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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. 

Calculate prol~les 

F spectral moment 
'well l ~ l " ~ e l l  T l[ l  T 'well 'well l[l * 

T T . .  T data stored 

00 10 20 30 ' ' 60 70 80 90 

- 

t- 
sec 

"Low" mode  

L H L H L H L H L  

spectral moment 

data stored 
---4 

90 10U 110 120 220 230 240 

00 05 10 15 50 ' 55 6 0  

' lnln 

' - L C  

"High mode 

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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