper ture  must be determined by 
the users. 

(3) Colinear-coaxial d ipole  a r rays  provide a low-cost, large-aperture 



antenna. Their r ad ia t ion  pa t t e rns  a r e  not of high qua l i ty ,  and an- 
tenna sidelobes have caused some problems. The enhanced echo ob- 
served with VHF zenith-pointing radars  can sometimes be strong enough 
t o  be observed through an antenna sidelobe. This spurious s igna l  
from the zeni th ,  i f  i t  is  strong enough, can cause the veloci ty  e s t i -  
mate for  tha t  height t o  be near zero. We bel ieve  t h i s  i s  the expla- 
nat ion fo r  the group of wind vec to r s  t h a t  show onLy west winds near 
300 mb from 0600 t o  1400 GMT on Feb. 24, 1984 (Figure 4). The north- 
pointing antenna measured almost zero r a d i a l  veloci ty .  The signal- 
to-noise r a t i o  of the turbulence echo i s  low i n  t h i s  region (note 
the  dropouts discussed above), so it could be smaller than the specu- 
l a r  s ignal  observed through an antenna sidelobe. The miin lobe of 
the  antenna points 15 degrees off-zenith; a pointing angle change t o  
d i r e c t  an antenna pat tern  n u l l  toward zeni th  could reduce the  number 
of times t h i s  occurs. Other spurious echoes occur occasionally,  but 
t h e i r  o r i g i n  cannot always be ident i f ied .  A higher-quality illumina- 
t i o n  pa t t e rn  would no doubt e l iminate  some of them. 

( 4 )  We have operated the  radars a t  renote  s t a t ions  (one s i t e  i s  an 8-h 
d r ive  from the laboratory) i n  an unmanned and automated mode. The 
remote locat ions  cause maintenance problems, pa r t i cu la r ly  with hard- 
ware tha t  has not been through development and t e s t s  f o r  long mean 
times between fa i lu res .  Most of our problems a r e  associa ted with . 
high-voltage/vacuum-tube t r ansmi t t e r s ;  the problems a r e  easy t o  cor- 
r e c t  and the radar i s  usually returned t o  operation a short  time 
a f t e r  someone reaches the  s i t e .  We have r e l a t i v e l y  unski l led  loca l  
people ava i l ab le  t o  correct  problens t h a t  can be diagnosed by te le-  
phone, and they have been very valuable i n  saving time and t r ave l .  
However, successful  operation of a network of P r o f i l e r s  t h a t  operate 
unmanned requires t h a t  ski1 led personnel make rout ine  v i s i t s  f o r  pire- 
ven ta t ive  maintenance ; i n  our year of operation we have responded t o  
prnblens r a the r  than t ry ing t o  prevent them. 

All  of the problems associa ted with our pa r t i cu la r  hardware implenentation 
can be solved, so we conclude t h a t  a network of WF wind Prof i l e r s  i s  f e a s i b l e  
provided t h a t  the fmdamental const ra ints  of frequency a l locat ions ,  bandwidth, 
and interference,  imposed by WF operation, do not unduly compromise the 
measurement objectives.  

UHF RADAR OPERATION 

Th+ 915-MKz (33-cm wavelength) radar  was i n s t a l l e d  near the Weather Service 
Forecast Office a t  Denver's Stapleton In te rna t iona l  Airport i n  January of 1983. 
Unlike the renote VHF radars ,  which have been operated i n  the  same mode since 
they were b u i l t ,  the UHF radar  ha$ operated i n  many d i f f e r e n t  modes f o r  specia l  
experiments and comparisons with other instrunients, When i t  i s  used f o r  wind 
p ro f i l ing ,  the data processing and s ignal  averaging a r e  the same as  f o r  the 
VHF radars. The UHF radar  uses pulse widths of I-, - and 9-u with corre- 
Gpon ing verage power-aperture products of 1.1 r loi, '2.6 x 10'. and 4.5 B 2 x 10 W-m . Observation of u, v ,  and w wind components i s  sequent ia l ,  not 
simultaneous. Hourly averages of 12 observations a r e  made i n  each antenna 
pos i t ion  and with each pulse width. 

Figures 8-10 i l l u s t r a t e  the height coverage of the UHF radar.  These 
f igures  show the r e s u l t s  of 415 p r o f i l e s  ( fo r  each pulse width) acquired from 
Nov. 5 t o  Nov. 23, 1983. Circ les  show the north antenna data ,  squares show the 
eas t  data ,  and t r i ang les  show the percent of the p r o f i l e s  where both the north 
and eas t  data  passed the consensus. Figure 8 shows data  fo r  the 1-1.1s pulse 
mode with a l a rges t  subaet required of 5 'or more of the 12 observations. The 



Figure 8. Percentage of time the UHF radar  
was a b l e  t o  measure hourly averaged winds 
i n  the  l-us pulse mode. East component 

"4:O 
(squares 1, north component ( c i r c l e s ) ,  and 
both components ( t r i ang les  ) passed the 
consensus t e s t  with 5 o r  more of 12  p r o f i l e s  
i n  the l a rges t  subset. Data a r e  from 415 
p r o f i l e s  obtained Nov. 5 t o  Nov. 23, 1983. 
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radar  i s  located a t  1.6 km MSL; the  f i r s t  range gate  i s  about 350 m AGL. Data 
a r e  sampled every two-thirds of a microsecond o r  about every 100 m i n  height 
t o  about 4.3 Ian MSL. The consensus algorithm shows the problems caused by 
c l u t t e r  i n  the  lowest e ight  range locat ions  (1.9-2.7 km MSL). The abrupt de- 
crease i n  percentage passing a t  2.6 km i s  caused by t r a f f i c  on a nearby in ter-  
s t a t e  highway; moving c l u t t e r  cannot be eliminated i n  the Doppler spectrum as  
r ead i ly  a s  f ixed  c l u t t e r .  The signal-to-noise r a t i o  of the atmospheric s c a t t e r  
i s  higher a t  these lower a l t i t u d e s  than i t  i s  a t  the upper heights where the 
winds a r e  measured nearly a l l  the time. The c l u t t e r  i s  strong enough t o  impair 
the  a b i l i t y  of the radar t o  measure winds i n  the  lowest 1.1 km AGL. Figure 9 
shows the  3-us pulse data when the l a rges t  subset required i s  e ight  or more. , 
Figure 10 shows the corresponding data fo r  the 9-us pulse mode. The increased 
height coverage with 9-us pulses as  compared with the height coverage with 3- 
U s  pulses i s  much l e s s  pronounced f o r e t h e  UHF radar  than f o r  the VKF r ada r  

3 ! 1 I 1 
. 0 20 4 0 . 6 0  80 00 
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Figure 9. Same a s  Figure 8 except the Figure 10. Same as Figure 8 except 
data  a r e  obtained with a 3-us pulse the data a re  obtained with a 9-us 
and a l a rges t  consensus requirement pulse and a l a rges t  consensus re- 
of 8 of 12 prof i les .  quirement of 8 of 12 p ro f i l e s .  



(Figures 5 and 6). A t  the 60% passing l eve l ,  the 9-us pulse mode only in- 
creased the height coverage by about 1 lan f o r  the UHF radar. For the UHF radar  
the  poweraper ture  product of the 9-ps mode i s  6 dB greater  than the 3-us mode, 
but for  the VHF r ada r s  i t  i s  the same so the  height coverage di f ference i s  a l l  
the more dranat ic .  We bel ieve  the f a i l u r e  of the increased s e n s i t i v i t y  of the 
9-118 mode t o  increase the height coverage of the W F  radar  i s  an ind ica t ion  t h a t  
the  inner s c a l e  of turbulence i s  l e s s  than hal f  the radar  wavelength a t  10 km 
MSL o r  below i n  a t  l e a s t  some meteorological conditions. The 33-cm radar  can 
measure winds t o  14 lan MSL i n  some cases, but i t s  wavelength may be too short  
f o r  rout ine  tropospheric coverage. We a r e  comparing the r e f l e c t i v i t y  p r o f i l e s  
of the  33-cm radar  with those measured by a colocated 10-cm radar t o  attempt t o  
iden t i fy  how the inner  sca le  of the i n e r t i a l  subrange l i m i t s  the measurement 
height a t  these two wavelengths. 

UHF R A W  PROBLPlS 

Problems associated with using UEF r ada r  for  wind p ro f i l ing :  

(1) The height coverage of the UHF r ada r  may be l imi ted more by the 
s c a t t e r i n g  mechanism than by s e n s i t i v i t y  (poweraperture/noise ten- 
pera ture)  considerations. 

(2) Clouds and p rec ip i t a t ion  detected from antenna sidelobes can be 
s t ronger  than the r e f r a c t i v e  turbulence s ignal  from the main lobe. 
Although t h i s  has no doubt occurred with our 33-cm radar ,  we do not 
have a procedure t o  iden t i fy  when it happens. 

Problems encountered t h a t  a re  r e l a t e d  t o  our pa r t i cu la r  UEF hardware im- 
plementation: 

(1) A major a i rpor t  i s  an extremely poor choice f o r  a s i t e  f o r  a sensi- 
t i v e  c lear-a i r  radar. The ground c l u t t e r  i n  the lowest 1.1 m height 
impairs our a b i l i t y  t o  measure winds close t o  the surface. The c lu t -  
t e r  pawer doea not sa tu ra te  the receiver  or data system, so i t  would 
be much more to le rab le  i f  it was not caused pa r t ly  by moving t a rge t s  
(automobiles, a i r c r a f t  taxi ing and f ly ing) .  

(2)  The only compnent f a i l u r e s  i n  a year of operation a r e  the mechanical 
r f  switches t h a t  se lec t  the antenna pointing di rect ion.  They a re  
being replaced with another type of switch with a longer r a t ed  l i f e  
time. 

(3) The maximum power-aperture product avai lable  i s  8 x 104 ~ m 2 ;  the 
height coverage expected with t h i s  radar  i s  l e s s  than expected with 
the VKF radars. 

The UHF radar  uses the same data processing a s  used with the VHF ra- 
dars ,  However, the VHF radars  r equ i re  5 or 6 s t o  acquire the time 
s e r i e s  of radar r e tu rns  needed t o  ca lcu la te  a 64-point Doppler ve- 
l o c i t y  spectrum whereas the UHF r ada r  acquires the same data  i n  about 
two-thirds of a second.  he dwell time i s  proportional t o  the radar  
wavelength.) Therefore, software power spec t ra l  ana lys i s  does not 
represent  a serious overhead time (about 1 s )  fo r  the VHF radars ,  but 
it ser iously  reduces the incoherent in teg ra t ion  time avai lable  fo r  
the  UHF tadar.  

A zenith-pointing antenna pos i t ion  i s  included i n  the UHF radar ,  be- 
cause the sca t t e r ing  from hydrometers can exceed t h a t  from r e f r a c t i v e  
turbulence, and therefore  a correct ion fo r  p a r t i c l e  fa l lspeeds  must 
be made during p rec ip i t a t ion .  The correct ion has not been imple- 
mented. 



(6)  We have observed occasional in t e r fe rence  from other  t ransmit ters .  A 
request  has been made t o  s h i f t  t ransmit ted  frequency t o  between 910 
and 915 MHz t o  solve  t h i s  problem. 

WIND MEASUREMENTS WITfI FIXED-BEAPl DOPPLER RADAR 

The rada r  wind P r o f i l e r s  i n  the Colorado Network a r e  fixed-pointing 
systems wi th  two o r  three  pointing d i r ec t ions .  The two-bean systems have 
orthogonal viewing d i r e c t i o n s  a t  15 degrees off-zenith;  the  three-bean sys tans  
a l s o  have a zenith-pointing posi t ion .  The choice of e l eva t ion  angle and the  
method of wind measurement i s  discussed by STRAUCH e t  e l .  (1984). 

The meteorological  assumptions needed t o  measure hourly averaged horizon- 
t a l  wind p r o f i l e s  with a two-bean system a r e  ( a )  the  e r r o r s  cause by v e r t i c a l  
ve loc i ty  w i l l  be neg l ig ib le ;  and (b) the  hor izonta l  wind components, measured 
a t  separated volumes i n  space, a r e  r ep resen ta t ive  of the mean wind a t  the radar  
location.  Ver t ica l  ve loc i ty  a t  the measurement volume causes an e r ro r  i n  the  
measured hor izonta l  wind component of w tan (3 (rn/s) where w i s  the v e r t i c a l  
wind and Oe i s  the e levat ion point ing angle. %or the Colorado radars  we must 
assume w < 0.25 m/s f o r  an hourly average i f  the e r ro r  i n  the  hor izonta l  com- 
ponent i s  t o  be l e s s  than about 1 m/s. The representa t iveness  assumption ap- 
p l i e s  when the hor izonta l  components a r e  combined and sa id  t o  be the vector  
wind a t  t he  radar  location.  The di f ference  i n  the  wind a t  the  measurement vol- 
ume and a t  the radar  i s  (grad ui) (h)  cotan Oe where h i s  the  measurement 
height and grad ui i s  the inean gradient  of the  wind component i n  the d i rec-  
t i o n  t h a t  the component i s  t rans la ted .  Gradients normal t o  the  t r a n s l a t i o n  di- 
r e c t i o n  do not  en te r  i n t o  the  wind ca lcu la t ions ;  nevertheless,  a t a c i t  assump- 
t i o n  of a loca l ly  uniform wind f i e l d  under l ies  the two-bean measurement tech- 
nique. It i s  important t o  note  tha t  v e r t i c a l  wind causes e r r o r s  i n  the  
measured hor izonta l  wind components. Horizontal gradients  do not introduce an 
e r r o r  i n  the  hor izonta l  wind component a t  the  measurenent location.  I n  some 
app l i ca t ions  the wind components would be assigned t o  t h e i r  ac tua l  locat ions  sb 
t h e r e  would be no e r ro r  from hor izonta l  gradients.  

The meteorological assumptions needed t o  measure hourly averaged winds 
with a three-bean systen a r e  t h a t  hor izonta l  gradients  of w w i l l  cause negli-  
g i b l e  e r r o r s  and t h a t  the wind components measured a t  separated volumes can be 

- combined t o  form a vector wind. Horizontal wind accuracy of about 1 m/s re- 
qu i re s  t h a t  (grad w )  (h) cotan Oe be l e s s  than 0.25 m / s .  The assumption of 
a loca l ly  uniform wind f i e l d  i s  unchanged with the addi t ion  of a t h i r d  bean. - - - A  The t h i r d  bean adds r e l a t i v e l y  l i t t l e  t o  the a b i l i t y  of the r ada r  t o  measure 
hourly averaged hor izonta l  winds. The zeni th  bean provides a d i r e c t  measure- 
ment of w, and i t  measures the temporal sca le  of v e r t i c a l  f luc tua t ions  so i t  
can ind ica te  the temporal averaging period needed t o  reduce v e r t i c a l  motion 
contimination of hor izonta l  measurements. The two-beam system w i l l  have sig- 
n i f i c a n t  e r r o r s  i n  the measured hor izonta l  components i f  the period of v e r t i c a l  
ve loc i ty  per turbat ions  i s  long compared with the averaging time; the  three-bean 
system allows a correc t ion f o r  t h i s  long-term v e r t i c a l  motion but only i f  the 
s p a t i a l  wavelengths of w a r e  l a r g e  compared with the separa t ion of the measure- 
ment volumes. Correction of the  hor izonta l  winds f o r  v e r t i c a l  motion on a 
short-term b a s i s  (wind components a r e  measured every 2 min i n  the  VHF sys tens)  
does not seem poss ib le  because the measured v e r t i c a l  motion cannot be r e l a t e d  
t o  the  v e r t i c a l  motion where the hor izonta l  winds a r e  measured without some 

- knowledge of the s p a t i a l  wavelengths of w. Perhaps the  g r e a t e s t  value of the 
zeni th  bean i s  t h a t  a t  VHF the  v e r t i c a l  bean can measure the height of the  
tropopause (GAGE and GREEN, 19821, whi le  a t  shor t e r  wavelengths the v e r t i c a l  
bean can allow a correc t ion f o r  f a l l speed  of p a r t i c l e s  i n  widespread precipi ta-  
t ion.  



The Colorado Wind-Profiling Network operates continuously and unattended; 
it automatically measures hourly average v e r t i c a l  prof il es of the hor izonta l  
wind and sends these data  t o  a cen t ra l  control  computer. Experience with the 
r ada r s  has shown t h a t  an operational network of wind Prof i l e r s  i s  feas ib le .  We 
be l i eve  t h a t  t h i s  network could use radar  wavelengths i n  the  range of 0.7 t o  7 m 
(40 t o  400 MHz). The wavelength choice would depend on avai lable  frequency 
a l loca t ions  and the data  requiranents. 

' The cooperation and ass i s t ance  of the Atmospheric Dynamics Group of the  
Aeronomy Laboratory a r e  g ra te fu l ly  acknowledged. The VHF r ada r  techniques we 
have exploi ted  were developed i n  t h a t  group by Ben Balsley,  Warner Ecklund, and 
Dave Carter. Tony Riddle has a s s i s t e d  us i n  processing P l a t t e v i l l e  data ,  and 
Judy Schrueder obtained the  s t a t i s t i c s  on rada r  coverage. 
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_' C < - 
Mass exchange, mixing or  t ranspor t  i n  t h e  atmosphere involves r e v e r s i b l e  

processes,  i.e. any kind of organized motions such as  wave and large-scale 
flows,. and nonreversible processes, i.e. molecular and turbulent  d i f fus ion.  
Without evaluat ing i n  d e t a i l  t he  r e l a t i v e  e f f i c i ency  of these processes, it 
s h a l l  be attempted here  to  summarize those phenomena which can be q u a l i t a t i v e l y  
(and eventually a l so  quan t i t a t ive ly )  observed with VHF radars.  We w i l l  only 
consider mixing i n  the  v e r t i c a l  d i r ec t ion ,  s ince  t h i s  appears t o  be the  es- 
s e n t i a l  par t  of t ranspor t  processes t o  which VHF r ada r s  can contr ibute  b e t t e r  
understanding. We w i l l  f i r s t  b r i e f l y  d iscuss  mixing processes i n  the  tropo- - 
sphere and t h e r e a f t e r  a l so  o u t l i n e  poss ib le  contr ibut ions  of WiF rada r s  t o  
study the  masf exchange proces6eS between the troposphere and s t ra tosphere .  
Transport i n  the  middle atmosphere w i l l  be b r i e f l y  summarized, since i t  is  i n  
p r i n c i p l e  s imi la r  to  t ranspor t  i n  the  lower atmosphere. 

The troposphere i s  the  por t ion  of the  neu t ra l  atmosphere which i s  more 
l i k e l y  t o  be convectively unstable  than other  a l t i t u d e  regions. Essen t i a l ly ,  
t he  v e r t i c a l  t ranspor t  i n  the  troposphere i s  due t o  the  convection processes, 
namely, thundtrclouds, As shown i n  Figure l a  (from WALLACE and HOBBS, 19771, 
up- and downdrdts  t ranspor t  subs tan t i a l ly  and very e f f i c i e n t l y  a i r  masses be- 
tween the bottom and top of the  troposphere. I n  Figure l b  (from ROTTGER, 1980) 
observations ,with a W I  radar  during the  passage of a thundercloud a r e  shown. 
These depic t  the turbulent ve loc i ty  a the echo power P (consis tent  with the ' 

r ada r  r e f l e c t i v i t y ) ,  and the mean ve rp ica l  ve loc i ty  W. The r i s e  of the  upper 
l i m i t  of the  power l eve l  from about 7 km t o  10 km a l t i t u d e  ind ica te s  the  r i s e  of 
the  cloud top up t o  the tropopause. Me n u ward v e l o c i t i e s  were almost 10 m 6-1 -1 and f luctuat i i ig  v e l o c i t i e s  several  m s . The q u a l i t a t i v e  s i m i l a r i t y  betweea 
Figure l a  and Figure l b  unveils  the c a p a b i l i t i e s  of WF radars  t o  inves t iga te  
the  dynamics of these convective processes and i t  i s  proposed t h a t  more work 
should be done fo r  deducing q u a l i t a t i v e  r e s u l t s  on entrainment and detrainment 
of a i r  masses i n  and around the  thunderclouds a s  wel l  a s  on v e r t i c a l  exchange 
of a i r  masses, 

The v e r t i c a l  t ranspor t  due t o  convection i s  very pronounced i n  the t ropic-  
a l  regions,  which e s s e n t i a l l y  dr ives  the  mean global c i r cu la t ion .  A s  shown i n  
Figures 2a and 2b (from BEITER, 19751, the ( v e r t i c a l )  flow pa t t e rn  changes mn- 
s i s t e n t l y  with la-t i tude and season. Since VHF rada r s  exh ib i t  a unique capa- 
b i l i t y  t o  measure v e r t i c a l  v e l o c i t i e s ,  a continuous opera t ion of a chain of VIlF 
radars  along a meridian would be  a s u i t a b l e  contr ibut ion t o  monitor the  mean 
v e r t i c a l  t ranspor t .  

Anather process,  gaining v e r t i c a l  mixing, i s  a c t i v e  turbulence generated 
by shear i n s t a b i l i t y .  Pronounced regions  of t h i s  c l ea r -a i r  turbulence a r e  
associa ted  with ve loc i ty  shears i n  j e t  streams. An example of t h i s  kind of - turbulence i s  shown i n  Figure 3, depic t ing the  v e r t i c a l  ve loc i ty  f luc tua t ions  

; measured with a VHF radar  (from ROTTGER and SCHMIDT, 1981). The intense v e r t i -  
I c a l  ve loc i ty  f luc tua t ions  (betwem 00 UTC and 09 UTC i n  the height region 8-12 
! km) occurred i n  connection with a j e t  stream associa ted  with a warm f r o n t  pas- 

, *presently a t  Arecibo Observatory. Arecibo, Puerto Rico, on leave from 
14ax-Planck-l1~sti t 111 f u r  Aeronomie , Lindau, IJ. Germany 



Figure la .  Schematic descr ip t ion of a cumulonimbus tower (from WALLACE 
HOBBS, 1977). 

2 JUNE 1978 

and 

Figure lb. Contour p l o t s  of v e r t i c a l  velor i  t y  M, power Y and ve loc i ty  f luc tua-  
t i o n s  %observed during the  overhead pa sage of a thundercloud. The contour 
l e v e l s  of W a r e  drawn i n  s t eps  of 1 m ;I. the gray shad d areas  a r e  upward 
v e l o c i t i e s .  The contour s t e p s  of P and 4 dB, and 2 m C' fo r  a W  (from 
ROTTGEP,, 1980). 



Figure 2a. 

. . .  * h y , k  . . ' . . ~ u & - ~ u g u n .  

- Figure 2b. Mean meridional c irculat ion (from REITER, 1975 1. 
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Figure 3. T h e  se r i e s  of v e r t i c a l  veloci ty  (W) f luc tua t ions  
during lo-min periods, following each f u l l  hour. One un i t  
of the z-axi i s  Az = 150 m, and a l so  corresponds t o  
w = 0.4 m (from ROTTGER and SCBHTM, 1981 1. 

sage. This i s  explained by the s e r i e s  of Figures 4a-4d (from LARSEN and 
ROTTGER, 1982). The mechanism of Kelvin-Helmholtz i n s t a b i l i t y  generating the  
c lear-a i r  turbulence was in tensively  invest igated with VHF radars  (e.g., RUSTER 
and KLOSTERMEYER, 1983). I t  i s  e n v i ~ g e d  t h a t  fu r the r  e f f o r t s  w i l l  take place 
such a s  the continuous monitoring of v e r t i c a l  veloci ty  f luc tua t ions  with VHF 
radars  t o  g e t  an improved s t a t i s t i c a l  climatology of c lear-a i r  turbulence, i t s  
connection t o  synoptic-scale disturbances,  and the associa ted v e r t i c a l  trans- 
por t  (see  example of Figure 5 (from ECKLUND and GAGE, 1981)). 

Convergences and divergences i n  synoptic-scale disturbances r e s u l t  i n  
changes of the flow pa t t e rn  a l s o  i n  the v e r t i c a l  d i rect ion.  This apparently 
occurs around the  j e t  stream and was measured with VBF radars  (e.g., GAGE e t  
al . ,  1980), and a l s o  on l a rge r  scales  due t o  nonhorizontal flow of warm and cold 
a i r  i n  the  f r o n t a l  systems, occurring i n  connection with synoptic-scale dis-  
turbances. This i s  shown i n  Figure 4b where the v e r t i c a l  veloci ty  changes i t s  
d i r e c t i o n  before and a f t e r  the passage of the f ront .  I n  f u r t h e r  VHF radar  ob- 
servat ions  one evidently has t o  evaluate  more d i s t i n c t l y  t h i s  kind of synoptic- 
sca le  v e r t i c a l  veloci ty  and i t s  impact on large-scale v e r t i c a l  transport .  A 
very promising attempt has already been made by NASTROM (1984). 
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Figure 4. ( a )  Ref l ec t iv i ty  contour plot .  Difference between contour l i n e s  i s  
2 dB. I n t e n s i t y  of shading corresponds t o  i n t e n s i t y  of echoes. (b) Contour 
p l o t  of v e r t i c a l  ve loc i t i e s .  Shading ind ica te s  downward ve loc i ty .  The in- 
t e r v a l  between contours i s  7.5 cm/s. ( c )  Contour p l o t  of wind speed with a 
contour i n t e r v a l  of 2.5 m/s. Shading ind ica te s  speeds g rea te r  than 20 m/e. 
The heavy s t ipp led  a r m s  correspond t o  missing wind data  due t o  under- 
sampling. (d l  Thermal s t r u c t u r e  and wind near f r o n t s  adapted from PALPIISN and 
NEWTON (1969). The heavy l ine-labeled TP corresponds t o  the  tropopause. The 
dashed l i n e s  a r e  the isotherms, and the  s o l i d  l i n e s  a r e  the  isotachs.  The 
j e t  i s  located  on the warm s i d e  of the  f r o n t  ju s t  below the  tropopause 
(from LARSEN and ROTTGER, 1982). 



W r  Flat, Alaska 
Nov-Dec 1979 

Vertical Wind Velocity (60 Mimule Avemge) 
1 " " 1 ' " " " 1 " 1 1 " 1 1  

Figure 5. Twenty-one-day record of hourly averaged v e r t i c a l  
v e l o c i t i e s  (from ECKLUNI) and GAGE, 1981). 

The preceding examples were y e t  only discussed i n  terms of t ranspor t  i n  
the  troposphere. As demonstrated by the VfIF radar  observations presented i n  
Figure 6, ' the troposphere i s  more turbulent ( l a rge r  f luc tua t ions  of v e r t i c a l  
ve loc i ty  W i n  the  troposphere below r.10 lcm) and wave s t ructures  occur i n  the 
more s t a b l e  stratosphere.  These a r e  obviously two regions of d i f f e r e n t  s t ab i l -  

- i t y ,  separated by the  boundary of the tropopause. The exchange of a i r  masses 
between the  troposphere and the  s t ra tosphere  i s  f a i r l y  important since it means 

- - -  - .  -- - -- t ranspor t  through a region of strongly increasing s t a b i l i t y ,  namely, the tropo- 
pause. There are  bas ical ly  the  following processes responsible fo r  the mass 
t r a n s f e r  betwear the s t ra tosphere  and troposphere (REITER, 1975): 

(1) t h e  seasonal adjustment i n  the height of the mean tropopause l e v e l ,  

(2) organized large-scale horizontal  and v e r t i c a l  motions expressed by 
the  mean meridional c i r cu la t ion ,  

(32 large-scale eddy t ranspor t ,  mainly i n  j e t  stream regions,  and 

(4) mesoscale and small-scale eddy t ranspor t  across  the tropopause . 
A l l  of these processes can be understood by studying the preceding f igures .  
REITER (1975) estimated t h a t  about 40% .of the v e r t i c a l  t ranspor t  i s  due t o  the 
Hadley c e l l  c i r c u l a t i o n  i n  the  t ropics ,  although v e r t i c a l  v e l o c i t i e s  i n  mid- 
and higher l a t i t u d e s  a re  a l s o  nornegl ig ible  (e.g., Figure 8) .  One has a l s o  t o  
consider t h a t  overshooting cumulonimbus towers (penetra t ive  convection) trans- 
por t  tropospheric a i r  i n t o  the  stratosphere.  Approximately 20% of mass ex- 
change i s  caused by large-scale eddies of synoptic-scale disturbances and as- 
socia ted tropopause breaks (compare Figure 7 with the VHF radar  observations 
presented i n  Figures 41, which can representa t ively  be detected with VHF radars.  
About 10% of mass f l u x  i s  estimated t o  be due t o  the seasonal changes of the 
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F igure  6. Wind speed U and d i r e c t i o n  cr and v e r t i c a l  v e l o c i t y  W i n  the  tropo- 
sphere  and lower s t r a t o s p h e r e  measured wi th  a VHl? radar .  

F igure  7. V e r t i c a l  c ross-sec t ion  of a  tropopause break ( a f t e r  REITER, 1975 ) . 
The shaded zone corresponds t o  the  reg ion  where s t r a t o s p h e r i c  a i r  i n t ruded  
i n t o  t he  upper t roposphere.  

tropopause he igh t ,  which a l s o  can be  monitored continuously by VHF r a d a r s  (e.g.,  
F igure  8) .  Although REITER (1975) es t imated  t h a t  small-scale and mesoscale 
t u rbu l en t  d i f f u s i o n  con t r i bu t e s  only very i n s i g n i f i c a n t l y  t o  the  v e r t i c a l  
t r a n s p o r t ,  i n v e s t i g a t i o n s  of WOODMAN e t  a l .  (1981) r e s u l t e d  i n  a  d i f f e r e n t  con- 
c lus ion .  It i s  a l s o  worthwhile t o  study i f  and how much the  wave motions ob- 
s e rvab l e  with the  VHF r a d a r s  (e.g., F igure  6 and Figure  8b)  c o n t r i b u t e  t o  ver- 
t i c a l  t r anspo r t .  

GELLER (1979) has reviewed the  dynamics of t h e  middle atmosphere i nc lud ing  
a l l  s c a l e s  of motions from the  mean zonal  f low down t o  small-scale turbulence.  
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- Figure 8b. (a) Tropopause measured with radiosondes (@I and by means of VHF 
r ada r  r e f l e c t i v i t y .  which a l s o  ind ica t e s  downward-sloping f r o n t a l  zones i n  

--- - - . .  _ - -  t h e  tropopause (upper diagram). I n  the lower diagram (b )  the  corresponding 
mean upward (shaded) and downward ve loc i ty .  measured with the SOUSY-VHF- 
Radar, a r e  shown. 
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AST AflHz 
Figure 9. Mesospheric turbulence l aye r s  ( l e f t  diagram) and t h e i r  spect ra ,  

measured wi'th a VHF radar  a t  the Arecibo Observatory. 



There i s  s t rong evidence now t h a t  gravity-wave motions and turbulence give  r i s e  
t o  enhanced d i f fus ion  i n  t h e  middle atmosphere ( e s sen t i a l ly  i n  the mesosphere), 
and VHF radars  a re  very  s u i t a b l e  too l s  t o  study these phenomena. One obta ins  
s t a t i s t i c s  of occurrence (see Figure 9 )  as  wel l  as  turbulence in tens i ty  and ve- 
l o c i t y  f luc tua t ions  from the Doppler spect ra  (see fo r  instance ROTTGER e t  al., 
1979; HOCKING, 1983; and many other  papers referenced there in) .  
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1.7A. COMPARISON OF TROPOPAUSE ALTITUDE DETERl4INATION BY THE PLATTEVILLE 
RADAR, SUNSET RADAR AND THE NWS RAWINSONDE 
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INTRQDUcr ION 

During the  month of Ifarch, 1981 the  Sunset and P l a t t e v i l l e  Radar and 
P l a t t e v i l l e  Radar were operated primarily with v e r t i c a l  antenna beans. These 
r ada r s  a r e  both VHl? ST (Stratosphere-Troposphere) radars.  The separa t ion be- 
tween them was 63 km, t he  Sunset s i t e  located  i n  the f o o t l i i l l s  of the  Rocky 
mountains and the  P l a t t w i l l e  s i t e  was i n  the  p la ins ,  j u s t  eas t  of the  moun- 
t a ins .  Both radars  were operated continuously fo r  about th ree  weeks with a 
time re so lu t ion  of a few minutes, Both made measurenents i n  the  4-20 km a l t i -  
tude i n t e r v a l  with an a l t i t u d e  sampling of 1.2 km. 

The purpose of t h i s  paper is t o  compare the est imation of the a l t i t u d e  of 
the  tropopause by these two rada r s  with the a l t i t u d e  of the tropopause derived 
from standard NWS rawinsondes. The r e s u l t s  of v e r t i c a l  wind measureaent f o r  
t h e  two rada r s  was presented i n  a e a r l i e r  paper (BALSLEY e t  a l . ,  1981) and a 
comparison of the r e f l e c t i v i t i e s  was presented i n  (GAGE e t  al . ,  1983). 

DES GRIPTION OF EXPERIMENT 

The two radar  systems used i n  t h i s  experiment a r e  located near the towds 
of Sunset and P l a t t e v i l l e ,  CO. Their r e l a t i v e  locat ions  a r e  indicated  on the 
map i n  Figure 1. Note t h a t  the s i t e  alignment i s  approximately east-west, i.e., 
i n  l i n e  with the prevai l ing  wind pat tern .  An ou t l ine  of the  p r o f i l e  of the 
ground surface  a l t i t u d e  on the  l i n e  between .the two s i t e s  appears a t  the bottom 
of Figure 1. The locat ion of both s i t e s  r e l a t i v e  t o  the cont inenta l  d iv ide  and 
the  beginning of the p la ins  region i s  evident:  Sunset i s  located  i n  the  foot-  
h i l l s  close t o  the divide,  while P l a t t e v i l l e  i s  s i tua ted  i n  xiore of a p l a ins  
enviromnent. Line-of-sight between the two radars  i s  about 63 km. 

System parameters f o r  both Sunset and P l a t t e v i l l e  a r e  given i n  Table 1. 
Both systems a r e  pulsed, VHF Doppler radars  operating a t  intermediate power 

a 

l e v e l s  which use phased a r rays  comprised of l i n e s  of coaxial-cable dipoles.  
More complete descr ip t ions  can be found f o r  Sunset i n  GREEN e t  a l .  (1979) and 
f o r  P l a t t e v i l l e  i n  ECKLUND e t  a l .  (1979). The Sunset and P l a t t e v i l l e  systems 
a r e  s imi la r ,  the  main d i f f e rence  i s  t h a t  the Sunset bean can be s teered elec- 
t r o n i c a l l y ,  while the P l a t t e v i l l e  beans a r e  f ixed.  

I n  t h i s  experiment both radar systems operated almost exclusively with 
v e r t i c a l l y  d i r ec ted  beans, the  exception being t h a t  Sunset performed a three- 
pos i t ion  scan every 12 hours t o  measure the hor izonta l  wind f i e l d  a s  we l l .  
This  procedure d id  not cause an appreciable de te r io ra t ion  of the v e r t i c a l  data.  

Data from both systens were processed i n  s imi lar  ways t o  a f fo rd  the bes t  
comparison. The time re so lu t ion  i n  the present data  se t  has been standardized 
by appropr ia te  computer averaging. Both radars  were sampled a t  a l t i t u d e  in- 
t e r v a l s  of 1.2 km. The Sunset radar  used a v e r t i c a l  r e so lu t ion  of 1 km and the  
P l a t t e v i l l e  r ada r  .used a v e r t i c a l  r e so lu t ion  of 2.4 km. 



Figure 1. Map of the  experimental drea. 

Table 1. Radar system parameters 

P l a t t e v i l l e  Sunset 

Transmitter Frequency 49.920 HHz 
Peak pulse power 15 kW 
Average power ' 133 W . 
Pulse v id th  1 6  11s 
Pulse r a t e  555 Hz 

40.475 tMz 
50 kW 

1.0 kW 
7 pa 
5.4 KHz 

- Receiver 

- . - 
Antenna 

Processing 

Noise f igure -4 3 dB -4 3 dB 
Bandwidth Matched t o  pulse width Matched t o  pulse width 
F i l t e r ing  (range gate) Bessel Gaussian 

Area . lo4 ? 3.6 x lo3 m2 
Beamwidth (two-way) % Z0 % 4.6' 
Direction Vert ical  Ver t i ca l  ( o c c a s i o d l y  oblique) 
Efficiency .39 .30 

Coherent averaging 256 pulse8 ( d i g i t a l )  210 pulses (analog) 
Spectral  resolut ion 64 points  256 points  
Doppler spec t ra l  1.1 Hz 12.8 Hz 

bandwidth 

RESULTS 

Figure 2 shows typ ica l  v e r t i c a l  p r o f i l e s  of S/N observed by both radars.  
The d i f f e rence  i n  the v e r t i c a l  resolut ions  of the radars  i s  evident i n  the 
g rea te r  d e t a i l  shown i n  the Sunset curve. The increase i n  s e n s i t i v i t y  of the 
P l a t t e v i l l e  radar  because of i t s  longer pulse length i s  evident i n  i t s  g rea te r  
a l t i t u d e  range. 

An ob jec t ive  technique f o r  determining tropopause a1 t i t u d e s  was presented 
in.  GAGE and GREDI (1982). This technique was used t o  determine tropopause 
a l t i t u d e  from both the Sunset Radar and P l a t t e v i l l e  Radar data se ts .  Figure 3 
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Figure 2. Ver t ica l  p r o f i l e s  of signal-to-noise 
r a t i o  observed by the Srolset and P l a t t e v i l l e  
r ada r s  ( a )  00 UT 17 March 1981 ; (b) 00 UT 
25 March 1981. 

. compares a time s e r i e s  of tropopause a l t i t u d e s  determined from both radars  and 
the  corresponding NWS Denver rawinsonde data. 

I n  Figure 3, it can be seen t h a t  the tropopause a l t i t u d e  determined from 
the da ta  from each of the two radars  a r e  i n  about the same agreement with each 
o the r  ae  with tha t  determined from the rawinsonde data. A t  the times when poor 
agreement i s  evident,  the a1 ti tude of the tropopause i s  changing rapidly  lea*- 
ing  open the p o s s i b i l i t y  t h a t  the observed' d i f ference i s  r e a l .  

Tropopause Height Comparison 
Sunset Radar x 
Platteville Radar 
Denver Radiosonde 0 

March 1981 

Figure 3. Comparison of tropopause heights determined from Sunset 
and P l a t t e v i l l e  radar data with tropopause heights determined from 
rou t ine  NWS Denver soundings. 
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Radar measurements of a 1  1 three  of the  atmospheric ve loc i ty  components by 
the  MST technique d a t e  from a l l  the pioneering work of WOOWAN and GUILLEN 
(1974). The radar  hor izonta l  v e l o c i t i e s  have been compared with other  standard 
measurements, such a s  radiosonde winds, i n  a number of s tudies  and a r e  now 
f inding widespread acceptance wi thin  the  meteorological community f o r  research 
and operat ional  forecas t ing purposes (e.g. LARSEN and ROTTGER, 1982 ; CARLSON 
and SUNQUARAMAN, 1982; LARSEN, 1983). Perhaps the s ingle  most in te res t ing  re- 
por t  recent ly  i s  t h a t  the MST p r o f i l e r  winds a r e  turning out t o  be one of the 
most useful pieces of data f o r  predic t ing upslope snowfalls (SCHLATTER, 1984) 
in ,  the cold-season forecas t ing study of the PROFS Progran (REYNOLDS, 1983). By 
contras t ,  t he  v e r t i c a l  v e l o c i t i e s  measured by MST radars  have received re la t ive -  
ly  l i t t l e  a t t en t ion ,  desp i t e  the f a c t s  t h a t  d i r e c t  continuous measurenent of 
v e r t i c a l  ve loc i ty  i s  unique (i.e., it cannot be done with radiosondes) and t h a t  
the  v e r t i c a l  ve loc i ty  i s  in t imately  linked with the dynamics of the etmosphere. 

Indeed, fo r  many forecas t ing app l i ca t ions  the v e r t i c a l  veloci ty  is the  
s ing le  most important va r i ab le ,  ye t  it i s  usually inferred ind i rec t ly  from other  
dynamical var iables .  The ST radars  now ava i l ab le  have fhe po ten t i a l  t o  change 
t h i s  s i tua t ion ,  and the next sect ion reviews some of the r e s u l t s  from v e r t i c a l  
ve loc i ty  measurements which have d i r e c t  appl ica t ion i n  synoptic-scale dynamics. 

I n  the t h i r d  %sect ion 1 consider some of the remaining research questions 
which should be addressed before plans a re  made t o  fu l ly  exploi t  t h i s  tech- 
nology. I n  the  f i n a l  section,  I discuss  a few po ten t i a l  appl ica t ions  of t h i s  
technology f o r  synoptic-scale analys is  and forecasting.  

-- - -- -- - - --L. 

By synoptic-scale, we mean tho- motion systems t h a t  operate on scales  
from several  hundred t o  a few thousand ki l tmeters ,  and w i l l  focus a t t e n t i o n  on 
than while r e a l i z i n g  t h a t  the re  i s  i n t e r a c t i o n  mong motion systems of a l l  
scales.  For example, j e t  stream and f r o n t a l  systems a r e  usually considered 
synoptic-scale f ea tu res ,  but the pr incipal  benef i t s  of v e r t i c a l  veloci ty  
measurements i n  these  cases seem t o  l i e  i n  understanding t h e i r  in te rac t ion  with 
smaller scales.  A s  reviewed by GAGE (19831, j e t  streams a r e  a locus fo r  turbu- 
lence  and i n t e r n a l  gravi ty  wave a c t i v i t y ,  and ST radars a r e  helping t o  def ine  
the  i n t e r a c t i o n  processes a t  work there.  Also, LARSEN and ROTTGER (1982) have 
reviewed the appl icat ion of ST radar  data,  including v e r t i c a l  ve loc i t i e s ,  t o  
the  study of f r o n t a l  passage events. Again, a primary use of the  v e r t i c a l  ve- 
l o c i t y  da ta  appears t o  be i n  studying the mesoscale processes along the  f r o n t a l  
boundary. However, the v e r t i c a l  veloci ty  da ta  may have appl icat ion on a l a rge r  
s c a l e  a s  wel l ,  as  seen next. 

Figure 1 (from LARSEN and ROTTGER, 1982) shows the sequence of events 
during a warm f r o n t a l  passage a t  SOUSY. The v e r t i c a l  veloci ty  ahead of the 
f r o n t  i s  c lea r ly  upward on the  average, while t h a t  behind the f r o n t  i s  down- 
ward, a s  expected. Eyeball averagifg the values i n  Figure l b  gives mean magni- 
tudes on the  order of 10 - 20 cm s , up or down, which a re  not a t  a l l  un- 
reasonable compared with c l a s s i c a l  models (PALMEN and NEWTON, 1969). 
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Figure 1 .  Frontal passage a t  SOUSY radar ( a f t e r  LARSEN and ROTTGER, 1 ° P 2 ) .  
( a )  R e f l e c t i v i t y ;  in terva l  2 d B .  (b) V e r t i c a l  v e l o c i t y ;  i n t e r v a l  7 . 5  cmfs; 
shading i n d i c a t e s  downward. ( c )  Wind speed; i n t e r v a l  2.5 m/s;  s t i p p l e d  i s  
m i s s i n g .  (d)  C l a s s i c a l  f r o n t a l  model. 



Time average values bf  the ST measured ver t ica l  velocity i n  Alaska, Colo- 
rado and France have been compared with ver t ica l  veloci t ies  computed by the 
adiabatic, kinematic, and quasi-geostrophic omega equation methods by NASTROM 
(1984) and NASTROM e t  al., (1984). Some of the resu l t s  (e.g. Figure 2 )  a re  
very encouraging, and suggest that  the ST radar data can provide re l iab le  
eatimates of the synoptic-scale ver t ica l  velocity over a station. The success 
of these comparisons under general synoptic conditions has not yet been demon- 
s t rated,  however, due t o  the s i t i ng  of the available ST radar stations. A l l  
radars a r e  located i n  or near rough, mountainous terrain. It has been estab- 
lished (ECKLUND e t  al., 1982; NASTROM e t  al., 1984) that  flow over mountains 
increases the variance of the ver t ica l  velocity, and may induce standing l e e  
waves. This meteorological "noise" can swcmp the synoptic-scale signal a t  , 

times a s  shown i n  Figure 3 from Pla t tev i l le ,  Colorado. Note tha t  P l a t t ev i l l e  
i s  east  of the Rockies. I n  the two panels i n  the lower r ight  of Figure 3, the 
wind was strong and from the west, and .the comparison i s  poor; i n  the two panels 
i n  the lower l e f t ,  the wind was from the east ,  across the plains, and the com- 
parison i s  good. I n  the top four panels, the s t a t i s t i c a l  standard error  of the 
mean (SE) i s  given by SE = a/&, where a i s  the standard deviation and N i s  the 
number of independent observations. When the winds are  from the east,  over the 
plains, a i s  re la t ive ly  small; SE i s  then small enough tha t  the visual compari- 
son looks encouraging. The important point i s  that ,  a t  P la t tev i l le ,  the radar 
can measure the synoptic-scale ve r t i c a l  velocity with acceptable error l imi t s  
under cer ta in  conditions. 

There were three ST radars ins ta l led  fo r  ALPEX, i n  France near the mouth 
of the  Rhone ( U S L E Y  e t  al., 19831, i n  a t r iangular  array about 5 km on a 
side. When the wind was from the south, off the sea, these radar resu l t s  a lso 
compared well qual i ta t ively with each other and with the indirectly computed 
ve r t i c a l  veloci t ies  (Figure 4). Although the quantitative comparisons a re  not 
always perfect, the values f a l l  within s t a t i s t i c a l  error  limits. Based on the 
available resu l t s ,  it appears tha t  ST radars can provide reasonable estimates ' 
of the synoptic-scale ve r t i c a l  velocity. 

VERTICAL VELOCITY (cm/s) 

VERTICAL VEUICIM (cm/s) 

VERTICAL VELOCITY (Ctn/s) 

Figure 2. Vertical velocity a t  P l a t t ev i l l e  radar 
( a f t e r  NASTROM. 1984). Solid l ine  i s  9-hour 
radar average, A i s  from adiabatic method, 
0 i s  from omega equation. 
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Figure 3. As i s  Figure 2;  S i s  sunset  radar  9-hour average. 

I n  order  t o  genera l ize  the  above r e s u l t s ,  an ST rada r ( s )  should be s i t e d  
i n  the  c e n t r a l  p l a ins  f o r  severa l  months. The measured v e r t i c a l  v e l o c i t i e s  - should be compared with i n d i r e c t l y  computed v e r t i c a l  v e l o c i t i e s  and with proxy 
ind ica to r s  of v e r t i c a l  motion such a s  weather r ada r  echoes and s a t e l l i t e  cloud 

- - - -  - pic tures .  I f  t h i s  technology were demonstrated under general  condit ions,  i t  
would sure ly  be accepted and used by the meteorological  community. It could, 
f o r  example, enhance the umfu lness  of major research e f f o r t s  such as  t h e  up- 
coming STORM pro j  ec t  . 
EXAMPLES OF APPLICATIONS 

When es tabl ished,  t h i e  technology could a1  so enhance opera t ional  synoptic- 
s c a l e  ana lys i s  and forecas t ing.  For example, a number' of " ru les  of thumb" used 
by f o r e c a s t e r s  a r e  rooted i n  the dynamical equations f o r  v e r t i c a l  motion (e.g., 
s t rong p o s i t i v e  v o r t i c i t y  advection a l o f t ;  low l w e l  convergence/high l w e l  di- 
vergence). I f  a fo recas t e r  could monitor the v e r t i c a l  ve loci ty  f i e l d  i n  r e a l  
time, h i s  successful  warnings would be improved. I t  i s  during the  c r i t i c a l  
zero to  s i x  hour time frame where c red ib le  fo recas t s  of severe weather have the  
g rea te s t  impact on protec t ing l i f e  and property,  and it i s  precise ly  i n  t h i s  
time f r ane  where continuous observations of the  v e r t i c a l  ve loc i ty  can help  a 
s t a t i o n  fo recas t e r  the most. Under current  procedures, the raw radiosonde da ta  
a r e  ava i l ab le  an hour or two a f t e r  the scheduled f i l e  time (002 or  1221, but 
cen t ra l i zed  analyses of v o t t i c i t y ,  divergence, or the  most simple NWP model 
fo recas t s  a r e  not ava i l ab le  f o r  several  hours. Then, fo r  the next 12 hours the  
fo recas t e r  can only "adjust" these products based on the weather ac tual ly  being 



mncu v9#xn (calls) 
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Figure 4 .  As i n  Figure 2,  except radar data from 
3 sites i n  France (ALPEX). 
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1.8B PRACTICAL USE OF A TROPOPAUSE HEIGHT DETERMINATION ALGORITHM ON AN 
MST RADAR DATA SET 

A. C. ~ i d d l e ,  K. S. Gage* and B. B. Balsley* 

CIRES/NOAA, University of Colorado, Boulder, CO 80309 
*Aeronomy Laboratory, NOAA, Boulder, CO 80303 

The p o s s i b i l i t y  of detect ing tropopause height from v e r t i c a l  incidence 
clear-air  radar  r e tu rns  was demonstrated by GAGE and GREEN (1  97 9). Following 
theor,etical  ana lys i s  by GAGE e t  a l .  (1981) an object ive  method f o r  tropopause 
height determination was presented by GAGE and GREEN (1982). That method was 
adapted f o r  use a s  a computer algorithm by RIDDLE e t  a l .  (1983). I n  t h i s  
paper, we repor t  fu r the r  progress on an improved algorithm. It w i l l  be shown 
t h a t  t h i s  improved algorithm substant ia l ly  reduces the  number of mis ident i f ied  
tropopauses, while a t  the same time, increases the  number of correct ly  identi-  
f i e d  tropopauses. Some of the problems of the  algorithm w i l l  be iden t i f i ed  and 
suggestions made f o r  fu r the r  irnprovanent. 

It has been shown (GAGE and GREEN, 1982) t h a t ,  fo r  the purpose of deter- 
mining tropopause height,  the  r e f l ec ted  power from a v e r t i c a l l y  d i rected ST ra- 
da r  i s  given by 

where r indicates  range, P, T, z and r have the usual meteorological s ign i f i -  
cance. The "constant1' a conceals many phy s icaf  parameters (such as radar  wave- 
length) t h a t  do not vary during the  experiment and some parameters (such as , 
t ransmit ter  power) which may vary (slowly) with time. The function f ( r )  in- 
cludes range dependent f ac to r  s which a r e  discussed below. 

In  previous s t u  i e s ,  t e r e  has been some question as  t o  whether the form P, of f ( r )  should be r-' or r- (e. g. BUSLEY and GAGE, 1981). Either 
funct ional  form could be shown t o  be a good f i t  t o  some data. While RIDDLE e t  
a l .  ( 1  983) have shown t h a t  use of e i t h e r  form does not appreciably a f fec t  per- 
formance of the tropopause height algorithm, fu r the r  examination revea l s  t h a t  
one form works wel l  on c e r t a i n  data s e t s  while the other form works b e t t e r  on 
other  data se ts .  Hence. i f  the algorithm were allowed t o  choose the form of 
f ( r ) ,  improved r e s u l t s  might follow. GAGE e t  a l .  (1984) have suggested t h a t  
perhaps it i s  not so much the r e f l e c t i o n  mechanism but v a r i a t i o n s  i n  the  v e r t i -  
c a l  wave number spectrum of radio  r e f r a c t i v i t y  tha t  determines th  r o p r i a t e  
form. They suggest t h a t  an appropriate form fo r  f ( r )  might be r -!ie3Pr* 
where r, i s  a sca le  height. Thus, for  the purposes of the current investiga- 
t ion,  we have chosen fo r  f ( r )  the  form 

and allowed the  algorithm t o  choose the appropriate value f o r  n. We note tha t  
over the small range of heights considered by the 'algorithm, there  i s  l i t t l e  
d i f ference between power law and exponential forms; the important d e t a i l  i s  
t h a t  the form i s  now allowed t o  vary from one data s e t  t o  another. 

The new algorithm was derived i n  the following manner. F i r s t ,  it i s  
noted t h a t  near 'the tropopause we have 

P = Poe -(r-ro)/H 



where P Po a t  some reference range ro and H i s  the. sca le  height. Coat- 
bining Equations (11, (2 ) ,  and (3) we have 

Now, t o  the  extent t h a t  A and T a r e  almost constant near the tropopause, the 
f i r s t  t h r e e  t e r n s  on the  right-hand s ide  of Equation (4) a r e  e i the r  constant or 
have known r dependence, the  four th  term i s  Unear  i n  r and t h e  f i n a l  term i s  
nonlinear i n  r and v a r i e s  with (dT/dz + r ). The f i r s t  four  terms vary ra the r  
slowly with r. I n  contras t ,  the  nonlinear term 's r e l a t i v e l y  constant below 
the  tropopause, above which dT/dz -6 or -7Pp-' and then changes abruptly 
a t  the  tropopause, above which dT/dz -2Kkm- . As i n  the  e a r l i e r  algorithm, 
we f i r s t  loca te  the t r a n s i t i o n  region i n  which dT/dz changes from "-6 or -7 t o  
"0. Then using data above t h a t  region, where dT/dz i s  assumed t o  be 0 ,  the 
l i n e a r  trend i s  f i t t e d  (simultaneously f i t t ' n  the  constant terms a lso) .  
Final ly ,  the h e i g h t , a t  which dT/dz = -2Kkm-I :s determined. This i s  the ra- 
da r  tr opopauee . 
RESULTS 

This new algorithm has been applied t o  the  r e l a t i v e l y  continuous data s e t  
from the Poker F l a t  MST radar  for  1 981 and 1 982. Early i n  t h i s  period, ve r t i -  
c a l  soundings were taken only every 12-15 minutes, but by the  end of 1982, such 
data  were avai lable  about every 4 minutes. For each hour t h a t  data were avail-  
able,  the median s ignal  s t rength  a t  each range gate (range gate  separation = 
2.25 km) was computed. The algorithm was appl ied t o  these l-hour medians. - 
Typical r e s u l t s  a r e  shown i n  Figure 1 where the  tropopause height,  determined 
from balloon soundings a t  Fairbanks i n  August 1982, i s  p lo t t ed  together with the  
Poker F l a t  radar  tropopause f o r  the hour before and the  hour a f t e r  the nominal 
balloon time. 

I n  Figure 2 we show the r e s u l t s  of a s imi la r  comparison using the  e n t i r e  
data set .  For each month, the  mean di f ference between the  radar tropopause 

. , height  and the  balloon ttopopause height i s  p lo t t ed  i n  the  middle panel below 

August 1982 

Figure 1. A comparison of balloon tropopause heights 
- a t  Fairbanks and radar  tropopause heights a t  Poker F l a t ,  

Alaska fo r  most of the  month of August 1982. The radar  
tropopause i s  p lo t t ed  fo r  both the hour before and the 
hour a f t e r  the nominal balloon time. 



the standard devia t ion  of the  same quant i ty  from t h a t  mean. I f  the balloon 
tropopause i s  regarded a s  the  standard f o r  conparison, then the  standard devia- 
t i o n  can be regarded a s  the  rms e r ro r  of the r ada r  tropopause determinations. 
This rms e r r o r  ranges from 0.5 t o  0.8 km and t h e  mean e r r o r  i s  between 20.65 
km. These r e s u l t s  a r e  b e t t e r  than those achieved with the  p r w i o u s  algori thm 
f o r  which the  rms e r r o r  ranged from 0.7 t o  1.0 km (RIDDLE e t  a l . ,  1983) for  
por t ions  of the  same data  se t .  More impressive, howwer, i s  t h e  increase  i n  
the  number of cases f o r  which useful  determination of tropopause height  can be 
made and t h e  decrease i n  the  number of cases i n  which very bad determinations 
(defined a s  e r r o r s  > 3 km) a r e  made. This  improvenent i s  summarized i n  Table 
1 i n  which the  number of useful  determination and bad determinations a r e  ex- 
pressed 22 a Pt rcentage  of p o t e n t i a l  determinations i n  each month fo r  the  cases  
f ( r )  = r , r and the  new algorithm. 

Examination of Table 1 shows tha t ,  taken over the whole 2-year da ta  s e t ,  
t h e  useful  determinations increase  from 7 8% t o  88%, while a t  t he  same time, the  
bad determinations decrease from 6% t o  1%. 

It should be noted t h a t  the above r e s u l t s  were obtained us ing  a da ta  base' 
t h a t  was not  designed t o  examine tropopause height .  The times f o t  which de- 
te rminat ions  were not  made include periods for which the da ta  format was not  
appropr ia te ,  as  we l l  a s  equipment down t i m e .  A dedicated instrument would have 
reduced the  nondeterminations by b e t t e r  scheduling of down time and avoidance 
of i n t e r f e r i n g  experiments. Also, t he  instrumental  parameters, especia l ly  t h e  
2.25-km range spacing, could have been chosen be t t e r .  Future dedicated 
systems, designed i n  part  f o r  rout ine  tropopause height  determinations,  could 
achieve much b e t t e r  r e s u l t s .  

An a l g o r i t h u  has been developed which can rout ine ly  determine tropopause, 
he igh t s  from FlST/ST radar  observations v i t h  good accuracy, howwer, t h e r e  i s  
room f o r  improvmmt . Some suggest ions  fo r  f u r t h e r  improvement a r e  out l i ned  
b6!!0il. 
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Figure 2. A comparison of balloon tropopause 
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The f i r s t  concern i s  the  annual va r i a t ion  of the mean e r r o r  i n  radar- 
determined tropopause height. This va r i a t ion  i s  out of phase with the mean 
tropopause height as  i s  shown on the lower panel of Figure 2. While it i s  pos- 
s i b l e  t h a t  there  i s  a physical source f o r  the mean radar  tropDpause height 
e r ro r ,  we suspect t h a t  there  i s  a more bas ic  source f o r  the error .  The balloon 
tropopause a t  Fairbanks cycles almost exactly between two of our range gates 
( 8.4 km and 10.7 km) , which a r e  a t  the top and bottom of the lower panel of 
Figure 2. Now, a s  one can see i n  the  s c a t t e r  p lo t s  of Figure 3, there  appears - 
t o  be a marked tendency for  the radar  tropopause algorithm t o  make detennioa- 
t ions  midway between the  heights of the range gates. This property of the - .- - - - -- algorithm would tend t o  overestimate heights jus t  above a range gate and under- 
es t imate  those jus t  below a range gate. This would produce an e r ro r  out of 
phase with the  actual  heights f o r  the Fairbanks data, as  i s  observed. Unf ortu- 
nate ly ,  we do not y e t  have data from another s i t e  with a d i f fe ren t  r e l a t ionsh ip  
of tropopause height t o  sample height with which to  t e s t  t h i s  hypothesis. I f  
t h i s  e f f e c t  i s  indeed an a r t i f  a c t  of the algorithm, it can be reduced by taking 
radar  samples a t  c loser  in tervals .  Al ternat ively ,  it might be substant ia l ly  
retuwed by f i t t i n g  the  e r ro r  t o  some cyc l i c  funct ion and subtract ing t h i s  
f i t t e d  funct ion from the derived height. 

7 2 

fable 1 

Examination of the data shows two types of problems caused by the radar 
i t s e l f .  One problem i s  due t o  the f a c t  t h a t  the radar  re turn  currently satu- 
r a t e s  the  receiver  a t  the lower heights so t h a t  the apparent signal strength i s  
much reduced over the actual  value a t  3.9 km and i s  often reduced a t  6.2 km. 
This e f fec t  adds another knee i n  the s ignal  v s  height curve so that  when the 
t rue  tropopause i s  high, the algorithm sometimes mistakes t h i s  f a l s e  knee fo r  
the knee caused by the tropopause. This e f f e c t  produces may of the "bad" 
tropopause determinations, predominantly i n  summer when the tropopause i s  high. 
I n  winter,  when the  tropopause of ten goes below 8 lan, the  e f fec t  modifies the  
tropopause knee causing a high radar detennination. This problem can be 
solved by increasing the  dynamic range of the s ignal  processor or by reducing 
peak power of the transmitter.  
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Figure 3. A s c a t t e r  p l o t  comparison of balloon 
heights a t  Fairbanks and rada r  tropopause 
determinations a t  Poker F l a t ,  Alaska. Each 
balloon tropopause was compared with the radar  
determinations f o r  the hour before and the  
hour a f t e r  nominal balloon time. The v e r t i c a l  
dashed l i n e s  show the heights of the radar  
range gates.  

A second problem was caused by the  use of the radar i n  modes which did not 
produce s ign i f i can t  echoes above the 12.9-km range. Sdmetimes, t h i s  was due t o  
low transmitted power, sometimes t o  radar  component f a i l u r e ,  and sometimes be- 

% cause of instrument parameter se t t ings  not being appropriate. This s i tua t ion ,  
when it occurred, hempered de tencina t i o n  of tropopause height when the  tropo- 
pause was high (usually summer). However, t h i s  problem i s  a l s o  eas i ly  we? 
come. Routine observations t o  24 km a t  Poker F l a t  a r e  now the  norm and even 
with simpler lower-powered radars ,  such as  the  one a t  P l a t t w i l l e  or the ones 
used i n  the  ALPEX experiment, 16-20 km echoes a r e  received regular ly .  

ACKNOWLEDGEMENTS 

Thanks a r e  due t o  D. Carter,  W. Ecklund, P. Johnston, and S. Smith without 
whose e f f o r t s  none of these data would have been collected.  

XEFERENCES 

Balsley,  B. B. and K. S. Gage (19811, On the v e r t i c a l  incidence VEF back- 
sca t t e red  power p r o f i l e  from the s t ra tosphere ,  Geophvs. Res. Lett.,  8, 
1173-1175. 

Gage, K. S. and J. L. Green (19791, Tropopause detect ion by p a r t i a l  specular 
r e f l e c t i o n  with very high frequency radar ,  Science, m, 1238-1240. 

Gage, K. S., B. B. Balsley and J. L. Green (19811, Fresnel sca t t e r ing  model 
fo r  the specular echoes observed by VHF radar.  Radio Sci,, 1447- 
1453. 

Gage, K. S. and J .  L. Green (19821, An object ive  method f o r  determination of 
tropopause height from VHF radar  observations, J. Avol. Meteorol,, 21, 
1159-1163. 

Gage, K. S., W. L. Ecklund and B. B. Balsley (19841, A modified Fresnel sca t t e r -  
ing model for the parameterization of Fresnel re turns ,  Paper 2.38, t h i s  
volume. 

Riddle, A. C., K. S. Gage and B. B. Balsley (19831, An algorithm to  monitor 
continuously the tropopause height using a VHF radar,  21st  Conf. on Radar 
Meteorolonv, Am. Meteorol. Soc., Boston. 



2. SOME RECENT DEVELOPMENTS IN THE INTERPRETATION OF 
MST RADAR RETURNS FROM CLEAR AIR 

(Keynote Paper) 

G .  H. Liu 

Department of E lec t r i ca l  and Computer Engineering 
University of I l l i n o i s  a t  Urbana-Champaign 

Urbana, I l l i n o i s  61801 

MST radar  re turns  from c l e a r  a i r  come about through the in te rac t ion  of 
electromagnetic waves with the inhomogeneous s t ruc tu res  of r e f r a c t i v e  index i n  
the  atmosphere. I n  order t o  i n t e r p r e t  the data  correct ly  t o  obta in  information 
concerning the  dynamics of the atmosphere, one must f i r s t  know how the various 
r e f r a t i v e  index s t ruc tu res  can a f fec t  the propagation and sca t t e r ing  of the 
r ad io  waves. This can be achieved through theore t i ca l  and model studies.  On 
the  other  hand, i n  order to  carry  out r e a l i s t i c  theoret ica l  s tudies ,  r e a l i s t i c  
models of the  inhomogeneous s t ruc tu res  of the atmospheric r e f r a c t i v e  index a r e  
needed. These a re  ava i l ab le  only through observational data. Therefore the 
close in te rp lays  between theore t i ca l  and observational invest igat ions  a r e  
e s s e n t i a l  i n  making progress i n  t h i s  area .  I n  t h i s  paper, we s h a l l  present some 
. r e su l t s  on c e r t a i n  aspects of the problan with emphasis on those t h a t  may lead 
t o  new developments. 

THEORETICAL CONSIDERATION OF THE SCATTERING PROCESS 

The c l a s s i c a l  sca t t e r ing  formula i n  the form of Booker-Gordon r e s u l t s  i n  
general  i s  derived under severa l  assumptions. These a re :  (1 )  the  inhomogeneous 
s t ruc tu res  of r e f rac t ive  index a re  weak so t h a t  only s ingle  sca t t e r ing  needs t o  
be considered; (2)  the  l i n e a r  dimension of the sca t t e r ing  volume determined byt 
the  radar  beam width and pulse length, and the  c h a r a c t e r i s t i c  sca le  of the 
i r r e g u l a r i t i e s  are  small compared t o  the dimension of the Fresnel zone so t h a t  
the  phase incoherence of the sca t t e red  f i e l d s  wi thin  the sca t t e r ing  volume can 
be neglected; (3) the  range i s  su f f i c i en t ly  large  so tha t  f a r - f i e ld  approxima- 
t i o n  can be used; ( 4 )  the  sca t t e r ing  volume i s  l a rge  enough t o  contain 

- - s u f f i c i e n t l y  large  number of i r r e g u l a r i t i e s ;  and (5)  the  i r r egu la r  s t ructures  
a r e  characterized by a homogeneous random f i e l d  so that  in teg ra t ion  over the 

-- - - - - sca t t e r ing  volume can be re l a t ed  t o  the power spectrum of the i r r e g u l a r i t i e s .  

- Recently, e f fec t s  of mul t ip le  sca t t e r ing  on backscattered radar  s ignals  
have been studied by FANTE (1982) and YANG and YER (1984). The r e s u l t s  a r e  
appl icable  t o  cases where the r e f rac t ive  index f luc tua t ions  a r e  strong t o  cause 
mul t ip le  sca t t e r ing-by  the probing radar  wave. I n  most MST radar  appl ica t ions ,  
these e f f e c t s  probably a re  not important. What i s  important i n  atmospheric 

aapp l i ca t ions  i s  the possible v i o l a t i o n  of assumptions (2) t o  (5)  f o r  many MST 
radar  configurations.  Realizing the p o s s i b i l i t y  tha t  t h e  radar  beam s i z e  may be 
comparable t o  the Fresnel zone dimension, LIU and YEH (1980) modified the 
c l a s s i c a l  Booker-Gordon formula. Sicce the s t ructures  i n  the atmosphere are  
highly anisot ropic  with l a rge  horizontal  dimensions, the Fresnel zone dimension 
may be smaller than the horizontal  coherence distance of the i r r e g u l a r  
s t ructure .  DOVIAK and ZRNIC (1983) derived more general  formulae t o  take t h i s  
i n t o  account by expanding the phase term i n  the  sca t t e r ing  i n t e g r a l  t o  second 
order. They a l so  derived a c r i t e r i o n  t o  d is t inguish  between Fraunhofer and 
Fresnel s c a t t e r  approximations. These general  formulae a re  appl icable  t o  most 
MST radar  appl ica t ions  under the assumption t h a t  the i r r egu la r  s t ruc tu res  a r e  
properly character ized s t a t i s t i c a l l y  by a homogeneous random f i e l d .  However, a s  
the  range reso lu t ion  of operating MST radars  improve, assumptions ( 4 )  and (5) 
may become invalid.  The problem of whether the  echo power depends on pulse 
length or the square of the pulse length underlines the importance of t h i s  point  



(GAGE e t  a l . ,  1981P). It was shown (FARLEY, 1983; LIU, 1983; HOCKING and 
ROTTGER, 1983) tha t  i f  many layers  e x i s t  i n  the  sca t t e r ing  volume such t h a t  
s t a t i s t i c a l  descr ip t ion i s  v a l i d ,  the sca t t e red  power should depend l inea r ly  on 
the pulse length. Other forms of the dependence w i l l  r e s u l t  i f  the sca t t e r ing  
volume does not contain s u f f i c i e n t  i r r e g u l a r i t y  layers such t h a t  they can be 
characterized s t a t i s t i c a l l y ,  or the homogeneous random f i e l d  character iza t ion of 
the  i r r e m l a r i t i e s  i s  not val id .  These r e s u l t s  have been demonstrated t o  be 
cons i s t en t  with the experimental r e s u l t s  obtained by GREEN (1983). To cor rec t ly  
describe the sca t t e r ing l re f  l e c t i o n  processes invol d when the s t a t i s t i c a l l y  % homogeneous character iza t ion of the s c a t t e r e r s  brea down, one needs t o  
general ize  the  ex i s t ing  theore t i ca l  work t o  include the e f f e c t s  of the 
d i s t r i b u t i o n  of layers,  the f i n i t e  sca t t e r ing  vo lme ,  etc.  It is conceivable 
t h a t  numerical modeling involving the Monte Carlo type of simulation may be ab le  
t o  contr ibute  t o  the progress along t h i s  d i rect ion.  

PARAMETERIZATION OF FBESNEL RETURNS 

Ever s ince  the experimental observation of enhanced specular-l ike r e tu rns  
of IfST radars  a t  v e r t i c a l  incidence (GAGE and GREEN, 1978; ROTTGER and LIU, 
19781, the re  have been continuing e f f o r t s  t o  understand the mechanism and t o  
parameterize the echo power i n  terms of atmospheric parameters (GAGE e t  a l . ,  
1981; ROTTGER, 1983). I n  order t o  carry  out the parameterization, assumptions 
on the sca t t e r ing / re f l ec t ion  t a rge t s  have t o  be made. Assuming a s t a t i s t i c a l  
power spec t ra l  character iza t ion of the layers ,  i t  i s  possible t o  r e l a t e  the echo 
power to  the  meteroological data  from rawinsonde (GAGE e t  a l . ,  1981 1. ROTTGER 
(1984), on the  other hand, proposed t o  make use of the spec i f i c  behavior of the 
co r re la t ion  funct ion of the returned s ignal  when the radar beam i s  v e r t i c a l  t o  
separate  the specular component from the s c a t t e r  component. I n  many cases, the 
co r re la t ion  function can be separated i n t o  th ree  parts. The f i r s t  part  i s  the  
f a s t  drop between zero and the next time l ag  corresponding t o  the e f f e c t s  due t o  
mcor re la ted  noise. The second part  i s  the smooth decrease of the co r re la t ion  
funct ion a t  small time lags  up t o  a few seconds. This i s  viewed a s  due t o  
random scat ter ing.  The l a s t  par t  i s  the  slow decay of the co r re la t ion  up t o  
many tens  of seconds. This i s  due t o  the specular component of the return.  
These th ree  pa r t s  can be separated by a parameter-fi t t ing scheme, and used t o  
approximately estimate the sca t t e red  contr ibut ions  t o  the t o t a l  received echoes. 

- More accurate  estimates of the d i f fe ren t  contr ibut ions  can be obtained i f  we 
have b e t t e r  understanding of the sca t t e r ing  process. This can be achieved 
through a modeling. -- _ _- _ _ 
CORRELATION BETWEEN Em0 POWER AND COHERENCE TIME 

A pos i t ive  co r re la t ion  between the s t rength  of the echo power and the 
coherence time of the received s ignal  has been observed i n  many MST radar 
experiments (RASTOGI and BOWHILL, 1976; ROTTGER and LIU, 1978; WAND e t  a l . ,  
1983; ROYRVIK, 1984). This i s  q u i t e  in t r iguing.  I f  the echoes are  due t o  
sca t t e r ing  from turbulence, then from s t a t i s t i c a l  theory of sca t t e r ing ,  the 
s igna l  power should. be proportional t o  the variance of the r e f r a c t i v i t y  
f luctuat ion.  On the other hand, the coherence time of the returned s ignal  i s  
inversely proportional t o  tlie spec t ra l  width of the s ignal  which i s  d i r e c t l y  
r e l a t ed  t o  the variance of the f luc tua t ion  of the r ad ia l  veloci ty ,  hence, the 
s t rength  of the  turbulence. Therefore, i f  t he re  i s  a d i rec t  r e l a t i o n  between 
the variance of the r e f r a c t i v i t y  f luc tua t ions  and the ve loc i ty  variance, one 
should expect a negative co r re la t ion  between the echo power and the coherence 
time (PIC). The f a c t  tha t  i n  many cases t h i s  i s  opposite t o  what has been 
observed, indicates  t h a t  f u r t h e r  invest igat ion of the sca t t e r ing  mechanisms i s  
needed. 

ROTTGER and LIU (1978) r e l a t e d  the observed posi t ive  PIC cor re la t ion  t o  the 
specular p a r t i a l  r e f l e c t i o n  process due t o  layered s t ructures  when the radar  was 



looking v e r t i c a l l y .  This w i l l  not apply t o  the tropospheric data reported by 
WAND e t  a l .  (1983) fo r  low-elevation observations, where they a l so  found t h a t  
the spec t ra l  width of the s igna l  i s  proportional t o  the layer  thickness. 
RASTOGI (1983) proposed the idea of turbulent layer broadening by entrainment 
t o  expla in  the  data. 

Recently, i n  anattempt t o  i n t e r p r e t  the mesosphere data,  ROYRVIK (1984) 
proposed t o  re-examine the r e l a t i o n  between the variance of the r e f r a c t i v i t y  and 
the  ve loc i ty  variance. 

Currently, our understanding of the var ious  mechanisms t h a t  cause the radar  
echoes i s  s t i l l  not complete and a  d e f i n i t i v e  explanation of the observed P/C 
cor re la t ion  i s  not available.  On the other hand, t h i s  phenomenon does provide 
us with important information t h a t  can be applied t o  ve r i fy  proposed models of 
sca t t e r ing / re f l ec t ion  processes. 

SIGNAL STATISTICS 

It has long been recognized t h a t  by studying the s t a t i s t i c s  of the returned 
rada r  s igna l ,  c e r t a i n  de ta i l ed  information about the targets  can be extracted 
(RASTOGI and HOLT, 1981; ROTTGER, 1980). Signal s t a t i s t i c s  include the 
d i s t r i b u t i o n s  of the i n t e n s i t y  and the phase; the  d i s t r i b u t i o n  of angle of 
a r r i v a l ;  the  spect ra  of in tens i ty  and phase, etc. Ultimately the signature of 
the  s igna l  i t s e l f  should be investigated.  

Using t h e  s ignal  signature,  the Doppler spectrum and the  d i s t r i b u t i o n s  of 
the  i n t e n s i t y  and the in-phase and quadrature components of the  s ignal ,  SHEm e t  
a l .  (1984) s tudied the v e r t i c a l  radar r e tu rns  from the troposphere and lower 
stratosphere.  They found t h a t  the spec t ra l  width and the Nakagami m-coefficient 
f o r  the i n t e n s i t y  d i s t r i b u t i o n  can be used t o  character ize  the sca t t e r ing /  
r e f l e c t i o n  processes. When the  returned s ignal  comes from independent 
s c a t t e r e r s  o r  r e f l e c t o r s  which a re  d i s t r ibu ted  i n  space with rms separations 
g rea te r  than one wavelength and noving with d i f fe ren t  v e l o c i t i e s ,  then the 
i n t e n s i t y  of the received s igna l  w i l l  have the c l a s s i c a l  Rayleigh d i s t r i b u t i o n  
with m = 1. I f  a  dominant specular component e x i s t s  i n  the s ignal ,  the 

- d i s t r i b u t i o n  w i l l  have an m-coef f  i c i e n t  g rea te r  than one, sa t i s fy ing  the  Rice 
Nakagami d i s t r ibu t ion .  Therefore s ignals  with broad Doppler spect ra  and an - 
m-coefficient close t o  unity character ize  sca t t e r ing  by anisot ropic  turbulence -- - . -  .- --- o r  mul t ip le  t h i n  layers.  The majority of the da ta  a re  found t o  be of t h i s  type. 
There a r e  almost no cases, howwer, where the m-coef f  i c i e n t  i s  substant ia l ly  
g r e a t e r  than unity.  On the  o the r  hand, s igna l s  with narrow Doppler spectrum and 
an  m-coef f i c i e n t  close t o  112 a r e  found i n  many cases. By modeling, i t  i s  shown 
t h a t  these f ea tu res  a r e  consistent with r e tu rns  from s ingle  d i f fus ive  layers  
causing focusing and defocusing of the s ignals .  This ind ica tes  that  r e f l e c t i o n s  
from s ing le  l aye r s  do occur. The layers ,  however, a re  invariably undulating. 
Theref ore, more than one specularly r e f l ec ted  ray w i l l  come i n t o  the r a the r  
broad radar  bean, in te rac t ing  with each other ,  giving r i s e  t o  the observed 
s ignal  signature.  

I n  many cases, the  Doppler spect ra  exhibi t  several  sharp spikes indicat ing 
t h a t  they may come from d i f fe ren t  "sub-reflector s" moving a t  d i f f e ren t  r a d i a l  
ve loc i t i e s .  ROTTGER (1984) proposed t o  study t h i s  phenomenon by measuring the  
s t a t i s t i c s  of the angle of a r r i v a l .  He pointed out t h a t  more about the nature 
of the t a rge t s  can be learned from t h i s  study. 

BUOYANCY WAVES AS ORIGIh' OF REFRACTIVE INDEX FLUCTUATIONS 

VANZANDT and VINCENT (1984) proposed the displacement associated with the 
low-frequency in te rna l  g rav i ty  waves act ing on the background gradient of 
r e f r a c t i v i t y  may be t h e  cause of the horizontally s t r a t i f i e d  laminae of 



r e f r a c t i v e  index t h a t  produce enhanced VHF radar  echoes near the zenith.  A model 
spectrum fo r  the  displacement corresponding t o  the modified Gar re t t  and Muak 
spectrum was used t o  compute the angular dependence of the radar  cross  section. 
They proposed an experimental t e s t  f o r  the model. 

I f  the r e f r a c t i v e  index f luc tua t ions  a r e  caused by spectra  of buoyancy 
waves, the  wave-associated ve loc i ty  f luc tua t ions  w i l l  be seen a s  wind ve loc i ty  
f luctuat ions .  Indeed, VANZANDT (1982) f i r s t  proposed a universal  buoyancy wave 
spectrum t o  i n t e r p r e t  the observed mesoscale wind f luc tua t ions  i n  the 
atmosphere. MST radars  have been used t o  study the veloci ty  spect ra  (BALSLEY 
and CARTER, 1982). Since b1ST radar  measures t h e  line-of-sight Doppler ve loc i ty ,  
it senses the  components of the  wave-associated v e l o c i t i e s  along the radar bean 
di rect ion.  Because of the polar iza t ion r e l a t i o n s  r e l a t i n g  the d i f f e r e n t  
waveassocia ted veloci ty  components, the observed line-of-sight veloci ty  w i l l  
depend on the  wave frequency and wave number as  wel l  as  the observation 
geometry. Therefore, the observed veloci ty  spectrum w i l l  be d i f f e r e n t  from 
the  o r ig ina l  wave spectrum. For example, i f  the radar i s  i n  an exact zeni th  
d i rec t ion ,  the  radar i s  only sens i t ive  t o  v e r t i c a l  veloci ty  f luctuat ions .  A s  
the  wave frequency w + 0, the waves w i l l  propagate almost i n  the v e r t i c a l  
d i rect ion.  Since the  buoyancy. waves a r e  transverse waves, the re  w i l l  be no 
v e r t i c a l  ve loc i ty  component associa ted with these  very low frequency waves. 
Theref ore, i n  the ve r t i ca l  observation mode of the radar the low frequency 
por t ion of the  wave spectrum i s  suppressed. A s  w -+ %, the Brunt V a i s a l a  
frequency, the  waves propagate almost hor izonta l ly  and the  wave-associated 
v e l o c i t y  is  almost completely v e r t i c a l .  Therefore the wind f l u c t u a t i o n  spectrum 
observed by v e r t i c a l  radar w i l l  be the same as  the wave spectrum i n  the  
neighborhood of %. This example indicates  how the observation geometry can 
a f f e c t  the in te rp re ta t ion  of the observed wind veloci ty  f luc tua t ion  spectra  i n  
terms of gravity-wave spectra,  

I f  the radar  observation geometry i s  oblique, the r e l a t i o n  between the  
observed wind f luc tua t ion  spectrum and the buoyancy wave spectrum i s  more 
complicated. This r e l a t i o n  has been studied by SCHEFFLER and LIU (1984). 
Because of the angular dependence of the r e l a t ion ,  it i s  possible t o  design 
experiments t o  t e s t  the assumption t h a t  buoyancy waves a r e  the causes of 

- m e s o ~ c a l e  wind ve loc i ty  f luctuat ions ,  a s  we l l  as the o r ig in  of r e f r a c t i v e  index 
f l u c t u a t i o ~ i s  i n  the atmosphere. 

- .  - - - .  
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ISSUES AND RECOMMENDATION 

ISSUES: 

1. Parameterization of Fresnel Returns : 
. ( a )  Is  the  s t a t i s t i c a l  descr ip t ion of the process sa t i s fac to ry?  

(b) Can anisot ropic  turbulence explain both the aspect s e n s i t i v i t y  and 
absolute power of the echoes? 

(c)  Dependence of E (k ,z )  - spectrum of displacement. 
5 

2. Echo Power -- Coherence Time Correlation: 
( a )  Relation between orefra tive and a i n  the tropo- 

sphere, s t ra tosphere  an8 mesos@ge. 
veloci ty  

(b)   he issue  may contain key information about targets .  



3 .  Angle-of-Arrival Stat ist ics  : 
(a) What can be learned from them? 
(b) Requirements 

RECOMMENDATION : 

Recommend future experimenters to  include absolute power and refractive 
index gradient information in  their publications; whenever possible, 
simultaneous i n  aitu measurenents and radar observations should be carried out. 

Important for modeling and checking scattering-reflection processes. 



2.1A M3RPHOLOGY OF THE S UTTERING TARGETS : FRESNEL AND TURBULENT MECHANISMS 

0. Royrvik 

Department of E l e c t r i c a l  and Canputer Engineering, 
University of I l l i n o i s  

Urbana, IL 61801 

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. 



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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2.2A SIGNAL STATISTICS OF THE RADAR ECHOES - ANGLE-OF-ARRIVAL STATISTICS 
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The s t a t i s t i c a l  cha rac te r i s t i c s  of r ada r  echoes were invest igated by 
severa l  groups s ince  the  ear ly  days of VEF r a d a r  observations. Essen t i a l ly ,  t h e  
power, amplitude and phase d i s t r i b u t i o n s  a s  wel l  a s  the d i s t r i b u t i o n  of power a s  
a funct ion of frequency (power spectrum analys is)  were studied extensively. This 
l e d  t o  a b e t t e r ,  but not y e t  exhaustive, understanding of the  processes leading 
t o  the VHF radar  echoes from the l w e r  and middle abnosphere, and it i s  now 
f a i r l y  wel l  es tabl ished t h a t  volume sca t t e r ing  a s  we l l  as  Fresnel sca t t e r ing  and 
r e f l e c t i o n  occur. 

It was noted e a r l i e r  t h a t  Doppler spectra,  measured with a v e r t i c a l  antenna 
bean, a r e  characterized by essen t i a l ly  two d i f fe ren t  kinds of d i s t r ibu t ions  
(e.g., ROTTGER, 1980; GAGE e t  al.,  19811, one has a very narrow and the  other a 
broad spec t ra l  width. The former i s  accepted a s  due t o  r e f l e c t i o n  whereas the  
l a t t e r  i s  due t o  scat ter ing.  It can happen t h a t  both kinds of spect ra  a r e  
observed simultaneously, a s  shown i n  Figure 1. Superimposed on a f a i r l y  broad 
Gaussian s igna l  spectrum, very narrow s igna l  spikes a r e  evident. The spikes can 
be even more d i s t i n c t l y  seen i n  the  spect ra  of Figure 2, computed f o r  a 6-times 
shor ter  in teg ra t ion  period (80 6). 

Since the  height resolut ion during these  experiments was 150 m and the 
s igna l  amplitude changed d r a s t i c a l l y  between adjacent range gates  (Figures 2 and 
3 ) ,  it is  very unlikely t h a t  these echoes a r e  due t o  volume scat ter ing.  Thdy 
a r e  r a t h e r  due t o  r e f l e c t i o n  from a t h i n  sheet  or s t ep  i n  r e f r a c t i v i t y ,  being 
much narrower than the range ga te  of 150 m (reference a l so  HOCKING and ROTTGER, 
1983). The spikes i n  the spectra of Figure 2, howwer, cannot be explained by 
r e f l e c t i o n  from a f l a t  and smooth discont inui ty .  The sheet must be r a t h e r  tough 
o r  corrugated, and r e f l e c t i o n  from several  subregions of the sheet i s  expected, 
a s  shown i n  Figure 5. Because the spikes occur a t  d i f f e ren t  Doppler 
frequencies,  the subref lectors  have t o  be assumed t o  move with d i f f e r e n t  r a d i a l  
ve loc i t i e s .  

To experimentally ve r i fy  t h i s  reasonable assumption, i t  i s  proposed t o  
measure the  angle of a r r i v a l  of the d i f f e r e n t  s ignal  re turns .  One can here  make 
use of the e s sen t i a l  advantage t h a t  the spikes can be f i l t e r e d  i n  frequency 
(ca l l ed  Doppler sortening or sharpening). By means of the crossispectrum 
ana lys i s  with the interferometer technique (measuring phase di f ferences  between 
spaced antennas, a s  described i n  the paper "Improvanent of v e r t i c a l  veloci ty  
measurenents" by J. Rottger, Chapter 3, t h i s  volume), t h e i r  angle of a r r i v a l  can 
be measured. This w i l l  a l l w  determination of the d i s t r i b u t i o n  of the angles of 
a r r i v a l .  Knowing the Doppler s h i f t  and the  a r r i v a l  angle of the whole se t  of 
r e tu rns  (sor ted by Doppler frequency, i.e., r ad ia l  veloci ty)  y ie lds  a s e t  of 
n l,...,N equations (N = number of evaluable spikes):  

V m  = v',, + Uo cos 6*n + Wo s i n  6*,. 

The solut ion (e.g., regression analys is)  w i l l  lead t o  the mean hor izonta l  and 
v e r t i c a l  v e l o c i t i e s ,  the tilt and the  aspect s e n s i t i v i t y  of the i l luminated 
area. It a l s o  would support the hypothesis t h a t  the r e f l e c t i n g  sheet  i s  

*presently a t  Arecibo Observatory. Arecibo, Puerto Rico, on leave from 
Max-Planck-Institut f u r  Aeronomie . Lindau, W. Germany 



Figure 1. Doppler spectrum of s ignal  measured with v e r t i c a l  
antenna bean and 150 m height resolution.  averaged over 
8 min (from ROTTGER, 1980). 
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Figure 2. Doppler spect ra  computer from an 80 s time se r i e s .  
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corrugated. The determination of the mean v e l o c i t i e s  by t h i s  method a l s o  allows 
t e s t i n g  of Brigg's hypothesis (1980) t h a t  the  Doppler beam-swinging method (DBS) 
i s  i n  p r inc ip le  s imi lar  to the spaced antenna-drif ts method (SAD). 

; 1 

Measuring the  va r i a t ion  of the a r r i v a l  angle d i s t r i b u t i o n  as  a function of 
time w i l l  a l s o  allow tes t ing  of the hypothesis (GAGE e t  al.,  1981) t h a t  the 

- specular r e f l e c t i o n  point moves with respect t o  d i f fe ren t  phases of gravi ty  
waves which may modulate the r e f l e c t i n g  sheet. There may even be atmospheric 
waves of d i f f e ren t  periods involved i n  t h i s  process, as  indicated i n  Figures 3 
and 4. The amplitude time se r i e s  i n  Figure 3 shows evident o s c i l l a t i o n s  a t  
periods of about 10 s, which may be because of,  a Benard c e l l u l a r  s t ruc tu re  of 
the  r e f l e c t i n g  sheet moving through the radar  beau, causing focussing and 
defocussing (SHEEN e t  a l . ,  19841, and correspondingly a l s o  changes of the 
a r r i v a l  angle ( to  be experimentally proved). The long-period ("10 min) 
o s c i l l a t i o n  wen i n  the Doppler spectra of p l o t  of Figure 4 a l s o  causes a varia- 



Figure 3. Amplitude time series for different 
beight range gates. 

h l 9 b  & O M T  

Figure 4. DoppIer spectra plots (from ROTTGER. 1980). 



Figure  5. Re f l ec t ions  from sub-areas of a  corrugated 
shee t  of r e f r a c t i v e  index change, moving wi th  the 
mean ho r i zon ta l  v e l o c i t y  Uo and the  mean v e r t i c a l  
v e l o c i t y  W ; add i t i ona l ly  a random ( tu rbu len t )  
component V R t  (due t o  f l u c t u a t i o n s  of Uo and 
Wo) i s  assumed. , 

t i o n  of t he  s igna l  amplitude. The period of t he  amplitude v a r i a t i o n  would be 
h a l f  t he  period of the  v e l o c i t y  o s c i l l a t i o n  i f  the specular  point  moves out of 
t he  antenna beam (GAGE e t  a l . ,  19811, but it should be equal t o  the  wave's 

- v e l o c i t y  period f o r  f  ocussing/def ocussing. A long-period v a r i a t i o n  of the  
ampli tude i s  a l s o  evident  i n  F igure  3. The measurement of t he  d i s t r i b u t i o n  of 

-.  - - -  A a r r i v a l  angles  w i l l  y i e ld  a d d i t i o n a l  information on these two e f f e c t s .  

REFERENCES 

Briggs. B. H. (1980), Radar obsexvations of atmospheric winds and turbulence:  
a  comparison Q£ techniques,  J. Atmos. Terr .  Phvs., 42, 823-833. 

Gage. K. S., D. A. Carter  and W. L. "Ecklund (19811, The e f f e c t  of n r a v i t v  waves - 
on specular  echoes observed by the Poker F l a t  MST radar .  Gegphys. Res. 
Lett . ,  8, 599-602. 

Hocking, W. K. and J. Rottger (19831, Pulse length  dependence of radar  s igna l  
s t r e n g t h s  f o r  Fresnel  backsca t te r .  Radio Sci.,  3, 1312-1324. 

Rot tger ,  J. (19801, Re f l ec t ion  and s c a t t e r i n g  of VHF rada r  s i g n a l s  from 
atmospheric r e f r a c t i v i t y  s t r u c t u r e s ,  Radio Sci.,  u, 259-276. 

Sheen, D. R., C. H. L iu  and J. Rottger (19841, A study of s igna l  s t a t i s t i c s  of 
VHF rada r  echoes from c l e a r  a i r ,  t o  be submitted. 
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This paper presents a modified Fresnel s c a t t e r  model and compares the 
revised model with observations from, the Poker F la t ,  Alaska, radar,  the SOUSY 
radar  and the  Jicamarca radar. The modifications t o  the o r ig ina l  model have 
been made t o  b e t t e r  account fo r  the pulse-width dependence and height dependence 
of backscattered power observed a t  v e r t i c a l  incidence a t  lower VHF. Ver t ica l  
p r o f i l e s  of backscattered power calcula ted using the  revised model and rout ine  
radiosonde data show good agreenent with observed backscattered power p ro f i l e s .  
Rela t ive  comparisons of backscattered power using climatological  data  fo r  the 
model agree f a i r l y  well  with observed backscattered power p ro f i l e s  from Poker 
F l a t ,  Jicamarca and SOUSY. 

INTRODUCTION 

Since the f i r s t  observations a t  v e r t i c a l  incidence of enhanced specular- 
l i k e  echoes a t  lower VHF (GAGE and GREEN, 1978; ROTTGER and LIU, 19781, the re  
has been considerable debate and controversy concerning the  nature  of the 
sca t t e r ing / re f l ec t ion  mechanism responsible f o r  these echoes. A s  discussed i n  
GAGE and BALSLEY (1980), the enhanced echoes obtained a t  v e r t i c a l  incidence ,by 
VHF radars  might be a t t r i b u t e d  t o  some combination of anisot ropic  turbulence 
s c a t t e r ,  Fresnel r e f l e c t i o n  from regions of strong r e f r a c t i v e  index gradients ,  
and from Fresnel sca t t e r ing  from a volume f i l l e d  with s t a b l e  laminae of radio  
r e f r a c t i v e  index coherent t ransverse  to  the probing wave. Subsequently, GAGE e t  
a l .  (1981) presented a model for Fresnel sca t t e r ing  which enabled the  para- 

- meter izat ion of radar  echoes using ordinary rawinsonde data a s  input. While 
t h i s  model seemed t o  simulate the dependence of echo magnitude with s t a b i l i t y ,  

- - . -  -- it did not properly account fo r  the pulse-width dependence of the observed 
echoes (HOCKING and ROTTGER, 1983 ; GREEN e t  a l . ,  1983). Also, it now appears 
t h a t  the height-dependence (BALSLEY and GAGE, 1981) was not properly accounted 

. f o r  i n  the  o r ig ina l  model. This paper presents a modified Fresnel sca t t e r ing  
model which takes i n t o  account the contr ibut ions  of FARLEY (19831, LIU (1983) 
and DOVIAK and Z R N I C  (1984) a s  wel l  as HOCKING and ROTTGER (1983) and hopefully 
co r rec t s  these def ic iencies .  The revised model i s  compared t o  observations of 
the Poker F l a t ,  Alaska MST radar  as  wel l  as  the SOUSY radar located i n  the 
Federal Republic of Germany and the Jicamarca radar located i n  Peru. 

A MJDIFIED FRESNEL SCATTER WDEL 

A s  o r ig ina l ly  presented i n  GAGE e t  a l .  (1981) the  Fresnel s c a t t e r  model 
assumed a coherent sca t t e r ing  from the half-wavelength Fourier component of the 
r e f r a c t i v i t y  s t r u c t u r e  di rected along t h e  beam. This procedure was j u j t i f  i ed  by 
GAGE e t  a l .  (1981) i n  order to  account f o r  a pulse length squared (Ar) 
dependence of backscattered power which was observed i n  ear ly  VHF radar  s tudies  
of specular echoef (GREEN and GAGE, 1980). Subsequent s tudies ,  however, have 
shown t h a t  a (Ar) dependence i s  more typical  (GREEN e t  a l . ,  1983). 
Theoretical  arguments i n  favor of a l i n e a r  dependence on A r have been advanced 
by HOCKING and ROTTGER (19831, LIU (1983) and FARLEY (1983). Clearly,  the 
Fresnel s c a t t e r i n g  model must be modified t o  account fo r  th i s .  



Under conditions of s table  s t r a t i f i c a t i on  gradients of radio re f rac t iv i ty  
tend t o  be concentrated i n  th in  layers tha t  a r e  horizontally coherent. Under 
these circumstances it i s  appropriate t o  consider the backecattered power Pr 
tha t  a r i ses  from a pa r t i a l  ref lect ion process. This i s  given by the radar 
equation 

rn a 

where PT i s  transmitted power (per pulse), be i s  effect ive antenna area, 
a i s  an efficiency factor,  r i s  the range t o  the target ,  A is  radar wavelength 

2 
and lp 1 i s  a power ref lect ion coefficient which depends upon the re- 
f r ac t i v i t y  s t ructure i n  the volume of the atmosphere being observed. The 
conventional approach t o  pa r t i a l  or Fresnel ref lect ion is  t o  determine the 
re f lec t ion  coefficient deterministically based on a par t icular  gradient 
structure. Since the detailed structure of individual layers i s  unknown, t h i s  
approach i s  of limited value for  the real  atmosphere. More importantly, i f  the 
backecattered power were due t o  a single thin layer,  there would be no Ar- 
dependence. The implication of the observed increase i n  backscattered power 
with hr i s  clearly that  the volume i s  f i l l e d  with many thin layers. Further- 
more, the re f lec t iv i ty  of t h i s  layered s t ructure is  greatly enhanced i n  hydro- 
s t a t i c a l l y  very stable regions of the atmosphere. 

The ref lect ion coefficient pertinent t o  a medium f i l l e d  with horizontally 
layered s t ructure can be determined i n  the context of a one-dimensional 
scat ter ing problem following LIU (1983) and FARLEY (1983). The voltage 
re f lec t ion  coefficient p i s  given by 

where R i s  the thickness of the region of layered structure and k(= 2n/h) i s ,  
radar wavelength. 

When the layered s t ructure which gives r i s e  t o  the specular echoes i s  the 
r e su l t  of ver t ica l  displacement due t o  e i ther  turbulence or waves, it is  
appropriate t o  replace n i n  Equation (2) by the generalized potential refract ive 
index n (OTTERSTEN, 1969). Then, Equation (2) can be re-expressed as  

where M = dnldz i s  the gradient of generalized refract ive index and An i s  the 
f luctuat ing component of refract ivi ty .  The power ref iect ion coefficient 
pertinent to  a radar observing a t  ver t ica l  incidence with a probing pulse of 
length A r  i s  

which leads t o  

where aq(k) i s  the ver t ica l  wave number spectrum of generalized potential radio 
r e f r ac twe  index 



For purposes of modeling the  backscattered power i n  a way t h a t  can be 
evaluated from meteorological da ta  it i s  convenient t o  introduce the  mean 
gradient  of generalized p o t e n t i a l  index of r ad io  r e f r a c t i v e  index 

-6 g a En 0 1 M g-77.6 x 10 (7 

where P i s  atmospheric pressure  i n  mi]l{ibars, 'I' i s  absolute  temperature, i s  
p o t e n t i a l  temperature [€I E ~ ( 1 0 0 0 / P )  1 ,  and q i s  s p e c i f i c  humidity. M(Z) 
and (k )  a r e  r e l a t e d  through the spectrum of v e r t i c a l  displacements ~ ~ ( k )  
( V A N Z ~ D T  and VINCENT, 1983). 

Combining Equation (8) with Equation ( 5 )  we f ind  

and def in ing 

we ob ta in  

1 l p 1 2  = Z  A r  F(2k,z) 2 . 
For gene ra l i ty  i n  Equation (10) and Equation (11) we have indicated  an a l t i t u d e  
dependence f o r  F and Ec. Subs t i tu t ion  of Equation (11) i n  Equation (1)  leads 
t o  the  backscattered power 

n " .  

The height dependence of Pr can t e l l  us much about the  height dependence of F 
and E . To inves t iga te  the height dependence of Pr, i t  i s  necessary t o  
consi5er the height dependence of each f ac to r  i n  Equation (12). Since 

it i s  c l e a r  t h a t  t h ~ ~ h e i g h t  dependence of Pr i s  dominated by the pair2(=) 
f ac to r  i m p l i c i t  i n  M . 

I f  ES(k) were due t o  a spectrum of v e r t i c a l l y  propagating waves tha  con- 
served t h e i r  energy. i t  would follow t h a t  E( - %ir h and P a psi ( z ) / r  . 
I f  however, the  growth with a l t i t u d e  of Ec were united by Bqe saFyration 
process, Ec would become independent of a l t i t u d e  and Pra pair ( z ) / r  . 

BALSLEY and GAGE (1981) explore_d2thq height dependence of P and found 
t h a t  i t  decrea ed  more rapidly  than M. / z  . Indeed, they reporfez  the 
obsemed P o a / z 4  and suggested t h a t  t h i s  might be the r e s u l t  of . r 



r e f l e c t i o n  from s t ructures  l imi ted i n  t h e i r  horizontal  dimensions (by t h e i r  
hor izonta l  coherency length) t o  a f r ac t ion  of Fresnel zone. A s  pointed out by 
D O V W  and ZRNIC (1984) the re  i s  no reason f o r  the  horizontal  dimensions of the 
r e f l e c t i n g  region t o  be l imi ted by the hor izonta l  coherency length. I f ,  indeed, 
the height dependence observed by BALSLEY and GAGE (1981) i s  r e a l ,  it must be 
explained i n  some other  way. One way t o  explain t h i s  height dependence would be 
t o  account f o r  it i n  the height dependence of E (k,z). I n  what follows we have 
supposed t h a t  r 

E (k, z )  = e-'IZ* 
. F 

(14) 

where z * i s  a $hale-height. Up t o  about 20 km the exponential fa l l -off  
approximates z , but a t  higher a l t i t u d e s  the exponential fa l l -off  i s  
increasingly more rapid. The exponential dependence has been adopted here 
because it f i t s  the data  very wel l ,  especia l ly  a t  the higher heights,  a s  w i l l  be 
shown below. 

An exponential fa l l -off  of Ec(k) i s  not eas i ly  explained, however a t  the 
meter scales  per t inent  t o  VHF radar  s tudies  i t  would not be surpr is ing i f  
viscous damping and turbulence processen played an important role.  I n  the 
remainder of t h i s  paper we adopt the exponential dependence of Ec(k,z) and s e t  

~(2k. z12 - F12( Xle-"Iz* (15) 

where Fl( A) corresponds t o  the value of "F" used i n  GAGE* e t  a l .  (1981). With 
t h i s  change we obta in  the backscattered power 

f o r  the modified Fresnel sca t t e r ing  model. 

Following GAGE and GREEN (1978) it i s  convenient to  define a normalized 
received power Sv by 

-. f 1 "  

which when combined with Equation (i6) leads t o  

I n  the  following sect ion we compare S calcula ted according t o  Equation (15) v with observed values of Sv. 

COMPARISON OF SOME POKER FLAT Y4T RADAR OBSERVATIONS W I T H  THE MODIFIED FRESNEL 
SCATTERING MODEL 

The calcula ted values of Sv presented here  have been made under the 
assumption t h a t  the generalized po ten t i a l  r e f r a c t i v e  index H i s  determined i n  
the  upper troposphere and s t ra tosphere  by i t s  dry pa r t :  

where P i s  atmospheric pressure i n  mb, T i s  absolute temperature i n  Kelvins, 
0 i s  po ten t i a l  temperature i n  Kelvins and z i s  a l t i t u d e  i n  meters. Md i s  
e a s i l y  calculated f o r  each s ign i f i can t  l eve l  of the radiosonde soundings. 
Typi'cally, the re  a r e  several  s ign i f i can t  l e v e l s  fo r  each radar range gate. The 



individual  values of $ a r e  then weighted according t o  the thickness of each 
s i g n i f i c a n t  l eve l  and averaged together  t o  give R;; corresponding t o  each range 
gate. Of course, t h e  l a r g e r  the range ga te  the  more e f fec t ive  w i l l  be the 
smoothing of the r ( z )  prof i l e .  The data reported i n  t h i s  sect ion were taken 
a t  Poker F la t ,   lah ha i n  the f a l l  of 1979 when one-quarter sect ion (100 m x 100 
m) of the  f i n a l  antenna was phased t o  look v e r t i c a l l y .  During t h i s  period a 
e ing le  t ransmit ter  was used with peak power of about 55 kW. Most of the data  
were obtained with 15 us pulses (Ar = 2.25 km) but a l imi ted sample of data  was 
a l s o  taken with 5 u s  pulses (Ar 31 .75 km). 

AX comparison of modeled and observed S fo r  the Poker F l a t  MST radar  i s  
contained i n  Figures 1 through 4. The modef calcula t ions  make use of the 
rout ine  radiosonde soundings a t  Fairbanks which a r e  launched about 40 km from 
the  EST radar  ~ j t e  a t  Poker Fla t .  The model p r o f i l e s  were calcula ted using 
Fl(h) = 8 x 10 and a = 0.5 i n  Equation (15). 

Figure 1 contains a comparison of the modified Fresnel sca t t e r ing  model 
with Poker F l a t  radar  observations taken on 13 September 1979 with .75 km height 
resolut ion.  The radar observations a r e  an average of two hours of da ta  which 
bracket the  time of the balloon launch i n  Fairbanks. The o v e r a l l  agreement i n  
t h e  magnitude and shape of the two p ro f i l e s  i.s excellent.  We do not a t t a c h  too 
much s ignif icance t o  the agreement i n  the upper troposphere ( i n  t h i s  case below 
about 10 km) s ince  ve  expect t h a t ,  i n  the  l e s s  s t a b l e  environment of the 
troposphere, turbulent  processes a r e  dominant. 

A second example of the  agreement between modeled and observed p r o f i l e s  of 
S fo r  the  Poker F l a t  radar  using .75 km height resolut ion i s  contained i n  
d g u r e  2. I n  t h i s  case the overa l l  agreement i n  magnitude i s  not q u i t e  60 good 
but the agreement i n  shape of the two p r o f i l e s  i s  excellent.  Even some of the 
de ta i l ed  s t r u c t u r e  evident i n  the observed p r o f i l e  i s  reproduced i n  the model' 
p ro f i l e .  

PCUER FLAT, AK 
13 SEPTEMBER 1979' 
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Figure 1. Comparison of ca lcula ted and observed fine- 
r e so lu t ion  p r o f i l e s  of normalized backscattered 
power- fo r  13 September 1979. 



Figure.  2. Comparison of ca lcula ted and observed fine- 
resolut ion p r o f i l e s  of normalized backscattered 
power fo r  2 October 1979. 
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Only a very l imited sample of da ta  was ava i l ab le  a t  .75 km reso lu t ion  from 
the  Poker F l a t  MST radar during the F a l l  of 1979. However, near ly  continuous 
coarse-resolution data  were avai lable  during t h i s  period (2.25 km resolution):  
Two examples of comparisons obtained during t h i s  period a r e  contained i n  Figure 
3 and Figure 4. The most obvious change i n  comparison t o  the f i n e  r e so lu t ion  
p r o f i l e s  i s  the increase i n  backscattered power. The change i n  A r  i n  the 
modified vers ion of the model accounts very wel l  for  t h i s  observed change i n  
backscattered power. The coarse resolut ion p ro f i l e s  show low values of back- 
sca t t e red  power i n  the troposphere with a s ign i f i can t  increase i n  the lower - 
s t ra tosphere  followed by a systematic decrease with a l t i t u d e  due mainly t o  
decreasing atmospheric density.  Both comparisons show very good agreement with 
the  modified Fresnel sca t t e r ing  model. Note t h a t  the tropopause on 6 November 
1979 was unusually high. Also note t h a t  both model and observed coarse- 
r e so lu t ion  p r o f i l e s  contain much l e s s  s t ruc tu re  than i s  found i n  the fine- 
r e so lu t ion  prof i les .  

EKER U T ,  AK 
2 OCiOEER 1979 - 2300 UT - 
o Modal 
X Radar .75 hm - Rnolut Ion - 

- 

- 
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CLIMATOLOGICAL MODEL COMPARISONS WITH OBSERVATIONS 

The modified Fresnel s c a t t e r  model can be used with climatological  data t o  
examine the a l t i t u d e  dependence of t h i s  process. This procedure i s  s imi la r  t o  
t h a t  followed i n  BALSLEY and GAGE (1981) but here we use a d i f fe ren t  approach t o  
the  height dependence a s  explained. above. Figure 5 contains the  r e s u l t s  of 
these model ca lcula t ions .  

Figure 5a compares the r e l a t i v e  backscattered power calculated using our 
modified ("exponential") Fresnel s c a t t e r  model with a s e t  of observations made 
i n  October-November 1979 using the Poker F l a t ,  Alaska, MST radar  (BALSLEY e t  
a l . ,  1980) (note' t h a t  a l l  comparisons with observtions shown i n  t h i s  sect ion a r e  
r e l a t i v e  1. The model p r o f i l e .  i s  calcula ted using 60°N cl imatological  d a t a  (U.S. 
Standard Atmosphere Supplement, 1980). The agreement i s  comparable t o  t h a t  
found by BALSLEY and GAGE (1981) using an assumed 2-4 dependence. 



Figure 3 .  Comparison of calculated and observed coarse- 
resolution prof i les  of normalized backscattered power 
for 6 October 1979. 

' ~ i ~ u r e  4. comparison of calculated and obsenred coarse- 
resolution prof i les  of normalized backscattered power 
for 6 November 1979. 
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Figure 5 (a).  

Figure 5. Comparisons of observed p r o f i l e s  of backscattered power from three  
rada r s  with theore t i ca l  prof i l e a  calcula ted from the U. S. Standard Atmosphere 
Supplenent .(l966): ( a )  Poker F la t .  Alaska &ST radar (b) Jicamarca radar  
(BAtSLEY, 19781, and (c )  SOUSY radar,  Federal Republic of Germany (RUSTER 
e t  al., 1980). 

Shown i n  Figure 5b i s  a comparison of the modeled backscattered power 
p r o f i l e  ca lcula ted using climatological  data  f o r  15ON with observations of the 
Jicamarca radar  located a t  lZOS near Lima. Peru. The overa l l  f i t  of the  new 
model p r o f i l e  t o  the observed backscattered power p r o f i l e  i s  a considerable . 
improvement over the old  model (BAtSLEY and GAGE, 1981). This r e s u l t  i s  
especia l ly  s ign i f i can t  since the observations i n  t h i s  case cover most of the 
stratosphere.  A s  a t h i r d  example we compare i n  Figure 5c a climatological  
ca lcu la t ion  f o r  45 "N with observations from the  SOUSY radar  (RUSTER e t  al . ,  
1980). Again, the comparison i s  s ign i f i can t ly  improved over the e a r l i e r  ' 
r e su l t s .  

CONCLUSIONS 

In  t h i s  paper we have formulated a modified Fresnel sca t t e r ing  model which 
permits the  parameterization of VHF radar  echoes obtained a t  v e r t i c a l  incidence 
i n  terms of rout inely  measured atmospheric p a r m e t e r s . .  I t  i s  assumed the  radar  
observing volume i s  f i l l e d  by a co l l ec t ion  of transversely coherent, 
hor izonta l ly  s t r a t i f i e d ,  s t a b l e  laminae of radio-index of ref ract ion.  The 
revised model assumes t h a t  the layered s t ruc tu re  i s  randomly d i s t r ibu ted  as 
discussed i n  SOCKING and ROTTGER (1983). It a l s o  assumes an exponential 
decrease with a l t i t u d e  i n  the  magnitude of the  v e r t i c a l  displacement spectrum. 
While the exponential decrease i n  the v e r t i c a l  displacement spectrum i s  somewhat 
surpr is ing,  i t  i s  not too unreasonable a t  the meter scales  per t inent  t o  VHF 

, radar  probing s ince  a t  these scales  turbulence and viscous e f f e c t s  a r e  expected 
t o  be important. With these changes the Fresnel sca t t e r ing  model simulates,very 
well  the observed p ro f i l e s  of backscattered power as seen by several  MST radars.  
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INTRODUCTION 

I r r e g u l a r i t i e s  i n  the  r e f r a c t i v e  index . resu l t  i n  coherent backscattering 
of VHF radar  s ignals  from the mesosphere (WOODMAN and GUILLEN, 1974). There 
a r e  two well-known charac te r i s t i c s  of the scat tered radar  s ignal  which appear 
t o  be pa r t i cu la r ly  r e l w a n t  t o  the sca t t e r ing  mechanism. The sca t t e red  s ignal  
i s  aspect sens i t ive  so t h a t  a stronger echo i s  received when the  radar  antenna 
i s  pointed v e r t i c a l l y  than when i t  i s  pointed off -ver t ica l  (FUXAO e t  al . ,  
1980). This aspect s e n s i t i v i t y  i s  a l t i t u d e  dependent. Correlation between 
the  echo power and the s ignal  co r re la t ion  time (PIC cor re la t ion)  i s  a l s o  a l t i -  
tude dependent. A strong pos i t ive  co r re la t ion  i s  present i n  the  lower meso- 
sphere, changing t o  negative above about 75 km. 

FUKAO e t  a l .  (1980) and o the r s  have suggested t h a t  radar echoes from the 
l a s e r  mesosphere may be caused by p a r t i a l  r e f l e c t i o n  fr'om s t r a t i f i e d  l aye r s  
modulated by gravi ty  waves or turbulence, thus causing the observed amount of 
off -ver t ica l  sca t t e r .  In  the upper mesosphere, however, where the sca t t e r ing  
i s  i so t rop ic ,  it i s  generally assumed t h a t  turbulence i s  the  only mechanism 
generating r e f r a c t i v e  index f luctuat ions .  

THXANE e t  a?. (1981) compared i r r e g u l a r i t i e s  i n  ion density data from a 
probe t o  echo power observed .by a 2.75 MHz radar  near Tromso, Norway. They * 
concluded t h a t  the data were consis tent  with radio  waves scat tered from homo- 
geneous, i so t rop ic  turbulence from 70 to 95 km. HOCKING and VINCENT (1982) 
have a l so  presented data from a s imi lar  s e t  of experiments performed a t  
Woomera, Australia.  They, however, concluded t h a t  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  s t eps  i n  the e lect ron concentration play an important 
r o l e  i n  causing the  radar echoes, a t  l e a s t  up t o  an a l t i t u d e  of 85 km. 

Here we compare data obtained simultaneously from rocket-borne Langmuir 
probes and from a 50 MHz MST radar. Rockets carrying Langmuir probes were 
launched from Prrnta Lobos i n  Peru during the  CONDOR campaign of February-March 
1983. I n  support of these rocket experiments, the Jicamarca VEIF radar  ob- 
ta ined data i n  the mesosphere and upper E-region. 

OBSERVATIONS 

The rocket (Nike Orion 31.0281, launched on 27 February 1983, observed 
some i r r e g u l a r i t i e s  i n  a narrow a l t i t u d e  region around 86 km. The echo power 
map obtained by the Jicamarca radar between 10 :16 LST and 11 :56 LST i s  shown 
i n  Figure 1. Note tha t  the data recording system was operated in te rmi t t en t ly  
during the one-hour period p r io r  to the rocket launch. The mesospheric 
region showed sca t t e r ing  i n  a narrow layer i n i t i a l l y  located a t  79 km and 
largely  s ta t ionary a t  tha t  a l t i t u d e  f o r  a t  l e a s t  one hour pr ior  to  the rocket 
launch a t  11:33 LST. The sca t t e r ing  was so local ized i n  a l t i t u d e  that  i t  
appeared i n  only one range ga te  indicat ing a thickness of a t  the most 3 km. 
Imnediately pr ior  to  the rocket launch the sca t t e r ing  region moved upwards to  
cover both the 79 km and the  82 km range gates.  

The r e l a t i v e  e lect ron density i r r e g u l a r i t y  hN/N) p r o f i l e  i n  d i f fe ren t  
frequency bands observed by the rocket on the up leg  i s  shown i n  Figure 2. 
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Figure 1. Jicamarca radar e c b  power map from February 27, 1983 between 10:15 
and 11 :56 LST. Data from the upper mesosphere (70-82 km) and the upper E 

. 

region (133-175) were recorded intermitteatly. Tbe power level visually 
observed during times of no data are  indicated by the broken contours. 
Contour levels  indicate signal-tcmoise levels  of 1, 5 and 10. Note the 
break i n  the a l t i tude  scale betweea 82 and 133 km. 

Figure 2. Relative electron density variat ions 
i n  different  frequency bands i n  the a l t i tude  
region 75 to 115 km for the rocket (Nike Orion 
31.028) launched on 27 February 1983. The 
signal i s  f i l t e r e d  by narrow band f i l t e r s  and 
rect i f ied.  The peaks a t  81 and 82 Irm are  
a t t r ibu ted  t o  instrumental effects.  



The e l e c t r o j e t  region i s  c l ea r ly  v i s i b l e  between about 90 km and 106 km. I n  
addi t ion,  the re  appears t o  be a narrow region of i r r e g u l a r i t i e s  a t  about 86 km. 
The a l t i t u d e  of the i r r e g u l a r i t i e s  i s  higher than the sca t t e r ing  layer  ob- 
served by the  Jicamarca radar. However, the horizontal  distance separating the 
two observations and the observed a l t i t u d e  change i n  the radar  data a t  the 
time of the rocket l a m c h  makes it reasonable t o  argue t h a t  the same layer  was 
observed i n  the  two data se ts .  

BBJIAB DATA 

The PIC cor re la t ion  was calcula ted f o r  the February 27 da ta  s e t  and was 
found not  t o  be negative but showed d i s t i n c t ,  unexplained, f ea tu res  a s  can be 
seen i n  Figure 3. Notice t h a t  the short-lived increase i n  echo power a t  
11:31 LST a t  the  79 km a l t i t u d e  i s  accompanied by a steady increase i n  
co r re la t ion  time t h a t  l a s t s  u n t i l  the  sca t t e red  power has decreased t o  i t s  pre- 
enhancement 1 eve1 . Other short-lived burs ts  of scat tered power a re  accompa- 
n ied  by s imi la r  unexplainable behavior of the s ignal  co r re la t ion  time. Typical 
co r re la t ion  time seen i n  Figure 3 is  about 0.3 s. I n  pa r t i cu la r  t h i s  i s  t r u e  
for  both the  two a l t i t u d e  ranges 79 and 82 km a t  the time of the rocket launch. 

Figure 3. Jicamarca radar  s ignal  power and s igna l  co r re la t ion  time f o r  the 
79 and 82 km a l t i t u d e  b ins  between 11:23 and 11:56 LST on 27 February 1983. 
Time reso lu t ion  i s  about 10 s. Correlation time i s  ca lcula ted when the 
r a t i o  between the zero and f i r s t  lag  i n  the autocorre la t ion funct ion i s  
l e s s  than 10. 



The present experiment which used only two antenna sect ions  spaced i n  the  
east-west d i rec t ion  could detect  v e r t i c a l  veloci ty  va r i a t ions  i n  the  east-west 
d i r e c t i o n  only by use of the interferometer method (ROYRVIK, 1983). Sane 
examples of v e r t i c a l  ve loc i ty  d i f ferences  were found i n  t h e  present data s e t  
and two exrrmples a re  presented i n  Figure 4. There i s  a phase s h i f t  accompanying 
the  s h i f t  i n  frequency across the spec t ra l  peaks. The east-west s i z e  of these 
s t ruc tu res  can be roughly estimated from the t o t a l  phase s h i f t  (ROYRVIK, 1983) 
and i n  the  present case the  s i z e  i s  about 600 m. It has been suggested 
(ROYRQIK, 1983) t h a t  the observations of d i f f e r e n t i a l  v e r t i c a l  v e l o c i t i e s  a r e  
manifestations of Kelvin-Helmholtz vor t i ces  and thus presumably a r e  r e l a t e d  
t o  the development of turbulent layers.  

The rocket data  of AMIN, considered here,  came from the  high-gain 
qhannel of the f ine-s t ructure  probe experiment. Detailed examination of the 
record between 70 km and 90 km shov a s ing le  region of i r r e g u l a r i t i e s  between 
85.0 and 86.4 km. The two peaks a t  81 and 82 km, v i s i b l e  i n  Figure 2 ,  a r e  
a t t r i b u t e d  t o  instrumental e f fec t s .  Spat ia l  power spectra of the r e l a t i v e  
density f luc tua t ions  were calcula ted from 2048 data points covering a s p a t i a l  
range of about 600 meters. It i s  c l ea r  t h a t  the spect ra l  power of three  meter 
i r r e g u l a r i t i e s  (500 Hz) i s  .close t o  or below the noise l eve l  w e n  i n  the  
region of s t rong i r r e g u l a r i t i e s  a t  86 km. We thus depend on in te rpo la t ion  of 
the  spectrum of longer wavelengths t o  ca lcu la te  the scat tered power a t  the 
t h r e e  meter wavelength. The f i r s t  th ree  spectra i n  Figure 5 cover the  1400 
meter v e r t i c a l  extent  of the region of enhanced i r r e g u l a r i t i e s .  The l a s t  
spectrum i s  apparently the noise-level spectrum from the region inrmediately 
above the  layer  of i r r e g u l a r i t i e s .  A t  frequencies above 200 Hz (corresponding 
t o  7.5 m s p a t i a l  wavelength) the spect ra  a r e  below noise l eve l ,  but below t h i s  
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Figure 4. Jicamarra.radar cross spect ra  from 11 :41:15 LST and 11 :45 :30 LST on 
27 February 1983. The broken l i n e  i n  the power spect ra  indicates  an upper 
es t imate  of the noise l w e l .  The phases of the spec t ra l  components exceeding 
t h i s  noise l w e l  have been joined by a s o l i d  curve. 
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Figure 5. Spectra of r e l a t i v e  e l ec t ron  densi ty  va r i a t ions  (ANIN) ' i n  the 
sca t t e r ing  layer  observed by the probe experiment on 27 February 1983 
between 85.2 and 86.6 km a l t i tude .  The f i r s t  spectrum has been shown " 
i n  u n i t s  of wavelength assuming a rocket ve loc i ty  of 1.5 km. The three  
remaining spectra  a re  in un i t s  of Hz. The l a s t  spectrum i s  from a region 
of no detectable  turbulence. 

frequency the re  i s  a marked increase i n  power above the noise level.  This i s  
consis tent  with the  i r r e g u l a r i t y  p ro f i l e s  shown i n  Figure 2. 

Turbulence theory (TA!CARSKII, 1971) p red ic t s  a spect ra l  index of -513 i n  
t h e  i n e r t i a l  subrange of turbulence. Figure 5 shows, however, t h a t  there  i s  a 
not iceable  break i n  the spec t ra l  slope a t  about 50 Hz corresponding t o  a wave- 
length of about 30 m. A t  lower frequencies (longer wavelengths) t h e  spect ra l  
slope -513 f i t s  the  observed spectra q u i t e  well .  A t  higher frequencies 
( shor te r  wavelengths) the  spec t ra l  slope i s  much steeper,  apparently close t o  
a slope of -7. 

Several comparisons can be made between the VIIF radar  data and the  rocket 
electron-density measurement. The most straightforward is  t o  compare the  
radar  sca t t e r ing  cross  sect ion per un i t  volume (a)  measured by the radar t o  
the' cross  sect ion calculated from the spectrum of i r r e g u l a r i t i e s  observed by 
the  rocket. We adopt the formula fo r  the radar  r e f l e c t i v i t y  from VANZANDT 
e t  a l . ,  (1978) 



where c i s  the veloci ty  of l i g h t  and k i s  the  ~o l t zmann ' s  constant. The B de f in i t ions  and values of the radar parameters a re  g'ven i n  Table 1. From 9 Figure 1 it i s  seen t h a t  the signal-to-noise r a t i o  (N) va r i e s  between 1 and 
10 i n  the a l t i t u d e  range around 80 km. I f  we assume what seems t o  be a typi- 
c a l  SIN r a t i o  of 2 fo r  the time of the rocket launch we calcula te :  

0 = 2 x 10-18 m-I 

4 2 We have used A = 4.2 x 10 m since only two q u a r t e r s e c t i o n s  of the 
antenna were used f o r  reception. 

To ca lcu la te  the r e f l e c t i v i t y  r e s u l t i n g  from the rocket i r r e g u l a r i t y  data  
we s t a r t  with the formula given by OTTERSTEN (1969) 

m 

where k i s  the  wave number and 4 (lc) i s  the spectrum representing the  th ree  
dimensional r e f r a c t i v e  index f iefd.  The rocket experiment, however, m asures 
the one-dimensional r e l a t i v e  v a r i a t i o n  i n  the  e lect ron density SN(k)/N5 and 
we w i l l  have to  modify (2). The re la t ionsh ip  given by W O O W  and GUILLEN 
(1974) r e l a t e s  the spect ra  of the r e f r a c t i v e  index and the spect ra  of e l ec t ron  
density va r i a t ions  (4N(k)) a s  

Rere f i s  the plasma frequency and f is  the frequency of the probing radio  
wave. 'SO, f o r  the mesosphere, we g e t  

Mote t h a t  $ ~ ~ ( _ k _ )  i s  a three-dimensional spectrum, whereas the one measured by 
the rocket i s  a one-dimensional spectrum. OTTERSTEN (1969) has discussed t h i s  
conversion i n  d e t a i l  and i f  the spect ra  a r e  i so t rop ic  and follows the  negative 
power law one can subs t i tu te  for  $N(ll) 

where S (k)  i s  the one-dimensional spectrum measured by the rocket. By N subs t i tu t ing  (5) i n t o  (4) .we end up with the appropriate r e l a t ionsh ip  between 
the  radar r e f l e c t i v i t y  and the rocket i r r e g u l a r i t y  spectrum 

The question of i so t rop ic  i r r e g u l a r i t y  spectrum cannot be independently deter-  
mined i n  t h i s  case, however, we f e e l  ‘justified i n  assuming isotropy since pre- 
vioils radar experiments (COUNTRYMAN and BOWHILL, 1979, FUKAO e t  a l . ,  1980, and 
and ROYRVIK, 1983) have shown i so t rop ic  coherent sca t t e r ing  of VHF rad io  waves 
a t  and above 80 km i n  the mesosphere. 

It i s  c l ea r  from Figure 5 t h a t  the spec t ra l  component a t  3 m (k 2.1 
rad/m) i s  below the noise l e v e l ,  however, f i t t in_fOof  a poyer law with spec t ra l  
index n = -7 gives an estimated power of 3 x 10 (ANIN) m/rad. This 
value when subs t i tu ted  i n t o  (6) gives 



i n  good agreement with the value calculated from the radar data. 

According t o  elecmentary isotropic  turbulence theory (TENNEKES and LUMLEY, 
1972) the energy dissipation r a t e  can be related t o  turbulent velocity and t o  
the scale  s ize  of the turbulence through 

For stationary turbulence it m u s t  be assumed tha t  the energy dissipation r a t e  
is equal t the r a t e  of energy input a t  the largest  scale of turbulence so 
tha t  E - $I/h. HOCXllfG (1982) has discussed t h i s  point and suggested 
the re la t ions  p - 

2 
E = 2.9 v f B  (8) 

where f B  is the Brunt-Vaisala frequency ( i n  Hz) and v i s  the horizontal rms 
velocity. The t o t a l  nus value of the line-of-sight v"e1ocity variations can be 
obtained from the Doppler spectrum of the scattered signal through the equation 

- where f i s  the half width of the spectrum (BRIGGS, 1980). It i s  important 
t o  ver iG2tha t  the spectral width i s  due t o  turbulence n s  veloci t ies  only, 

* 

and do not contain contributions from a host of other phenomena. This has been 
done. 

The correlation half-time, which is  the quantity calculated i s  qui te  
var iable  a t  l eas t  for  the 79 Irm range gate (Figure 31, however for  the 82 km 
range time i t  i s  f a i r l y  s table  a t  about 0.3 s giving a half width of the Dopple~ 
spectra of about 0.6 Hz. Substituting t h i s  value into equation (9) we calculate 

TPNNEKES and LUHLEY (1972) have suggested that  due t o  the anisotropy a t  the 
largest  ecales of turbulence the ver t ica l  nns velocity i s  a factor fi smaller - tha t  the horizontal rms velocity. We use t h i s  assumption when falculat ing the 
energy diss ipat ion r a t e  from equation 8, and get E = 0.05 W kg- . 

.- - - - -L 

The inner scale of turbulence (Kolmogorov microscale) 11 ( v 3 / ~ ) l f 4  i s  - 
related t o  the energy diss ipat ion r a t e  (E)  and the kinematic viscosi ty  (v). 
Using values from the U.S. Standard Atmosphere model for the kinematic 
viscosi ty  we get  0 = 3.15 m a t  85.5 Irm. According t o  TENNEJEKES and LUMLEY 
(1972) the velocity spectrum w i l l  be i n  the i ne r t i a l  subrange i f  k, < 1 and 
i n  the diss ipat ion subrange fo r  k,, > 1. Thus it i s  expected tha t  the change- 
over between a -513 power law spectrum and a much steeper spectrum w i l l  occur 
a t  k = 0.31 me'. This value i s  marked i n  Figure 5 and appears t o  be in good 
agreement with the observed change i n  the spectral slope. 

Finally, we can compare the outer scale of turbulence, or the turbulent 
layer thickuess, estimated from the two data sets.  For the radar data we use 
the equation 

vhere f B  i s  the Brunt-Vaisala frequency corresponding t o  a period of 5 min. 
The 800 m layer thickness compares reasonably well with the 1.4 km region of 
i r regular i t i es  observed with the rocket as shown i n  Figure 2. The difference 



may be' due t o  the hor izonta l  d i f ference separating the two observation volumes, 
but it may a l s o  be due t o  the f a c t  t h a t  turbulence close t o  the  outer  sca le  
LB i s  not i so t rop ic  and the rms veloci ty  observed i n  the v e r t i c a l  antenna 
i s  not i d e n t i c a l  t o  the shear veloci ty  across  the turbulent layer.  

SUMMBRY AND CONCLUSIONS 

Data from the Jicamarca VHF radar and from a Langmuir probe f ine-s t ructure  
on a Nike Orion rocket launched from Punta Lobos. Peru have been compared. A 
s i n g l e  mesospheric sca t t e r ing  layer was observed by the  radar. The Langmuir 
probe detected i r r e g u l a r i t i e s  i n  the electron-density p r o f i l e  i n  a narrow region 
between 85.2 and 86.6 km. It appears from a comparison between these two data  
s e t s  , that  turbulence i n  the neu t ra l  atmosphere i s  the mechanism 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 .  
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2.5A INTERPRETATION OF RADAR RETURNS FROM THE E:D%SOSWERE 
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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  

v3 L a 7  



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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2.6A RADAR ECROES AT 2.66 AND 40.92 MHz FROM TXE MESOSPHERE 

Aeronomy Laboratory 
Department of E l e c t r i c a l  and Ccmputer Engineering 

Univers i ty  of I l l i n o i s  
Urbana. IL 61801 

Radars operat ing i n  the  frequency range from 1 to  60 WIz have been used 
extensively  during the  l a s t  decades t o  study the  ionospher ic  D region. S w e  
progress  has been made i n  understanding the  mechanism t h a t  cause the  r e f l e c t i o n 1  
s c a t t e r i n g  of the  t ransmit ted  r a d i o  waves although some problans ranain  t o  be 
solved. THRANE e t  a l .  (1981) compared rocket  measurements of i o n  dens i ty  
i r r e g u l a r i t i e s  t o  radar  echo observat ions  a t  2.75 MHz and concluded t h a t  the 
received rada r  s i g n a l  was due t o  s c a t t e r i n g  from i s o t r o p i c  and homogenous turbu- 
lence i n  the  a l t i t u d e  region between 70 and 95 km. HOCKING and VINCENT (1982) 
on the  o the r  hand, compared s c a t t e r i n g  c r o s s  s e c t i o n  a t  two frequencies.  2 and 
6 MHz. and suggested t h a t  the r a d a r  echo from the  region below 80 km was i n  pa r t  
due t o  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 .  

It i s  w e l l  known t h a t  t he  VIIF s c a t t e r i n g  c r o s s  sec t ion  i s  aspect s e n s i t i v e  
i n  the  D region below about 75 Irm. whereas i t  tends t o  be  i s o t r o p i c  a t  higher 
a l t i t u d e s  (COUNTRYMAY and BOWHILL, 1979; FUKAO e t  a l .  1980; ROYRVIK 1983). 
FUKAO e t  a l .  suggested t h i s  t o  be  the r e s u l t  of a mixture of s c a t t e r i n g  and 
r e f l e c t i o n  a t  the  lower a l t i t u d e s ,  and pure i s o t r o p i c  s c a t t e r i n g  a t  higher 
a l t i t u d e s .  However. ROYRVIK (1983) studying Doppler spec t ra  of the  mesospheric 
echoes. suggested t h a t  the aspect s e n s i t i v e  pa r t  of the  s igna l  i s  due t o  
s c a t t e r i n g  from an i so t rop ic  turbulsnce.  ROTTGER e t  a1  (1979) r e j e c t e d  p a r t i a l  
r e f l e c t i o n  of VHF r ad io  waves from ledges i n  the  r e f r a c t i v e  index bordering a 
tu rbu len t  region (BOLGIANO. 1968) because the  i n n e r  s c a l e  of turbulence i n  the 

- mesosphere i s  l a r g e r  than the rada r  Bragg wavelength. 

P o s i t i v e  c o r r e l a t i o n s  between sca t t e red  s igna l  power and s igna l  c o r r e l a t i o n  
time (PIC-correlation) have been observed by VHF radars  i n  the lower mesosphere 
by FUKAO e t  a l .  (1980) who concluded t h a t  it might be an add i t iona l  ind ica t ion  
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  l a y e r s  (ROTTGER and LIU. 1978). I n  the 
upper mesosphere where the  PIC c o r r e l a t i o n  f o r  the  VIIF s i g n a l s  i a  negat ive ,  it 
i s  believed t h a t  the  s c a t t e r i n g  i s  caused by i s o t r o p i c  turbulence. Recently, 
however. ROYRVIK (1984) has argued t h a t  s teady-s ta te  shear-induced turbulence 
should r e s u l t  i n  a p o s i t i v e  PIC-correlation i f  the  Bragg wavelength is wi th in  
the  d i s s i p a t i v e  subrange of turbulence.  

The Aeronomy Laboratory F ie ld  S t a t i o n  a t  the  University of I l l i n o i s  con- 
t a i n s  a 41-MHz MST r ada r  (MILLER e t  a l .  1978) and a 2.66-MHz p a r t i a l - r e f l e c t i o n  
antenna rada r  (RUGGERIO and BOWHILL, 1982). I n i t i a l l y  these  two radar s  used the  
same computer f o r  da ta  acqu i s i t ion ,  and thus  simultaneous runs  were not possi- 
ble.  Recently. however. a s e t  of microcomputers have been adapted f o r  separa te  
da ta  c o l l e c t i o n  from the  two r a d a r s  (RUGGERIO and BOWHILL, 1982). Several  
simultaneous runs  have been made i n  o rde r  t o  compare both measured hor izonta l  
v e l o c i t i e s  and v a r i a t i o n s  i n  s c a t t e r e d  power measured by the  two radar  systens.  
The r e s u l t s  of the  wind measurements have been repor ted by RUGGERIO and BOWHILL 
(1982.). Here w e  w i l l  r epor t  some preliminary r e s u l t s  from comparison of the  
r a d a r  s c a t t e r i n g  c ross  sec t ion  a t  the two radar  frequencies.  
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EXPERIMENTAL TECBNIQUE AND CALIBRATION 

The Urbana MST radar  operates a t  a frequency of 40.92 MKz i n  a pulsed, 
monostatic mode. Peak transmitted power i s  1.4 MW i n  20 vs pulaes. Pulse 
r e p e t i t i o n  frequency i s  400 Hz. The t ransmit t ing/receiving antenna cons i s t  of a 
r ctangular ar ray of 1008 half-wave dipoles with a physical aper ture  of 11000 9 m . The receiving system cons i s t s  of a transmit/receive switch, a blanker/ 
preamplifier  and a receiver  with IF frequency of 5.5 MHz. Autocorrelation 
funct ions  with twelve 1 / 8  s l ags  of the complex received s ignal  a re  ca lcula ted 
on l i n e  and s tored every minute i n  20 a l t i t u d e  bins  spaced 1.5 km apart. 

The pa r t i a l - r e f l ec t ion  radar  operates on a frequency of 2.66 Mfiz with a 
peak t ransmit ted  power of 3.5 kW. Pulse length i s  25 v s  and pulse r e p e t i t i o n  
frequency i s  200 Hz. Separate t ransmit t ing and receiving antennas a r e  used.  he 
t ransmit t ing antenna cons i s t s  of a 60 half-wave dipole  array.  The receiving 
antenna cons i s t s  of an almost iden t i ca l  ar ray which i s  divided i n t o  four  
sections.  The s ignal  s t rength  from each sect ion i s  separately detected f o r  use 
i n  a spaced antenna experiment. Scattered s igna l  power f o r  each antenna, and 
hor izonta l  wind v e l o c i t i e s  a r e  estimated and recorded every minute i n  e ight  
a l t i t u d e  ranges spaced 4.5 km apar t ,  i.e., a s l i g h t  undersampfing i n  a l t i t u d e  
(BUGGER10 and BOWHILL, 1982). 

Both radars  were ca l ib ra ted  so t h a t  absolute sca t t e r ing  cross  sect ion could 
be estimated from the echo strength.  The nature  of t h i s  ca l ib ra t ion  i s  d i f fe r -  
ent f o r  the two radars  and w i l l  be outl ined i n  the  following sections.  The 41- 
MHz s c a t t e r i n g  cross  sect ion i s  calcula ted from the radas  equation i n  the form 
given by VANZANDT e t  a l .  (1978) 

Here the  signal-to-noise r a t i o  S/N i s  measured d i rec t ly  from the autocorre la t ion 
function,  r i s  the range of the sca t t e r ing  volume, and c i s  the  veloci ty  of 
l i g h t .  The remaining constants a r e  defined, and values given i n  Table 1. The 
noise temperature (T ) of the receiving system was measured by a noise diode 
t o  approximately 90 W6. This i s  reasonable considering t h a t  the  manufacturer of 
the preamplifier  quotes a l-dB noise f igure  and a 20-dB gain. Measurement of 
the antenna eff ic iency fac to r  (a) gave a value of 0.35. This value is 
considerably b e t t e r  than t h a t  measured by ALLMAN and BOWHILL (1976) and 
approximately equal t o  the value predicted with a preamplifier  inser ted 
immediately following the tranemit/receive switch. Considering the  
uncer ta int ies  involved i n  equation (1) it i s  estimated t h a t  the sca t t e r ing  cross  
sect ion can be measured t o  wi thin  a f ac to r  of two. 

A t  2.66 MHz the sky noise temperature (T,) i s  highly va r i ab le  and cannot be 
used a s  a convenient reference t o  compare the scat tered power. Thus the 
par t ia l - ref  l e c t i o n  radar was cal ibra ted against  nighttime F-layer r e f l e c t i o n  
using the  equation 

Here X i s  a constant including a l l  radar parameters. X can be found by meosur- 
ing P a t  night and assuming t h a t  the nighttime F-layer r e f l e c t i o n  i s  t o t a l ,  

. i . eeSr  lp12 = 1. I n i t i a l  ca l ib ra t ion  of the pa r t i a l - r e f l ec t ion  radar  was 
out during a 2-hour run around midnigh5 between May 3 and 4,  1984. From t h i s  
experiment we calcula ted X = 1.27 x 10 7.  The sca t t e r ing  cross  sect ion per 
un i t  volume can then be calcula ted from the equation 



Table 1 

X wavelength 1.3 m 

m samples coherently in tegrated 24 

Pt peak pulse power 

a eff ic iency of radar antenna 

A e f f e c t i v e  antenna a rea  . 4 2 1.1 x 1 0  m 

A r  range reso lu t ion  2 x 103 m 

f radar frequency 41 MBz 

Fr pulse r e p e t i t i o n  frequency 400 Hz 

B . bandwidth of in teg ra t ion  f i l t e r  8 Bz 

Tc cosmic noise temperature lo4  OK 

T, receiver  noise temperature 90 O K  

Use of equa'tion (3) a s  opposed t o  (2) assumes volume scat ter ing,  an assumption 
t h a t  m y  be debated. However, VINCENT and BmROSE (1977) from a study of 2.66- 
ElfIz radar s igna l s  found t h a t  the majority of echoes were due t o  incoherent 
eca t t e r ing  from a number of i r r e g u l a r i t i e s .  

Cal ibra t ion of the 2.66-EXz radar i s  inherent ly  more d i f f i c u l t  than ca l i -  
-- - - -- - -- .i bra t ing  the  41-MHz radar. Consequently, the  uncer ta int ies  i n  the  measurements 

of the  sca t t e r ing  cross  sect ion a r e  l a rge r  a t  2.66 MHz; perhaps as  l a r g e  as  a 
f ac to r  of f ive .  

OBSERVATIONS 

Several days of simultaneous observations by the two radar s  were made i n  
l a t e  April and ea r ly  May 1984. .Some problens with the pa r t i a l - r e f l ec t ion  data  
recording system were encountered, however, a t o t a l  of approximately 24 hours of 
d a t a  were recorded. Both radars  were obta ining scat tered power p ro f i l e s  between 
approximately 60 and 90 km a l t i tude .  Observations of the r e a l  time display 
showed t h a t  the re  usual ly  were one or two sca t t e r ing  l aye r s  i n  both radars.  The 
a l t i t u d e  of the layers  i n  the  two radars seemed t o  agree most of the time, but 
the re  a l s o  were occasions when the scat tered power p ro f i l e s  looked q u i t e  d i f fe r -  
ent. Most importantly, perhaps, was the f a c t  t h a t  the short  period (-1 min) 
time v a r i a t i o n s  i n  the amount of scat tered power did not appear to  be re l a t ed  i n  
the  two radars  even i n  l aye r s  t h a t  were c l e a r l y  occupying the  same a l t i t u d e  
region. This  made data comparison q u i t e  d i f f i c u l t .  However, a s  a preliminary 
comparison.,. da ta  were chosen from times when the tenporal  va r i a t ions  were small. 

Exrrmples of scat tered power as observed by the two radars  a r e  given i n  
. . Figures 1 and 2. Four d i f fe ren t  s e t s  of da ta  have been compared on the  

assumption t h a t  the echoes a r e  due t o  turbulent  sca t t e r .  The comparison 



' Figure 1. Scattered power profiles from the 41-MHz radar, May 4 ,  1984. 

TIME (CST) 

Figure 2.  Map of scattered power from the 2.67-MIIz radar in  dB x 101, 
May 4 ,  1984. Zeros indicate time snd altitudes where correlation 
time i s  l e s s  than one time lag i n  the correlation function. This 
represents noise level .  



involves several  s t eps  as  explained i n  the .  following. sections. 

For each da ta  s e t  the  sca t t e r ing  cross  sect ion observed a t  2.66 MHz i s  
taken a s  a reference. Then the  corresponding sca t t e r ing  cross  sect ion f o r  the 
41-Ne radar  was calcula ted from the equation 

obtained from GAGE and BALSLEY (1980). However, t h i s  equation assumes t h a t  the 
r ada r  Bragg wavelength i s  wi thin  the  i n e r t i a l  subrange of turbulence. RASTOGI 
and BOWHILL (1976) have indicated t h a t  the Bragg wavelength of a VHF r ada r  i s  
i n  the  d i s s i p a t i v e  subrange of turbulence i n  the  mesosphere. ROYRVIK and SMITII 
(1984) showed spectra  of turbulent  i r r e g u l a r i t i e s  t h a t  confirmed t h i s  and 
indicated t h a t  the spect ra l  slope i n  the  d i s s ipa t ive  subrange i s  close t o  -7. 

We now assume t h a t  the discrepancy between the observed cross  sect ion f o r  
41 HBz and the  cross  sect ion calcula ted using equation (4) i s  due t o  the rapid 
f a l l o f f  of the i r r e g u l a r i t y  spect ra  i n  the  d i s s i p a t i v e  subrange. The mount 
of discrepancy observed should be a funct ion of the inner s c a l e  of turbulence. 
The inner sca le  of turbulence needed t o  expla in  the  discrepancy i n  each case i s  
found a t  the  in te r sec t ion  between the  l i n e s  with slopes -5/3 and -7 i n  Figure 3. 
These values,  p lus  addi t ional  values, of the inner sca le  as  a funct ion of 
a l t i t u d e  have been p lo t t ed  i n  Figure 4 along with an estimate of the l imi t ing  
values  of the  inner  scale. As can be seen, these estimated values  a r e  
reasonable indicat ing t h a t  the radar  echoes a t  both 2.66 and 41 MEiz a r e  due t o  
s c a t t e r i n g  from the same l aye r  of turbulence-generated i r r e g u l a r i t i e s .  Note i n  
p a r t i c u l a r  t h a t  the sca t t e r ing  c ross  sect ion o f  the 41-ElHz radar  i s  never 
s ign i f i can t ly  above the value predicted from the 2.66-EMz c ross  sect ion i f  
turbulent  s c a t t e r  i s  assumed. 

A continuation of t h i s  work w i l l  include calcula t ion of s ignal  co r re la t ibn  
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Figure 3. Spectra of sca t t e r ing  i r r e g u l a r i t i e s  
with the 2.67-EfEz radar  cross  sect ion as 
reference. The f igure  only gives information 
of the r e l a t i v e  cross  sec t ion  between the 
radars. 
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F i g u r e  4. L i m i t s  of i n n e r  and o u t e r  s c a l e s  of 
t u r b u l e n c e  c a l c u l a t e d  from s i g n a l  c o r r e l a t i o n  
t imes  a t  t h e  J icamarca  50-MHz radar .  The 
s o l i d  d o t s  i n d i c a t e  deduced i n n e r  s c a l e s  of 
tu rbu lence .  The d o t s  w i t h  arrows i n d i c a t e  
t h a t  t h e  i n n e r  s c a l e s  a r e  equa l  t o  o r  s m a l l e r  
than t h e  41-MIz Bragg wavelength. 

t ime.  and e s t i m a t e s  of energy d i s s i p a t i o n  r a t e  a s  a f u n c t i o n  of a l t i t u d e .  T h i s  
w i l l  a l l o w  independent  e s t i m a t e s  of t h e  i n n e r  s c a l e  of tu rbu lence  t h a t  can bet 
compared t o  t h e  v a l u e s  shown i n  F i g u r e  4. A p a r t i c u l a r l y  i n t e r e s t i n g  s tudy 
would be  t h e  comparison of  t h e  time v a r i a t i o n s  of t h e  s c a t t e r i n g  c r o s s  s e c t i o n s  
i n  t h e  two r a d a r s  a t  a l t i t u d e s  where t h e  41-lEz r a d a r  o p e r a t e s  w i t h i n  t h e  
d i s s i p a t i v e  subrange of t h e  t u r b u l e n t  spectrum (ROYRVIK, 1984).  
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" P. K. Rastogi and 3. D. Mathews 

Department of Electr ical  Engineering and Applied Physics 
Case Western Reserve University 

Cleveland, CB 44106 

Scat ter ing of radio waves from atmospheric refractive-index i r r egu l a r i t i e s  
induced by turbulence was invoked almost four decades ago t o  explain the 
character is t ics  of signals received on V E F / W F  ionospheric and tropospheric 
forward-scatter l inks (WIESNEB, 1960). Due t o  the b i s t a t i c  geauetry of these 
l inks a slender, horizontally extended, common volume or c e l l  is  formed i n  
space. The principal contribution t o  scattering a r i ses  from refractive-index 
f luctuat ions i n  t h i s  volume a t  the Bragg wave number $ = 8 .  - &c 
corresponding t o  the difference of the incident and scattered wave propagation 
vectors. The length scale corresponding t o  the Bragg wave number is  2r/% = 
X/(Z sin€i/2), where 6 i s  the angle between 5. and g . For backscatter, 
6 = 180' and the Bragg wave number corresponhs t o  t f e  length scale 1/2A for  a 
radio wavelength X (BOOKER and GORDON, 1950; BOOKER, 1956). 

Since the early days of scat terpropagat ion research, it has been real ized 
tha t  multifrequency measutements of fe r  the .possibi l i ty  of monitoring the 
spectrum of ref r ac t i ve index  fluctuations a t  several d i s t inc t  Bragg wave numbers 
(WIESNER, 1960; BLAIR e t  al., 1961; BOLGIANO, 1963). A quanti ta t ive i n t e r  
pretat ion of such measurements has led t o  a c r i t i c a l  reexamination of the ro le  
of turbulence i n  producing these fluctuations (BOLGIANO, 1958; BULCIANO, 1960; 
WEEELON, 1959,1960; HILL and BOWAILL, 1976). I 

In  recent years, multiplefrequency MST radar capabi l i t ies  have become 
available a t  eeveral s i t e s  around the world a t  frequencies ranging from EF, 
through VHF to  UHF. It has been surmised that  the use of more than one 
frequency i n  probing the middle-atmosphere regions should help resolve several 
issues pertaining t o  the scat ter ing mechanism (LIB, 1983). These issues a re  
briefly re-examined i n  t h i s  note. The implications of the radar equation a r e  
diecussed i n  the next section. The two following sections consider the problems 
a r i s ing  due t o  layered s t ructure of turbulence and the choice of frequencies 
most sui table  for  multifrequency measurements, respectively. 

IMPLICATIONS OF THE RADAR EQUATION FOR MULTIFREQUENCY HEASUREHENTS 

The radar equation for  a uniform random medium with refractive-index 
f luctuat ions n re la tes  the received signal power (PSI t o  the transmitted 
power ( P ~ ) ,  the antenna parameters (e.g., i t s  physical aperture A), range 
(R), range resolution (AR), and a radar re f lec t iv i ty  (n) for the medim. For 
narrow-bean monostatic radars, the radar equation can be written i n  several 
different  forms. & simple form following ROTl'GER (1980) i s  

where the factor L accounts for  the system losses. The re f lec t iv i ty  n for a 
homogeneous, isotropic  f i e l d  of f luctuations i s  obtained as  



where q! ( s )  i s  the three-dimensional spectrum of refractive-index 
f luc tua f ions ,  evaluated over a spherical  s h e l l  of radius i n  phase space. 
For small-scale f luc tua t ions  i n  the i n e r t i a l  range or2beyond, On (k) i s  
r e l a t e d  t o  the r e f r a c t i v e  index s t ruc tu re  constant Cn 

rl = 0.033 Cn 2 k-11/3 exp [-k2/ k: 1 

with km = 5.91/\, and the  inner sca le  of turbulence. These r e s u l t s  
have.been discussed by I~HIMAI(U (19781, and TATARSKII (1971). 

Several conditions a r e  e s s e n t i a l  fo r  obtaining equations (1) and (2). It 
i s  assumed t h a t  the radar  c e l l  l i e s  i n  the f a r  f i e l d  of the antenna. Refractive 
index (and o the r )  f luc tua t ions  i n  the medium must be homogeneous and i so t rop ic ,  
and the medium is assumed t o  en t i r e ly  f i l l  the  beam and the radar  c e l l .  Single 
s c a t t e r i n g  and quasi -s ta t ic  approximations must a l s o  hold. The numerical 
coe f f i c i en t  i n  equation (1) depends on the  antenna rad ia t ion  pat tern ,  and AR i s  
a rectangular  approximation t o  the convolution of the pulso shape with receiver- 
system impulse response. 

A s t rong motivation f o r  multifrequency experiments i s  the  p o s s i b i l i t y  of 
measuring the  form of the spectrum @ (k) a t  several  Bragg wave numbers 
through s igna l  power measurements. f t  should be emphasized t h a t  such measure- 
ments r equ i re  absolute  radar ca l ib ra t ion  f o r  each frequency. The current 
approaches and problems i n  such ca l ib ra t ions  were b r i e f ly  discussed a t  the 
p r w i o u s  workshop (BOWILL, 1983). 

CONSEQUENCES OF LAYERED TURBULm CE STRUCTURES 

The assumptions of homogeneity and isotropy of ref ractive-index 
f luc tua t ions ,  and t h a t  they f i l l  the radar  beam and the radar c e l l ,  a r e  most . . r ead i ly  v io la ted  i n  the presence of turbulent  layers.  These layers  have indeed 
been observed throughout the middle atmosphere (WOODMAN and RASTOGI, 1984; 

- , ROTTGER e t  a l . ,  1979). 

The f i r s t  consequence of layered turbulence i s  t h a t  the re  i s  a range of 
-- _ _ _  - _ -  wave numbers i n  the v i c i n i t y  of t h a t  contr ibute  t o  scat ter ing.  This range 

A k g  depends inversely on the  layer  thickness LT (RASTOGI and BOWHILL, 1976) 

A k g  % $ ( 4 )  

This produces a smearing of the underlying spectrum i n  the v i c i n i t y  of k . 
The extent  of t h i s  smearing depends on the d i s t r i b u t i o n  of refractive-in8ex 
variance i n  the layer ,  and can be q u i t e  ser ious  fo r  a normal layer thickness of 
100 m (Figure 1 ) .  

The second consequence of layered turbulence i s  due t o  quasi-specular or 
d i f fused r e f l e c t i o n s  t h a t  a r e  produced from the edges of these layers.  HOCKING 
and ROTTGEE (1983) have considered modifications t o  the radar  equation due t o  
t h i s  ef fect .  

To minimize the e f fec t  of layered turbulence i n  multifrequency experiments 
i t  i s  important t o  keep the  common volume fixed. This requires  t h a t  the 
antennas be scaled with frequency t o  give the  same beam widths, and i n  addit ion,  
the  pulse shape, receiver  system impulse response and range delays be kept 
i d e n t i c a l  fo r  a l l  frequencies. 
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Figure 1. Two poss ible  d i s t r i b u t i o n s  ( a )  and 
(b) of r e f r a c t i v e i n d e x  variance across a 
t h i n  layer.  The arrow shows the idea l  Bragg 
f i l t e r  a t  wave number b;B fo r  an i n f i n i t e  
s c a t t e r i n g  volume. The shapes label led  ( a )  
and (b) show the Bragg f i l t e r s  corresponding 
t o  the d i s t r i b u t i o n s  above. The power law 
spectrum i s  only a p laus ib le  form fo r  Q n(k). 

The range of frequencies current ly  ava i l ab le  f o r  MST radars  i s  -3 MHz t o ,  
we l l  above 1 GHz. Only the HF and lower VHF radars  a r e  sens i t ive  t o  turbulent 
f luc tua t ions  i n  the  mesosphere. Sensi t ive  UfIF r ada r s  can be used t o  probe the 
D-region ionizat ion (MATHEWS, 1984). The widest  choice of frequencies is 
ava i l ab le  a t  EISCAT and Arecibo. 

Figure 2 shows schematically the  Bragg length scales  associa ted with 
several  radars. Also shown i n  t h i s  f i g u r e  a r e  the energy spectra  associated 
with strong and weak turbuleilce i n  the  troposphere and mesosphere. The form of 
these spect ra  a r e  q u a l i t a t i v e  and no d i s t i n c t i o n  i s  made between energy spectra  
and the  spect ra  of refractive-index f luctuations.  

In  the  mesosphere, the  Bragg length sca le  fo r  VHF radars  i s  comparable t o  
the  inner s c a l e  of turbulence. For t h i s  reason two VHF r ada r s  with a frequency 
spacing of a few MHz can provide useful information about the  spectra associa ted 
with small-scale turbulence. The use of a UHF radar  i n  addi t ion can provide 
information about D region electron-densit ies and t h e i r  gradients  t h a t  i s  v i t a l  
f o r  in te rp re t ing  the  behavior of VHF returns.  

. 



1 HF ' PARIAL REF. 3 )Hz 
2 MfF tST 50 Mz 
3 YHF EISUT 224 Hlz 
4 UIF ARECIBO 430 Htz 
5 UIF EISUT . 933 !Hz 
6 5-BAN0 ARECIBO 2380 Mz 
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Figure  2. Bragg length sca les  (X/2) f o r  s i x  backscat ter  radars a re  shown by t h e  
arrows. Tropospheric and mesospheric spect ra  f o r  strong and weak (by 10,000 
t imes) turbulence have been superimposed. The form of these spect ra  a r e  . 
q u a l i t a t i v e  and no d i s t i n c t i o n  i s  made between energy spectra  and spectra  of 
r e f r a c t i v i t y  f luctuat ions .  Dots show a length sca le  t h a t  i s  5 x the  wave- 
length associated with the turbulence inner  scale. A t  smaller length scales ,  
the  iner t ia l - range form i s  invalid.  A t  Bragg scales  &50 m. anisotropy + 

e f f e c t s  become s ignif icant .  

- - - RF r ada r s  usually lack a f i n e  a l t i t u d e  reso lu t ion  ( typ ica l ly  3 km or  
worse). The X- and 0-mode re tu rns  suffer ,  however, d i f f e ren t  a t tenuat ions  and 
. t h e i r  corresponding propagation vectors  kx and ko become s ign i f i can t ly  

.- ....- .- -. A,. d i f f e r e n t  i n  the upper D region. For t h i s  reason, a range-time cross- 
c o r r e l a t i o n  ana lys i s  of several  closely spaced HF frequencies w i l l  complement 
the  conventional partial-ref l e c t i o n  experiments (RASTOGI and HOLT, 1981 ) . 

In the  v i c i n i t y  of the tropopause , t he  turbulence inner sca le  is  jus t  a few 
centimeters. Two widely separated frequencies (e.g., 224 MHz and 933.5 MHz fo r  
the  EISCAT radars)  o f f e r  the p o s s i b i l i t y  of detect ing l a rge  va r i a t ions  i n  the 
i n t e n s i t y  of turbulence through t h e i r  e f fec t  on the inner scale.  

In  some cases, especia l ly  with VHF radars ,  it may be possible,  even 
advantageous, t o  use two r a t h e r  closely spaced frequencies. This would allow 
the  use of the  same radar a t  two frequencies with only a s l i g h t  degradation i n  
performance . 

A care fu l  reexamination of the frequency dependence of the turbulence and 
r e f r a c t i v e i n d e x  spectra,  and of sca t t e r ing  from t h i n  turbulent  l aye r s  i s  
e s s e n t i a l  fo r  in te rp re ta t ion  of multifrequency measuranents. 
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The Doppler, spaced-antenna and in terferometr ic  methods of measuring wind 
v e l o c i t i e s  a l l  use the same basic  information"-- the Doppler s h i f t s  imposed on 
backscat tered rad io  waves - but they process i t  i n  d i f f e r e n t  ways. The Doppler 
technique i s  most commonly used a t  VHF s ince  the narrow radar bems  a r e  r ead i ly  
avai lable .  However, the spaced antenna (SA) method has been successfully used 
wi th  the SOUSY and Adelaide radars.  A t  MF/HF the  spaced antenna method i s  
widely used since the l a rge  antenna arrays  (diameter > 1 km) required 20 gener- 
a t e  narrow beams a r e  expensive t o  construct .  Where such arrays  of t h i s  s i z e  
a r e  ava i l ab le  then the  Doppler method has been successfully used (e.g. Adelaide 
and Brisbane). I n  pr inciple ,  the  f a c t o r s  which influence the choice of bean 
pointing angle,  the optimum antenna spacing w i l l  be the same whether opera- 
t i o n  i s  a t  MP o r  VW. 

Many of the parameters which govern the  e f f i c i e n t  use of wind measuring 
systems have been discussed a t  previous MST workshops (e.g. ROTTGER, 1983; 
STBBUCII, 1983; HOCKING, 1983; FARLEY, 1983). I n  the following some of the 
points  r a i s e d  by these workers and o the r s  a r e  summarized. 

SPACED ANTmNA TECHNIQUES 

The SA method uses 3 or more antennas t o  sample the moving d i f f r a c t i o n  
pa t t e rn  produced by backscatter from a given range from the atmosphere. The 
pa t t e rn  can be decomposed i n t o  Fourier components which a re  formed by in te r -  
ference between s igna l s  sca t t e red  a t  complementary angles t o  the zeni th  (Figure 
1). The d i f f e r e n t i a l  Doppler s h i f t s  induced by the hor izonta l  ve loc i ty  u, 
cauee the  pa t t e rn  t o  move with veloci ty  2u (BRIGGS, 1980). 

Usually only 3 antennas a r e  used, arranged i n  the form of an e q u i l a t e r a l  
t r i a n g l e  s ince  the symmetry i s  l e s s  l ike ly  t o  introduce a b i a s  i n  determining 
the  veloci ty .  The auto- and cross-correlation functions of the s igna l s  a r e  
computed (Figure 2)  i n  order t o  determine the pa t t e rn  veloci ty .  The th ree  time 
delays o t  the  maxima of the cross  co r re la t ion  functions between the th ree  p a i r s  
of spaced antennas give  the apparent veloci ty .  This i s  an overestimate of the 
a c t u a l  ( t rue )  veloci ty  since random motions e tc .  w i l l  cause the pa t t e rn  t o  
change a s  i t  moves. The so-called f u l l  correct ion analys is  (FCA) i s  used t o  
correct  f o r  these changes a s  wel l  as  f o r  the anisometry of the pattern.  The 
FCA makes use of such information a s  the lag  a t  which the autocorre la t ion 
funct ion i s  the  same as  the instaneous cor re la t ion  between 2 spaced antennas. 

Obviously, i f  the antennas a r e  too c losely  spaced then the e r r o r s  become 
l a rge  and experimentally it i s  found t h a t  the corrected ('true') veloci ty  i s  
too smell. On the other  hand i f  the spacing i s  too l a rge  then random changes 
i n  the  pa t t e rn  can dominate over the t r ans la t iona l  e f f e c t s  (e.g. ROYRVIK, 1983) 
and the co r re la t ion  values a r e  so small t h a t  the analys is  breaks down. On 
pragmatic and experimental grounds it i s  found t h a t  the optimum spacing i s  where 
the  average zero lag  cor re la t ion  i s  about 0.5. 
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Figure 1. Two-dimensional radar  s i t u a t i o n  
with a uniform wind u i n  the  x d i rec t ion  
h t e r  BRIGGS, 1980). 

0 T 
Figure 2. The cross- and autocorre la t ion -- functxons of the s igna l s  from two antennas 

? ( o , o , r )  separated along the x d i rec t ion  by a 
d is tance C .  a<, 0,o) - - -L. 

I 1  

0 Tx T 

- - - 
.. . -  The mean pa t t e rn  s i ze  and hence the dis tance a t  which the mean cor re la t ion  

i s  about 3 . 5 - i s  determined by the  angular d i s t r i b u t i o n  of the backscattered 
-- - - -. --. i energy. I n  turn,  t h i s  angular d i s t r i b u t i o n  i s  determined by the  polar pa t t e rn  

of the t ransmit t ing and the receiving antennas a s  well  a s  the angular d is t r ibu-  
t i o n  imposed by the nature of the sca t t e r ing  i r r e g u l a r i t i e s .  It i s  poss ible  t o  
show (BRIGGS and VINCENT, 1973) t h a t  the complex s p a t i a l  co r re la t ion  funct ion 
a s  a funct ion of spacing a ( i n  wavelengths) i s  

where R(s) and T(.s) a r e  the receiver and t r ansmi t t e r  power polar  diagrams, re- 
spect ively ,  and S(s )  i s  the angular d i s t r i b u t i o n  of backscattered power; a l l  
&re evaluated as  a funct-ion of s s ine  where 8 i s  zeni th  angle and c i r c u l a r  
symmetry i s  assumed. J i s  the  zero order Bessel function. 0 

A t  MF/RF, the  antenna polar  diagrams a r e  usually broader than the irregu- 
l a r i t y  angular d i s t r i b u t i o n s  so tha t  i t  i s  usually the l a t t e r  (half  power-half 
widths -eO - 2-20'] which determine .(a). I t  may be expected t h a t  since 0 
va r i e s  a s  a funct ion of height and time tha t  .(a) w i l l  a l so  be va r i ab le  bu? on 
average i t  i s  found t h a t  spacings of the order of 150-200 m ( a  - 1-1.51) a r e  
optimum f o r  r ad io  frequencies near 2 MHz. 

A t  VHF the  antenna polar  diagrams a r e  of the order of a few degrees i n  



width i.e. comparable i n  width t o  the angular spectra of the i r r e g u l a r i t i e s  
(eO - 1-5*). The minimum spacing may be computed f o r  a given R(s) and T(s)  
by assuming i so t rop ic  s c a t t e r  (S(s) - 1). A t  Adelaide, with a t ransmit ter  beam 
having a half  width of BT - 1.6' it i s  found t h a t  t h i s  minimum spacing i s  5h 
(about 30 m a t  a frequency of 50 MHz) but i n  pract ice  i t  i s  found t h a t  a mean 
spacing of about 50 m (a - 9 ~ )  i s  optimum fo r  the troposphere. Incidenta l ly ,  
t h i s  implies a mean e - 2'. 0 

Despite the narrowness of the  angular spect ra  of backscatter from the lower 
mesosphere a t  ME' and from the lower atmosphere a t  VHF, it  i s  found experi- 
mentally t h a t  the SA method gives r e l i a b l e  measurements of the wind veloci ty .  
I n  each case i t  is  found t h a t  the importance of random changes i n  producing 
temporal changes i n  the s igna l s  a r e  small compared with those changes caused by 
movement of the  pattern.  This may not always be t rue  i n  the mesosphere when 
working a t  VHF and with narrow bem antennas. I n  t h i s  case the random motions 
may become dominant leading t o  a breakdown i n  the SA ana lys i s  (ROYRVIK, 1983). 

DOPPLER TECHNIQUES 

It is, i n  pr inciple ,  q u i t e  straightforward t o  measure the v e r t i c a l  wind 
component w by using a v e r t i c a l l y  pointing .beam. The hor izonta l  wind components 
must, however, be estimated by project ing the r a d i a l  veloci ty  vr measured 
along a beau o f f e e t  a t  an aqgle 6 from the  v e r t i c a l ,  onto the hor izonta l  plane. 
STBdUCH (1983) has summarized the f a c t o r s  which determine the optimum value of 
8. 

' Among those f a c t o r s  which favor the  use of a small angle e are: ( a )  t h e  
d e s i r e  t o  make use of the aspect s e n s i t i v i t y  of the s c a t t e r e r s  which gives en- 
hanced power from near the zeni th ;  (bl2the e f f e c t s  of hor izonta l  va r i a t ions  i n  
the  wind f i e l d  a r e  reduced; ( c )  the r e f f e c t  i s  minimized. 

I 

On the  other  hand i f  6 i s  l a rge  then: (d)  e r r o r s  i n  v t r a n s l a t e  i n t o  
smaller e r r o r s  i n  the horizontal  veloci ty ;  ( e )  the e f f e c t s  6f the v e r t i c a l  
ve loc i ty  i s  l e i s  pronounced and (f) t he  influence of the aspect s e n s i t i v i t y  on 
e f f e c t i v e  beam d i rec t ion  i s  l e s s  important i f  0 i s  large.  

- - . .. Probably , ( f )  . is  the  key factor. .  A s  RQTTGER (1983) emphasizes, the  effec- 
tive bean pointing d i rec t ion  is determined by the product of the beam pa t t e rn  

-- - - .  i and the  angular d i s t r i b u t i o n  of the sca t t e r .  The e f fec t ive  bean zenith angle 
i s  smaller than the physical  angle and the  hor izonta l  ve loc i ty  component i s  
underestimated. This can be a serious problem when using antennas with r e l s -  
t i v e l y  broad beans (OH > 3"). For example, a t  Adelaide with a beam angle of 
6 > 4.5' it i s  found t h a t  the hor izonta l  ve loc i ty  can be up t o  a f ac to r  of H 2 too small when the physical pointing angle i s  12'. I n  pr inciple ,  t h i s  f ac to r  
can be allowed f o r  i f  e0 i s  known (e.g. WHITHIEAD e t  a l .  1983) but t h i s  
probably e n t a i l s  measurements of the sca t t e red  power a t  more than one angle and 
of course e0 w i l l  change with height and time so t h a t  only a s t a t i s t i c a l  
ana lys i s  can be used. Overall ,  Strauch recommends an angle ~f 6 = 15" f o r  W 
s tud ies  of the lower atmosphere. A t  t h i s  angle the s c a t t e r  from i so t rop ic  ir- 
r e g u l a r i t i e s  i s  presumed t o  overcome the anisot ropic  sca t t e r .  

RADAR INTERFEROMETRY 

The radar  interferometer exp lo i t s  the Doppler information inherent i n  
coherent spaced antenna measurements. Cross spec t ra l  ana lys i s  of the s igna l s  
received a t  separated antennas can be used t o  loca te  and t rack i r r e g u l a r i t i e s  
whi le  Doppler so r t ing  can be used t o  d iscr iminate  against  mul t ip le  t a rge t s  -- 
provided they have d i f fe ren t  r ad ia l  v e l o c i t i e s  (FARLEY e t  a l . ,  1981). PFISTER 
(1971) seems t o  have been the  f i r s t  t o  use t h i s  method i n  a study of g rav i ty  



motions i n  the E-region. This method seems t o  have merit  fo r  studying s p a t i a l  
va r i a t ions  i n  the wind f i e l d .  

I n  another va r i a t ion  of t h i s  method, ROTTGER and VINCENT (1978) d i g i t a l l y  
' s teered '  the lobes of an interferometer formed from widely spaced antennas i n  
order t o  study the f i n e  s t ruc tu re  and hor izonta l  t i l t s  of r e f r a c t i v e  index ir- 
regu la r i t i e s .  This method has s ign i f i can t  po ten t i a l  for  correct ing f o r  the 
"ve r t i ca l "  v e l o c i t i e s  induced by these t i l t e d  i r r e g u l a r i t i e s .  

DISCUSSION 

The i n t r i n s i c  e r r o r s  i n  each ve loc i ty  determination by e i t h e r  the Doppler 
or SA methods a r e  determined by such f a c t o r s  a s  the signal-to-noise r a t i o s  and 
the  record lengths.  Expressions have been derived fo r  the rms e r ro r  of a l ine- 
of-sight Doppler ve loc i ty  by, f o r  example, DOVIAK e t  a l .  (1979). The precis ion 
of SA v e l o c i t i e s  has not been a s  r igorously determined but, provided the random - changes a r e  small the e r ro r  i s  determined by the  accuracy t o  which Tx' 

(Figure 2 )  can be measured. The f r a c t i o n a l  e r r o r  i s  independent of wind speed 
because the  width i s  narrower f o r  l a r g e r  v e l o c i t i e s  (small lag)  and becomes 
broader a s  the  ve loc i ty  becomes smaller ( l a rge  lag).  For e i t h e r  technique the 
ve loc i ty  measuranents can be improved by averaging the  power spect ra  ( ~ o p p l e r )  
o r  the  unnormalized cross  co r re la t ion  funct ions  (SA). However, t h i s  process 
can only be ca r r i ed  out f o r  durations which a r e  short  compared with the time 
f o r  s ign i f i can t  changes i n  the mean wind. 

Another f ac to r  l imi t ing  the precis ion of horizontal  wind determinations i s  
t h e  "noise1' imposed by unresolved v e r t i c a l  ve loc i t i e s .  Since the Doppler and 
SA methods u t i l i z e  the same information, it may be expected t h a t  they w i l l  be 
a f fec ted  i n  the same way by such fac to r s  a s  s p a t i a l l y  and temporally varying 
v e r t i c a l  ve loc i t i e s .  S ign i f i can t  short-period v e r t i c a l  v e l p c i t i e s  such a s  those 
encountered i n  the mesosphere where nus amplitudes -1-2'ms a r e  poss ible  can 
lead t o  i t i f f i c u l t i e s  i n  es t imat ing the mean zonal wind. BOWHILL (1983) e s t i -  . . .  . . F t e s . t i i a t .  averaging times of an hour a r e  required f o r  Doppler measurements of " 
u but t h a t  the e f f e c t s  can be minimized by using tilt angles of 10'. ROYRVIK 
(1983) has shown t h a t  the d i f f e r e n t i a l  v e l o c i t i e s  caused by v e r t i c a l  v e l o c i t i e s  
which vary i n  the horizontal  w i l l  be in te rp re ted  as  horizontal  motions by the  
SA method. The importance of t h i s  e f fec t  i s  not ye t  c l ea r  s ince  the SA method 

- - i s  not  a s  easy t o  model a s  the Doppler technique. 
.... . . .' . . 

I n  smmaary, the  choice of operating p a r m e t e r s  f o r  a given radar w i l l  be 
--- - - -  - -  - determined by compromise between a number of opposing factors .  What i s  optimum 

f o r  one height range (e,g. the lower atmosphere) may not be the  most s u i t a b l e  
f o r  another height (e.g. the mesosphere). 
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SUMMARY AND RECOWNDATIONS 

OPTIMUM POINTING ANGLE: There a r e  a number of f a c t o r s  which deternine  the  
choice of the  off-zenith point ing angle f o r  Doppler ve loc i ty  measurements. At 
frequencies near 50 MHz the main f ac to r  i s  the  strong aspect  s e n s i t i v i t y  of the 
s c a t t e r i n g  which can cause the e f f e c t i v e  point ing d i r e c t i o n  t o  be smaller  than 
the  physical  bean di rec t ion.  There i s  consensus t h a t  zeni th  pointing angles 
of 10 to 15" a r e  s u i t a b l e  f o r  tropospheric,  s t r a tospher i c  and mesospheric 
s tudies .  At these angles however, s igna l s  received through sidelobes pointing 
near the zen i th  may become s ign i f i can t .  Such s i g n a l s  can be d is t inguished by 
t h e i r  s ignature  i n  the  Doppler spec t ra  and so  t h e i r  contr ibut ion should be re- 
jec ted  by the  use of appropr ia te  algorithms a t  the  ana lys i s  stage.  

OPTIMUM SPACINGS FOR SA MEASUREMENTS: The receiving antennas should be 
separated by dis tances  comparable t o  the mean pa t t e rn  sca le  (i.e., the  separa- 
t i o n  where the  zero-lag co r re l a t ion  i s  0.5 on average. A MF/HF separa t ion of 
about 1.0 to  1.5A have proved sa t i s f ac to ry .  At VHF, the sca le  w i l l  be deter-  
mined i n  genera l  by. the  use of the t ransmit t ing  antenna and the  angular d i s t r i -  
but ion of the  backscattered s ignals .  While it is poss ib le  t o  ca lcu la t e  the  
spacing, the  optimum spacing has t o  be determined experimentally. For a radar  
wi th  a t ransmit t ing  antenna with a 3' bean, a spacing of about 50 m has been 
found t o  be sa t i s f ac to ry .  . . . . 
RECOMMENDATION: Noting t h a t  t h e r e  a r e  some unce r t a in t i e s  associa ted  with the 
v e r t i c a l  v e l o c i t i e s  measured by MST radars  working i n  the lower VHF range where 
specular  r e f l e c t i o n s  a re  important and noting t h a t  f o r  radars  working a t  UHF 
such echoes a r e  not observed, it i s  recommended t h a t  comparative s tudies  of 
v e r t i c a l  v e l o c i t i e s  be made as soon as poss ib le  with co-located VHF and UHF 

- - - r ada r s  and other  s u i t a b l e  techniques such as  l i d a r .  Where p rac t i cab le ,  i n t e r -  
ferometr ic  techniques should be used t o  remove the e f f e c t s  of any t i l t s  i n  - A -- t h e  specularly r e f l e c t i n g  surfaces.  

RECOMMENDATION: I t  i s  noted t h a t  the aspect  s e n s i t i v i t y  a t  zeni th  angles 
smaller  than 10 - 15' causes the  e f fec t ive  antenna pointing d i r e c t i o n  t o  be 
c lose r  t o  the zeni th  than the physical  point ing-di rec t ion.  This e f f e c t  w i l l  be 
most important fo r  wide beans and w i l l  g ive  e r r o r s  i n  es t imat ing the hor izonta l  
wind ve loc i ty .  Inves t iga t ions  t o  ob ta in  es t imates  of the l i k e l y  e r r o r s  and how 
they can be minimized a r e  necessary. 
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INTRODUCTION 

It has been suggested t h a t  the v e l o c i t i e s  produced by the  spaced antenna 
pa r t i a l - r e f l ec t ion  d r i f t  experiment may c o n s t i t u t e  a measure of the v e r t i c a l .  
o s c i l l a t i o n s  due t o  short-period gravi ty  waves r a t h e r  than the mean hor izonta l  
flow. The contention i s  t h a t  the in terference between say two sca t t e re r s ,  one 
oE which i s  t r ave l ing  upuard, and the 'o the r  down, w i l l  c r ea te  a pat tern  which 
sweeps across  the ground i n  the  d i rec t ion  (or ant i -para l le l )  of the wave propa- 
gation. Since the expected r e s u l t ,  v iz .  spurious d r i f t  d i rect ions ,  i s  seldom, 
i f  w e r ,  seen i n  spaced antenna d r i f t  v e l o c i t i e s ,  t h i s  speculation i s  t e s t e d  i n  
the  following model. 

MODEL 

Figure 1 i l l u s t r a t e s  the  geometry of the model, which i s  very s imi la r  t o  
t h a t  developed by WRIGHT and PITTEWAY (1978). Forty point s c a t t e r e r s  a r e  
placed randomly wi thin  the aper ture  of the antenna system. Amplitudes a r e  
summed a t  a l l  receiver  antennas every 0.5 s, a f t e r  which the s c a t t e r e r s  a r e  
moved according to :  

where i r e f e r s  to. the ith sca t t e re r .  The aupli tudes a r e  a l s o  va r i ed  randomlyE 
i n  a staggered fashion, a complete update takes place over 7 samples. I f  a 
s c a t t e r e r  mwes out of the aper ture  i n  the hor izonta l  d i rec t ion ,  it i s  re- 
placed by one a t  the opposite s ide;  i f  i t  moves out v e r t i c a l l y ,  i t  i s  not in- 
cluded i n  the  amplitude summation u n t i l  it re-enters. A t  50 m/s, the whole 

- pa t t e rn  would be replaced i n  10 min. "Records" a r e  5 min i n  length. 

-- -. - --- - - - - --- Simulations were done f o r  several  values of GW per turbat ion ve loc i ty  and 
periods,  and a range of azimuth angles. The background flow was 50 m / s  eas t -  
ward. 

DISCUSSION AND CONCLUSIONS 

It can be seen from Table 1 t h a t  the d r i f t  d i r ec t ions  a r e  very c lose  t o  
the  mean background flow (90"). The t rue  v e l o c i t i e s  a r e  low,  possibly because 
the  model does not f i t  the ana lys i s  assumptions (viz. Gaussian s p a t i a l  and de- 
cay time cor re la t ions ) .  The major e f fec t  of the GW i s  t o  lower the character- 
i s t i c  time i n  the pattern.  

Another t e s t  (not shown) with the aper ture  and GW wavelength xeduced by 
112, but the  same r f  wavelength, did exhibi t  major per turbat ions  i n  the  cor- 
r e l a t i o n s  and resu l t ing  d r i f t  v e l o c i t i e s  which a re  not ye t  understood. The 
d i s t o r t i o n  of the co r re la t ions  caused a t  l e a s t  half  the data  t o  be re jected on 
the  b a s i s  of the normalized time discrepancy -- t h a t  is, the co r re la t ion  peaks 
d i d  not ind ica te  a pa t t e rn  motion. The e f f e c t  appears t o  depend on the r e l a t i o n  
between the aper ture  and the rad io  wavelength. I f  so, then the  r e s u l t s  found i n  
the  present model ( 1 135 m, antenna beam = 20") can be scaled t o  V?iF 
( A  - 6 m) by reducing the beam width t o  4" ( the  difference i n  range between the 



Figure 1. Geometry of s c a t t e r i n g  model. 

center  and edge of the  s c a t t e r i n g  l a y e r  i s  made the same number of wavelengths). 

- Consequently, although the v e l o c i t i e s  may be perturbed by g rav i ty  waves, 
M spuri.ous values  (depending only on the GW) a r e  expected, and t h i s  i s  what i s  
found i n  pract ice .  

--- - - - - 
An expansion of the model t o  simulate MF doppler experiments i s  planned 

f o r  the  fu ture .  . 
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Table 1 .  Results of d r i f t  analys is  for various azimuth angles 
and wavelengths of gravity waves. 

Gravity wave Drift analysis 
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Figure 2.  Auto- and cross-correlations for V = 20m/s. 
X = 60 lcm. period = 10.1 min, for the datrused  

Table 1 .  

v ap $ap 'tr $tr r c  A 
( d s )  Eofl % ( d s )  Eom (sec) (m) (m) Eom 

54. 103' 47 89' 3.6 163 129 53' 

55 91 45 80 3.6 153 140 73 
59 80 47 90 3.4 178 162 168 

9 93 45 80 3.3 163 148 42 

57 87 42 89 2.6 127112 97 

58 91 50 86 3.6 150129 68 

61 100 49 89 3.1 163127 67 

72 96 47 84 2.0 160 129 41 

59 87 41 93 2.8 176 149 158 
84 98 37 79 1.6 167 119 43 
70 98 38 98 2.0 180 140 9 
74 91 37 92 1.8 167136 1 

72 93 38 $7 2.0 161142 31 

63 74 48 71 2.7 153 144 39 
67 91 48 87 2.6 173155 22 

61 99 46 97 2.8 157 144 19 
62 103 43 107 2.3 136 121 123 
45 118 3 98 4.2 270162 42 

67 84 37 86 2.8 188 1% 88 
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INTRODUCTION 

The problem of very short-range forecas t ing i s  twofold. I t  i s  necessary 
t o  understand the processes t h a t  a r e  being forecasted,  and data  appropriate t o  
the  sca le  of i n t e r e s t  has t o  be generated. Coherent VEF and UBF radars  a r e  be- 
ing used f o r  operational wind p ro f i l ing  and a r e  providing par t  of the solut ion 
t o  the  data-acquisit ion problem (LARsEN, 1983). The Prof i l e r  system operated 
by the Wave Propagation Laboratory a t  NOAA has already shown grea t  promise 
(STBAUCH, 1981; STRAUCH e t  a l . ,  1982). As a r e s u l t ,  plans a r e  being considered 
f o r  expanding the network of radars  t o  cover a l a rge r  area of the  country. 

The P r o f i l e r  uses what i s  commonly referre'd t o  a s  the Doppler method f o r  
measuring winds. Two beans a r e  pointed o f f -ve r t i ca l ,  and the  Doppler s h i f t  of 
the  echo determines the line-of-sight veloci ty .  The veloci ty  components along 
the  beams a r e  then t r ans la ted  t o  hor izonta l  wind components. While the re  i s  no 
doubt t h a t  the Doppler method i s  adequate f o r  wind prof i l ing,  we want t o  dis-  
cuss a number of possible advantages of the spaced antenna (SA) method f o r  
operat ional  wind prof i l ing.  -There i s  v i r t u a l l y  no di f ference i n  cost  between" 
t h e  two types of systens. However, the re  may be some s ign i f i can t  advantages of 
the  SA method, pa r t i cu la r ly  when smaller radars  a re  being considered. Since any 
P r o f i l e r  network i s  s t i l l  only i n  the planning stage,  now i s  the  time t o  con- 
s i d e r  the var ioas  a1 ternat ives .  

- DESCRIPTION OF THE TWO TECHHIQUES 

The Doppler method uses the  same antenna array f o r  t ransmit t ing and re- 
ceiving. The array i s  phased i n  such a way t h a t  the beans point a t  some angle 
off  v e r t i c a l .  The Doppler s h i f t  of the received s ignal  i s  then proportional t o  
the  line-of-sight ve loc i ty ,  V' i n  the right-hand-side of Figure 1. Two beans 
pointing i n  d i f f e r e n t  d i rec t ions  have t o  be used, together with the assumption 
t h a t  the  v e r t i c a l  ve loc i ty  i s  negl ig ible ,  t o  determine the two hor izonta l  wind 
components. The three-dimensional vector wind ve loc i ty  can be determined 
uniquely only i f  three  bean d i rec t ions  a r e  used. The spiced antenna method 
(see ROTTGER, 1981 fo r  a de ta i l ed  description.), shown i n  the left-hand-side of 
Figure 1, uses one t ransmit ter  ar ray and th ree  cloeely spaced receiving a r rays  
with a l l  beans pointing v e r t i c a l l y .  The th ree  receivi'ng antennas may be sepa- 
r a t ed  from the transmitt ing antenna, but more e f f i c i e n t  i s  a configuration i n  
which each t h i r d  of the t ransmit t ing a r ray  i s  used a s  a separate  receiving ar- 
ray. The hor izonta l  v e l o c i t i e s  a r e  ca lcula ted using the time lags  a t  which the 
cross-correlations of the s ignals  received i n  the various antennas maximize. 
The spaced antenna method essen t i a l ly  tracks the propagation of a per turbat ion 
i n  the  r e f rac t ive  index across  the dis tance separating the receiving antennas. 
The v e r t i c a l  veloci ty  i s  ca lcula ted from the Doppler s h i f t .  

*presently a t  Arecibo Observatory. Arecibo, Puerto Rico, on leave from 
Max-Planck-Institut f u r  Aeronornie , Lindau, W. Germany. 



Figure 1- Schematic of the  spaced antenna and the Doppler 
method f o r  measuring the three-dimensional ve loc i ty  i n  
the  troposphere. s t ra tosphere .  and mesosphere. 

An object ion t o  the  spaced antenna method t h a t  i s  o f t en  heard i s  t h a t  the 
technique gives  incorrect  wind measurements when the medium i s  s t rongly  a f fec ted  
by wave a c t i v i t y .  I n  t h a t  case the s c a t t e r i n g  i s  primarily from the r e f r a c t i v e  
index s t r u c t u r e  associa ted  wi th  the wave f r o n t s ,  and the  measured ve loc i ty  i s  
the  phase of the waves r a t h e r  than the t rue  wind veloci ty .  Howwer, BRIGGS 
(1980) has shown rigorously t h a t  the Doppler method and spaced antenna method 
are ,  i n  f a c t ,  equivalent. Both techniques s c a t t e r  from the same v a r i a t i o n s  i n  

. . t he  medium; Therefore, the  e f f e c t  of wave s t ruc tu res  i s  equally a problem with 
the Dbppler method and the SA method. There i s  no reason t o  expect t h a t  the 
l a t t e r  w i l l  g ive  poorer r e s u l t s  on t h a t  account. 

AN WERIbSENT TO COMPARE THE TWO TECHNIQUES 

The SOUSY-VHF-Radar i s  one of the few rada r s  a t  present where a comparison 

- -  - - - -  . _  _ _ _ _  between the  Doppler technique and the  spaced antenna technique can be c a r r i e d  
out d i r e c t l y .  The conf igura t ion of the  antenna system i s  shown i n  Figure 2. 
The l a rge  antenna can be used f o r  both t ransmit t ing  and receiving i n  the  Doppler 
mode. The th ree  smaller antennas can a l so  be used a s  spaced rece ive r s  i n  com- 
binat ion with the l a rge  t ransmit t ing  array.  I n  October 1979, an experiment 
was ca r r i ed  out with t h i s  r ada r  to  compare the two measurement techniques. 

The spaced Hntenna wind measurenents can be made e i t h e r  by c ross  co r re l a t -  
ing the  received power a t  the three  receiving antennas or  by c ross  co r re l a t ing  
the  complex amplitudes. The l a t t e r  approach r e t a i n s  the phasing information 
and gives b e t t e r  r e s u l t s  because it i s  cons i s t en t  with the process of coherent- 
l y  in t eg ra t ing  the  signals.  Figure 3 showns the r e su l t ing  comparison. It i s  
c l e a r  tha t  the  complex amplitude cross  co r re l a t ion  provides da ta  over a g rea te r  
height range than the simple power c ross  corre la t ion .  Especially,  the  region 
between 8.2-km and 9.7-km a l t i t u d e  and the lower s t r a tospher i c  heights  should 
be compared. 

It i s  we l l  known t h a t  s igna l s  a t  VHF have a strong angular dependence near 
the zenith.  Specular r e f l e c t i o n s  or Fresnel  sca t t e r ing  associa ted  with the 
s t a b l e  temperature s t r a t i f i c a t i o n  i n  the atmosphere produce enhanced echoes a t  
v e r t i c a l  incidence. The echo s t rength  decreases rapidly ,  by a s  much a s  10 dB 
(GREEN and GAGE, 19801, a t  even a few degrees off  v e r t i c a l .  The spaced antenna 
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Figure 2. Antenna systems of the SOUSY-VHF Radar (from ROTTGER 
1981). Antenna I i s  the smaller system of 3 x 32 four- 
elenent Pagi mtennas vhich are  used i n  the spaced antenna 
mode for reception when the large array of 196 Yagis i e  
used for transmission. 

Figure 3. Height profi les  of d r i f t  speed deduced from 
(a) power cross correlation and (b) complex amplitude 
cross correlation. 



technique makes maximum use of t h i s  e f fec t  since a l l  the beans a r e  pointed 
v e r t i c a l l y ,  producing a higher signal-to-noise r a t i o  a t  those heights where 
the winds a r e  measured. The Doppler method does not take advantage of the ef- 
f e c t  since the beans have t o  be pointed off  v e r t i c a l  t o  make the wind measure- 
nents . 

The strong angular dependence of the r e f l e c t i v i t i e s  does pose a po ten t i a l  
> 

problen fo r  the Doppler technique when small antenna arrays  a r e  used. There 
. . . a r e  generally p rac t i ca l  limitati 'ons on how f a r  off  v e r t i c a l  t h e  beans can be 

pointed, and, of course, the bean width increases as  the  dimension of the  an- 
tenna array decreases. When the bean width i s  wide, the  received s ignal  is  
rea l ly  a convolution of the a ~ t e n n a  pa t t e rn  and the  angular dependence of the 
echo s t rength ,  a s  shown i n  Figure 4. The r e s u l t  i s  t h a t  the apparent look 
angle i s  d i f f e r e n t  than the r e a l  look angle, and the hor izonta l  winds tend t o  
be underestimated. The e f fec t  i s  c r i t i c a l  when the v e r t i c a l  pointing d i rec t ion  
i a  wi thin  the  main lobe of the r ad ia t ion  pat tern .  

The e f f e c t  i s  shown i n  the experimental r e s u l t s  presented i n  Figure 5. 
Figure 5a shows the veloci ty  p r o f i l e  derived from the complex cross  co r re la t ion  
of the  spaced antenna signals.  Simultaneous a i r c r a f t  wind measurements, shown 
by the open c i r c l e s ,  ind ica te  good agreanent between the two independent wind 
measurements. Panel b shows the, v e r t i c a l  veloci ty  p r o f i l e  which could only be 
measured with the VIfF radar.  Figure 5c gives the veloci ty  p r o f i l e  derived from 
the Doppler method using a bean pointed 7' off  v e r t i c a l  and shows very good 
agreement with the spaced antenna method. However, the  berm width of the l a rge  
a r ray  i s  5', and when the bean i s  pointed a t  only 3.5' off  v e r t i c a l ,  t h e r e  i s  
a s ign i f i can t  contr ibut ion from the v e r t i c a l  d i rect ion.  Tbe resu l t ing  wind 
p r o f i l e  i s  much poorer since it has broader s c a t t e r  and underestimates the  
ve loc i t i e s .  

DISCUSSION 
t 

The data  from the October 1979 experiment a r e  not conclusive, but they do 
ind ica te  t h a t  there  mqy be c e r t a i n  advantages i n  using the spaced antenna 
method, pa r t i cu la r ly  for  systems with m a l l  dimensions of the type l i k e l y  t o  be 
used i n  operational wind prof i l ing.  Problems associated with the aspect sen- 

- s i t i v i t y  only a r i s e  when the bean width i s  large.  It i s ,  i n  f a c t ,  l i k e l y  t h a t  
when l a rge r  systems a re  used, the re  i s  l i t t l e  dif ference between the  two tech- 
niques since the bean widths a r e  small then. Therefore, the  SOUSY comparison - - - - -  may not f u l l y  show the advantages of the spaced antenna method f o r  small tropo- 
spheric sounding systems, and fu r the r  comparison should be ca r r i ed  out i n  the 

Figure 4. Formation of an apparent beam direct ion.  
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lull m r l  

, Figure 5. Height p ro f i l e s  of ( a )  wind d i rec t ion  and wind speed 
measured with the spaced antenna method and comparison with 
a i r c r a f t  winds shown by the open c i rc l e s .  (b) v e r t i c a l  
veloci ty .  and (c)  wind speed measured with the Doppler method 
using a beam pointing a t  7' and (d l  3.5" off  v e r t i c a l .  
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3.2A CRITERIA FOR OPTIMUM SPACING OF SPACED ANTmNAS 

c. E. Meek 

I n s t i t u t e  of Space and Atmospheric Studies 
University of Saskatchewan 

Saskatoon, Canada 

INTRODUCXION 

There a r e  many f a c t o r s  a f f e c t i n g  the  spaced antenna d r i f t  r e su l t s ,  only 
one o r  which i s  antenna spacing. Generally, good r e s u l t s  a r e  obtained a t  MF 
f o r  receiver  antenna spacings of 1-1.5 A, and a t  VBF (e.g. SWSY) for  spacings 
-6X. Since one of the  factors ,  loca l  atmospheric/ionospheric conditions, a r e  
d i f f i c u l t  t o  predict ,  t h i s  paper w i l l  be r e s t r i c t e d  t o  a short  discussion of 
re levant  f ac to r s ,  and methods f o r  comparing var ious  antenna/analysis configura- 
t ions .  

"Optimum" may mean d i f f e r e n t  things ; f o r  example; 

(1) the  most accurately determined lags  f o r  peak cross  co r re la t ion  
(2) t h e  most consis tent  wind vectors ,  e.g. for  small time differencces 

-(3) t h e . l e a s t  biased speed determination, based on theore t i ca l  considera- 
t i o n s  

( 4 )  t he  most wind vec to r s  
( 5 )  t he  most accurate winds (by comparison with another "accepted" tech- 

nique ) 
(6) the  f a s t e s t  wind vectors ,  i.e. shor tes t  record lengths. 

These may depend t o  a g rea te r  or l e s s e r  extent on the experimental system 
parameters, such as:  

(1) t r ansmi t t e r  antenna aper ture  , 
I 

(2)  t r ansmi t t e r  pulse width and power 
(3) receiver  antenna aper ture  (physical s i ze )  
( 4 )  receiver  antenna spacing (including possible rf coupling) 
(5) sampling r a t e  and raw data  in teg ra t ion  

- (6) record length 
(7)  noise  l eve l  - - -  - -  - (8)  type of co r re la t ion  (amplitude, hybrid bit-amplitude, or b i t  ) 
( 9 )  r e j e c t i o n  c r i t e r i a  (lower l i m i t  on acceptable peak corre la t ion,  

normalized time discrepancy) 
(10) ana lys i s  method; apparent or t rue  ve loc i ty ,  and type of ana lys i s  

(e.g. graphical ,  Gaussian f i t  t o  corre la t ions ,  6 point  methods). 

Some of these l a t t e r ,  per ta ining t o  antenna systens, a r e  discussed next. 

EXPERIMENTAL FACTORS 

Apparent ve loc i ty  (Va ) depends jus t  on the lags, tm x, f o r  peak cross  
co r re la t ion  between receivfng arrays ,  whereas t rue  ve loc l fy ,  Vt r ,  accounts 
f o r  average pat tern  sca le  and elongation a s  we l l  as  pat tern  decay r a t e  (char- 
a c t e r i s t i c  time). Larger pa t t e rn  scales  lead t o  wider corre la t ions ,  and longer 
decay times t o  g rea te r  peak corre la t ions .  Because of s t a t i s t i c a l  f luctuat ions ,  
the  tmax a r e  l e s s  accurately determined fo r  wide cross  corre la t ions ,  and i t  
may be necessary t o  increase the absolute l ag  t o  reduce these e r ro r s  (by in- 
creasing the  antenna spacing, fo r  example). 

The t ransmit ter  bean width h a s ' a  theore t i ca l  e f fec t  on the ground pat tern  
scale ,  but i n  pract ice  l a rge r  scales  a r e  found a t  Adelaide (wide bean) than a t  



~ a s k a t o o n  (narrow bean); so it i's l ike ly  the e f fec t ive  beam width i s  usually de- 
termined by the aspect s e n s i t i v i t y  of the sca t t e r ing  process (although receiver  
spacing and ana lys i s  a l s o  seem t o  play a r o l e ) .  Increased t ransmit ter  pulse 
width and power lead t o  g rea te r  signal-to-noise ra t io .  Tests a t  Saskatooa f o r  
-1 hr  of da ta  showed no obvious difference i n  qua l i ty  (NTD d i s t r i b u t i o n )  be- 
tween 20 us  and 50 us pulse data ,  although the l a t t e r  produced more data  (pre- 
sumably because good sca t t e r ing  layers  were spread over several  height gates) .  

The important c h a r a c t e r i s t i c s  of the receiving antennas : spacing, p b y s i ~  
c a l  s ize ,  and rf coupling including any coupling i n  the feeder  cables),  can b ias  
the  measured speeds and pa t t e rn  cha rac te r i s t i c s .  A two-hour da ta  s e t  using the 
"YY" antenna a r ray  (Figure 1 )  a t  Saskatoon was analysed f o r  both large  (21) and 
muall (1.21) spacing. Figure 2 shows t h a t  the re  i s  no s ign i f i can t  b ias  between 
speeds, however l a rge r  pat tern  scales  and c h a r a c t e r i s t i c  times were found f o r  
the  l a r g e  spacing. A s imi la r  r e s u l t  was found i n  a comparison between the  1.a 
and a separate 11 ar ray  over several  weeks of daytime data. 

Physical s i z e  of the antenna array implies a s p a t i a l  average, i n  some way 
of the  ground pattern.  I f  the space between d i f fe ren t  receiving a r rays  i s  
f i l l e d  with antenna elements, a simple 1-D ca lcula t ion with a r i g i d  pat tern ,  
Gaussian cor re la t ion  function,  and the u n r e a l i s t i c  condition t h a t  a l l  s ca t t e red  
power a r r ives  i n  phase, shows t h a t  the measure Va (Va = V i n  t h i s  

.case)  can be too low by . - 7 X ,  independent of pattegn sc l l e .  t& similar  2-D 
simulation (but non-rigid pa t t e rn )  supports t h i s  f igure.  The reason appears t o  
be, t h a t  the average cor re la t ion  i s  weighted towards the  higher values of 
co r re la t ion  due t o  elements i n  d i f fexent  a r rays  which a re  close to  each other ;  
and so the "effective" receiver  spacing i s  ac tua l ly  smaller than t h a t  used t o  
ca lcu la te  the veloci ty .  The 2-1) simulation a l s o  shows t h a t  pat tern  scales  a re  

Main - 

south I - receiver bldg. 

Receiver arrays 

s - Transmitter array 

Figure 1. Antenna systems, main s i t e  (~aska toon) .  
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Figure 2. Comparison between FCA paraneters f o r  l a rge  spacing 
(21) and small spacing (1.2X) arrays.  

l a r g e r  f o r  a " f i l l ed"  aper ture  antenna system (by -20%), but t h e  c h a r a c t e r i s t i c  
times a r e  v i r t u a l l y  unaffected (possibly because of the u n r e a l i s t i c  condition on 
phase 1. 

Coupling of antenna elements may be a problem, pa r t i cu la r ly  a t  MF where 
the spacing i s  of the order of the rf wavelength; however, the  1-1 array (see  
Figure 1 )  mentioned previously, where the s ing le  dipole elements a re  not a r  
ranged f o r  optimum i s o l a t i o n  (-16dB coupling between two elements, phase s h i f t  
unknown) shows neg l ig ib le  b ias  on the measured speeds i n  Figure 3. (The isola-  
t i o n  between elenellts of the 1.2-X array is b e t t e r  than 40 dB). A simulation 
f o r  in-vhase coupling of -20 dB shows t h a t  the measured speeds should be too 
high by -20%, the pat tern  scales  too high by -30% and the c h a r a c t e r i s t i c  times 
too low by -5% on the average, depending on the input pat tern  cha rac te r i s t i c s .  
None of these,  except the l a s t ,  i s  seen i n  the 1-1 array data ,  and t h i s  might 
be due t o  spacing. 

These simulations have y e t  t o  be done f o r  complex amplitudes; however it 
i s  f i r s t  necessary t o  inves t iga te  whether antenna elements hooked d i r e c t l y  i n  
p a r a l l e l  ( a s  i s  the usual p rac t i ce )  add amplitudes i n  the same way as  a power 
combiner. 



Figure 3. Speed comparison between the 4-antenna, 1.2-h array 
and the 1 - X  array.  Selected days i n  Jan-Feb 1984. B i t  
co r re la t ion  used i n  real-time analysis.  10 u s  t ransmit ter  
pulse. 

METHODS FOR COMPARING DIFFEREN CES IN LOCATION /HARDWARE/ SOFTWARE 

The most useful parameter i s  the normalized time screpancy, NTD. If 
t ax a r e  the  lags  f o r  peak c ross  co r re la t ion  f o r  the if' receiver  pa i r ,  and 
d e  receiver  pa i r  vectors  form a closed loop, the i tmax = 0 f o r  a moving 
pattern.  Dis t r ibu t ion  of the NTD, . 



a r e  useful fo r  comparing with the random t case, or with other  antenna/ 
ana lys i s  con£ igurations.  An example i s  sh%% i n  Figure 4. The NTD d i s t r ibu-  
t i o n  depends on ionospheric conditions a s  we l l  as spacing (which a f f e c t s  the  
magnxtude of peak cor re la t ion) ,  and defines the  "quality" of the data (i.e. the 
f r a c t i o n  of the t data which may be a t t r i b u t e d  t o  moving pat terns .  In  
general ,  the larg3gxthe receiver  spacing, the worse the NTD d i s t r i b u t i o n  -- 
s ince  some of the ' tanted"  peaks f a l l  below the  magnitude of spurious peaks. 

Other useful  dis&ribu=ions-are t h e  angle difference and the  normalized 
vector  d i f ference,  I (V1 - V2)/(V1 + VZ) 1, where the wind vec to r s  a r e  
c losely  separated i n  height o r  time, which a r e  a "consistency check" on the 
data. These a r e  found t o  depend strongly on the NTI) d i s t r i b u t i o n  (although 
the re  i s  no d i r e c t  theore t i ca l  connection) and so do not add much information 
when comparing bas ic  experimental parameters. 

CONCLUSIONS 

The bes t  advice f o r  anyone s e t t i n g  up an MI? radar  system i s  t o  t r y  an in- 
i t i a l  receiver  aritenna spacing of 1-1.51 (using s ingle  dipoles and l i g h t  
masts) ,  determine how much of the data  i s  acceptable through the NTD dis t r ibu-  
t ion,  and i f  too much i s  l o s t  then adjus t  the spacing accordingly, based on 

' m i n a t i o n  of. the cross  corre la t ions ,  

Figure 4. NTD d i s t r i b u t i o n s  fo r  small 
amounts of data for  Saskatoon 
(c52 X array.  d=1.2X a r ray) ,  Adelaide 
( f )  and Ottawa (el. 



3.3A ANISOTROPY OF TIIE PEIU5ITTIVIlY FIELD INFERRED FROM ASPECT-SENSITIVE 
RADAR ECHOES * 
A. T. Waterman 

STARLAB, Stanford University 
Sttanford, CA 94305 

This paper attempts t o  draw some quan t i t a t ive  conclusions regarding the 
anisotropy of the  c lear-a i r  back-scattering mechanism based on the measured 
v a r i a t i o n  of echo power with zenith. angle. The measuranents were made by the  
SOUSY group of the Max Planck I n s t i t u t e  f o r  Aeronomy a t  Lindau, FRG, (ROTTGER 
e t  al.,  1981; WATERMAN and CZECHOWSKY, 1983). They i n s t a l l e d  t h e i r  47-MHz 
t ransmi t t e r  and antenna feed i n  the 300-meter diameter r e f l ec to r  a t  Arecibo. 
The r e s u l t i n g  1.7-degree b e w  was stepped successively through seven 1 - 7 d e g r e e  
i n t e r v a l s  from 1.7 to  11.7 degrees i n  zeni th  angle, obtaining about four minutes 
of data  a t  each se t t ing .  This procedure was carr ied  out i n  an eastward point- 
ing azimuth and i n  a northward pointing azimuth. the e n t i r e  s e t  of measurenents 
consuming an hour and twenty minutes. Range resolut ion was 150 meters. 

' 
Figure 1 shows received echo powef v s  ac tua l  height (corrected f o r  s l a n t  

range) fo r  the seven zeni th  angles;  the data  cover two ranges of height in ter-  
vals ,  se lected fo r  good signal-to-noise r a t i o  anti freedom from other conplica- 
t ions.  The va r i a t ion  of s igna l  with zeni th  angle i s  apparent, pa r t i cu la r ly  i n  
the layer a t  16.8 km and even more strongly around 14 km. 

Figure 2 is an example of the aspect s e n s i t i v i t y  a t  13.9 krn for  the east-  
ward looking azimuth. The d i s c r e t e  measured values of echo power a t  the seven 

. zen i th  angles a r e  connected by s t r a igh t  Line segments, while the smooth curve 
i s  a leastmean-squares f i t  t o  these data  using a spec i f i c  model of a n i s o t r o ~ i c  
scat ter ing.  

The s p e c i f i c  anisot ropic  sca t t e r ing  model was taken from GAGE and BALSLEY, 
(1980) who used the Booker-and-Gordon sca t t e r ing  concept (BOOKER and GORDON. 
1950) as  modified by STARAS (1955) to  take poss ible  anisotropy i n t o  account. . 
I t  leads t o  an expression f o r  the volume sca t t e r ing  r e f l e c t i v i t y  which can be - 
wri t t en  a s  

- B 
11 - 2 2 2 '  (1) 

( s i n  X) + R (cos X) 
B i s  an amplitude constant,  X i s  the zeni th  angle. and R i s  the quant i ty  re- 
l a t ed  t o  the anisctropy. I f  there i s  anisotropy i n  the v e r t i c a l  only. and the  
permit t iv i ty  f i e l d  i s  hor izonta l ly  i so t rop ic ,  then 

9.Z 
R = -  (2) 

lx " 

where 5 is  the v e r t i c a l  ax i s  i n  the co r re la t ion  e l l i p s e  of the permit t iv i ty  
f i e l d  and 9. i s  i t s  hor izonta l  axis.  I f  the re  i s  anisotropy i n  the horizon- 
t a l  a s  wellXas the  v e r t i c a l .  the i n t e r p r e t a t i o n  of R becomes more complicated, 
since the hor izonta l  anisotropy e l l i p s e  has a minor a x i s  9. and a major ax i s  
L X  a s  wel l  a s  an o r i en ta t ion  angle 41 measured from eas t :  

* A more de ta i l ed  account of t h i s  analys is  i s  given i n  "Measurements of Aniso- 
t rop ic  Permit t iv i ty  s t ruc tu re  of upper troposphere with c lear-a i r  radar", 
A. T. Waterman. T.-2. Hu, P. Czechowsky and J. Rottger, to  appear i n  Radio 
Science. 
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Received power ( r e l a t i v e  db) 

Figure 1. Backscattered power v s  height fo r  seven zenith 
angles (marked, i n  deg) and eastward azimuth, 

- From the measurements. the r e f l e c t i v i t y  a s  a function of zenith angle X is 
determined, and the  values of B and R giving the least-uman-squares f i t  a r e  
found. This i s  done fo r  each height fo r  both eastward and westward azimuths. 
y ie lding R and RN.  he values  of B provide redundant information i n  t h i n  
model). ~!e three  desired quant i t ies .  e e r t i  cal anisotropy ( / \, horizon- 
t a l  anisotropy 9. /L , and o r ien ta t ion  cb , cannot be uniquely aeteminad f r &  
the m e a s ~ r e n e n t s ~ - ~ s  th i rd  azimuth would be needed - but l i m i t s  wi thin  vhieh 
these quan t i t i e s  m y t  l i e  can be found. They a r e  shown i n  Figure 3. 

The right-hand column of Figure 3 shows v e r t i c a l  anisotropy (L / E x )  a s  
a funtition of height. Here the two curves a r e  the upper and lover koundn with- 
i n  which the anisotropy must l i e .  Remember t h a t  the r - ra t ios  here a r e  minor- 
to-major-axis r a t i o s ,  eo t h a t  low values represent greater  anieotropy. (Unity 
implies isotropy).  Except fo r  the  region around 13.3 t o  13.5 km, a c l e a r  ve r t i -  
c a l  anisotropy prevails.  

The left-hand column of Figure 3 shovn the upper bound on t h i s  anisotropy 
r a t i o  fo r  the horizontal  s t ruc tu re  -- that  is, the atmosphere is a t  l e a s t  a s  
anisotropic  a s  the values given by t h i s  curve. and may be more so. Associated 
with t h i s  measure of the s t ruc tu re  is the o r ien ta t ion  of the major a x i s  of the 
hor izontal  anisotropy e l l ipse .  The l i m i t  s wi thin  which i t  must l i e  a r e  shovn by 
the shaded areas  i n  the center portion of the figure.  A t  low elevat ions  it 



, r F  . , W k s  -- 3EiGfRAL FiLW.- KG 

C)F POOR Q'JktifY' - 

Zenith angle (deg.) 

l? igure  2. Aspect s e n s i t i v e  backscattered power 
a t  13.9 km. R = 0.1. I 

. s t a r t s  out  wi th  an o r i e n t a t i o n  a l igned wi th in  + 30 degrees of east-west. A t  
-- 

about 12.5 km it swings around t o  a more near ly  north-south o r i en ta t ion .  e t c .  

- Owing t o  the  small amount of da ta  and l i m i t a t i o n s  i n  the  na ture  of the 
da t a ,  one should not  draw too  many conclusions from these r e s u l t s .  Neverthe- 
l e s s ,  it i s  c l e a r  t h a t  some form of anisotropy e x i s t s  here,  and t h i s  a n a l y s i s  
i s  one attempt t o  put it on a q u a n t i t a t i v e  bas is .  
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Figure 3 .  Degree 5 and orientation 4 of horizontal anisotropy; 
degree of ver t i ca l  anisotropy 6 .  ~%aded areas show permissable 
range of values. Low values of 5 and 5 are moat anisotropic. 
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3.4A ACCoRACl OF VELOCITY AND POWER DETERMINATION BY THE DOPPLER METHOD 

J. Rottger* 

EISGIT S c i e n t i f i c  Association 
981 27 Kiruna, Sweden 

TEE BEQUIRED SUPPRESSION OF ANTENNA SIDELOBES NEAR THE MAIN LOBE 

When designing an MST radar  antenna one has t o  t rade  betweeu the choices 
t o  optimize the  e f f e c t i v e  aper ture  or t o  optimize the sidelobe suppression. An 
optimization of the aper ture  increases the  sens i t iv i ty .  Suppression of side- 
lobes by tapering a t tenuates  undesirable s igna l s  which spo i l  the estimates of 
r e f l e c t i v i t y  and veloci ty .  Generally, any sidelobe e f f e c t s  a r e  equivalent t o  a 
broadening of the antenna bean. The re turn  s ignal  i s  due t o  a product of the 
antenna pa t t e rn  with the varying atmospheric r e f l e c t i v i t y  s t ructures .  Thus, 
knowing the  antenna pat tern ,  it is  i n  p r inc ip le  possible t o  f ind  the s ignal  
spect ra ,  which, however, may be a tedious computational and ambiguous procedure. 

For v e r t i c a l l y  pointing main beans the sidelobe e f f e c t s  a r e  e f f i c i e n t l y  
suppressed because o t  the sspect  s e n s i t i v i t y .  It follows t h a t  sidelobes a r e  a 
minor probten fo r  spaced antenna methods. Ewever,  they can be  c ruc ia l  fo r  
Iloppler methods, which need off -ver t ica l  beams. If a sidelobe i s  pointing to- 
wards the zeni th  a l a rge r  power may be received from the v e r t i c a l  than off-  
v e r t i c a l  d i rec t ions ,  but quan t i t a t ive  estimates of t h i s  e f f e c t  a r e  not y e t  
known. 

To g e t  an e r r o r  estimate of sidelobe e f f e c t s  with an off -ver t ica l  main 
beau we d i s c r s s  the following 1-dimensional example. This y ie lds  a reasonable 
estimate aance the sidelobe c loses t  t o  zeni th ,  i n  the plane i n  which the main 
bean is s teered,  mostly dominate the errors .  

Assume t h a t  the antenna pat tern  P(6) i n  the plane i n  which the main beam 
i s  t i l t e d  i s  given by Figure 1. Let P1 be the power gain of the main lobe a t  
the  zeni th  angle $,  and P2 the power of .the sidelobe a t  6 . The aspect 

- s e n s i t i v i t y ,  given by a(&), changes the ac tua l  antenna pat$ern t o  an apparent 
antenna pat tern ,  sketched by the dashed l ines .  It a l t e r s  the  d i rec t ion  a n d t h e  
power of the antenna lobes, For the following estimates we do not consider the 

- - - -.- -C apparent beam d i rec t ion  and we confine t o  the power i n  the main lobe a t  61 
and the  f i r s t  sidelobe a t  62. The other sidelobes ( a t  62\ 63' and 63) 
a r e  reasonably suppressed by the aspect s e n s i t i v i t y  and a r e  not considered 
here. To g e t  a worst estimate we a l s o  do not consider the doubling of sidelobe 
suppression fo r  r e f l e c t i o n  and assume a one-way beam only ( sca t t e r ing) .  

From the Doppler spectrum P(w) of the  radar r e tu rns  we g e t  the average 
power 

P = P(w) dw, - i 
and the  average Doppler frequency 

- j W  P(w) dw 
W = - 

P 
Assuming t h a t  the radar  detected s t ruc tu res  move with a ve loc i ty  U i n  the plane 
of F b u r e  1, we would measure Doppler frequencies w = (-&a U s i n  6 )/lo 
and 3 - (-471 O s i n  62)/1 and average (normalired!J powers P1 and h2 
through the main beam a t  8; and the  sidelobe a t  6*. Since the c o n t r ~ b u t i o n  
from the main- and the sidelobe cannot be separated, we obta in  the incorrect  

*presently a t  Arecibo Observatory, Arecibo, Puerto Rico, on leave from 
lbx-Planck-Institut f u r  Aeronomie, Lindau, W. Germany 



Figure. 1. Schematic antenna pa t t e rn  P(6) i n  t h e ' v e r t i c a l  plane a s  funct ion of 
zen i th  angle 6. The 'main lobe with power gain  P1 i s  ti1 t,ed o f f  y e  v e r t i -  
c a l  a t  an angle Sidelobes a r e  shown a t  angles 62, 62, 63, 63: 
The antenna pat tern  i s  weighted (dashed l i n e s )  by the  aspect sensa t iv i ty  
a ( & ) .  

estimates 

where al = ~ ( 6 ~ )  and a2 = a(6 2 ) ' 

f f ' o n e  would neglect  the sidelobe e f f e c t s ,  one measures the  s ignal  power (2 ray 

i dar  r e f l e c t i v i t y )  and ve loc i ty  with f r a c t i o n a l  e r r o r s  

6- , I.- ,I 

- 
I C  I - P - alp1 a 2 P 2 

a P  
P- 

a p '  
11  11 

C 
-- - - --- T i  - - 

w - w1 alpl + a2P2 s i n  6 2 / ~ i n  61 
&.dm AU=-= - - 1. 

L-. _- - - - 
. - W 1 alPl + a2P2 

Using f o r  example 61 = go,  62 = -4,1° (without considering the  apparent 
beam d i r e c t i o n ) ,  P1 = 1.0, P2 = 10 ( for  a worst estimate of -20 dB two- 
way-beq s idelobe suppreefion), and -a(&) = 1 43Idegree correspond_$ng t o  al = 
1.3'10 and a = 3.6'10 , y ie lds  AP = 2.8'10 and AU = -4.3'10 . 
This means thag the power would be overestimated by 2.8%, and the  hor izonta l  
ve loc i ty  would be underestimated by 4.3%. A s imi la r  computation w i l l  y i e ld  the  
e r r o r  estimates fo r  the spec t ra l  width. Since 6 and P a r e  known,-instru- 
mental parameters and a(6)  i s  f a i r l y  wel l  known from oidervations,  AP and A& 
can be used f o r  correction,  which w i l l  y ie ld  a very reasonable es t imate  of P 
and U. It, thus,  may appear t o  be more f e a s i b l e  to  apply correct ions  which 
have t o  take i n t o  account the  two-dimensional pa t t e rn  than use tapering. How- 
ever,  s i t u a t i o n s  may occur (e.g., strongly t i l t e d ,  r e f l e c t i n g  l aye r s )  which 
would lead t o  subs tan t i a l  contr ibut ions  through antenna sidelobes. These 
s i t u a t i o n s  need specia l  a t t e n t i o n  during the  da ta  analysis.  To minimize the 
problems with t i l t e d  layers ,  it i s  recommended t o  swap the main bean di rect ion,  
viz.  neasure a t  zeni th  d i rec t ions  6 and when applying the  Doppler 
beam swinging method. A more r e l i a h e  es t imate  of the ti1 t, however, can be 
deduced with the interferometer technique. 



3.4B IMPROVPiENT OF VERTICAL VELOCITY MEASUREMENTS 

J. Rottger* 

EISCLT S c i e n t i f i c  Association 
981 27 Kiruna, Sweden 

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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3.4C ANTENNA INDUCED RANGE SMEARING I N  MST RADARS 
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INTRODUCTION - 

There i s  considerable i n t e r e s t  i n  developing ST and MST radars  f o r  higher 
r e so lu t ion  t o  study small-scale turbulent  s t ruc tu res  and waves. A t  present 
most ST and MST radars  have resolut ions  of 150 meters o r  l a rge r ,  and a r e  not 
ab le  t o  d i s t ingu i sh  the t h i n  (40 - 100 m) turbulent  layers  t h a t  a re  known t o  
occur i n  the  troposphere and s t ra tosphere ,  and possibly i n  the mesosphere. 
However the antenna bean width and sidelobe l e v e l  become important considera- 
t i o n s  fo r  radars  with superior height resolution.  - 

The object ive  of t h i s  paper i s  t o  point  out t h a t  fo r  radars  with range 
reso lu t ions  of about 150 meters o r  l e s s ,  the re  may be s ign i f i can t  range smear- 
ing of the s igna l s  from mesospheric a l t i t u d e s  due t o  the f i n i t e  beam width of 
t h e  r ada r  antenna. A t  both s t r a tospher ic  and mesospheric heights  the  antenna 
sidelobe l eve l  for  l i n e a r  equally spaced phased arrays  may a l s o  produce range 
a l i a s e d  signals.  

To i l l u s t r a t e  t h i s  e f fec t  we have calcula ted the  range smearing funct ions  
f o r  two v e r t i c a l l y  d i rec ted  antennas, (1) an a r ray  of 32 coaxial-coll inear 
s t r i n g s  each with 48 elements t h a t  simulates the v e r t i c a l  b e m  of the Poker 
F l a t ,  Alaska, IlST radar,  and ( 2 )  a s imi lar ,  but smaller, a r ray  of 16 coaxial- 
co l l inea r  s t r i n g s  each with 24 elements. Figure 1 shows the  one-way antenna 
pa t t e rn  f o r  the Poker F l a t  v e r t i c a l  antenna. The main lobe has a two-way b e p  
width of 2.2 degrees. The smaller antenna has a two-way beam width of 4.4 
degrees. 

CALCULATION OF RANGE SMEARING FUNCTIONS 

- Referring t o  Figure 2, a t h i n  turbulent  layer  i s  i l l u s t r a t e d  by the  th ick 
hor izonta l  l ine .  For a v e r t i c a l l y  d i rected antenna, R1 i s  the v e r t i c a l  range - - -  & 
t o  the  turbulent layer. However, because the  antennas have a f i n i t e  beam width 
with sideloaes,  some energy i s  transmitted a t  an angle t3 t o  the  main lobe 
di rect ion.  The received power from the d i r e c t i o n  t3 has a s t rength  t h a t  depends 
on t h e  antenna pat tern ,  and o r ig ina tes  from a range R2 = R1 + X. Therefore a 
funct ion F(x) can be derived fo r  a p a r t i c u l a r  antenna tha t  represents  the var i -  
a t i o n  of returned s ignal  power as a funct ion of d is tance (x) above a t h i n  layer.  
For a th ick turbulent  layer ,  o r  mul t ip le  layers ,  the t o t a l  radar  echo response 
w i l l  be a convolution of the turbulence l aye r  s t ruc tu re  with the funct ion F. 
This funct ion i s  a l s o  height dependent, therefore ,  fo r  i l l u s t r a t i v e  purposes 
we w i l l  present ca lcula t ions  for  heights of 85 and 15 km i n  the  mesosphere and 
lower stratosphere,  respectively.  

Figure 3 shows the range smearing funct ion fo r  the Poker F l a t ,  Alaska, MST 
radar  v e r t i c a l  beam antenna. Figure 4 i s  the  same data  covering only the f i r s t  
100 meters t h a t  r e s u l t s  from the main antenna lobe. The observed mesospheric 
s igna l s  i n  Alaska a r e  frequently 20 dB or more above the minimum detectable  
level .  These strong s igna l s  w i l l  be smeared i n  range up t o  100 meters or 
possibly more fo r  e x t r a e l y  strong signals.  

*Also with NOAA Aeronomy Laboratory, Boulder, CO. 
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Figure 1. Radiation pattern for a square array of 32 coaxial- 
col linear st ings  each containing 48 elements. 

Figure 2.  Geometry of two paths t o  a turbulent layer and the 
range smearing function F(x ) .  
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Figure 5. The range smearing funct ion a t  a height- of 85 km 
f o r  an antenna composed of 16 coaxia l -col l inear  s t r i n g s  
each with 24 elements. 

~ i g u r e  6.. The range smearing funct ion a t  a height of 15 km 
f o r  an. antenna conposed of 32 coaxia l -col l inear  s t r ings .  

. . each with 48 e lenents .  

Concerning the  sidelobes,  t he  same problens e x i s t  i n  the  s t ra tosphere /  
troposphere a s  was discussed above f o r  the mesosphere. I f  has been es t ab l i shed  - .. .... from radar  observations (WOODMAN, 1980), and balloon and Smoke t r a i l  experi- 
ments (GOOD e t  a l . ,  1982a,b) t h a t  tropospheric and s t r a tospher i c  turbulence 
occurs i n  t h i n  l aye r s  typ ica l ly  30 - 100 meters th ick  separated v e r t i c a l l y  
about 100 - 200 meters apar t .  

The balloon data  f requent ly  ind ica te  v a r i a t i o n s  of turbulence l e v e l s  > 20 
dB. It i s  l i k e l y  t h a t  i f  new radars  a r e  designed with s u f f i c i e n t  r e so lu t ion  
t o  d iscr iminate  these th in  in tense  turbulent  layers ,  then antenna sidelobes 
may contr ibute  t o  the returned signals.  

SUMMARY 

It i s  suggested t h a t  f i n i t e  width of the radar antenna main lobe may pro- 
- duce range smearing t h a t  i s  important f  or high r e so la t ion  MST radars ,  especial-  

ly a t  mesospheric heights.  For an extremely turbulent  layer ,  the  returned 
s i g n a l s  may be strong enough t h a t  the f i r s t  antenna sidelobe i s  important. 

Our ca lcu la t ions  r e l a t e  t o  v e r t i c a l l y  d i r ec ted  beams. For o f f -ve r t i ca l  
antenna d i r e c t i o n s  the problen i s  more severe. 



Figure 7. The range smearing funct ion a t  a height of 15 km 
f o r  an antenna composed of 16 coaxial-coll inear s t r i n g s  
each with 24 elements. 

We suggest t h a t  i n  the  design of fu tu re  high resolut ion MST radars  con- 
s ide ra t ion  be given t o  obtaining a s  narrow an antenna bean a s  i s  p rac t i ca l .  
The average power-aperture product determines the  radar  s e n s i t i v i t y ;  therefore  
it may be preferable  t o  invest  more i n  the  antenna ( t o  .obtain a l a rge r  aper ture  
and narrower antenna beam) than i n  a high power transmitter.  

The simple inexpensive l i n e a r  equally spaced a r rays  (e.g., coaxial-col- 
l i n e a r  antennas) have f i r s t  sidelobes t h a t  may be too large  f o r  high resolu- 
t i o n  studies.  Sidelobe reduction i s  poss ible  by u t i l i z i n g  nonequal spacing 
or a tapered power d i s t r ibu t ion .  For example, the UK. MST radar  (BOWMAN e t  
al., 1983) u t i l i z e s  a Dolph-Chebychev power d i s t r i b u t i o n  t o  p a r t i a l l y  suppress 
s i d e l o ~ e s .  
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INTRODUCTION 

Horizontal wind v e l o c i t i e s  i n  the upper atmosphere, pa r t i cu la r ly  the  meso- 
sphere, have been measured using a multi tude of d i f fe ren t  techniques. Most 
techniques a r e  based on s t a t e d  or unstated assumptions about the  wind f i e l d  
t h a t  may or may not be true,  I n  t h i s  br ief  paper we w i l l  point  out same 
pl'oblems with the spaced antenna d r i f t s  (SAD) technique t h a t  usually appear t o  
be overlooked. These problems a r e  not unique t o  the SAD technique; very s i m i -  
l a r  considerations apply t o  measurement of horizontal  wind using multiple-be- 
Doppler r ada r s  as well. 

Simply s t a t ed ,  the  SAD technique r e l i e s  on sca t t e r ing  from mul t ip le  
s c a t t e r e r s  wi thin  an antenna bean of f a i r l y  l a rge  bean width (BRIGGS, 1980). 
The combination of s ignals  with random phase gives r i s e  t o  an in terference pat- 
t e r n  on the  ground. This pa t t e rn  w i l l  d r i f t  across  t h e  ground with a ve loc i ty  
twice t h a t  of the ionospheric i r r e g u l a r i t i e s  from which the radar  s igna l s  a r e  
scat tered.  By using spaced rece ive r s  and measuring time delays of the s ignal  
fadiug i n  d i f fe ren t  antennas, it i s  possible t o  estimate the horizontal  d r i f t  
ve loc i t i e s .  Although the technique i s  q u i t e  simple i n  pr inciple ,  the numerical 
ca lcu la t ions  a r e  plagued by a high degree of s t a t i s t i c a l  unce r t a in t i e s  because 
small  va r i a t ions  from an assumed model can give  large  e r ro r s  i n  the  estimated 
veloci ty .  

It i s  t o  be understood t h a t  the SAD technique u l t i & t e l y  r e l i e s  on d i f fe r -  
e n t i a l  line-of-sight veloc.i t ies t o  ca lcu la te  the  horizontal  wind. The di f fer"  
ences a r e  due t o  changing line-of-sight components of the hor izonta l  wind a s  a 
funct ion of changing look angle  within the f i n i t e  beam width of the antenna. A 
radar  with an i n f i n i t e l y  narrow transmitt ing antenna bean width can never be 
used a s  a SAD radar. Although much can be sa id  about the problems of imple- 
menting a SAD radar  systed,  we s h a l l  l i m i t  ourselves t o  considering in te rp re ta -  
t i o n  of the  r e a u l t s  under i d e a l  conditions of no system noise. That i s ,  we 

- - - .A s h a l l  assume we can accurate ly  measure the d r i f t  veloci ty  of the in terference 
pa t t e rn  over the ground, and consider what motions i n  the sca t t e r ing  l aye r  may 
give  r i s e  t o  t h i s  d r i f t  veloci ty .  

DISCUSSION 

A s  already mentioned, only the line-of-sight ve loc i ty  of a sca t t e r ing  i r  
r e g u l a r i t y  w i l l  give r i s e  t o  a d r i f t i n g  in terference pat tern  (Figure 1 ) .  Cal- 
cu la t ion  of the horizontal  d r i f t  ve loc i ty  of the sca t t e r ing  i r r e g u l a r i t i e s  
the re fo re  requires  t h a t  two assumptions be made. These a r e  (1) the  horizontal  
wind component i s  everywhere the same within  the radar volume, and (2) the  ver- 
t i c a l  wind component i s  small and everywhere the same within  the radar volume. 
Any v i o l a t i o n s  of these assumptions w i l l  r e s u l t  i n  e r r o r s  i n  the estimated hori- 
zontal  wind veloci ty .  A shor t  mathematical der ivat ion of the r e s u l t  of rela- 
t i v e  motion wi thin  the radar  volume was given by ROYRVIK (1983). The contribu- 
t i o n  t o  t h i s  e r ro r  from motions of d i f f e ren t  scales  w i l l  be discussed. 



Figure 1. Schematics showing the d i f f e r e n t i a l  wind v e l o c i t i e s  wi th in  a  SAD 
r ada r  s c a t t e r i n g  volume. Idea l i zed  vo r t ex  motion t h a t  may r e s u l t  from a  
wind shear ( cen te r ) ;  Radar s i t u a t i o n  with two s c a t t e r i n g  i r r e g u l a r i t i e s  
moving under the influence of a  short-wavelength g rav i ty  wave ( r i g h t ) .  

( a )  D i f f e r e n t i a l  Horizontal  Flotion ,, 

The average hor izonta l  wind wi th in  a  r ada r  s ca t t e r ing  volume which i s  
l imi t ed  by the  antenna beam width i n  the ho r i zon ta l  d i r e c t i o n  and the  range g a t e  
i n  the v e r t i c a l  d i r e c t i o n ,  i s  due t o  o s c i l l a t i o n s  with long ho r i zon ta l  wave- 
lengths. The o s c i l l a t i o n s ' a r e  caused mainly by long-period g rav i ty  waves and 
t i des .  Horizontal  winds of the  order of t ens  of meters per second a r e  expected 
t o  r e s u l t  from these o s c i l l a t i o n s .  I n  comparison, hor izonta l  winds r e su l t i ng1  
from short-wavelength, short-period o s c i l l a t i o n s  have amplitudes of only a  few 
meters per second. Thus, even i f  these o s c i l l a t i o n s  have hor izonta l  wave- 
lengths  comparable t o  the hor izonta l  dimension of the s c a t t e r i n g  volume, the  
e r r o r  i n  the  ca l cu la t ed  ho r i zon ta l  v e l o c i t y  would no t  be more than 10% which 
i n  most cases i s  l e s s  than could be expected from s t a t i s t i c a l  e r ro r s .  There- 

- -, 
+ f o r e  we w i l l  no t  consider d i f f e r e n t i a l  hor izonta l  wind f u r t h e r .  

- - ._ a (b )  D i f f e r e n t i a l  Ver t i ca l  Motion 
- 

The assumption t h a t  the v e r t i c a l  wind v e l o c i t y  is uniform throughout the 
r a d a r  vol~nne does not  hold t r u e  i n  most circumstances. There a r e  th ree  d i f f e r -  
en t  length sca l e s  t h a t  can con t r ibu te  t o  these v e r t i c a l  ve loc i ty  d i f ferences .  
On the  smal les t  s ca l e  a r e  the  turbulent  v e l o c i t y  o s c i l l a t i o n s ,  which a r e  con- 
s idered  t o  be randomly d i s t r i b u t e d  throughout t h e  s c a t t e r i n g  volume. They do 
no t  con t r ibu te  t o  the measuranent of the ho r i zon ta l  ve loc i ty  i n  a  systematic 
way; however, they con t r ibu te  i n d i r e c t l y  t o  the random e r r o r  because increase  
i n  tu rbu len t  ve loc i ty  w i l l  decrease the s igna l  co r re l a t ion  time, which again  
makes the  hor izonta l  ve loc i ty  more d i f f i c u l t  t o  ca l cu la t e  (ROYRVIK, 1983). As 
the  c o r r e l a t i o n  time decreases ,  the i r r e g u l a r i t y  pa t tern  changes f a s t e r  while 
d r i f t i n g  ac ross  the ground from one rece iv ing antenna t o  another.  Thus making 
the  time sequences observed by the antennas become more d i s s imi l a r ,  and the 
time l a g  between them become more d i f f i c u l t  t o  measure. 

Ver t i ca l  v e l o c i t i e s  t h a t  change sys temat ica l ly  i r i  the hor izonta l  d i r e c t i o n  
wi th in  the  xadar volume w i l l  con t r ibu te  a  l a r g e  systematic e r r o r  t o  the  calcu- 
l a t e d  hor izonta l  ve loc i ty  (ROYRVIK, 1983). The reason i s  t h a t  the SAD tech- 



nique r e l i e s  on changing l ine-of-sight  v e l o c i t y  wi th in  the antenna beam; but ,  
s ince  it has no way t o  determine i f  the cont r ibut ion  i s  from hor izonta l  o r  
v e r t i c a l  wind, i t  assumes t h a t  t he re  i s  a  ho r i zon ta l  wind component only. I f  
t h e r e  i s  a  d i f f e r e n t i a l  wind component, however, i t  cont r ibutes  much more 
e f f i c i e n t l y  t o  the l ine-of-sight  v e l o c i t y  than does the ho r i zon ta l  wind and can 
con t r ibu te  l a rge  er rors .  An antenna beam with angular ha l f  width of 10' i s  a  
f a c t o r  of 5 more sens i t i ve  t o  v e r t i c a l  v e l o c i t y  d i f ferences  than ho r i zon ta l  
wind. 

There a r e  two d i f f e r e n t  mechanisms t h a t  can generate d i f f e r e n t i a l  v e r t i c a l  
v e l o c i t i e s  with the required ho r i zon ta l  wavelength of one t o  twenty k i lometers  
i n  the  mesosphere. A t  the sho r t e r  end of t h i s  s ca l e  the re  a r e  the  organized 
motions r e s u l t i n g  from overturning Kelvin-Helmholtz v o r t i c e s  wi th  est imated 
ho r i zon ta l  wavelengths from a  few huudred meters t o  a  few kilometers.  Differ-  
e n t i a l  v e r t i c a l  v e l o c i t i e s  of as  much a s  5 m/s may be generated. For a l a r g e  
antenna having very narrow beam width with c ros s  sec t ion  of 1 t o  3 kn i n  the  
mesosphere matching the  dimensions of the v o r t i c e s ,  t h i s  mechanism may account 
f o r  ca l cu la t ed  ho r i zon ta l  v e l o c i t i e s  of hundreds of meters per second. At the  
o the r  end of the spectrum (10 km or  more) sho r t  wavelength g r a v i t y  waves w i l l  
con t r ibu te  t o  the ca l cu la t ed  ho r i zon ta l  ve loc i ty .  Doppler r ada r s  have shown 
t h a t  short-period waves i n  the  mesosphere typ ica l ly  have amplitudes of 1-5 mfs, 
and the  est imated ho r i zon ta l  wavelengths of these  waves a r e  from 20 km and 
upwards. Such waves combined with an antenna beam width of approximately 10' 

. w i l l  g ive  r i s e  t o  o s c i l l a t i o n s  i n  the est imated hor izonta l  wind of 10-50 m/s. 
This  e r r o r  i s  of the same order  of magnitude a s  the ac tua l  hor izonta l  wind 
r e s u l t i n g  from the t i d a l  o s c i l l a t i o n s .  

From t h i s  d iscuss ion  i t  should be evident t ha t  short-period o s c i l l a t i o n s  
observed by the SAD technique do not necessar i ly  r e f l e c t  o s c i l l a t i o n s  i n  the 
ho r i zon ta l  ve loc i ty  i n  the mesosphere. For a s c i l l a t i o n s  with periods of one 
hour or more, the v e r t i c a l  v e l o c i t y  i s  very  small compared t o  the hor izonta l ,  
ve loc i ty .  The hor izonta l  wavelength w i l l  a l s o  be l a rge  compared t o  the hori- 
zonta l  dimensiotl of the radar  volume. I n  t h i s  case the assumption of uniform 
wind wi th in  the s c a t t e r i n g  volume i s  v a l i d ,  and the ho r i zon ta l  wind v e l o c i t y  
can be measured accura te ly  t o  wi th in  the s t a t i s t i c a l  l imi t a t ions  of . the SAD 

- technique. 

-A 
We conclude t h a t  the e f f e c t  of v e r t i c a l  line-of-sight v e l o c i t i e s  i s  t o  

- -  -- -- preclude measurments of short-period ho r i zon ta l  wind o s c i l l a t i o n s .  
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3.6A INTERFEROMETER APPLICATIONS OF VHF RADARS* 
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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 

* To be published a l s o  in :  Prepr int  Volume, American Meteorological Society,  
22 Conference on Radar Meteorology, ,Zurich,  Switzerland, 1984. . . .  . . 

**Presently a t  Arecibo Observatory, Arecibo, Puerto Rico, on leave from Max- 
Planck-Insti tut  f u r  Aeronornie, Lindau, W. Germany. 



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  

OATA I DATA I1 

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. 
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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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3.6 B MeSOSPHERI C MEASUREMENTS OF IRREGULARITY PATCHES USING 
A 3 -ANTENNA INTERFEROMETER 

H. M. I e r k i c  

Arecibo Observatory 
P. 0. Box 995 

Arecibo, Puerto Rico 

J. Rottger* 

EISCAT S c i e n t i f i c  Association 
P.0, BOX 705 

S-98127 Kiruna , . Sweden 

We have i so la ted  th ree  very i n t e r e s t i n g  events of mesospheric radar  re- 
tu rns  t o  i l l u s t r a t e  the po ten t i a l  of a three-ant enna interferometer i n  the  study 
of the  neu t ra l  atmosphere. The f i r s t  p l o t  (Figure 1 )  shows contour p lo t s  of 
echo i n t e n s i t y  and the presence of i r r e g u l a r i t i e s  i n  i so la ted  and well-defined 
regions. These measurenents were ca r r i ed  out using the  SOUSY radar  izi the Harz 
mountains i n  Germany, on September 9 ,  1980. The systan frequency i s  53.5 MHz. 
Local time i s  2 hours i n  advance of Universal time. The i r r e g u l a r i t i e s  wave- 
Length i s  2.81 m and the  th ree  arms of the interferometer were sampled with 167 
me of time difference.  

To provide precise estimates of v e r t i c a l  ve loc i t i e s ,  the measured ( r a d i a l )  
Doppler s h i f t  has t o  be corrected t o  subtract  the contribution due t o  the 
hor izonta l  motions. For near-vertical  observations (zenith angle l e s s  than 
about 10') it i s  readi ly  shown t h a t  the r a t e  of change of the measured phases 
a r e  r e l a t ed  t o  the v e l o c i t i e s  V , Vn ( i n  the East-West and North-South 
directions., respect ively)  a s  i n E c a t e 8  

with 1 " 24.lm, k the radar wave number, r the range (or height)  and ;I the r a t e  
of change o i  the phase of the s ignals  a r r iv ing  a t  the antennas speci f ied  by 
the  d i f f e r e n t  subscripts.  The geometrical arranganent of the antennas which 
c o n s t i t u t e  the  interferometer i s  shown i n  Figure 2. The s ignals ,  a f t e r  decod- 
i f i c a t i o n ,  a r e  Fourier analyzed and multip.lied t o  form the spectrum and cross- 
spectrum (e.g. FARLEY e t  al . ,  1981). 

Selected but representa t ive  examples of spectra and cross-spectra (co- 
herency and phase) a r e  presented i n  Figures 3a-c. A l l  the transforms a r e  aver- 
aged by 40 s and they have a rang of +I Hz with a frequency resolut ion of 
0.083 Hz. There a r e  some observations on the data  t h a t  a r e  worth bringing out.  
Figure 3a (event I) shows c lea r ly  a continuous change of Doppler s h i f t  with time 
and a l s o  i l l u s t r a t e s  frequency a l i a sed  spectra.  The coherency maximizes wi thin  
the  energy containing frequency ranges and the  corresponding computed phase 
changes, increasing s teadi ly .  Event I1 (Figure 3b) i s  more complex because it 
shows double-peaked spectra. From the graphs of phase it i s  c l ea r  t h a t  the 
opposite Doppler s h i f t s  a r e  associated with physically separate regions of the 
atmosphere (about 4 km apar t ) .  I n  t h i s  example we can appreciate the great  
resolving capab i l i ty  of the in te r f  eroneter.  Figure 3c (event 111) presents 
sharp and well-defined spectra  and includes a l l  (3 ) combine t ions  of cross- 
spectra.  From the high values of the coherency i t  can be deduced t h a t  the 
echoes a r e  coming from horizontally local ized regions or "blobs" (ROTTGER, 
1983). The horizontal  v e l o c i t i e s  f o r  each event can be estimated measuring 
the  r a t e  o t  change of the phases. From the data ,  Table 1 was constructed f o r  
the  hor izonta l  ve loc i t i e s .  

*presently a t  Arecibo Gbservatory, Arecibo, Puerto Rico, on leave from Max- 
Planck-Insti tut  f u r  Aeronomic , Lindau, W. Germany 
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Figure 1. Contour plots of the intensi ty  of mesospheric 
backscattered signals.  Three events are distinguished 
for further study. 

3 Antenna I n t e r f e r o m e t e r  
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Figure 2.  Geometrical configuration of SOUSY 
interferometer system. 



Radar Interferometer 
Mesospheric Measurements 

Sousy 
Integration' Time = 40 secs 

L.T. =0805 

t t + 40 secs 
( b )  

Figure 3. Measurements of spec t ra  ( s )  atid cross  spec t ra  (cs) .  ' 
( a )  Example with frequency a l i a s e d  spectra.  

' (b )  Example with double peak spectra.  

Table I. 

Event Vew(m/ s ) Vns(m/ s Time (LT) 

Knowledge of the hor izonta l  component of the ve loc i ty  and of the r a d i a l  
( l ine-of-sight)  ve loc i ty  allows f o r  an unambiguous est ircate of the v e r t i c a l  
component. For the  data  a t  hand and during the  time t h a t  the  "blobs" were ob- 
servable the  v e r t i c a l  Doppler s h i f t  changed from negative t o  pos i t ive  i n  a 
reasonably l i n e a r  fashion ( t o  f i r s t  order)  and with t h t  following parsmeters 
where Ts t ime w i t h i n  s i g h t ,  V v e r t i c a l  v e l o c i t y ,  Vv r a t e  of change of t h e  
v e r t i c a l  ve loc i ty .  The events h u l a t e d  i n  Table 2 occur wi th in  a v e r t i c a l  
ex ten t  between 3 and 4.5 km. The t h i r d  event i s  character ized because it has 
t h e  l a r g e s t  values of the i n t e n s i t y  of the echoes a s  wel l  a s  of the coherency of 
the  cross-spectra. 
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Rodor Interferometer 
Mesospheric Meosurements 

Swsy 
Integration Time 's  40 s e a  

Event IU 
L.T. =0915 

( ~ o d  csr 13 

Figure 3(c). Measurements of. spectra .  ( s )  and cross  spectra  (cs).  
Example of a "compact" backscattering region. 

Table 2. 

Event Ts(min) Vv(m/s) tv(cm/s2) 

The technique used here makes possible some understanding of the mor- 
phology of the sca t t e r ing  medium. I n  f a c t  the data suggest t h a t  patchy regions 
("blobs") f a i r l y  localized ( t o  within about 3 km) exis t .  Moreover these blobs 
a r e  carr ied away by (or  they r ide  on) prevalent winds and waves. The o r ig in  
of the blobs has not been invest igated ye t ,  but some preliminary notions a r e  
worth mentioning. They could r e s u l t  from short-scale turbulence due t o  the 
breaking of s o l i t a r y  waves. It i s  in te res t ing  t o  note t h a t  i r r e g u l a r i t i e s  were 
observed alwayswhen the blobs were l i f t e d  upward, soon t o  be pushed downward. 

. Another poss ib i l i ty  r e l i e s  on the presence of ("frozen") local  deviations i n  
the  value of the index of r e f rac t ion  r e l a t i v e  t o  the s p a t i a l  average. This 
l a s t  in te rp re ta t ion  is, i n  a sense, analogous t o  the well-known ionospheric 
holes phenomena. 



Figu re  4 p re sen t s ,  f o r  t he  d a t a  ana ly ied ,  t he  (two-dimensional) h o r i z o n t a l  
t r a j e c t o r i e s  fol lowed by t he  i r r e g u l a r i t i e s .  Event I1 i s  composed of two sub- 
even t s  w i t h  g e m e t r i c a l  s e p a r a t i o n  of about 4 lan. A more extended da t a  base 
will be necessary  t o  e s t a b l i s h  t h e  frequency of occurrence of the  events  h e r e  
de sc r i bed  a s  w e l l  a s  t h e i r  s p a t i a l  d i s t r i b u t i o n .  This  w i l l  a l low b e t t e r  
c h a r a c t e r i z a t i o n  of t he  phys i ca l  p i c t u r e  presen ted  and a l s o  w i l l  he lp  t o  dec ide  
i f  e s t ima t e s  of t he  v e r t i c a l  p r o f i l e s  of t h e  v e l o c i t i e s  a r e  f e a s i b l e .  

MOO, . 130° 120° 1 lo0 100" SO0 80° 70° 60° 50° 40° 

Figu re  4. I i o r i zon t a l  t r a j e c t o r i e s  of observed i r r e g u l a r i t y  patclles. 
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INTRODUCTION 

Probably one of the most important achievements bfST radars  can make toward 
increas ing our understanding. of the dynamics of the atmosphere i s  t o  determine 
the  exact r e l a t ionsh ip  between the  generation of turbulence and the  sources of 
high shear or convectively unstable £.lows. An important theore t i ca l  t o o l  
through which we can begin t o  understand spontaneous generation of turbulence i s  
the  gravity-wave-breaking model. I n  t h i s  model, l a r f e  ampptude gravity waves 
produce l o c a l  regions where the Richardson number (N / [U ] ) i s  l e s s  than 
114 thus giving r i s e  t o  turbulent flows. Thus the appea:ance of turbulent 
l aye r s  can of ten be in te rp re ted  a s  a breaking-gravity-wave signature.  

Even*though the techniques f o r  studying gravi ty  waves and turbulence may be 
q u i t e  d i f f e r e n t  (and h i s t o r i c a l l y  have resu l t ed  i n  somewhat separate bodies of 
l i t e r a t u r e ) ,  it i s  c lea r  from the wave-breaking model t h a t  the phenomena a r e  
intimately linked. The techniques fo r  measurements of gravi ty  wave flow f ie lda  
and turbulent regions by MST radar  should show cognizance of some of the 
theore t i ca l  questions ra ised by the wave-breaking model. 

( a j  Determination of Turbulent St ructures  

Preliminary e f f o r t s  have been made t o  categorize turbulent phenomena 
observed by high power radars  (e.g., ROTTGER e t  a l . ,  1979). Turbulent patches 
of ten  appear a s  d i s t i n c t  l aye r s  which agrees wel l  with the monochromatic 
gravity-wave-breaking model. Single burs ts  of turbulence a re  more enigmatic, 
however. They may r e s u l t  from superposit ion of gravi ty  waves o r  other unknown 
processes. More work can be done toward c las s i fy ing  and expanding the  turbulent  
l aye r  morphology. How f a s t  do t h e  layers  grow; what i s  t h e i r  depth; how long do 
they p e r s i s t ;  what i s  t h e i r  frequency of occurrence; and can they be associa ted 
with gravity-wave events? 

(b) Spectral  tleasurements of Wind Fluctuations 

I n i t i a l  attempts have been made to  measure the energy spectrum associated 
with the hor izonta l  motions (CARTER and BUSLEY, 1982). They found t h a t  the 
power law dependence showed -513 behavior suggestive of Kolgomorov's i n e r t i a l  
subrange f o r  turbulent motions. This r e s u l t  i s  reasonable f o r -  smaller scale  
eddies, but one would not expect theor ies  of homogeneous turbulence t o  apply 
necessarily to  the l a rge r  sca le  convective motions touched off by gravity-wave 
passage. Furthermore we would, a p r i o r i ,  not expect the  gravity-wave spectrum 
i t s e l f  t o  exhibi t  the -513 behavior, The f luc tua t ion  spectrum may "break" a t  
l a rge r  wave numbers toward a d i f fe ren t  power law behavior as predicted by 
sa tu ra t ion  theor ies  of gravi ty  waves or i t  may not exhibi t  any tendency a t  a l l .  
Clearly,  important information on small-scale processes can be gained by 
measurement of the spectrum. 

( c )  Measurements and In te rp re ta t ion  of the Heat and Mcmentum Flux 

Probably the greates t  impact MST radars  can have on our understanding of 
the general  c i r cu la t ion  i s  an accurate measurement of the climatology of the 



- - 
upward f l u x  of momentum i n t o  the mesosphere (u' w' + v' w') and the  v e r t i c a l  
convergence of t h a t  flux. The transport  of heat  by the turbulence induced by 
breaking waves i s  a l s o  of c r i t i c a l  importance but can probably only. be measured 
using an MST radar-l idar configuration. 

Using a c lever  multibean configuration VINCENT and REID (1983) have 
d i r e c t l y  measured t h e  momentum f l u x  and found a surpr is ing amount (1/3) of the  
t r anspor t  i n  the  high frequency gravity-wave f i e l d .  This momentum f l u x  may a l s o  
include l o c a l  transport  of momentum by turbulent eddies ac t ing  on the  bas ic  
shear which, of course, would not contr ibute  t o  the net  decelera t ion of the 

. mesosphere. This  may be the  source of the  momentum t ranspor t  associa ted with 
high frequency motions. 

I n  order  t o  separate loca l  transport  of momentum from the  upward f l u x  of 
(pswdo)  momentum from the troposphere, the layer  f luxes should be careful ly  
evaluated. It may a l s o  be poss ible  t o  separate  turbulent t ranspor t  of momentum 
from t ranspor t  by waves using the dispers ion r e l a t i o n s  a s  a "wave transport" 
c r i t e r i a .  - 
(d l  Relationship Between I so la ted  Turbulent Regions t o  the General Turbulent 

Background 

A s  a l luded t o  i n  the  previous sect ions ,  the average turbulent  background 
can produce important t ranspor ts  of heat,  momentum and consti tuents.  Some 
observers repor t  semipermanent regions of turbulence i n  the  upper mesosphere. 
How i s  t h i s  turbulence maintained ( i f  a background l eve l  indeed e x i s t s ) ?  Are 
the re  spec ia l  locat ions  f o r  the formation of permanent turbulent  l aye r s?  

( e )  Determination of Ver t ica l  and Horizontal Wavelengths of Gravity Waves and 
Their Spectral  Pieasuranents 

The development of a climatology of g rav i ty  waves i n  the  mesosphere and ' 
s t ra tosphere  i s  most c r i t i c a l  t o  our understanding of the c i r cu la t ion  of t h a t  
region. Information on both the hor izonta l  wavelengths and r e l a t i v e  f requencies  
a r e  needed t o  determine the fluxes of momentum. Several methods a r e  current ly  
being used t o  determine d i r e c t l y  the hor izonta l  wavelengths including coincident 
s p a t i a l  measurenents and mu1 tibeam techniques. 

The r e l a t i v e  frequency of the gravi ty  wave can be determined from the  
v e r t i c a l  wavelength v i a  the dispers ion r e l a t i o n  or by independent measurement of 
the  phase speed and background wind. The amplitude spectrum verses  v e r t i c a l  and 
hor izonta l  wave number i s  a l s o  useful since t h i s  can be theore t i ca l ly  r e l a t ed  t o  
the  momentum t ranspor t .  I n  addi t ion t o  the loca l  climatology of gravi ty  waves, 
a global climatology i s  needed, and IST measurements need t o  be made a t  a 
v a r i e t y  of s i t e s  and under various conditions (e.g., summer, winter, e tc . ) .  To 
r e i t e r a t e ,  since the o r ig in  of turbulence i n  the middle atmosphere can be l inked 
t o  wave breaking, the study of gravi ty  wave passage and subsequent turbulence 
formation leads t o  ins ight  i n t o  both processes. 

SUMMARY AND RECOMMENDATIONS 

The study and measurenent of gravi ty  waves and the study of turbulence a r e  
not separate topics. The development and generation of low Richardson number 
flows which produce turbulent f i e l d s  occurs through the sa tu ra t ion  and/or in ter-  
ac t ion  of gravi ty  waves. It i s  the turbulent  eddies from which the &ST echo i s  
derived. Thus it i s  i m p r t a n t  t o  determine i f  the "frozen turbulent f i e l d  i n  a 
background flow" approximation i s  a va l id  assumption or whether the radar  i s  
measuring a property of the turbulent generation mechanism (i.e., the wave). 



High power radars  i n  the GHz frequencies have the capab i l i ty  of studying 
turbulence generation. Especially in teres t ing a r e  the detect ion of K-H CAT's 
eye s t ructures .  These s t ruc tu res  a r e  d i f fe ren t i a t ed  from other  turbulence 
systems (e.g., convection) by t h e i r  aspect r a t i o  between the v e r t i c a l  and 
hor izonta l  sca le  (about 1:6 idea l ly  1. Unfortunately the K-H bil lows cannot be 
detected u n t i l  f u l l y  developed and thus the theory from which the  aspect r a t i o  
i s  derived may no longer apply. 

Another approach t o  studying both the turbulent and gravity-wave f i e l d  i s  
t h e  compilation of spectra. Spectra a r e  useful  i n  a number of circumstances: 
f i r s t ,  the. existence of spect ra  fo r  the random f luc tua t ion  d i f f e r e n t i a t e s  the  
kind of turbulent  approximation and the  mixing processes which may be important. 
For example, i f  the spectrum i s  c h a r a c t e r i s t i c  of 2-d turbulence (hor izonta l )  
then v e r t i c a l  mixing i s  minimized. Also, 2-d turbulent  spectra implies t r a n s f e r  
of energy t o  l a rge  scales  from smaller ones. I f  such t r ans fe r  e x i s t s  then 
turbulent  energy may be t r ans fe r red  back t o  the  gravity-wave motions. 

Second, a buoyancy wave spectra  contains impl ic i t  information about the  
d i s t r i b u t i o n  of energy wi thin  t h e  gravity-wave f i e ld .  The buoyancy wave spectra  
could be separated from the 2 6  turbulence spectra  by an examination of the 
f luc tua t ions  of the v e r t i c a l  ve loc i ty  (2-d turbulence shows no v e r t i c a l  motion 
f luc tua t ions ) .  Unfortunately, nature  may nor be so reasonable a s  t o  present a 
pure 2-d turbulent  f i e l d  so it may, i n  pract ice ,  b e  d i f f i c u l t  t o  separate the  
two spectra. It was a l so  suggested t h a t  energy pa r t i t ion ing  might be used t o  
d iscr iminate  between the buoyancy spectra  and the  2-d spectra. But t h i s  may 
a l s o  be d i f f i c u l t  i n  practice.  The buoyancy (gravi ty)  wave spectra  may a l s o  be 
hard t o  measure accurately without knowledge of the background wind, so t o  
correct  the  observed frequency t o  the i n t r i n s i c  frequency. 

Final ly  , t he re  have been a number of proposals t h a t  a universal  gravity- 
wave spectrum e x i s t s  i n  the atmosphere i n  analogue to  the Garrett-Hunk oceanic 
spectra.  Independent constructions of spect ra  a t  various )ST s i t e s  could y ie ld  
important information on the global morphology o r  universal i ty  of spectra.  

I n  contras t  t o  the s t a t i s t i c a l  approach of spect ra  construction,  
i d e n t i f i c a t i o n  and measurement of individual gravi ty  waves helps  us understand 
forc ing mechanisms and loca l  polar iza t ion of gravi ty  waves. Unfortunately , the  

- - i d e n t i f i c a t i o n  of s ing le  monochromatic w e n t s  with spaced receivers  seems t o  be 
very  d i f f i c u l t  a s  gravi ty  waves of d i f fe ren t  wave number and phase speed a r e  

.- - - - often superimposed. St ra tospher ic  measurements have been made only under the 
most idea l  conditions when l e e  wave contamination was minimal. 

The average momentum f luxes  due t o  gravi ty  waves and turbulent  mixing of 
shear i s  somewhat eas ie r  t o  determine than the iden t i f i ca t ion  of individual 
waves. Furthermore, t h i s  quant i ty  is probably most useful t o  large-scale 
modelers. Howwer, care must be exercised i n  the measurement method so t h a t  
b i a s  toward c e r t a i n  wavelength gravi ty  waves i s  not made. Mesospheric r e s u l t s  
ind ica te  t h a t  most of the momentum f l u x  i s  carr ied  by high frequency short-scale 
gravi ty  waves i n  summer, but l a rge r  sca le  planetary waves may contr ibute  during 
winter. 

Final ly ,  i t  was pointed out tha t  measuratlent of turbulent d i f fus ion  
- coef f i c i en t s  from radars  can be misleading a s  turbulence i s  generated by 

breaking gravi ty  waves between s t ab le  l aye r s  so the  mixing i s  r e s t r i c t e d  t o  
short  v e r t i c a l  distances. 

RECOMIENDATIONS 

1. To study the generation of turbulence both the v e r t i c a l  and hor izonta l  
resolut ion need t o  be improved. This type of study can have a - d i r e c t  impact 



on the  measurenents made by MST radars. Ver t ica l  resolut ion of 100 m i n  the 
mesosphere and 10 m i n  the s t ra tosphere  and troposphere, and hor izonta l  bean 
widths of l o  - 2' a s  we l l  as  l imi ted i n t e  r a t i o n  times (10-20 s )  a r e  required. 
Doppler v e l o c i t i e s  r e so lu t ion  of 10 n cf i s  needed. 

2. The measurement of the f luc tua t ion  of d i f f e r e n t  types a t  d i f f e r e n t  
a l t i t u d e s ,  and locat ion i s  needed. More theore t i ca l  work needs t o  be done t o  
determine t o  what extent  the spect ra  a r e  due t o  forcing,  weak wave in te rac t ion ,  
strong wave in te rac t ion  or can be characterized by two-dimensional turbulence. 
Since there is same ind ica t ion  of an anisot ropic  gravity-wave spectrum (more .' upward propagating waves than downward propagating waves) do the analogies t o  

oceanic spectrum s t i l l  hold up? 

3. Attempts t o  define and observe individual gravi ty  waves should continue. 
Of p a r t i c u l a r  i n t e r e s t  i s  the  d i s t r i b u t i o n  of g r  avity-wave i n t r i n s i c  frequencies 
(background flaw corrected frequencies) by hor izonta l  wave number a t  d i f f e r e n t  
s i t e s .  We should a l s o  t r y  t o  determine major sources of g rav i ty  waves. 

4. Momentum f l u x  measurements a t  d i f f e ren t  locat ions  should be made both i n  
the etratosphere and mesosphere and over varying topography and c l imat ic  
conditions. A g lobal  morphology of the momentum f lux  and mean wind f i e l d  G, 7, 
if) would be very  useful. . , 
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INTRODU (;TION 

Billows a r e  regular ,  wave-like a r r ays  of cross-flow v0rtice.s t ha t  develop 
i n  s t r a t i f i e d  oceanic o r  atmospheric f lows wi th  l a rge  shear. Atmospheric 
b i l lows can become manifest  through condensation. Billows a r e  f requent ly  seen 
i n  t h e i r  c h a r a c t e r i s t i c  cloud forms i n  the  lower atmosphere. Under s u i t a b l e  
viewing condit ions,  b i l lows can a l s o  be seen i n  noct i lucent  clouds t h a t  form 
near t he  polar  mesosphere during the summer months. Excellent  examples of these 
cloud forms have been catalogued by SCORER (1972). 

Other turbulent  s t r u c t u r e s  -- r e l a t e d  t o  b i l lows -- a r e  the  Kelvin- 
fielmholtz i n s t a b i l i t y  (KHI) and c a t ' s  eye s t r u c t u r e s  t h a t  occur i n  f u l l y  
developed tu rbu len t  shear flows. Shear flows may conta in  per turbat ions  a t  many 
d i f f e r e n t  hor izonta l  wavelengths and v e r t i c a l  sca les .  R e a l i s t i c  t h e o r e t i c a l  . 
models have been cons t ruc ted  t o  study the  s t a b i l i t y  and growth of these 
per turbat ions .  For the  purpose of t h i s  note ,  it w i l l  s u f f i c e  t o  point out t h a t ,  
a s  t he  l o c a l  gradient  Richardson number R i  i s  reduced below a  value of about 
0.25, t he  most rapid ly  growing per turbat ions  have a  wavelength (A) t h a t  i s  %21r 
times the  i n i t i a l  thickness,  h  (TURNER, 1973; GOSSARD and HOOKE, 1975). A s  the 
l aye r  becomes completely mixed, i t  may eventually acquire  a  th ickness  H s Sh 
(SCORER, 1969; WOODS and WILEY, 1972). Stages i n  the growth of a  shear-flow 
i n s t a b i l i t y  have been out l ined  by SCORER (19691, TtIORPE (19691, VOODS (1969) and 
READINGS (1973). 

I n  t h i s  no te  we ou t l ine  the  extent  t o  which b i l lows and KHI have been 
observed i n  the  atmosphere, p r inc ipa l ly  with the  use of radars.  Most of these  
observat ions  a r e  confined t o  the  troposphere. Suggestions a r e  made f o r  improved 

- r ada r  experiments t h a t  a r e  requi red  t o  de t ec t  these  s t ruc tu res  a t  higher 
a l t i t u d e s .  

- - . -  - - BILLOW OBSERVATIONS IR THE ATMOSPHERE 

High-power r ada r s  opera t ing  a t  GHz frequencies have a  s u f f i c i e n t l y  f i n e  
s p a t i a l  and temporal r e so lu t ion  t o  de tec t  b i l lows of %loo-200 m thickness.  
Early radar  observations of b i l low s t ruc tu res  and KHI i n  the troposphere were 
repor ted  by HICKS and ANGELL (19681, and HARDY and KATZ (1969). 

ATLAS e t  a l .  (1970) have used a  2.9 GHz FM-CW radar ,  with a  height 
r e so lu t ion  of Q1 m, t o  observe the d e t a i l s  of growth of a KHI i n  the boundary 
l aye r  a t  300-400 m, and i t s  eventual  decay i n t o  c l ea r - a i r  turbulence.  JAMES and 
BROWNING (1981) have used a  s imi l a r  radar ,  with a  S30 m range r e so lu t ion  and 
Doppler c a p a b i l i t y ,  t o  observe the development of secondary b i l lows of 350 rn 
wavelength on primary b i l lows of 4.2 km wavelength a t  heights of 7-8 Ian. 

VtiF r a d a r s  opera t ing  a t  a  t yp ica l  frequency of 50 MHz have a  b e t t e r  
a l t i t u d e  coverage'(%5-25 km and 60-90 km), but t h e i r  poor s p a t i a l  r e so lu t ion  
( typ ica l ly  2-5 km i n  the  v e r t i c a l  and ho r i zon ta l  d i r e c t i o n s )  usually smears the 
f i n e  s t r u c t u r e  i n  the  shear regions.  Few VEIF r ada r s  make use of phase-coding 
and decoding techniques t o  achieve an improved height  r e so lu t ion  of ~ 1 5 0  m. 
UHF r a d a r s  provide a  narrow beam, and the re fo re  an improved ho r i zon ta l  
resolu t ion .  I n  e i t h e r  case, t he  hor izontdl  r e so lu t ion  i s  of ten impaired by the 



i n t eg ra t ion  time ( s l  min) and depends on the wind speed. For these reasons VftF 
and UHF radars  have provided only l imited evidence f o r  bil low s t ructures  i n  the  
middle atmosphere, and most of these observations a r e  below the  tropopause . 

ROTTGER and SCHMIDT (1979) have used VHF observations with 150-m resolut ion 
and 30-m spacing t o  detect  a Cat ' s  eye s t ruc tu re  a t  4.5-km a l t i tude .  UHF 
observations with 1 5 0 9  resolut ion a t  Arecibo (see e.g., RASTOGI, 1981) show 
vaguely defined large-vortex s t ruc tu res  and bi furcat ing l aye r s  of turbulence i n  
the  troposphere. 

I n  t h e  above experiments the  Doppler resolut ion i s  usually inadequate t o  
resolve  d i f f e r e n t i a l  motions i n  a radar  ce_il. WAND e t  a l .  (1983) have improved 
t h e  r a d i a l  v e l o c i t y  r e so lu t ion  t o  4 cm s i n  a UHF radar  experiment, and have 
used t h i s  capab i l i ty  t o  detect  the  evolution of a KliI and a braided s t ruc tu re  i n  
the  troposphere. 

Radars, and other  techniques e.g., balloon-borne sensors, have been 
i n e f f e c t i v e  i n  detect ing the  evolution of bil low s t ruc tu res  i n  the s t ra tosphere ,  
though estimates of CAT layer  thickness a r e  more read i ly  obtained (BARAT, 1982; 
WOODMAN and RASTOGI, 1984). The CAT layer  thickness can a l s o  be inferred i n  the  
mesosphere b0.1  to  1 km) using high-resolution VHF radars  (ROTTGER e t  a l . ,  
1979). ROYRVIK (1983) has used an in te r f  erometr ic  method with the Jicamarca VHF 
r ada r  t o  i n f e r  tha t  ro ta t ing,  vortex-like, s t ruc tu res  may occur i n  the  
mesosphere. 

SUGGESTIONS FOR IMPROVED RADAR EXPERIMENTS 

The ex i s t ing  VIfF and UHF radars  have provided scant r e s u l t s  on the  
c h a r a c t e r i s t i c s  of bil low s t ruc tu res  i n  the atmosphere, due mainly t o  t h e i r  poor 
v e r t i c a l ,  hor izonta l  and temporal resolution.  It i s  c l e a r  tha t  the thickness of 
f u l l y  grown CAT regions i s  usually l e s s  than 1 km. 

To observe the growth of bil lows and FHI i n  CAT regions i n  the stratodphere 
and mesosphere, i t  i s  theref ore necessary to :  

1. Improve the v e r t i c a l  r e so lu t ion  t o  s l O O  m (or l e s s )  with the use of 
phase codes and decoding techniques, 

- 
2. reduce the hor izonta l  smearing by l imi t ing  the  beim width t o  lo-2'. 

3. reduce the horizontal  smearing by l imi t ing  the  in teg ra t ion  time t o  10-30 s, 
and 

-1 
4. improve the Doppler resolut ion t o  s 1 0  cm s (or l e s s )  by spec t ra l  

ana lys i s  of longer s e r i e s  of samples. 
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4.2A SPECTRAL MEASUREMENTS OF TURBULENCE AND GRAVITY WAVES 

K. S. Gage 

Aeronomy Laboratory 
National Oceanic and Atmospheric Administration 

Boulder, CO 80303 

Recently, it has become widely recognized t h a t  gravi ty  waves play an 
important r o l e  i n  determining the large-scale c i r cu la t ion  of the middle 
atmosphere (FRITTS e t  al.,  1984). This r e a l i z a t i o n  has come about, i n  l a rge  
measure, from the r e a l i z a t i o n  t h a t  Rayleigh f r i c t i o n  plays an important r o l e  i n  
the dynamics of the middle atmosphere. Since ~ a y l e i g h  f r i c t i o n  i s  in t imately  
r e l a t e d  t o  the sa tu ra t ion  of v e r t i c a l l y  propagating gravi ty  waves, an under- 
standing of the sa tu ra t ion  process has become a focal  point  f o r  theoret ica l  
s tudies  (FRITTS, 1984; WEINSTOCK, 1984). 

With the  advent of MST radar  s tudies  of the middle atmosphere, it has 
become possible t o  determine the spectrum of horizontal  atmospheric ve loc i ty  
f luc tua t ions  over the range of scales  which comprise the gravity-wave spectrum 
(BALSLEY and CARTER, 1982; LARSEN e t  a l . ,  1982). It has been suggested 
(VANZANDT, 1982; DEWAN, 1979) t h a t  these spect ra  a re  comprised of buoyancy 
waves. However, the  i n t e r p r e t a t i o n  of these spect ra  i s  controvers ia l  a s  w i l l  be 
discussed below. 

It has long been recognized (HOKES, 1967; BRETHERTON, 1969) t h a t  
turbulence can r e s u l t  from the breaking of v e r t i c a l l y  propagating waves. This 
small-scale turbulence draws i t s  energy from the in te rna l  wave f i e l d  and, a t  the 
same time, provides a sink f o r  in te rna l  wave energy. But there  i s  another kind 
of "turbulence" t h a t  ought t o  be considered. This "turbulence" i s  the quasi- 
two-dimensional turbulence t h a t  occupies the  same range of sca les  as  the  
i n t e r n a l  wave spectrum (GAGE, 1979; LILLY, 1983, LARSEN, 1983). Since i t  i s  
associa ted with a reverse cascade of energy, it requires a small-scale energy 
source, and breaking waves would appear t o  provide the source t h a t  i s  required. 

The r e l a t i o n  between waves, quasi-two-dimensional turbulence, and ordinary 
small-scale three-dimensional turbulence can be examined more eas i ly  i n  the 
lower atmosphere than i n  the middle atmosphere. One reason f o r  t h i s  i s  tha t ,  i n  
the  lower atmosphere, a i r c r a f t  observations can be used t o  help  understand the  
nature  of the frequency spec t ra  observed by MST radar. The r e s u l t s  of several  
s tudies  (LILLY and PETERSEN, 1983; NASTROM and GAGE, 1983) have recent ly  shown 
t h a t  the a i r c r a f t  spectra of horizontal  ve loc i ty  near the tropopause i s  very 
s imi la r  t o  Tay lor-transf ormed frequency spectra  of horizontal  veloci ty  obtained 
by radar.  I n  addi t ion,  the  a i r c r a f t  a l s o  measures temperature and comparison of 
temperature and veloci ty  spect ra  can a id  i n  the in te rp re ta t ion  of the nature of 
the obsetved spectra (GAGE and NASTROM, 1984). 

MST r ada r s  can a l s o  be used t o  help understand the nature of the observed 
spectra.  For example, v e r t i c a l  veloci ty  spect ra  have been observed (ROTTGER, 
1981; BALSLEY e t  a l . ,  1983; ECKLUND e t  a l . ,  1983) t o  be q u i t e  f l a t  under "quiet" 
conditions and t o  f a l l  off  rapidly a t  periods l e s s  than the Brunt-Vaisala 
period. These fea tu res  a r e  strongly suggestive of a spectrum of in te rna l  
gravi ty  waves. If the spectrum of v e r t i c a l  motions i s  in te rp re ted  a s  an 
i n t e r n a l  wave spectrum, i t  i s  possible t o  determine the magnitude and shape of 
the hor izonta l  veloci ty  spectrum of gravi ty  waves and compare t h i s  spectrum with 
the observed spectrum of hor izonta l  veloci ty  f luc tua t ions  (GAGE and NASTROM, 
1984). 



Further c lues  t o  the nature  of che observed hor izonta l  and v e r t i c a l  velo- 
c i t y  spect ra  may be obtained by studying the a l t i t u d e  va r i a t ion  of the 
hor izonta l  and v e r t i c a l  spectra. It may be possible,  f o r  example, to  
demonstrate an increase i n  turbulent  k i n e t i c  energy a t  a l t i t u d e s  where waves 
d i s s ipa te .  I n  any event, such s tudies  should .e lucidate  the mechanisms by which 
the middle atmosphere i s  coupled t o  the lower atmosphere and c l a r i f y  the r o l e  of 
gravi ty  waves i n  t h i s  process. 

Summiry of i ssues  t o  be resolved: 

* Does the re  e x i s t  a "universal" spectrum of in te rna l  waves i n  the  atmosphere 
analogous t o  the Garrett-Munk spectrum i n  the  ocean? 

* W h a t  a r e  the sources and sinks of the atmospheric in te rna l  wave spectra?  
How do t h e i r  dynamics d i f f e r  from the dynamics of oceanic i n t e r n a l  waves? 

* Are the hor izonta l  veloci ty  spect ra  due t o  i n t e r n a l  waves, quasi-two- 
dimensional turbulence, or some other cause? 

*What i s  the a l t i t u d e  dependence of wavefturbulence spectra?  

* What i s  the  in te r re la t ionsh ip  of wave spec t ra l  amplitude, turbulence - 
i n t ens i ty ,  and the magnitude of the hor izonta l  veloci ty  spect ra  as a funct ion 
of a l t i t u d e ?  

* How a re  the j o i n t  dynamics of wave/turbulence processes best described a s  
they r e l a t e  t o  the coupling of the lower and middle atmosphere? 

Spectra l  measurements needed : 

* Comparisons of v e r t i c a l  and hor izonta l  ve loc i ty  spect ra  and t h e i r  a l t i t u d e  
var ia t ion.  

* Climatological s tudies  of v e r t i c a l  and hor izonta l  veloci ty  spectra.  

* Comparisons of radar-derived spectra  with spect ra  determined by other  
- techniques. 

" V e r t i c a l  veloci ty  spect ra  need t o  be obtained from f l a t  t e r r a i n  to  determine 
the dependence of v e r t i c a l  veloci ty  spect ra  on topography. 

REFERENCES 

Balsley, B. B. and D. A .  Carter (1982), The spectrum of atmospheric ve loc i ty  
f luc tua t ions  a t  8 lan and 86 km, Geo~hvs. Res. Lett . ,  2, 465-468. 

Ealsley,"B. B., M. Crochet, W. L. Ecklund, D. A.  Carter,  A. C. Riddle and 
R. Garello (1983), Observations of v e r t i c a l  motions i n  the troposphere and 
lower s t ra tosphere  using three  closely-spaced ST radars ,  Prepr int  vol. ,  21st 
Conf . on Radar lleteorology , Edmonton, Alta. ,  Sept . 19-23, 1983. 

Bretherton, F. P. (1969), Waves and turbulence i n  stably s t r a t i f i e d  f l u i d s ,  
Radio Sci., 5, 1279-1287. 

Dewan, E. M. (1979), St ra tospher ic  wave spectra  resembling turbulenc"e, ~ c i . .  
204, 832-035. 

~cklund, ,  I?. L., B. B. Balsley, M. Crochet, D. A. Carter, A. C. Riddle and B. 
Garello (19831, Ver t ica l  wind speed power spect ra  from the troposphere and 
s t ra tosphere  obtained under l i g h t  wind conditions,  Proceedings of Workshop 
on Technical Aspects of &ST Radars, Handbook f o r  MAP, Vol. 9, SCOSTEP 
Secre ta r i a t ,  Dep. Elec. Eng., Univ. 11, Urbana, 269. 

F r i t t s ,  D. C. (1984), Gravity wave sa tu ra t ion  i n  the middle atmosphere: A 
review of theory and observations,  Rev. Geophvs. Space Phvs. ( i n  press) .  



' F r i t t s ,  D. C., M. A. Geller,  B.' B. Balsley, M. L. Chanin, I. Hirota,  J. R. 
Holton, S. Kato, R. S. Lindzen, M. R. Schoeberl, R. A. Vincent and R. F. 
Woodman (1984), Research s t a t u s  and recommendations from the Alaska Workshop 
on gravi ty  waves and turbulence i n  the middle atmosphere, Bull. Am. 
~ e t ; o r o l . -  Soc., 65, 149-159. 

Gage, K. S. (19791, Evidence f o r  K-513 law i n e r t i a l  range i n  mesoscale two- 
dimensional turbulence, J. Atmos. Sci., 36, 1950-1954. 

Gage, K. S. and G. D. Nastrom (19841, On the s p e c t r m  of atmospheric ve loc i ty  
f l u c t u a t i o n s  and t h e i r  in te rp re ta t ion ,  Paper 4.2-D, t h i s  volume. 

Hodges, R. R., Jr, (1967), Generation of turbulence i n  the upper atmosphere by 
in te rna l  g rav i ty  waves, J. Geo~hvs. Res., 72. 3455-3458. 

Larsen, M. F. (1983), The MST radar  technique: a too l  f o r  invest igat ion of 
turbulence spectra ,  Proceedings of Workshop on Technical Aspects of MST 
Radar, ~andbbok  f o r  MAP, ~ 0 1 . -  9, SSOOSTEP ~ e c r ' e t a r i a t ,  Dep. ~ l e c .  Eng., 
Univ. Il., Urbana. 250-255. 

Larsen, M. F., M. c.-  el ley and K. S. Gage (19821, Turbulence spectra  i n  the 
upp&'atmosphere and lower s t ra tosphere  between 2 hours and &O days, -J. 
Atmos. Sci., 3, 1035-1041. 

L i l l y ,  D. K. (19831, S t r a t i f i e d  turbulence and the mesoscale v a r i a b i l i t y  of the 
G o s p h e r e ,  J. ~ t m o s .  Sci., 40, 749-761. 

L i l l y ,  D. K. and E. Petersen (1983), Ai rc ra f t  measurements of atnospheric 
energy spectra,  Tellus,  a, 373-382. 

Nastrom, G. D. and K. §. Gage (1983), A f i r s t  look a t  wavenumber spect ra  from 
GASP data ,  Tellus,  a, 383-388. 

Rottger, J. (19811, Wind v a r i a b i l i t y  i n  the s t ra tosphere  deduced from spaced 
antenna VHF radar measurements, Prepr int  vol., 20th Conf. on Radar 
Meteorology, Boston, MA, November 30 - December 3 ,  1981, 22-29. 

VanZandt, T. E. (19821, A universal  spectrum of buoyancy waves i n  the 
atnosphere, Geophvs. Res. Lett . ,  2, 575-578. 

Weinstock, J. (1984), Gravity wave sa tu ra t ion  and eddy di f fus ion i n  the middle 
atmosphere, submitted t o  J. Atmos. Terr. Phvs. 



4.2B GRAVITY-WAVE SPECTRA I N  THE ATMOSPHERE OBSERVED BY MST RADAR 
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Recently, based on data  from radiosonde. Iloppler navigation,  hot-wire 
anemometer and Jimsphere balloon,  VANZANDT (1982 ) proposed a universa l  spectrum 
of atmospheric buoyancy waves. The poss ib le  exis tence  of such a universa l  
spectrum c l e a r l y . w i l 1  have s i g n i f i c a n t  impact on severa l  a reas  i n  the  study of 
t h e  middle atmosphere dynamics such a s  the  parameterization of sub-grid.scale 
g rav i ty  waves i n  global c i r c u l a t i o n  models; t h e  t ranspor t  of t r a c e  cons t i tuen t s  
and hea t  i n  the  middle atmosphere, e t c .  Therefore, it i s  important t o  examine 
more g lobal  wind data with temporal and s p a t i a l  r e so lu t ions  s u i t a b l e  f o r  the 
inves t iga t ion  of the  wave spect ra .  MST rada r  observations o f f e r  an exce l l en t  
opportunity f o r  such s tud ies  (BALSLEY and CARTER, 1982). 

I n  us ing wind v e l o c i t i e s  measured from MST radars  t o  inves t iga te  the 
gravity-wave spect ra ,  it i s  important t o  r e a l i z e  tha t  radar measures the  l ine- 
o-f-sight v e l o c i t y  which, i n  genera l ,  conta ins  the  conbination of the  v e r t i c a l  
and hor i zon ta l  components of the  wave-associated p a r t i c l e  ve loc i ty .  S t a r t i n g  
from a general  oblique radar  observation conf igura t ion,  applying the  d i spe r s ion  
r e l a t i o n  f o r  the g r a v i t y  waves, we r e l a t e  the  spectrum fo r  the observed 
f luc tua t ions  i n  the  line-of-sight gravity-wave spectrum through a f i l t e r  
func t ion  (SCHEFFLER and LIU, 1984). The consequence of the  f i l t e r  funct ion on 
da ta  ana lys i s  w i l l  be diccussed. Eecause of the  good range r e so lu t ion  i n  many 
e x i s t i n g  llST radars ,  it i s  poss ib le  t o  ob ta in  two-dimensional spect ra  from 
observed data.  The i n t e r p r e t a t i o n  i s ,  however, conplicated by the  f a c t  t h a t  
most observat ions  were c a r r i e d  out i n  t h e  oblique mode. Transformation formulae 
w i l l  be presented t o  r e l a t e  the  observed two-dimensional kZ/-w spect ra  t o  the 
k -w spect ra .  where kZV i s  the  wave number along the radar  bean d i r e c t i o n  
wki le  kZ i s  the  wave n u ~ b e r  along the  v e r t i c a l  d i rec t ion.  Some observational  
r e s u l t s  a r e  presented i n  Figures 1, 2. 3 ,  and 4. 
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Figure 1. Wind f l u c t u a t i o n  spec t r a  observed by a r ada r  
o p e r a t i n g  ob l ique ly  asgyying t he  wave-associated 
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Figure 2. Observed wind f l u c t u a t i o n  inverse  wavelength 
spectrum by obl ique  r a d a r  with e g  = l o0 .  Spectrum i s  
t he  average of 29 s p e c t r a  computed from v e l o c i t y  p r o f i l e s  
t h a t  were coherent ly  i n t e g r a t e d  f o r  a period of 1 hour. 
To t a l  da t a  e t  covered 35 hours. 
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Vertical profi les  of scalar  horizontal winds have been measured a t  high 
resolution (10 m) i n  the 13 to  37 km region of the stratosphere (DEWAN e t  al., 
1984P.b). This resolution (at  that  range of a l t i tude)  represents the 
statmsf-the-art, and i s  unique. The technique used smoke t r a i l s  l a i d  by 
rockets i n  the stratosphere, and w'ere taken by AFGL a t  Wallops Island, VA, White 
Sands Missile Range, NM, and Ft. Churchill, Canada, i n  the 1977-78 time period. 
Two or  th ree  cameras were used t o  give the time-lapse photographs. Our goal was 
t o  ascer ta in  whether or not the internal  waves of the stratosphere behave 
consistently with the Garrett-Hunk model which was or iginal ly  created for  
oceanic internal  waves. Five profi les  of horizontal wind a re  presented i n  
Figures 1 through 5; the i r  power spectral densi t ies  (PSDs) a r e  shown superpose& 
on Figure 6, and t he i r  average is  shown on Figure 7. It i s  found tha t  (1) they 

I clorely f i t  a s t raight  l ine  on a log-log graph wen to  wavelengths as  small as 
I 40 m, and (2) the average slope i s  -2.7 .2 (standard e r ror  = 0.1). We conclude 

t ha t  (1) s t ratospheric  in te rna l  waves obey the Garrett-Munk model for  ve r t i c a l  
wave numbers, (2)  there is  not s t a t i s t i c a l l y  significant evidence for  a break i n  
the curve a t  high wawe numbers when due allowance i s  made fo r  a l iasing e f fec t s ,  
and (3) the power density level of the spectra are almost equal on a log-log 
scale  i n  s p i t e  of the difference i n  time, season, and geographical location. 
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Figure 1.  Prof i l e .  of horizontal winds. May 2, 1977. 

Figure 2. Prof i l e  of horizontal winds, l a y  22, 1978. 
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Figure 3 .  P r o f i l e  of horizontal  winds, September 12,  1978. 
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~ i g u r e  5 .  Prof i l e  of horizontal winds, Pocomoke. 

- 
Figure 6 .  Superposed power spectral densi t ies  of a l l  prof i l e s .  





ABSTRACT 

k.2D ON 'IBE SPECZRUM OF ATMOSPHERIC VELOCITY FLUCTUATIONS . 
SEW BY MST/ST RADAR AND TBEIR INTERPRETATION 

K. S. Gage 

Aeronomy Laboratory 
National Oceanic and Atmospheric Administration 

Boulder, CO 80303 

G. D. Nastrom 

Control Data Corporation 
P. 0. Box 1249 

Minneapolis, MN 55440 ' 

We consider the observations of the spectrum of atmospheric motions over 
the  range of periods from a few minutes t o  many hours t h a t  have been made with 
ST/MST radars  i n  the past  f i v e  years. This range of periods includes the  
periods associa ted with buoyancy waves and the  sca le  of atmospheric motions 
o f t en  re fe r red  t o  by meteorologists a s  the  mesoscale. We coneider both the 
spect ra  of horizontal  and v e r t i c a l  v e l o c i t i e s  and examine t h e i r  in te rp re ta t ion  
in. terms of buoyancy wave theory and turbulence theory. To he lp  i n  i n t e r p r e t i n g  
these  spec t ra  we present some recent ly  determined a i r c r a f t  wave number spectra. 

I n  recent  years  i t  bas become poss ible  t o  observe continuously the  
atmospheric wind f i e l d  above a p a r t i c u l a r  locat ion using clear-air Doppler 
radars. These rada r s  a r e  r e fe r red  t o  here a s  ST/MST radars  although they a r e  
increas ingly  being ca l l ed  ''wind p ro f i l e r s"  by meteorologists. Several s tudies  
have been made of wind v a r i a b i l i t y  i n  the  troposphere and s t ra tosphere  using the  
Sunset and P l a t t e v i l l e  ST radar s  i n  Colorado, the Poker F l a t  MST radar  i n  A l ~ s k a  
and the SOUSY HST radar  i n  the  Federal Republic of Germany, besides b r i e f  
campaigns elsewhere. 

Time-serieq ana lys i s  of wind records measured by clear-air  Doppler radar  
have yie lded spectra  of the hor izonta l  and v e r t i c a l  w i ~ + ~  The frequency 
s p e c t r a  of the  hor izonta l  wind t y p i c a l l y  possess an f dependence whi le  t h e  
frequency spectra  of the v e r t i c a l  veloci ty  is  ra the r  f l a t  with a sharp fa l l -o f f  
a t  periods below the Brunt-Vaisala period. Although it i s  f a i r l y  c l e a r  t h a t  the  
v e r t i c a l  ve loc i ty  spect ra  a r e  due t o  waves, the  hor izonta l  veloci ty  spect ra  have 
been a t t r i b u t e d  t o  quasi-two-dimensional turbulence by some authors and t o  a 
spectrum of in te rna l  (buoyancy) waves by others.  

I n  order t o  explore the nature of the radar-observed spectrum of hor izonta l  
wind we make use of veloci ty  spect ra  i n  the wave number domain obtained recent ly  
from spec t ra l  ana lys i s  of a l a rge  s e t  of a i r c r a f t  winds obtained during the  
Global A i r  Sampling Progran (GASP). I n  addi t ion t o  the GASP hor izonta l  wind 
spec t ra  we a l s o  make use of the temperature spect ra  obtained from the-GASP data  
se t .  A s  a f i n a l  d iagnost ic  t o o l  we compare the consistency of the hor izonta l  
veloci ty  spect ra  with the radarobserved v e r t i c a l  veloci ty  spectrum under the  
hypothesis t h a t  both spect ra  a r e  due t o  a common spectrum of in te rna l  waves. 

i 

i SPECI'RA OBSERVED BY STIMST RADARS 

i 
During the pas t  f i v e  years  several  authors have examined the  spec t ra l  

: proper t ies  of the atmospheric wind f i e l d  using ST/MST radars. GAGE and CLARK 
(1978) s tudied the  vind va r i ab i l i ty .obse rved  by the Stmeet r ada r  during a j e t  
s t r e m  passage. ROTTGER (1981) presented a study of s t r a tospher ic  wind 



va r i ab i l i t y  using the spaced-antenna technique. BALSLEY and CARTER (1982) and 
LARSEN e t  a l .  (1982) presented spectra determined from wind measurements of the 
Poker F la t  radar. The Balsley-Carter spectra for  z ~ ~ ~ ~ v e l o c i t y  a t  8 km and 86 
km are  reproduced i n  Figure 1. They show a c l ea r  f dependence down to the 
smallest scales measured a f t e r  correction for  contamination by ver t ica l  velo- 
c i t i e s  near the Brunt-Vaisala period. 

The spectrum of ver t ica l  velocity can similarly be determined from-time- 
s e r i e s  analysis  of radar-measured ve r t i c a l  veloci t ies ,  RO?TGER (19811 .presented 
the f i r e t  spectra of ver t ica l  velocity. Vertical velocity spectra were 
subsequently determined from an array of ver t ica l ly  looking ST radars used i n  
Prance during ALPEX (BAL~SLEY e t  al., 1983; ECRLUND e t  al . ,  1983). Figure 2 
contains the ve r t i c a l  vekocity epectra determined from the ALPEX data together 
with a ve r t i c a l  velocity spectrum determined from Poker Flat  data. As we sha l l  
show 'below, the spectrum of ver t ica l  velocity i s  useful i n  the quest t o  
d i f fe ren t ia te  waves from turbulence. 

INTERPRETATION 
.a- Z .  

1 .  

- I n ' t h i s  section we br ie f ly  summarize the theoretical arguments which form 
the basis  Of the two ' interpretations which have 'p'eeq offered t o  explain the ' 
epectra preeented, here. . . I 

. . I.- 

(a)  Quasi-Two-Dimensional Turbulence 

The general theory for two-dimensional turbulence has been presented by 
KRAICENAN (1967) and KRAICHNAN and MONTGOMERY (1979). In  the atmosphere, of 
course, turbulence i s  not s t r i c t l y  two-dimensional as pointed out by QlARNEY 
(1971). According t o  Charney energy should be distributed equally between the 
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Figure 1. Power spectrum of the zonal wind observed a t  Poker F la t ,  

Alaska, radar: a )  8 Ian and bd 86 km (BALSLEY and CARTER, 1982). 



Figure 2. Power spectra of ver t ica l  
velocity for  quiet and act ive periods 
observed i n  southern France during 
ALPEX (BALSLEY e t  al., 1983). 

two components of horizontal k ine t ic  energy (ronal andsmeridional) and potent ial  
energy. Kraichnan show_ef tha t  two i n e r t i a l  ranges a re  pertinent t o  turbulence 
i n  two dimensions: a k enstrop-qlfascading range a t  scales  smaller than the 
scale  of energy inser t ion and a k reverse energy cascading i n e r t i a l  range 
a t  scales larger  than the  scale  of energy insertion. GAGE (1979) suggested tha t  
t h i s  theory of turbulence might explain the observed rmesoscale spectra i f  there 
were two sources of atmospheric turbulence k ine t ic  energy: a large-scale one 
and a small-scale one as shown schemtical ly  i n  Figure 3. LILLY (1983) explored 
these ideas i n  more de ta i l  and concluded t h a t  only a few percent of -11-scale 
energy would need t o  be reverse cascaded t o  larger  scales i n  order t o  explain 
the observed mesoscale spectra. 

- The turbulence theory invokes dimensional arguments t o  determine the 
spectral  shape within the two i n e r t i a l  ranges. For the enstrophy cascading 
range the spec t rm has the  form 

where q i s  the enstrophy cascade. r a t e  and 4 i s  a universal constant. For 
the reverse energy cascading range 

Figure 3. Schematic two-dimensional turbu- 
lence spectrum (LARSEN e t  al., 1983). 



where dE/dt i s  the r a t e  of energy inser t ion a t  the small-scale source and q 
is  also a rmiversal constant. While the turbulence theory is  formulated i n  the 
spa t i a l  domain, spectral  shape of frequency and wave number spectra should be 
ident ical  t o  the extent tha t  the Taylor transformation i s  valid, as  discussed 
below. 

(b) Internal  Wave Spectra 

The development of a dynamical theory for  a spectrum of internal  waves has 
proceeded rapidly w e r  the past decade. GARRETT and MUNK (1972, 1975) pioneered 
t h i s  e f for t  by showing how diverse observations of ocean spectra could be given 
a unified treatment by hypothesizing t ha t  they were a l l  due t o  different  
sampling s t ra teg ies  of a .common spectrum of internal  waves. A central  element 
of the theory is tha t  the waves obey the dispersion re la t ion  

In  Equation (3) $ and k a r e  horizontal and ve r t i c a l  wave numbers, o is the 
angular frequency (I,J 5 2;l-r; where T is the period) and N i s  the Brunt-Vaisala 
or buoyancy frequency (H = g/0 a0/az; where g i s  gravitational acceleration 
and 8 is potent ial  temperature and z i s  the ve r t i c a l  coordinate). This 
dispersion re la t ion  dictates  the re la t ive  contribution of wave energy t o  
ve r t i c a l  and horizontal velocity components a s  a function of frequency. 
Briefly, the u-, v-, and r s p e c t r a  a r e  related through polarization re la t ions  
and each is a universal function of frequency when scaled by the Brunt-Vaisala 
frequency N. Kinetic energy is  suppoeed t o  be distributed equally between the 
two horizontal velocity components and the horizontal k ine t ic  energy i s  supposed 
' t o  equal the potent ial  energy. 

A s  the theory has been developed fo r  the ocean, and u-' spectrum i s  
per t inent  t o  horizontal ve loc i t ies  and temperature or ve r t i c a l  displacement. An 
we spectrrnn for  ver t ica l  velocity with sharp cutoffs  a t  i n e r t i a l  and buoyancy, 
f requencies- is  consistent with t h i s  picture. The k and k spectra a re  
re la ted  t o  the a- ve through the dispersion relation. I n  fa r t icu la r ,  k 

L , % b  . 
I spectra have a kbq w r lo dependence out t o  a t ransi t ion wave number% 

and beyond tha t  a kQ*' dependence. 

The theory of Garrett  and Nunk depends upon the empirical f i t t i n g  of 
oberved  spectra. While t h i s  was done successfully for the ocean and has been 
tested extensively, only recently has a serious a t t m p t  been made t o  extend the 
theory t o  the atmosphere. VANZANDT (1982) showed tha t  i t  was possible t o  extend 

- 
- 7- the internal  wave description of velocity spectra t o  the atmosphere with only 

r apparently minor modifications. The modifications required included a change i n  
spectral  slope from -2 for the ocean t o  -513 for the atmosphere. 

WAVE NUMBER SPECTXA FROM GASP AIRCRAFT DATA 
$ 

As mentioned above, a complete description of atmospheric f luctuat ion 
spectra requires analysis i n  the spa t ia l  domain as  well as the temporal domain. 
I n  many ways the internal  wave spectra a re  best described i n  the temporal domain 

\ while turbulence theory i s  predicted on a spa t ia l  description. Within the 

1 context of turbulence theory it i s  conventional t o  r e l a t e  spa t ia l  and temporal 
properties through a Taylor transformation. This transformation simply assmes 
t h a t  a l l  scales of turbulence fluctuations move with the eame advection velo- 
c i ty .  This aspect of the subject has been explored i n  same de ta i l  by BROWN and 
ROBINSON (1979). These authors were able t o  show the va l id i ty  of the Taylor 
transformation on scales of order 500-1000 km from an examination of eastern 
European rawineonde data. . - 



The GASP data permit an examination'of atmospheric spectra w e r  scales 
ranging from a few km t o  nearly 10,000 km. Thus, there i s  an overlap of scale 
s izes  i n  the GASP wave number spectra with ea r l i e r  large-scale spectral analyses 
e.g., CBEN and WIIN-NIELSm (1978) BOER and SHEPHERD (1983). The data 
collection phase of GASP was conducted during 1975-1979, with meteorological and 
t race constituent data automatically recorded with instruments placed aboard 
Boeing 747 a i r l i ne r s  i n  routine comnercial service. Wind data were taken from 
the onboard computer, which was linked t o  the i ne r t i a l  navigation system, and 
have a random error of f ive  percent of the reported value. There a re  6945 
f l i g h t s  i n  the GASP data se t ,  with over 0.6 million observations. A l l  GASP data 
a r e  archived a t  the National Climatic Center, Asheville, North Carolina. 

Figure 4 ehows the spectra of zonal and meridional winds w e t  the range of 
wavelengths from 150 to 4800 km. Tropospheric spectra and stratospheric spectra 
a r e  contained i n  Figure 4a and 4b, respectively. These spectra were obtained by 
analysis  of the longest f l i gh t s  a t  constant a l t i tude  in the GASP data set.  GASP 
data were record d a t  f ive  minute intervals  (75 km intervals  a t  a nominal ground 
s p e d  of 250 ms-') a t  a l l  times during f l i g h t s  above 6 km; about 80 percent of 
the data f a l l  i n  the a l t i tude  range 9-13 km. . . 

Several features of the wave number spectra of Figure 4 a re  ~o r th_~no t ing .  
A t  wavelengths larger  than 500-700 km the spectral slope approaches-tI3. A t  

I wavelengths l e s s  than about 500 km the spectral slope i s  close t o  k . The 
spectral amplitude is  nearly the same for  the zonal and meridional components of 
velocity and the magnitude of the spectra vary l i t t l e  between the troposphere 
and the stratosphere. A more detailed analysis of the GASP data, including a 
limited sample of high-resolution data, has recently been prepared (NASTBOM and 
GAGE, 1984). 

WAVENUMBER Ifad m -1) 

10-5 lo-' 

Tropospheric Veloc~ly Spectra 
Fl~ghts m k r n  Long (10h 

WAVELENGTH (kmJ 

( a )  

WAVENUMBER (rad m-1) 

dS Q' 

Wloclty Spectra 

f fllghta 4800km Long (105) 
0 
,- 
4 107 
E 

1 
c 
5 .  

' Z  
g lo 
6 
C 
W 
Z 
W 

1 105 
b 
W 
n 
V) 

lo' 

WAVELENGTH Fm) 

(b) 
, . Figure 4. Horizontal velocity spectra determined from GASP f l i gh t s  
i a t  l eas t  4800 km long: a )  troposphere and b) stratosphere. 



COMPARISON OF WAVE NUMBER SPECTRA DETERMINED BY AIRCRAFT WITH FREQUEhTCY SPECTRA 
DETERMINED BY RADAR 

The radar-observed frequency spectra  of horizontal  ve loc i ty  can be compared 
wi th  a i r c ra f  t-observed wave number spect ra  by apply i n s  the Taylor transformation 
t o  the  frequency spectra.  Such a comparison i s  shorn iu Figure 5 which has been 
adapted from LILLY and PETERSEN (1983). I n  t h i s  f igure  the Taylor-transformed 
Balsley-Carter s p e c t r m  i s  compared with the  GASP wave number spectrum of Figure 
4. Throughout the atmospheric mesoscale the two spectra agree very well ,  both 
exhibi t ing a -513 slope. While the agreement seen here i s  e n t i r e l y  consis tent  
with expectations f o r  turbulence i t  does not r u l e  out the p o s s i b i l i t y  the  
spectrum i s  ccrmprised of in te rna l  waves or due t o  some other  process. Indeed, 
the  shape and magnitude of these spect ra  a r e  i n  reasonable accord with the model 
i n t e r n a l  wave spectra  of VANZANDT (1982). 

COMPARIS(1N OF GASP KINETIC AND POmTIAL ENERGY SPECTRA 

According t o  turbulence theory (CHARNEY, 1971), there  should be an equi- 
p a r t i t i o n i n g  between each of the two components of horizontal  veloci ty  and 
p o t e n t i a l  energy. That is,  fo r  turbulence,  k i n e t i c  energy should be about twice 
the  po ten t i a l  energy. For a spectrum of waves there  should be equipar t i t ioning 
between the  t o t a l  k i n e t i c  energy and po ten t i a l  energy. An examination of the 
r a t i o  of k i n e t i c  t o  po ten t i a l  energy therefore  can be used t o  help t o  
d i f f e r e n t i a t e  between waves and turbulence. 

The po ten t i a l  energy spectrum QpeE. i s  r e l a t e d  t o  the tenperature 
spectrrrm Qee by 

Wave number spectra of po ten t i a l  tenperature from GASP data a r e  presented i n  
Figure 6. Note t h a t  the magnitude of the po ten t i a l  temperature s p e c t r a  i s  
s ign i f i can t ly  larger  i n  the  s t ra tosphere  than i n  the troposphere. The reason 
f o r  t h i s  i s  the l a rge r  hydrosta t ic  s t a b i l i t y  i n  the stratosphere.  

The po ten t i a l  temperature spect ra  contained i n  Figure 6 haveabeeq 2onverted 
- -  - .  

I .- r*.- t o  po ten t i a l  energy spectra  by use of Equation (4). The fac to r  g /ZN 8 
used t o  convert tropospheric and s t r a tospher ic  spect ra  were 4 and 1.5, 
respect ively .  Po ten t i a l  energy spectra  obtained i n  t h i s  way a re  compared with 

Wavelength (km) 

Figure 5. Composite hor izonta l  energy spectra  *- 

showing comparison of a i r c r a f t  wave number 
spect ra  with Taylor-transformed radar 
frequency spectrum (adapted from LILLY and 
PETERSEN, 1983). 
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a i r c r a f t  f l i g h t s  a t  l e a s t  4800 km long. 

WAVELENGTH (km) 

the  k i n e t i c  energy spect ra  obtained on the  same f l i g h t s  i n  Figure 7. For both 
the  troposphere and the  s t ra tosphere  the comparisons i n  Figure 6 show a r a t i o  of 
p o t e n t i a l  t o  k i n e t i c  energy c lose r  t o  2 than 1 over lcuch of t h e  spectrum. While 
t h i s  r e s u l t  favors  the  turbulence in t e rp re ta t ion ,  it ca not b considered 9 2 5  conclusive because of the  uncer ta in ty  i n  the  value of g /2N 6 used t o  con- ' 

ver t  the po ten t i a l  tenpera ture  spectrum t o  a po ten t i a l  enerpy s p e c t r m  (GAGE and 
NASTROEf, 1984). 

COMPARISON OF RADAR OBSERVED HORIZONTAL AKD VERTICAL VELOCITY SPECTRA 

- 
Most of t h i s  paper has been concerned wi th  the i n t e r p r e t a t i o n  of the  

hor izonta l  ve loc i ty  frequency spectrum observed by radar  i n  t h e  l i g h t  of a 
- . --- recent  study of wave number spec t ra  obtained from a i r c r a f t  observations.  These 

- comparisons have shown t h a t  the  observed spect ra  a r e  q u i t e  s imi l a r  i n  the  wave 
number and frequency domains. While these r e s u l t s  support t he  turbulence 
i n t e r p r e t a t i o n  they do not r u l e  out the  ,wave i n t e r p r e t a t i o n .  I n  t h i s  sec t ion 
we compare the  hor izonta l  and v e r t i c a l  ve loc i ty  spect ra  observed by radar  t o  
determine t h e i r  consistency with the idea  t h a t  these spect ra  a r e  both due t o  
i n t e r n a l  waves. From the  comparison of ho r i zon ta l  ve loc i ty  spec t ra  presented i n  
Figure 5 it can be seen t h a t  these  spec t ra  a r e  f a i r l y  universa l .  Not so much i s  
known about the  un ive r sa l i ty  of the v e r t i c a l  ve loc i ty  spect ra  although they 
would necessar i ly  be f a i r l y  universal  i f  both the  hor izonta l  and v e r t i c a l  
spect ra  were due t o  waves. 

Before' examining the  consistency of atmospheric spect ra  of hor izonta l  and 
v e r t i c a l  v e l o c i t i e s ,  i t  i s  useful  t o  review the  s i t u a t i o n  i n  the  ocean where 
both hor izonta l  and v e r t i c a l  spect ra  a r e  thought t o  be due t o  i n t e r n a l  waves. 
Figure 8 contains a comparison of v e r t i c a l  ve loc i ty  spect ra  and hor izonta l  velo-• 
c i t y  spec t ra  from the  ocean (ERIKSEN, 1978). These spec t ra  a r e  f a i r l y  universa l  
i n  accord with the  Garrett-Munk theory. The hor izonta l  spectrum Eg( IJJ) can be 
expressed i n  terms of the v e r t i c a I  spectrum EV(w) using the  model equation 
(ERIKSEN, 1978); 
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I , , ' , ,  3 
- 

~ O f O b r w d  I 
Ouon Haizomtal and - 

--- - - .  - - 

Figure 8 .  Internal wave spectra of horizontal 
and ver t i ca l  ve loci ty  in  the ocean (adapted 
from ERIKSEN, 1978). 

Period - minutes (horn) 



where f i s  the c o r i o l i s  frequency [f  2 R  s i n  ( l a t i t u d e )  ; .Q is  the ear th  
angular velocity].  

Figure 9 contains a comparison of horizontal  and v e r t i c a l  spectra  observed 
by the radar. S ta r t ing  with the v e r t i c a l  spectrum the dashed curve determines 
the  locat ion of the horizontal  in te rna l  wave spectra tha t  would be consistent 
with t h e  polar izat ion re la t ions .  The observed atmospheric spectra  of horizontal  
veloci ty  a r e  shown for  comparison. The f a c t  t h a t  the magnitude of observed 
spectra  exceeds the magnitude of the calculated wave spectrasand t h a t  the slope 
of the observed horizontal  spectra  d i f f e r s  s ign i f i can t ly  from the calculated 
wave, spectra  strongly suggests t h a t  d i f f e r e n t  processes a re  responsible fo r  the 
horizontal  and v e r t i c a l  spectra. Of course, t h i s  analysis  has been made with 
horizontal  and v e r t i c a l  spectra  taken a t  d i f fe ren t  locations. To the extent 
t h a t  the spectra  a re  universal  t h i s  does not matter. However, the analysis  
should be repeated with simultaneous, co-located determinations of horizontal  
and v e r t i c a l  veloci ty  spectra. , 

CONCLUDING REMARKS 

I n  t h i s  paper we have examined the nature of the horizontal  veloci ty  
spectra  observed by MST/ST radar. By comparison with the aircraft-determined 
wave number spectra we conclude that  the radar and the a i r c r a f t  observe the same 
spectrum of atmospheric motions. Furthermore, the magnitude and shape of the 
Taylor-transf ormed radar  spectra  a re  comparable t o  the magnitude and shape of 
the a i r c r a f t  wave number spectra. Finally,  these spectra a re  i n  reasonable 
accord with expectations from quasi-two-dimensional turbulence. An examination 
of k ine t i c  and po ten t i a l  energies deduced from the a i r c r a f t  spectra shows 
spectra l  energy i s  par t i t ioned equally between the two horizontal  components of 
ve loc i ty  and potent ia l  energy a s  expected fo r  turbulence theory. 

Colcubted 
\ 

Horizontal >\ 
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A comparison of the energy levels  and shapes of horizontal  and v e r t i c a l  
ve loc i ty  spect ra  show t h a t  the magnitude of atmospheric spec t ra  of horizontal  
veloci ty  a r e  too l a rge  t o  be consis tent  with the magnitude of the v e r t i c a l  velo- 
c i t y  spectrum, assuming both spect ra  a r e  due t o  waves. The spec t ra l  slope of 
the hor izonta l  veloci ty  spectrum i s  a l s o  inconsis tent  with the slope an t i c ipa ted  
f o r  a spectruol of in te rna l  waves given the observed shape of the v e r t i c a l  
ve loc i ty  spectrum. 

Taken together these r e s u l t s  strongly suggest t h a t  the r ada r  spect ra  of 
. v e r t i c a l  and hor izonta l  v e l o c i t i e s  a r e  ind ica t ive  of d i f f e r e n t  processes. They 

suggest t h a t  in te rna l  waves and quasi-two-dimensional turbulence a re  both 
important i n  determining the  observed ve loc i ty  spectra. The bfST/ST radar  
observations should help  i n  so r t ing  out the complementary r o l e s  of waves and 
turbulence i n  middle atmospheric dynamics. 
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4.3A USE OF THE VAD TECHNIQUE AND MEASUREXENTS OF MOMENTUM 
nux IN THE STRATOSPHERE AT ARECIBO 

C. R. Cornish and M. F. Larsen 

School of E lec t r i ca l  Engineering 
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I thaca, NY 14853 

The Arecibo 430-MBz radar  was used i n  the  velocity-azimuth display (VAD) 
mode t o  obta in  r a d i a l  veloci ty  measurements a t  16 azimuth d i rec t ions  from which 
the  three-dimensional wind f i e l d  and manentum f l u x  can be calculated.  The radar  
was operated on a nearly continuous bas is  f o r  a seven-day period i n  May of 1982 
and the  elapsed time between s t a r t  and f i n i s h  of a VAD scan was approximately 35 
minutes. Radial v e l o c i t i e s  were measured i n  the upper troposphere and lower 
s t ra tosphere  (6-24 km) with a t  height resolut ion of 150 meters a t  a zeni th  angle 
of 15 deg. 

Ver t i ca l  and hor izonta l  v e l o c i t i e s  a r e  calculated from the sums and 
di f ferences ,  respect ively ,  of r ad ia l  veloci ty  pai rs ,  i.e., a t  azimuth d i rec t ions  
AZ and AZ + 180 degrees. Momentum f lux  a t  a pa r t i cu la r  azimuth is calcula ted by 
taking the  di f ference between the square of r ad ia l  v e l o c i t i e s  a t  AZ and AZ + 180 
degrees i n  a manner f i r s t  described by VINCENT and REID (1983). It should be 
noted t h a t  measurements of r a d i a l  veloci ty  p a i r s  a r e  not simultaneous but a r e  
time delayed by approximately 15-25 minutes. This period, the time required t o  
r o t a t e  the antenna feed and take measurenents a t  AZ and AZ + 180°, e f fec t ive ly  
l i m i t s  sampling of v e l o c i t i e s  and momentum fluxes to  longer period gravi ty  waves 
and planetary waves. In  the following presenta t ion only the r ad ia l  v e l o c i t i e s  i n  
t h e  p r inc ipa l  (zonal and meridional)  d i r e c t i o n s  have been used. Future ana lys i s  
w i l l  u t i l i z e  the f u l l  16-direction VAD from which the v e l o c i t i e s  and momentum 
f luxes  a r e  ca lcula ted by a l e a s t  squares f i t  method. 

Using theidormentioned technique v e l o c i t i e s  and momentum f luxes  have been 
calcula ted and spectra l ly  analyzed. Shown i n  Figures 1, 2 and 3 a r e  the time 
s e r i e s  over the seven-day period and calculated spectra of the hor izonta l  
(U = zoml ,  V meridional) ve loc i t i e s ,  v e r t i c a l  veloci ty  (W = v e r t i c a l ) ,  and 
momentum f luxes  (Z zonal, M meridional) ,  respect ively ,  a t  an a l t i t u d e  of 
14.49 km. Because of the gapped and unevenly spaced nature  of the ve loc i ty  time 
se r i e s ,  a DFT rout ine  was used t o  calcula te  the spectra. To obta in  an es t imate  
of the e r ro r  introduced by the  uneven spacing, a sinusoidal s ignal  composed of 
th ree  s ine  waves with periods of 36:1, 70 and 130 hours was spect ra l ly  analyzed 
a t  the same uneven time spacing and i s  displayed i n  Figures 1-3 by the dotted 
curve labeled "F"', The 38.1-hour period corresponds to  the i n e r t i a l  period a t  
Arecibo (18 deg , 21 min N). The two longer periods correspond t o  o s c i l l a t i o n s  
iden t i f i ed  i n  the zonal and meridional v e l o c i t i e s ,  most l i k e l y  planetary wave 
modes. The e f fec t  of the uneven spacing i s  t o  introduce s ign i f i can t  e r ro r s  
i n t o  the high frequencies (periods < 20 hours),  while lower frequencies a r e  
credible.  

Examination of the spect ra  i n  Figure 3 reveals  tha t  momentum f l u x  can be 
i d e n t i f i e d  with c e r t a i n  wave modes. In  pa r t i cu la r ,  the zonal momentum f lux  i s  
s ign i f i can t  a t  the i n e r t i a l  period with noticeable contributions a t  longer 
planetary wave periods. So f a r ,  only r e l a t i v e  amplitudes of the spec t ra l  
components of the  waves have been determined'; the uneven weighting of the gapped 
da ta  s e r i e s  makes absolute values  d i f f i c u l t  to  estimate u n t i l  the weighting 
funct ion i s  determined and deconvolved. 
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Figure 2.  Vertical ve loc i ty  (W) time series  and spectra a t  14.49 km. 
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Figure 3. Zonal (z) and meridional (I) momentum f luxes  a t  14.49 h. 

Ckgoing ana lys i s  of t h i s  data set includes determination of the var ious  
wave modes by means of i d e n t i f i c a t i o n  of period, polar iza t ion of the hor izonta l  
wind, and v e r t i c a l  and hor izonta l  wavelengths. Estimates of the  magnitude of 
momentum f l u x  a t  these longer periods and colnparieon t o  momentum f luxes  a t  
shor te r  g rav i ty  wave periods obtained a f t e r  high pass f i l t e r i n g  w i l l  provide 

- i n s igh t  i n t o  the r e l a t i v e  contr ibut ions  by t h e  various modes. Studies of the 
v a r i a t i o n  of manentum f lux  wi th  height a t  var ious  periods w i l l  demonstrate which 
modes a r e  deposit ing momentum i n t o  the s t ra tosphere  and which a r e  r e l a t i v e l y  

. . -- t ransparent  t o  .the stratosphere.  
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4.4A RELATIONSHIP OF ISOLATED TURBULENT REGIONS TO 
TEE GmERAL TURBULENT BACKGROUND 
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Georgia I n s t i t u t e  of Technology 

Atlanta,  GA 30332 

The atmosphere below 100 km i s  of ten re fe r red  t o  a s  the homosphere; the  
region above, the  heterosphere. I n  the homosphere, const i tuents  a r e  mixed, and 
average molecular weight i s  constant. I n  the heterosphere,  d i f f u s i v e  separat ion 
occurs, and species tend t o  f r ac t iona te ;  average molecular weight decreases with 
height. Mixing i n  the homosphere has a s  i t s  source dynamical (wind) energy. 

Against t h i s  background turbulence, in te rmi t t en t  enhancements of turbulent 
in tens i ty  a r e  observed. Some of these enhancements a r e  long l ived -- fo r  
example, a turbulent layer  a t  approximately 86 km a l t i t u d e  seens t o  be almost a 
permanent f e a t u r e  of the (global?) daytime D region, a s  observed by p a r t i a l  
r e f l e c t i o n  and MST radars.  This may well  be a del ineat ion of the  mesopause 
l eve l ,  s ince  long-term radio meteor s tudies  have shown 85 km t o  be the break- 
point  between thermoepheric c i r cu la t ion  above, and mesospheric c i r cu la t ion  
below. Rocket-released chemical t r a i l s  a r e  a l s o  characterized by turbulent  
sheets in ter leaved by laminar l aye r s  i n  which the di f fus ion coef f i c i en t  i s  not 
much l a rge r  than molecular.  he prevalent pract ice  of p lo t t ing  v e r t i c a l  
d i f fus ion  coef f i c i en t s  which a r e  l e s s  than molecular does not r ea l ly  make much 
sense -- one of the bas ic  de f in i t ions  of turbulence i s  t h a t  it i s  characterized 
by a d i f fus ion  coef f i c i en t  much l a rge r  than molecular.) I f  the observed 
turbulent l aye r s  renain a t  constant height,  then v e r t i c a l  mixing i s  severely 
inhibited.  Most models prdpose an eddy d i f fus ion  p r o f i l e  which v a r i e s  smoothly 
with height -- such a p r o f i l e  is  observed f o r  about one i n  ten chemical t r a i l  
r e l eases  i n  the mesopause and lower thermosphere. 

I n  t e r n s  of long-term monitoring, the bes t  estimates of heightl t ime 
p ro f i l e s  of turbulent i n t e n s i t y  come from the height/ t ime p r o f i l e s  of s ignal  
s t rengths  from ST radars  i n  the lower atmosphere, and MST and par t ia l - ref  l ec t ion  
rada r s  i n  the mesosphere. I n  the stratosphere,  Fresnel r e f l e c t i o n  i s  observed 
from s t a b l e  r e f r a c t i v i t y  s t ruc tu res  whose "ti1 t" i s  r e l a t e d  t o  ba roc l in ic  
disturbances. 

Correlations between v e r t i c a l  shear i n  the  hor izonta l  wind, presumably the 
source of turbulent energy, and the  existence of turbulent l aye r s  have not 
proved conclusive. However, once a turbulent sheet i s  formed (perhaps by the ' 

breaking or nonlinear in te rac t ion  of gravi ty  waves), the  h y s t e r i s i s  inherent i n  
the formation and d i s s ipa t ion  of turbulent s t ruc tu res  could mean t h a t  the sheet 
i s  advected a considerable d is tance from i t s  source before diss ipat ing.  Such a 
mechanism should be observable from the Colorado Wind P r o f i l e  Network. 





turbulent  d i f fus ion  with a maximum a t  the  point a t  which the t o t a l  po ten t i a l  
temperature i s  minimum (negative fo r  convective i n s t a b i l i t y ) .  The t o t a l  
po ten t i a l  temperature may be wr i t t en  a s  

e = (1  + acos $1 
. Z  2 

(3) 

where $ i s  the  phase funct ion 

+ = lur + mz - kct  (4) 

and a i s  a measure of wave amplitude (a > 1 f o r  convective i n s t a b i l i t y ) .  

We now multiply (2)  by e n ,  average hor izonta l ly ,  and note t h a t  a l l  t k i p l e  
co r re la t ions  a-mall by v i r t u e  of the assumed negative co r re la t ion  of vn and 
8 '. Solving w' e n ,  assuming steady-state sa tura t ion,  and subs t i tu t ing  i n t o  
( f )  y ie lds ,  a f t e r  some manipulation, 

Al ternat ively ,  i f  w e  w r i t e  

'and define a pos i t ive  coe f f i c i en t  

0 s - L % z A  
V 

then (5) becomes 6 

-. This expression r e l a t e s  a l l  of the wave and turbulence contr ibut ions  t o  the mean 
turbulence f l u x  of po ten t i a l  temperature. I n  p a r t i c u l a r ,  we note  t h a t  both wave 
and turbulence f luxes  include a countergradient d i f fus ion  term due t o  the - - --- occurrence of a maximum turbulent d i f fus ion  i n  regions of minimum 6 These 

- 
Z *  countergradient terms reduce the  t o t a l  down-gradient f l u x  of heat (and 

const i tuents)  expected on the bas i s  of a miform turbulent diffusion.  

The magnitude of t h i s  e f f e c t  can be i l l u s t r a t e d  by assuming a d i s t r i b u t i o n  
f o r  turbulent  d i f fus ion  of the form 

(1 - cos 41 n v = v  
0 2 , )  

( 9 )  7 

fo r  n 2 0  so t h a t  

The magnitudes of the turbulence and t o t a l  (waxe plus turbulence) f luxes a r e  
shown f o r  var ious  values  of n (and negl ig ible  v,,) i n  Figure 1 with dashed and 
s o l i d  l i n e s ,  respectively.  Note t h a t  w e n  f o r  r e l a t i v e l y  small n (broad 
d i s t r i b u t i o n s  of turbulent  d i f fus ion) ,  the  countergradient terms r e s u l t s  i n  an 
appreciable reduction of the t o t a l  f l u x  expected fot a uniform turbulent 
d i f fus ion  (with n = 0 ) .  In  the case where v and vh contribute equally t o  the 
down-gradient wave f lux ,  it i s  possible t o  show tha t ,  while the reduction of the 
t o t a l  f l u x  may be s ign i f i can t ,  the t o t a l  f l u x  remains down-gradient fo r  a l l  
a and n 2 0 (FRITTS and DUNKERTON, 1984). Additionally,  t h i s  theory predic ts  



Figure 1. Variation of the turbulent (- - -1 and ne t  (-1 
r a t e  of change of mean po ten t i a l  tenperature normalized 
by the  turbulent t ranspor t  of the  mean fo r  the case of a  
v e r t i c a l  turbulent  d i f f u s i v i t y  alone. Note t h a t  even 
small values of n  cause s ign i f i can t  reductions i n  the 
net  f lux.  

Prandt l  numbers i n  the mean and per turbat ion equations much l a rge r  than unit$ 
fo r  nonuniform turbulent d i f fus ion,  a s  an t i c ipa ted  by CKAO and .SCHOEBERL 
(1984). 

These r e s u l t s  imply t h a t ,  while a  l a rge  turbulent d i f fus ion  may be required 
f o r  the d i s s ipa t ion  of gravi ty  wave and t i d a l  motions, a  subs tan t i a l ly  smaller 
e f f e c t i v e  d i f fus ion  may act  t o  mix mean gradients  of po ten t i a l  tenperature and 
const i tuents .  The reason i s  t h a t  intense turbulence (and d i f fus ion)  i s  expected 
i n  precise ly  those regions of the gravity-wave f i e l d  i n  which the t o t a l  
gradients  of po ten t i a l  temperature and const i tuents  a r e  small o r  opposite t o  
those of the  mean s t a t e .  Thus, i t  may not be su f f i c i en t  t o  i n f e r  a mean 
v e r t i c a l  d i f fus ion  by assuming an average l e v e l  of turbulence applied t o  the  
mean s t a t e .  It may be necessary, instead,  to  i n f e r  the e f fec t ive  v e r t i c a l  
d i f fus ion  from observations of the in tens i ty  and d i s t r i b u t i o n  of turbulent 
l aye r s  a s  we l l  as the  thermal s t ructure .  Such measurements could resolve  the 
discrepancy between the l eve l  of turbulence required t o  d i s s ipa te  observed wave 
motions and t h a t  needed t o  explain middle atmosphere const i tuent  d i s t r ibu t ions .  
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The v e r t i c a l  f l u x  of hor izonta l  momentum by in te rna l  gravi ty  waves i s  now 
recognized t o  play a s i g n i f i c a n t ' r o l e  i n  t h e  large-scale c i r c u i a t i o n  and thermal 
s t r u c t u r e  of the middle atmosphere. This i s  because a divergence of momentum 
f l u x  due t o  wave d i s s ipa t ion  r e s u l t s  i n  an accelera t ion of the  loca l  mean flow 
towards the  phase speed of the  gravi ty  wave* Such mean flow accelera t ions  a r e  
required t o  o f f s e t  the  l a rge  zonal accelera t ions  driven by Coriol is  torques 
a c t i n g  on the d i a b a t i c  meridional c i rcula t ion.  Thus, a de ta i l ed  observational 
knowledge of momentum f l u x  climatology and v a r i a b i l i t y  i s  e s s e n t i a l  t o  a more 
complete understanding of the  r o l e  of g rav i ty  waves i n  middle atmosphere 
dynamics. 

Idea l ly ,  the  momentum f l u x  due t o  a random f i e l d  of g rav i ty  waves would 
be determined from simultaneous and w-located measurements of v e r t i c a l  and 
hor izonta l  v e l o c i t i e s  made with high v e r t i c a l  and temporal resolution.  I n  
pract ice ,  however, such measurements a r e  not possible a t  present and other  
techniques must be employed. Ver t ica l  end approximate horizontal  wind measure- 
ments can be made using Doppler radars  with v e r t i c a l  and oblique bean 
o r i en ta t ions ,  but high frequency oblique motions a r e  badly contaminated by 
v e r t i c a l  v e l o c i t i e s  and l a r g e  phase e r r o r s  occur fo r  hor izonta l  wavelengths t h a t  
a r e  not much larger  than typ ica l  beem separat ion distances. Thus, such sysfems 
a r e  only su i t ed  f o r  measurements of moptenturn fluxes due t o  wave motions with 
l a r g e  hor izonta l  wavelengths (Ah 2 200 km). These problems can be avoided, i n  
pr inciple ,  by using a phase-coherent, spaced antenna system t o  i n f e r  co-located 
hor izonta l  and v e r t i c a l  motions (FRITTS e t  a l . ,  1984). Another approach which 
does not r e l y  on individual horizontal  and v e r t i c a l  veloci ty  measurements i s  
t h a t  of VIh'CEPiT and REID (1983). This technique provides an estimate of the * 

momentum f l u x  i n  the  plane of two Doppler radar  beams incl ined a t  equal and 
opposite angles o f f  v e r t i c a l  based on the average nus v e l o c i t i e s  observed. 
Because a l l  of these techniques depend on the veloci ty  f luc tua t ions  about some 
mean, however, the contr ibut ion t o  the momentum f l u x  due t o  quasi-stationary 
waves i s  l i k e l y  t o  be largely  excluded i n  each. I n  general ,  the wave periods 
f o r  which a pa r t i cu la r  measurement appl ies  a r e  those tha t  a r e  l e s s  than the da ta  
c o l l e c t i o n  in te rva l .  

Other more general  problems with ex i s t ing  systems r e l a t e  t o  s p a t i a l  and 
temporal resolut ion;  i f  these a r e  not su f f i c i en t ly  f ine ,  then observed motions 
may be a l i a sed  t o  other ( l a r g e r )  scales  or overlooked a l together .  Fortunately,  
we do not expect motions with small v e r t i c a l  wavelengths ( A  6 4 km) t o  con- 
t r i b u t e  s ign i f i can t ly  t o  the momentum f l u x  and divergence 08 theore t i ca l  grounds 
(LINDzEN, 1981). On the other hand, high-frequency gravi ty  wave motions 
(T & 20 min), which may account fo r  s ign i f i can t  momentum f luxes ,  may be excluded 
o r  subs tan t i a l ly  reduced by excessive temporal averaging. 

Relatively l i t t l e  i s  known a t  present about the d i s t r i b u t i o n  and 
v a r i a b i l i t y  of gravity-wave momentum f l u x  i n  the  middle atmosphere, ye t  these 
determine, t o  a l a rge  extent ,  the gross f ea tu res  of the middle atmosphere 
c i r c u l a t i o n  and s t ructure .  The d i s t r i b u t i o n  of momentum f l u x  depends on a 
v a r i e t y  of fac tors .  Perhaps the most s ign i f i can t  a r e  (1) the  s t rength  and 
loca t ion  of important gravi ty  wave sources (wind shear, topography, convection, 
e tc . ) ,  (2) the f i l t e r i n g  and evolution of the gravity-wave s p e c t r m  due t o  wave- 



turbulence, wave-wave, and wave-mean flow interact ions ,  and (3) the  
c h a r a c t e r i s t i c s  of those g rav i ty  waves t h a t  contr ibute  most t o  drag and 
d i f fus ion  processes. 

Both gravi ty  wave sources and f i l t e r i n g  contr ibute  t o  the  temporal and 
geographic v a r i a b i l i t y  of wave amplitudes, scales ,  and f luxes  and may a c t  t o  
po la r i ze  the  gravity-wave spectrum and a l i g n  the  momentum f l u x  i n  preferred 
di rect ions .  Signif icant  topographic sources a r e  q u i t e  loca l i zed  on a global  
bas is ,  and wind shear and convective sources tend t o  be ra the r  t r ans ien t  i n  
nature. Of the  primary g rav i ty  wave sources, vind shear and topography a r e  
expected t o  l ead  t o  wave spectra  t h a t  may be strongly polarized, whereas 
convection i s  l i k e l y  t o  produce a more i so t rop ic  d i s t r i b u t i o n  of gravi ty  w e s .  
The recent  s tudies  by SCEOEBEKL and STROBEL (1984) and DUNKERTON and BUTCHART 
(1984) suggest tha t  f i l t e r i n g  processes can a l s o  ac t  t o  modulate or po la r i ze  a 

. gravity-wave spectrum ant i -para l le l  t o  the loca l  mean flow. A tendency f o r  
g rav i ty  waves i n  the middle atmosphere t o  be polarized has been noted by 
HAURWITZ and FOGLE (1969), HERSE e t  a l .  (1980), MANSON e t  a l .  (1981), and 
VINCENT and REID (19831, among others.  

Of major importance i n  the study of the gravi ty  wave and maaentum f l u x  
d i s t r i b u t i o n s  i n  the  middle atmosphere a r e  the c h a r a c t e r i s t i c s  of thoee motions 
t h a t  contr ibute  most t o  sa tu ra t ion  processes. This i s  because gravi ty  waves 
with small propagation angles (A >> AZ) and/or small ~ e r t i c a l  wavelengths ' 

(-11 i n t r i n s i c  phase speeds c - 3  may propagate or be advected l a rge  dis tances  
hor izonta l ly  between sources i n  the lower atmosphere and regions of strong 

= d i s s i p a t i o n  i n  the s t ra tosphere  or mesosphere. Such propagation would tend t o  
homogenize the wave f i e l d  i n  the  middle atmosphere, independent of geo- 
graphical ly  loca l  sources and f i l t e r i n g  e f fec t s .  On the other  hand, g rav i ty  
waves with l a rge  propagation angles (A 2 A=) and large  v e r t i c a l  wave- 
lengths  w i l l  reach the s t ra tosphere  an8 mesosphere rapidly ,  r e l a t i v e l y  
unattenuated, and i n  close proximity t o  the source or f i l t e r i n g  environment thlat 
determined the wave character.  I n  t h i s  case the momentum f l u x  d i s t r i b u t i o n  i n  
the middle atmosphere would r e f l e c t  the  s p a t i a l  v a r i a b i l i t y  of the underlying 
atmosphere. On the b a s i s  of the observed spectrum of atmospheric wave motions 
(CARTER and BALSLEY, 19821, it appears poss ible  tha t  the t ranspor t  of momentum 
could be accomplished primarily by r e l a t i v e l y  high-frequency gravi ty  waves 

- -7- (FRITIS, 19841, consis tent  with the observations of VINCENT and REID (1983) and 
SMITH and FRITTS (1983). Other observations suggest t h a t  the sa tu ra t ion  of 

- - -_ - - -- gravi ty  waves a t  a wide range of scales  i s  a nearly continuous process through- 
- out the  middle atmosphere (=TO and W O O W ,  1982; PHILBRICK e t  a l . ,  1983; 

BALSLFl e t  al . ,  1983; VINCENT, 1984). 

Because of the considerable uncer t a in t i e s  regarding the momentum f l u  
d i s t r i b u t i o n  i n  the middle atmosphere, many types of observations a r e  required. 
Those observat ions  t h a t  appear t o  be important i n  l i g h t  of the above discuss ion 
include : 

(1) tbe  mean geographical and seasonal d i s t r i b u t i o n s  of momentum f lux  (and 
divergence) throughout the  middle atmosphere, 

(2) those g rav i ty  wave scales and frequencies t h a t  contr ibute  most t o  mwentum 
t ranspor t ,  

. . (3)  the  degree and causes of polar iza t ion and v a r i a b i l i t y  of the  gravity-wave 
spectrum, and 

(4) the  response of the middle atmosphere t o  changes i n  momentum f lux divergence 
caused by va r i ab le  gravi ty  wave sources or f i l t e r i n g  conditions. 



Studies '  t h a t  address  t he se  t op i c s  w i l l  make important  c o n t r i b u t i o n s  t o  our 
knowledge of the  r o l e  of g r a v i t y  waves i n  middle atmosphere dynamics. 
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INTRODUCP ION - 
I n  the spring of 1982 a cooperative U.S.-France c lear-a i r  radar experiment 

was ca r r i ed  out on the southern coast of France during the  ALPEX (Alpine 
Experiment) program. Three r e l a t i v e l y  small v e r t i c a l l y  d i rected 50-MHz ST 
radars  were s e t  up with spacings of about 5-6 km. Figure 1 shows the locat ion 
and conf igurat ion of t h e  radars,  while Table 1 gives t h e  system parameters. The 
th ree  radars  were operated concurrently for  a period of about 6 weeks with 1- 
minute tenporal  and 750- height resolution.  Doppler spect ra  were computed a t  

- each s i t e  and tape recorded f o r  l a t e r  analysis.  An examination of the temporal 
and spec t ra l  cha rac te r i s t i c s  of the v e r t i c a l  ve loc i ty  f luc tua t ions  has been 
presented by BALSLEY e t  a l .  (1983). One of the pr incipal  purposes of the 
experiment was t o  examine the horizontal  and v e r t i c a l  p roper t i e s  of gravi ty  
waves i n  the  lower atmosphere. I n  t h i s  repor t  we w i l l  describe the techniques 
used and the  f i r s t  r e s u l t s  from t h i s  wave study. t 

Examples from the ALPEX da ta  set displayed i n  Figure 2 show the highly 
va r i ab le  nature  of the v e r t i c a l  wind veloci ty  f luctuat ions .  This v a r i a b i l i t y  
was d i r e c t l y  r e l a t ed  t o  the background wind conditions. For example, during 

- April 30, an ac t ive  period of strong (30-40 m/s) nor ther ly  Mistral  winds, the 
v e r t i c a l  v e l o c i t i e s  of ten  reached 2 m/s with dominant periods of several  hours.. 
On the other  hand, during qu ie t  periods of weak hor izonta l  winds ( l e s s  than 5-10 -- --  - _ _  _.__- m/s) such a s  occurred OF Play 14, the v e r t i c a l  winds showed f luc tua t ions  of l e s s  

- than 10-20 cm/s, sometimes with noticeable o s c i l l a t i o n s  near the Brunt-Vaisala 
period (around 10 minutes). Most days, l i k e  May 10, fo r  example, were between 
these extremes, with hor izonta l  winds around 10-20 m/s and v e r t i c a l  f luc tua t ions  
which were broadband and var iable .  There were a l so  a very few instances of 
monochromatic wave events, such as on Nay 25, which generally occurred with 
r a the r  low ((10 n / s )  background hor izonta l  winds. 

WAVE ANALYSIS 

With v e r t i c a l  veloci ty-observat ions  from three  locations,  the  horizontal  
cha rac te r i s t i c s  (wavelength, phase ve loc i ty ,  and propagation d i rec t ion)  can be 
determined fo r  waves of any frequency by measuring the phase of tha t  frequency 
component a t  each s ta t ion.  Equivalently, phase di f ferences  between a l l  s t a t i o n  
p a i r s  can give  the same information. Two methods were used i n  t h i s  anlaysis  t o  
determine those phase di f ferences  : cross-correlation functions and coherence 
spectra. 

For nearly monochromatic wave events a cross-correlation funct ion was 
computed, which gave a time delay between each s t a t i o n  pair .  A s  an example, the  
cross-correlation functions f o r  a 100-minute in te rva l  on May 25 a r e  shown i n  
Figure 3. For t h i s  pa r t i cu la r  period, the co r re la t ion  i s  extremely good. The 



Figure 1. Plan view of the three-station ALPEX radar experiment. 
Inset shows deta i l s  of s i t e  locations. 

Table 1 

FREQmCY ANTENNA AVERAGE TRANS- PULSE HEIGRT TIME 
SITE (MHz) DIMENSIONS MXTTEDPOWER WIDTH RESOLUTION RESOLUTION 

3 48.850 ( 7 0 x 5 0 ) m  c 200 w 5  !JS 750 m % 1 mirI 



APRIL 30 

RAY 25 - 

0 4 2  

LOCAL TIME 

Figure 2. Examples of the v e r t i c a l  veloci ty  a t  3.9 km 
from S i t e  1 fo r  12-hour periods on four d i f f e r e n t  days. 

wave has a period of about 25 minutes. By using the loca l  maximum t h a t  i s  
c loses t  t o  zero time l ag  i n  each function,  the  wave can be shown to  have a 
hor izonta l  wavelength of about 15 km and t o  be coming from an azimuth of about 
350'. 

Table 2 shows the wave parameters derived from cross-correlation analyses 
f o r  o ther  times of nearly monochromatic waves. Also given a r e  the mean wind . 
magnitude and d i rec t ion  a t  the a l t i t u d e  of the wave as  determined by sounding 
balloons launched a t  six-hour i n t e r v a l s  by the French Meteorological Service a t  
Nimes (a lso  shown i n  Figure 1 ) .  Except f o r  May 22, the other w e n t s  were not 
nearly a s  strongly sinusoidal as  on May 25, but occasionally a wave-like 
o s c i l l a t i o n  would pop up long enough t o  compute a co r re la t ion  function. The 
wave periods ranged from 15 t o  60 minutes and the  computed hor izonta l  wave- 
lengths were between 7 and 20 km. Two wave d i rec t ions  a r e  given f o r  May 22 
eince the. time lag  between two of the radars  was about half  a wave period and 
thus it could not be determined which s t a t i o n  was leading the other. Such 
s p a t i a l  a l i a s i n g  i s ,  of course, a poss ib l i ty  fo r  any of the other  waves, but 
only the  unaliased wave solut ions  a r e  shown. 



CROSS-CORRELRTION SITES 1-2' 
XTRRT, I*BZ 1,s 1, a, a CUD* IWZ 14s z-*a- a 
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Figu re  3. Cross-correla  t i o n  f u n c t i o n s  computed 
between the  t h r e e  p a i r s  of r a d a r  s i t e s  a t  3.1 km E 

f o r  0100-0140 l o c a l  time on Play 25, 1962. 

Table  2. Waves der ived  from c ro s s - co r r e l a t i on  a n a l y s i s .  

Wave Hor i zon t a l  Wave Wind Wind 
Time - Height  Per iod  Wavelength D i r ec t i on  D i r e c t i o n  Speed 

A p r i l  25 0600-0800 4-5 km 30 min 1 0  km 200" 0-20" 10-15 m/s 

May 2 1400-1600 4-5 km 60 min 1 5  km 170" 300" 15-20 m/s 

' May 9 1500-1700 4 km 4 0 m i n  1 2 k m  330" 240" 15-20 m/: 

May 1 0  2200-0200 4-5 km 40 min 20 km 320" " ~ 2 7 0 "  5-10 m / s  

May 11 1700-1820 4 km 2 0 m i n  1 5 k m  90' 200"-240" 5-10 m / s  

1800-1900 7-8 km 20 min 1 8  km 110" 200'-240" 5-10 m / s  

May 22 0600-0200 4 km 1 5  min 7 km 270" 300"-340" 5-10 m / s  
o r  80" 



The cross-correlet ion funct ion works we l l  on monochromatic waves, but fo r  
the  r a t h e r  broadband f l u c t u a t i o n s  t h a t  were usually observed, the cross  
co r re l a t ion  gives  no information on the individual  frequencies present. A 
s p e c t r a l  ana lys i s  was needed t o  f ind  any waves hidden i n  the typical  v e r t i c a l  

ve loc i ty  f luc tuat ions .  For any time s e r i e s  a Fourier  transform could be 
computed t o  de r ive  an amplitude and phase value f o r  each Fourier  cornponefit. But 
t h i s  computation produces phases f o r  uncorrelated noise a s  wel l  a s  waves and 
does not  d i s t ingu i sh  between t h e  two. A coherence spectrum, however, can give  
an ind ica t ion  of how wel l  co r re l a t ed  o r  coherent a p a r t i c u l a r  frequency 
component i s  between two time se r i e s .  

The coherence spectrum i s  e s s e n t i a l l y  t h e  normalized magnitude of the  
complex c ross  spectrum of two time s e r i e s  (see  BENDAT and PIERSOL, 1966). To 
be meaningful, t he  complex c ross  spectrum must be averaged over severa l  da ta  
se t s .  I f  the r e l a t i v e  phase a t  a given frequency va r i e s  randomly between 
successive complex c ross  spect ra ,  the normalized magnitude ( t h e  coherence) of 
the  average w i l l  approach zero. On the  o ther  hand, i f  there  i s  a coherent 
s igna l  running through a l l  the data  s e t s ,  then the  cross phase w i l l  be constant ,  
the  complex c ross  spect ra  w i l l  add i n  phase, and the  coherence w i l l  approach a 
value  of one. 

I n  the  search f o r  waves, t he  coherence ana lys i s  was applied t o  the  e n t i r e  ' 

ALPEX d a t a  set .  Typically,  a c ross  spectrum was computed between each p a i r  of 
s t a t i o n s  using a data  s e t  of 256 l-minute ve loc i ty  points t o  which a Hanning 
window had been applied (SAUNDERS and HAMRICK, 1982). The complex c ross  spect ra  
were averaged i n  time over data  se t s  which were overlapped 50% (with a Hanning 
window, these  da ta  s e t s  a r e  83% independent (HARRIS, 1978)). Cross spec t ra  from 
severa l  tropospheric heights  were a l so  averaged together.  

A coherence spectrum and a cross-phase spectrum (phase of the  c ross  
"spectrum) was computed between each of the th ree  s t a t i o n  pairs.  Only those 
frequency components whose coherence met or exceeded the 1% signif icance  l e v e l t  
were used t o  compute wave parameters. The 1% signif icance  l e v e l  ( the  coherence 
above which uncorre lz ted  s igna l s  should reach only 1% of the time) i s  defined by 

- 
where n i s  the  number of cross  spect ra  averaged (JULIAN. 1975). The cross  
phases f o r  bands of frequencies with s ign i f i can t  coherences were then used t o  - - -  .. - -  - -  -.-.,-A ca lcu la t e  the hor izonta l  wave parameters. 

- 

The r e s u l t s  of the coherence ana lys i s  were mixed. On very ac t ive ,  high 
wind days, such as April  30 shown i n  Figure 2,  t he re  were no s ign i f i can t  
coherences. This r e s u l t  i s  i n  agreement with the  impression that; the strong 
v e r t i c a l  f luc tua t ions  were due t o  l e e  wave s t ruc tu res  which would have no 
consis tent  phase r e l a t ionsh ip  between radars  throughout a day. I n  general ,  t he  
very qu ie t  days a l s o  had poor coherences, although there  were some s i g n i f i c a n t  
exceptions (such as  l a y  14 shown i n  Figure 2).  Although f luc tua t ions  near the 
Brunt-Vaisala period could be discerned i n  the  time se r i e s ,  the  coherent wave 
periods, i f  t he re  were any a t  a l l ,  tended t o  be around 30-60 minutes. This 
implies t h a t  the  co r re l a t ion  dis tance  of the Brunt-Vaisala o s c i l l a t i o n s  was 
usually l e s s  than about 5 km. Most of the data  s e t s  tha t  showed s ign i f i can t  
coherences were moderately ac t ive  days with background winds around 10-20 m/s. 
Table 3 l i s t s  the  r e s u l t s  from those periods which met the coherence c r i t e r i o n .  

Figure 4 shows an example of the  coherence spect ra  fo r  My 14. The dashed 
l i n e  represents  the  1% s i g n i f i c a n t  level .  Note tha  the cohererf~es  f o r  a l f  
t h ree  s t a t i o n  p a i r s  a r e  s ign i f i can t  between 2 x lo-' and 5 r 10 Iiz (about 
30 and 80 minute periods) and t h a t  the coherence between s i t e s  1 and 2 i s  much 
higher a t  low frequencies than the coherences involving s i t e  3. 



Table 3. Waves derived from coherence spectral analysis.  

Wave 
Period Horizontal Wave Wind Wind 

Time - Height (min) Wavelength Direction Direction 3 e e d  

April 25 0000-0630 3-6 km 40-80 10-15 km 220"-270" O0-45" 10-15 m / s  
0800-1430 3-6 km 20-25 10-15 km 200"-230" O0-45' 10-15 m / s  

April 27 0000-1100 3-6 km 30-60 10-15 km 1.270" 3O0-60" 10-20 m / s  

May 2 1400-2400 3-7 km 30-90 10-15 km 1.130" 1.310 15-20 m / s  

May 3 0000-0900 3-7 km 25-40 8-12km 1.140" 270"-300" 10 m / s  . 

May 10 0000-2400 3-6 km 35-45 1.15 km 1.330" 240"-270' 10-20 m / s  

May 14 0000-2400 3-6 km 30-60 20-40 km 1.200" variable <5 m / s  

COHERENCE 

Figure 4. Coherence spectre for May 14, 1982. The 
spectra were averaged over 25 hours and 5 height 
ranges between 3 and 6 km. The dashed l i n e  i s  
the 1 percent significance l e v e l .  
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Figure 5 gives the phases corresponding t o  the coherences i n  Figure 4. The 
dashed curve i n  Figure 5 represents the  phase differences t h a t  would occur fo r  
waves propagating a t  13 m/s from an azimuth of 230' f o r  a l l  periods between 
about 15 minutes and 2 hours. The observed phases follow t h i s  general curve 
even a t  wave frequencies where the coherences did not reach the 1% signif icance 
l eve l .  This was f a i r l y  common during o the r  days a l so ;  the  cross  phases appeared 
t o  be able  t o  give good wave determinations even with marginally good 
coherences. 

A comparison can be made between the cross-correlation r e s u l t s  shown i n  
Table 2 and the  coherence r e s u l t s  i n  Table 3 f o r  three  common days, April  25, 
May 2, and Hay 10. The wave d i r e c t i o n s  derived from c ross  c o r r e l a t i o n s  of shor t  
periods o f  s inusoidal  o s c i l l a t i o n s  agree we l l  with those determined from the 
coherence ana lys i s  over a longer time period. 

It must be noted here  t h a t  good coherences and consis tent  cross  phases do 
not necessar i ly  imply a wave. Turbulent s t ruc tu res  t h a t  a r e  "frozen" i n t o  the  
mean wind and a r e  advected past  the radars  w i l l  produce a phase speed and a 
propagation d i r e c t i o n  equal t o  the hor izonta l  wind speed and di rect ion.  For the  
I4ay 14 data  t h i s  i s  not the case,  however, since the background wind was l e s s  
than 5 m / s  compared t o  a deduced wave speed of 10-15 m/s. Table 3 shows t h a t  

.most wave pa t t e rns  derived from the coherence analys is  ac tua l ly  had components 
i n  the  opposite d i rec t ion  of the  background wind a t  the  same a l t i tude .  
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Figure 5. Cross-phase spect ra  f o r  May 14, 
1982. The phases a re  the phases of the 
cross  spect ra  used t o  der ive  the co- 
h e r e n c e ~  i n  Figure 4. The dashed curves 
a r e  the cross  phases fo r  waves propagat- 
ing i n  13 m / s  from an azimuth of 230. 



The coherence spectra l  analys is  was a l s o  used t o  examine the coherence and 
phase s h i f t s  between heights a t  each radar. The coherences were almost always 
very high fo r  periods of 10-100 minutes over height separations of up t o  about 
2 km. I n  nearly a l l  cases, the phase di f ferences  between heights were 
es sen t i a l ly  zero, which implies a very l a rge  v e r t i c a l  wavelength. 

The theore t i ca l  r e l a t ionsh ip  between the  horizontal  wavelength, AH, and 
v e r t i c a l  wavelength, XZ, fo r  an i n t e r n a l  gravi ty  wave i s  

where N i s  the  Brunt-Vaisala frequency a r e  a ,  the  i n t r i n s i c  wave frequency i s  
r e l a t e d  t o  the observed frequency, wo, by 

-+ 
where % ( = 2x/X) is  t h e  t o t a l  wave vector  and U i s  the  mean wind. Both 
w and A .  remain constant through slow var i a t ions  i n  U and N. I n  equation 

h ( 9 )  w i s  assumed t o  be much l e s s  than the i n e r t i a l  frequency, whose period i s  
17.5 hours a t  the ALPEX r a d a r  s i t e s .  From the above r e l a t i o n s  it can be seen 
t h a t  Brunt-Vaisala period waves should have i n f i n i t e  v e r t i c a l  wavelengths and 
longer period waves should have progressively shor ter  v e r t i c a l  wavelengths. 

For a typical  wave observed during the  ALPEX experiment with AH 5 15 km 
and period T ( 2 x 1 9 )  = 30 minutes, the v e r t i c a l  wavelength should be about 
5 km fo r  a Brunt-Vaisala period of about 10 minutes and no background wind. An 
opposing mean wind, however, would Doppler s h i f t  the i n t r i n s i c  frequency toward 
higher frequencies and thus lengthen the  v e r t i c a l  wavelength. 

f 

Table 4 presents hor izonta l  and v e r t i c a l  wavelength data  for  $Jay 2 t h a t  may 
show evidence for  gravity-wave Doppler sh i f t ing .  For each observed frequency 
l i s t e d ,  the measured hor izonta l  wavelength was used t o  compute the wind 
component i n  the d i rec t ion  of wave propagation which would be needed t o  produce 
the observed v e r t i c a l  wavelength. The r e s u l t s  show a consis tent  p ic tu re  of an 
opposing wind component of about 11-13 m / s  t h a t  i s  Doppler s h i f t i n g  the waves t o  
longer v e r t i c a l  wavelengths. (Note t h a t  the l a s t  frequency l i s t e d  i n  Table 4 
(T = 32 minutes) has an anarnolous measured of 15 km. I f  t h i s  was 
more i n  l i n e  with the others  of 10-12 km, t he  computed wind component would a l s o  
be about -12 m/s.) Based on Nimes balloon measurements, the  background wind 
during May 2 was approximately 15 m/s from an azimuth of 310°, y ie lding a 
component i n  the wave d i rec t ion  of -13 t o  -15 m/s, very close t o  the computed 
value. 

Actually,  t h i s  good agreement i s  somewhat surpr is ing s ince  the equations 
upon which the computations were based a r e  applicable t o  i n f i n i t e  plane waves 
propagating under slowly varying background conditions. The Erunt-Vaisala 
frequency, however, changes abruptly a t  the tropopause, whose height (8-12 km) 
i s  much smaller than the observed v e r t i c a l  wavelengths. The tropospheric waves 
did not appear t o  propagate beyond the  tropopause boundary and may have been 
trapped i n  the troposphere. 

DISCUSSZON 

The wave observations described above show the usefulness of ST radars  f o r  
:studying gravi ty  waves i n  the lower atmosphere. There were several  f ac to r s ,  
however, which l imited the number of waves t h a t  could be detected and which need 
t o  be considered i n  the design of s imi lar  fu tu re  experiments. 



Table 4. May 2. 1400-2400 loca l  time. 

Wave 
Period 

Horizontal Ver t i ca l  
Wavelength Wavelength 

Computed 

Uk 

85 min 11.2 km 11 km -11 m / s  

64 min 12.3 km 17 km -13 m / s  

51  min 10.2 km 

43 min 10.3 km 35 km -12 m/s 

37 min 10.4 km 62 km -12 m / s  

32 min 15.1 km . 00 km -17 m / s  

Uk i s  the  component of the  mean wind i n  the  d i rec t ion  of the  

hor izonta l  wave vector  %. 

The f i r s t  f ac to r  i s  hor izonta l  spacing. W i t 3  radar separations of roughly 
5 km, waves with hor izonta l  wavelengths l e s s  than about 10 km could be a l i a sed  
and appear t o  have longer wavelengths. Since most observed waves had neasured 
wavelengths around 10-12 km, it i s  possible t h a t  some of these were a l iased.  
Additional s t a t i o n s  a t  o ther  spacings would increase the range of observable 
wavelengths. 

The f a c t  t h a t  only v e r t i c a l  observations were made a l so  l imited the waves 
t h a t  could be detected. Gravity-wave p a r t i c l e  motion i s  purely v e r t i c a l  a t  the 
Brunt-Vaisala period and becomes t o t a l l y  horizontal  a t  the i n e r t i a l  period. A t  
2-hour periods,  non-Doppler sh i f t ed  waves have v e r t i c a l  motions t h a t  a r e  one- 
tenth  the  hor izonta l  motion. Thus longer period waves a r e  increasingly 
d i f f i c u l t  t o  observe with v e r t i c a l  radars.  This i s  evidenced by the typical  
drop i n  coherences between the  ALPEX radars  above about 1-hour wave periods. A 

- systen with oblique as  wel l  a s  v e r t i c a l  radar  beams could extend the  range of 
detectable  waves t o  longer periods. 

- - -  --4 

For v e r t i c a l  radars,  the  antenna bean may be an important fac tor .  There - 
were several  occasions during the  ALPEX experiment when the coherence between 
s i t e s  1 and 2 was very good, but the poor coherences with s i t e  3 prevented the 
determination of horizontal  wave parameters. It can be seen from Table 1 t h a t  
the  s i t e  3 antenna area  was one-half t h a t  of the others  and so had a wider beam 
width. I n  addi t ion,  i t  was necessary t o  operate t h a t  radar a t  a frequency tha t  
was 1 MHz away from the design frequency of the coaxial c o l l i n e a r  antennas. The 
e f f e c t  of t h i s  mismatch was t o  s ign i f i can t ly  increase the f eve l  of the f i r s t  
sidelobe. This e f fec t ive ly  wider bean may have been more sens i t ive  t o  specular 
r e f l e c t i o n s  from off-ver t ica l ,  t i l t e d  layers ,  which would tend t o  destroy the 
coherence of the r e su l t ing  r a d i a l  ve loc i t i e s .  Thus i t  may be t h a t  narrow beams 
(a t  l e a s t  es narrow as  the s 3' beams a t  s i t e s  1 and 2 )  a r e  necessary fo r  short- 
period wave v e r t i c a l  observations. 

SUMMARY 

During the  ALPEX experiment the re  were only a few instances of nearly mono- 
chromatic ware events upon which a cross  co r re la t ion  could be performed. 



Rowwer, it appears t h a t  the coherence spectra l  ana lys i s  can detect  waves t h a t  
otherwise would have gone unnoticed. This method requires  averaging over r a t h e r  
long time periods and/or several  heights (over which the wave f i e l d  must remain 
steady). Several periods of good coherence8 were observed, pa r t i cu la r ly  on 
q u i e t  or moderately ac t ive  days. The waves derived from the coherence ana lys i s  
appeared t o  have long v e r t i c a l  wavelengths. Most seemed t o  be propagating i n  a 
d i rec t ion  opposite t o  the background wind, which would Doppler s h i f t  gravi ty  
waves t o  longer v e r t i c a l  wavelengths. Perhaps on such r e l a t i v e l y  q u i e t  days, 
where the re  a r e  no obvious i s o l a t e d  sources f o r  waves, the d i rec t ion  i n t o  the  
wind i s  a preferred d i rec t ion  fo r  pe r s i s t ing  waves. Further ana lys i s  of the  
waves observed during ALPEX i s  continuing. Future experiments with var ious  
r ada r  configurations could s i g n i f i c a n t l y  contr ibute  t o  the  understanding of 
gravi ty  waves i n  the  atmosphere. 
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4.5C DETERMINATION OF HORIZWTAL AND VERTICAL WAVELENGTIIS OF 
GRAVITY WAVES IN THE MESOSPHERE BY SPACED WIND MEASUREMENTS 
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INTRoDucr ION 

The work reported below describes the reduction of spaced wind measurements 
taken over a range of heights. Br ief ly ,  the  equipment used i s  a medium 
frequency radar (2.22 MHz) with one s i t e  consis t ing of a v e r t i c a l l y  pointing 
t r ansmi t t e r  and spaced receiving antennas, and two renote  receiving s i t e s  (% 40 
km d i s t a n t ,  forming an approximately e q u i l a t e r a l  t r i ang le )  with spaced antennas. 
Assuming approximately horizontally s t r a t i f i e d  sca t t e re r s ,  hor izonta l  winds a r e  
thus  ava i l ab le  a t  the corners of a t r i a n g l e  of side % 20 km i n  the  GRAVNET 
system. A more de ta i l ed  system descr ipt ion was given a t  the 1983 Urbana M!3T 
Works hop. 

HORIZONTAL WAVELDtG!EI AND PIIASE'VBOCITY 

Each s i t e  has northward and eastward ve loc i ty  components ava i l ab le  f o r  
analysis.  One of these components i s  se lected and spectra  a r e  ca lcula ted f o r  
each height over a small range of heights.  Cross spect ra  between p a i r s  of s i t e s  
a r e  then found f o r  each height and averaged over the height range, so t h a t  the  
phase di f ferences  (A0) given from the c ross  spectra a r e  independent. The 
"normalized phase discrepancy" (NOD) i s  defined a s  I C A $  I / c  / ~ $ j  , where the sum 
i s  done around the  s i t e  pa i r s ,  and i s  analogous t o  the normallzed time discre- 
pancy used i n  individual determinations of wind from fading records. It 
ind ica tes  the  "coherence" of the f luc tua t ions  a t  each s i t e  wi thin  the  bandwidth 
of the  spec t ra l  analysis.  Coneequently, it can be used f o r  data se lect ion.  
However a low NOD does not necessar i ly  ind ica te  the presence of a s ingle  wave, 
a s  w i l l  be shown l a t e r ;  i t  merely means t h a t  there  is a well-defined o s c i l l a t i o n  
a t  each s i t e .  

There a r e  two ambiguities i n  t h i s  process. The f i r s t  is  i n  A$, which 
could be- i n  e r ro r  by + 2nn, n = 1,2.. . . An assumption must be made t h a t  the  
hor izonta l  wavelength i s  a t  l e a s t  twice a s  l a rge  as  the array,  thus r e s t r i c t i n g  
A0 t o  kr.  During da ta  se lec t ion  the f u r t h e r  r e s t r i c t i o n  i s  made t h a t  the 1 ~ 0  1 
be l e s s  than ~ / 2 ,  i n  order t h a t  the d i r e c t i o n  of propagation be unambiguous. A 
s l i g h t  r e l axa t ion  of these conditions i s  reasonable, e.g., i f  two of the  
a r e  l e s s  than a /2  and one i s  g rea te r ,  but N O D Q O ,  the  data a r e  probably 
acceptable. The wide t ransmit ter  antenna bean widths used a t  MF a r e  helpful  i n  
a t t enua t ing  the  shor te r  wavelength osc i l l a t ions ,  but i s  i s  d i f f i c u l t  t o  es t imate  
t h i s  because the e f f e c t i v e  bean width depends on the  sca t t e r ing  process. 

The second ambiguity i s  i n  frequency. A 5 a i n  data sample i s  used t o  
determine the wind, g iving a Nyquist frequency of 10 min. Bowever, -if the 5 ~ i n  
sample i s  assumed t o  be block average the re  i s  some at tenuat ion of short-period 
f luc tua t ions  a s  shown i n  Figure 1. 

Once the  A$ a r e  found, the  wavelength and d i rec t ion  can be found by a 
l e a s t  squares f i t  t o  the phase differences.  Each phase di f ference a u l d  be 
weighted by the appropriate coherence, but t h i s  i s  not done a t  present. Data 
with low NOD w i l l  g ive  the same r e s u l t s  regardless  of weighting i n  any case. 
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Figure I .  Attenuation due t o  a block f l i t e r  of length T=5 min. 

Further cross  checking i s  poss ible  by combining N and E components f o r  a 
given spec t ra l  frequency t o  form an e l l i p t i c a l  o s c i l l a t i o n  a t  each s i t e .  For a 
gravi ty  wave, the  hor izonta l  component of o s c i l l a t i o n  i n  the wind vector should 
be along the  d i rec t ion  of propagation, consequently, the tilt angles of the 
e l l i p s e s  should a l l  be i n  t h i s  d i rect ion.  I n  pract ice ,  because of ana lys i s  
noise and other  possible f a c t o r s  discussed l a t e r ,  t h i s  i s  seldom the case. + 

VERTICAL VELOCITY AND WAVELENGTH 

These can be found by cross  spec t ra l  ana lys i s  between d i f fe ren t  heights  a t  
the  same s i t e .  The calcula ted phase di f ference a t  the smallest  height 
separation,  A@V should again be between k n/2 t o  reduce doubt i n  the  correct  
quadrant f o r  the phase. This r e s t r i c t i o n  can be relaxed i f ,  fo r  example, i t  is  
assumed t h a t  the phase ve loc i ty  i s  always downward, or t h a t  there  a r e  no waves 
present with wavelength l e s s  than twice the minimum height separation. The 
above r e s t r i c t i o n  l i m i t s  t h e  minimum acceptable wavelength t o  12 km with our 
systen ( 3 - h  t ransmit ter  pulse width). However, assuming t h a t  the sca t t e r ing  
l aye r s  vary with height, or t h a t  the re  i s  volume s c a t t e r  present over the 5- or 
6-hr observing period, the shor ter  wavelengths should be attenuated and 
a l l e v i a t e  the problem of phase ambiguity. 

Consistency i n  the da ta  i s  checked by comparing the wavelengths (and sense, 
up or down) fo r  two d i f f e r e n t  height separations.  As i n  the hor izonta l  wave 
measurenent, the ve loc i ty  is  found from the wavelength and frequency. 

CX)NSIDERATION S I N  NUMERICAL ANALYSIS 

Some of the problens encountered i n  ana lys i s  a r e  low frequency resolut ion,  
pa r t i cu la r ly  a t  periods of an hour or more, and gaps i n  the data sequence 
combined with possible sidelobes of strong spec t ra l  peaks (pa r t i cu la r ly  the  
semidiurnal t ide ,  which i s  removed before analys is) .  

The frequency reso lu t ion  problen i s  t o  a large  extent inherent i n  the 
attempted measurement. Even i f  the gravi ty  wave source sends out a continuous 



wave t r a i n ,  changes i n  the background wind f i e l d  (especia l ly  t i d a l  motions) w i l l  
change propagation conditions over periods of several  hours, so tha t  the wave 
cannot be expected t o  be s t a t i s t i c a l l y  s ta t ionary for  longer periods of observa- 
t ion.  Given tha t  longer periods of observation do not help i n  measuring s ing le  
waves, the r e so lu t ion  problem becomes acute a t  long periods. For example, a 
6-hr observation period w i l l  have Fourier components a t  6 ,  3 ,  2, 1.5 ... hr. 
When the  data  a re  tapered t o  reduce possible sidelobes, the resolut ion becomes 
even poorer, and waves of period say, 1-3 hr ,  may be combined i n  one spec t ra l  
estimate. Higher frequency waves have smaller amplitude ' o sc i l l a t ions  and run 
i n t o  ana lys i s  noise problens (from the individual  wind determinations). 

For idea l  data,  a l l  values i n  the sequence a r e  present, and the  e f fec t  of 
tapering can be calculated.  Gaps produce e x t r a  sidelobes which depend on the 
gap d i s t r ibu t ion ,  and it i s  possible t h a t  i n  extreme cases, tapering could do 
more harm t h a t  good. 

These problens may be the  reason tha t  spec t ra l  peaks a t  the th ree  s i t e s  (or 
even between N and E components a t  one s i t e )  a r e  often a t  d i f f e ren t  frequencies;  
which i s  why methods other  than spec t ra l  peak se lec t ion  have been used i n  the 
choice of data. 

SOME PUZZLING DATA 

N and E spec t ra l  ana lys i s  f o r  a 5-hr. period a r e  shown i n  Figures 2 and 3. 
A 10% cosine taper has been used a t  each end of the raw data,  and the  cross  
spect ra  smoothed somewhat before calcula t ing the phase differences.  The wave 
parameters shown have been calculated from spec t ra l  components which a r e  above 
the  noise l eve l  (i.e., the average amplitude between 20- and lO-min period),  and 
have an NOD l e s s  than 0.3. The h' and E spectra  a re  q u i t e  d i f fe ren t  i n  places, 
which might be expected i f  the wave d i rec t ion  i s  close t o  N or E; and the  s ing le  
component spect ra  d i f f e r  between s i t e s ,  possibly due to  analys is  noise or gap 
d i s t r i b u t i o n  problens (each s i t e  i s  required t o  have more than 50% da ta  
existence before spect ra  a re  ca lcula ted)  which a re  l i k e l y  t o  cause sidelobes 'a t  
d i f f e r e n t  frequencies. The two periods of i n t e r e s t  a r e  near 2-hr and j u s t  below 
l -hr  period, where both components have wave parameters. Bpproximate parameters 
a r e  shown below. 

N E 
- 

Period 0 X V 0 X V 
20 m / s  120 km 15 m/s --- - -  - - -..-- 2 hr 160 ' 100 km 350' 

1 hr 330' 110 km 30 m/s 80 ' 200 km 50 m/s 

The tilt angles were f a i r l y  s t a b l e  around 2 hr and a r e  shown below. 

.m& 
Park 
Drew s 
Watson 

T i l t  (E of N) 
120" 

Axial   at ( ~ a j / M i n )  
2.4 
2.2 
4.6 

It can be seen t h a t  the wave d i rec t ions  given by M and E components a r e  almost 
diirmetrically opposite for  the 2-hr data,  and the o s c i l l a t i o n s  i n  wind a re  a t  
r i g h t  angles t o  both ! The da ta  a re  not normally q u i t e  t h i s  contradictory,  but 
t h i s  puzzle must be explained before confidence can be placed i n  the r e s t  of the 

- r e s u l t s .  

One p o s s i b i l i t y ,  which unfortunately does not appear t o  have a solut ion a t  
present,  i s  t h a t  there  i s  more than one wave present i n  the spect ra l  bandwidth, 
with possibly d i f f e r e n t  speed, wavelength, and di rect ions .  I f  the d i rec t ions  
a r e  the same, then s i g n i f i c a n t  cance l l a t ion  can occur a t  d i f f e r e n t  s i t e s .  Table 
1 shows some examples of the r e s u l t s  expected i f  two waves a t  the same frequency 
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Figure 2. .  Results for  torthward component. 

are eumed. The anplitude of osci l la t ion,  direction of propagation (E of N), 
the wavelength (km) and the absolute phase (e.g., a t  one s i t e )  a re  given for  
each wave. The resul t ing N and E spectral mnplitudes, t ilt  angle and axial  
r a t i o  of the e l l i p t i c a l  osc i l l a t ion  a re  shown for each s i t e ,  and the calculated 
wavelength and direct ion for  the resul t ing wave for  separate N and E components. 
The NOD i s  by defini t ion ident ical ly  zero, since the frequency of osc i l l a t ion  i s  
the m e  a t  each s i te .  
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Figure 3 .  Results for  eastward component. 

Table 1. Nmerical simulation of resul t ing wave parmeters 
when two waves are combined i n  the measurenent. 
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5. CRITERIA FOR SITE SELECTION AhTD FBEQUEIICY ALLOCATION 
(Keynote Paper)  

J.  Rottger* 

EISCAT S c i e n t i f i c  Associa t ion  
5-981 27 Kiruna, Sweden 

During the  f i r s t  Workshop on Technical Aspects of EIST Radar two recommen- 
d a t i o n s  were adopted on s i t e  and frequency s e l e c t i o n ,  which f i r s t  s h a l l  be re-  
pea ted  he re ;  then we w i l l  make suggest ions a s  t o  how t o  implement t he  recom- 
ruendations, a s  w e l l  a s  summarize e x i s t i n g  r e s u l t s ,  c r i t e r i a  and experiences t o  
support  t h e  design of planned radars .  Since the  c r i t e r i a  t o  ope ra t e  a r a d a r  
w i l l  be q u i t e  d i f f e r e n t  according t o  i cd iv idua l  requirements of r e sea rch  groups, 
only summaries of i tems w i l l  be considered without aiming too s t rongly  a t  t h e i r  
i nd iv idua l  assessments. 

. ( a )  Recommendation on S i t e  Se l ec t ion  

Although the  a c t u a l  i n t e r f e r ence  problem w i l l  no t  be known u n t i l  the  an- 
tenna and r ece ive r  a r e  i n s t a l  led,  t he  prudent experimenter w i l l  conduct t e s t s  
of i n t e r f e r ence  before  s e l e c t i n g  a s i t e .  For l a r g e  and expensive f a c i l i t i e s  
t he se  t e s t s  should be extens ive  and sens i t i ve .  A small  d i r e c t i o n a l  antenna nay 
be s u i t a b l e  t o  simulate s ide lobe  s e n s i t i v i t y  of r ada r s ,  but i t  should be re-  
menbered t h a t  soph i s t i ca t ed  data-processing methods make system s e n s i t i v i t y  ex- 
tremely good; t he re fo re  it would be advisable  t o  use ( i f  pos s ib l e )  t h e  complete 
d a t a  system t o  look f o r  i n t e r f e r ence .  These measures would c e r t a i n l y  be c a l l e d  
f o r  before  i n s t a l l i n g  expensive, f i x e d  s i t e s .  

( b )  Recommendation on Frequency Se l ec t ion  I 

There i s  t he  d i f f i c u l t y  of a l l o c a t i o n  of f requencies  -- almost continuous 
use by these  r ada r s  w i l l  be made when the  band 40-60 l2lz i s  a l l o c a t e d  t o  o the r  
s e rv i ces .  I t  was agreed t h a t  URSI should be contacted t o  see i f  they can make 

- ove r tu re s  t o  CCIR concerning t h i s  quest ion.  

- ,A l o r e  a t t e n t i o n  should be paid t o  the problem of designing 11ST rada r  an- 
tenna wi th  lower s ide lobes  which w i l l  he lp  both t r ansmi t t i ng  and rece iv ing .  
This  w i l l  he lp  i n  the  problem of PIST r ada r s  i n t e r f e r i n g  wi th  each o t h e r  i n  
fu tu re .  

SITE SELECTION 

For s e l e c t i n g  a l oca t ion  of an IlST r a d a r ,  one bas i ca l ly  has t o  cons ider  
two genera l  c r i t e r i a ,  namely ( a )  the  geophysical/meteorological phenonena which 
s h a l l  be i nves t iga t ed  and (b )  t he  ope ra t iona l  requirements and c a p a b i l i t i e s  one 
needs and which l i m i t a t i o n s  one i s  a b l e  t o  accept .  

Direc t ions  of p r i o r i t y  of r e sea rch  could be towards synopt ic  s c a l e s  ( t i n e  
s c a l e  of days) ,  mesoscale (hours)  o r  microsca le  (minutes). ~ i c ' r o s c a l e  d i s tu rb -  
ances i n  the  atmosphere a r e  pa r t l y  connected t o  orographic f e a t u r e s  (mountains, 

* presen t ly  a t  Arecibo Observatory, Arecibo, Puerto Bico, on leave from Max- 
Planck-Ins t i tu t  f u r  Aeronomie, Lindau, W. Germany. 



i s l a n d s )  and can influence considerably the accuracy and evidence of inves t i -  
ga t ions  of synoptic and mesoscalq f ea tu res .  The l a t t e r  a r e  a l so  influenced by 
the  orography. Decision consequently has t o  be made t o  s e t  up a radar  i n  a 
mountainous or i n  a p l a in  area.  Of  course a l s o  global climatology, i . e .  re- 
search d i r e c t  ed towards t r o p i c a l ,  midla t i tude  o r  a r c t i c  atmosphere, w i l l  in- 
f luence the  se l ec t ion  of the  radar  location.  

Some c r i t e r i a  t o  se l ec t  a s i t e ,  placing p r i o r i t y  on optimum opera t ion:  

(1) Size  of a rea  ( s u f f i c i e n t  f o r  antenna and equipment). 
(2) F la tness  and hor izonta l  l eve l l ing ,  (antenna pa t t e rn  accuracy). 
(3)  Vegetation, e.g. grass ,  bushes ( influence maintenance of antenna). 
(4) Composition of ground, e.g. rocks, s o f t  s o i l ,  swamp, ... ( inf luence  

antenna const ruct ion and r e l i a b i l i t y ) .  
(5)  Cult ivated o r  wasteland (in£ luences cos t s ) ,  
(6) Ca t t l e  or  wild animals (may des t ruc t  system), 
(7) Shielding by hi1 1s (avoid c l u t t e r  and a t t enua te  in ter ference) .  
(8)  Vic in i ty  of next house or  v i l l a g e  ( in ter ference ,  s ecur i ty ,  service) .  
( 9 )  Vicini ty  t o  i n s t i t u t e  or laboratory ( t r a v e l ,  t roub le  shooting, mainte- 

nance). 
(10) E l e c t r i c  power l i n e  (d is tance ,  cos t s  t o  connect the  system). 
(11) S t a b i l i t y  of l i n e  voltage,  ( r e l i a b i l i t y  of operation).  
(12) Water supply, 
(13) Road access. 
(14) Ava i l ab i l i t y  and cos t  of telephone l i n e ,  (voice and data  transmi- 

t i o n ) .  
(15) Noise in ter ference  from power l i n e ,  close-by f a c t o r i e s ,  roads ( igni -  

t i o n  noise).  
(16) Height above sea l eve l  (pick-up of long d i s t ance  groundwave in t e r -  

ference ,  higher a l t i t u d e  permits increase  of upper height t o  be 
sounded by radar) .  

(17) Distance frorl country border l i n e  (unexpected f u t u r e  radio in ter fer ;  
ence). 

(18) Costs t o  prepare the s i t e  and t o  r e n t  and t o  maintain the s i t e  (dura- 
t i on? ) .  

(19) Snow cover (antenna r e l i a b i l i t y  and road access).  
(20) Vindbreaks (antenra const ruct ion) .  
(21) P robab i l i ty  of flooding. 
(22) A i r c r a f t  f l i g h t  routes  ( c l u t t e r  and in ter ference) .  
(23) Other close-by rad io l r ada r  systems (mutual in ter ference) .  

These items may not be exhaustive but can give  a guidel ine  and were d is -  
cussed and completed during the  workshop discussions.  The weighting of these 
d i f f e r e n t  items has t o  depend on individual  o r i en ta t ions  and requirements. 

A shor t  discussion s h a l l  be added t o  i t e n  7 on the  c l u t t e r  problem (i .e. ,  
s igmil  r e tu rns  from unwanted t a r g e t s ) .  I n  another paper (Paper 5 .1-B, t h i s  
volume) t h i s  author concludes tha t  a shallow v a l l e y  may be s u f f i c i e n t  fo r  

a 

shie ld ing,  even a f l a t  p l a in  may be acceptable,  i f  no ext raordinary  condit ions 
(e.g., very  high extending mountains, bui ld ings  or radio  towers i n  the surround- 
ings  up to  severa l  10 Ian) spo i l  the atmospheric s ignal .  Also seac lu t t e r  can be 
avoided by these means. C lu t t e r  from f i e  ld-aligned ionospheric i r r e g u l a r i t i e s ,  
however, can occur a t  locat ions  close to  the magnetic equator a t  near zeni th  
angles (through the antenna main lobe) and a t  high l a t i t u d e s  a t  low e leva t ion  
angles (through low angle sidelobes ) . 
FREQUENCY SELECTION AND ALLOCATION 

Following' the ea r ly  opera t ion of the  Jicamarca Radar which proved i t s  
a p p l i c a b i l i t y  fo r  probing the  mesosphere, s t ra tosphere  and troposphere, the 



following generation of radars  operated i n  the same frequency band between 40 
MHz and 55 IIHz ( ~ i g u r e  1) .  Although it proved t rue  tha t  very e f f i c i e n t  radar  
inves t iga t ions  of the lower and middle atmosphere can be done using these f r e -  
quencies (which i n  the ear ly  times was strongly questioned by t r a d i t i o n a l  radar 
meteorologis ts ) ,  it i s  not y e t  es tabl ished t h a t  t h i s  frequency band i s  the 
optimum. Lower frequencies obviously may su f fe r  from interference due t o  iono- 
spher ic  propagation and a s t rong increase i n  sky noise (about inversely propor- 
t i o n a l  t o  the  square of frequency), but w i l l  allow la rge r  antenna areas  (in- 
crease  of echo s ignel  s t rength)  and may y ie ld  stronger contr ibut ions  from par- 
t i a l  r e f l ec t ion .  On higher frequencies the  noise l w e l  decreases,  improving 
the  s e n s i t i v i t y  and thus may allow operating with lower t ransmit ter  power and 
antenna gain. Hawwer, the  wave number spectrum of atmospheric r e f l e c t i v i t y  i s  
not y e t  known suf f i c i en t ly  accurately t o  pennit  a f i n a l  decis ion which frequency 
may be optimum. An upper l i m i t  i s  obviously given by the high frequency bound- 
a ry  of . the  i n e r t i a l  subrange of atmospheric turbulence, determining the maximum 
height t o  be sounded. Mesospheric turbulence s c a t t e r ,  fo r  instance,  cannot be 
detected a t  much higher frequencies than 50 MKz, and a t  430 PEz the upper height 
i s  even a s  low as  about 30 km. It i s  evidently noticed a l s o  (Table 1 )  t h a t  a l l  
higher frequency radars  (430/440 MHz, 930 1Hz or 1290 >Hz) use considerably 
higher power, although the reason is  t h a t  these radars  a r e  operated mainly fo r  
incoherent s c a t t e r  observations of the ionosphere. We w i l l  concentrate here on 
the  frequency se lec t ion  and a l loca t ion  i n  the standard frequency band of PET 
radars  i n  the  low VfIF range. 

During the  l a s t  World Administrative Radio Conference i n  1979, worldwide 
frequency a l loca t ions  were newly arranged and accepted. I n  Table 2 we have 
summarized the  a l loca t ions  between 30 lfllz and 68 Wz,  which a r e  subdivided 
according t o  the worldwide Regions I, I1 and I11 (Standard of the ITU-Inter- 
nat ional  Telecommunications Union, see Figure 2) .  Except f o r  three  f a i r l y  nar- 

. row bands 30.005-30.010 llI!z, 37.5-38.25 MHz, 40.66-40.70 lMz, no specia l  a l -  
locat ions  a r e  furnished for  s c i e n t i f i c  research purposes on an in te rna t iona l  
basis.  The used VIIF radar  frequency bands a r e  merely a l located through nati'on- 
a1  a u t h o r i t i e s ,  and i t  i s  evident t h a t  no legal  claim can be brought forward by 
radar  researchers  t o  obta in  a frequency a l locat ion.  The radars  a r e  permitted 
only to  operate on the noninterference bas i s ;  i .e .  they have t o  cease opera- 
t i o n  i f  in terference to  the primary or secondary services  operating i n  the same 

- .  - - band i s  reported.  The services  which most l i k e l y  can be a f fec ted  a r e  the f ixed  
and mobile (example i n  Table 3a) ,  the  amateur (Table 3b) and the  TV broadcast 

- -  - -- --.. .- .-- A se rv ice  (Table 2) .  Fortunately,  no major complaints by these. services  a re  

- known which would prevent VHF radar  operation or even y ie ld  t o  decisions of 
nat ional  a u t h o r i t i e s  t o  ref use issuing new licenses.  
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Table 2. Worldwide frequency allocation plan (ITU). Capital letters  denote 
primary services. 
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F i g u r e  2. ITU-Regions. 

Because of  t h e  f a c t  t h a t  t h e  VHF r a d a r s  mos t ly  cover  a  f a i r l y  wide band- 
width (100 kHz-2 I.Mz), t h e  t r a n s m i t t e d  energy i s  spread  o u t  i n t o  a  f a i r l y  wide 
f requency  band, which y i e l d s  l e s s  i n t e r f e r e n c e  t o  narrow band o p e r a t i o n s  such  
a s  t h o s e  of  t h e  f i x e d ,  mobi le  o r  amateur s e r v i c e s .  Furthermore,  i n t e r f e r e n c e  1 

i s  s t r o n g l y  suppressed  because t h e  mai r  bean1 d i r e c t i o n  of VHF r a d a r s  i s  v e r t i -  
c a l .  Only a  minor f r a c t i o n  of t h e  energy i s  t r a n s m i t t e d  h o r i z o n t a l l y  th rough  
t h e  s i d e l o b e s  where it could cause harmful  i n t e r f e r e n c e  t o  t h e  o t h e r  s e r v i c e s .  
More o b s e r v a t i o n  has  t o  be p o i n t e d  t o  t h e  f a c t  t h a t  t h e  r a d a r  r e c e p t i o n  w i l l  

- be  d i s t u r b e d  by t r a n s m i s s i o n  of o t h e r  s e r v i c e s .  

T h i s  problem, however, i s  most ly n o t  too  c r u c i a l  i f  p r o v i s i o n  i s  made t h a t  - - A -..---A t h e  o p e r a t i o n s  a r e  p roper ly  s e p a r a t e d  i n  space and f requency .  S ince  e s s e n t i a l -  
l y  ground wave propaga t ion  o c c u r s ,  t h e  f i e l d  s t r e n g t h  of i n t e r f e r i n g  s i g n a l s  
w i l l  be  n e g l i g i b l e  a t  d i s t a n c e s  of s e v e r a l  10 km. However, i n  t h e  lower VHF 
range  i o n o s p h e r i c  p ropaga t ion  can s t i l l  occur  and d r a s t i c a l l y  i n c r e a s e  t h e  
i n t e r f e r e n c e  l e v e l .  T h i s  i s  shown i n  t h e  example of F i g u r e  3 ,  where t h e  d i u r n a l  
v a r i a t i o n  of f requency occupa t ion  monitored i n  December 1979 and January  1980 a t  
t h e  Arec ibo  Observatory i s  shown ( a f t e r  ROTTGER, 1980). S i g n a l s  observed i n  t h e  
morning hours  (06-12 AST) e v i d e n t l y  o r i g i n a t e d  through i o n o s p h e r i c  p ropaga t ion  
from t h e  US mainland. The cumula t ive  d i s t r i b u t i o n s  of F igure  4  i n d i c a t e s  
occur rence  maxima a t  two channe ls  around 43 IDIz and 49.5 EElz which were due t o  
l o c a l  t r a f f i c .  The b e s t  c h o i c e  of f requency was 46.8 bDlz. It i s  s t r o n g l y  
suggested t o  c a r r y  ou t  s i m i l a r  f requency surveys  b e f o r e  app ly ing  f o r  a  l i c e n s e  
t o  o p e r a t e  a  VIIF r a d a r .  

We s e e  from Table  2  t h a t  t h e  band 47 (541-58 ltllz i s  most ly covered by TV 
broadcas t  a l l o c a t i o n s  (TV-band I ) ,  a l though  p a r t i a l l y  a l s o  t h e  f i x e d  o r  mobile  
and t h e  amateur s e r v i c e  i s  permi t ted .  The TV broadcas t  covers  a  much wider  
bandwidth than t h e  r a d a r  o p e r a t i o n  and can be  q u i t e  s e n s i t i v e  t o  i n t e r f e r e n c e  
( t h e  v i d e o  channel  i s  much more s e n s i t i v e  t o  i n t e r f e r e n c e  than  t h e  aud io  chan- 
n e l ) .  I n  F i g u r e  5 t h e  r e q u i r e d  i n t e r f e r e n c e  suppress ion  (accord ing  t o  CCIR) i s  
shown f o r  a  TV channel .  I t  i s  n o t i c e d  t h a t  t h e  requirements  a r e  most s t r i c t  



Table 3. a )  National frequency a l loca t ion  plan of United Sta tes .  
b) Amateur radio bmd plan (50 MHz). 
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Figure 3. Occurrence of s igna l s  a s  funct ion of time of day (ASTI and frequency 
a t  the Arecibo Observatory i n  December 1979 and January 1980. 

a t  frequencies close t o  the video, colour and audio ca r r i e r s .  

Extensive f i e l d  'and laboratory measurements, which were done i n  prepara- 
t i o n  of the l icence appl icat ion phase of the SOUSY-VHF-Radar i n  W. Germany, 
showed t h a t  radar  operation i n  a TV channel i s  possible without caueing mutual 
in terference.  It was shown t h a t  a radar  operation (cen t reca r r i e r )  frequency 

f r  53.5 MHz, i.e. a frequency between the colour and the  audio c a r r i e r ,  
causes the l e a s t  in terference t o  TV reception.  Also a frequency jus t  a t  the 
lower l i m i t  of a TV channel (e.g. f = 54.0 MNz) can be acceptable. Accord- 
ing t o  the subdivision of TV-band  into channels, the video c a r r i e r  frequencies 





a r e  a t  f = 48.25, 55.25 and 62.25 MHz. Radar ope ra t i on  ( c e n t r e )  f requencies  
f r  = f Y 5.25 MHz o r  f r  = f v  - 1.25 MHz a r e  accordingly most s u i t a b l e .  

v 

Fu r the r  f i e l d  measurenents made dur ing  t he  e a r l y  ope ra t i on  of t he  SOUSY- 
VHF-Radar ( f  = 53.3 MHz, i n  a channel  used by a TV-broadcast s t a t i o n  a t  160 km 
d i s t a n c e )  d i d  n o t  i n d i c a t e  any i n t e r f e r e n c e  t o  TV users .  I t  even was found 
t h a t  t he  r a d a r  s i g n a l  was no more d e t e c t a b l e  (because of mountain sh i e ld ing  and 
s i d e l o ~ e  suppress ion)  a t  some 10 Icm d i s t a n c e  from the  radar .  Occasional  in- 
c r e a s e s  of no i s e  l e v e l  observed w i th  t he  SOUSY-VHF-Radar might have been caused. 
by i nc rea sed  TV f i e l d  s t r e n g t h  a t  the  r a d a r  s i t e  dur ing  enhanced t roposphe r i c  
propagat ion  condi t ions .  Very short- term i n t e r f e r e n c e  (seconds t o  minutes dura- 
t i o n ) ,  observed ve ry  r a r e l y ,  was a t t r i b u t e d  t o  mobile s t a t i o n s  i n  the  v i c i n i t y  
of t h e  radar .  During summertime a l s o  TV s i g n a l s  from southern Europe occasion- 
a l l y  occurred  through r e f l e c t i o n  a t  sporadic-$ layers .  
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RECOMMENDATION 

SITE SELECTION 

Noticing t h a t  

( 1 )  f o r  a v a r i e t y  of meteoro logica l  i n v e s t i g a t i o n s  i n f luences  of orography 
a r e  a d i s tu rb ing  f a c t o r ,  

( 2 )  c l u t t e r  and i n t e r f e r e n c e  i s  mostly experienced t o  be minor problem, 

t he  not ion  i s  supported 

t o  p r e f e r ab ly  l o c a t i n g  EST r a d a r s  i n  f l a t  t e r r a i n  r a t h e r  than i n  mountainous re- 
g ions  (excluding,  obviously,  r e sea rch  on orographic  i n f luences  on meteoro logica l  
phenomena ) . 



RECOMMENDATION 

FREQUENCY ALLOCATION 

Noticing t h a t  

(1) Licenses t o  operate V ~ ~ F / U H F  r ada r s  a r e  granted by nat ional  a u t h o r i t i e s  
i n  a cooperative manner, and operat ion has t o  be on a noninterference 
basis.  

(2) Crucial  in te r fe rence  due t o  radar  operat ion has not y e t  been reported. 
(3)  The number of VHF/UIfF r ada r s  used f o r  research purposes has already 

increased and obviously w i l l  s t ead i ly  increase,  and these radars may 
w e n  be included i n  operational meteorological systems which w i l l  
increase t h e i r  number explosively. 

It i s  recommended t h a t  formal s t eps  s h a l l  be undertaken t o  form a 
spec ia l  study group of CCIR t o  co l l ec t  experiences and def ine  requirements and 
standards t o  f a c i l i t a t e  negot ia t ions  with the  l icensing a u t h o r i t i e s  and t o  
introduce these operations o f f i c i a l l y  i n t o  an in te rna t iona l ly  accepted f re -  
euency a 1  locat ion schene . 



5.1A FREQUENCY AND SITE SELECTION CRITERIA FOR MST RADARS 

G. D. Nastrom 

Control  Data Corporation 
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Minne apo li s , MN 5 5440 

The majority,  if not a l l ,  MST and ST radars  f o r  which data  are  current ly  
ava i l ab le  a r e  located i n  o r  near mountainous ter ra in .  When measuring horizon- 
t a l  v e l o c i t i e s ,  the t e r r a i n  i s  a small f a c t o r ,  but when measuring v e r t i c a l  ve- 
l o c i t i e s .  the meteorological noise induced by rough t e r r a i n  can severely l i m i t  
the  usefulness of the  observations. For example, the  synoptic-scale v e r t i c a l  
ve loc i ty  i s  of prime importance f o r  many meteorological purposes. but i t  i s  
usually small, l e s s  than 10 cm s'l o r  so. (Synoptic sca le  includes motion 
systems with time scales  roughly from t h r e e  t o  24 hours). When the variance of 
the v e r t i c a l  ve loc i ty  i s  too large.  i t  i s  not possible t o  sui tably  f i l t e r  the 
da ta  t o  detect  the small synoptic-scale s igna l  with reasonable s t a t i s t i c a l  con- 
fidence. It i s  we l l  es tabl ished t h a t  the variance of v e r t i c a l  ve loc i ty  a t  a l l  
tropospheric l eve l s  i s  d i r e c t l y  r e l a t e d  t o  the  low leve l  wind speed during flow 
over rough t e r r a i n  (e.g., ECKLUND e t  al., 1982; NASTROl4 e t  al.,  1984). Also, 
the  v e r t i c a l  ve loc i ty  may be  biased by standing l e e  waves during flow over 
rough t e r ra in .  On the other  hand, our s tud ies  suggest tha t  the swopt ic-scale  
v e r t i c a l  ve loc i ty  can be measured by ST radars  where the t e r r a i n  i s  smooth. 

The important point  i s  t h a t  the large-scale (synoptic-scale) v e r t i c a l  ve- 
l o c i t y  cannot always be  r e l i a b l y  determined from MST radar data when the under- 
ly ing t e r r a i n  i s  rough. A s  the  v e r t i c a l  ve loc i ty  i s  po ten t i a l ly  one of the  
f u t u r e  radar  s i t e  se lect ions ,  taking i n t o  account the des i red meteorological 
appl ica t ions  of the  data  a s  well a s  engineering design fac to r s .  Especially .' 
i f  the synoptic-scal e v e r t i c a l  ve loc i ty  i s  a desired var iable ,  the radar  should 
not be located near mountains. 
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5.1B MIST DESIRABLE TERRAIN, e.g., FLAT VS VALLEY LOCATION 
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TEE INFLUENCE OF GROUND REFLECTIONS ON TEE ANTENNA DIAGRAM AT LOW ELEVATION 
ANGLES AND THEIR EFFECT ON RADAR GROUND CLUTTER AND INTERFERENCE 

For obtaining an es t imate  it i s  assumed t h a t  ground r e f l e c t i o n s  a r e  s i m i -  
l a r  for  a l l  (Yagi) elements of a  phased array and they jus t  change the radia- 
t i o n  pa t t e rn  of the s ing le  elements. This. consequently y ie lds  a  change of the 
r ad ia t ion  pa t t e rn  of the e n t i r e  array.  I t  i s  furthermore assumed and deemed t o  
be j u s t i f i e d  t h a t  the r ad ia t ion  pa t t e rn  of a  Yagi antenna can be t r ea ted  i n  a  
good approximation f o r  the present purpose, s imi la r  t o  the  pa t t e rn  of a  s ing le  
dipole,  i f  one confines t o  r ad ia t ion  angles which a re  roughly perpendicular t o  
the  main bean of the Yagi antenna (e.g. a t  low elevat ion angles f o r  v e r t i c a l l y  
pointing Yagis). 

Assume the geometry given i n  Figure 1. Antenna A i s  located a t  a  height 
z  above the ground. The d i r e c t  path length between the antenna and the  
c f u t t e r  t a rge t  C i s  rl,  and the  path length of the wave, r e f l ec ted  a t  R on 
the  ground surface,  i s  r2. The hor izonta l ly  s t r a t i f i e d  ground surface has 
the  complex r e f l e c t i o n  coef f i c i en t  p .  The height of the  c l u t t e r  t a r g e t  above 
the ground surface i s  zC, and the ground dis tance between antenna A and c lut -  
t e r  t a rge t  C i s  d. 

Let E be f i e l d  s t rength  a t  C f o r  f r e e  space propagation, and ER the 
reeu l t ing  f i e l d  with ground re f l ec t ion ,  then 

2n r 2n r 
E~ 1 - = exp ( - i  ---r) + poerp (-i  -) 

X 
' (1) 

Eo 
where X i s  the wavelength of the radar  s ignal .  

Let us assume some l imi t ing  values,  which appear reasonable (X = 6 m): 

then a l  = a = a < 1.5'. Ground r e f l e c t i o n  a t  R i s  wi thin  1OOA of antenna 
i f  a > 0.507 e.g. ground i s  assumed f l a t  ( inc l ina t ion  to  the hor izonta l  smaller 
than A )  out  t o  several  hundred meters from the antenna. 

The r e f l e c t i o n  coef f i c i en t  fo r  hor izonta l  polar iza t ion (propagation di- 
r e c t i o n  perpendicular t o  a x i s  of d ipole)  i s  

s i n  a  -Je, - COS-a 
Ph = 

s i n  a  +JT 
and f o r  ' 'vert ical ' '  polar iza t ion (propagation d i rec t ion  i n  d i rec t ion  of d ipole  
a x i s  ) 

* 2 
e * s i n  4 -JET - cos 4 r 

p-- = 
c r * s i n  + 9- 

'presently a t  Arecibo Observatcry, Arecibo, Puerto Rico, on leave from 
lax-Planck-Institut f u r  Aeronomie, Lindau, W. Germany. 



Figure 1. Geometry t o  ca lcu la te  in te r fe rence  f i e l d  a t  C of d i r e c t  
wave and ind i rec t  wave, r e f l e c t e d  on the ground surface a t  R. 

* 
where cr is the complex pe rmi t t iv i ty  given by 

with E~ = d i e l e c t r i c  constant ( r e l a t i v e ) ,  o = ground conductivity. 
For a < l.SO, these reduce t o  

P" * -1. 

(The devia t ion from -1 i s  f a i r l y  neg l ig ib le  f o r  low elevat ion angles and 
reasonable ground pe rmi t t iv i ty  and conductivity.  Using Q = -1 i n  equation (1) '  
fo r  rl + r2 elucidates  the c l u t t e r  reduction1 ) 

For zA < zC << d, we obta in  f o r  the two-way ( radar)  case 

-- E~ 
2n zA0zC 

- = 4 s i n  . 
Eo 

- Since- zC i s  mostly much l a r g e r  than zA, the  a l t i t u d e  extension of the 
c l u t t e r  t a r g e t  e s sen t i a l ly  detennines the c l u t t e r  echo strength.  Inse r t ing  the 
l imi t ing  values  z < A, zC < 5X, d > 250X, equation (2)  y ie lds  - A 

P, 

3 (, 0.07 (g -24 dB). 
E 

0 

To i l l u s t r a t e :  The ground r e f l e c t i o n  reduces the c l u t t e r  echo s t rength  by 
a t  l e a s t  24 dB f o r  t h i s  f a i r l y  exposed condition of a highly elevated t a r g e t  

, (e.g., top o t  an antenna tower a t  30 m height a t  1500 m d is tance) .  A tower 
with 10 m height would y ie ld  a c l u t t e r  s t rength  reduced by another 20 dB. 

It i s  evident t h a t  most of the c l u t t e r  contribution comes form the top 
par t  of s ~ s h  targets .  This i s  because of the quadrat ic  a l t i t u d e  weighting ( for  

= .=c << 3% ) given by (2),  and because the l a rge r  the e levat ion a, the more 
t i e  groun r e f l e c t i o n  coef f i c i en t s  deviate from -1. Of course the actual  c lu t -  
t e r  echo s t r en th  depends a l s o  on the t o t a l  r e f l e c t i o n  coef f i c i en t  of the c l u t t e r  
t a rge t s  (has t o  be in tegrated) ,  which, however, may not change so strongly a s  
the height dependence given by (2). C lu t t e r  r e tu rns  from local ized (point or 
l i n e )  t a r g e t s ,  e.g. TV towers or bgildings,  w i l l  be weaker than d i s t r ibu ted  
(area)  t a rge t s  because of t h e i r  r dependence. From equation (2)  it i s  de- 



duced t h a t  c l u t t e r  r e tu rns  may g e t  f a i r l y  strong i f  zC i s  large.  This would 
be, f o r  instance,  the case f o r  mountains extending up t o  several  hundred meters2 
o r  even higher  a l t i t u d e s .  Addi t ional ly ,  f o r  such extended t a r g e t s  only an r 
dependence appl ies  and the t a r g e t  r e f l e c t i o n  coeff ic ient  can be orders  of magni- 
tude larger  than f o r  s ing le  towers or buildings.  

One has t o  keep i n  mind t h a t  P v  devia tes  substant ia l ly  from -1 for  a l -  
ready very small e levat ion angles,  which i s  not the case f o r  Ph. It follows 
t h a t  i n  d i r e c t i o n  of the d ipo le  a x i s  the cancel la t ion of d i r e c t  and ground re- 
f l e c t e d  wave i s  no more e f f i c i e n t ,  except of f o r  very grazing e l w a t i o n  angles. 

Similar t o  c l u t t e r  probleus with elevated t a rge t s ,  the  reverse can happen 
a l so ,  namely probleas with an elevated antenna. Equation (2)  shows t h a t  t h i s  
problem can be t r ea ted  i n  an exactly equal way. It shows t h a t  obviously very 
c r i t i c a l  c l u t t e r  can occur even from f a i r l y  low targets .  Pa r t  of these c l u t t e r  
problens can be explained by the f a c t  t h a t  the d i rec t  r ad ia t ion  i s  f a i r l y  inef-  
f i c i e n t l y  cancelled by the ground-reflected rad ia t ion  because of the not grazing 
incidence angle t o  the e a r t h ' s  surface. 

Equation (21, of course, a l s o  y ie lds  an es t imate  f o r  in terference pick-up 
i f  one assumes a t ransmit ter  (TV, broadcast ,  etc.) with antenna height zC. 
Again, the  ground-reflected s igna l  a t  low e l w a t i o n  angles almost el iminates,  
o r  a t  l e a s t  strongly reduces, d i r ec t  s ignals .  Equation (2)  a l s o  indicates  t h a t  
the  ground c l u t t e r  suppression improves by lowering the  rada r  antenna; the  
s ing le  feed elements of the antenna (or t h e i r  phase centrum), however, must not 
be a quar ter  wavelength above the ground t o  obta in  the r a d i a t i o n  suppression a t  - low angles. 

SUMMARY 

It i s  shown t h a t  ground r e f l e c t i o n  very  e f fec t ive ly  cancels the r ad ia i ion  
a t  grazing angles (a So)  because the reflected'wave su f fe r s  a phase reve r sa l  
during re f l ec t ion .  This even can suppress low  sidelobes 'of the a r ray  pa t t e rn  
vhich may be regarded a s  c r u c i a l  without taking i n t o  account ground re f l ec t ions .  
The loca t ion  of an a r ray  antenna a t  a f l a t  ground (extending out t o  several  100 
m) may be s u f f i c i e n t ,  but a shallow va l l ey  should generally be preferred t o  
e l iminate  the low angle r ad ia t ion  e f fec t s .  Bowever, high extending t a rge t s ,  
such a s  r ad io  towers o r  mountains i n  the close v i c i n i t y ,  w i l l  s t i l l  cause con- 
s ide rab le  c l u t t e r  echoes, w e n  when optimizing the  antenna array fo r  low angle 
r a d i a t i o n  suppres sion. 



6. SUHMRY OF SESSION ON OPTIMUM TRANSMITTER AND ANTmNA CONFIGURATION 
FOR MST RADAR 

J. L. Green 

Aeronomy Labor a t  or y 
National Oceanic and Atmospheric Administration 

Boulder, CO 80303 

It i s  important fo r  persons t h a t  analyze i n t e r p r e t  MST radar  data t o  con- 
f e r  with those responsible f o r  the hardware incorporated i n t o  these systens. 
l b o  recent  examples of t h i s  necessary in te rac t ion  can be c i ted:  

(1) D r .  G. D. Nastrom has pointed out  t h a t  i n  order t o  obta in  the  average 
v e r t i c a l  veloci ty  r e l a t ed  t o  meteorological systems, the radar  an- 
tenna must be pointed with an accuracy of 0.1 degree. This is, of 
course, a fundamental consideration i n  the  design of,  the  radar  an- 
t enna . 

(2) The cost  of ed i t ing  spurious records from a radar  da ta  s e t  may wel l  
exceed the  cost  of a radar  antenna. This leads t o  a consideration of 
antenna sidelobe reduction t o  reduce the  number of spurious records. 

There were f i v e  papers presented i n  t h i s  session. Each paper led  t o  a 
discussion of improvements ' i n  the MST or  ST technique. These papers were : 

T/R Switch Design fo r  Short-Range Measurements by B. Yu. This was a de- 
sc r ip t ion  of a new PIN diode switch t o  replace the gas-discharge switch a t  the  
University of I l l i n o i s  radar.. This paper l ed  t o  a discussion of low a l t i t u d e  
measurements by ST radars.  The conclusion was t h a t  UHF radars  were b e t t e r  f o r ,  
t h i s  purpose . 

P r a c t i c a l i t v  of Elect ronic  Beam Steering f o r  MST/ST Radars by W. L. 
Clark and J. L. Green. This paper. presented by W. L. Clark, described a low 
cost  r e l ay  phase s h i f t e r  t h a t  could be used t o  s t ee r  the bean of a VHF antenna. 

-- A discussion ensued over the economics of a steered a r ray  versus the  use of 
separate antennas fo r  each bean position. It was concluded t h a t  i f  more than - . . - . --- two bem posi t ions  were used, s t ee r ing  was more economical. 

- 
Increase of Antenna Area Instead of Transmitted Power by J. Rottger. 

This paper pointed out t h a t  the s e n s i t i v i t y  of a radar t o  specular echoes (re-' 
ceived on a v e r t i c a l  bean) was proportional t o  the antenna a rea  squared. For 
t h i s  c l a s s  of echoes a g rea te r  increase i n  s e n s i t i v i t y  may be obtained from an 
increase i n  the  antenna area than from the same increase i n  transmitted power. 

The use of Interferometer Techniaues f o r  Beam Steer ing by J. Rottger. 
This paper proposed the use of a broad transmitted bean and an interferometer 
t o  invest igate  the angle of a r r i v a l  of radar echoes. I f  the output of each 
interferometer elenent was recorded, angular invest igat ions  can be made subse- 
quent t o  the actual  experiment. This paper l ed  t o  a discussion of the experi- 
mental p o s s i b i l i t i e s  of multibean systems such a s  the Butler matrice. The 
pr incipal  l imi ta t ion  of these techniques was the  loss  of s e n s i t i v i t y  due to  the 
spread of the  transmitted energy over a l a r g e  radar  volume. 

Testing and Ovtimizing MST Coaxial-Collinear Arrays, J. M. Warnock and 
J. L. Green. This paper, presented by J. M. Warnock, described a method of 
t e s t i n g  and ca l ib ra t ing  a VBF a r ray  with a movable probe and a vector voltmeter. 
The da ta  obtained from these t e s t s  can be used t o  calcula te  the polar  diagrrrm 
of the  antenna radia t ion and the  r e s i s t i v e  losses  of the antenna. Although the 
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prescribed time fo r  the end of the sess ion precluded fu r the r  d iscuss ion of t h i s  
technique, t h i s  presenta t ion may be expanded i n t o  a recommendation f o r  fu r the r  
study. 

RECOMMENDATION 

Since coaxial-coll inear antennas have come i n  t o  wide usage, and since 
probe measurements along a l i n e  of these dipoles indicate  a decrease i n  r ad ia ted  
power, f u r t h e r  study of t h i s  type of antenna should be made t o  determine the 
ape r tu re  e t f i c i ency  of t h i s  antenna type. It may turn  out t h a t  t h i s  na tu ra l  
taper ing reduces the sidelobe response of the  antenna. 



6.1A T/R SWITCH DESIGN FOR SHORT-RANGE NEASUREMENTS 

Aeronomy Laboratory 
University of I l l i n o i s  

Urbana, I l l i n o i s  61801 

The PIN diode switch i s  designed t o  protect  the receiver  from burnout or 
damage on transmission and channel the echo s ignal  t o  the  receiver  on reception. 
The t ransmit ter  peak power of Urbana Radar i s  a megawatt or more. The receiver  
must be. protected f innly . 

A schematic diagram of a TR-ATR switch f o r  the Urbana Radar shown i n  
Figure 1. The T/R switch cons i s t s  of a hal f  wavelength coaxial  cavity with 
tuning condenser and PIN diodes. 

PIN diodes UM4300 produced by Unitrode Corporation a r e  se lected fo r  the 
systen. Two UM4300 PIN diodes were mounted between the inner and outer  con- 
ductor. The dc bias ing vol tage required fo r  the PIN diodes i s  supplied by a 
control  c i r c u i t .  On transmission, the PIN diodes a r e  forward biased t o  about 
0.5 amperes. On reception,  about 10 v o l t s  reverse vol tage i s  applied t o  the 
diodes, which produces an i n i t i a l  reverse current t o  speed the  recovery time., 

The T/R switch cha rac te r i s t i c s  were estimated by t e s t i n g  on the Urbana 
Radar. Figure 2 shows the r e s u l t  of t e s t i n g  a t  d i f f e ren t  peak t ransmit ter  
powers from 410 kW to  1500 kW. 

The next s tep  i s  t h a t  we a r e  going t o  mount 4 PIN diodes on a c i r c l e  i n  
coaxia l  l i n e  t o  suffer  more t r ansmi t t e r  power. The cross  sect ion of the  4 PIN, 
diodes T/R switch i s  shown i n  Figure 3. 
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Figure 1. TR-ATR switch of the Urbana radar. 
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Figure 2. The result  of test ing i n  different transmitter powers. 

Cross Section of the PIN Diode T/R Switch 

Figure 3 .  



6.2A PRACTICALITY OF ELECTRONIC BEAM STEERING FOR MST/ST RADARS 

W. L. Clark and J. L. Green 

Aeronomy Laboratory 
National Oceanic and Atmospheric Administration 

Boulder, Colorado 80303 

Elect ronic  bean s t ee r ing  has been prominently described a s  complex and 
expensive (SKOLNIK, 1962). I n  t h i s  paper we describe the Suaset implementation 
of e l e c t r o n i c  s t ee r ing ,  which has been i n  rou t ine  use since 1981, and demon- 
s t r a t e  t h a t  such systems are ,  i n  f a c t ,  cost  ef fect ive ,  v e r s a t i l e ,  and no more 
complex than f ixed  bean a l t e rna t ives ,  provided three  or more berms a r e  needed. 

F i r s t ,  a s  an example of the  need f o r  multibean systems, the problem of 
determining accurate  meteorological wind components i n  the  presence of s p a t i a l  
v a r i a t i o n  i s  considered. Next, a cost  comparison of s t ee rab le  and f ixed systens 
allowing so lu t ion  of t h i s  problem i s  given. Then the concepts and r e l a t i o n s  
involved i n  phase s t ee r ing  a r e  given, followed by the descr ip t ion of the  Sunset 
ST radar  s t ee r ing  system. F ina l ly ,  the  implications a r e  discussed, references 
t o  t h e  competing SAD method a r e  provided, and a recommendation concerning the  
design of the fu tu re  Doppler ST/MST systems i s  made. 

ESTIMATION OF METF.OROLOGICAL WIND COMPONENTS 

Beam pointing ST/MST radars  measure the component of wind i n  the  d i rec t ion  
of probing. The wind components of meteorological i n t e r e s t  (u, v ,  and w) a r e  
r e l a t e d  t o  these r a d i a l  ve loc i ty  ( v r )  mensurenents by a s e t  of l inea r  vector 
equations. The v e r t i c a l  component, w, can be d i r e c t l y  measured by a v e r t i c a l l y  
pointing bean, but the u and v components must be obtained by solving these , 
equations. I~nfor tunate ly ,  so lu t ion  i s  poss ible  only i f  a model of the loca l  
wind f i e l d  i s  assumed. 

The most often used model assumes t h a t  there  i s  no hor izonta l  change i n  
the  ve loc i ty  components so t h a t  measurenent of v r  a t  only th ree  bean pos i t ions  
i s  s u f f i c i e n t  t o  determine u, v and w. This assumption i s  o f t en  not j u s t i f i e d  
and leads t o  inaccuracies and b ias  i n  determinations of u and v (CLARK e t  - 
al. ,  1983). 

The next simplest model assumes t h a t  only the f i r s t  s p a t i a l  de r iva t ive  of 
the  ve loc i ty  components i s  s ign i f i can t ,  requir ing measurements of v r  fo r  a given 
height a t  seven bean posi t ions  t o  solve f o r  u and v. There i s  a bonus f o r  
dealing with t h i s  added complexity. The necessary estimation of the f i r s t -  
order s p a t i a l  der ivat ives  a 1  lows estimation of the divergence and v o r t i c i t y  a t  
each probed height above the  radar. Thus, a seven-bean system provides not 
only more accurate,  but addi t ional  meteorological information. A de ta i l ed  con- 
s ide ra t ion  of optimum bean posi t ions  fo r  solving t h i s  f  i rs t -order  model has 
been given by KOSCIELNY and DOVIAK, 1983. 

The f i r s t -o rde r  model above may be inadequate i n  some cases. For example, 
under l e e  wave conditions a pseudo-sinusoidal model of the flow would be more 
appropriate i n  t h e  d i rec t ion  of the wind. Under convective conditions,  the 
flow can be too complex t o  model i n  a useful way. These cases w i l l  not be 
considered f u r t h e r  except t o  note t h a t  the f l e x i b i l i t y  of e l ec t ron ic  s t ee r ing  
can allow use of more appropriate wind f i e l d  models than a fixed-bean system. 



COST COMPARISON 

The biggest  b a r r i e r  t o  implenenting a system capable of seven or more bean 
posi t ions  i s  probably cost .  Fixed bean i n s t a l l a t i o n s  require  seven separate 
a r rays  a t  $25,000 to $50,000 each. Elect ronic  beam s teer ing,  coupled with 
time-multiplexing of berm posi t ions ,  can reduce t h i s  cost  t o  t h a t  of two ortho- 
gonal antenna arrays  and the  cost  of the  s t ee r ing  system. The s teer ing system 
i n  the  Sunset radar  was added t o  two previously ex i s t ing  antenna arrays  a t  a 
cos t  of about $15,000. Thus a seven-bean time-multiplexed system was imple- 
mented for l e s s  than the cost  of a f ixed three-bean system, and f o r  l e s s  than 
317 the  cost  of a f ixed seven beem system. Furthewore,  o ther  configurations 
f o r  o ther  types of experiments can be, and of ten are ,  implemented i n  minutes 
a t  no f u r t h e r  cost. The cost  of t r ansmi t t e r s  and receivers  i s  ignored because 
of the  many p o s s i b i l i t i e s  f o r  both types of systen. 

Referring t o  Figure 1, i t  can be seen t h a t  when the constant phase surface 
of a plane wave j u s t  a r r ives  a t  antenna element n with angle A t o  the zeni th .  
it has the  dis tance d(n) remaining before i t  reaches the l a s t  element. By 
adding compensating lengths of feedl ine  t o  each element equal t o  t h i s  d is tance,  
the  received s igna l s  a r e  made t o  add i n  phase a t  the receiver.  Thus, the  gain  
of the  antenna i s  made maximum for  plane waves a r r iv ing  a t  angle A and the an- 
tenna i s  sa id  t o  point i n  t h i s  direction.  A more de ta i l ed  descr ip t ion of t h i s  
process and approximations fo r  the antenna. pat tern  a re  presented i n  SKOLNIK 
(1962). 
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Figure 1. This i s  a side view of a 
I 

/ constant-phase surf ace fo r  a plane 
wave jus t  reaching element 4 of a 

' . 16-element antenna array.  The + 

quant i ty  of i n t e r e s t ,  d ( 4 ) ,  i s  the 
dis tance from tihe surface t o  the 

CONSTANT 
PHASE 

l a s t  antenna element. The zeni th  
angle of incidence i s  A and the 
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From the geometry shown i n  Figure 1 it i s  easy t o  develop the feedl ine  
compensating length r e l a t i o n  

(1.1)... d(n) = (15-n) (L'/2) sin(A) [m] 

Similar ly ,  fo r  a plane wave a r r iv ing  from the other d i rec t ion  

where 

d(n) i s  the  length of feedl ine  t o  add t o  elenent n. 
L' i s  the radar wavelength i n  the feedl ine  i n  meters. 
A i s  the  zeni th  angle of the radar  probing di rect ion.  ..... n = 0,  1 15 i s  the dipole  number. 

These r e l a t i o n s  w i l l  be used l a t e r  on. 



Tl3E SUNSET ELECTRONIC PHASE STEERING SYSTEM 

An e lec t ron ic  phase s t ee r ing  system, implenented i n  1981, i s  i n  rout ine  
use i n  the  Sunset radar  system. The system has proven t o  be very r e l i a b l e  and 
year ly  checks with a vector voltmeter show v a r i a b i l i t y  within each module t o  be 
l e s s  than a degree of phase. The system se lec t ive ly  s t e e r s  e i t h e r  the north- 
south or east-west probing antenna t o  wi thin  .4 degree of any zenith angle be- 
tween 0 and 45 degrees. The s t ee r ing  i s  under progran control  of the online 
computer control l ing the radar  and processing the re turd  signals.  Before be- , 

ginning each sounding the  program s e t s  the probing d i r e c t i o n  from a sequent ia l  
l i s t  of d i rect ions ,  input by the operator when the system is  i n i t i a l l y  s t a r t ed .  
A s  present ly  implemented, up t o  e ight  posi t ions  may be i n  the  l is t ,  which i s  
repeatedly cycled. The operator may change t h i s  posi t ion list a t  any time. 

The time needed t o  change probing d i rec t ions  i s  about a mill isecond, but 
ground c l u t t e r  removal f i l t e r s  have made the pract icable  switching r a t e  about 
30 seconds. It should be poss ible  t o  remove t h i s  delay should f a s t e r  cycling 
become important. 

Power loss  through the s t ee r ing  systen i s  d i f f i c u l t  t o  measure because i t  
i s  l e s s  than 1 dB, including the harness where the element feedl ines  a r e  joined. 
Each of the  16 phase s h i f t  modules can handle 10 kW of peak power, of 1 kW of 
average power a t  40 MKz. This i s  the  same capaci ty  a s  t h a t  of the RG-8 cable  
used throughout the  antenna system a f t e r  the harness so t h a t  the system can 
handle 160 kW t o t a l  peak power. 

PHASE SHIFT MODULES 

Each phase s h i f t  module i s  an aluminum box which i s  inse r t ed  i n t o  the 
f eed l ine  t o  a s ing le  antenna elaaent.  A mechanical re lay ins ide  the box se- 
l e c t s  connection t o  an element of e i t h e r  the north/south or east/west s t ee r ing  
array.  Eight addi t ional  mechanical r e l ays  a r e  used t o  i n s e r t  up t o  e ight  se- 
l ec ted  lengths of coaxial  cable  i n t o  the feedl ine  as  i t  passes through the box. 

The posit ion,  0 or 1, of each of the r e l ays  is  control led  with nine TTL 
l w e l  control  s igna l s  enter ing the phase module through a 25 pin D connector. 
When i n  pos i t ion  1 the  f i r s t  phasing re lay  adds L1 /2  meters i n t o  the feedlcne. 
The second adds L1/4,  and the  t h i r d  L' 18, and so on geometrically till the 
eighth and l a s t  phasing r e l a y  adds L1/256 meters. Thus, any f r a c t i o n  of a . 
wavelength tha t  can be expressed a s  an eight-digit  binary f r a c t i o n  can be in- 
serted.  The ninth re lay i n  the box i s  used t o  se lec t  the north/south or e a s t /  
west s t ee r ing  a r ray ,  

STEERING CONTROL 

The t a sk  of s e t t i n g  each of the 16 phase delay modules t o  the proper delay 
i s  handled by the main radar  system computer. A t  the s t a r t  of each sounding 
the  des i red zeni th  angle i s  Converted t o  ,the appropriate 16 delays, expressed 
a s  f r a c t i o n s  of a wavelength, Fn, using the r e l a t i o n s  

(3.1)... Fn = (n/2)s in(a)  mod 1, n=O, 1, ... ,15 

3 . 2 .  Fn = [ ( 1 5 - n ) / 2 ] s i n ( ~ )  mod 1, n=O, 1,. . .15 

These are,  of course, equations (1.1) and (1.2) where the length informa- 
t i o n  has been removed; the phase modules themselves contain the length informa- 
t i o n  i n  the  form of cut cables. The mod func t ion  i s  used because lengths  great-  
e r  than a wavelength a re  not necessary; the goal i s  t o  keep the  elements i n  
phase, not  t o  sample the same phase surface. The se lec t ion  of (3.1) o r  (3.2) 
i s  determined by the sign of the zeni th  angle. 



'.j. , 
The con t ro l  s igna l s  f o r  the phasing r e l a y s  a r e  obtained by converting the  

f r ac t ion ,  Fn, t o  an eight-bit  binary in teger ;  Fn i s  mul t ip l ied  by 256 and 
truucated. An addi t ional  b i t  i s  appended t o  se lec t  northfsouth or eastlwest 
steering.  This operation i s  performed f o r  a l l  16 phase s h i f t  modules and the 
r e s u l t i n g  144 b i t s  a r e  sent s e r i a l l y  over coaxial  cable t o  s h i f t  r e g i s t e r s  lo- 
ca ted near the modules. The output of these s h i f t  r e g i s t e r s  controls  the re- 
l ays  i n  the  modules. 

DISCUSSION 

Implenentation of phase s t ee r ing  a t  the  Sunset f a c i l i t y  has proven t o  be 
simple, cos t  e f fec t ive ,  v e r s a t i l e ,  and re l i ab le .  The radar  has a l l  the capa- 
b i l i t i e s  of fixed-bean sys tens  except f o r  simultaneous probing i n  two o r  more 
di rect ions .  This i s  an important lack, but the addi t ion of a second trans- 
ce ive r  could allow simultaneous probing i n  two d i rec t  ions. Furthermore, mutual 
in te r fe rence  makes d i f f i c u l t  the probing of more than two d i rec t ions  simulta- 
neously f o r  any type of system. Final ly ,  the  added f l e x i b i l i t y  i n  experimental 
prograns provided by a s t ee rab le  system more than compensates f o r  t h i s  l imita- 
t ion.  ' 

Only Doppler systems a r e  considered here, but it should be noted t h a t  
spaced antenna d r i f t s  (SAD) systems may be cos t  competitive and provide superior 
r e s u l t s  i n  some instances.  HOCKING (1983) argues strongly f o r  t h i s  technique, 
while ROYRVIK (1983) describes an observed l imi ta t ion.  ROTTGER (1983) compares 
t h e  two techniques from a theore t i ca l  standpoint. 

Beam-swinging f a c i l i t i e s  s t i l l  being designed, especia l ly  a s  prototypes, 
should include expansion t o  e l ec t ron ic  s t ee r ing  capab i l i ty  i n  the design, even 
i f . e l e c t r o n i c  s t ee r ing  i s  not o r ig ina l ly  impleaented. This w i l l  place few con- 

, 

s t r a i n t s  on the design because there  a r e  many ways t o  achieve the necessary 
phasing delays  and w i l l  allow l a t e r  expansion t o  s teer ing a t  minimal cost .  
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6.38 INCREASE OF ANTENNA AREA INSTEAD OF TRANSMITTER POWER 

J. Rottger* 

EISUT S c i e n t i f i c  Association 
S-981 27 Kiruna, Sweden 

I n  t h i s  shor t  note  a t t e n t i o n  s h a l l  be drawn t o  the f a c t  t h a t  an extension 
of the  antenna area  may be  preferred t o  an increase of t ransmit ter  power, i f  
one takes i n t o  account t h a t  r e f l e c t i o n  of ten dominates the  s c a t t e r  contr ibut ion 
a t  near  zeni th  angles. We can wr i t e  the radar  equation (e.8. ROTTGER, 1984): 

with the contr ibut ion due t o  

r e f l e c t i o n  dZ - A ( F * z ) ~ * A - ~  

and the  contr ibut ion due t o  

s c a t t e r i n g  C: - 0.03 Cn ZaA-1/3 

where 

P = received echo power, 
Pa = average t r ansmi t t e r  power, 
A = antenna area,  
r - range, 
~r = t ransmit ter  pulse length,  
A = radar  wavelength, 
M = mean generalized r e f r a c t i v e  index gradient,  
F ca l ib ra t ion  fac to r ,  
cn2 = t u r b u l e ~ c e  r e f r a c t i v e  index. 

T t  i s  noticed t h a t  an increase of the antenna area  A l inea r ly  increases 
the  contr ibut ion of r e f l ec t ion .  This i s  most l ike ly  t o  occur a t  v e r t i c a l  inci-  
dence, s ince  M i s  l a rges t  i n  the  y e r t i c q l  d i rec t ion  (leading a l s o  t o  the well- 
known aspect sens i t iv i ty ) .  I f  Cr > Cs , the received power P in- 
creases  quadrat ica l ly  with the  antenna area;  e.g. doubling the area y ie lds  a 
four-fold increase  of echo power, whereas a doubling of t ransmit ter  power (e.g. 
doubling the  number of t ransmit ters)  only doubles the received power (see  Figure 
11.. However, one has t o  bear i n  mind t h a t  t y s e  considerations hold only i n  
the  f a r  f i e l d  rm of the antenna, i.e. r > D / A ,  where D i s  the diameter 
of the antenna array.  The a l t i t u d e  ranfes a t  which the echo power ge t s  weak 
and we have t o  consider improvements of s e n s i t i v i t y  a re  mostly larger  than 5-8 
km, It follows t h a t  our considerations a r e  v a l i d  up t o  antenna diameters c l o ~  
t o  200 m f o r  wavelengths of 6 m. On the other hand one has t o  bear i n  mind 
t h a t  the  r e f l e c t e d  component has t o  be l a rge r  than the sca t t e red  component which 
only holds fo r  near zeni th  angles. 
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Figure 1. Dependence of power P (arbitrary units) 
and antenna ar5a A $arbitrary units) for dominating 

(Cr < < C s  ) and dominating ref lect ion 



6.4A TESTIKG AND OPTIMIZING 1-ST COAXIAL COLLINEAR ARRAYS 
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INTRODUCTION 

Many c l ea r - a i r  VHF r a d a r  wind prof i l e r s  use coaxia l  c o l l i n e a r  (COCO) a r r a y s  
f o r  t h e i r  antenna. A COCO a r r a y  i s  composed of long l i n e s  of half-wave d ipoles  
spaced one-half wavelength apa r t .  I n  t h i s  paper we desc r ibe  an inexpensive 
method of checking a COCO a r r a y  and optimizing i t s  performance by measuring and 
then co r rec t ing  the r e l a t i v e  r f  phase among i t s  l i n e s  a t  t h e i r  feed po in t .  This 
method a l s o  g ives  an es t imate  of the r f  cu r ren t  amplitude among the  l i n e s .  
Therefore, t he  s t r eng th  and loca t ion  of the  sidelobes i n  the H plane of the  
a r r a y  can be estimated. 

The only nonstandard equipment needed f o r  these measurements i s  a  probe t o  
de t ec t  the  r f  s igna l  near a r a d i a t i n g  e lanent .  We use a shor t  d ipole  40 cm 
long tuned t o  the opera t ing  frequency by a v a r i a b l e  inductor.  Although the  
measurenents described here  were a l l  made a t  the  Sunset r ada r  s i t e ,  s imi l a r  
t e s t s  have been made a t  the P l a t t e v i l I e ,  Craig, and Ponape r ada r  s i t e s ,  and . 
could be made e a s i l y  on any COCO a r r ay .  

SUNSET RADAR ANTFNNA 

Figure 1 shows the d i s t r i b u t i o n  of r f  power from the transmission feed- 
- l ine t o  each antenna elanent.  The transmission f eed l ine  i s  a  low-loss f ive-  
inch  a i r  d i e l e c t r i c ;  it e n t e r s  a small  well-screened bui ld ing  located  i n  the 
c e n t e r  of the  antenna where i t  feeds a harness. This  harness  d iv ides  the r f  
power i n t o  16 equal p a r t s ,  which a r e  fed  i n t o  16 phase s h i f t e r  boxes. The 
phase s h i f t e r s  a r e  con t ro l l ed  remotely by an on-line computer. For a given 
t i l t  angle  and d i r ec t ion ,  the  computer s e l e c t s  e i t h e r  of two a r r ays  and con- 
putes the  phase s h i f t  requi red  f o r  each of the  16 phase s h i f t e r s  t o  produce the  
des i r ed  phase s h i f t  across  the a r r ay  (GREEN e t  a l . ,  1984). Since a l i n e  of 

- an a r r ay  i s  conposed of two s t r i n g s  of d ipoles  each with i t s  own feed,  the  rf 
power output from each phase s h i f t e r  i s  d iv ided i n t o  h a l f ,  and f ed  i n t o  a pa tch  

- - -- panel. This patch panel  i s  ac tua l ly  one wa l l  of the building.  The antenna 
.- _ ___- f eed l ines  a r e  a t tached t o  the  panel on the  ou t s ide  of the  building.  

The antenna a t  the Sunset radar  s i t e  i s  cu r ren t ly  two colocated square ar -  
r a y s ;  one s t ee rab le  i n  the east-west v e r t i c a l  plane (denoted E-W a r r a y ) ,  and the  
o the r  s t e e r a b l e  iri the  north-south v e r t i c a l  plane (denoted I?-S a r r ay ) .  Figure 
2 i s  a  plane view of t he  antenna. Each a r r a y  i s  a coaxia l  c o l l i n e a r  a r r ay  com- 
posed of 16 l i n e s  of half-wave dipoles.  These l i n e s  a r e  spaced one-half wave- 
length a p a r t ,  and a r e  one-quarter wavelength above a ground plane. Physica l ly ,  
each l i n e  of the a r r a y  cons i s t s  of two s t r i n g s  of dipoles cons t ruc ted  from RG-8 
coaxia l  cable  by interchanging the  inner-conductor with the b ra id  a t  ha l f  wave- 
length i n t e r v a l s  (BALSLEY and ECKLUND, 1972). Each s t r i n g  conta ins  12 hal f -  
wave d ipoles ,  s i x  on each s ide  of i t s  f eed l ine ,  g iv ing 24 d ipoles  i n  each l i n e  
of an a r r ay .  

MEASUREMENT PROCEDURE 

It i s  important t o  make the measuranents under condit ions as  c lose  t o  the 
a c t u a l  r ada r  opera t ing  env i romen t  a s  poss ib le ;  t he re fo re  a l l  p a r t s  of the  
power d i s t r i b u t i o n  systen and antenna elements a r e  exci ted  during the  measure- 
ments. A s igna l  generator feeds three  wa t t s  of r f  power a t  the opera t ing  f r e -  
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Figure 1. Schematic diagram of rf  power 
d i s t r i b u t i o n  fo r  the Smse t radar.  

Figure 2. Plan view of Sunset radar  antenna. 

quency (40.475 tlHz) i n t o  the f r o n t  end of the  transmission feedl ine .  We place  
the  shor t  d ipo le  probe a few inches from the  f i r s t  s t r i n g  of dipoles a t  i t s  
feedpoint .  One end of a long RG-8 f eed l ine  i s  attached t o  the  probe; the  o the r  
end i s  connected t o  a vector  voltmeter i n  the antenna building.  T?e compare the  
rf s ignal  from the  probe wi th  a convenient reference from the patch panel. 
Af ter  the amplitude and phase a re  measured with the vector voltmeter and re-  
corded, t h e  probe i s  moved ca re fu l ly  t o  the next s t r i n g ,  and the  measuranents 
continued u n t i l  a l l  32 s t r i n g s  of an a r ray  have been measured. Pe r iod ica l ly ,  
we re tu rn  the  probe t o  the f i r s t  s t r i n g  t o  confirm the r ep roduc ib i l i t y  of the  
measurements. Next we co r rec t  the r e l a t i v e  phases among the  s t r i n g s  by adding 
a co r rec t ion  cable  t o  each f eed l ine  a t  the patch panel. F ina l ly ,  we remeasure 
t h e  e n t i r e  correc ted  antenna. 

RESULTS 

The f i r s t ,  and perhaps the  most use fu l ,  r e s u l t  i s  t h a t  these measurements 
provide a cont inui ty  t e s t  of the e n t i r e  'system from the  transmission f eed l ine  



t o  the s t r i n g s  of dipoles. A t  S m s e t  there  a r e  nore than 1500 connections i n  
t h i s  system; de fec t ive  or missing components or interchanged connections a r e  
found eas i ly .  Furthermore, periodic t e s t i n g  allows the performance of the 
system t o  be monitored. 

Next, we compare the uncorrected and corrected antennas. Figure 3 shows 
th ree  broadside antenna pa t t e rns  i n  the H plane of the E-W array.  The f i r s t  
pa t t e rn  (Figure 3a) i s  coniputed from the measurements made before the correc- 
t i o n  cables were added. It has l a rge  broad sidelobes;  the l a rges t  sidelobe i s  
only 10 bd below the main bem. The second pa t t e rn  ( ~ i g u r e  3b) i s  the correct -  
ed pa t t e rn ;  i t s  sidelobes a r e  small and narrow s imilar  t o  the idea l  pat tern  
shown i n  Figure 3c. These sidelobes reduce considerably the radar  horizon f o r  
c l u t t e r ,  a i rp lanes ,  meteors, and o the r  competing targets .  
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Figure 3. Broadside antenna pa t t e rns  i n  
H plane. The t i c k  marks on the r a d i a l  
a x i s  a r e  separate& by 3 dB f o r  one-way 
propagation and 6 dB f o r  two-way propa- 
gation.  a )  Pa t t en i  ca lcula ted from 
phase and r e l a t i v e  power measured before 
phase correct ion cables a re  added. 
b) Pat tern  calcula ted from phase and 
r e l a t i v e  power measured a f t e r  phase 
correct ion cables were added. 
c )  Idea l  pattern.  
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INTRODU a I O N  

The most important aspects  of the processing of NST r ada r  data were dis-  
cussed i n  considerable d e t a i l  a t  the URSI/SCOSTEP Workshop of Technical Aspects 
of MST Radar which was held a t  the University of I l l i n o i s  i n  May 1983. The 
papers presented a t  tha t  Workshop have been published recent ly  i n  the  Handbook 
f o r  MAP, Volume 9 (BOWHILL and EDWARDS, 1983). The concepts and conclusions 
presented i n  the many papers i n  t h i s  Handbook a r e  s t i l l  q u i t e  up t o  date ,  and so 
the  aim of t h i s  paper i s  simply t o  b r i e f ly  review and summarize the important 
points.  

The ana lys i s  of the da ta  can be divided usually i n t o  on-line and off - l ine  
portions.  The on-line processing s ign i f i can t ly  compresses the  data  v i a  time 
averages and rtsually produces power spect ra  or autocorre la t ion funct ions  (ACFs) . 
The off-l ine processing involves curve f i t t i n g  and parameter extraction.  The 
d e t a i l s  of the l a t t e r  depend upon the  experiment, the f a c i l i t i e s  of the ob- 
servatory,  the  types of in terference t h a t  must be coped wi th ,  etc. ,  and hence 
a r e  q u i t e  variable.  The goa l s  and techniques of the  on-line processing a r e  
l e s s  va r i ab le  and b e t t e r  es tabl ished,  and i t  i s  these t h a t  t h i s  paper w i l l  focus 
on. Further d e t a i l s  of the subjects  t o  be discussed below are  given i n  papers 
i n  the  MAP Handbook just  mentioned. 

The goals  of the on-line and now almost exclusively d i g i t a l  processing, 
procedures a re  t o  achieve good a l t i t u d e  reso lu t ion  and coverage, good frequency 
(Doppler s h i f t )  resolut ion,  and good time resolut ion,  while avoiding, insoear 
as  poss ible ,  the problems of range and frequency ambiguity (a ' l iasing),  ground 
c l u t t e r ,  and in terference.  Some of these goals  a r e  i n  conf l i c t ,  of course, and 
compromises a re  necessary. I n  almost a l l  cases,  however, achieving optimum re- 
s u l t s  requires  some so r t  of pulse compression (or perhaps frequency stepping) 

- and some coherent in teg ra t ion  (voltage averaging). The f i r s t  allows f u l l  u t i -  
l i z a t i o n  of the average power capab i l i ty  of the t ransmit ter  and the  second re- 

--_ _ _  __ _ _ " -  duces the  computing requirements. 
- 

PULSE COMPRESSION BY PHASE CODING 

It i s  easy t o  show t h a t  when proper processing i s  done, the e f fec t ive  
signal-to-noise r a  f o r  power, power spectrum, ACF, etc.  measuranents i s  pro- 
por t ional  t o  E 1n'jq, where P i s  the average t ransmit ter  power, r i s  
the pulse l e n g E  (or baud leng& fo r  a phase coded pulse) o r  the inverse of 
the  t o t a l  pulse bandwidth fo r  a chirped pulse)  and the inverse of the receiver  

. 

bandwidth (matched f i l t e r i n g ) ,  and n i s  the number of independent samples 
averaged (incoherently).  For most radars  the most p rac t i ca l  way t o  achieve 
good range reso lu t ion  (small  T )  and s t i l l  use the f u l l  power c a p a b i l i t i e s  of 
the t ransmit ter  i s  through pulse compression obtained with binary phase codes. 
A r e l a t i v e l y  long pulse i s  divided up i n t o  n shor ter  bauds of equal length,  
some of which a r e  sh i f t ed  i n  phase by 180 O .  I f  the t a rge t  remains phase co- 
herent f o r  a su f f i c i en t ly  long time, the radar  echoes can be processed (decoded) 
i n  such a way t h a t  they a r e  nearly equivalent t o  echoes received from a pulse 
of one baud length but n times the actual  transmitted peak power. The compres- 
s ion is  usually not q u i t e  pe r fec t ;  the echo from a s ingle  point  t a r g e t  would 
consis t  of weak range "'sidelobes" a s  we l l  as  the main echo. The decoding pro- 
cess  consis ts  of passing the  received s igna l  through a matched f i l t e r  whose im- 



pulse response i s  the time inverse of the transmitted pulse. This amounts t o  
cross-correlating the  s ignal  with a r ep l i ca  of the transmitted pulse. The 
codes i n  general  use f a l l  i n t o  a number of general  classes.  

( a )  Barker Codes 

These were f i r s t  discussed by BARKER (1953) and a r e  used extensively i n  
incoherent-scatter measurements. The dis t inguishing f e a t u r e  of these codes i s  
t h a t  the range sidelobes have a uniform amplitude of unity.  For example, the 
phase coding sequence and the  ACT ( the  vol tage pat tern  of the decoded echo from 
a s t a t ionary  point t a r g e t )  f o r  a 5-baud Barker code a r e  

I f  the  compression were perfect ,  only the 5 would be present i n  the ACF; 
the  1s a r e  the unwanted range sidelobes. The maximum value of n f o r  Barker 
codes, which a l l  have t h i s  same ACF pat tern ,  i s  13. The signal-to-noise r a t i o  
i n  the cen t ra l  peak i s  increased by a f ac to r  n (not n ), since the noise i n  
each decoded sample i s  the sum of n independent samples. 

The compression process only works i f  the co r re la t ion  time of the sca t t e r -  
ing medium i s  subs tan t i a l ly  longer than the f u l l  uncompressed length of the 
transmitted pulse; The decoding involves adding and subtract ing voltages,  not 
powers; i f  the sca t t e r ing  cen te r s  move a s ign i f i can t  f r a c t i o n  of a radar  wave- 
length between the time of a r r i v a l  of the f i r s t  and l a s t  baud of the pulse, 
the  compression process . w i l l  f a i l .  This i s  never a problem i n  p rac t i ce  i n  MST 
observations, but can be a problen i n  ionospheric studies.  I n  f a c t ,  the  corre- 

. l a t i o n  times i n  the troposphere and s t ra tosphere  a r e  usually so long ( the  order 
of t en ths  of a second or longer) t h a t  more powerful compression codes can be 
used. 

(b)  Complementary Code Pa i r s  

Although the range sidelobes f o r  Barker codes a re  small, they can s t i l l  
cause problems i n  MST work becauee the sca t t e r ing  cross  sect ion decreases so 
rapidly  with a l t i t u d e  (2-3 dB per kilometer) .  Comlementary codes completely 
e l iminate  t h i s  problem, a t  l e a s t  i n  p r inc ip le ;  they have no range sidelobes a t  
a l l .  The existence of these codes was f i r s t  p i n t e d  out by GOLAY (1961) and i s  
mentioned i n  some radar  l i t e r a t u r e  (RABINER and GOLD, 19751, but they a r e  im- 
p r a c t i c a l  fo r  most radar  appl ica t ions  because the t a rge t s  must have very long 
cor re la t ion  times. It was Woodman who f i r s t  noticed t h e i r  po ten t i a l  f o r  &!ST 
work and h i s  suggestion l ed  t o  t h e i r  f i r s t  use i n  s tudies  a t  SOUSY (SCHMIDT e t  
a l . ,  1979) and Arecibo (WOODMAN, 1980a) with 32-baud codes and 2 and 1 us baud 
lengths,  respect ively  (300 and 150 m resolut ion) .  

Complementary codes come i n  pa i r s ,  and the ACFs of the two pulses have the 
property t h a t  t h e i r  range sidelobes a re  equal i n  magnitude but opposite i n  sign,  
so t h a t  i f  the medium s tays  coherent over the in terpulse  period (IPP), the out- 
put voltages from the  pa i r  of echoes can be added, giving complete cance l l a t ion  
of the szdelobes, or perfect  compression. One can eas i ly  ve r i fy  t h a t  the 2- 
baud p a i r  (++, c) has t h i s  pfoperty. Representing such a pa i r  as (A, B) it i s  
a l s o  eas i ly  shown t h a t  (AB, AB), where 5 i s  the complement of fi, i s  a l s o  a com- 
plementary pair .  Hence code lengths t h a t  a r e  any power of 2-can be construct- 
ed, and a l s o  10 times any power of 2, it turns  out. The main p rac t i ca l  limita-. 
t i o n  on the code length i s  ground c l u t t e r ;  t h e  lowest a l t i t u d e  from which use- 
f u l  da ta  can be received becomes higher as  the code becomes 1onge.r. The com- 
puting-requirements become g rea te r  too, of course, but t h i s  i s  usually not a 
ser ious  problem because of the a v a i l a b i l i t y  of coherent in tegrat ion,  a s  dis-  
cussed below. 



( c )  Complenentary Sequences of Complenentary Codes 

I f  the co r re la t ion  time of the medium i s  many times longer than the IPP, 
more complicated sequences with complenentary proper t ies  can be devised t h a t  can 
reduce range ambiguity ( a l i a s ing)  problans q u i t e  dramatically.  Ordinarily,  i f  
t he  IPP i s  T, echoes from the a l t i t u d e s  h,  h + cT/2, e tc .  a r e  mixed together.  
From another point  of view, the ACF of the pulse sequence has i d e n t i c a l  peaks a t  
delays ox 0 ,  T, 2T, e tc .  But by t ransmit t ing cyc l i c ly  a four-pulse sequence 
such a s  A, B, A, 8, ... and decoding by c ross  corre la t ing with A, B, A, B, the 
f i r s t  undesired peak can be pushed from T out t o  2T. With longer sequences it 
can be pushed s t i l l  far ther .  GONZALES and WOODMAN (1984) have used t h i s  i d e a  
i n  EIF probing of the mesosphere with an 8-pulse sequence t o  e l iminate  problems 
caused by mul t ip le  r e f l e c t i o n s  from the ionosphere. 

(d) Quasi-Complementary Code Sets  

I n  the  r e a l  world complenentary codes do not, of course, work q u i t e  a s  
idea l ly  a s  described i n  the previous two sect ions ,  largely  because t ransmit ters  
do not transmit exactly the des i red waveform. So i n  pract ice  there  w i l l  s t i l l  
be range sidelobes,  and some of them may be serious,  but jus t  which ones de- 
pends on the  actual  code used and how the t ransmit ter  happens t o  d i s t o r t  it. 
To cope with these p rac t i ca l  d i f f i c u l t i e s ,  SULZER and WOODMAN (1984 generated 
a s e t  o t  48 d i f f e r e n t  32-baud codes ( the  computer search required some 350 
hours using an FPS 120 B Array Processor 1 )  t h a t ,  when used i n  sequence, had 
subs tan t i a l ly  b e t t e r  sidelobe proper t ies  i n  ac tua l  use with the Arecibo 430-MKz 
radar  than a simple 32-baud complenentary pair .  The 48-code s e t  i s  a l s o  l e s s  
a f fec ted  by the code t runcat ion which occurs a t  the lowest a l t i t u d e s  sampled. 
Unfortunately, with such a scheme the re  a r e  no decoding shor tcuts  ; each pulse 
must be decoded i n  r e a l  time as  it comes in ,  and so only observatories with 
very powerful d i g i t a l  hardware, such as  drecibo with i t s  assorted rad io  astro- 
nomy devices, can take advantage of t h i s  technique. 

( e l  Cyclic Codes 
4 

These a r e  sometimes a l s o  cal led  maximal length sequences and a r e  a y e l l  
known c l a s s  of codes t h a t  repeat  a t  i n t e r v a l s  of N 2n-1 bauds (i.e., CW 
transmission) and can be generated by an n-bit s h i f t  r eg i s t e r .  The ACFs of 

- - these sequences have per iodic  peaks of amplitude N a t  i n t e r v a l s  of N times tlie 
baud length,  but a r e  unity everywhere e lse .  I f  the per iodic  peaks cause no 

- -  - -----a - range ambiguity problens, and ground c l u t t e r  associated with the CW transmis- 
s ion i s  unimportant, very high compression r a t i o s  can be achieved. These re- 

- quirements a r e  of ten  met i n  radar  astronomy appl icat ions ,  where such codes a re  
widely used, but fo r  MST s tudies  these codes a r e  only useful  with b i s t a t i c  
r ada r  systems. WOOlXIAN (1980b) describes the use of cyc l i c  codes t o  achieve an 
a l t i t u d e  reso lu t ion  of 30 m i n  a b i s t a t i c  measurenent with the 2380 MHz radar  
a t  Arecibo, and. soon 15 m r e so lu t ion  w i l l  be possible. 

FREQUEN CY STEP PING 

It i s  poss ible  t o  achieve the goals  of pulse compression by manipulating 
the  frequency ra the r  than the phase of the transmitted s igna l ,  and it i s  now 
f a i r l y  easy t o  do t h i s  with a computer-driven frequency synthesizer. One can 
e i t h e r  change the frequency rapidly  within a long pulse or transmit a se r i e s  of 
shor t  pulses a t  a high pulse r e p e t i t i o n  r a t e  (PRF) with the frequency stepped 
cycl ic ly .  Stepping wi thin  the  pulse and sui tably  processing the data  i s  j u s t  
"chirping", which can a l s o  be done with analog techniques. I n  MST applica- 
t ions ,  however, the phase coding techniques a r e  generally more convenient. On 
the  other  hand, using short  pulses and a very  high PRF t o  r a i s e  the .average 
power, with frequency stepping t o  avoid range a l i a s ing ,  can be q u i t e  useful  fo r  
s tudies  a t  low a l t i t u d e s ,  where pulse compression cannot be used because of 



ground c l u t t e r  problems. To f u l l y  u t i l i z e  the technique one may need ' to  use 
several  receivers .  

COHERENT INTEGRATION 

This i s  very simple and easy t o  implement d i g i t a l  f i l t e r i n g  processes t h a t  
was f i r s t  applied t o  MST radar  data  by W O O W  and GUILLEN (1974). It i s  a 
crude f i l t e r ,  but it of ten leads  t o  an enormous reduction i n  subsequent computer 
processing requirements. Coherent in teg ra t ion  cons i s t s  of replacing N consecu- 
t i v e  vol tage samples from a given a l t i t u d e  by t h e i r  sum, thereby reducing the  
number of samples which need t o  be processed i n  a l l  subsequent operations by 
t h i s  f ac to r  N, which may be a s  l a r g e  a s  a few huudred. Since t h i s  operat ion i s  
l i n e a r  it can be done before any decoding of compressed pulses i s  ca r r i ed  out 
(except f o r  very long sequences of d i f f e ren t ly  coded pulses;  see  above). 
Hence, a s  long a s  one can perform these addi t ions  f a s t  enough, using spec ia l  
purpose hardware i f  necessary, the  decoding and FFT or s imi lar  processing can 
be done with f a i r l y  inexpensive computers. Coherent in teg ra t ion  i s  obviously 
most useful when the coherent time of the medium i s  a t  l e a s t  an order of magni- 
tude longer than the IPP. . 

The quest ion t h a t  natura l ly  a r i s e s  i s  how large  can N be? To analyze how 
coherent in teg ra t ion  a f f e c t s  the  s ignal ,  i t  i s  simplest t o  consider it t o  be 
made up of two separate operations:  ( I )  f i l t e r i n g  v i a  a running average (a 
f i l t e r  with a un i t  impulse response of durat ion T, where T i s  N times the IPP), 
followed by (2)  sampling a t  i n t e r v a l s  of T, which of course represents  a d r a s t i c  
undersampling of the o r ig ina l  unf i l t e red  signal.  The s i r s 5  operation multi- 
p l i e s  the  power spectrum of the o r ig ina l  's ignal by s i n  x/x , where x *fT 
and f is  the  frequency i n  Hz. The sampling operat ion then leads  t o  frequency 
a-liasing, with s ignal  power a t  frequencies f and f + n / ~ ,  where n i s  any inte- 
ge r ,  summed together. Sonewhat surpr is ingly ,  perhaps, a s ignal  .spectrum which 
i s  f l a t  before coherent in teg ra t ion  w i l l  s t i l l  be f l a t  afterwards;  the f i l t e r -  
ing and a l i a s i n g  balance each other and white noise s t i l l  looks white, with no 
taper ing a t  the window edges. Upon r e f l e c t i o n  t h i s  r e s u l t  i s  not surpr is ing,  
since' the sum of n randon: noise samples i s  i t s e l f  jus t  random noise. On the  
other hand, a narrow s ignal  peak with a Doppler s h i f t  of 0.44/T Hz, near the 
edge of the a l i a s i n g  window, w i l l  be a t tenuated by 3 dB by the f i l t e r  function,  
whereas a peak near the center  of the spectrum w i l l  be unaffected. I n  o ther  
words, one should be conservative i n  the use of coherent in teg ra t ion  and make 
su re  t h a t  a l l  s igna l s  of i n t e r e s t  a re  i n  the cen t ra l  por t ion of the post- 
in teg ra t ion  spectrum. Final ly ,  it i s  perhaps worth r e i t e r a t i n g  t h a t  coherent 
in teg ra t ion  i s  only a f i l t e r i n g  procedure, a f a i r l y  crude one i n  f ac t .  Exactly 
the same r e s u l t  (a s l i g h t l y  b e t t e r  r e s u l t ,  ac tua l ly )  would be achieved (but a t  
g rea te r  cos t )  by Fourier transforming the f u l l  o r ig ina l  time s e r i e s  and re ta in-  
ing only the in te res t ing  par t .  

OTHER. POINTS 

For completeness, i t  may be worth including a few br ief  remarks about 
coarse quan t i za t ion  and spec t ra l  moments. I t  i s  poss ible  t o  der ive  a l l  the use- 
f u l  s t a t i s t i c a l  information (except the t o t a l  power i n  some cases)  about the 
sca t t e red  s igna l  ( a  Gaussian random var iab le )  even i f  the quant izat ion i s  very 
crude, e.g., determines only the sign b i t  i n  the most extreme case. With such 
quant izat ion very high processing speeds a r e  possible,  pa r t i cu la r ly  with 
.special purpose hardward. A number of poss ible  schemes and t h e i r  associated 
correct ion f a c t o r s  and s t a t i s t i c a l  e f f i c i enc ies  a r e  discussed by IIAGm and 
FARLEY (1973). The use of coarse quant izat ion has become l e s s  necessary a s  
d i g i t a l  hardware has become f a s t e r  and l e s s  expensive, but f o r  some app l i ca t ions  
it i s  st i l l  necessary. 

Turning t o  the question of spect ra l  moments, it i s  wel l  known from Fourier 



transform theory t h a t  ,the der ivat ives  of the ACF a t  the o r ig in  (zero l a g )  g ive  
the  moments of the power spectrum. Kence from a power measurement and a com- 
plex lagged product measurement a t  a s ing le  short  lag,  i t  i s  possible t o  obta in  
the  f i r s t  two monients of t h e  power spectrum as  wel l  as the t o t a l  power, I f  the 
spectrum is  nicely shaped, with a s ingle  f a i r l y  symmetrical peak, these moments 
alone give a l l  the important information. I f  the spectrum i s  more complicated, 
however, a s  i s  often the case, the f u l l  spectrum i s  needed. 
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SESSION SUMMARY AND RECOMMENDATIONS 

A number of the points made i n  the 1983 Workshop were re i t e ra ted .  The 
theory, advantages, and disadvantages of various data-processing techniques, 
pa r t i cu la r ly  those used on l i n e ,  a r e  now pre t ty  wel l  agreed upon; the re  seem 
t o  be no ser ious  controversies.  Nevertheless, the re  were a number of in te res t -  
ing points brought out i n  the papers and the ensuing discussion t h a t  Sean worth 
auntmarizing here. 

' 
1 )  J. L. Green pointed out t h a t  there  may be advantages t o  decoding 

schemes t h a t  a r e  not equivalent t o  matched f i l t e r i n g .  Such schemes can sub- 
s t a n t i a l l y  reduce the range sidelobes associa ted with Barker codes, fo r  example, 
a t  the cost  o t  s l i g h t l y  reducing the compression ra t io .  Of course, Barker 
codes a r e  not used too much f o r  EfST radar  work, but perhaps s imi la r  ideas would 
work with complementary codes or quasi-complementary s e t s ?  O r  perhaps such 
procedures might eliminate the need f o r  the quasi-complementary s e t s ,  which can 
only be implemented i f  very powerful decoding hardware i s  ava i l ab le?  

2) S. A. Bowhill discussed the  concept of pulse compression v i a  frequency 
chirping and pointed out t h a t  i n  MST appl icat ions ,  i n  which the med'ium has a 
very long coherence time, it i s  poss ible  t o  chirp by varying the frequency on a 
pulse-to-pulse bas is ,  r a t h e r  than wi thin  the pulse. .This i s  l i k e  frequency 

. stepping, except t h a t  vol tages ,  not powers, a re  added a f t e r  incorporating ap- 
propr ia te  phase factors .  The advantages over conventional chirping a r e  a re- 
duction i n  ground c l u t t e r  and possibly b e t t e r  t ransmit ter  performance. The 
same concepts apply t o  phase coding a lso ,  of course, a s  discussed i n  the over- 
view and the  paper by R. G. Strauch. One must careful ly  compare the range 



.. . 

sidelobes,  etc.  i n  both cases and the  a b i l i t y  of the t ransmit ter  t o  ac tua l ly  
generate the des i red pulse shape. 

3 )  D. V. Sarwate described algorithms f o r  generating a wide v a r i e t y  of 
s e t s  of complanentary sequences such as ,  f o r  example, 8 sequences of length 7 
which have the  property t h a t  the sum of the 8 ACFs has no range sidelobes. 

4 )  M. P e t i t d i d i e r  and J. W. Erosnahan described new high performance pre- 
processing hardware which i s  i n  the advance design stage and should be re l a t ive -  
l y  inexpensive. P r i ces  of d i g i t a l  hardware continue t o  drop and performance ' 
continues t o  r i s e .  The biggest  problen r i g h t  now s e a s  t o  be long de l ive ry  
times f o r  some of the c ruc ia l  chips. G. S t i t t  and S. A. Barh i l l  compared var i -  
ous FFT device p o s s i b i l i t i e s .  

5 )  P. K. Rastogi, S. K. Avery and C. E. Meek discussed o f f l i n e  ana lys i s  
procedures used i n  ex t rac t ing  physical  p a r m e t e r s  from conventional EST Doppler 
radar  data,  meteor radar  data,  and pa r t i a l - r e f l ec t ion  d r i f t  data. The problems 
and so lu t ions  vary considerably from technique t o  technique. - 

Turning t o  RECOMMENDATIONS, it was the  consensus of the group t h a t  it was 
worth reemphasizing the  recommendation of l a s t  year. Although many observa- 
t o r i e s  perform q u i t e  advanced data  processing, there  i s  s t i l l  room f o r  improve- 
ment. A s  the  w s t  of hardware preprocessors and small computers declines and 
t h e i r  power increases,  it i s  increasingly cost  e f fec t ive  t o  u t i l i z e  the most 
sophistacated techniques. As much processing a8 possible should be done.on- 
l i n e  i n  order  t o  compress the da ta  and reduce the tape handling and delays as- 
socia ted wi th  subsequent off - l ine  processing. 

F ina l ly ,  the group urged t h a t  a l l  spaced antenna d r i f t  (SAD) measurements 
should be done coherently. Forming auto- and cross co r re la t ions  using only the 
s igna l  power or amplitudes i s  considerably l e s s  e f f e c t i v e  than using f u l l  com- 
plex vol tage product s. I 



7.1A CODING SCHENES FOR IMPROVING MST RADAR PERFORMANCE 
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The performance of an MST radar  can be.characterized by i t s  system sensi- 
t i v i t y  and i ts  range resolution.  The former enables Doppler v e l o c i t i e s  t o  be 
determined even i n  the presence of very weak s t ruc tu res ;  the  l a t t e r  permits 
study of the  f i n e  s t ruc tu re  wi thin  a turbulent region. Unfortunately, most ra- 
dar  systems a r e  l imited by the peak power they can transmit,  and decreasing the  
pulse width i n  an e f f o r t  t o  improve the range resolut ion leads t o  a decrease i n  
system s e n s i t i v i t y  by the same ra t io .  

Coding of transmitted s igna l s  has a s  i t s  aim an increase i n  the e f f e c t i v e  
radar  s e n s i t i v i t y  or range reso lu t ion  without an increase i n  t h e  peak transmit- 
t ed  power. H i s  i s  accomplished by spreading the power i n  the frequency domain, 
giving b e t t e r  range resolut ion,  without reducing' the pulse width. 

Two b a s i c  techniques a r e  used t o  accomplish t h i s  frequency dispersion.  
The f i r s t  involves using a type of pseudorandom code for  the phase or rrmplitude 
wi thin  a s ing le  pulse, or wi thin  a f i n i t e  sequence of pulses. This approach 
was discussed extensively by FARLEY (19831, and i s  not fu r the r  t r ea ted  here. 
The second technique i s  t o  code the frequency of the t r w m i t t e d  s igna l  i n  some 
way. The various p o s s i b i l i t i e s  a r e  discussed below, and a r e  compared with the  
pulse-coding methods. . F 

FREQUENCY-CODING TECHNIQUES- 

There a r e  three  separate ways i n  which radar s ignal  transmissions can be 

- -- frequency-csded: pulse chirping, FM/CW, and pulse-frequency stepping. 

I n  pulse chirping (KLAUDER e t  a1 ., 1960) the radio frequency of each 
- - - - -  - -- _ transmitted radar  pulse i s  var ied l inea r ly  with time during the pulse. This 

- produces a frequency spread approximately equal t o  the range of frequencies 
scanned, assuming t h a t  t o  be l a rge  compared with the reciprocal  of the pulse 
width. A decoder i s  then used t o  regenerate a pulse of width equal t o  the re- 
c iprocal  of the bandwidth of the received pulse, i n  an analogous way t o  the de- 
coding of a pseudorandomly coded pulse. An appl icat ion of t h i s  technique t o  
ionospheric sounding was described by WIPPERIUNN and BOWEILL (1967); They used 
i d e n t i c a l  u l t r a son ic  delay l ines  t o  provide the.complementary dispers ions  re- 
quired t o  accomplish the pulse compression. 

FM/CW radar  was described i n  i t s  i n i t i a l  form by GNANALINGAEI (19541, and 
l a t e r  by BARRY and FENWICK (1964) and by FENWICK and BARRY (1965). It has pro- 
vided the  bas i s  f o r  a highly successful  commercial sweep-frequency ionosonde 
now i n  wide use. It has a l s o  been used i n  a tropospheric sounding radar with 
exceptionally high reso lu t ion  (RICHTER, 1969). 

The p r inc ip le  i s  t o  generate a l i n e a r  frequency sweep i n  a CW transmitted 
s igna l ,  t o  detect  the s ignal  coherently and t o  achieve range resolut ion by 
Fourier transformation of the complex amplitude recorded. Since the re  i s  no 
p o s s i b i l i t y  of time-domain discrimination between the radar  r e tu rn  and the 
d i r e c t  s ignal  from the t ransmit ter  to  the receiver?  the system cannot work mono- 
s t a t i c a l l y ;  i t s  best  appl ica t ions  have been i n  oblique s c a t t e r  soundings of the 
ionosphere, or i n  tropospheric soundings a t  low a l t i t u d e s  (GOSSARD e t  a l . ,  1978). 



A t h i r d  p o s s i b i l i t y  i s  the use of a combination of pulse modula%ion and FEI 
coding. Here each transmitted pulse i s  f ixed  i n  frequency, but i s  displaced i n  
frequency from i t s  predecessor by a f ixed amount. The loca l  o s c i l l a t o r  fo r  the 
r ece ive r  i s  a l s o  stepped by the  same amount. Consider the f a t e  of s igna l s  
sca t t e red  from successive ranges i n  the atmosphere. They can be thought of as  
spaced by the range resolut ion of the o r ig ina l  pulse. The coherently detected 
received s igna l  from each sca t t e r ing  l eve l  i s  recorded a s  the frequency s t eps  
through the a l l o t t e d  bandwidth. It i s  then Fourier transformed from the  f re -  
quency domain t o  the time domain t o  g ive  the f i n e  s t ruc tu re  wi thin  the  sca t t e r -  
ing volume appropriate t o  t h a t  p a r t i c u l a r  sca t t e r ing  level .  

Of course, t h i s  technique works only i f  the  sca t t e r ing  con£ igurat ion of 
the  medium remains f ixed throughout the frequency-stepping procedure. It i s  
theref o re  l i t t l e  use for  incoherent-scatter '  sounding. However, with the rela- 
t i v e l y  long cor re la t ion  times appropriate f o r  MST radars ,  i t  has d i s t i n c t  ad- 
vantages. 

SIGNAL-TO-NOISE CONSIDERATIONS 

Consider a radar  which can transmit radio  pulses with peak power P, pulse 
length L, and in terpulse  period I. I n  the m o d u l a t e d  mode, i t s  power density 
i s  about P/L. Let the noise power densi ty  ( a t  VHF, usually sky noise)  be N ,  
and suppose t h a t  the sca t t e r ing  t a r g e t  (assumed very t h i n  i n  t h i s  discussion) 
g ives  a sca t t e red  power densi ty  of AP/L. Then the s ignal /noise  r a t i o  i s  AP/NL 
f o r  a s ing le  pulse. 

I f  the in teg ra t ion  time permissible without l o s s  of coherence i s  C, t he  
number of pulses transmitted i n  t h a t  time i s  C / I .  The resu l t ing  s ignal /noise  
r-atio f o r  the unmodulated pulse i s  CAP/INL. 

Now consider the same pulse, pseudorandom-coded i n t o  n b i t s .  The band- 
width required has now increased from 1/L to n/L, the s ignal /noise  r a t i o  f o r  'a 
s ing le  pulse i s  AP/nNL, and a f t e r  coherent in teg ra t ion  f o r  time C i s  CAP/InNL. 
Of course, the  range resolut ion has improved by a f ac to r  of n. 

Final ly ,  consider the case where the same improvement i n  range reso lu t ion  
i s  sought by using a frequency-stepping technique. The number of frequency 
s t e p s  i s  n, and the time taken t o  complete one frequency sweep i s  nI. Assuming 
t h e  same coherence time C f o r  the s ignal ,  coherent in teg ra t ion  can be performed 
over C/nI samples. The signal/noise r a t i o  f o r  a s ingle  pulse i s  AP/NL, a s  i n  
the  unmodulated case. That fo r  the coherently in tegrated s igna l  i s  therefore  
CAP/InNL, the  same f o r  the pseudorandom code with the same range resolut ion.  

The main advantage of the pseudorandom-coded pulse and the chirped pulse 
i s  t h a t  the configuration of the sca t t e r ing  medium i s  required t o  be f ixed only 
f o r  a time equal t o  the pulse length. I n  MST radar,  t h i s  i s  not s ignif icant .  
Against t h i s  must be s e t  the £01 lowing advantages of the frequency-st epping 
method : 

1 )  The t ransmit ter  phase and frequency a r e  changed only during the  in te r -  
pulse period. Large VHF r ada r  t ransmit ters  can cause problems when 
phase-coded, as  discussed by HERRINGTON and BOWHILL (1983). 

2 )  With frequency stepping, only the rf stages of the receivers  need t o  
be widened t o  accommodate the increased bandwidth. 

3 )  The range-side.lobe problem of a pseudorandomly coded s ignal  i s  avoid- 
ed. 



The work descr ibed  was supported by t he  Nat iona l  Aeronautics  and Space 
Adminis t ra t ion  under g r an t  NGR 14-005-181. 

REPERBJ CES 

Barry,  G. ti. and R. B. Fenwick (1965), ~ x t r a t e r r e s t r i a l  and ionospher ic  sound- 
i n g  w i th  synthes ized  frequency sweeps, Hewlett-Packard J., &, NO. 11, 
Ju ly .  

Fenwick, R. B. and G. B. Barry (1964), Generat ion of frequency-sweep waveforms 
by d i r e c t  syn thes i s ,  Tech. Rev. 99, S tanford  Elec. tronics Labs., S tanford ,  -. 
L a .  

Gossard, E. E., R. B. Chadwick, K. P. Moran, R. G. Strauch,  G. E. Elorrison and 
W. C. Canpbell (19781, Observat ion of winds i n  t he  c l e a r  a i r  using an EX-(31 
Doppler radar ,  Radio Sci.,  13, 285-289. 

Fa r l ey ,  D. T. (19831, Pulse compression us ing  b ina ry  phase codes, Handbook f o r  
MAP. Vol. 9, SCOSTEP S e c r e t a r i a t ,  Dep. Elec. Eng., Univ. I L ,  Urbana, 410- 
414. 

Gnanalingm, S. (19541, An appara tus  f o r  the  d e t e c t i o n  of weak ionospher ic  
echoes, Proc. I n s t .  E lec t .  E n ~ r s . ,  101 (1111, 243-248. 

Herrinrrton, L. J., Jr. and S. A. Bowhill (19831, Phase modulating t he  Urbana - - 
r a d a r ,  Aeron. Rep. 109, Aeron. Lab., Dep. Elec. Eng., Univ. IL.,  Urbana. . 

Klauder, J. R., A. C. P r i ce ,  S. Dar l ing ton  and W. J. Albershe in~ (19601, The 
theory  and des ign  of c h i r p  r ada r s ,  B e l l  System Tech. J., 39, 745-808. 

R ich t e r ,  J. 8. (1969), High r e s o l u t i o n  t ropospher ic  r ada r  sounding, Radio 
Sc i .  &, 1261-1268. 

~ i ~ s a n n ,  D. R. and S. A. Bowhill (19671, The a p p l i c a t i o n  of pulse  conpreq- 
s i o n  techniques t o  ionospher ic  sounding, Aeron. Rev. 16,  Aeron. I.ab., Dep. 
Elec. Eng., Univ. IL,  Urbana. 



7.1B ELIMINATION OF RANGE-ALIASED ECHOES I N  YBF RADARS 

R. G. Strauch 

ERL /WL 
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Boulder, CO 80303 

Very high frequency radars  designed t o  measure ' t ropospheric wind p r o f i l e s  
usually detect  sca t t e r ing  t o  a maximum height of about 20 km. I f  the antenna 
e leva t ion  angle i s  45 degrees or more above the horizon, the maximum range of 
i n t e r e s t  i s  l e s s  than 30 Icm. A VHF pulsed Doppler radar wind P r o f i l e r  can, 
therefore., be operated art high pulse r e p e t i t i o n  ra t e s  (-5 kHz). The maximum 
bandwidth allowed (by frequency a l loca t ion  o r  by the antenna) i s  about 0.5 MKz 
(a t  most) so a radar  with uncoded pulses can operate with a duty cycle of I t o  
10% ,' depending on. the des i red height resolution.  This i s  approximately the 
duty cycle allowed i n  many t ransmit ters .  Therefore it is  often possible t o  
operate a troposphericwind Prof il e r  t h a t  u t i l i z e s  a l l  the average power avail-  
ab le  from the  t ransmit ter  without the complexity of coded pulses. However the 
'VIIP r ada r  can detect  echoes from the mesosphere on occasion and, with high 

> .  pulse ,  r e p e t i t i o n  r a t e s ,  these echoes w i l l  occur a t  the same apparent range a s  
" . tt!e tropospherfc e'ch6es of i n t e r e s t .  . These'mesospheric echoes may, a t  times, 

be stronger than the tropospheric signals.  The range-aliased mesospheric 
echoes can be g rea t ly  a t tenuated or ef fect ively .  eliminated a s  described below. 

F i r s t ,  suppose tha t  the phase of the transmitted pulse va r i e s  randomly 
from pulse t o  pulse. This random phase occurs i f  the t ransmit ter  uses a pulsed 
o s c i l l a t o r  ins tead of a pulsed ampl i f ier ,  as i n  a microwave radar  with a magne- 
t ron  ( o s c i l l a t o r )  t ransmit ter .  I f  the t r ansmi t t e r  uses an amplifier  the phase . . "  

-1 . . 'can. be va r i ed  from pulse t o  puLse by introducing a phase s h i f t  on a low-level 
reference o s c i l l a t o r  jus t  pr ior  t o  each transmitted pulse. The phase of the 
reference o s c i l l a t o r  i s  kept constant while a l l  echoes from the unambiguous 
range i n t e r v a l  a r e  received. co he unambiguous range i n t e r v a l  i s  0 to c ~ / 2  where 
c i s  ve loc i ty  of piopagation and T i s  the pulse r e p e t i t i o n  period). Then, a s  
i n  a magnetron microwave Doppler radar ,  the  s igna l s  from range-aliased t a rge t s  

- w i l l  be incoherent and cause an increase i n  noise,  but they w i l l  not produce a 
- , . Doppler. spectrum t h a t  can compete with (or be, mistaken f o r )  the  tropospheric 

Doppler spectrum. It i s  poss ible  t o  choose any ambiguous range in te rva l  (n 
---- cT/2 < R < (n + l )cT/2)  fo r  coherent recept ion while t a rge t s  a t  a l l  other ranges 

a r e  incoherent by se lec t ing  the  phase of the reference o s c i l l a t o r  used during 
recept ion t o  be equal t o  t h a t  used i n  previous transmitted pulses. Range- 
a l i a sed  s i g n a l s  t h a t  appear as white noise  i n  the Doppler spectrum a re  much l e s s  
troublesome than i f  they were coherent. However, because VHF radars  with high 
pulse r e p e t i t i o n  r a t e s  can use time-domain in tegra t ion  of the video samples from 
consecutive pulses,  the range-aliased echoes can be g rea t ly  attenuated o r  ef- 
f ec t iv  ely eliminated ra the r  than made incoherent (causing increased noise 1. 

Next, l e t  the phase of the transmitted pulse change from pulse to  pulse 
with a pseudorandom binary code. Then s ignals  i n  the range 0 to  cT/2 w i l l  add 
i n  the  time-domain in tegrator  jus t  as though the t ransmit ter  had constant phase, 
but range-aliased s igna l s  w i l l  add or subtract  depending on the phase of the 
code during recept ion r e l a t i v e  t o  the phase during tranmnis sion- of a pr ior  
pulse. I f  the s ignal  phase of the range-aliased targets  remains constant dur- 
ing the time-domain in tegra t ion  period, the range-aliased s igna l s  w i l l  cancel i f  
the re  a r e  a s  many pos i t ive  as  the re  a r e  negative elmtents i n  the  code. A 
pseudorandom code can cancel the s ignals  (except fo r  a t  most 1 pulse)  fo r  a l l  
range-aliased in tervals .  I f  the range-aliased s igna l s  a r e  i n  motion but have 
small ve loc i ty  compared with +- X/4tlT, where M i s  the number of samples averaged 



i n  the time domain, then the cancellation of range-aliased echoes i s  s t i l l  ef- 
fective. I f  t h i s  were not so, one could not perform time-domain integrat ion on 
the s i gna l s  from the range of interest .  I n  fac t ,  when targets  a re  i n  motion, 
the cancellation of the range-sliased signals i s  more e f f ic ien t  than the co- 
herent addition of the desired signals,  because i n  the l a t t e r  case signals must 
r m a i n  nearly i n  phase throughout time In, while i n  the former case cancella- 
t i on  occurs during subintervals of Wl'. 

The VEP radars i n  the Colorado Wind Profi ler  Network have been designed t o  
operate at high pulse repe t i t ion  ra tes  with lmcoded pulses and t o  be able t o  
re jec t  mesosphesic echoes on the basis  of the above considerations. We have 
not a s  ye t  implenented the mesospheric echo cancelling feature. 



7.1C SIDELOBE REDUClbION OF BARKER CODES 

J. L. Green 
Aeronomy Laboratory 

National Aeronautics and Space Administration 
Boulder, CO 80303 

Barker codes a r e  simple and inexpensive t o  implanent. I n  the  absence of 
l a rge  and f a s t  computers they can be rea l i zed  a s  simple d i g i t a l  preprocessors, 
o r  wi th  the  use of a delay l i n e ,  can be rea l i zed  a s  an analogue device. Assrrnr 
ing the  process observed has an autocorre la t ion time t h a t  is  long compared t o  
the  code length,  a gain  i n  s igna l  t o  noise, G N where N i s  the  number of 
elements i n  t h e  .code, may be real ized.  

Typically Barker codes a r e  implemented by s h i f t i n g  the phase of the trans- 
mi t ted  s igna l  by 0 or 180 degrees according t o  the code pattern.  The known 
Barker codes a r e  shown i n  Figure la .  A typ ica l  detect ion scheme i s  shown i n  
Figure l b  where the output of the radar  receiver  i s  delayed by an analogue delay 
l i n e  or a s h i f t  r e g i s t e r .  The s ighal  i n  each elenent of the delay l i n e  or 
s h i f t  r e g i s t e r  i s  continuously mul t ip l ied  by the  code and a l l  elenents a r e  
summed. 

A p r inc ipa l  disadvantage has been the sidelobe response (FARLEY, 1983). 
I n  the  case of HST o r  ST radar  echoes where the re  i s  a dynamic range a s  l a rge  
a s  60 dB, these unwanted sidelobes cause an Zncrease i n  the apparent width of 
atmospheric layers ,  or some. narrow layer  t o  appear a t  several  a l t i tudes .  I n  
Table 1 it can be seen t h a t  the  main lobe t o  peak sidelobe r a t i o  (PSR) va r i e s  
from 9.54 dB, f o r  a code of N 3 to  22.28 dB, fo r  a code of N = 13. 

. The sidelobes of a Barker code may be reduced by tapering the response of 
the  decoder. Optimm tapers,  from BLWQIIKOFF and ZEREV (19761, a r e  shown i n  ' 
Table 2. This tapering i s  achieved by multiplying the delayed s ignal  elements 
i n  Figure l b  by the speci f ied  coe f f i c i en t s  r a the r  than 51. The r e s u l t s  a r e  
shown i n  Table 1 where G and the  PSR a r e  l i s t e d  f o r  no tapering and optimum 
tapering. It' can be seen t h a t  the sidelobe response has been g rea t ly  reduced 
wi th  very l i t t l e  l o s s  i n  G. - 

This taper ing can be readi ly  achieved i n  a d i g i t a l  computer with suff i -  
-- - - _ _ -I__A c i e n t  word length, but d i f f i c u l t  t o  r e a l i z e  i n  an analogue f i l t e r  because of 

the  m a l l  changes i n  the coeff ic ients .  An a l t e r n a t i v e  i s  t o  have one coeffi-  
c i e n t  fo r  A and another for Ale .  .AN. These a r e  shown i n  Table 3 
(BLINCX~KOFB and ZEREV, 1976). As can be seen i n  columns 5 and 6 of Table 3, 
t h i s  s impl i f ica t ion works surpr is ingly  well ,  since there  i s  only a very small 
increase i n  the PSR and a corresponding small decrease i n  G. 
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Table 1:  Comparison of nontapered Barker code rea l i za t ions  t o  optimm, 

and modified tapering 

PSR G 

N Matched O p t S L  M0dS .L .  Matched Opt S L Opt S L 

Suppress Suppress Suppress Suppress 



Table 2: Optimum tap weights normalized for peak output of unity 
(odd tap weights are zero) 

Tap N = 3 N = 5  N o 7  N 11 N = 13 

Table 3: Realization with a l l  tap weights equal except a. 
( a l l  odd tap weights se t  to zero) 

N a~ ' 2 . . ~  :ao/aN: PSR SNR 



7.1D CONSTRU (XION OF COMPLPENTARY CODE SEQUEM CE SETS 
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A set of code sequences i s  s a i d  t o  be a conplenentary code sequence s e t  i f  
t h e  sum of the  ape r iod ic  au tocor re l a t ion  funct ions  f o r  the sequences i s  zero 
everywhere except a t  the o r ig in .  This  note  d iscusses  a s i n p l e  cons t ruc t ion  f o r  
s e t s  of conplauentary code sequences. Suppose we have a l i n e a r  feedback s h i f t  
r e g i s t e r  whose feedback polynomial i s  i r r e d u c i b l e  (PETERSOH and WELDON, 1972). 
For exanple. a c q r d i n q  t o  the  t ab le s  i n  (PETERS014 and WELDON, 1972, Appendix C), 
t he  polynomial x + x + 1 i s  i r r e d u c i b l e  and corresponds t o  the l i n e a r  
feedback s h i f t  r e g i s t e r  shown below (SARVATE and PURSLEY, 1980). 

A feedback s h i f t  r e g i s t e r  with n s tages  produces 2" d i f f e r e n t  sequenTes 
corresponding t o  the  2" i n i t i a l  loadicgs. The length (or per iod)  of the se- 
quences i s  N where M = 2n-1 if the  feedback polynomial i s  pr imi t ive .  and H i s  
a proper d iv i so r  of 2"-1 i f  the polynomial i s  nonprimitive (PETERSON and 
WELDON, 1972). For example. i f  we choose a pr imi t ive  polynomial of degree 6 ,  

- we can g e t  64 sequences of length 63. while i f  we choose a n ~ n p r i m i t i v e ~ p o l y -  
nomial of degree 6 ,  w e  can g e t  64 sequences of length 21 o r  9. These 2 se- 

- - -- - -  -4 quences form a complenentary code sequence se t .  For e - m p l e .  the  8 sequences 
of length 7 generated by the  s h i f t  r e g i s t e r  shown above form a complanentary 

-- code sequence se t .  The sequences a r e  a s  follows: 

I t  w i l l  be noted t h a t  the al l-zeroes sequence i s  always one of the se- 
quences obtained thus. Since t h i s  may not be convenient f o r  sorile app l i ca t ions ,  
we cons ider  the  following modification.  Choose an a r b i t r a r y  b inary  sequence of 
length N and add i t  t o  a l l  the sequences obtained from the s h i f t  r e g i s t e r .  
Here, add i t ion  means bit-by-bit EXCLUSIVE OR add i t ion  of sequences. The re- 
s u l t i n g  s e t  of sequences i s  s t i l l  a conplanentary code sequence se t .  For 
example, i f  we choose the  sequence 0011010 and add i t  t o  the  sequences above. 
we ob ta in  the  s e t  of sequences shown: 



The aper iodic  autocorre la  t ion  function f o r  a binary sequence i s  computed 
by f i r s t  converting the  sequence from the alphabet ( 0 , l )  to  the alphabet (+I,-1) 
and then using the formula 

The r e s u l t s  of such conputations fo r  the 8 sequences a re  as shown below. 
It i s  c lea r  t h a t  these sequences do indeed form a complementary code sequence 

. s e t .  

I n  general ,  we can construct  qN-* d i f f e r e n t  complanentary code sequence 
s e t s  from a given s h i f t  r e g i s t e r .  Some of these  may be more su i t ab le  f o r  ap- 
p l i ca t ions  than others.  The construction given i n  t h i s  note can be generalized 
t o  produce polyphase sequences also.  De ta i l s  a re  given i n  (SAWATE, 1983). 
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7.2A PROUST RADAR : DECODING HARDWARE AllD COHERENT INTEGRATION 
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94107 Saint-Maur Cedex 
France 

1. Character is t ics  

-impulsion width :4 u s  
-PRF :I40 vs 
-code :quasi complementary 
-number of d i f f e ren t  codes :as many a s  number of coherent in teg ra t ions  (64) 
-number of subcodes : 20 -. 

-subcode width :200 ns  
-height r e so lu t ion  :30 m 

2. Device 

-decoding i n  r e a l  time before coherent in teg ra t ion  
-2U (number of subcodes) gates  decoded i n  p a r a l l e l  but output delayed 

(200 n s )  from one gate  t o  the next one 
-one card used f o r  decoding and coherent in teg ra t ions  (Figure 1 )  

- -number of cards:  20 iden t i ca l  cards + sequencer + memoty card 
-signdl A.D.C. d i s t r ibu ted  a t  the same time on 20 cards. Code c i rcula ted 
with a time delay of 200 ns from one card  t o  the next one 

3. Advantages - l imi ta t ions  

- r ea l i za t ion  of one card f o r  decoding and coherent in teg ra t ion  and duplica- 
t i o n  f o r  the others  

- t e l l a b i l i t y  of the device: one kind of spare cards 
- m s s i b i l i t y  t o  g e t  with the same device p r o f i l e  mode (600 m) o r  magnifier 
mode (30 m j  

-change of a l t i t u d e  reso lu t ion  by changing the width of the impulsion and 
subcodes 

- l imi ta t ion  due t o  the kind of A.D.C. avai lable  fo r  sampling frequency 
g r e a t e r t h a n l ~ z , t h e y a r e a d j u s t e d t o o n e f r e q u e n c y o n l y  . 

-number of sllbcodes f ixed 
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7.3A A HIGH-SPEED DIGITAL SIGNAL PROCESSOR FOR ADlOSPHERIC RADAR 

J. W. Brosnahan'and D. M. Woodard 

Tycho Technology, Inc . 
P.O. Box 1716 

Boulder, CO 80306 

GBIERAL OVERVIEW 

The Tycho Technology Model SP-320 i s  a high-speed pipel ined d i g i t a l  s igna l  
processing system designed around the c a p a b i l i t i e s  of the Texas Instruments 
TMS32010 16132-Bit Signal Processor. This device i s  a monolithic r e a l i z a t i o n  
of a complex general  purpose s ignal  processor, incorporating such fea tu res  a s  a 
32-bit ALU, a 16-bit x 16-bit coo~binator ia l  mul t ip l i e r ,  and a 16-bit b a r r e l  
s h i f t e r  (TEXAS IEISTRUfENTS, 1983a). The SP-320 i s  designed t o  operate as  a s lave  
processor t o  a host general purpose computer i n  appl ica t ions  such a s  coherent 
in teg ra t ion  of a radar  r e tu rn  s ignal  i n  mul t ip le  ranges, or dedicated FFT pro- 
cessing. To the main PC board may be added piggybackmodules fo r  A/D conver- 
s ion and 110 in te r fac ing  (see  Figure 1) .  Presently ava i l ab le  i s  an 110 module 
conforming t o  the I n t e l  Multichannel in te r face  standard (INTEL CORPORATION, 
1983); o the r  110 modules w i l l  be designed t o  meet spec i f i c  user requirements. 

The main processor board (exclusive of A/D and 110 modules) includes input 
and output FIFO ( F i r s t  I n  F i r s t  Out) memories, both with depths of 4096 \I ,  t o  
permit asynchronous operation between the source of da ta  and the host computer. 
This design permits burs t  da ta  r a t e s  i n  excess of 5 Mi/s. 

( a )  Areas of Application 

The SP-320 was i n i t i a l l y  designed as  a coherent in teg ra to r  f o r  atmospheric 
' 

radar  systems. I n  the course of development, it became apparent t h a t  with the 
add i t ion  of a few hardware fea tu res ,  the board could be made useful  fo r  a much 
broader c l a s s  of mathematical and s igna l  processing problems. 

Coherent I n t e g r a t i o n  f o r  Radar. Design c r i t e r i a  f o r  t h i s  a p p l i c a t i o n  in- 
cluded a 1-bEz sample r a t e ,  12 b i t s  raw da ta  precision,  and 256 range gates.  
The SP-320 has a d i g i t a l  input data  path width of 13 b i t s ,  and w i l l  support 
burs t  data  r a t e s  t o  5 Mlz. I n  pract ice ,  the sampling r a t e  i s  l imi ted by the 
AID conversion time required for  the des i red precision.  For example, 12 b i t s  
i n  0.5 us i s  about the l i m i t  for  a cost-no-object system using a s ing le  board- 
l e v e l  converter per analog channel; a reasonable compromise i s  10 b i t s  i n  1.0 
u s  using a hybrid A I D  converter. Assuming range accumulators of 32 b i t s ,  64 
ranges can be accommodated using only the i n t e r n a l  data memory of the TMS32010. 
Using external  data  meniory, a maximum of 2048 ranges can be used. However, ex- 
t e r n a l  range accumulators require  approximately 3.6 u s  f o r  the read-add-write 
sequence compared t o  1.4 ps  f o r  i n t e r n a l  accumulztors. Thus, f o r  a l a rge  num- 
ber of ranges, the system may become computation l imited,  requir ing a reduction 
i n  pulse r e p e t i t i o n  frequency. Also, f o r  a l a rge  number of ranges used i n  con- 
junction with a small number of points per in tegrat ion,  the systen may become 
output l imi ted a t  the processor-host in te r face .  For a discussion of these and 
o the r  performance trade-offs see (TYCHO TECHNOLOGY, I N C . ,  1984). For the 
r e a l i s t i c  case of a l-blKz sample r a t e ,  256 ranges, 6 p a r a l l k l  data  channels, and 
a host in te r face  capable of a DFlA t r a n s f e r  r a t e  of 1 V per us, the SP-320 can 
support a pulse r epe t i t ion  period of 1 ms with any number of in teg ra t ion  points 
greater  than 8. 

A f ea tu re  of the MS32010 t h a t  i s  of pa r t i cu la r  i n t e r e s t  i n  the context 
of coherent in teg ra t ion  i s  the MPYK (multiply by constant)  ins t ruct ion.  This 
allows the raw da ta  word t o  be mu1 t i p l i e d  by a 16-bit constant previously s tored 
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Figure 1. SP-320 overa l l  block diagram. 

i n  the  T r e g i s t e r  wi th  no execution time penalty compared t o  simply enter ing 
the  raw data  i n t o  the processor. The user thus  may impose a window funct ion on 
the  in teg ra t ion  by per iodical ly  reloading the  T r e g i s t e r  from a t a b l e  i n  pro- 
gram memory . 

For those users who wish t o  implement a pre-integration pulse-pair pro- 
cess ing algorithm, the SP-320 provides an Inter-Channel Link. This allows the  
processors of two associa ted quadrature channels t o  pass data  words back and 
f o r t h  a s  required f o r  complex ari thmetic.  

D i g i t a l  F i l t e r s .  The TMS32010 was designed with a strong emphasis on 
t h e  e t f  i c i e n t  execution of d i g i t a l  f i l t e r  algorithms. I n  pa r t i cu la r ,  hardware 
macro ins t ruc t ions  such a s  LTD allow very f a s t  manipulation of running lists of 
da ta  points. See TEXAS INSTRUMENTS (1983b), sect ion 8, and RABINER and GOLD 

.- (1975) fo r  more d e t a i l s  on d i g i t a l  f i l t e r  design. The SP-320 can be used a s  a 
f a s t  real-time d i g i t a l  f i l t e r  by employing the  TMS32010, uaing only i n t e r n a l  

- da ta  memory, and the input and output FIFOs. 
- - -  

- FFT Processing. The SP-320 supports both real-time and batch FFT pro- 
cessing. Maximum conversion eff ic iency i s  achieved by using s t r a igh t - l ine  code 
and a maximum of 64 complex points  of 16 b i t  in t ege r  precision.  See Figure 5 
i n  MAGAR e t  a l .  (1982) for  a summary of conversion times f o r  var ious  s i z e s  of 
transforms and for both the s t r a igh t - l ine  and looped code cases. For example, 
a 64 point  complex transform with s t r a igh t - l ine  code can be completed i n  738 
us. A 1024-point transform with looped code requires  76 ms. Within the  64- 
po in t  l i m i t ,  the  TMS32010 does not need t o  access external  da ta  memory, and with 
s t r a igh t - l ine  code can achieve conversion times t h a t  compare favorably with some 
dedicated FFT processors. Even with the much longer conversion times required 
by l a rge r  transforms and looped code (required because of the 4 kW progran 
memory s i z e  l imi ta t ion) ,  the  SP-320 may i n  some circumstances be a useful  com- 
promise between a hardware FFT processor and a software FFT running on a general  
purpose microprocessor. 

HARDWARE DES CRI PTIOI 

The SP-320 cons i s t s  of a main PC board with external  connections grouped 
on two headers. These headers mate with connectors on the two piggyback mod- 



u l e s ,  t h e  328-AD (AID Conversion l!odule), and t h e  320->fC (Mult ichannel  Bus 
I n t e r f a c e ) .  For those  u s e r s  who wish  t o  d e s i g n  custom i n t e r f a c i n g  f o r  t h e  SP- 
320,  t h e  two headers  a l low d i r e c t  a c c e s s  t o  t h e  input  and o u t p u t  FIFOs and t o  
t h e  program and d a t a  memories. 

( a )  Kain Board 

The Tl.IS32010 i s  a  "Harvard A r c h i t e c t u r e "  dev ice ,  i .e .  t h e  program and d a t a  
menor ies  a r e  s e p a r a t e .  The SP-320 implements t h e  f u l l  4k  \I a d d r e s s a b l e  program 
memory space. The TllS32010 h a s  144 W of i n t e r n a l  d a t a  nenory  and on ly  3  b  of  
e x t e r n a l  d a t a  address .  To make t h e  SP-320 a  g e n e r a l  purpose p r o c e s s o r ,  t h e  8 
e x t e r n a l l y  a d d r e s s a b l e  d a t a  o b j e c t s  a r e  regarded  a s  110  p o r t s ,  and 4k  W ( o r  2k 
DPW) of d a t a  memory a r e  f u r n i s h e d ,  w i t h  auto-incrementing ( o r  d e c r m e n t i n g )  
a d d r e s s  g e n e r a t i o n  under c o n t r o l  of t h e  p o r t s  ( s e e  s e c t i o n  e n t i t l e d  "Port  
Assignments").  

Raw Data Input .  Normal d a t a  input  f o r  rea l - t ime  a p p l i c a t i o n s  i s  by way . 
of t h e  input  FIFO through header  J1 u s i n g  a  Data ValidIRead c o n t r o l  sequence. 
T h i s  i n p u t  path i s  12 b  wide;  each d a t a  word e n t e r s  t h e  TEiS32010 i n  one in- 
s t r u c t i o n  c y c l e  (200 n s )  by use of  t h e  IQYK i n s t r u c t i o n .  A hardware swi tch ing  
scheme i n j e c t s  t h e  c u r r e n t  o u t p u t  word of t h e  input  FIFO i n t o  t h e  c o n s t a n t  f i e l d  
o f  t h e  i n s t r u c t i o n .  T h i s  f e a t u r e  nlay b e  e n a b l e d l d i s a b l e d  under  sof tware  con- 
t r o l  t o  a l l o w  normal use of t h e  WYK i n s t r u c t i o n .  Jumper s e t t i n g s  a l l o w  t h e  
raw d a t a  word TO be  i n t e r p r e t e d  a s  e i t h e r  n a t u r a l  b i n a r y  o r  two's  complement 
b inary .  I n  t h e  l a t t e r  c a s e ,  t h e  d a t a  word i s  a u t o r s a t i c a l l y  s ign-extended i n  
t h e  TElS32010 td 16 b i t s .  

Data Ilemor . The SP-320 d a t a  neorciry i s  organ ized  a s  4096 16-bi t  words. 
- However, odd an% even a d d r e s s e s  a r e  accessed  by s e p a r a t e  1 1 0  p o r t s .  T h i s  a r -  

rangement was determined t o  be  optimum f o r  implementing double  p r e c i s i o n  ac- 
cumul a t o r s  f o r  coheren t  i n t e g r a t i o n .  Address  g e n e r a t i o n  i s  e x t e r n a l  t o  t h e  
TtlS32010 and a d d r e s s  i n c r m e n t i n g ,  under  c o n t r o l  of 4  b i t s  i n  an increment  Fon- 
t r o l  r e g i s t e r ,  can be  made t o  occur  a u t o m a t i c a l l y  a f t e r  any o r  a l l  of  t h e  f o l -  
lowing: r e a d  low word, r e a d  h i g h  word, w r i t e  low v7ord, w r i t e  h i g h  word. For 
example, i n  coheren t  i n t e g r a t i o n  f o r  r a d a r ,  us ing  double p r e c i s i o n  accumula tors ,  
one would s e t  t h e  increment  c o n t r o l  b i t  f o r  "increment a f t e r  w r i t e  h i g h  word". 

- Then, a f t e r  t h e  sequence: r e a d  low word, add, w r i t e  low word, read  h i g h  word, 
add, w r i t e  h i g h  word; t h e  d a t a  memory a u t o m a t i c a l l y  would be  i n c r m e n t e d  f o r  
t h e  n e x t  range  g a t e .  Address ,  d a t a ,  and c o n t r o l  l i n e s  f o r  b lock  t r a n s f e r s  t o  -- - and from d a t a  menlory a r e  a v a i l a b l e  a t  header  52. 

Output FIFO. For p i p e l i n e d  p r o c e s s i n g ,  t h e  SP-320 prov ides  a  16 b  wide 
by 4096 W deep ou tpu t  FIFO. The wid th  (16 b  a s  opposed t o  e.g. 32 b )  was de- 
ternlined by t h e  s t a n d a r d  i n t e r f a c e  d e f i n i t i o n s  ( l !ul t ichannel ,  IEEE-488, e t c . )  
i n  g e n e r a l  use f o r  s c i e n t i f i c  a p p l i c a t i o n s .  For an a p p l i c a t i o n  such  a s  i n t e -  
g r a t i o n  w i t h  double p r e c i s i o n  accumulators ,  one would program t h e  system t o  
w r i t e  t h e  r e s u l t s  of t h e  l a s t  sequence of a d d i t i o n s  t o  t h e  ou tpu t  FIFO i n  low, 
h i g h  o r d e r  i l s t e a d  of  r e t u r n i n g  t h e  r e s u l t s  t o  d a t a  memory. The h o s t  would 
then  be expected t o  t r a n s f e r  ou t  t h e  range  sums a t  an average  r a t e  s u f f i c i e n t  t o  
keep up w i t h  t h e  processor .  For b a t c h  o p e r a t i o n s ,  t h e  ou tpu t  FIFO may s t i l l  b e  
used a s  t h e  ou tpu t  pa th ,  a s  an a l t e r n a t i v e  t o  a  DM t r a n s f e r  ou t  of  d a t a  memory. 
FIFO o u t p u t  i s  a v a i l a b l e  a t  header  52. -' 

Program Memory. The TMS32010 executes  i n s t r u c t i o n s  ffom a 16 b  by 4096 
U RAN which must be loaded by t h e  hos t  computer wi th  TMS32010 o b j e c t  code. As- 
s e r t i o n  of t h e  Reset  l i n e  p l a c e s  t h e  TliS32010 i n  an i n a c t i v e  s t a t e  and makes 
t h e  program memory a d d r e s s  and d a t a  l i n e s  a v a i l a b l e  a t  header  52 f o r  b lock  load-  
ing by t h e  hos t .  Upon d e a s s e r t i o n  of Rese t ,  t h e  MS32010 b e g i n s  e x e c u t i o n  a t  
a d d r e s s  0000. 
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Figure 2. Format for  loading da ta  address counter. 

(b) AID Converter llodule 

The 320-AD piggyback module (see Figure 3 )  mates with J1  on the SP-320. 
Its main components a re  o Teledyne Phi lbr ick  4860 track-hold ampl i f ier  and a 
Burr-Brown ADC803 analog-to-digital converter. Input vol tage ranges of do, 
fi, and 0 to  -10 a re  jumper se lectable .  The conver ter ' s  crock r a t e  i s  adjust-  
able,  and the end-of-conversion point i s  jumper se lec tab le ;  these  f ea tu res  a l -  
low the module t o  be s e t  up f o r  maximum conversion speed a t  any precis ion from 8 
b i t s  t o  12 b i t s .  The output £omat can be jumper se lected t o  o f f s e t  binary or 
two's complement binary. An output l a t c h  holds the r e s u l t  of the  l a s t  conver- 
s ion while the current conversion i s  i n  process, allowing continuous pipelined 
operation a t  the maximum speed of the converter. The output l a t c h  i s  16 b i t s  
wide with f u l l  sign extension, f o r  maximum v e r s a t i l i t y  i n  in te r fac ing  the modul? 
t o  devices o ther  than the SP-320. The maximum continuous sampling r a t e  va r i e s  
from 2 MHz a t  a precis ion of S b i t s  t o  0.66 1Mz a t  12 b i t s  (BURR-BRO\JN, COR- 
PORATION, 19 83 ) . 
( c )   MU^ tichannel" Bus In te r face  llodule 

- - 
The 320-IIC piggyback module mates with 52 on the SP-320. This module 

-. - serves as  a high-speed p a r a l l e l  in t e r face  between the SP-320 and a llultichannelm 
bus a t  the Basic TalkerIListener l w e l  of compliance (see  INTEL CORPORATION, 
1983, sect ion I V ) .  The module includes counters for  address generation and 

Figure 3. Block diagram of 320-AD module. 



word count t o  support high-speed Dt4A t r a n s f e r s .  Up t o  15 modules may be  con- 
nected t o  t h e  same bus under the con t ro l  of a s i n g l e  DMA device having Nult i-  
channelm supervisor c a p a b i l i t i e s .  A l l  of the  funct ions  ava i l ab le  a t  52 a re  
supported by the 320-b1C a s  r e g i s t e r  and memory assignments. The &tult ichannelm 
Device Nmber fo r  the  module i s  jumper se l ec t ab le .  

PROGMEBlIITG CONSIDERATION 

The following hardware d e t a i l s  have a bearing on the programming of the  
SP-320; they should be considered i n  conjunction with the TElS32010 i n s t r u c t i o n  
s e t  (TEXAS INSTRUEENTS, 1983a). 

( a )  Po r t  Assignments 

The 8 110 po r t s  of the  TklS32010 a r e  decoded separa te ly  f o r  read and w r i t e ,  
and perf o m  the  following funct ions :  

Por t  Read Function Write Function 

not  used 
read  LO da ta  word 
read  III da t a  word 
read  inter-channel  l i n k  
read  sys tan  s t a t u s  byte 
no t  used 
n o t  used 
n o t  used 

load data  address counter* 
w r i t e  LO da ta  word 
w r i t e  H I  d a t a  word 
w r i t e  inter-channel  l i n k  
w r i t e  f l a g  by te  
w r i t e  t o  output FIFO 
not used 
not used 

*See Figure 2 f o r  da ta  address counter loading format. 

(b )  Timing and I n t e r r u p t s  t 

The SF-320 r equ i r e s  t h a t  an ex te rna l  40-l.E.Iz TTL l eve l  clock s igna l  be sup- 
p l i e d  t o  53 (an SllA female connector on the main PC board). Use of an e x t e r n a l  
c lock al lows the  synchronization of mul t ip l e  da ta  channels executing the same 
program. 

Two provis ions  have been made t o  enable the system t o  avoid over-reading 
the  input FIFO. The anpty l i n e  of the FIFO c o n t r o l l e r  i s  routed  t o  the  INT 
pin ,  and the  Data Beady l i n e  t o  the B I O  p in  of the TllS32010 (see TEXAS INSTRU- 
MENTS, 1983). Thus the user  has the  opt ion  of e i t h e r  checking B I O  s t a t u s  be- 
f o r e  each data  input ,  o r  using an i n t e r r u p t  handler t o  respond t o  the  empty 
condit ion.  

The f l a g  byte (110 po r t  4 )  has 4 user-definable b i t s  t h a t  con t ro l  on-board 
LEDs f o r  d i agnos t i c  purposes. These b i t s  a r e  a l s o  readable a t  J2 .  The use r  
could, f o r  example, def ine  one of these b i t s  as  a "task completed" ind ica to r  
f o r  batch processing and use i t  t o  i n i t i a t e  a host  i n t e r r u p t .  
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Because of the  i n t e r e s t  i n  real-time FFT processing of a M!5T radar  data ,  a 
study has been made of cost-effective approaches t o  hardware FFT generation. 
Results a r e  summarized i n  Table 1. I n  t h i s  t ab le ,  the f i r s t  s i x  e n t r i e s  repre- 
sent  previously devised hardware FFT con£ igurat ions  which have been described i n  
the  open l i t e r a t u r e ,  including the estimated number of chips used and the  time 
required t o  perform a 1024-point FFT. The remaining e n t r i e s  i n  the  t a b l e  cor- 
respond t o  o r i g i n a l  designs, which presuppose the a v a i l a b i l i t y  of a microcompu- 
t e r  -- sn Apple 11+ has been assumed -- and a modestly complicated hardware 
peripheral .  These o r ig ina l  designs, a l l  of which implenent a radix-4 FFT with 
twiddle f a c t o r s ,  have been assigned model numbers t o  make them eas ie r  to  r e f e r  
to. 

The Model 10 performs a complete FFT a t  one time, and i s  implemented using 
standard TTL chips. An Apple microcomputer i s  responsible f o r  transf e r r i c g  
da ta  t o  a l a rge  s e t  of input r eg i s t e r s ,  and re t r i ev ing  the transformed r e s u l t s  
from another s e t  of output r eg i s t e r s .  The l4odel 20 i s  a much simpler design 
which calcula tes  the value of a s ing le  bu t t e r f ly  output mode, and must there- 
f o r e  be used repeatedly by the  microcomputer during the computation of a com- 
p l e t e  FFT. I n  order  t o  improve throughput, the Model 30 essen t i a l ly  uses four  
Hodel 20s i n  p a r a l l e l ,  so t h a t  a l l  four  output mode values of a s ing le  radix-4 
b u t t e r f l y  a r e  ca lcula ted simultweously.  Like the Model 30, the Model 40 pro- 
cesses  an e n t i r e  radix-4 bu t t e r f ly  a t  one time, but takes superior advantage of 
the  inherent symmetry of the FFT algorithm by u t i l i z i n g  multiplexers and control  
ROMs t o  reduce the overa l l  ch ip  count. 

1 

A l l  of the devices out l ined above a r e  ine f f i c i en t  from the standpoint t h a t  
they require  the Apple microcomputer t o  spend most of i t s  time t r ans fe r r ing  

' 

data  back and for th  between external  r eg i s t e r s .  Models 50 through 70 attempt - t o  a l l e v i a t e  t h i s  problem by u t i l i z i n g  an external  microcontroller,  i n  these - cases a Signet ics  8x305. The Model 50 uses memory access (DMA) t r a n s f e r  of the  
da ta  t o  be transformed t o  very  f a s t  external  RAM, a f t e r  which the microcontrol- 

- - - ---- l e r  d i r e c t s  the flow of data between the external  RAM and a Model 40. When the 
FFT i s  completed, the 8x305 DMAs the transformed r e s u l t s  back i n t o  Apple RAM. 
The Model 60 eliminates the DMA steps,  and 8x305 being used simply t o  t r a n s f e r  
da ta  back and fo r th  between Apple RAM and the  I / O  r e g i s t e r s  of a Xodel 40. 
Last ly ,  the Model 70 i s  very s imi lar  t o  the Model 50, but uses a Motorola 
MC6844 Direct  Mgaory Access Controller chip  t o  perform the DMAs. 

The spec i f i ca t ions  f o r  the various processors shown En Table 1 a r e  p lo t t ed  
on the graph of Figure 1. This graph indicates  t h a t  those implementations 
which a t t a i n  a r e l a t ive ly  f a s t  transformation time a l so  tend t o  possess a re la-  
t ive ly  high chip  count, regardless  of the FFT algorithm chosen. Figure 1 a l s o  
seems t o  ind ica te  tha t  once a pa r t i cu la r  FFT algorithm has been chosen, it may 
be implenented i n  a nearly endless v a r i e t y  of ways, each s t r i k i n g  a d i f f e r e n t  
compromise between the cha rac te r i s t i c s  of transform s i z e  and computation speed, 
and system s i z e  and complexity. 

I n  Figure 1, 'a l i n e  has been included which possesses a slope of -1/2, and 
which passes through the point  (1 chip, 3000 s ) ;  i t  can be seen t h a t  the data 
points  f a l l  approximately along t h i s  l ine .  I f  n i s  the chip  count of an FFT 
processor, and tc i s  the time required by the processor to  perform a 1,024- 



Table 1. Specif ica t ions  of various FFT processors. 

TYPE NUMBER OF CHIPS 'fI>m (1,024-POINT) 

KOBYLDISRI e t  a l .  (1979) z 15 15.0 s 
LTLl and PELED, (19759 = 950 41 u s  
Mini-MAP ; CSP Inc . ( 1982 ) Z 800 4.2 ms 
C O ~ N ~ I O S  e t  a l .  (1975) 1,800 852 u s  
GROGINSKY and WORKS (1970) =10,000 9.11 m s  
FLADUNG and MERGLER (1978) 120 28.2 m s  
Compiled BASIC 5 174 s 

Model 10 61,952 21.8 u s  
Model 20 68 1 . 5 1 s  

Model 30 225 0.441 s 
Model 40 109 0,535 s 

Model 50 150 48.8 m s  

Mode1 60 153 91.7 ms 

Model 70 160 41.0 m s  

TIME (sec) 

Figure 1. Figure of merit  diagram. 

point transform, then an equation fo r  the l i n e  ,may be wr i t t en  i n  terms of these 
va r i ab les  as follows: 
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I n  view of, t h i s  equation, it i s  poss ible  t o  define the following f i g u r e  of 
merit  (FM) f o r  a FFT processor : 

With t h i s  de f in i t ion ,  an FFT processor with spec i f i ca t ions  f a l l i n g  on the l i n e  
w i l l  possess an FM of approximately 100. Specif ica t ions  lying above t h i s  l i n e  
correspond t o  FMs l e s s  than 100, and spec i f i ca t ions  below the l i n e  t o  FMs 
g rea te r  than 100. Clearly,  a FFT processor with a high f i g u r e  of merit  is 
preferable  t o  a processor with a low one. 

The E'Ms corresponding t o  the  various FFT processors i n  Table 1 a r e  shrjwn 
i n  Table 2. 

The f i g u r e  of merit  represents  one way of defining the eff ic iency of a 
p a r t i c u l a r  FFT processor. By t h i s  de f in i t ion ,  it can be seen from Table 2 tha t  
the Model 10 through Model 40 processors a r e  f a i r l y  i n e f f i c i e n t  ; a s  has been 
mentioned before,  t h i s  i s  primarily due to  the l a rge  di f ference which e x i s t s  be- 
tween the computation time of the external  processor and the  time required by 
the Apple t o  t r ans fe r  da ta  back and f o r t h  between i t s e l f  and the  processor. 
Models 50, 60, and 70 FFT processors introduce various forms of 8x305 based 
external  control  i n  an attempt t o  a l l e v i a t e  t h i s  problem; the r e l a t i v e l y  high 
FM values f o r  these processors indicate  t h a t  the scheme has been largely  suc- 
cessful .  A t  l e a s t  i n  terms of ef f ic iency,  the re  appears t o  be l i t t l e  t o  choose 
between the Model 50 and 70 processors. 

A t  present ,  the Model 50 processor uses fixed point ari thmetic,  requir ing 
the  data t o  be scaled before i t  may be transformed. Easier data  handling and 
a wider range of data values would be poss ible  i f  the Model 50 were redesigned 
using f l o a t i n g  point hardware. I n  a s imi lar  vein ,  the Model 50 current ly  pos- 
sesses  no method fo r  detect ing and handling an overflow e r ro r .  A t  the very 
l e a s t ,  some method should be provided f o r  a l e r t i n g  the Apple t o  some itcorrec ' t  
t r = s f o m a t i o n  resu l t s .  Final ly  the spectacular r e s u l t s  achieved using the 
Liu-Peled algorithm (e.g., FLAUUNG and MERGLER, 1978) suggest t h a t  a system 
u t i l i z i n g  t h i s  algorithm should be investigated.  

Table 2. Figure of merit  values  of various FFT processors. 

TYPE FIGURE OF EIERIT (FM) 

KOBYLINSKI e t  a l .  (1979) 88.9 
LIU and PELED, (1975) 8,110 
Mini-14AP; CSP Inc. (1982) 112 
CORINTIlIOS e t  a l .  (1975) 109 
GROGINSKY and WORKS (1970) 0.329 
FLADUNG and MERGLER (197 8) 739 
Compil ed BASIC 69.0 
14odel 10 3.59 
Model 20 43 .O 
Model 30 13.4 
Model 40 47.2 
Model 50 27 3 
Model 60 140 
Model 70 28 6 
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7.5A CRITERIA AND ALGORITHMS FOR SPECTRUM PARAMETERIZATION OF 
MST RADAR SIGNALS 

P. K. Rastogi 

Department of E l e c t r i c a l  Engineering and Applied Physics 
Case Western University 
Cleveland, Ohio 44106 

The power spect ra  [S(f) ]  of MST radar  s igna l s  onta in  useful  information 'i about the  variance of r e f r a c t i v i t y  f luc tua t ions  (C ), the mean r a d i a l  ve- 
l o c i t y  (V) , and the  r a d i a l  ve loc i ty  variance ( o Inin the atmosphere. When 
noise and o the r  contaminating s igna l s  a r e  absenH, these q u a n t i t i e s  can be ob- 
ta ined d i r e c t l y  from the zeroth ,  f i r s t  and qecond order moments of the spect ra  
(ZRNIC, 1979; WOOIMAN, 1983). 

I n  p rac t i ce  the spect ra  contain, i n  addi t ion t o  the atmospheric r e tu rns  
with a Doppler frequency s h i f t  f ,  undesirable components such a s  noise,  ground 
c l u t t e r  and in terference.  The e f fec t  of noise i s  t o  add a " p l a t f o r m ~ o  the 
spectra.  Ground c l u t t e r  i s  usually manifest as  a strong, .symmetric smeared 
peak a t  zero Doppler s h i f t .  External in terference appears a s  spurious peaks 
i n  the spectra. Transmitter malfunction or presence of un iden t i f i ab le  r f  

'sources i n  the  observable range of the radar  may cause pe r s i s t en t  in terference 
a t  some frequency sh i f t s .  Power l i n e  harmonics may a l s o  be present on occa- 
sion. 

The power spect ra  S(f ) a r e  usually estimated by the time-averaged periodo-, 
gram [P(f) ]  of the coherently in tegrated re turned s igna l ,  a t  N d i sc re te  f re-  
quencies over a frequency i n t e r v a l  (-F, F) .  A t  these frequencies,  P ( f )  i s  a 
smoothed, weighted and a l i a s e d  estimate of S ( f )  (FARLEY, 1983; RASTOGI, 1983). 
Perhaps the most serious consequence of using the periodogran method-is t h a t  
the  ground-clutter contr ibut ion i s  smeared and f a l l s  off  slowly a s  f . For,  
strong, fading c l u t t e r  t h i s  i s  su f f i c i en t  t o  mask weak s igna l s  with small 
Doppler s h i f t s .  This problen i s  encountered with UHF radars  a t  near-vertical  
incidence, (SAT0 and WOOMAN, 1982 ). I n  most other cases, the noise,  c l u t t e r ,  
and s ignal  components a re  d i s t i n c t l y  i d e n t i f i a b l e  i n  the periodograns. 

This note  out l ines  a step-by-step procedure t h a t  can be used e f fec t ive ly  
t o  reduce l a r g e  amounts of 8lST radar  data-averaged periodograns measured i n  
range and time t o  a pa rmet r i zed  form. The next two sect ions  respect ively ,  
ou t l ine  the  parameters t o  which a periodogran can be reduced and gives the 
s t eps  i n  the  procedure, t h a t  may be followed se lec t ive ly ,  t o  a r r i v e  a t  the 
f i n a l  s e t  of reduced paraneters. Examples of the performance of the procedure 
a r e  given i n  the  l a s t  sect ion,  where we a l s o  comment on i t s  use with other 
radars.  

BASIC PARAMETERS. OF A TIME AVERAGED PERIODOGRAM 

The form of the time-averaged periodogran of WT radar  s igna l s  i s  shown 
schematically i n  Figure 1, where the noise,  ground c l u t t e r ,  Doppler-shif ted 
s ignal  and spurious components are  a l so  iden t i f i ed .  

The noise platform can be pa rmet r i zed  by a spect ra l  density p and i t s  
va iance uN . The t o t a l  noise power PN corresponds t o  2pNF. pN an 8 

should be obtained over a su i t ab le  noise window. (The terms s igna l  and 
noise window r e f e r  t o  an appropriate frequency in te rva l .  Beyond t h i s  in te rva l  
the spectrum values a re  s e t  t o  zero.) 



power P 

width W_ 

SIGNAL 

power Ps 

In te r fe rence  
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Figure 1. A typical  periodogran of IIST radar  
s igna l s  showing the  c l u t t e r ,  noise.  s igna l  
and in t e r fe rence  component. The periodo- 
gram i s  measured a t  N d i s c r e t e  frequency 
points over an i n t e r v a l  (-F,F). 

The c l u t t e r  component i s  symmetric about the zero frequency, and can be 
parametrized by the  c l u t t e r  power PC and i t s  width Wc i n  frequency. 

To parametrize the s igna l  component assume f i r s t  t h a t  the  noise and c lu t -  
t e r  contr ibut ion have been renoved from the  periodogran over a s u i t a b l e  f r e -  
quency window i n  the  v i c i n i t y  of the  s igna l  peak. The s ignal  component i s  then 
parametrized by the power Ps or the area  under the s ignal  peak, i t s  l oca t ion  
Vs and i t s  frequency spread W,. These parameters a r e  obtained a s  the  
zeroth ,  f i r s t  and second moment of the  spectrum evaluated over the s igna l  win- 
dow. 

The c l u t t e r  contr ibut ion over the s ignal  window can be removed by making 
use of i t s  symmetry about the zero Doppler s h i f t .  This process a l s o  removes 
the  noise platform. I f  the  s ignal  peak i s  well-separated from the c l u t t e r ,  and 
the  c l u t t e r  contr ibut ion . i s  neg l ig ib le ,  then the noise contr ibut ion can be re-  
moved by subtrac t ing the  noise spec t ra l  densi ty  pn over the s igna l  window. 

The parametrization scheme out l ined above requires  some pr ior  in£ ormat ion  
f o r  se l ec t ing  the  noise and s ignal  windows and y ie lds  a small  number of para- 
meters: pN, o PN, P , Wc, P , V , and Ws. Originally each periodogram 
may c o n t a ~ n  6 4 % ~  poi8ts.  ~ a f a m e f r i z a t i o n  reduces a periodogrm to  jus t  8 
numbers, and thus e n t a i l s  a subs tan t i a l  da ta  reduction. 

PROCEDURE FOR PARAMETERIZATION OF PERIODOGRAMS 

The outcome of an 1GT radar experiment i s  usually i n  the  form of records,  
each contaiping periodograms averaged over a short  time i n t e r v a l  (-1/2 to  2 min) 
f o r  a l a r g e  n mber ( 0-200) of range c e l l s ,  A t yp ica l  12-hour experiment would t 3 thus y ie ld  10 to 10 periodograms. The step-by-step procedure discussed 
below i s  s u i t a b l e  f o r  reducing the periodograms t o  a p a r m e t r i z e d  form using a 
minicomputer. I t  assumes the a v a i l a b i l i t y  of two l a r g e  d i s c  s torage  areas ,  one 
f o r  the unprocessed records and t h e  o ther  f o r  parameters. The periodogrm 
parameters from severa l  experiments may be organized a s  a data  base f o r  subse- 
quent analyses. The procedure has been used successfully f o r  reducing about . . 600 hours of ST observations a t  Millstone B i l l .  It can be adapted wi th  minor 
modifications to  observations with o ther  radars.  Depending on the q u a l i t y  of 
periodograns, some s t eps  may become redundant. 



Step I: Record organization and graphical  preview. The records t o  be process- 
ed must be organized sequent ia l ly  i n  time without l a rge  time gaps. A l l  the 
records i n  t h i s  sequence must correspond t o  the same radar pointing di rect ion.  
The range c e l l s  i n  a record must be contiguous. 

It i s  des i rab le  t o  obta in  crude p r i o r  estimates of Doppler S h i f t s  a t  key 
ranges fo r  se lected records. Graphical d isplays  of periodogran records are  of 
considerable help  i n  obta ining these estimates. 

Step 11: Periodogran edi t ing,  smoothing and folding. Periodogran ed i t ing  in- 
volves removal of undesirable spikes using a simple despiking algorithm, based 
e.g. on a 3 or 5 point  median f i l t e r .  

Smoothing involves a c i r c u l a r  d i sc re te  convolution with a 3-point window, 
e.g. a Hanning window with weights (0.25, 0.50, 0.25). I f  the periodogram a re  
too noisy,  a two (or even th ree )  pass smoothing i s  des i rable .  

Folding involves the ranoval of ground c l u t t e r  by renoving t h a t  par t  of 
the periodogran t h a t  i s  symmetric about the center frequency. Folding a l s o  re- 
moves the noise p la t f  orm. 

Step 111: Peak detect ion and tracking i n  range. Simple peak detect ion and 
tracking algorithms can be used t o  ex t rac t  an i n i t i a l  Doppler p r o f i l e  from the  
ed i t ed  periodogran records. Peak detect ion requires  a threshold l w e l  and 
l imi t ing  values f o r  the f i r s t  and second di f ference a t  the peak frequency. 

Once a s ignal  peak has been unambiguously detected, i t  can be tracked i n  
range by s e t t i n g  an anbient frequency window. The extent t o  which t h i s  f r e -  
quency window should move between adjacent range c e l l s  can be speci f ied  on the 
b a s i s  of prevai l ing wind shear. Peak tracking i n  range, through a frequency 
window, i s  a l s o  e f f e c t i v e  i n  r e j e c t i n g  sporadic external  in terference.  

Step IV: Estimating paraneters.  Once an i n i t i a l  Doppler p r o f i l e  has been ob- 
tained, the signal pa rmete r s  discussed e a r l i e r  can be obtained by computing 
the  zeroth; f i r s t  and .second order periodograu moments 0ve.r a s ignal  window. 
To reduce the e f fec t  of moothing, the s ignal  paraneters should be in fe r red  
from the despiked and folded periodograns. The c l u t t e r  parameters a r e  obtained 

- from the par t  of the periodogran t h a t  i s  symmetric about the  center  frequency. 

The noise paraneters a r e  obtained e i t h e r  through a noise window f a r  re- 
-.A moved from the Doppler p r o f i l e  and c l u t t e r ,  o r  from the periodogran for  a 

d i s t a n t  range. 

Step V: Improved estimates.  The s ignal  parameter estimates i n  the  previous 
s t ep  can be improved by using the Doppler-shift information recurs ively .  When 
the  magnitude of Doppler s h i f t  i s  l a rge  and r e l a t i v e l y  steady, the  s ignal  para- 
meters can be estimated by s e t t i n g  windows about the median Doppler p ro f i l e .  
This provides a very e f f e c t i v e  means of discriminating against  external  in te r -  
ference. 

EXAMPLES AND SOME COMMENTS 

Figure 2 shows an example of Doppler tracking of s ignal  peaks f o r  two s e t s  
of periodograns observed a t  Millstone H i l l .  Figure 3 shows the development of 
horizontal  wind f i e l d ,  synthesized from observations .along twelve equispaced 
azimuths, over a ten-hour period, and i l l u s t r a t e s  the use£ ulness of s e t t i n g  up 
a data  base. 

The procedure out l ined here should be useful  fo r  other VIE and UHF experi- 
ments as  wel l .  When the Doppler-shifter s ignal  peaks a re  not su f f i c i en t ly  
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Figure 2. An example of Doppler t racking i n  ST 
r ada r  s p e c t r a  observed a t  Millstone H i l l  using 
the  a lgor i thms out l ined  i n  the t ex t .  
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Figure 3. An example of the  ho r i zon ta l  wind f i e l d  obtained 
from a 12-posit ion azimuth scan during the passage of a 
thunderstorm a t  Ki l l s tone  H i l l .  The periodograms f o r  
each p o s i t i o n  were reduced by the  method described i n  
the  t ex t .  The reduced par,ameters were or,ganized a s  a 
da t a  base and were used l a t e r  t o  synthes ize  the  hori-  
zonta l  wind f i e l d .  



separated from the ground c l u t t e r ,  the  estimates obtained by t h i s  method may be 
used a s  i n i t i a l  guesses fo r  the least-squares algorithms described by SAT0 and 
WOODMAN (1982). 
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7.6A INTERPOLATION PROBLEMS I N  METEOR RADAR ANALY Sf S 
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Meteor echoes come from random points i n  the  observation volume, and a r e  
i r r egu la r ly  spaced i n  time. This precludes the  use of FFT techniques on the 
raw data  t o  g ive  the  spectrum of waves t h a t  a r e  present. One way around t h i s  
obstacle  i s  t o  r e s t r i c t  our i n t e r e s t  t o  a p a r t i c u l a r  c l a s s  of waves, and f i t  a 
corresponding model t o  the raw data. Tides can be determined t h i s  way, since 
we a u r i o r i  know the periods:  24 and 12 hours, by def ini t ion.  Even here we 
have t o  make assumptions about the s p a t i a l  s t ruc tu re  of the  t i d e s ;  i t  may be 
reasonable t o  assume t h a t  the re  i s  no hor izonta l  va r i a t ion  across the observa- 
t i o n  volume, but i n  the  v e r t i c a l  t h i s  i s  ce r t a in ly  not the case. I f ,  i n  addi- 
t ion ,  we a r e  in te res ted  i n  o ther  types of waves which may be present and whose 
periods a r e  unknown, then examining the raw line-of-sight v e l o c i t i e s  does not 
t e l l  us how t o  modify the model, since the line-of-sight d i rec t ion  i s  not f ixed.  
This then i s  the motivation fo r  in terpola t ion.  

In te rpo la t ion  takes a temporal s e r i e s  of line-of-sight v e l o c i t i e s ,  and 
transforms i t  t o  a temporal s e r i e s  of wind v e l o c i t i e s  fo r  each orthogonal di- 
rec t ion,  i.e. north, eas t ,  and v e r t i c a l ,  The v e l o c i t i e s  along a given direc- 
t i o n  can then be examined read i ly  for  any waves i n  addi t ion t o  t ides .  

There a r e  d i f fe ren t  approaches t o  in terpola t ion,  each method having i t s  
advantages (and disadvantages). One method i s  t o  assume tha t  the wind i s  con- 
s t a n t  during some f ixed heightl t ime i n t e r v a l ,  and use regression on a l l  echoes 
occur r ing  i n  t h a t  in te rva l  t o  determine the (model) constant wind. I n  another 
method, the wind i s  assumed t o  vary,  i n  time, as a polynomial of speci f ied  qe- 
gree. A s  before, the regression only uses echoes wi thin  a f ixed timetheight 
region. I n  both cases an equally spaced g r i d  in .  time and height,  each g r id  
point  having an associated wind vector ,  i s  obtained by marching the  "interpola- 
t i o n  region" i n  both time and height. The resu l t ing  g r id  i s  then ready for  
FFT analysis.  

Another method i s  t o  regress  only on c l u s t e r s  of echoes t h a t  a re  reasona- 
bly correlated.  This avoids unrel iable  wind estimates,  pa r t i cu la r ly  when there  
a r e  few echoes i n  the  in te rpo la t ion  region, but the r e su l t ing  winds a re  irregu- 
l a r l y  spaced i n  time and height.  

The impl ic i t  assumption, i n  a l l  the methods mentioned, i s  t h a t  the e r r o r s ,  
t h a t  is, the  r e s idua l s  i n  the  regression,  a r e  uncorrelated and normally d i s t r i -  
buted. -This i s  the underlying assumption i n  least-squares regression,  and im- 
p l i e s  t h a t  the in te rpo la t ion  region must be much smaller than the shor tes t  
period wavelength that  we expect t o  see. The res idua l s  a r e  then a t t r i b u t e d  t o  
i n s t r m e n t a l  e r ro r  and random turbulence. 

One problm with decreasing the s i ze  of the in te rpo la t ion  region i s  t h a t  
fewer echoes a re  avai lable  f o r  the regress ion and consequently the precis ion 
suffers .  I f  the region i s  too large ,  so t h a t  it encompasses many cycles 
( e i t h e r  temporal or s p a t i a l  wavelength), then we can s t i l l  model the e r ro r s  a s  
uncorrelaked, because the point of occurrence within the observation volume i s  
random. I n  th'is case, however, information i s  l o s t  since we have essen t i a l ly  
f i l t e r e d  out the high-frequency contact. So the problem i s  t o  choose an in ter-  
po la t ion  region small enough so as not t o  f i l t e r  out the waves t h a t  a re  of in- 
t e r e s t ,  y e t  not too small as  t o  have too few echoes f o r  a r e l i a b l e  estimate. 



I f  we a r e  t ry ing  t o  i n t e r p o l a t e  the wind when the re  a r e  too few echoes, 
then the re  a r e  two options. The f i r s t  i s  t o  not in t e rpo la t e  a t  t ha t  point ,  
thus leaving a gap i n  the time-series. I f  these winds a re  t o  be Fourier  trans- 
formed, then the gaps must somehow be f i l l e d ,  preferably i n  such a.way as  not 
t 3  d i s t o r t  the  t rue  spectrum. The second opt ion i s  t o  increase  the interpola- 
t i o n  region so a s  to  increase the number of echoes. This may lead t o  excessive 
smoothing, a s  mentioned before. So the  problen is: Do we always t r y  t o  in t e r -  
pola te  a wind, r e s u l t i n g  i n  a time-series with no missing values ,  or do we s e t  
a lowest acceptable " r e l i a b i l i t y "  and t r e a t  t he  missing-value problen a s  a sep- 
a r a t e  i s sue?  

The l a s t  problan has t o  do with co r re l a t ed  er rors .  I f  t h e r e  i s  a steady 
v e r t i c a l  shear,  o r ,  say, a trend produced by a long-period planetary  wave, then 
the  e r r o r s  w i l l  always be corre la ted ,  no mat ter  how small we choose the  in t e r -  
pola t ion region. What i s  the  e f fec t  on our est imate of the  (model) wind and 
thus  on our est imate of the  t i d e s ?  

To see what e f f e c t  co r re l a t ed  e r r o r s  have on the  accuracy of the interpo- 
l a t i o n  procedure, we-have simulated a meteor radar ,  randomly picking the  ob- 
served paraneters  of height,  e levat ion,  azimuth, and time of a r r i v a l .  A speci- 
f i e d  wind was then projected onto the line-of-sight d i rec t ions .  The height,  
e levat ion,  azimuth, and hourly echo r a t e  d i s t r i b u t i o n s  correspond t o  those of 
r e a l  echoes. Twelve hundred echoes/day were generated. Following GROVES 
(1959) the  l ~ o r i z o n t a l  winds a t  ( t  h ) were computed using an interpola- 
t i o n  box centered on ( t o ,  h,,) witRSa ?ime width of 2 hours and a height 
width of 5 km. The echoes I n  the box were weighted inverse ly  by the d is tance  
t o  the  center  of the box. The t i d a l  components were then determined using a 
l e a s t  squares curve f i t .  

Figure 1 i s  a harmonic d i a l  showing the  senidiurnal  t i d e  ( a t  a given a l -  
t i t u d e )  computed da i ly  from 30 days of simulated meteor echoes. The speci f ied  
meridional wind i n  t h i s  case consisted of a semidiurnal t i d e  with a v e r t i c a l  
wavelength of 80 km, a 3-hour g rav i ty  wave with a v e r t i c a l  wavelength of 5.4 km, 
and gaussian white noise with zero mean and a standard devia t ion of 25. The 
zonal wind was zero. For the cloud of t i d a l  est imates shown i n  t h i s  f i g u r e ,  an 
e r r o r  e l l i p s e  and 2-dimensional standard devia t ion about the t rue  value was com- 
puted (BARTELS, 1932). This ca lcula t ion was performed a t  a l l  he ights  and the  
standard dev ia t ion  was then p lo t t ed  a s  a funct ion of height a s  shown i n  Figure - 

Semidiurnal Tidal Estimates 

Figure 1. Harmonic d i a l  of semidiurnal t i d a l  est imates (Case Dl. 
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Figure 2. standard deviation of t i d a l  estimates for  different  wind f ie lds .  

From Figure 2 we can conclude tha t  the variance of the t ida l  estimate w i l l  
depend on the nature of the noise (correlated or uncorrelated). I n  the case of 
uncorrelated noise, the t i d a l  variance decreases with increasing echo rate.  
With correlated noise (the presence of wind shears), the t i da l  variance i s  
governed more by the magnitude of the wind shears. The presence of long-term 
trends such as planetary waves contributes l e s s  t o  t ida l  variance than gravity- 
wave-induced wind shears. 

Bartels, J. (1932), S t a t i s t i c a l  methods fo r  research on diurnal variations, 
Terr. Man. and Atmos. Elec., x, 291-302. 

Groves, G. V. (19591, A theory for determining upperatmosphere winds from 
radio observations on meteor t r a i l s ,  -, 344-356. 



7.7A PROBLEMS AND SOLUTIONS I N  ANAL~zING PARTIAL-REFLECTION DRIFT DATA 
BY CORRELATION TECHNIQUES 

C. E. Meek 

I n s t i t u t e  of Space and Atmospheric Studies 
University of Saskatchewan 

Saskatoon, Canada 

The problem of analyzing spaced antenna d r i f t  da ta  breaks down i n t o  the 
general  ca tegor ies  of raw da ta  co l l ec t ion  and storage,  co r re la t ion  calcula t ion,  
i n t e r p r e t a t i o n  of corre la t ions ,  locat ion of time lags  f o r  peak corre la t ion,  and 
ve loc i ty  calculation.  

DATA COLLECTION AND STORAGE 

The t o t a l  record length requkred f o r  wind ana lys i s  depends on data sta- 
t i o n a r i t y ,  and may be d i f f e r e n t  a t  d i f f e r e n t  s i t e s  (or heights,  or times). 
Generally periods of 2-5 min a r e  used a t  medium frequencies (MF) and somewhat 
shor te r  records a t  VHF, depending on loca l  conditions and equipment. I n  r ea l -  
time systems, another consideration i s  whether analys is  can be done during data  
co l l ec t ion  or not ;  the former i s  preferable  s ince  longer data  sequences lead 
t o  b e t t e r  s t a b i l i t y  i n  the f i n a l  wind value; Since gravi ty  waves of short  
period (5-10 min) a r e  l i k e l y  t o  have short  hor izonta l  wavelengths, these a re  
probably a t tenuated by the wide antenna beam widths employed a t  IS+, and so the 
longer records a re  reasonable. 

Raw data storage i s  a problem, p a r t i c u l a r l y  i f  there  a r e  a l o t  of height 
gates.  It i s  bes t  t o  have no gaps i n  the time sequence f o r  the whole record, 
so t h a t  l a t e r  co r re la t ions  can use the f u l l  length, and s t a b i l i t y  w i l l  not de- 
crease appreciably with lag.  Al ternate ly ,  the  gaps between data blocks can be 
s e t  t o  be an in teger  number of b t  ( the  bas ic  sample or cycle  r a t e ) ,  and the 
da ta  in terpols ted l a t e r .  I n  real-time systems the data  must be broken i n t o  
blocks, which are d e a l t  with as they a re  col lec ted,  by accumulating p a r t i a l  
co r re la t ions  f o r  a l l  the l ags  required. 

I f  the t ransmit ter  pulse i s  generated from the local  power l i n e  frequency, 
a phase s h i f t  can move it away from local ly  generated in terference spikes. 
Otherwise some s o r t  of despiking i s  required on the raw data. One easy method 
i s  t o  replace  any amplitude which i s  more than the sum of the  adjacent ampli- 
tudes by the average of these values,  a simple process i n  microconputers. I f  
despiking i s  not done, and the  spikes a r e  we l l  above the s ignal  amplitude, then 
spurious peaks can occur i n  the cross  corre la t ions .  

The sample r a t e  depends on the expected ve loc i t i e s .  A reasonable estimate 
i s  A t  = d/(2Vma ), where d i n  the antenna separation and Vma, i s  the larg- 
e s t  expected vefoci ty .  I n  t h i s  case the c ross  corre la t ion peak f u r t h e s t  from 

, zero l ag  would be located a t  approximately 112 lag. Data wi th  wide cross  cor- 
r e l a t i o n s  would require  f a s t e r  sample r a t e s ,  since the peaks a re  l e s s  wel l  de- 
f ined  i n  lag. 

A comment should be added here on rece ive r  gain control .  The dynamic 
range of s igna l s  (W)  i s  usually -60 dB over the mesosphere/themosphere 
heights. A voltage-controlled gain i s  usable,  so tha t  the gain  can be changed 
with height,  but i f  t h i s  i s  done i n  the IF s tage the output w i l l  take a t  l e a s t  
one height gate  t o  s e t t l e  down (assuming t h a t  the height gates  a re  chosen f o r  
maximum height resolut ion) .  A b e t t e r  way i s  t o  have a receiver  with d i s t r i b -  
uted outputs,  each fo r  a f ihed  a t tenuat ion,  and se lect  the appropriate output 



f o r  a p a r t i c u l a r  g a t e  by the  s ignal  s t rength .  I t  i s  important t o  have some 
estimate of s igna l  s t rength  a t  each height gate  i n  order t h a t  spurious in t e r -  
ference,  p a r t i c u l a r l y  te le type  s igna l s  a t  n igh t ,  can be recognized i n  examina- 
t i o n  of the  f i n a l  wind values.  Such in ter ference  w i l l  be constant  i n  a l l  
height ga te s ,  and can be r e j ec ted  by choosing a height gate  where no s ignal  i s  
expected, and s e t t i n g  a s igna l  s t rength  acceptance l i m i t  a t  some l eve l  above 
t h i s .  

CORRELATION CALCULATION 

The normal d e f i n i t i o n  of co r re l a t ion  i s  used with raw amplitudes, but da ta  
which has been-converted t o l s i n g l e  b i t  anpl i tudes  with respect  to  the mean must 
be correc ted  according t o  p = s in (pn  / 2 ) ,  where P i s  the  c o r r e l a t i o n  value of 
the  s ing le  b i t  data.  

TNTERPRETATION OF CORRELATIONS 

Examination of the auto- and cross  co r re l a t ions  (ACF, CCF) i s  invaluable,  
p a r t i c u l a r l y  a t  a new s i t e  or i f  equipment i s  modified, f o r  determining data  
s t a t i o n a r i t y ,  noise problems, in ter ference  pa t t e rn  e f f e c t s ,  e t c .  

The b a s i c  parameters required  from the co r re l a t ion  a r e  the time l ags  f o r  
maximum CCF tm , used f o r  "apparent velocity",  and peak values  of the  CCFs, 

Omax, along w l t f :  the  width ( i n  lag)  of the ACF, tq, used f o r  the "true ve- 
loc l ty t t .  

I n  theory,  the  sum of the tm , taken i n  the proper sense around the re- 
ce iver  antenna pa i r  vectors ,  shoufz add t o  zero.  I n  p rac t i ce  there  a r e  of ten  
mul t ip l e  peaks, and even i f  t he re  i s  only one but it i s  very wide, s t a t i s t i c a l  , 

f l u c t u a t i o n s  can make the accurate determination of t d i f f i c u l t .  t max 

There a r e  many poss ib le  causes fo r  mul t ip le  peaks. I f  thenrecorc;  length  i s  
too  shor t ,  t rends i n  the s igna l  strength can cause a high co r re l a t ion  value a t  
zero  lag ,  i n  add i t ion  t o  any r e a l  peaks. A wind shear over the  antenna beam 
width or  pulse width, or any abrupt change ir, ve loc i ty  during the record w i l l  
produce a separate s e t  of peaks f o r  each ve loc i ty  present. I f  these changes 
were smooth r a the r  than abrupt,  the r e s u l t  would be an average c o r r e l a t i o n  func- 
t i o n  with a s i n g l e  peak. Other causes of mul t ip le  peaks include f r i n g e  pat- 
t e r n s  caused by in t e r fe rence  between two or  three  strong r e f l e c t o r s .  

For systems using coherent averaging, i t  i s  poss ib le  t h a t  with the high 
pulse r a t e  employed, mul t ip le  r e f l e c t i o n s  or sca t t e r ing  from, say, the F l aye r ,  
could contr ibute  "spurious" peaks t o  the corre la t ions .  This problem can be a l -  
l ev ia t ed  by making each pulse independent i n  phase. I n  any case, a method i s  
required  by which only those peaks corresponding t o  one pa t t e rn  motion be chosen 
f o r  f u r t h e r  analys is .  A simple way i s  t o  use the normalized time discrepancy 
(NTD " 1 tm I 1x1 rmax 1 )  i n  the se l ec t ion  of peaks. A high value w i l l  in- 
d i c a t e  tha t  f z e  chosen peaks cannot r e f e r  t o  one pat tern  motion, and consequent- 
ly any ve loc i ty  ca lcula ted  from them i s  meaningless. 

I f  the  co r re l a t ions  a r e  very wide i n  l ag  r e l a t i v e  to  t h e i r  peak locat ion,  
accurate loca t ion  of the peaks i s  d i f f i c u l t .  One solut ion,  termed "metacorre- 
l a t ion"  i s  based on the f a c t  t ha t ,  under the  assumption of a Gaussian correla-  
t i o n  funct ion,  the  ACF (PA) and CCF (P. .) have the same shape (e.g. the 
same width a t  half  peak value).  Thus Me logarithms of these  f  lmctions should 
be the  same parbol ic  funct ion but t r a n s l a t e d  l i n e a r l y  i n  l ag  and log ( P ) .  An 
accura te  value fo r  the s h i f t  i n  l ag  can be found by lagged c o r r e l a t i o n  between 
each log (pi.) and log ( P ~ ) .  The posi t ion  i n  lag  of the peak "metacorre- 
l a t ion"  d e f d e s  the bes t  value of t  ax ( the  zero-lag value of pA i s  omitted 
i n  t h i s  process because of a possibye noise spike here).  Another parameter 



d i r e c t l y  ava i l ab le  i s  the f ac to r  by which the o r ig ina l  CCF' s a r e  reduced from 
the ACF, which gives the t rue  value of each peak CCF, and bypasses o ther  noise 
correct ion methods. Howwer, these l a t t e r  values were not found t o  be very 
accurate i n  t e s t s .  

Meteor t r a i l s  a r e  a cause of nonstatioaary data,  and s ince  the  s ignal  in- 
creases i n  a l l  spaced antennas simultaneously, they cause wide spurious peaks 
i n  the CCFs a t  zero lag. I f  the data  a re  converted t o  s ingle-bi t  amplitudes 
i n  blocks, the  problen i s  minimized because the high amplitudes during a block 
containing a meteor t r a i l  w i l l  be reduced t o  have the same s ignif icance a s  those 
without,  i n  the conversion t o  binary sequences. 

VELOCITI CALCULATION 

Apparent ve loc i ty ,  Va , (which i s  calcula ted from jus t  the val-  
ues has a theore t i ca l  disa%vantage compared t o  "true" ve loc i ty ,  e: i n  which 
poss ible  pat tern  elongation and time decay a r e  allowed. I n  the Mb radar  case 
(Saskatoon) Va i s  only -10-20X grea te r  than Vtr below -90 km on the aver- 
age, and i s  fa&ly well  behaved except i n  cases of nonstationary da ta  (e.8. 
meteor t r a i l s )  where the values can be extreme; whereas Vtr i s  v i r t u a l l y  a l -  
ways we l l  behaved (although i t  can be biased by such things a s  noise l eve l ) .  A 
ca lcu la t ion  of V usually includes t h a t  of V so data  can be reworked 
backwards t o  findrv a ~ '  

ap' 
The pat tern  and time decay parameters i n  a Vtr analys is  a r e  a l so  of in- 

t e r e s t  i n  terms of the sca t t e r ing  processes. Signrficant va r i a t ions  have been' 
found i n  loca l  time as  wel l  a s  seasonally a t  Adelaide and Saskatoon. 



8. DATA BASE MANAGEMENT - MSTRAC 
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MSmC : CHRONOLOGY OF EVENTS 

A t  the  f i r s t  Workshop on Technical Aspects of E(ST Radars held i n  Urbana, 
IL, May, 1983, a d r a f t  recommendation and i n i t i a t i o n  statement was made f o r  a 
group under MAP t h a t  would serve a s  a forum f o r  data exchange discussions and 
MST a c t i v i t i e s  coordination. The name of the  group i s  MST Radar Coordination 
(MSTRAC). This group has a chairman, vice-chairman, and informal representa- 
t i o n  from a l l  current and planned MST or ST radars  and from the  data-user com- 
munity . 

I n  Ju ly  1983, a l e t t e r  was sent  t o  the  MAP mailing l i s t  requesting a re- 
sponse of i n t e r e s t  i n  data  exchange from po ten t i a l  users. Several ex i s t ing  
f a c i l i t i e s  agreed t o  provide a sample data  s e t  and a l i s t  of contacts was pro- 
vided with the l e t t e r .  Approximately ten people responded t o  tha t  l e t t e r .  

Following up on these requests a meeting of MSTRAC was held i n  Hamburg a t  
the  IBGAIIAMAP meeting i n  August 1983. A t  t h a t  meeting, the geophysical para- 
meters t o  be included i n  the sample data tapes were determined. Z t  was a l s o  
suggested t h a t  MSTRAC compile a ca ta log of ex i s t ing  data  a t  each of the f a c i l i -  , 

t i e s .  I n  December 1983, a l e t t e r  was sent t o  the f a c i l i t i e s  requesting cat&- 
log information. The response t o  t h i s  l e t t e r  was not good. 

The conclusions a f t e r  one year of EISTRAC are:  

1. There i s  a community of in te res ted  users  f o r  MST data ,  
2 .  The i n i t i a l  responses from observatories indicates  t h a t  i n t e r e s t  in 

MSTRAC i s  not overwhelming, probably because of time involved. 
3. We need t o  reassess  the prograu. 

SECOND W O ~ S H O P  SUMMARY : REASSESSMENT OF NEED 

Several concerns regarding a data  base were mentioned a t  t h i s  Workshop. 
Al ternat ives  t o  a data  base were mentioned. Many people f e l t  t h a t  in te rac t ion  
between the da ta  user and experimenter was essen t i a l  and thus preferred t o  con- 
t a c t  the experimenter d i rec t ly .  This a l t e r n a t i v e  would allow the user and ex- 
perimenter t o  design or run the radar i n  a mode t h a t  would provide data  t o  an- 
swer a s p e c i f i c  question. One major disadvantage i n  t h i s  route  i s  the amount 
of time required of the experimenter. Obviously t h i s  i n t e r a c t i o n  would be 
l imi ted t o  a few people. A s  the demand f o r  data increases,  a data base would 
be more appropriate.  

RESOURCES 

Most.successfu1 data bases have resources ava i l ab le  t o  the experimenter t o  
provide da ta  tapes t o  the da ta  base in  an agreed-upon format. The a v a i l a b i l i t y  
of these resources (personal and f i n a n c i a l )  w i l l  need t o  be addressed a t  some 
point i f  a data  base i s  t o  be developed. Several successful  data bases t h a t  
might serve aa models are :  Atmospheric Explorer, World Data Center, Microwave 
Meteorological Radars. A l l  of these data bases have a s e t  format f o r  the data ,  



Another p o s s i b i l i t y  is the incoherent-scatter radar data base which has a more 
f l e x i b l e  tape format. 

Po ten t i a l  data formats were discussed. Eowwer, it was agreed t h a t  a 
f u r t h e r  assessment of the po ten t i a l  users  was needed, One issue  of concern in- 
volving tape format was the quant i ty  of da ta  and the d i f f i c u l t y  i n  using binary 
tapes a t  d i f f e r e n t  computer f a c i l i t i e s .  ASCII or EIBCIDIC formats would in- 
volve a much g rea te r  number of tapes. Another problen i n  s e t t i n g  a tape format 
a t  t h i s  time, i s  t h a t  the r ada r s  a r e  s t i l l  changing experimental parameters. 
Sample da ta  tapes from the f a c i l i t i e s  should be sent t o  users  t h a t  p rwious ly  
requested data.  These tapes should consis t  roughly of one-minute data  points 
of the  f i r s t  th ree  spect ra l  auuents or t h e i r  equivalent i n  the  time domain. 
Noise l e v e l s  should a l s o  be included, i f  possible.  These parameters were a- 
greed upon a t  the Hamburg meeting. (see minutes from t h a t  meeting, Handbook 
f o r  MAP, Vol. 11). 

DATA CATALOG 

It was suggested t h a t  we s t i l l  pursue the  idea of a data  ca ta log from the 
f a c i l i t i e s .  MSTRAC should d i s t r i b u t e  the da ta  catalog and reassess  the data- 
user  response. The contact person f o r  the Colorado ST network i s  D r .  R. 
Strauch, Wave Propagation Lab., NOAA/ERG, Boulder, CO 80305, USA. 

\ 
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INTBODUcr ION 

A s  a f i r s t  s t ep  i n  interchange of data  from the Urbana MST radar,  a sample 
tape has been prepared i n  9-track 1600-bpi IBM format. It includes a l l  Urbana 
da ta  f o r  April 1978 ( the  f i r s t  month of operation of the radar).  The 300-ft 
tape contains 260 h of typ ica l  mesospheric power and line-of-sight ve loc i ty  
data. 

The tape i s  ava i l ab le  a t  no cost  from the authors a t  the Aeronomy biibora- 
tory. The header f i l e  i s  reproduced below. 

HEADER F I L E  

The da ta  on t h i s  tape a r e  provided i n  accordance with the HSTRAC project  
(MST Radar Coordination) of the Middle Atmosphere Program of SCOSTEP (Scien- 
t i f  i c  Committee on Solar-Terrestrial  physics).  The remaining f i l e s  on t h i s  
tape conta in  da ta  taken a t  the Aeronomy Laboratory Fie ld  Sta t ion,  approximately 
10 km northeast  of the University of I l l i n o i s  a t  Urbana (40 deg 10 min N ,  88 deg 
10 min W).  Transmitting frequency i s  40.92 MHz and peak transmitted power is 
approximately 1250 kW. The transmitted pulse width i s  20 us. The antenna 
consis ts  of 1008 half-wavelength dipole  elements divided i n t o  three  p a r a l l e l  
sections.  The ground where the antenna i s  located slopes 1.5 deg t o  the south 
of eas t ,  80 t h a t  the on-axis antenna posi t ion i s  off by the same amount. The 
t r ansmi t t e r  and receiver  a r e  both connected t o  the antenna v i a  a gas-filled-tube 
t ranemit / receive  switch. The rece ive r  system cons i s t s  of a low-noise broad-band 

-. preamplifier ,  a f i l t e r  and a s ing le  conversion receiver  with a bandwidth of 230 
kHz centered around 40.9 2 MHz. The s ignal  i s  quadrature-phase-detect ed, and the  
two components f ed  through a multiplexer and a 10-bit analog-to-digital - - - --. &- conver ter  with a conversion time of 10 microseconds. Ba ta  processing i s  done on 
a Dig i t a l  Equipment Corporation PDP-15 minicomputer with a 32 k of core menory. 
Pulse r e p e t i t i o n  frequency i s  400 Hz and 20 a l t i t u d e s  a r e  sampled. Twenty-five 
consecutive samples from each a l t i t u d e  range a r e  coherently in tegrated so as  t o  
g ive  an in tegrated sample each 118 sec. Autocorrelation functions are  
ca lcula ted on-line with 12 lags 118 sec each. The cor re la t ion  funct ions  a r e  
then incoherently integrated f o r  one minute. These one-minute averaged 
autocorre la t ion funct ions  a r e  stored fo r  post-prccessing. Scattered power and 
line-of-sight ve loc i ty  a r e  calculated from the autocorre la t ion funct ion and 
s tored on floppy disk. The f i l e s  on the floppy disk were used t o  make t h i s  
tape, 

Each f i l e  ha$ the following format. 

T i t l e  St r ing 
S ta r t  Time Hours 
S t a r t  Time Minutes 
Number of Minutes i n  F i l e  
Minimum Value 
Maximum Value 
Average Value 
Base Height (km) 
Data Data Data Data :. . 

April 3 ,  Power (Logplot) 
13 
46 
120 
6.28 
7.58 
6.53346485 
57 

635 647 645 695 ... 



303 
:>/'* 

Data a r e  stored height-by-height, f i r s t  minute to  l a s t .  The f i r s t  120 da ta  
points  correspond t o  minutes 1 t o  120 fo r  the a l t i t u d e  (base height + 1.5 km). 
The next 120 points correspond t o  minutes 1 to  120 fo r  (base height + 3.0) km. 
This continues on f o r  each height u n t i l  (base height + 30) km i s  completed. 
The height resolut ion i s  1.5 km. 

Note: Data stored on t h i s  tape a r e  100 times greater  than the  ac tua l  data.  
This was done t o  allow an in teger  format without loss  of precision.  Simply 
divide  each da ta  value by 100 to  obta in  the proper values (power-bels, velocity- 
m/s). Additional information which may prove useful. 

Label = (H, NL) 
DCB = (RECFM a FB, LRECL = 80, BLKSIZE = 4000) 
EBCDIC 
9 Track 
1600 BPI 
129 Data F i l e s  

Questions concerning these data,  and requests f o r  addi t ional  data,  should 
be made t o  Prof. Sidney A. Bowhill, Director,  Aeronomy Laboratory, Department of 
E lec t r i ca l  Engineering, University of I l l i n o i s ,  1406 W. Green S t ree t ,  Urbana, 
I l l i n o i s  61801, USA. The ranainder of t h i s  f i l e  contains a menu of the tape. 

FILE DATA STARTTIME DATE 

Power 
Velocity 
Power 
Power 
Power 
Velocity 
Velocity 
Velocity 
Power 
Velocity 
Power 
Power 
Power 
Power 
Power 
Velocity 
Velocity 
Velocity 
Velocity 
Velocity 
Power 
Power 
Power 
Velocity 
Velocity 
Velocity 
Power 
Power 
Power 
Power 
Power 
Power 
Power 
Velocity 
Velocity 



Velocity 
Velocity 
Velocity 
Velocity 
Power 
Power 
Power 
Power 
Power 
Power 
Velocity 
Velocity 
Velocity 
Velocity 
Velocity 
Power 
Power 
Power 
Power 
Power 
Power 
Velocity 

. Velocity 
Velocity 
Velocity 
Velocity 
Velocity 
Power 
Power 
Power 
Velocity 
Velocity 
Velocity 
Power 
Power 
Power 
Power 
Power 
Power 
Power 
Velocity 
Velocity 
Velocity 
Velocity 
Velocity 
Velocity 
Velocity 
Power 
Power 
Power 
Power 
Power 
Power 
Velocity 
Velocity 
Velocity 
Velocity 
Velocity 
Velocity 
Power 



Power 
Power 
Power 
Power 
Power 
Power 
Velocity 
Velocity 
Velocity 
Velocity 
Velocity 
Velocity 
Velocity 
Power 
Power 
Power 
Power 
Power 
Power 
Velocity 
Velocity 
Velocity 
Velocity 
Velocity 
Velocity 
Velocity 
Power 
Power 
Power 
Power 
Velocity 
Velocity 
Velocity 
Velocity 

The research described was supported i n  part by the National 
Aeronautics ar;d Space Administration under grant  NSG 7506 and i n  part  by the 
National Science Foundation under grant ATM 81-20371. 



8.2A MST RADAR DATA MANAGEMENT 

G. D. Nastrom 

Control Data Corporation 
P. 0. Box 1249 

Hinneapo li s, MN 55440 

Wind speed and d i rec t ion  a r e  perhaps the most f ami l i a r  va r i ab le  measured 
with ST radars ,  and repor t ing them with the necessary accurracy should continue 
t o  be of parmount importance. But repor t ing only wind speed and d i rec t ion  
denys the  f u l l  capab i l i ty  of ST radars ;  it would be l i k e  repor t ing only the 
storm loca t ion  with a Doppler storm-detection radar. Obviously, recording the  
f u l l  Doppler spectrum and a l l  a n c i l l a r y  rada r  operating parameters would not be 
economical for routine operations,  and some parsimony must be encouraged. On , 
the  other hand, one should not d iscard  valuable  data;  an example of non-wind- 
speed data  i s  given next. 

One atmospheric v a r i a b l e  which can be deduced from ST radar  data other 
than wind speed and d p e c t i o n  i s  C ', r e l a t e d  t o  the eddy d i s s ipa t ion  ra te .  
The computation of C makes use of the transmitted power (average, or peak 
plus  duty cycle),  thg range of the echoes, and the returned power (NASTROM e t  
al . ,  1982). The returned power can be ca l ib ra ted  only i f  a noise source of 
known s t rength  i s  imposed; e.g. i n  the absence of absolute ca l ib ra t ion  ( G R E ~  
e t  al . ,  19831, one can compare t9e diurnal  noise s ignal  with the g a l a c t i c  sky 

= tenperature.  Thus t o  compute C one needs the t ransmit ter  power, the  re- 
turned s ignal  as  a function of Beieight, and the returned noise a t  an a l t i t u d e  so 
high t h a t  i t  i s  not contaminated by any s ignal .  Now G: r e l a t e s  with the 
amount of energy within the  i n e r t i a l  subrange, and fo r  many research s tudies  it 
may be des i rab le  t o  r e l a t e  t h i s  with background flow as we l l  as shears or 
i r r e g u l a r i t i e s  on the s i z e  of the sample volme.  The l a t t e r  a re  quantified* by 
the spec t ra l  width. 

Thus, to avoid weakening the impact of ST radar  data,  archive recordings 
should include a t  l eas t  the wind speed and d i rec t ion ,  returned s igna l ,  noise,  
and spec t ra l  width a t  each l eve l  plus the noise f o r  a t  l e a s t  one very high 
a l t i t u d e  i n  the neutra l  atmosphere. 

REFERRl CES 

Nastrom, G. E., K. E. Gage and I. B. Balsley (19821, Var iab i l i ty  of cn2 a t  
Poker F l a t ,  Alaska, from ILST Doppler radar  observations, Oot. Ennr., 21, 
347-351. I 

Green, J. L., W. L. Clark, J. M. Warnock and K. J. Ruth (19831, Absolute ca l i -  
bra t ion of IIST/ST radars ,  Prepr ints ,  21st Conference on Radar Meteorology, 
Edmonton. 



8.2B DATA BASE FOR TfIE COLORADO PROFILING NETWORK 

/ D. A. Merr i t t  

Nationa 1 Oceanic and Atmospheric Administration/ERL/WPL 
Boulder, CO 80303 

The Colorado p ro f i l ing  system developed by the Wave Propagation Laboratory 
(WPL) (HOGG e t  al., 1983) includes f i v e  (soon t o  be s i x )  Doppler radar  wind 
P r o f i l e r s ;  four  operate a t  49 MHz (6  m) and a r e  located a t  P l a t t e v i l l e ,  Fleming, 
Lay Creek, and Cahone, and one operates a t  915 MKz (33 cm) and i s  located a t  
Denver. The s ix th  radar,  now under construction,  w i l l  operate a t  405 MKz (UHF) 
and w i l l  be located a t  Boulder. Microwave radiometers and surface meteorologi- 
c a l  s t a t i o n s  a r e  a t  some of the radar s i t e s .  This note describes only the data  
base fo r  the wind Prof i l e r s .  

Each radar  s i t e  has i t s  own computer and can be control led  remotely. In- 
formation from the various s i t e s  i s  transmitted t o  Boulder by dedicated o r  d ia l -  
up telephone l ines .  Since the radar  control  software i s  driven by t ab les  of 
p a r m e t e r s  which a r e  access ible  and modifiable v i a  renote terminal,  both 
temporal and s p a t i a l  resolut ions  can be changed so the host data  base must be 
a s  f l e x i b l e  a s  possible. The wind p ro f i l e s  meas.ured a t  each s i t e  a r e  received 
by the da ta  base as  a time s e r i e s  (or "strean") of information i n  temporal order 
regardless  of the operating mode of the radar. A t  each s i t e  (except Pla t te-  
v i l l e )  the re  can be a s  many a s  th ree  separate hor izonta l  wind p r o f i l e s  measured 
during the  same averaging period, each with a d i f fe ren t  height resolution.  In  
addi t ion,  the UHF s i t e s  can measure three  separate  v e r t i c a l  p r o f i l e s  with 
d i f f e r e n t  resolut ions  during the  same period. The p ro f i l e s  may be obtained i n  
any order with d i f f e r e n t  temporal resolution.  Therefore, to  maintain 
f l e x i b i l i t y ,  the  data  base separates and separate ly  s to res  ( i n  tenporal  order)  ' 
the  se r i e s  of p r o f i l e s  measured with each height resolut ion a t  each s i t e .  

The information stored f o r  each p r o f i l e  i s  a s  follows: 

a )  For each measurenent height (maximum = 32) : 

Wind speed m/ 6 

Wind d i rec t ion  deg. (from North) 
Height km (MSL 
Number East  he number of individual wind p r o f i l e s  i n  
Number North the consensus s e t )  
Received power dB (not range normalized) 

b)  Identi'f i c a t i o n  in£ ormation: 

~ a t 6  and time a t  s t a r t  of data  acqu i s i t ion  
Number of individual p ro f i l e s  used i n  the averaging process 
Number of time-domain averages of radar pulses 
Number of Doppler spect ra  averaged f o r  the individual p r o f i l e s  
Pulse width (us)  
Pulse r e p e t i t i o n  period (ps) 
Maximum unambiguous horizontal  speed (each d i rec t ion)  m/s 
F i r s t  height km (MSL) 
Number of heights 
Height spacing km 
Antenna selected f o r  power information (power in£ ormation' i s  
s tored f o r  only one antenna; t h i s  indicates  which) 



The da ta  a r e  stored a s  s ing le  precis ion f l o a t i n g  point values ( s i x  or 
seven decimal d i g i t s  of precis ion)  as  ca lcula ted and transmitted by the  c o w  
pu te r s  a t  the  s i t e s .  Data can be accessed f o r  real-time display by se lec t ing  
the  des i red s i t e ,  time, and type of data.  Approximately th ree  days of data  a r e  
kept i n  the data  base a t  any time; the da ta  base i s  dumped t o  magnetic tape 
about every three  days fo r  permanent storage.  . 

Xogg, D. C., M. T. Decker, F. 0. Guiraud, K. B. Earnshaw, D. A. Merr i t t ,  K. P. 
Horan, W. B. Sweezy, B. G. Strauch, E. R. Westwater and C. G. L i t t l e  (1983), 
An automatic Prof i l e r  of the  temperature, wind, and humidity i n  the  atmo- 
sphere, J. Climate Avol. Meteorol., 22. 807-831. 



9.1A FURTHER DEVELOPMENTS OF EISCAT AS AN IlST RADAR 

J. Rottger* 

EISCAT S c i e n t i f i c  Association 
S-981 27 Kiruna, Sweden 

INTRODUCTION 

The p r inc ipa l  c a p a b i l i t i e s  of EISCAT as  an MST radar  were described i n  an 
e a r l i e r  repor t  by ROTTGER e t  a l .  (1983). Since the VEfF t ransmit ter  of the 
EISCAT system i s  not y e t  delivered,  only ' the UHF system could be used f o r  
radar  experiments. Considerable developments i n  the year 1983 have now 
strongly improved the r e l i a b i l i t y  of '  the  operations. Most of the experiments 
were and w i l l  be done t o  inves t iga te  the high l a t i t u d e  ionosphere and thenno- 
sphere, but some time was a l s o  devoted t o  observations of the  lower and middle 
atmosphere, pa r t i cu la r ly  during the MAP/WINE campaign. 

Modifications and a general  refurbushing of the UHF t ransmit ter  now allows 
i t s  r e l i a b l e  and continuous operation a t  maximum power l eve l s  of 1.5 MW. The 
transmit-receive response of the system was speeded up, s h i f t i n g  the shor tes t  
ranges t o  be sampled t o  l e s s  than 100 us. Essent ia l  work was a l s o  done t o  re- 
duce 50 Hz-hum inser t ions ,  and o s c i l l a t o r  sidebands a re  acceptably suppressed 
now. Fa i r ly  unique pulse modulation pa t t e rns  were implemented which apply 
mu1 ti pulse schemes. By using the multifrequency/mul t ichannel c a p a b i l i t i e s  
of the  EISCAT systan,  highest ef f ic iency a t  bes t  s p a t i a l  and tanporal  resolu- 
t i o n  can be  achieved fo r  D- and E-region work (TURUNEN and SILEN, 1984). 
Although the f u l l  spectrum information of D-region incoherent s c a t t e r  s ignals  
can be achieved only by pulse-to-pulse sampling, the multipulse schemes can 
a l s o  be used t o  obta in  adequate ve loc i ty  estimates down t o  75-80 km. For 
troposphere and s t ra tosphere  work only the pulse-to-pulse technique i s  
applicable.  However, r e s t r i c t i o n s  e x i s t  fo r  sounding the lower atmosphere , 
because of exceptional ground c l u t t e r  and the  very l imited s i z e  of the r e s u l t  
memory of the  corre la tor  (2  k) .  I n  the following par t  we w i l l  present some . 
t yp ica l  examples of tropospheric and mesospheric data records t o  e lucidate  
c a p a b i l i t i e s  and l imi ta t ions  of the monostatic system. Bi-  or t r i s t a t i c  
operations a r e  not f e a s i b l e  f o r  troposphere invest igat ions  (because of mountain - shie lding i n  Tromso), they were, however, done t o  complement ve loc i ty  
measurements i n  the mesosphere and lower thermosphere. They a l s o  can be done' to 

----- -- - --..----- probe the lower (and middle) stratosphere.  

.- TROPOSPHERE-STBATOSPHERE OBSERVATIONS 

I n  Figure 1 examples of real-time displays  (RTGRAPH) of the  complex auto- 
co r re la t ion  funct ions  (ACF) and the corresponding spectra  are  shown. The f i r s t  
ga te  i s  a t  a range r = 15 km (corresponding t o  100 us), and t h e  separation of 
the  gates i s  1.5 b (matched t o  the transmitted pulse length). A t  the chosen 
e l w a t i o n  angle 20' the corresponding lowest a l t i t u d e  i s  z = 5.1 km and the 
a l t i t u d e  s t eps  ( a l t i t u d e  resolut ion)  a r e  0.5 km. During these experiments 
64-point ACFs were computed on-line, using a pulse-to-pulse corre la tor  program. 
The s i z e  of the r e s u l t  memory of 2 k words (a 64 b i t s )  l imited the number of 
range gates t o  30 (including one background noise gate)  and one gate  f o r  noise 
cal ibra t ion.  The t ransmit ter  was run a t  about 1 MW and 1 ms ( 2  ms) r e p e t i t i o n  
r a t e s ,  corresponding t o  a duty cycle of 1 (0.5) % when using a 10 us pulse on a 
s ing le  frequency. I n  order t o  sample the troposphere and lower s t ra tosphere  
the e l w a t i o n  angle was s e t  t o  20'. Higher e l eva t ion  angles would be more 
su i t ab le ;  t h i s ,  howwer, can only be done a f t e r  fu r the r  work t o  improve the 
transmit-receive t r a n s i t i o n  has been f in ished.  

*presently a t  Arecibo Observatory, Arecibo, Puerto Rico. on leave from 
Max-Planck-Ics t i  tu t  f u r  kerononie , Lindau, W. Germany. 
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Figure 1. RTGRAPH displays  of the r e a l  (Re) and 
imaginary (1m) par t  of the autocorre la t ion 
functions f o r  d i f f e r e n t  range gates  (numbers) 
and the corresponding spectra  (Sp) of echoes 
from shor t  ranges (15-25 km). 

-_I._ - -- ---- The t r i a n g l e  shape of the  r e a l  part  of the ACF (e.g., ga tes  1, 4, 5 ,  and 
6) indicates  a strong dc s igna l  due to  ground c l u t t e r ,  which appears a s  a spike 
a t  zero Doppler frequency i n  the spectra. The o s c i l l a t i n g  imaginary part  indi- 
ca tes  t h a t  besides the ground c l u t t e r  a l so  a s ignal  with a Doppler s h i f t  was 
detected which i s  due t o  s c a t t e r  from atmospheric turbulence. For e lucidat ion 
of t h i s  f a c t  two range ga tes  with low ground c l u t t e r  s t rength  are  displayed i n  
the  lower por t ion of Figure 1. 

The ground c l u t t e r  represents a very troublesome l imi ta t ion  t o  the invest i -  
gat iona of the lower atmosphere with the monostatic UHF radar  i n  Tromso. This 
c l u t t e r  i s  obviously due t o  s c a t t e r / r e f l e c t i o n  from mountains. The Tromso 
system i s  i n  an area  where high extending mountains a re  v i s i b l e  a t  d is tances  
from a kilometer out t o  several  tens  of kilometers,  The antenna sidelobes,  
through which the c l u t t e r  i s  received, cannot be suppressed. The only means 
would be t o  operate a t  higher e l w a t i o n  angles. Even then ground c l u t t e r  i s  of 
considerable strength.  

A t  20' e l w a t i o n  angle the ground c l u t t e r  i s  mostly s t ronger  than the atmo- 
spheric signal 'which can be seen i n  Figure 2. The c l u t t e r  a l so  v a r i e s  as  a 
funct ion of azimuth and range. The l a t t e r  e f fec t  (seen a l s o  i n  Figure 1 )  i s  
most cumbersome because the s t rongest  c l u t t e r  echo determines t h e  attenuator 
s e t t i n g  of the receiver t o  avoid sa tu ra t ion  effects .  Because of the l imi ted 
dynamic range of the r ece ive r  snd the ADCs (8 b i t ) ,  t h i s  could r e s u l t  i n  a 
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Figure 2. Ground c l u t t e r  and s ignal  power P as 
funct ion of azimuth and range r. Shading 
ind ica te s  where the atmospheric s ignal  was 
s t ronger  than the ground c l u t t e r .  

t o t a l  a t t enua t ion  of weak atmospheric s ignals ,  i f  the clutter-to-signal r a t i o  
i s  exceeding 48 dB. t 

At the r e l a t i v e l y  low average t ransmit ter  power of l e s s  than 8 kW and the 
' 

10 u s  t r ansmi t t e r  pulse, the  signal-to-clutter  r a t i o  during the  described 
operations a t  20' e levat ion angle was not exceeding -20 dB a t  ranges l a r g e r  
than 30 Ian. This l imi ted  the  observations t o  upper a l t i t u d e s  of about 10 km, 

- which i s  the  lower s t ra tosphere  i n  high l a t i tudes .  Using a long pulse/narrow 
bandwidth, lower e levat ion angle (i.e. longer ranges and thus l e s s  ground - - -- . - .  .-A c l u t t e r )  and almost maximum duty cycle, monostatic echoes up t o  heights  above 
20 km were recorded during EISCAT's f i r s t  s t ra tosphere  experiments (ROTTGER, 
1983). 

The spect ra  shown i n  Figure 3 ind ica te  another e f f e c t  which complicates 
the  analys is .  This i s  the  broadening o r  the modulation of the  ground c l u t t e r  
s ignal .  We assume t h a t  t h i s  may be e i t h e r  due to  fading of the  c l u t t e r  s ignal  
or ( d i g i t a l )  quant iza t ion noise. We do exclude a frequency or  amplitude modu- 
l a t i o n  of the  t ransmit ter  or the  receiver  o s c i l l a t o r s  a t  these extended l eve l s  
of -15 dB below the  c a r r i e r  s igna l .  

Although the signal-to-clutter  r a t i o  i s  mostly l e s s  than one, some valu- 
ab le  r e s u l t s  can be obtained which a r e  b r i e f l y  summarized i n  Figures 4-7. 
Using the  VAD technique height p ro f i lks  of wind ve loc i ty  can be obtained and the  
f a s t  real-time da ta  acqu i s i t ion  allows t o  study high time re so lu t ion  develop- 
ments of c lear-a i r  turbulence. Similar measurements with the Millstone H i l l  
Radar proved t o  be very useful  (WATKINS and WAND, 1981; WAND e t  a l . ,  1983). 

OBSERVATIONS OF THE ?ESOSPHERE AND LOWER TIIERMOSPHERE 

F i r s t  incoherent-scatter  observati.ons of the  D region were done i n  summer 



Figure 3. Doppler spect ra  showing ground 
c l u t t e r  l i n e  a t  f D  = 0 Hz, a broad- 
ening of t h i s  l i n e  a t  l e v e l s  of about 
-15 dB and the s ignal ,  sh i f t ed  by about 
100 Hz. 

Figure 4. Velocity-azimuth-display (VAD) for  
a l t i t u d e s  z 9 . 7  - 10.3 km. Note the 
v a r i a t i o n  of azimuth i s  not constant with 
time. 

Figure 5. Wind speed and d i rec t ion  
deduced from the VAD measurement 
shown i n  Figure 4. 
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Figure 6. Spectrum contour p l o t  ( l i n e a r  sca le )  of a l t i t u d e  

ga te  z = 8.2 lau, showing v a r i a b i l i t y  of the echo i n  power, 
Doppler s h i f t  and Doppler spread, due t o  in te rmi t t en t  
c lear-a i r  turbulence ca r r i ed  through the t ada r  volume. 
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Figure 7. High time resolut ion display (10 s reso lu t ion)  
of c l e a r  a i r  turbulence s t ructure .  Display i s  i n  
logarithmic sca le ,  where di f ferences  between contour 
l i n e s  a r e  3 dB. Note the s p l i t t i n g  i n t o  patches with 
d i f fe ren t  v e l o c i t i e s  a f t e r  1830 UT. 
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Figure 8. D-region incoherent s c a t t e r  spectrum averaged 
over 2 min (from KOFFMAN e t  al . ,  1984).  



1982 and a longer s e r i e s  of da ta  were recorded during the  MAP/CAW campaign i n  
July/August 1982. The r e l evan t  r e s u l t s  of these  campaign opera t ions ,  namely 
e l e c t r o n  dens i ty  and wind p r o f i l e s  a s  w e l l  a s  mesopause temperature and nega- 
t ive-ion-to-electron r a t i o s ,  were summarized by K O W  e t  a l .  (1984). I n  
F igure  8 we show an example of an incoherent -sca t te r  spectrum which could be 
obtained i f  highlenergy p a r t i c l e  p5ec ip i t a t i on  genera tes  s u f f i c i e n t  D-region 
i o n i z a t i o n  (2 10 e l ec t rons  per m ), whereas the  normal day l igh t  D-region 
i o n i z a t i o n s  i s  not  s u f f i c i e n t  t o  y i e l d  evaluable  s ignals .  Because of the  domi- ' 
na t ing  c o l l i s i o n s ,  the  incoherent  spectrum information of t he  D reg ion  and t h e  
lower E r eg ion  up t o  about 110 km can be used t o  deduce n e u t r a l  wind p r o f i l e s  
and, under some assumptions, of t he  ion-neutral  c o l l i s i o n  frequency, and a l s o  
t h e  n e u t r a l  t tmperature.  

The s p e c t r a l  width i nc reases  with height  because of t he  decreas ing  col- 
l i s i o n  frequency a s  shown i n  Figure  9. Above 92 km i t  i s  broader than 300 Bz. 
To r e so lve  t h i s  spectrum the  s igna l  must be sampled a t  l e a s t  a t  a  r a t e  of 667 
us. Applying the  pulse-to-pulse sampling scheme, t h i s  r a t e  i s  equal  t o  the  
t r ansmi t t e r  i n t e rpu l se  period (IPP). The EISCAT UHF t r ansmi t t e r  does not a l low 
a higher IPP than 1000 ps which p laces  a l i m i t  t o  t he  maximum height  where t he  
pulse-to-pulse scheme can be applied.  More r e s t r i c t i v e ,  however, i s  t he  f a c t  
t h a t  the i n t e rpu l se  period must be longer than the  range of the  sampled ga te .  
Since 667 ps corresponds t o  a range (= a l t i t u d e  a t  v e r t i c a l  inc idence)  of 100 
km, t he  pulse-to-pulse scheme can no more be appl ied  above about 92 km. 

The a l t i t u d e  r e s o l c t i o n  i n  t he  region  of the  mesosphere and the  lower 
thermosphere up t o  130-150 km has t o  be of the  order  of some kilometer .  Spec- 
trum information above 92 km, thus,  cannot be o b t a i ~ e d  wi th  a long pulse  ( a s  

- p o s s i b l e  i n  t he  F region)  but  only by applying mul t ipulse  schemes. I t  i s  evi-  
dent  t h a t  two e x p l i c i t l y  d i f f e r e n t  modulation schenes have t o  be used below 92 
km and above 92 km. The pulse-to-pulse (< 92 km) and the  mul t ipulse  0 92 km) 
schemes, cannot be operated simultaneously o r  a l t e r n a t e l y  with the  present  , 
EISCAT rada r  c o n t r o l l e r / c o r r e l a t o ~  system. However, a s  w i l l  be poin ted  ou t ,  
the mul t ipulse  scheme can a l s o  be used t o  deduce the  f i r s t  s p e c t r a l  moment 
(Doppler s h i f t  t o  determine wind v e l o c i t i e s )  of mesospheric s ignals .  Since t'he 

F igure  9. Average spec t ra  (2220-6020 UT) 
of s i g n a l s  rece ived  i n  the  b i s t a t i c  mode 

P 
a t  Kiruna during the  CAlP rocket  launches. 
The darkened a rea  of the spec t r a  i s  
assumed t o  be due t o  the s igna l  from the  

4 i nd i ca t ed  he igh t s ,  whereas t he  r ec t angu la r  * 
pedes ta l  i s  due t o  s igna l s  picked up 
through antenna siderobes from s t rong 

m E-region ion i za t ion .  



power p r o f i l e  (e lect ron densi ty)  can be obtained d i r e c t l y  from s ing le  pulse 
measuranents, the addi t ional  app l i ca t ion  of the multipulse scheme allows t o  
cover both the mesosphere and the  lower themosphere. 

Very powerful multipulse modulation schemes were recent ly  developed by 
TURUNEN and SILEN (1984) and successfully applied i n  operations. These schemes 
make use of the unique multifrequency/mul t i  channel c a p a b i l i t i e s  of the EISCAT 
system; they allow t o  u t i l i z e  the  f u l l  appl icable  duty cycle a t  optimum range 
reso lu t ion  and improve the s ignif icance of spec t ra l  estimates because of multi- 
channel operation. 

One of these schemes, shown i n  Figure 10, was used f o r  mesosphere and lower 
thermosphere invest igat ions  during the &iAP/WINE operations of EISCAT. This 
4-pulse multipulse pat tern  y ie lds  the lags  1-6 of the ACF a t  l ag  increments of 
40 us. Four multipulse se r i e s  a r e  transmitted a t  frequencies F1, F2, F3 and 
F4. The EISCAT system allows t o  transmit on 16 frequencies a t  spacings of n 
500 kHz around the center  frequency 933.5 MKz and the reception on 8 channels, 
corresponding t o  the transmitted frequencies. The zero lag (power es t imate)  is 
obtained by using s ing le  pulses a t  frequencies F5 and F6. 

The maximum lag of the multipulse ACF of 240 y i s  obviously not suf- 
f i c i e n t  to  y ie ld  the f u l l  spectrum information a t  a l t i t u d e s  below about 100 km 
because the  s ignal  co r re la t ion  time (inverse of spec t ra l  width) i s  longer than 
240 w. This i s  indicated i n  Figure 11 where the normalized r e a l  part  p'  of 
the ACFs a t  l ags  T = 40 us t o  T~ = 240 u s  i s  shown f o r  d i f f e r e n t  heights. 
For convenience o) the display,  the  r e a l  p a r t  0' is normalized by d q ) .  which 

* i s  shown i n  r e l a t i v e  wits on the right-hand-side diagrsm of Figure 11. (For 
f u l l  ACF ana lys i s  the zero lag  estimate,  deduced by parabolic extrapolation,  
f u l l  ACF f i t t i n g  or from the  power p r o f i l e  has t o  be used.) I n  the center 
diagrsm the phase 6 of the ACF ( $  = arctan (Im(ACF)/Re(ACF))) i s  displayed. 
The phase de r iva t ive  near zero l ag  i s  d i r e c t l y  proportional t o  the Doppler 
s h i f t  f D  a $(r) 1 2 7 ~ ~ .  The l i n e a r  phase va r i a t ion  a t  heights below 100 km 
indicates  t h a t  we can use the phase information t o  deduce the Doppler s h i f t .  
To improve the significance we have used a l l  lags  and ca1cu:ated a weighted 
average 

6 

Figure 10. Four channe l s4  pulse (20 us) multiphase 
(Fl,  F2, F3, F4) and 2 channels s ing le  pulse (20 W )  
a t  F5 and,F6. Due t o  instrumental s e t t i n g  the 
frequencies F can be d i f f e r e n t  t o  those noted. 
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Figure 11. Normalized r e a l  pa r t  P '  and phase +J of ACF, 
as. well  a s  the  r e l a t i v e  amplitude ~ ( 7 ~ )  of ACF a t  
l ag  tl. 

This y ie lds  a most r e l i a b l e  ve loc i ty  e s t i n a t e  a s  long a s  the ACF does not 
c ross  zero. 

We have used t h i s  approach t o  estimate preliminary veloci ty  p r o f i l e s  which 
a r e  shown i n  the Figures 12 and 13. During these operations the t r a n m i t t e q  
peak power was about 1.2 MW and the range resolut ion 3 km. The antenna was 
pointed a t  33' e levat ion angle (correspondi'ng a l t i t u d e  reso lu t ion  1.6 lad to- 
vards west (rcesosphere ga tes  north of Andeneb Rocket Range) t o  measure the zonal 
wind component U and towards south t o  measure the meridional wind component V. 
Addi t ional ly  the r e l a t i v e  e l e c t r o n  densi ty  p r o f i l e s  N e t  ( unca l ib ra ted)  and the  
weighting funct ion Y = Cp ( T ~ )  a r e  displayed. The r e l a t i v e  amplitude of the 
weighting funct ion i s  a measure fo r  the s ignif icance of the ve loc i ty  estimate. 
Because of the zero crossing of the ACFs, the veloci ty  values above 100 km can 
be underestimated ( t h i s  has t o  be corrected i n  the f u l l  spec t ra l  ana lys i s  t o  be 
applied l a t e r ) .  The v e l o c i t y  p ro f i l e s  a r e  addi t ional ly  smoothly f i l t e r e d  by a 
f  ive-point Hamming window. The open c i r c l e s  (e.g. i n  the V-prof i l e  measured 
from 1921-1930 UT on 31 Jan. 84) indicate  preliminary ve loc i ty  data obtained 
with chaff measuranents (by courtesy of H. U. Widdel and U. von Zahn). The 
s i m i l a r i t y  of chaff and radar  data, a s  we l l  as the consistency of consecutive 
radar  wind p r o f i l e s ,  gain confidence i n  our method t o  determine mesosphere/lower 
thermosphere winds with the EISCAT UHF radar .  I n  Figure 13 a time s e r i e s  of the  
zonal wind component i s  shown and a l so  compared with quasi-simultaneous chaff 
measurements (MC8, 9, 10) .  The radar  p r o f i l e s  c l e a r l y  show a downward progress- 
ing wave s t ruc tu re  with period of about 2-4 hours and v e r t i c a l  wavelength of 
10-20 km. The wave amplitude evidently increases with a l t i tude .  However, one 
has t o  take i n t o  account t h a t  electrodynamical e f f e c t s  influence the s t ruc tu re  
of the measured i o n  d r i f t  ve loc i ty  above about 110 km. A s imi la r  wave event 
was e a r l i e r  observed with the Pokerflat  MST radar i n  the a l t i t u d e  region 60-80 
tcm (BALSLEY e t  a l . ,  1983). 

Final ly ,  i n  Figure 14 a p lo t  of e l ec t ron  density measured during a high 
energy p a r t i c l e  p rec ip i t a t ion  event i s  shown. It proves t h a t  the s e n s i t i v i t y  
of the EISCAT UHF radar  i s  s u f f i c i e n t  t o  measure D-region (mesosphere) s ignals  



Figure 12. Prof i l e s  of zonal (U) and neridional (V) wind v e l o c i t i e s ,  
and r e l a t i v e  electron density N e ' as we l l  as the weighting 
function Y.  

Figure 1.3. Time s e r i e s  of zonal winds. The open c i r c l e s  denote chaff wind 
data (courtesy of H. U .  Widdel and U .  von ~ a h n ) .  
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Figure 14. Elec t ron  dens i ty  contour p l o t ;  the  contour s t eps  a r e  
1.5 dB. Note the  high time r e so lu t ion  of 30 s ,  which allows 
de tec t ion  of highly va r i ab le  e l ec t ron  dens i ty  s t ruc tu res .  

during appropr ia te  geophysical condit ions.  Similar  measurements a t  o ther  in- 
coherent-scatter  radar  f a c i l i t i e s  applying multipulse/rnultichannel opera t ions  
f o r  mesosphere/lower thermosphere inves t iga t ions  a r e  not  known yet .  
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9.2A STATUS OF THE JICAMARCA RADAR 

School of E l e c t r i c a l  Engineering 
Cornell  Univers i ty ,  I t haca ,  NY 14853 

The c a p a b i l i t i e s  of the l a r g e  50-MHz rada r  a t  Jicamarca f o r  PIST observa- 
t i o n s  were discussed i n  some d e t a i l  i n  Handbook f o r  MAP Vol. 9 by Woodman and 
Far ley ,  Hence the desc r ip t ion  here  w i l l  be q u i t e  b r i e f  and w i l l  concentrate on 
r ecen t  improvements i n  the  f a c i l i t y  . 
MAIN FEATURES 

The radar  i s  loca ted  about 20 km from Lima, Peru a t  longitude 76.52 W and 
l a t i t u d e  11.56 S. It i s  w e l l  sh ie lded by surrounding mountains, and most of 
t h e  ground c l u t t e r  i s  r e s t r i c t e d  t o  ranges of 15 km or l e s s .  The antenna con- 
s i s t s  of 18,432 half-wave d ipoles  (9216 crossed p a i r s )  covering an a r e a  of 290 m 
by 290 m and divided-up i n t o  64 independent modules which can be indiv idual ly  
phased and/or used a s  separa te  antennas i n  any way desired.  The whole ar ray  
can be s t ee red  about 3 degrees from the on-axis pos i t ion  ( the  l i m i t  i s  the beam 
width of the  indiv idual  modules, which cannot be s t ee red ) ,  and any po la r i za t ion  
can be arranged. Even with t h i s  l imi t ed  s t e e r a b i l i t y  it i s  s t ra ight forward  t o  
determine vector  wind v e l o c i t i e s  by point ing  segments of the antenna i n  d i f f e r -  
e n t  d i r ec t ions .  The radar  can a l s o  be used a s  i n  in ter ferometer .  

There a r e  two s e t s  of 50-MHz t r ansmi t t e r s ,  one high power and one of lower 
power, and each cons i s t ing  of 4 independent modules which can be used sepa ra t e ly  
or combined. The high power u n i t s  have a nominal power of a megawatt or  more 
each and a duty cycle  of 5-6%, but only one of the modules current ly  opera tes  
a t  t h i s  l e v e l ,  a s  i s  discussed more f u l l y  below. The low power u n i t s  each 
d e l i v e r  a maximum of about 60-70 kW of peak power, with a duty cycle of 2% ort 
l e s s  and a bandwidth of up t o  1 IMz (pulses  a s  short  a s  1 microsecond). These 
can run unattended o r  near ly  so and thus a r e  the prefer red  t r ansmi t t e r s  f o r  long 
experimental runs. 

There a r e  four  independent r ece ive r s  sharing a common l o c a l  o s c i l l a t o r  so 
phase comparisons between channels can be made. The output bandwidth can be 
se l ec t ed  t o  match pulse lengths  ranging from 1 to  500 microseconds. The data- 
acqu i s i t i on  system cons i s t s  of a radar  c o n t r o l l e r ,  an 8-bit  ADC sys ten ,  and a 
Ha.rris 100 s e r i e s  computer wi th  associa ted  tape  dr ives  and d isks .  The Har r i s  
does not  have an a r r ay  processor or a high speed f loa t ing-point  a r i t hme t i c  
ca rd . '  The high speed on-line da ta  processing,should be done i n  f ixed  point .  
Further d e t a i l s  a r e  given i n  the previous MAP handbook a s  mentioned above. 

RECENT DEVELOPMENTS 

The f i r s t  module of the  new high power t r ansmi t t e r  designed and b u i l t  by 
SRI In t e rna t iona l  i s  now i n s t a l l e d  and opera t ing  wel l .  The maximum peak power 

. of t h i s  u n i t  i s  about 1.4 MW, with a maximum duty cycle  of 6% and a minimum 
pulse length of 1 microsecond (2  microseconds have been obtained so f a r ) .  The 
o ther  t h r e e  modules a r e  the o r i g i n a l s ,  and pulses sho r t e r  than about 15 micro- 

- seconds a r e  ser ious ly  degraded. Furthermore, the tubes of two of these  o lde r  
u n i t s  a r e  f a r  past  t h e i r  prime and d e l i v e r  400-500 kW of peak power a t  most. 
One of t h e  old un i t s ,  however, now has a r e l a t i v e l y  young tube (perhaps the 
l a s t  i n  t he  world?) obtained from Arecibo. This puts  out a t  l e a s t  700 kW and 
probably can be coaxed i n t o  de l ive r ing  more. Work i s  underway t o  replace  the  
t h r e e  remaining o ld  modules wi th  the new SRI design, but it w i l l  probably be 
t h e  summer o t  1985 before any of these add i t iona l  new un i t s  a r e  f in i shed  and 
operating.  
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The old d ig i t i ze rs  and interfacing hardware a t  Jicamarca have now been 
completely replaced, leading t o  some improvenent i n  speed and a great improve- 
m n t  i n  r e l i ab i l i t y .  A major e f for t  to  improve the software and make it more 
user friendly has recently been completed also. It i s  now qui te  simple t o  de- 
rign a rather  complicated radar experiment or interleaved ser ies  of experi- 
ments, each with a different  transmitting and sampling scheme. Experiments can 
be changed from one pulse t o  the next, and changes i n  the experiment can 
be made easi ly  i n  rea l  time without missing more than one or two IPPs. One 
computer console displays the radar pulsing and sampling parmeters  i n  a sort 
of  "thupbvheeln format, and the user can easi ly  change these numbers by moving 
the curlor t o  the appropriate spot on the screen and typing i n  the new values. 
With one more keyrtroke one i n i t i a t e s  the revised experiment. To perform a 
wqwoce of experi~ncnts the user aimply generates a ser ies  of thumbwheel dis- 
play8 md the appropriate commands for  stepping from one t o  the next, and then 
s tores  these i n  dirk f i l e s .  



9.3A RECENT RESULTS AT THE SUNSET RADAR 

J. L. Green, J. M. Wafnock and W. L. Clark 

NOAA, Aeronomy Laboratory 
325 Broadway 

Boulder, CO 80303 

The Suaset radar  i s  a VHF, pulsed Doppler radar  located i n  a narrow canyon 
near the S m s e t  t o m s i t e  15 km west of Boulder, CO. This f a c i l i t y  is  operated 
by t h e  Aeronomy Laboratory, ERL, NOAA, exclusively f o r  meteorological research 
and the development of the MST and ST radar  technique. A desc r ip t ion  of t h i s  
f a c i l i t y  can be found i n  the  W D B O O K  FOR PW, VOL. 9, 1983. 

Recent r e s u l t s  include a measurenent of a l l  three components of wind ve- 
l o c i t y  f o r  the Federal Aviation Administration. An example of t h i s  measurement 
i s  shown i n  Figure 1 (hor izonta l  v e l o c i t i e s )  and Figure 2 ( v e r t i c a l  v e l o c i t i e s ) .  

A comparison was made with a double s t a r  sc int i l lometer  located jus t  100 m 
from the center  of the Sunset antenna. The sc int i l lometer  was constructed and 
operated by Jean Yerniq, Universite of Pice,  France. The importance of t h i s  
comparison was t h a t  C was simultaneously measured by two instruments t h a t  
used rad ica l ly  d i f f e r & t  wavelengths of electromagnetic r ad ia t ion  and based on 
d i f f e r e n t  physical  pr inciples .  An example of t h i s  comparison i s  shown i n  Figure 
3. A correct ion f o r  the response of the VHF r ada r  to  water vapor i s  indicated 
on t h i s  f i g u r e  by separate symbols labeled pum Cor. Other comparisons were not 
a s  consis tent  i n  the upper troposphere a s  t h i s  example, but i n  every case there  
was close agreement i n  the lower s t ra tosphere  
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9.4A 'IXE BOOT LAKE MF IMAGING RADAR 

G. W. Adams* and J. W. Brosnahan* 

Wtah S t a t e  University,  Logan, Utah 
WTycho Technology, Inc., Boulder, CO 

The Middle-Atmosphere Imaging Radar i s  located a t  the Boot Lake f i e l d  
s i t e ,  10 miles eas t  of Brighton, Colorado. We operate a t  2.66 Mffz with a 50-kW 
peak pulse power i n  30 microsecond pulses. Ten independent coaxial-coll inear 
antennas (BALsLEY and BCKLUND, 1972) a r e  used; f i v e  a r e  p a r a l l e l  and run east- 
west, the other  f i v e  a r e  p a r a l l e l  and rlra north-south. Each antenna consis ts  
of e igh t  half-wave dipoles. A l l  ten antennas or a crossed p a i r  may be used f o r  
transmission; a l l  ten a r e  sampled by p a i r s  i n  rapid  sequence f o r  reception. 

The system i s  now operating on a campaign bas i s  a s  a Fourier in terfero-  
meter by measuring the  complex voltages on the ten antennas and Fourier trans- 
forming them independently. Multiple s c a t t e r e r s  within a s ing le  range gate ,  
now sor ted by ve loc i ty ,  can be located individually by t h e i r  phase angles. The 
transmitted s ignal  cycles through four  modes (N-S l inea r ,  right-hand c i rcu la r ,  
E-W l i n e a r ,  and left-hand c i r c u l a r ) .  

The s i t e  i s  currently supported by the Los Alamos National Laboratory. 
Current inves t iga t ions  include s tudies  of mesospheric and s t r a tospher ic  sca t t e r -  
ing processes fo r  the National Science Foundation, and of infrared s t ruc tu res  
and rada r  sca t t e r ing  a t  the mesopause for  the A i r  Force Geophysical Labora- 
tor ies .  

The r e s u l t s  presented a t  t h i s  conference (paper 2.5A, t h i s  volume) a r e  the 
f i r s t  from t h i s  experiment. Now t h a t  the software i s  developed, we w i l l  process 
several  accumulated tapes of data. I n  addi t ion,  a measurement campaign i s  
underway i n  cooperation with J. W. Xeriwether and A. W. Peterson (University,of 
New Kexico, infrared photometry and imaging). Much of our e f f o r t  w i l l  focus on 
the  ana lys i s  of these data.  Our main i n t e r e s t s  i n  t h i s  work a r e  the wave-like 
s t ruc tu re  seen i n  OH(V > 1)  emission, which have dimensions comparable t o  those 
observed i n  the radar  images. 

- 
REFERENCE 

- -- - -- -. _. _ __ _- Balsley, B. B. and W. L. Ecklund (19721, A portable coaxial  co l l inea r  antenna, 
IEEE Trans. Antenna Provanat., AP-20, 513-516. 



9.5A NENTOR -- ADDING AN OUTLYING RECEIVER TO AN ST RADAR 
FOR METEOR-WIND MEASURPfENTS 

R,  G. Roper 

School of Geophysical Sciences 
Georgia I n s t i t u t e  of Technology 

At lanta ,  GA 30332 

Radar s c a t t e r i n g  from ionized meteor t r a i l s  has been used f o r  many years  
a s  a way t o  determine mesopause-level winds. Sca t t e r ing  occurs perpendicular 
t o  the t r a i l s ,  and s ince  the ioniz ing e f f i c i ency  of the  incoming meteoroids de- 
pends on the  cosine,of the  zen i th  angle of the  r ad ian t ,  echoes d i r e c t l y  o v e r  
head a r e  rare .  ST ,hadars normally sample wi th in  15" of the  v e r t i c a l ,  and thus 
r ece ive  few meteor echoes. Even the higher powered MST radars  a r e  not good 
meteor radars ,  although Avery and coworkers have successfully r e t r i eved  meteor 
winds from the  Poker F l a t ,  Alaska MST rada r  by averaging long data  in t e rva l s .  

It has been suggested t h a t  a receiving s t a t i o n  some'distance from an ST . 
radar  could receive  pulses  being sca t t e red  from meteor t r a i l s ,  determine the 
p a r t i c u l a r  ST bean i n  which the  s c a t t e r i n g  occurred, measure the r a d i a l  Doppler 
ve loc i ty ,  and thus determine the  wind f i e l d .  This concept has been named 
MENTOR (Meteor Echoes; No Transmitter ,  Only Receivers). This paper i s  a pre- 
l iminary look a t  system requirements and p o s s i b i l i t i e s .  

There a r e  a number o f  immediate ques t ions  t o  be answered, such a s ;  I f  we 
rece ive  a pulse sca t t e red  from an ST bean, how can we t e l l  which beam i t ' s  from? 
Now can we measure the Doppler ve loc i ty  without access t o  the  ST'S o s c i l l a t o r ?  
Can we a l so  measure the , a l t i t u d e  of s c a t t e r i o g ?  Can we use t h i s  information t o  
determine the wind f i e l d ?  I n  t h i s  paper we sketch one poss ib le  approach to  
these questions.  

SITE LOCATION 

Consider a typ ica l  ST radar  with 3 beans; one v e r t i c a l ,  one s t ee red  15 
degrees due North, and the  t h i r d  poir.ted 15 degrees East ,  a s  shown i n  Figure 1. 

Many STs forego the  v e r t i c a l  betm, and with it the a b i l i t y  t o  measure . 
-IC _ __ -. -- . _ __- v e r t i c a l  winds. The I.IENTOR approach probably can' t  measure v e r t i c a l  winds any- 

how, but viewing the  t h i r d  beam of an ST rada r  w i l l  increase the MENTOR r a t e  by 
50%. I f  a l l  three  ST beams use a common frequency, no add i t iona l  hartiware i s  
required. 

For the geometry shown i n  Figure 1, the  bes t  locat ion f o r  a KENTOR s i t e  i s  
probably along a NE-SW l i n e ,  so t h a t  the th ree  ST beams can be seen from the  
MENTOR s i t e  a s  three  separa te  beans with maximal separation.  We w i l l  consider 
two MENTOR s i t e s ;  one 100 kn from the  ST s i t e  and one 300 km from the  ST s i t e .  

ST BEAM DETERMINATION 

Consider a p a i r  of MENTOR antennas def in ing a l i n e  normal t o  the  MENTOR - 
ST axis .  Let D be the spacing between the two antennas. Then the hor izonta l  
projec t ion of the geometry i s  a s  shown i n  Figure 2. (This f igu re  ac tual ly  
shows the  hor izonta l  projec t ion f o r  a MENTOR s i t e  located t o  the SW, ra the r  
than NE, of the ST s i t e . )  We want t o  choose D so tha t  the spacing of the ST 
beams maps in to ,  say, 90 degrees phase d i f f e rence  between t h i s  pa i r  of MENTOR 
antenna s . 
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\ 

Figure 1. ST con£ igu ra t ion  
and Mentor s i t i n g .  

- 
Figure 2. Beam-determination geometry. 

Take the  a l t i t u d e  r eg ion  of i n t e r e s t  t o  be  95 f 15 bn, and ignore  e f f e c t s  
due t o  the  E a r t h ' s  curvature.  Assume an ST frequency of 50 MHz, so t h a t  = 6 
meters. Let the ST-to-MENTOR d i s t ance  be G (= e i t h e r  100 o r  300 km f o r  the 
two strawman loca t ions  we have chosen.) Then we g e t  

2TD s i n  a h 
Thus we f i n d  the  des i r ed  spacing of the  t ransverse  pa i r  of antennas t o  be 

10.1 meters f o r  the near s i t e  and 26.5 meters fo r  the f a r  s i t e .  With t h i s  
spacing, t he  phase d i f f e rence  ac ross  the antennas w i l l  be 0 degrees i f  the 
received pulse o r ig ina t ed  i n  the STs v e r t i c a l  beam, +90 degrees i f  ir came 
from the ST'S North bean, and -90 degrees i f  it came from the  ST'S East beam. 
The range of a l t i t u d e s  (+/- 15 km) maps t o  a spread i n  the phase-difference 
values  of +/- 25 degrees. 

Some STs opera te  using d i f f e r e n t  frequencies on d i f f e r e n t  beams t o  im- 
prove beam separation.  This makes bean i d e n t i f i c a t i o n  easy,  but means t h a t  two 
MENTOR channels a r e  needed a t  each ST frequency fo r  a l t i t u d e  determinations.  

ALTITUDE DETERMINATION 

For a f t i t u d e  determinations,  we need an antenna (and r ece ive r  channel)  t o  
form a long i tud ina l  pa i r  wi th  one of the f i r s t  two antennas. Now consider the 
phase d i f f e rence  across  t h i s  p a i r  of antennas f o r  an echo from t h r  v e r t i c a l  beam 
a t  an a l t i t u d e  z ,  a s  shown i n  Figure 3. 

-1 2 2rrD s i n  ( t an  A0 ' 
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Figure 3. Altitude-determination geometry. 

Thus we can choose the separation of the  sltitude-determining p a i r  of an- I 

tennas. so t h a t  the expected range of a l t i t u d e s  (80-110 lan) i s  mapped i n t o  phase 
differences.from, say, 0 to  90 degrees. This w i l l  g ive  an a l t i t u d e  reso lu t ion  
of 0.5 ha with the an t i c ipa ted  MENTOR phase resolut ion of 1.5 degrees ( s l i g h t l y  
b e t t e r  or worse f o r  the t ipped beans, depending on which way they're tipped). 
Notice t h a t  no time-of-flight information about the pulse i s  needed for the 
a l t i t u d e  determination. 

1 I f  it i s  necessary t o  operate the MENTOR receiver from a s i t e  such t h a t  
two of the ST' s beans are  too closely coplanar ( a  projected separat ion of l e s s  
than, my,  3 degrees), then the  transverse pa i r  of IlENTOR antennas cannot 

! I discr iminate  between the overlapped pa i r  of ST beans. However, i f  the MENTOR 
a i s i t e  i s  close enough t o  the ST s i t e  so t h a t  the regions ly ing between 80 and 

110 km don't overlap i n  projection,  then the  longitudinal pa i r  of EENTOR 
antennas can resolve  the overlapped pa i r  of ST beans. This i s  sketched i n  

I Figure 4. From the geometry shown, 

x = 110 tan  (15') = 29.5 km 

-1 110-80) , 45 -50 eL = tan (- 
X 

The l i m i t i n g  ground dis tance i s  78.6 b; beyond t h a t ,  it would be neces- 
sary  to  add logic  t o  MENTOR t o  determine the time-of-flight of the pulse from 
the. ST, and use tha t  information t o  determine which bemn the pulse came from. 
We w i l l  not consider t h i s  case fu r the r .  

Figure 4 .  Limiting geometry fo r  overlapped beams. 



BADIAL DOPPLER FREQUENCY DETERMINATION - 

MENTOR w i l l  use, as  do the  ST radars,  coherent detectors ,  so t h a t  both 
quadrature components of the s ignal  (and thus amplitude and phase) a r e  measured. 
This gives both the magnitude and the sign of the Doppler veloci ty .  The 
problem of determining the r a d i a l  Doppler ve loc i ty  becomes the problem of de- 
termining d$/dt,  with 4 measured every pulse over a typical  meteor-trail  l i f e -  
time of 113 second. At the ST'S pulse r a t e  of 217 pulses/second, t h i s  w i l l  
y i e l d  72 measurements of the phase over the l i f e t ime  of the s ignal .  I f  we take 
150 mfsec t o  be a l ike ly  upper l i m i t  t o  the r a d i a l  component of the mesospheric 
wind speed, then the mirximum d$/dt w i l l  be 83 degreesfpulse, which i s  extreme, 
but measureable. 

BEFEBEN CE 0s GILLATOR STABILITY 

The remote measurement of meteor echoes a s  envisaged here requires  good 
o s c i l l a t o r  s t a b i l i t y  fu r  both the ST t ransmit ter  and the MENTOR receivers.  
Even good commercial o s c i l l a t o r s  have enough aging d r i f t  t h a t  frequent r eca l i -  
b ra t ion  would be needed. Earwer ,  commercial WWVB phase-lock receivers  a r e  
ava i l ab le  a t  moderate cost. Re t ro f i t t ing  ex i s t ing  STs appears t o  be no 
problem. The ve loc i ty  e r ro r  due t o  frequency i n s t a b i l i t y  w i l l  thus be < 1 mf 

WIND VELOCITY DETERMINATION 
. . . . . . . .  

Operation of the MENTOR system w i l l  be s imi la r  t o  other meteor-wind ra- 
da r s ;  meteor echoes and t h e i r  character iza t ions  w i l l  be accumulated u n t i l  a l l  
t h ree  beans a r e  wel l  sampled i n  a s  many a l t i t u d e  bins  a s  possible,  commensurate 
with the  wave periods of i n t e r e s t .  A three-dimensional wind vector can then 
be f i t t e d  t o  the data. An ST radar  uses one bean tha t  i s  careful ly  v e r t i c a l ,  
s ince  a typ ica l  v e r t i c a l  ve loc i ty  i s  overwhelmed by even a small component of 
the (usually) much-larger hor izonta l  veloci ty .  The geometry of the MENTOR 
system appears t o  preclude v e r t i c a l  veloci ty  measurements, or a t  l e a s t  t o  + 

render them d i f f i c u l t .  I t  i s  a l s o  c l e a r  tha t  the error  of the hor izonta l  wind 
determination w i l l  increase a s  the MENTOR - ST spacing increases.  The e r ro r  
goes a s  

z 
so t h a t  the e r ro r  w i l l  be 40% la rge r  than the  "ST equivalent1' a t  the near s i t e  
(G = 100 km) and YL 3.2 l a rge r  a t  the f a r  s i t e  (G = 300 km). 

NETWORK POSSIBILITIES 
C 

* There a r e  two areas,  Colorado and Pennsylvania, where networks of ST ra- 
F : dars  a r e  operating (or soon w i l l  be). It i s  f e a s i b l e  t o  operate a s ing le  

i MENTOR receiving s i t e  t o  monitor meteor winds above a number of ST radars ,  pro- 
& vided they ' re  a l l  within, say, 500 km of a coumon s i t e .  (Received s ignal  
\ s t rength  i s  the  l imi t ing  parameter.) The Colorado network i s  shown i n  Figure 

5. The ST radar s i t e s  now operating a r e  shown a s  l a rge  so l id  c i r c l e s ;  a l ike-  
ly MENTOR s i t e  i s  indicated.  This s i t e  would give a maximum ground dis tance 
of 310 km t o  the fu r thes t  ST s i t e .  The d i f f e r e n t i a l  cost f o r  monitoring an 
add i t iona l  ST radar,  once the i n i t i a l  MENTOR system i s  i n s t a l l e d ,  i s  expected 
t o  be small. 

SUMMARY AND CONCLUSIONS 

Meteor-wind measurements can be made by s i t i n g  a three-channel receiver  
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Figure 5 .  

some dis tance from an ST radar ,  then measuring Doppler v e l o c i t i e s  f &  meteor- 
t r a i l  s ca t t e r ing  of the ST'S pulses. Much of the  gravity-wave a c t i v i t y  i n  the 
mesosphere i s  thought t o  occur with hor izonta l  wavelengths of 10 to  1000 km. 
A s i n g l e  MENTOR s i t e  i n  Colorado or Pennsylvania could add useful information 
over much of t h i s  range. We a r e  working on data-rate ca lcula t ions  and system 
design. 
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A d e s c r i p t i o n  of the  s t a t u s  of the  Poker F l a t  MST Radar a s  of ea r ly  1983 
i s  included i n  the 1983 MST Workshop Proceedings (HANDBOOK FOR PUP, VOL. 9 1. 
The fol lowing paragraphs b r ing  t h a t  r epo r t  up t o  da te .  

The Observatory continues t o  opera te  i n  a continuous data-taking mode, ex- 
cept  for  a three-week planned campaign experiment concurrent  wi th  the  STATE 
rocke t  progran dur ing  June 1983. 

Constuction of t he  d i g i t a l  preprocessing system mentioned i n  the  l a s t  
s t a t u s  r e p o r t  i s  a l l  but complete. Th i s  a d d i t i o n a l  improvement should be oper- 
a t i o n a l  by l a t e  summer. 

The p o s s i b i l i t y  of s t e e r i n g  the  a r r a y  a l s o  mentioned i n  t he  l a s t  s t a t u s  
r e p o r t  i s  being inves t iga t ed .  A p ro j ec t  i s  underway t o  e l e c t r o n i c a l l y  s t e e r  
the  one-quarter ' 'vert ical ' '  s e c t i o n  of t he  a r r ay .  S t ee r ing  w i l l  be i n  f i n i t e  
s t e p s  w i th in  about f5 '  of v e r t i c a l .  Successfu l  t e s t i n g  of t h i s  modif ica t ion  
may l ead  t o  eventua l ly  s t e e r i n g  t h e  e n t i r e  a r r a y  i n  t h i s  manner. 

Data a n a l y s i s  of the  d a t a  base (now more than fou r  years  i n  length  con- 
t i n u e s  wi th  w e l l  over one dozen extramural s c i e n t i f i c  groups p a r t i c i p a t i n g .  

A p a r t i a l  l i s t  of t h i s  y e a r ' s  pub l i ca t ions  using Poker F l z t  r e s u l t s  ( i . e . ,  
only those pub l i ca t ions  coauthored by NOAA's Aeronomy Lab S c i e n t i s t s )  i s  in- 
cluded below. ! 

PUBLICATIONS RELATING TO TEE POKER FLAT RADAR (SINCE HID i983) 

Bals ley ,  B. B., W. L. Ecklund and K. S. Gage (1983), On the  use of c l e a r - a i r  ST 
r ada r s  t o  observed winds, waves and turbulence i n  t he  troposphere and lower 
s t r a to sphe re ,  P rep r in t  Vol., F i f t h  MfS Symposium on ~ f e t e o r o l o g i c a l  Observa- 
t i o n s  and Ins t rumenta t ion ,  Apr i l  11-15, Toronto, Ontario,  Canada, pp. 191- 
195. 

Eals ley ,  B. B. and A. C. Riddle,  Monthly mean.values of t he  mesospheric wind 
f i e l d  over  Poker F l a t ,  Alaska, and . a  proposed po la r  c i r c u l a t i o n  c e l l ,  sub- 
mi t t ed  t o  J. Atmos. ~ c i .  

Gage, K. S. and B. B. Bals ley ,  MST rada r  s t u d i e s  of wind and turbulence  i n  the  
-middle'atmosphere, submitted t o  J. Atmos. Terr .  Sc i .  

Green, J. L., K. S. Gage and B. B. Balsley (1983), A reexamination of the pulse 
length  dependence of backsca t te red  power observed by VIIF r a d a r s  a t  v e r t i c a l  
inc idence ,  P rep r in t  Vol., 21st  Conf. on Radar Meteorology, Sept . 19-23, 
Edmonton, Canada, 141-143. 

Luhrnann, J. G., R. M. Johnston, M. J. Baron, B. B. Balsley and A. C. Riddle 
(19831, Observations of t he  h igh- la t i tude  ionosphere wi th  the  Poker F l a t  PET 
radar :  Analyses using simultaneous Chatanika r ada r  measurements, J, 
Geovhvs. Res . , 88, 10239-10245. 

Nastrom, G. D. and K. S. Gage (19831, A b r i e f  climatology of v e r t i c a l  a i r  mo- 
t i o n s  from MST rada r  da t a  a t  Poker F l a t ,  Alaska, P r e p r i n t  Vol., 21st  Conf. 
on Radar Meteorology, Sept . 19-23, Edmonton, Canada, 135-140. 

Riddle,  A. C., K. S. Gage and B. B. Bals ley  (19831, An algori thm t o  monitor con- 
t inuous ly  the  tropopause he ight  using a VHF rada r ,  P rep r in t  Vol., 21st  Conf . 
on Radar Meteorology, Sept . 19-23, Edmonton, Canada, 153-155. 
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INTRODUCTION 

The Aeronomy Laboratory Fie ld  S ta t ion  of the University of I l l i n o i s  a t  
Urbana contains th ree  d i f f e r e n t  radar systems capable of probing various re- 
gions of the  atmosphere below about 100 Iw. These a re  an MST radar,  a VHF 
meteor radar  and an MF par t i a l - r e f l ec t ion  radar.  A l l  three  radars  can measure 
winds and waves i n  the ionospheric D region. The MST radar is, i n  addit ion,  
capable of probing the  lower s t ra tosphere  and upper troposphere. A sodium 
(Na) LIDAR i s  a l so  located a t  the Fie ld  S ta t ion  and provides an addi t ional  way 
of studying winds and waves i n  the mesosphere by observing temporal va r i a t ions  
i n  the sodium densi ty  p ro f i l e .  

The MST radar  and the meteor radar  use the  same powerful 41-MHz transmit- 
ger, but separate  antennas and receivers.  No provisions have been made t o  
s p l i t  the power between the MST and the meteor-radar antennas, so the two sys- 
t e n s  cannot be run simultaneously. Howwer, in ter laced runs can be made i n  
order t o  compare winds observed by the  two systans. 

The pa r t i a l - r e f l ec t ion  radar  uses a separate t ransmit ter ,  antennas and re- 
ce iving systan and can be run simultaneously with any of the other experiments. 

Recently, data co l l ec t ion  and analys is  have been sh i f t ed  from a s ingle  
PDP-15 minicomputer t o  a s e r i e s  of 8-bit microcomputers allowing much f l ex ib i -  
l i t y  on simultaneous runs. I t  should be noted, however, t h a t  the LIDAR canngt 
run simultaneously with the 41-MHz radars  because of strong electromagnetic 
in te r f  erence. 

* 
The three  radars  w i l l  be described separately,  and the emphasis w i l l  be 

placed on recent upgrading of the d i f fe ren t  systems. A summary of the 'radar. 
parameters i s  given i n  Table 1. 

MST RADAR 

The c a p a b i l i t i e s  and l imi ta t ions  of the Urbana MST radar  have been de- 
scribes by ROYRVIK and GOSS (1983) and only a short  review of the general  de- 
sign w i l l  be given here. The radar operates a t  40.92 H z  i n  a b i s t a t i c  mode 
with an antenna array consis t ing of 1008 phased dipoles. The radar present ly  
uses a pulse r e p e t i t i o n  frequency of 400 Hz. Coherent in teg ra t ion  of the re- 
ceived s igna l*  i s  performed giving one coherent sample w e r y  118 sec. Autocor- 
r e l a t i o n  funct ions  a r e  ca lcula ted on l i n e ,  and incoherently in tegrated fo r  one 
minute and s tared f o r  l a t e r  processing. Twenty range gates  a r e  sampled with a 
range separation of 1.5 lan, spanning an a l t i t u d e  range of 30 km. By using two 
separate  data-collecting microcomputers i t  i s  possible t o  obtaine data  from 
both the stratosphere/troposphere and the mesosphere regions simultaneously. 

The antenna i s  located on ground t h a t  slopes t o  the southeast by 1.5', and 
the  on-axis antenna beam d i rec t ion  i s  off -ver t ica l  by the same amount. 

Line-of-sight Doppler v e l o c i t i e s  a r e  ca lcula ted from the autocorre la t ion 
function,  along with estimates of the s ignal  co r re la t ion  time and the  sca t t e red  
power. Because of the known r e l a t i o n  between horizontal  and v e r t i c a l  osc i l l a -  



Table 1. Parameters of the  Urbana radar  systems. 

Radar frequency 

Peak power 

Pulse width 

Pulse r e p e t i t i o n  
frequency 

Receiver system 
bandwidth 

Antenna 
tr an smit t lng 
receiving 

EST Meteor Radar P a r t i a l  Reflection 

40.92 MHz 40.92 MHz 2.66 MHz 

1 (3) MW 1 (3) MU 50 kW 

20 w 20 ?-is 23 IJS 

400 Hz 400 Hz 200 Hz 

100 kEz 100 kHz 40 kEz 

1008 dipoles 24 dipoles  . 60 dipoles  
1008 dipoles 13 element yagis  (4) 9 dipoles (4) 

t i ons  i n  i n t e r n a l  gravi ty  waves, we can i n t e r p r e t  short- and long-period 
o s c i l l a t i o n s  i n  the line-of-sight ve loc i ty  a s  r e su l t ing  from v e r t i c a l  and 
hor izonta l  wind v e l o c i t i e s ,  respectively (ROYRVIK and GOSS, 1983). 

During the  l a s t  year several  upgrading projects  of the MST radar have bee? 
undertaken; these w i l l  be described i n  the r e s t  of t h i s  section. '7 

(a )  Transmitter I 

A continuous refurbishing and upgrading of the 41-MEz t ransmit ter  has re- 
su l t ed  i n  a .substant ia1  improvement i n  peak transmitted power from a previous 
value of 0.7 MW t o  3 MW a t  the present time. 

A frequency-hopping technique i s  being invest igated t o  increase the range 
reso lu t ion  of the radar ,  A s e r i e s  of pulses  w i l l  be transmitted,  each pulse 
with a d i f f e r e n t  radio  frequency which i s  under the control  of an Apple. I1 
microcomputer. By comparing phase di f ferences  between the d i f f e r e n t  pulses i n  
the  sequence, it i s  poss ible  t o  obta in  an es t imate  of the locat ion of the 
s c a t t e r e r  wi thin  the volume determined by the  pulse length. This approach i s  
s i m i l a r a i n  nature  t o  the l i n e a r  FM technique, but does not require  the exten- 
s i v e  hardware modifications necessary t o  implement a chirp-radar or a more con- 
ventional pul se-coding technique. 

(b) Antenna 

The transmit/receive antenna consis ts  of s i x  separately fed groups of di- 
poles (Figure 1). Because of the sloping ground and the  o r i en ta t ion  of the an- 
tenna, it i s  poss ible  t o  phase the individual  groups so t h a t  the antenna beam i s  
pointing 2.5' of f -ve r t i ca l  i n  the south and e a s t  directions.  A t  the present 
t h i s  s t ee r ing  i s  done by manually inserting d i f fe ren t  lengths of cable i n  the 
feed l i n e s  t o  the d i f fe ren t  groups. This operation takes about 5 minutes and 
i s  impract ica l  for  day-to-day operation. Ef fo r t  i s  underway, however, t o  im- 
pleaent an electromechanical switching arrangement so t h a t  the  antenna bean can 
be switched i n  about one second between the four  posi t ions  2.5O t o  the  eas t ,  
1.5" t o  the southeast ,  2.5" t o  the south, and v e r t i c a l .  With the use of t h i s  
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Figure 1. Schematic diagran of the t!ST radar  antenna. 

antenna beau-switching capab i l i ty ,  it w i l l  be poss ib le  t o  ob ta in  es t imates  of 
both the  zonal and meridional long-period wind osc i l l a t ions .  The e f f e c t i v e  
l o s s  of powell due t o  time sharing between the  antenna pos i t ions  w i l l  be more 

, : than made up f o r  by the  increase  i n  t ransmit ted  power from 750 kW t o  3 MW peak. 

( c )  Computer 
- 

Apple I1 microcomputers have replaced the  PDP-15 a s  the  major data-collec- 
- - -  --  -JLI t i o n  instrument. The two channels of the complex s ignal  ( s in ,  cos) i s  present- 

ly  sampled on a l t e r n a t e  t ransmit ted  pulses. A f a s t  processor card i s  being - 
incorporated i n t o  the microcomputer so t h a t  both channels of the  complex s igna l  
can be sampled simultaneously. This improvement e f f e c t i v e l y  increases  the  
power of the  radar  by a f a c t o r  of two. 

A project  i s  a l so  underway t o  i n t e r f a c e  a f a s t  coherent-integrator with 1 
u s  sample r a t e  t o  the  Apple allowing f o r  b e t t e r  height resolution.  With the 
t ransmit ter  capable of 2 us pulses,  the  e f f e c t i v e  height r e so lu t ion  w i l l  be 
about 300 m. 

( d l  Transmit/Receive switch 

A new T/R switch has been designed f o r  the MST radar  t o  allow probing of 
the  troposphere a t  lower a l t i t u d e s .  Tests performed with one of the  four  gas 
tubes present ly  used, replaced by a PIN diode switch, have shown an improve- 
ment, indica t ing t h a t  with a l l  four tubes replaced the radar  w i l l  be able  t o  
ob ta in  echoes a s  low as  4 km. 



MeTEOR RADAR 

The Urbana meteor r ada r  (HESS and GELLER, 1976) i s  a very sens i t ive  too l  
fo r  studying winds and waves i n  the region of meteor p rec ip i t a t ion  from about 
80- t o  110-km a l t i t u d e ;  it uses the powerful 41-MHz t ransmit ter  a lso  used f o r  
the MST radar.  Separate t ransmit t ing and receiving antennas a r e  used. The 
t ransmit t ing antenna consis ts  of two rows of center-fed full-wavelength dipoles.  
Each row contains twelve elements giving an e l l i p t i c  antenna pattern.  The ele- 
ments a r e  phased so t h a t  the antenna beam d i rec t ion  i s  a t  an e levat ion of 45' i n  
the  geographic north d i rec t ion  (HBss and GELLER, 1976). The e f fec t ive  east-  
west bean width i n  the meteor region i s  approximately 15'. The receiving an- 
tennas used i n  an interferometer mode t o  determine the azimuth and e levat ion 
angle of the r e f l ec ted  radar s ignal  ( ~ i g u r e  2). Doppler s h i f t ,  range, and 
phase di f ferences  between the receiving antennas give line-of-sight ve loc i ty  
a s  we l l  a s  the  locat ion i n  space of the sca t t e r ing  meteor t r a i l .  

Meridional and zonal winds can be calcula ted from mul t ip le  meteor echoes 
i f  it i s  assumed t h a t  the wind i s  the same everywhere within the  radar  volumes 
which a r e  l imi ted by the antenna bean width and the e f fec t ive  a l t i t u d e  range 
gates .  A recent  t e s t  of the meteor-radar system has shown t h a t  the line-of- 
s igh t  ve loc i ty  and range can be measured with an accuracy of about 0.2 m / s  and 
500 k, respectively.  However, the accuracy with which the e levat ion angle can 
be measured i s  q u i t e  poor, making the  a l t i t u d e  ca l ib ra t ion  of the wind p r o f i l e  
somewhat unreliable.  Two independent phenomena appear t o  contr ibute  t o  the 
problem. F i r s t ,  mutual coupling between the  receiving antennas appears t o  dis-  
t o r t  the r e l a t ionsh ip  between the measured phase difference and the d i rec t ion  of 
a r r i v a l  of the meteor echo. Meteor echoes a t  greater  d is tances  from the radar 
appear t o  occur a t  lower a l t i tudes .  Second, due t o  unknown phase di f ferences  

, i n  the receiving channels, the  absolute ca l ib ra t ion  of the wind p r o f i l e  i s  
present ly  done by f i t t i n g  the peak of the meteor number p r o f i l e  t o  92 km. This 
procedure i s  suspect since it i s  known t h a t  the mean a l t i t u d e  of the ionized 
t r a i l  depends on the meteor ve loc i ty  t h a t  changes a s  a function of season. Fbr 
instance,  the high-velocity Perseids meteors burn up before they reach an a l t i -  
tude of 100 km. 

Figure 2. Keteor radar receiving antenna posit ioning. 



An attempt i s  being made t o  upgrade the phase di f ference measurements and 
t o  f ind  a simple way t o  c a l i b r a t e  accurately the a l t i t u d e  sca le  of the wind pro- 
f i l e  obtained. When t h i s  i s  accomplished the meteor radar w i l l  be a very 
powerful t o o l  fo r  studying hor izonta l  winds i n  the meteor region. With an echo 
r a t e  of several  thousand meteor echoes per day, the wind can be resolved on 
temporal scales  down t o  about one hour and with a l t i t u d e  resolut ion of 2 km or 
l e s s .  

PARTIAL-REFLECTION DRIFT RADAR 

A 2.66-MHz par t i a l - r e f l ec t ion  radar  i s  a l s o  located a t  the Aeronomy Labo- 
r a to ry  Fie ld  Sta t ion (RIIGGERIO and BOWHILL, 1982 ) . It uses separate transmit- 
t i n g  and receiving antennas. The t ransmit t ing antenna i s  a 300- square array 
of crossed half-wave dipoles (Figure 3) .  Transmission of ordinary o r  extra- 
ordinary mode i s  under computer control  and switching takes about one second. 
The receiving antenna i s  almost iden t i ca l  except t h a t  each quadrant of the 
antenna can be sampled separately t o  allow f o r  spaced antenna d r i f t s  (SAD; 
measurements. Data co l l ec t ion  and ana lys i s  f o r  the SAD experiment is  performed 
by a s e t  of Apple 11 microcomputers. I f  d i f ferent ia l -absorpt ion measurenents 
a r e  t o  be performed the PDP-15 computer must be used. The system does not 
incorporate quadrature detect ion of the received s ignal  so no v e r t i c a l  Doppler 
v e l o c i t y  can be measured. However, the four  separate  receiving channels provide 
redundancy i n  the hor izonta l  ve loc i ty  measurements. 

Because of several  r e s t r i c t i o n s  on the SAD technique (ROYRVIK, 1983) the 
system suf fe r s  from l imi ta t ions  on the in te rp re ta t ion  of the veloci ty .  Al -  
though v e l o c i t i e s  a r e  ca lcula ted every minute, it i s  believed t h a t  only osci l -  
l a t i o n s  with periods longer than one hour can be in terpre ted r e l i a b l y  a s  hori- 
zontal  wind motions. Short-period v e r t i c a l  ve loc i ty  va r i a t ions  contribute to  
l a rge  uncer ta int ies  i n  the horizontal  veloci ty  estimates. No improvement i n  
the  a b i l i t y  of t h i b  radar  t o  measure hor izonta l  wind i s  expected nor has been 
attempted. Nevertheless, the pa r t i a l - r e f l ec t ion  radar i s  the only operational,  
system a t  Urbana presently capable of measuring zonal and meridional meso- 
spher ic  wind p r o f i l e s  with reasonable v e r t i c a l  resolution.  

REFERENCES 
- - 

Hess, G. 2. and M. A. Gel ler  (1976), The Urbana meteor-radar systan: ~ e s i g n , .  
development, and f i r s t  observations,  Aeron. Rev. No. 74, Dep. Elec. - - - _ _ _  . _. _ _ _ _ -  Computer Eng., Univ. IL, Urbana-Champaign. 

Royrvik, 0. (19831, Spaced antenna d r i f t  a t  Jicamarca; ~ e s o s p h e r i c  measurenents, 
- ~ a d i o  Sci., 3, -461-476. 

Royrvik, 0. and L. D. Goss (1983), The Urbana MST radar,  c a p a b i l i t i e s  and l i m i -  
t a t ions ,  Handbook fo r  MAP, Vol 9, 346-356, SCOSTEP Secre ta r i a t ,  Dep. 
Elec. Computer Eng., Univ. IL, Urbana-Champaign 

Ruggerio, R. L. and S. A. Bowhill (1982), New advances i n  the par t ia l - ref  lec- 
t ion-d r i f t s  experiment using microprocessors, Aeron. Rev. No. 106, Dep. 
Elec. Computer Eng., Univ. IL, Urbana-Champaign. 



~i~~~~ 3.  Scbmafis d i p g r a  of the MF' p a r t i a l - r e f ~ e ~ t i . ~ n  radar antenMs= 



9.8A THE SONDRESTROM RADAR: PROGRESS AND PROPOSED UPGRADES FOR ST WORK 

B. J. Watkins 

Geophysical I n s t i t u t e  
University of Alaska 

Fairbanks, Alaska 99701 

At the f i r s t  Workshop on Technical Aspects of MST Radar, the  c a p a b i l i t i e s  
and l imi ta t ions  of the Sondrestrom Radar fo r  ST observations was presented 
(WATKINS,, 1983). Therefore t h i s  paper w i l l  only summarize recent  progress and 
proposed upgrades. 

During the  f i r s t  year of operation (April 1983 t o  April 1984) the re  was 
only one ST experiment, mainly with the object ive  of evaluating the s i t e  and 
determining t h a t  the hardware and software were s t i l l  operational a f t e r  the 
r ada r ' s  move from Alaska. The Sondrestrom s i t e  has about the sane degree of 
ground c l u t t e r  as  the former Chatanika s i t e  and the da ta  appear t o  be similar.  
The r a d a r ' s  operation continues t o  be managed by SRII with i t s  primary use be- 
ing incoherent-scatter observations of the ionosphere. The main radar  para- 
meters a r e  summarized i n  Table 1. 

The major l imi ta t ions  of the radar  s t i l l  e x i s t ,  i.e. low average power, 
poor range reso lu t ion  (750 m), and inadequate computerlsignal processing hard- 
ware. The upgrades required t o  meet these def ic iencies  would j o i n t l y  benef i t  . 
the  incoherent-scatter operations,  therefore  we a re  hopeful t h a t  the necessary 
iplprovements w i l l  be poss ible  i n  the near future.  

It i s  unlikely t h a t  the system could ever be operated i n  a continuous ST 
mode because of high operational cos ts  and competition from other  incoherent-$ 
s c a t t e r  work. Currently the re  is a t o t a l  of about 100 hours per month radar 
operation funded. Therefore any fu tu re  ST experiments must be of the short 
campaign nature.  

The radar  i s  potent ia l ly  unique because of i ts  high operating frequency 
- and f a s t  f u l l y  s t ee rab le  d i sh  antenna. Although the high frequency l i m i t s  the 

maximum a t t a i n a b l e  height t o  about 20 km, the time t o  acquire a spectrum i s  
- -  - -  .- _ . _ _ _  . _ _  very short  compared t o  a SO-bfHz radar. For example, with the current maximum 

PRF, the time t o  acquire one record with no incoherent spect ra l  averaging i s  - 
112 sec  f o r  a 128-point spectrum. This, coupled with the f a s t  f u l l y  s t ee rab le  
d i sn  antenna i s  an idea l  system fo r  studying s p a t i a l  va r i a t ions  of turbulence 
s t ruc tu res ,  short-period g rav i ty  waves, etc.  

Unfortunately these types of experiments have been severely compromised by 
the inadequate data  processing system. It i s  not possible f o r  the data  proces- 
s ing t o  keep up with the da ta  input i n  r e a l  time. Therefore a c r i t i c a l  u p  
grade item i s  a t  l e a s t  an array processor f o r  enhancing the data  acqu i s i t ion  
system. 

The second upgrade needed i s  t o  implement phase coding t h a t  w i l l  effec- 
t ive ly  increase the average t ransmit ter  power and therefore  system s e n s i t i v i t y .  
A t  present the t ransmit ter  i s  operating a t  0.13% duty cycle with 5 us uncoded 
pulses. The maximum permissible t ransmit ter  duty cycle i s  3%. Therefore the 
opportunity e x i s t s  t o  e i t h e r  enhance the average power with phase coding and/ 
o r  increase the resolution.  So f a r  we have not attempted t o  use pulses shor ter  
t h a t  5 ps because of weak s ignal  returns.  Although uncoded pulses longer 
than 5 pa do enhance the s ignal /noise  r a t i o  they have not been used because 
of the r e su l t ing  l o s s  i n  range resolution.  



Table 1 

Location 
Frequency 
Peak Pulse Power* 
Max. Pulse Repeti t ion Frequency* 
Pulse Lengths* 
Max. Duty Cycle 
Antenna - Fully Steerable  Dish 
Antenna Diameter 
Antenna Gain 
Antenna Efficiency 
Po la r i za t ion  
System Tenperature 

67'N 51 O W  

1290 MHz 
3 MW 
250 Hz 
5-10 us 
3% > 

32 m 
49.6 dB 
52% 
Circular 
l0O0K 

*Typzcal values f o r  ST obsematione 

A t h i r d ,  but not a s  c r i t i c a l ,  need i s  f o r  a higher t ransmit ter  maximum 
PRF, a t  present t h i s  i s  250 Hz. The spec t ra l  folding frequency converted t o  an 
equivalent doppler veloci ty  611 i s  given by 

6p PRF A12 

= 28.8 m/s fo r  PRF = 250 Hz 

When the antenna i s  di rected of f -ve r t i ca l  i n  the azimuth of the wind d i rec t ion  
t h e  hor izonta l  wind speed i s  often l a rge  enough (& 28 m/s) t o  produce a l i a s s ing .  
A maximm PRF of about 1000 Hz would be optimum. a 
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9.9A PROGRESS AND PLANS FOR mE COLORADO WIND PROFILER NETWORK 

R. G. Strauch 
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Boulder, CO 80303 

Since January 1983, the Wave Propagation Laboratory (WPL) has placed four 
wind p ro f i l ing  radars  i n  operation. These radars  and the  P l a t t e v i l l e  radar  
(o r ig ina l ly  developed by the Aeronomy Laboratory (AL) and jo in t ly  operated by 
AL and WPL f o r  several  years) form the Colorado Wind P r o f i l e r  Network. These 
radars  a re  described by STRAUCii e t  a l .  (1984a) and experiences with operation 
a r e  summarized i n  another paper (STRAUCH e t  a l . ,  1984b) i n  t h i s  workshop. 
Plaas and improvenents f o r  the Colorado Wind P r o f i l e r s  a r e  summarized below. 

( a )  VHF Radar a t  P l a t t w i l l e  

Funds permitting, our plans t o  make the following improvements : 

1. The 100 m x 100 m antenna arrays  t h a t  a re  used t o  observe hor izonta l  
wind components a re  not nearly a s  e f f i c i e n t  a s  the newer zenith-pointing an- 
tenna. The d ipo le  elenents of the older  antennas have more loss ,  and the  
phasing of the 'array i s  not a s  accurate. We want t o  replace these antennas 
with new 100 m x 100 m coll inear-coaxial  d ipole  antennas. The ground must a l so  
be leveled; the re  i s  presently a 0.6-degree slope across the array.  

2. The computer and data  system w i l l  be replaced with the data systems 
used with the newer VW radars.  This w i l l  enable the radar t o  operate with the 
height resolut ion t h a t  i s  allowed by the bandwidth a l loca t ion  (0.4 MHZ),  and i t  
w i l l  improve s e n s i t i v i t y  because the pulse r e p e t i t i o n  r a t e  can be increased. 
The new data  system a l s o  provides remote control  of the radar  and ca lcu la tes  
hourly-averaged winds a t  the s i t e .  c 

With these two improvements, we expect the P l a t t e v i l l g  radar  t o  be more 
sens i t ive  than the other  6-m wavelength radars  i n  the network because of the 
6-dB grea te r  antenna aperture.  Comparison of winds measured by P l a t t e v i l l e  

- with those measured by the other  VHF radars  w i l l  allow an i n t e l l i g e n t  judgement 
a s  t o  the  cost  ef fect iveness  of the  addi t ional  expense of the l a rge r  antennas. 

. - - .. - In  pa r t i cu la r ,  we need t o  determine i f  the increased s e n s i t i v i t y  radars  su f fe r  
s igna l  dropout. 

3. Separate (Yagi) receiving antennas w i l l  be added t o  the zeni th  antenna 
t o  allow us t o  t e s t  the spacedantenna d r i f t  method of wind measurement. 

(b) VHF Radars Near S te r l ing ,  Craig and Cortez 

These radars  have been operated fo r  more than one year. There a t e  a 
number of changes we would l i k e  t o  make on the bas i s  of our experience. 

1. These radars are  operated with high pulse r e p e t i t i o n  r a t e s  so t h a t  
echoes from the mesosphere w i l l  be range-aliased i n t o  the heights where we 
measure tropospheric winds. These echoes can be e f fec t ive ly  eliminated by 
changing the phase of each transmitted pulse with a psuedo-random binary phase 
code; time-domain in tegra t ion  then w i l l  randomly sum the a l i a sed  signals.  A l l  
the necessary hardware has been b u i l t  i n t o  the radars,  but software modifica- 
t i o n s  a re  needed t o  implenent the coding (STRAUCH, 1984). 



2. We want 60 develop a simple method f o r  using an a i r c r a f t  t o  check the  
antenna pointing angles and the antenna sidelobes.  We bel ieve  that  most of the 
"unusual" data  points we obta in  can be explained by our antenna and 
specular echoes observed through antenna sidelobes. 

3. We want t o  decrease the minimum height tha t  can be measured when we 
use a 3-ps pulse duration. The present minimum height i s  about 1.7 km AGL and 
'is l imi ted by the t ransmit l receive  switch and associa ted t r a n s i e n t s ;  a new 
switch may be required. 

4. Limited data  recording on-site w i l l  be implemented t o  a id  i n  invest i -  
gat ions  of the causes of inva l id  data points.  The data recorder w i l l  be con- 
t r o l l e d  remotely t o  record Doppler spect ra  during p a r t i c u l a r  events. 

5 .  The format of the da ta  a r e  transmitted hourly from the remote s i t e s  
w i l l  be expanded t o  include estimates of spec t ra l  width. We w i l l  a l s o  transmit 
wind component da ta  ins tead of s p e d  and di rect ion.  

( c )  UHF Radar a t  Stapleton Airport  

The only component f a i l u r e s  t h a t  have occurred on t h i s  33-cm wavelength ra- 
d a r  i n  more than one year of operation have been associated with the mechanical 
switches t h a t  se lec t  the antenna pointing di rect ion.  These switches a r e  being 
replaced with switches r a t e d  fo r  10 operations. 

The da ta  processing used with t h i s  r ada r  i s  iden t i ca l  t o  that  used with the 
VHF radars.  With VliJ? radars  the  dwell time required t o  obta in  the time s e r i e s  
input f o r  spec t ra l  ana lys i s  i s  5 to  6 s ,  so the 1 to 2 s needed t o  ca lcu la te  
power spec t ra  i n  software i s  r e l a t i v e l y  unimportant. However, with the 33-cm 
radar  the dwell time i s  only about 0.5 s so the calcula t ion time s ign i f i can t ly  
reduces the  ava i l ab le  averaging time. We a r e  planning t o  add a hardware 
spec t ra l  processor t o  our data  systen t o  reduce t h i s  overhead time. The pyo- 
cesaor w i l l  be added t o  the hardware preprocessor tha t  perf o m s  the time-domain 
in tegrat ion.  

* 
(d) 'UHF Radar a t  Boulder 

- 
We a r e  completing const ruct ion of a 74-cm wavelength radar a t  Boulder, - - . - - -  -.-- CO. It w i l l  use the same gener ic  receiver  and data  processing t h a t  a re  used 

on a l l  the  Col2rado Network Radars. The antenna i s  a phased array of 100 Yagi 
elements (60 m ) with two sequential  pointing di rect ions .  The t ransmit ter  
has 30-kW peak power, 1.2-kW average power. The radar w i l l  use I-, 3-, and 
9-US pulse durat ions  ( the  same as  the UHF radar  a t  Stapleton Airpor t ) .  Testing 
i s  expected t o  s t a r t  i n  the spring of 1984. 
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9.10A TEE MU RADAR NOW PARTLY I N  OPERATION 
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The MU radar  (middle- and upper-atmosphere radar)  of RASC (Radio Atmo- 
spher ic  Science Center, Kyoto University) is now par t ly  i n  operation,  although 
the  f a c i l i t y  w i l l  be completed i n  1985. The ac t ive  array system of the radar  
makes i t  poss ible  t o  s t e e r  the radar beam a s  f a s t  as  i n  each in terpulse  period. 
We expect var ious  sophis t ica ted experiments by the system. A preliminary ob- 
servat ion was successful  t o  e lucidate  atmospheric motions during Typhoon No. 5 
which approached the radar s i t e  i n  August, 1983. 

INTRODUCTION 

The MU radar (middle- and upper-atmosphere radar)  has been under construc- 
t i o n  since 1981 a t  Shigaraki (35"N, 136"E) nor-theast of Kyoto. Whilst the 
t o t a l  system w i l l  be completed i n  1985, the  system i s  now, on a reduced scale ,  
i n  operat ion f s r  observations of the troposphere and lower s t ra tosphere .  In  the  
present paper we s h a l l  f i r s t  ou t l ine  the MU radar system, which was improved 
from t h a t  o r ig ina l ly  designed i n  1980 (FUKAO e t  a l . ,  19801, and, l a t e r ,  present 
some r e s u l t s  so f a r  obtained. 

SYSTEM OUTLINE 

The MU radar  under construction i s  a pulse-modulated m ~ n o s t a t i c  Doppler 
radar  with ac t ive  antenna array working on the frequency of 46.5 MHz. The 
bas ic  idea  of the system design was discussed by FUKAO e t  a l .  (1980) and has 
remained very s imi la t  even a f t e r  some l a t e r  improvements; the  bandwidth i s  now 
given a s  1.65 kliiz which allows us t o  have the 1 ps-wide pulse equivalent with 
150 m height resolution.  The bas ic  parameters a r e  l i s t e d  i n  Table 1 where 
some parameters a r e  changed from those on the o r ig ina l  design i n  1980. The 
block diagram of the system under const ruct ion i s  i l l u s t r a t e d  i n  Figure 1, where 
t h e  number of the subgroup of antennas i s  now 25, increased from 15 i n  the 
o r i g i n a l  1980 design. Figure 2 shows a recent  photo of the MU radar system. 
The radar s i t e  i s  i n  h i l l y  nat ional  f o r e s t s  and f a i r l y  wel l  protected agains t  
r ad io  noise interference.  

The radar antenna system cons i s t s  of 475 antennas of 3-subelement crossed 
Yagi arrayed i n  a c i r c u l a r  area with diameter of ,  approximately, 100 m (Figure 
2). The array i s  divided i n t o  25 subgroups. Each subgroup consis ts  of 19 
elenents which a re  on equ i l a t e ra l  t r i angu la r  g r ids  i n  each hexagon. Exception 
i s  fo r  the 6 subgroups, d i s t r ibu ted  along the  c i r cu la r  periphery, for  precise  
co r rec t ion  or t h e  des i rab le  antenna pat tern .  This bas ic  t r i angu la r  d i s t r i b u t i o n  
with an antenna a t  each apex of the regular  t r i a n g l e  of i ts  s ide  0.7 long, 
where l, i s  the radar wavelength, i s  found t o  p rwen t  g ra t ing  lobes from 
appearing i n  the antenna bean s t ee r ing  not exceeding 40 " from the zenith.  
Thus, under such bean s teer ing,  the side lobe l eve l  for  e levat ion angle l e s s  
than 20" i s  suppressed smaller than 240 dB t o  the main lobe. The c i r c u l a r  ar- 
r a y  has an e f f e c t i v e  a r e a  of 8330 m producing the main beam of 3.6" i n  width. 
When the radar  beam is  directed v e r t i c a l l y ,  the sidelobe i s  symmetric about the  
main lobe, the f i r s t  sidelobe being a s  low as  -18 dB to  the main lobe. The 
crossed Yagi can produce two l i n e a r  (mutually orthogonal) polar iza t ions  and a l s o  
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TABLE 1. Basic Parameters of the MU Radar 

Location: 
Frequency : 
Antenna conf igura t ion:  

Aperture: 
Beam width: 
Po la r i za t ions  : 
Beam d i r e c t i o n s  : 

Transmitter  : 
Power a n p l i f i e r  : 
Peak power: 
Average power : 
Bandwidth: 

Receiver : 
Bandwidth : 
Dynamic range: 
I F  : 
A/D conver ter  : 

Shigaraki ,  Shiga, Japan (34.85 ON, 135 . l O O ~ )  
46.5 MHz 
c i r c u l a r  a r r a y  of 475 crossed Yagi antennas 

8330 m2 (103 m i n  diameter) 
3.6' 
l i n e a r  or c i r c u l a r  
0-30° zen i th  angle 

475 so l id - s t a t e  anpl i f  i e r s  
1 MW 
50 kW (duty r a t i o  5%) 
1.65 MHz mar (pulse length:  1-512 us v a r i a b l e )  

1.65 MHz Maximum 
70 dB 
5 MHz 
12 b i t  x 4 channels 

MU RADAR BLOCK DIAGRAM 
GROUP-! GROUP-2 GROVP-25 ! 

~ U ~ Y I C I I I L ~ Y  ouma 

OPERATION 
CONSW 

Figure 1. Block diagran of t he  hU r ada r  system. The r ada r  c o n t r o l l e r  
(HP 9835) bas i ca l ly  con t ro l s  a l l  p a r t s  of the  system, both i n  the observation 
rcons  and the  booths. Computer (Vax 111750) i s  used f o r  da t a  ana lys i s  (as  
ca l cu la t ing  var ious  spec t r a l  moments) and data  taking, and f o r  con t ro l l i ng  an 
a r r ay  processor (PlAP 300) which works f o r  ca l cu la t ion  of FFT and ACF, and 
incoherent  i n t eg ra t ion :  TR-module con t ro l  i s  done by 25 microprocessors;  t he  
received s igna l  can be processed i n  fou r  channels, each f o r  s ine  and cosine 
de t ec t ion ;  the  bas i c  s igna l  generator uses a rubidium vapor frequency 
standard. 



Figure  2. Bird's-eye view of t h e  M radar  system. The antenna c i r c u l a r  a rea  i s  
marked by white paint  l ine ,  along and jus t  outside of which the  s i x  booths a r e  
d i s t r ibu ted ;  each subgroup of the antenna corresponds to  each hexagon or each 
per ipheral  region a s  marked by white paint ,  so l id  or broken l i n e s ,  the so l id  
l i n e  showing the t e r r i t o r i a l  boundary of each booth; the booth and the antenna 
element being connected by coaxial  cables extended along the  surface;  the  I 

antenna l eve l  i s  lower by 15 m than the surrounding bank on which the i ron  ne t  
fence of 10 m high i s  b u i l t ,  mainly fo r  avoiding the ground c l u t t e r  due t o  the 
sidelobe rad ia t ion  i n  low elevat ion angle; the two-storied building on the 
l e f t  on the  bank i s  the control  building,  next  door i s  the guest house ; the  
white c i r c l e  jus t  beyond the  fence on the r i g h t  i s  a hel ipor t .  

left-handed and right-handed polar iza t ions .  

A remarkable f e a t u r e  of the MU radar system i s  tha t  each antenna element 
i s  ac t iva ted  by i t s  own sol id-s ta te  power ampl i f ier ,  i t s  peak output power be- 
ing 2.4 kW. Since the t o t a l  number of the antenna i s  475, the t o t a l  peak out- 
put power becomes approximately 1 >lW allowing f o r  antenna loss.  Each antenna 
has a l s o  its own receiver  preamplifier .  Both of the power ampl i f iers  and pre- 
ampl i f iers  a r e  mounted on transmitter-receiver (TR) modules. Each of the s i x  

. booths near the antenna accommodates the modules of four subgroups i.e. (19 x 4 )  
modules except f o r  one booth which accommodates the modules of f i v e  subgroups 
i.e. (19 x 5)  modules. Conversion of the 5-MHz IF frequency t o  and from 46.5 

- MHz for  transmission and reception,  respect ively ,  takes place i n  the modules, 
thereby simplifying the s ignal  t r ans fe r  between the booth and the control  build- 
ing which i s  on the bank overlooking the  antenna. 

The main advantage of t h i s  ac t ive  array systen i s  t h a t  the phase of s ignal  
transmitted from each antenna required f o r  beam s teer ing i s  e l ec t ron ica l ly  
control led  a t  1ow.power level .  The bean can be t i l t e d  t o  as  many locat ions  a s  
1657 within 30' from the zeni th  for  each in terpulse  period i .e. ,  a s  short  as  



400 ms. Thus, i t  would contr ibute  t o  observing the f a s t  varying dynamic 
behavior of the atmosphere, e.g., g rav i ty  waves with f a i r l y  short  periods. 

Each independently operat ive  antenna subgroup i s  expected t o  r e a l i z e  var i -  
ous sophis t ica ted observations as  t h a t  of the close-spaced antenna method (e.g. 
BRLGGS. 1980) which de tec t s  propagation of the in terference pat tern  among the 
s igna l s  received a t  each antenna. Further technical  d e t a i l s  of the MU radar 
a r e  shown elsewhere (SAM, 1980). They remain the same i n  many respects  t o  the  
1980 o r i g i n a l  design. 

The systen, now i n  operation,  i s  on a reduced sca le  a s  having 3 subgroups 
(57 antennas) which a r e  transmitt ing,  approximately, the 120 kW pulse i n  the  
lo0-wide beam. This system is, however, complete i n  o ther  p a r t s  a s  i n  control- 
l ing,  modulation, demodulation and signal-processing, a l l  of which a r e  i n s t a l l e d  
i n  the con t ro l  building (Figure 1) .  We have already confirmed var ious  opera- 
t i o n s  o t  the  present system t o  be i n  good shape. Figure 3 i l l u s t r a t e s  an 
observation i n  which the beam was s teered azimuthally, keeping i t  i n  a constant 
zeni th  angle of 30" (VAD method (veloci ty  azimuth display);  BALSLEY and FARLEY, 
1976). The bean was s teered i n  every in terpulse  period. The r e s u l t  shows the 
well-behaved system (Figure 3(b)).  

OBSERVATION OF THE TROPOSPHERE AND THE LOWER STRATOSPHERE DURING TYPHOON NO. 5 
I N  1983 

Since April ,  1983, we have attempted t o  measure the wind ve loc i ty  between 
4 and 15 km i n  height on many occasions using the three  subgroups which a r e  now 
complete. Observation i s  l imited only f o r  periods with no const ruct ion work f o r  
addi t ional  pa r t s  of the antenna systen. 

Figure 4 gives observations i n  August, 1983 when typhoon No. 5 approached 
Japan a s  shown i n  Figure 5. The observation'was done using the  complenentahy 
code of 16 b i t s  of the 1 us  subpulse, the pulse r e p e t i t i o n  frequency of 2.5 
kHz; a f t e r  128-times coherent in teg ra t ion  of the orthogonally detected s igna l ,  
128-point FFT was carr ied  out and averaging was done on every ten of the r e su l t .  
Since the s'ampled l eve l s  were 64 i n  number between 4 km and 15 km from the 
ground, t h i s  implies an observation a t  each l eve l  approximately i n  every one 
minute. Note t h a t  i n  Figure 4 fu r the r  averaging i s  done f o r  approximately 30 
minutes. The antenna beam was t i l t e d  by 30° from the zeni th  towards the  e a s t ,  
so one can g e t  zonal ve loc i ty  by doubling the  line-of-sight ve loc i ty ,  pos i t ive  
f o r  the leaving and negative f o r  the approaching given i n  Figure 4. Note t h a t  
s ince  the  averaged v e r t i c a l  ve loc i ty  i s  much smaller than the hor izonta l  the 
pos i t ive  and negative values correspond t o  eastward wind (westerly) and westward 
wind (eas te r ly ) ,  respectively.  It i s  c lea r  tha t  the wind observed by the MU 
radar  i s  consis tent  with t h a t  observed by the  conventional radiosonde a t  Wajima 
and Shionomisaki considering the locat ion of the typhoon; the  dis tance between 
Shionomisaki and Shigaraki i s  about 150 km and t h a t  between Shigaraki and 
Wajima 250 km. The wind ve loc i ty  d i s t r i b u t i o n  with height was obtained from 
the  spec t ra l  peak a t  each a l t i t u d e  and the d i s t r i b u t i o n  changed with the typhoon 
locat ion r e l a t i v e  t o  Shigaraki,  a s  i s  expected. Figure 4(a),  (b) and (c )  give 
such fea tu res  where one can readi ly  f ind  the  wind f i e l d  t o  have returned normal 
i.e., a westerly when the typhoon l e f t .  The overa l l  wind d i s t r i b u t i o n  varying 
with time i s  shown i n  Figure 6. 

Further analys is  of the data  for  typhoon No. 5 has revealed existence of 
temporal f luc tua t ion  of the wind a s  shown i n  Figure 7 where the contour map 
( top)  d is t inguishes  between pos i t ive  and negative ve loc i ty  regions; the  da ta  
used a r e  tho- obtained approximately i n  every one min and f i l t e r e d  t o  pick up 
only shor te r  period components than 10 min. The period of f luc tua t ion  i s  
around several  min which corresponds t o  the Brunt-Vaisala frequency. Figure 7 
(b) shows height p ro f i l e s  of wind averaged over 23 min. 
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Figure 4. Doppler spectrum of the  line-of-sight wixd v e l c c i t y  fo r  the  30" 
t i l t i n g  from the  zen i th  towards the eas t .  Contour i s  subjec t  t o  the  dB 
sca l e  a s  shown beside the  main d i a g r m .  The dark a s t e r i s k  denotes obser- 
va t ion  a t  Shionomisaki and the  c i r c l e  a t  Wajima. Average on 20h28m-20h59m, 
August 16 i n  (a ) ,  08h30m-O9hOOm, August 17 (b ) ,  and 08h30m-O9hOlm, August 18  
i n  ( c ) .  

The E-N r ada r  i s  now i n  opera t ion  only on a reduced sca le .  However, a s  i s  
shown above, we have already been successful  i n  the observation of a typhoon, 
de t ec t ing  some of i t s  tempor a1  dynamical behavior varying wi th  a l t i t u d e s .  

Figure 4 (a )  shows t h a t  typhoon No. 5 produced s t rong westward winds on the  
let t-hand s ide  t o  the  d i r e c t i o n  of the typhoon course, i t s  i n t e n s i t y  a t t a i n i n g  
a s  s t rong a s  20 m / s  near Shigaraki ,  d is tance  about 250 km, then decreasing 
wi th  d i s t ance ,  y e t  s t i l l  de t ec t ab le  a t  Wajima, d is tance  about 520 km; the  ob- 
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F i g u r e  5. P a t h  of typhoon No. 5 .  The t h i c k  s o l i d  l i n e  shows 
t h e  typhoon path.  The t h r e e  dark  smal l  c i r c l e s  on t h e  path 
a r e  t h e  l o c a t i o n  of t h e  typhoon c e n t e r  on P.ugust 15 (21h) ,  
1 6  (20h) and 17 (20h) ,  r e s p e c t i v e l y .  The m o v a e n t  was a s  
slow a s  18 h / h .  

V e l c c i t y  
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F i g u r e  6.  Line-cf-s ight  ( t i 1  t e d  towards t h e  e a s t  by 30" from 
t h e  z e n i t h )  wind d i s t r i b u t i o n  v a r y i n g  w i t h  time d u r i n g  typhoon 
passage. Contour i s  s u b j e c t '  t o  t h e  m/s shown i n  t h e  column 
b e s i d e  t h e  diagrzm. 

s e r v e d  wind, a t  t h i s  t ime ,  a t  Shionomisaki,  was weaker p a r t l y  because of i t s  
l o c a t i o n  which i s  more d e f l e c t e d  t o  t h e  west than t h a t  of S h i g a r a k i  r e l a t i v e  t o  
t h e  typhoon. Such e f f e c t s  of t h e  typhoon a s  r e v e r s i n g  t h e  weak w e s t e r l y  u s u a l l y  
p r e s e n t ,  i.e., t h e  eastward wind, were v e r y  remarkable a t  t h e  lowest  l e v e l  
observed though t h e  e f f e c t s  became l e s s  w i t h  a l t i t u d e .  When typhoon No. 5 
moved f u r t h e r  nor theas twards  and reached  t h e  e a s t  s i d e  of S h i g a r a k i  ( F i g u r e  

- 4 ( b ) ) ,  t h e  typhoon e f f e c t  became v e r y  weak on t h e  zona l  wind a s  i s  expec ted ;  
c o n s i d e r i n g  t h e  an t ic lockwise  s p i r a l  wind i n t o  t h e  typhoon c e n t e r ,  t h e  typhoon 
t h e n  should produce mainly southward winds. T h i s  i s  much more remarkable a t  
Shionomisaki ( F i g u r e  4 ( b ) )  where t h e  typhoon e f f e c t  had almost  d i sappeared  a s  
understood from comparison of t h e  o b s e r v a t i o n . t h e r e  between F i g u r e  4 ( b )  and 
F i g u r e  4(c).. At t h i s  t ime  Wajima i s  most d i s t u r b e d  by t h e  typhoon. However, t h e  
g e n e r a l  s i t u a t i o n  i s  u n c l e a r  because of no d a t a  f o r  mer id iona l  winds a t  a l l .  
Never the less ,  a dynamic behavior  of typhoon No. 5 seems t o  be f a i r l y  c l e a r l y  
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Figure 7. Fluctuat ing winds i n  typhoon No. 5. ( a )  Contour 
d is t inguishes  between pos i t ive  and negative ve loc i ty  regions;  
averaged values f o r  1 min a r e  used, removing longer period 
components than 10 min. (b)  Height p r o f i l e s  a t  var ious  
times; averaged values f o r  23 min a r e  used. 

d k o n s t r a t e d  by the  MIJ radar  as i n  Figure 4(a-c). The f a c i l i t y  woul? play a 
r o l e  i n  typhoon monitoring f o r  p r a c t i c a l  purposes. 

Severe weather a c t i v i t y  such as typhoons and in tense  tornadoes has been 
suspected t o  be a generator of g rav i ty  waves which propagate upwards t o  the  
ionosphere, producing small TIDs ( t r a v i l i n g  ionosphere d is turbances)  (e.g.? 
TSUTSUI and OGAWA, 1973; HUANG e t  a l . ,  1978). Some meteorological observations 
have a l s o  been ca r r i ed  out t ~ ~ d e t e c t  g rav i ty  waves with periods long a s  a few 
hours i n  associa t ion with severe convective storms (UCCELLINI, 1975).  The 
present observation a s  i n  Figure 7 would be novel in  t h a t  i t  is  a d i r e c t  wind 

- - observation with good time re so lu t ion  a s  one minute. The contour pa t t e rn  i n  
D Figure  7 (a )  r e c u r s  with a period of 7 min. The updraft of the typhoon v o r t e x  i s  

l i k e l y  t o  s t imula te  the Brunt-Vaisala o s c i l l a t i o n  overshooting the  equil ibrium 
. -i height  f o r  the heated a i r  of the updraft  (PIERCE and CORONITI, 1966) .  Looking 

- a t  Figure 7(b),  one can imagine phase progression both upward and downward from 
a height of 6 km a t  which the s t imula t ion occurs. Figure 8 i l l u s t r a t e s  the  

l n t e n s i  t y  
[dB' ._ - 

2 3 11 . 5  
LOCRL T I M E  (hour1 

- Figure 8. Echo power during typhoon No. 5. The contour 
corresponds t o  r e l a t i v e  i n t e n s i t y  i n  dB a s  given by the  
sca le  beside the diagram. Intense echo occurs around 
7 km height f i r s t ,  descending with time. 



s ignal  power during the same period. The power i s  found intense corresponding 
t o  t h i s  height suggesting exis tence of a strongly dis turbed s i tua t ion .  Since no 
data  were avai lable  f o r  meridional winds, the hor izonta l  wind vector remained 
unknown. Note t h a t  the hor izonta l  wind vector i s  an important quan t i ty ,  because 
i t  i s  along the hor izonta l  d i rec t ion  of the gravity-wave propagation. Another 
drawback of the present observation i s  the f a c t  tha t ,  while the pulse width used 
i n  the observation i s  a s  short  a s  1 us, the bean width of the present m a l l  
system i s  a s  wide a s  l o 0 ,  yielding the height resolut ion as  only 1 km, a 
r e so lu t ion  which i s  not enough t o  decide the phase va r i a t ion  very precise ly  i n  
Figure 7(b). I n  atmosphere dynamics it seem important t o  study three- 
dimensional wind f luc tua t ion  during typhoons under b e t t e r  height-resolution. 

The MU radar  was designed under f i n a n c i a l  support by Science Grant f o r  
Unified Research B 1976 and 1977 and t h a t  A 1978 Ministry of Education, Science 
and Culture Japan. The present observation i s  a l s o  supported p a r t i a l l y  by 
Science Grant fo r  Unified Research A 1983 and 1984 and t h a t  f o r  General Re- 
search B 1982, 1983 and 1984. P a r t i a l  support i s  f u r t h e r  given to  the  present 
work by the Nissan Science Foundation 1981-1983. The present authors a r e  in- 
debted much t o  many graduate students,  Department of E l e c t r i c a l  Engineering and 
Electronics,  Kyoto University. They have a s s i s t e d  the present authors i n  de- 
signing the  radar  system, developing the  operation software and pa r t i c ipa t ing  
i n  the present observations. Cooperation of D r .  K. Wakasugi, Kyoto I n s t i t u t e  
of Technology, i n  solving a l l  of these problems, i s  a l s o  much appreciated. 
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9.1 1 A  NETWORK ST RADAR AND RELATED MEASUREMENTS AT PENN STATE UNIVERSITY': 
A PROGRESS REPORT 

D. W. Thomson, C. W. F a i r a l l  and R. M. Pe te r s  

Department of Meteorology 
Pennsylvania S t a t e  Universi ty 

Universi ty Park, PA 16802 

Mesoscale meteorological  measurements, ana lys i s  and predic t ion a r e  some of 
the  p r inc ipa l  areas  of research i n  the Department of lleteorology a t  Penn Sta te .  
For more than a decade those members of the  f a c u l t y  concerned with mesoscale 
ana lys i s ,  numerical modeling and fo recas t ing  have been f r u s t r a t e d  by the  spa- 
t i a l  and temporal inadequacy of conventional network observations f o r  both re- 
search and opera t ional  appl ica t ions .  For more than f i v e  yea r s  the  Department 
had sought the  subs tan t i a l  f i n a n c i a l  resources required t o  deploy a network of 
VHF Doppler (ST) r ada r s  and mi l l imeter  wave radiometers f o r  "operational" t e s t  
and evaluat ion f o r  wind and thermodynamic p ro f i l ing ,  respect ively .  Consbruc- 
t i o n  of the  ST radar  network began i n  F a l l  of 1983 using funding provided by 
the  Air Force Office of S c i e n t i f i c  Research (through the DOD Universi ty Re- 
search Instrumentation Program) and the Universi ty.  

For the foreseeable  f u t u r e  the Penn S t a t e  ST radar  progrsm w i l l  be focused 
e n t i r e l y  on appl ica t ions  r a t h e r  than systems development research.  Deployment 
of the systems now under const ruct ion would not have been poss ib le  without the  
outstanding cooperation provided by C. G. L i t t l e  and R. Strauch and t h e i r  
colleagues a t  the Wave Propagation Laboratory, and a l s o  J .  Broanahan of Tycho 
Technology from whom we a r e  buying a l l  of the  receivers ,  t r ansmi t t e r s  and an- 
tennas. With regard t o  o ther  major systems components, we a r e  assembling in- 
house from WPL documentation the Time-Domain-Integrators and Computer In ter -  
faces  and have purchased WPL software-compatible Data General Eclipse computiers 
f o r  each system. 

The Penn S t a t e  Network w i l l  cons is t  f i r s t  of two 6 9  radars ;  one s i t e d  
south of S t a t e  College on Shantytown Road near HcAlevys Fort  and the second NW 

- of Dubois, PA. The t h i r d  radar ,  a "portable" 70-cm system, i s  t o  be i n i t i a l l y  
s i t e d  SW of Johnstown, PA. The three  radars  thus form a mesoscale t r i a n g l e  - - - - --- with  about 160-km legs  (Figure 1 ) .  Speci f ica t ions  f o r  the th ree  systems a r e  
summarized i n  Table 1. 

I n  a n t i c i p a t i o n  of a staged turn-on of the three  systems during the  Summer 
and F a l l  of 1984, the  nonconstruction-related e f f o r t s  i n  the  Department have 
focused on the9 software development necessary t o  allow e s s e n t i a l l y  iranediate 
use of network data. A 16-bit ~cicrocomputer has been programed to  serve a a  the 
network con t ro l l e r ,  communications in t e r face  and, a t  l e a s t  f o r  real-time pur- 
poses, the  opera t ional  d isplay  systan.  Insofar  as poss ib le  we have i n  t h i s  
t a s k  b u i l t  upon our subs tan t i a l  accumulated experience i n  working wi th  the  
processing and display of Doppler s o d a  systan signals.  Once the radar-derived 
wind and turbul.ence prof il es a r e  communicated t o  .the var ious  interconnected 
Departmental computers they become jus t  one component of a comprehensive da te  
base (Figure 2 )  which can be applied t o  a d iverse  s e t  of ongoing bas ic  and 
opera t ional  research programs. 

The s c i e n t i f i c  appl ica t ions  f o r  which spec i f i c  program planning i s  i n  
progress include : 

(1)  Intercomparison of wind and turbulence s t a t i s t i c s  derived from s p a t i a l  
( a i r c r a f t  and radar  network) and tempor a1 ( radar)  sampling 

(2)  Meso-synoptic sca le  ana lys i s  and fo recas t ing  s tud ies  



Figure 1.  Mesospheric t r i a n g l e  of Penn S t a t e  VHF (eas t  and 
northwest ) and UHF (southwest) radars .  S ta t ion  separa t ions  
a r e  approximately 160 h. 

Table 1. Speci f ica t ioqs  f o r  Penn S t a t e  ST Radars 

Item Units 1 and 2 Unit 3 

5 p e  
Location 

Frequency 

Bandwidth 
Peak Power 
Pulse Width 
Antenna : 

TY pe 
Dimensions 
Angle(s) 

On S i t e  Computer 
On S i t e  Processing 

a t  PW = 
Time Domain Aver. 
Spect ra l  Aver. 
Max. Radial Vel. 
Spect ra l  Vel. Resol. 
A.lti tude Resolution 

Pulsed Doppler 
1: S of S t a t e  College 
2: NW of Dubois 
1: 49.92 MHz 
2: 49.80 MHz 
0.4 MHz 
30 kW 
3.67, 9.67 ps 

Phased Array CoCo 
50 m x 50 m 
75" and 90" 
Data General Eclipse 

Pulsed Doppler 
SW of Johnstown 

405 MHz 

64 7-elanent Yagis 
8 m x 8 m  
75" 
Data General Eclipse 





(3) Var iab i l i ty  i n  mesoscale winds and turbulence 
(4) Structure  parameter s t a t i s t i c s  f o r  NE U.S. 
(5)  Applications f o r  assessment of ac id  deposit ion-related t r a j e c t o r i e s  
( 6 )  Assessment of forecas t  improvements f o r  s ign i f i can t  weather events i n  NE 

U.S. 
(7) Deployment of a shipborne 400-EHz system ( i n  conjunction with the network) 

fo r  s tudies  of coasta l  cyclogenesis. 

Figures 3, 4 ,  5 and 6 a r e  samples of the types of processed data ava i l ab le  
on a real-time bas i s  i n  the University Weather Observatory with which the ST 
radar  data  w i l l  be combined and used. Figure 1 i s  a typical  rawinsonde sound- 
ing from Pi t tsburgh a s  observed on 1 May 1984. For synoptic ana lys i s  purposes 
a c ross  sec t ion  was evaluated along the  computer-generated corr idor  i l l u s t r a t e d  
i n  Figure 4. The v e r t i c a l  l i n e s  on the cross  sect ion (Figure 5)  shown between 
s t a t i o n s  520 and 403 depict  the  scale  between radars i n  the new ST network. 
Unt i l  thermodynamic p r o f i l e r  measurements a r e  avai lable  we w i l l  use the  ex i s t ing  
PROMETS software t o  generate in terpola ted thermodynamic soundings from the 
analyzed cross  sections.  Such an in terpola ted sounding i s  shown i n  Figure 6. 

No t i f i ca t ion  of funding f o r  the 50-60 GHz mill imeter wave radiameter fo r  
temperature sounding was recent ly  received. The temperature p r o f i l e r  w i l l  be 
operated i n  conjunction with one of the VW Doppler radars  and a sodar. We 
hope it w i l l  be possible t o  use the radar  and sodar measurements t o  i n f e r  
probable i n f l e c t i o n  points (e.g. tropopause and PBL capping invers ion)  i n  the  
temperature p r o f i l e  and, thereby, improve the qua l i ty  and resolut ion of the 
derived sounding. Development of software f o r  t h i s  purpose i s  already i n  
progress. 

P I T  

Figure 3. Example of p lo t t ed  National Weather Service 
radiosonde sounding a s  p lo t t ed  on PROMETS system from 
data received on the FAA network. Abscissa i s  temper- 
a t u r e  i n  O C  and ordinate  pressure i s  mb. The plot ted  
data  depic t  the  temperature (R.H.) and dewpoint (L.H.) 
p ro f i l e s  . 



Figure 4. Corridor of upper a i r  sounding s t a t i o n s  chosen 
by the  PROEETS software on the  b a s i s  of speci f ied  end 
points.  S ta t ion  data  subsequently processed by PROMETS 
to  generate the  i sen t rop ic  c ross  sec t ion shown i n  
Figure 5. 

Figure 5. I sen t rop ic  c ross  sec t ion ( so l id  sloping l i n e s )  
including depic t ion of the  smoothed r e l a t i v e  humidity 
f i e l d  (broken l i n e s  of varying o r i en ta t ion )  along cor- 
r ido r  shown i n  Figure 4. The two t h i n  v e r t i c a l  s o l i d  
l i n e s  depic t  the  sca le  of t h e  radar  network i n  comparison 
t o  the  spacing of the  weather service  radiosonde network. 



Figure 6 .  Example of ver t i ca l  a i r  and dewpoint temperature 
prof i les  generated from the preceeding isentropic cross 
section for a posi t ion corresponding t o  the placement of 
the new 400-$Hz radar near Johnstown, Pennsylvania. 



9.12A A NOTE ON THE PROPOSED UK VIIF RADAR 

A. J. Hal l  

Rutherf o m  Appleton Laboratory 
Chilton, Didcot, Oxon, UK 

The proposal fo r  the establishment of a W F  radar  i n  the UK reported i n  
MAP Handbook No. 9 ,  1983 pp 387-397 i s  s t i l l  under ac t ive  consideration,  al-  
though fo r  f inanc ia l  reasons no s t a r t  has ye t  been made on an i n s t a l l a t i o n .  

Several changes have been made t o  the scheme as  described and these a re  
l i s t e d  below. 

(1) The i n i t i a l  i n s t a l l a t i o n  w i l l  be s u i t a b l e  f o r  ST operation only using 64 
antennas and 2 power modules. 

(2) An ex i s t ing  s i t e  i s  being e-ined on the west coast of Wales, which be- 
cause it i s  a former Loran ground s t a t i o n  i s  provided with the buildings,  
power and communications f a c i l i t i e s  t o  enable a radar t o  be assembled much 
more quickly than a 'green f i e l d  s i t e  would allow. Because the s i t e  i s  not 
wi th in  a mountain v a l l e y  a s  o r ig ina l ly  intended, careful  ear ly  a t t e n t i o n  
w i l l  have t o  be given t o  the possible problans of loca l  in terference and 
sea-surface re turns .  

- (3) Preliminary discussions with the UK l i cens ing  a u t h o r i t i e s  suggest t h a t  a 
frequency of 47 MHz i s  more l i k e l y  than 50 MHz. 

(4) Minor changes a r e  planned i n  the antenna array connection scheme of the . 
400-element MST array t o  allow more precise  sidelobe suppression t o  be 
achieved i n  the receive mode. 

It is  hoped t h a t  an ST radar w i l l  be. i n  operat ion before the end of 1985. 



9 -13A THE ADELAIDE VliF RADAR - CAPABILITIES AND FUTURE PLANS 

B. H. Briggs, B. Candy, W. G. Elford,  W. K. Hocking, 
P. T. May and R. A. Vincent 

Department of Physics 
University of Adelaide 

Adelaide 5000, Austra l ia  

The VBF radar  a t  Buckland Park, South Austra l ia  (35'5, 1 3 8 ' ~ )  commenced 
operat ion i n  January, 1984. The radar  i s  located adjacent t o  the  2-Mtiz iono- 
spher ic  radar.  The rout ine  method f o r  measuring hor izonta l  wind ve loc i ty  is  
t h e  spaced antenna technique (SA) while the Dopplpr technique is  used t o  measure 
v e r t i c a l  ve loc i t i e s .  It i s  poss ible  t o  swing the  t ransmit t ing beam i n  the  
east-west plane, allowing Doppler measurements of the EW wind component. 

The bas ic  system parameters (SA mode) a r e  given i n  Table 1. The Yagi ar- 
r ays  a r e  arranged i n  an equ i l a t e ra l  t r i a n g l e  40 m on a s ide  wi th  the spacing 
determined by theore t i ca l  ca lcu la t ions  of the scale  of the received pattern.  
The t ransmit t ing and receiving equipuent i s  microprocessor controlled.  The 
data a r e  analyzed i n  r e a l  time on a minicomputer; the r e s u l t s  a r e  s tored on 
magnetic tape for  f u r t h e r  off - l ine  analysis.  

Winds a re  measured i n  the l a s e r  s t ra tosphere  and regular ly  up t o  9 km i n  
the  troposphere. Comparisons between the radar  measurements and radiosonde 
measurements taken a t  Adelaide Airport  (35 km t o  the south) show excel lent  
agreement (e.p. Figure 1) .  

FUTURE DEVELOPMENTS 

The t ransmit ter  power i s  t o  be increased t o  a mean of about 10 kW. Thre,e 
approaches have been considered: a s ing le  high power t r a n m i t t e r  t o  d r ive  the 
whole array; individual sol id-s ta te  modules dr iv ing each element; individual,  
valve  modules dr iv ing each elenent. The r e l a t i v e  a t t r i b u t e s  of these ap- 

- proaches i s  given i n  Table 2. It i s  c l e a r  from t h i s  t ab le  t h a t  the sol id-s ta te  
- approach i s  the  most advantageous. 

One module has been designed, b u i l t  and tested.  It appears t h a t  500 wat ts  
peak output can be obtained from' each output t r a n s i s t o r  without f a i l u r e  w e n  
when "operated i n t o  an i n f i n i t e  VSWR". With an optimum load connected, f a i l u r e  
becomes s ign i f i can t  .above 700 watts peak. We have decided t o  operate  the de- 
v ices  a t  the conservative output power of 500 watts per device. The gain  a t  
t h i s  l w e l  i s  about 12 dB and the eff ic iency i s  b e t t e r  than 50%. Table 3 
summarizes the  c h a r a c t e r i s t i c s  of each module. 

Varicap diodes w i l l  be used t o  s e t  the r e l a t i v e  phase of the modules when 
swinging. the  beam. The phase of each module w i l l  be s t a b i l i s e d  by phase feed- 
back. 

The receiver  f o r  the main a r ray  w i l l  consis t  of a low noise preamplifier  
connected t o  each antenna element followed by a phase s h i f t e r  and combining 
network. Sixteen modules capable of del iver ing 5 kW mean power t o  the antenna 
a r e  now under construction and w i l l  be i n  operation by l a t e  1984. Construction 
of another srxteen modules is  planned f o r  1985. 

. With the construction of a TR switch it i s  now poss ible  t o  make Doppler 
wind s tudies  using the  l a rge  array f o r  both transmission and reception. Beam 
pointing s tudies  i n  the EW plane a r e  now being s t a r t e d  t o  f i n d  the optimum 
pointing and t o  study the e f f e c t  of aspect s e n s i t i v i t y  on the  e f fec t ive  beam 



Table 1. Buckland Park VHF radar ,  operating frequency 54.1 MHz 

TRANSMITTING ARRAY RECEIVING ARRAYS 

32 coaxial  co lgnear antennas 3 x square ar3ays of 16 five-element Yagis 
Area: 8000 m Area: -250 m 
Half power beanwidth: 3.2" Half power berrmwidth: 18" 
Ground plane spacing: 0.1k 

Transmitter Receiver 

Peak power: 40 kW 3 separate  dual-channel receivers  with own 
Pulse length: 7 psec d i g i t i z e r  and coherent averagers. 
PRF: 512 Hz In tegra t ion  time: 0.25 or 0.50 s. 
Mean power: 200 W 
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Figure 1 

Table 2 

MULTIPLE XlDULES 

SINGLE UNIT SOL ID-STATE VALUE 

F l e x i b i l i t y  i n  s teer ing 3 or a t  most 5 continuous continuous 
a r ray  posi t ions  

Cost excluding labor ?* $46, OOO* >$70 ,OOO* 
(32 u n i t s )  

Cooling forced a i r  ac t ive  water forced a i r  
chi1 1 e r  

Ava i l ab i l i ty  of components d i f f i c u l t  readi ly  moderately 
avai l  able  d i f f i c u l t  

Danger i n  terms of voltage high very low high 
Maintenance lowest highest  

*Only the t r ans i s to r  vers ion has been careful ly  priced. 



Table 3 

Peak power 
Maximum duty cycle 
Efficiency 
Supply vol tage 
Bandwidth 
Physical dimensions 
Cost 

3.5 kW 
20% 
50% 
50 Q , 

7 MHz 
20 x 15 x 7 cm 
<$1,000 (excl. labor 

and cooling) 

point  angle. Four angles a r e  being used f o r  the t e s t s :  4,  7, 11 and 15'. 
Once the optimum angle has been chosen then a re lay control led  system w i l l  be 
used t o  point  the t ransmit ter  bean a t  complenentary angles i n  the Ell pl.ane and 
thus measure the upward f l u x  of zonal mmentum, u'w' , ca r r i ed  by gravi ty  waves 
using the technique of VINCENT and REID (1983). 

With the  higher t ransmit ter  powers ava i l ab le  a t  the end of 1984, simulta- 
neous s tud ies  of sca t t e r ing  from the mesosphere a t  3 frequencies,  (54, 6 and 
2 EPIz) w i l l  be made i n  order t o  inves t iga te  the. s t ruc tu re  of the sca t t e r ing  
i r r e g u l a r i t i e s .  

Studies of i r r e g u l a r i t i e s  i n  the lower attnosphere a re  a l so  being under- 
taken using in terferometr ic  techniques. To improve the angular r e so lu t ion  a 
long baseline interferometer w i l l  be constructed by placing a small ar ray com- 
posed of yagis a t  a d is tance of 500-1000 m from the center of the present 
system. 

Final ly ,  a l i d a r  w i l l  be i n s t a l l e d  adjacent t o  the VHF radar  i n  1985. a 

This w i l l  be used t o  measure neutra l  dens i t i e s  and temperatures throughout the 
middle atmosphere. The l i d a r  systan i s  now under const ruct ion and has been de- 
signed by D r .  F. Jacka of the IIawson I n s t i t u t e ,  University of Adelaide. 



9.148 TEE WOUST RAMR 

24. Peti tdidier  

C.R.P.E. 
4 Avenue de Neptune 

94107 Saint-Maw Ceder 
France 

RADAR WCTSRISTICS 

Location: Saint-Sat in,  France (incoherent f ac i l i t y )  
Operating frequency: 935 nBz 
~ i s t a t i c  
Tranomittrng f ac i l i t y :  incoherent sca t te r  translnitter 150 WJ 

and antaalla 2000 d 
Pulse width: 4 Pa 
PRF: 7.5 mz - Receiving f ac i l i t y :  Parabolic antenna: 95 d 

Receiver noise: 300 K - Coherent integration 64 - Digital  recording - FFT: 512 complex points - off l i ne  - Prof i le  - height resolution: 600 m 
number of gates: 32 

Results of the March 1984 campaign are  shown i n  Figures 1 and 2 

- pseudo complementary coding with 20 sub-codes; height resolution/30 m 
Decenber 1984: 32 gates of 30 m height resolution contiguous or not - PET i n  r ea l  time - TMS 320 - (1985) 
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9.15A MILLSTONE HILL RADAR : CAPABILITIES FOR S/T OBSERVATIONS 

G. B. Lor iot  
Haystack Observatory 

Westford, MA 

During the  past  several  years,  the  440-MHz radar  a t  Millstone B i l l  has 
been modified t o  detect  coherent echoes from clear-a i r  turbulence i n  the  
stratosphere/troposphere (SIT) over the a l t i t u d e  range 4-25 km. Two d i s t i n c t  
modes of da ta  acqu i s i t ion  have been developed, and data  reduction prograns have 
been completed f o r  one of these modes. This mode (I-mode) t ransmits  a 10 
microsec (1.5 Sun) pulse on the  f u l l y  s t ee rab le  antenna. Typically,  the antenna 
i s  s e t  a t  a low elevat ion angle (e.g., 15 deg.) t o  reduce the  a l t i t u d e  resolu- 
t i o n  t o  -1 km., and power spect ra  a re  co l l ec ted  a t  some 40 range gates. The 
antenna may be scanned i n  azimuth t o  obta in  the  t o t a l  wind vector ,  held f ixed 
t o  monitor wave motion, or scanned i n  e levat ion t o  monitor the horizontal  
extent o r  the  turbulent a c t i v i t y .  This s t e e r a b i l i t y  gives Millstone a f l e x i b l e  
system t o  focus on local ized events,  such a s  l e e  waves or convective storms. 
An add i t iona l  advantage a t  low elevat ions  i s  the  r e l a t i v e l y  large  Doppler 
s h i f t  of the s ignal ,  since t h e  LOS veloci ty  contains a large  component of the 
hor izonta l  veloci ty .  This s h i f t  separates the  turbulence s ignal  s u f f i c i e n t l y  
f a r  from the  ground c l u t t e r  t o  allow the spec t ra l  moments t o  be read i ly  
inferred.  Some 500 hours of S/T I-mode da ta  have been reduced t o  geophysical 
paraneters,  and res ide  on a da ta  base a t  Millstone B i l l .  

The second mode of operation  mode) i s  designed fo r  a f i n e  range resolu- 
t i o n  ( l e s s  than 500 m) with adequate signal-to-noise r a t i o  t o  probe i n t o  the 
s t ra tosphere  (up t o  25 km a l t i t u d e ) .  A coded pulse waveform was developed, 
using complenentary codes, and a range reso lu t ion  of 300 m was achieved. I n  
order  t o  obta in  a comparable a l t i t u d e  reso lu t ion  with no degradation from beam 
width, the antenna was operated a t  high e levat ion angles (75-80 deg). Echoesl 
were obtained up t o  23-25 km a l t i t u d e ,  but the Doppler s h i f t s  were very small, 
o f t en  overlapping the fading ground c l u t t e r .  Programs t o  reduce these data , 

w i l l  probably require parameterized f i t t i n g  rout ines ,  but such routines have 
not y e t  been developed f o r  tf-mode data. 

The SIT progran a t  Millstone H i l l  has been dormant since December 1983. 
A l l  processing prograns have been re ta ined,  including an option i n  I-mode t o  
operate  with a 2 microsec pulse (with a l a rge  reduction i n  maximum range). The 
Millstone SIT radar i s  bes t  sui ted  f o r  focused experiments using the  s teerable  
antenna a t  low elevation,  wi th  a 1.5 or 0.3 km range resolution.  For example, 
the  radar  could monitor the dynamics of storms, or measure turbulence i n  l e e  
waves above nearby mountains. Plans a r e  being considered f o r  such experiments 
i n  the future .  

Some operating charac te r i s t i c s  of l i l l s t o n e  H i l l  I-mode operations a r e  
given below. Values i n  parentheses w i l l  be v a l i d  a s  of 12/84, due "to scheduled 
t r ansmi t t e r  upgrades. 

Transmitter frequency 
RF pulse width 
Pulse r e p e t i t i o n  frequency 
Peak power 
System temperature 
Antenna 
Minimum range 
Maximum a l t i t u d e  (10 us pulse) 

440 14Rz 
10 p s  or 2 ps 

500 Hz (1000 Hz 12/84) 
1.4 MW (2.5 MW 12/84) 
150 K 
150 f t . ,  f u l l y  s t ee rab le  

10 km (3 km 12/84) 
21 km (25 km 12/84) 



9.16A ZITE PONAPE ST RADAR 

D. A. Carter,  W. L. Ecklund and B. B. Balsley 

Aeronomy Laboratory 
National Oceanic and Atmospheric Administration 

Boulder, Colorado 80303 

In  14ay, 1984, a 50-Mtlz ST radar  was i n s t a l l e d  on the  is land of Ponape i n  
the  western equator ia l  P a c i f i c  (7 95, 158"E) by the Aeronomy Laboratory of NOAA. 
The radar  consis ts  of a 100 m x 100 m array with a s ingle ,  v e r t i c a l l y  d i rected,  
bean and i s  i n i t i a l l y  t ransmit t ing 15 psec (2.25 km) pulses. The radar  i s  
operating continuously, with Doppler spec t ra  being recorded a t  approximately 
1 112 minute i n t e r v a l s  and sent  t o  Boulder f o r  l a t e r  analysis.  One of the 
p r inc ipa l  goals  of the radar  i s  t o  measure v e r t i c a l  motions i n  the  troposphere 
and lower s t ra tosphere  a t  a locat ion which i s  wi thin  the  i n t e r t r o p i c a l  con- 
vergence zone during par t  of the year. F i r s t  r e s u l t s ,  during generally f a i r  
weather conditions, ahow de tec tab le  echoes up t o  about 21 Ism with the tropo- 
pause a t  17-18 km. Once da i ly  balloon soundings a r e  ava i l ab le  loca l ly  from a 
NOAA Weather Service Off i ce  on the island. I t  i s  planned t h a t  t h i s  radar  w i l l  
be jolned i n  the coming year  by two o the r s  with oblique as  we l l  a s  v e r t i c a l  
beans on two get-to-be-selected equa to r i a l  i s lands  a s  par t  of the TOGA (Tropical 
Oceans Global Atmosphere) progran. 



9.17A MEASUREMl3NTS OF VERTICAL VELOCITY OVER FLAT TERRAIN BY. ST RADAR 
AND OlIIER RELATED USES OF THE RADAR DATA SET 

3 .  L. Green and G. D. Nastrom* 

Aeronomy Laboratory, NOAA, Boulder, CO 80303 
*Control Data Corp., l i nneapo l i  s, MN 55440 

The f i r s t  par t  of t h i s  communication points  out the need t o  study v e r t i c a l  
ve loc i ty  measurements from an ST rada r  located  on the p la ins ,  f a r  from the 
mountains, As a l l  present ly  ava i l ab le  c lear-a i r  radars  a r e  located  i n  or  near 
mountains, the  second par t  d iscusses  the const ruct ion and opera t ion of a VIIF 
Doppler (ST) radar  i n  t h e  midwestern pa r t  of the  United S ta t e s  t o  make meteoro- 
l o g i c a l  measurements. While our primary i n t e r e s t  i s  i n  measuring the  synoptic- 
s c a l e  v e r t i c a l  v e l o c i t i e s  i n  the  troposphere and lower s t ra tosphere ,  it should 
be s t ressed,  however, t h a t  the  radar  data  s e t  generated during the  radar  ex- 
periment would have many o the r  valuable  uses of i n t e r e s t  t o  us and o the r s  some 
of whom a r e  l i s t e d  below. The required r ada r  parameters, approximate cos ts ,  
and recommended mode of opera t ion a r e  a l so  deta i led .  

SCIENTIFIC ISSUE 

The v e r t i c a l  ve loc i ty  i s  the atmospheric va r i ab le  most c lose ly  l inked with 
weather, except perhaps moisture, ye t  i t  has been almost impossible t o  measure 
d i r ec t ly .  Clear-air, or ST rada r s  o f f e r  an opportunity t o  measure the  v e r t i c a l  
ve loc i ty  d i r e c t l y  and continuously. I n  a recent study we found t h a t  the  time- 
average v e r t i c a l  motion over the P l a t t e v i l l e ,  Colorado ST rada r  compared favor- 
ably with the computed synoptic-scale v e r t i c a l  ve loci ty  under c e r t a i n  synoptic 
condit ions:  when the  prevai l ing  winds were l i g h t  or from the  eas t  and the 
synoptic-scale v e r t i c a l  ve loc i ty  was over one or two centimeters per secone . 
When the prevai l ing  winds were from the west., across  the Rocky Mountains, the  
meteorological  qoise was too l a r g e  t o  permit Computing a mean v e r t i c a l  ve loc i ty  
with s u f f i c i e n t l y  small s t a t i s t i c a l  uncer ta in ty ,  or  e l se  standing l e e  waves 
made the radar  s i t e  unrepresentative of the  l a rge  .geographical area  of the 
synoptic-scale system. I n  e i t h e r  case, it i s  a meteorological signal-to-noise 
problem induced by the  mountains. We have found a s imi lar  s i t u a t i o n  i n  the  
ALPlX da ta  from Southern France, i.e., when the  winds were off  the sea the 
measured and computed v e r t i c a l  v e l o c i t i e s  agreed favorably but when the  winds 
were across the mountains the  agreenent was poor or uncertain. Thus, we can 
conclude t h a t  a t  ST radar  s t a t i o n s  near mountains the synoptic-scale v e r t i c a l  
ve loc i ty  can be measured only under r e s t r i c t e d  conditions. These s t a t i s t i c s  
s t rongly  suggest t h a t  it may be poss ib le  t o  measure the large-scale v e r t i c a l  
ve loc i ty  under general  condit ions a t  a radar  s i t e  located i n  the  plains.  This 
ques t ion should be addressed by using radar  data from a s i t e  on the plains.  
The only MST radar  located i n  the cen t ra l  p l a i n s  a t  t h i s  time i s  a t  the 
Universi ty of I l l i n o i s ;  i t  does not measure the v e r t i c a l  ve loc i ty  and according 
t o  Prof. S. A. Bowhill, it could not  e a s i l y  be adapted f o r  t h a t  purpose. 

Thus we propose i n s t a l l i n g  an ST rada r  a t  a s i t e  i n  the  cen t ra l  p la ins ,  
and opera t ing continuously f o r  a t  l e a s t  a year ,  taking measurements of the 
v e r t i c a l  ve loc i ty  i n  the troposphere and lower s t ra tosphere ,  and comparing the  
r ada r  w ' s  wi th  computed values  and with proxy ind ica to r s  of the large-scale 
v e r t i c a l  motion such as  weather-radar echoes and s a t e l l i t e  p ic tures .  We 
expect these "Flatlands" d a t a  would be of i n t e r e s t  f o r  o ther  purposes a s  we l l ,  
both meteorological  and rada r  engineering, and we would; of course, make it 
ava i l ab le  t o  o ther  s c i e n t i s t s .  I f  the a b i l i t y  t o  measure the synoptic-scale 
v e r t i c a l  ve loc i ty  can be dwons t ra t ed ,  t h i s  technique~should  impact a wide 
meteorological  community. For example, research prograns such as  the  upcoming 



STORM project  may be enhanced by adding v e r t i c a l  ve loci ty  measurenents t o  t h e i r  
da ta  base. 

This r ada r  could be constructed t o  point  ju s t  v e r t i c a l l y  or  be made t o  
po in t  i t s  antenna bean sequent ia l ly  t o  the v e r t i c a l  and four  oblique d i r ec t ions .  
A p r a c t i c a l  da ta  r a t e  i s  one complete sequence of antenna d i r e c t i o n s  i n  500 6. 

This technique has already been t e s t ed  a t  the Sunset radar ;  it o f f e r s  the  
advantage of hor izonta l  wind measurenent t o  a i d  i n t e r p r e t a t i o n  and provides, by 
the  cont inui ty  equation, a kinematic check on the v e r t i c a l l y  pointed bean's 
measurwents.  This capab i l i ty  would permit us t o  resolve  any l inger ing 
ques t ions  regarding the  i n t e r p r e t a t i o n  of the  v e r t i c a l  ve loc i ty  measurements 
from a v e r t i c a l l y  d i r ec ted  r ada r  bean. For example, a primary r e f l e c t i n g  
mechanism f o r  the v e r t i c a l  bean i s  specular r e f l e c t i o n s  from specular layers.  
I f  the  s t a b l e  l aye r s  a r e  moving v e r t i c a l l y  a t  a r a t e  d i f f e r e n t  from the  a i r  
ve loc i ty ,  say a t  some phase ve loc i ty ,  the  r ada r  could give misleading r e s u l t s .  
By using the  s teer ing capab i l i ty  we can address t h i s  and any other  i s sues  of 
in t e rp re ta t ion .  Addit ionally,  the  s l a n t  antenna bean r e f l e c t i v i t y  would 
provide a measure of the  i n t e n s i t y  of turbulence versus  a l t i t u d e  ( the  v a r i a b l e  
Cn2). Studies of the  specular r e f l e c t i o n  phenomenon and tropopause 
de tec t ion  would be enhanced by the comparison of the v e r t i c a l  beam with the 
o f f -ve r t i ca l  beans. Spectra from the time s e r i e s  of the s l an t  a s  we l l  a s  the  
v e r t i c a l  ve loc i ty  measurements a r e  of i n t e r e s t .  The use of the u' w' from the  
va r ious  beams would allow the  computation of the v e r t i c a l  nomenturn f l u x  due t o  
g rav i ty  waves. 

The antenna con£ igu ra t ion  and design required f o r  accurate v e r t i c a l  ve- 
l o c i t i e s  w i l l  g ive  t h i s  r ada r  a useful  mesospheric capab i l i ty  and w i l l  frequent- 
ly ob ta in  echoes i n  the 65-85 km a l t i t u d e  region. Recording t h i s  add i t iona l  
da ta  w i l l  add only about 2 K/yr t o  the  cos t  of the operation. 

THE EXPERIMENT t 

( a )  S i t e  Selec t ion 

' 

Since we already have da ta  i n  or near mountains, the s i t e  should be a t  the  
o the r  orographic extreme -- smooth t e r r a in .  Midwestern s t a t e s ,  especia l ly  
Indiana and I l l i n o i s ,  a r e  f l a t  and r e l a t i v e l y  f a r  from mountains. We have al-  
ready contacted the  Base Commanders a t  Grissom Air Force Base, I N ,  Whitenan Air  
Force Base, MO, and Chanute Air Force Base, IL, and f ind  t h a t  they have space 
ava i l ab le  and technic ians  (who would change tapes and check d i a l s )  on duty even 
during holiday periods. Purdue Universi ty,  Lafayette,  I N ,  has space ava i l ab le  
and has expressed i n t e r e s t  i n  a cooperative experiment. We have arranged t o  
personally inspect  these and perhaps other.  prospective s i t e s  i n  l a t e  May of 
t h i s  year. 

(b )  Frequency 

Although a frequency a l l o c a t i o n  must be obtained when the  s i t e  i s  se lec ted ,  
a frequency near 49 MIIz i s  l i k e l y  (wavelength = 5 m). We have had experience. 
with the proposed measurement i n  t h i s  frequency band. 

( c )  Equipment 

A phased dipole  antenna would be purchased or  b u i l t  a t  the Aeronomy Labo- 
ra tory .  A 100-kW t ransmi t t e r  and the  necessary data-processing equipment would 
be purchased. The individual  komponents would be checked out a t  the Sunset 
Radar i n  combination with an ex i s t ing  radar  before shipment and assembly a t  the  
new radar  s i t e .  I t  should be noted t h a t  the checkout of the  new radar  a t  Sun- 
s e t  would provide a unique comparison of operation a t  7.4 m and 6 m wavelengths. 



The mul t iposi t ion antenna configuration would require  a second antenna 
colocated with the f i r s t  but a t  a r i g h t  angle t o  it. Steering would be by re- 
mote control led  phase s h i f t e r s  developed f o r  use a t  the Sunset Radar. 

( d l  Operation 

The proposed "Flatland" radar  would operate continuously a t  a range reso- 
l u t i o n  of 1 km with a minimum of in terrupt ion.  I f  the  s t ee rab le  option i s  im- 
plemented with i t s  wide range of experimental p o s s i b i l i t i e s ,  the mode of opera- 
f i o n  would be optimized f o r  the v e r t i c a l  veloci ty  measurement. It i s  proposed 
t h a t  t h i s  mode of operation 'be changed infrequently,  i f  a t  a l l ,  during the  
f i r s t  year of operation. As i t  turns  out, t h i s  i s  a l s o  the optimm measurement 
technique f o r  most of the addi t ional  s c i e n t i f i c  uses of data l i s t e d  above, 
s ince  they require  a consis tent  data  s e t  of long duration. 

( e l  On-Line Procesing and Data Collection 

A v a r i e t y  of methods a r e  avai lable :  One mode i s  t o  h i r e  a technician t o  
change the  tapes a t  the radar s i t e  (estimated a t  $30 K per year)  or asking an 
A i r  Force Base t o  ass ign someone t o  do it. The mode of co l l ec t ion  t h a t  we 
favor i s  t o  bring the  radar output back t o  Boulder, CO, by a leased telephone 
l ine .  A s  shown t h i s  would cost  about $15,000 per year and would allow ex- 
perienced people a t  the Aeronomy Laboratory t o  monitor the qua l i ty  of the data.  
The cost  of changing tapes would of course be eliminated. I n  pr inciple ,  te le-  
phone access could be provided f o r  those experimenters requir ing real-time 
data  . 

CHARACTERISTICS OF "FLATLAND" RADAR t 

Location 

Wavelength 
Antenna 

S P e  

Feed 
Size 
S t e e r a b i l i t y  

Transmitter 
Peak power 
Average power 

Range reso lu t ion  

Operation 

Somewhere in  Missouri, I l l i n o i s  or 
Indiana 

probably 6 m 

Ruo colocated a r rays  of coaxial- 
col inear  dipoles 

Tapered t o  reduce sidelobes 
50 - 100 m square 
Five preset  posi t ions  
Vert, 15' (E, W, N, S) 
100 kW 
3 - 5 k W  
1 km ( w i l l  have c a p a b i l i t i e s  fo r  

150 m - 2.4 km) 
Fixed mode 

(continuously sequenced through 
5 antenna posi t ions)  
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