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3 . 3 A  AN EVALUATION OF THE ACCURACY OF SOME RADAR WIND PROFILING TECHNIQUES 

A. J. Koscielny and R. J. Doviak 

National Severe Storms Laboratory 
1313 Halley Circle 
Norman, OK 73069 

INTRODUCTION 

Major advances i n  Doppler radar measurement i n  op t i ca l ly  clear air  have 
made it f e a s i b l e  t o  monitor r a d i a l  v e l o c i t i e s  i n  the troposphere and lower 
stratosphere. For most appl icat ions we want t o  monitor the three dimensional 
wind vector ra ther  than t he  r a d i a l  velocity.  
with a s ingle  radar can be made assuming a spa t i a l ly  l inear ,  time invariant wind 
f i e l d .  The components and der ivat ives  of the wind are estimated by the para- 
meters of a l i nea r  regression of the r ad ia l  ve loc i t i e s  on functions of t h e i r  
s p a t i a l  locations.  The accuracy of the wind measureuent thus depends on the 
locat ions of the r a d i a l  veloci t ies .  

Measurement of the wind vector 

PETERSON and BAlLSLEY (1979) point out t h a t  a tradeoff exists f o r  a given 
technique between the accuracies of horizontal  and v e r t i c a l  component measure- 
ments. 
d i f f e ren t  accuracy and as inexpensively as possible, w e  are l ed  t o  evaluate the 
s u i t a b i l i t y  of some of the common r e t r i e v a l  techniques f o r  simultaneous 
measurenent of both the v e r t i c a l  and horizontal  wind components. The techniques 
w e  w i l l  consider are f ixed beam, azimuthal scanning (VAD) and elevat ion scanning 

Because w e  usually need t o  measure the three components of wind with 

NED). 

ERROR ANALYSIS THEORY 

The estimation of the parameters of a l i nea r  wind f i e l d  from r a d i a l  velo- 
c i t i e s  i s  discussed by KOSCIBLNY et al. (1982). 
can be modelled by a l i n e a r  regression equation of the form 

The measured r a d i a l  veloci ty  vr 

v r  = PmKm+ E (1) 

where Pm i s  a row vector of regressor var iables  which are functions of range r, 
azimuth 8, and elevat ion angle Be; Km i s  a column vector of m parameters. The 
measured vr, a r e f l e c t i v i t y  weighted mean of r a d i a l  v e l o c i t i e s  within the 
r ada r ' s  resolut ion volume, can contain e r r o r s  E due t o  nonuniform r e f l e c t i v i t y ,  
turbulence, t a rge t s  such as hydrometeors t h a t  move r e l a t i v e  t o  the wind, and a 
nonlinear wind. 
squares estimates of K, are computed by 

It can be shown tha t ,  given nmeasurenents of vr, least 

T T i* = (Pm P , r l  (Prim vn> (2 )  

where T indicates  transpose and P, i s  an nxn matrix of the regressor var iables  
corresponding t o  the n r a d i a l  veloci ty  measurements i n  Vu. 
i n  the r a d i a l  v e l o c i t i e s  produce uncertaint ies  i n  the estimate Kmand the 
covariances of K, about K, are given by 

Measureuent e r r o r s  

where 0 i s  the variance of E. 
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If  the wind f i e l d  has va r i a t ions  not modeled by (11, the  w i l l  be biased 
and the amount of bias  Bm i s  given by the product of a known a l i a s  matrix A, 
with the vector ME of the k unknown parameters of the wind f i e l d  not include% 
i n  Q. Thus 

where 

i s  a matrix of regressor var iables  f o r  the components not included i n  (1). 

The various techniques referred t o  i n  the introduction assume the wind t o  

'nt 

be uniform ( L e . ,  the f i r s t  and higher order derivatives a r e  zero)  over the data 
ana lys i s  volume. Bowwer, because w cannot be uniform f o r  any appreciable depth 
of the troposphere ( L e . ,  w must be zero a t  the ea r th ' s  surface),  the horizontal  
wind can never be uniform a t  a l l  heights. Thus w e  must account f o r  errors  
produced by wind shear. We propose t o  analyze the e r r o r s  i n  these techniques by 
computing the bias  9nd variance of the l ea s t  squares estimates f?, with 
assumptions tha t  DE Thus K3 
contains the three uniform components uo, vo, 
der ivat ives  (uxy uzy vy, vzy uy+ vx, wx, wyy  W I ~  of the l i n e a r  wind. In  our 
evaluation and comparison of techniques, w e  assume t h a t  a t o t a l  of n measure- 
ments a re  avai lable  for  each and these nmeasurements a re  d i s t r ibu ted  i n  space 
t o  estimate wind a t  some height h. 

i s  constant and the wind f i e l d  i s  actual ly  l inear.  
and Kg contains the 8 spa t i a l  

( a )  Fixed Beam 

We consider a configuration fo r  the fixed bean technique i n  which three 
beams, one v e r t i c l  and two off-vertical  a t  elevation Be, a r e  sampled. 
v e r t i c a l  beams usually have perpendicular horizontal  projections;  f o r  
convenience, w e  w i l l  consider them to have azimuths 0" and 90". 
number of r ad ia l  velocity measurements f o r  a height h for  a l l  three beams i s  n; 
fo r  generali ty,  we l e t  the number of v e r t i c a l  measurements be N. 

The off- 

The t o t a l  

The bias  and variance properties of the estimates (uo, v2, wo) a r e  
computed i n  Appendix 1 using (3) and (51, and we f ind that ,  for  n 3N, 

2 
2 2 U 

VAR(&) = VAR(+~) = E 3 (sec e + tan e I 
n e 

Bias 

The bias  equation i s  approximate because we have used hZrsin8, which should be 
appropriate for  r530 km. 
derivatives i s  a l i n e a r  function of height which i s  expected because the beam 
separation i s  l inear ly  dependent on h. 

From (7) we see that  the bias  due t o  spa t i a l  

I n  addition, w e  see from (6) and (7) 
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tha t  the variance decreases with n, but that  the bias cannot be reduced by data 
aver aging. 

(b) Azimuthal Scanning 

In  an azimuthal scanning technique, usually called VAD (Velocity 
- Azimuth Display), data along a c i r c l e  centered on the radar are  used t o  
directly estimate the components of the uniform wind f ie ld .  
bias and variance equation evaluation, i n  Appendix 2, a re  that  

= vm(j0)  = n - 2sec ee  

The resu l t s  of the 

2 
E 2 

(c)  Elevation Scanning 

In the elevation scanning (Velocity Elevation Display) technique, 
radial  veloci t ies  a t  a height h are collected for  elevation angles 
6058,5180-80. 
so both horizontal compodnts a re  measured. 

We assume 2 data are collected for  the two azimuths 0' and 90" 
It i s  shown i n  Appendix 3 that  

n 

ERROR COMPARISON 

The resu l t s  of our analysis of the three techniques, summarized i n  Table 1 
show the variances of the wind estimates a l l  depen 
variance of an average of n independent data i s  ~ > / n ,  wg w i l l  divide t h i s  
quantity by the variance of the estimate of the wind component. 
similari ty t o  the usual s t a t i s t i ca l  definit ion,  we term th i s  quantity the 
efficiency of the estimate. 

on (3 2/n. Since the 

Because of i t s  

The var ia t ion of the efficiences of the horizontal wind estimates with 
elevation angle are  shown i n  Figure 1. 
efficiency of the techniques for  a l l  elevation angles. 

The VAD technique has the highest 
In  addition, the VAD 
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maintains reasonable eff ic iency t o  l a rge r  e levat ion angles (75") than e i t h e r  
f ixed beam or VED. 

Figure 1 shows e f f i c i enc ie s  monotonically increasing as 0 gets  smaller. 

Because echo power reduces i n  proportion t o  the inverse square of 
But f o r  measurements a t  a constant height the range increases &en B e  
decreases. 
range (assuming the  echoing l aye r  s c a t t e r s  i so t rop ica l ly  and i s  horizontally 
homogeneous) the signal-tc-noise r a t i o  (SNR) f a l l s  as 8 decreases. I f  
measurement e r r o r s  are solely due t o  thermal noi  e and 8NR i s  less than one 
ZRNIC' (1979) shows t h a t  measurement variance u ' i s  proportional t o  (SNR)- 
The e f f ec t  of decreasing SNR as Be becomes smalf i s  t o  increase uE2 as csc 8,; 
the  eff ic iency of the horizontal  wind measurements thus vanishes as Be goes t o  
zero. However, the variance uE2 includes meteorological e f f e c t s  such as -2 turbulence tha t ,  i n  our experience, places a lowerboundon as2 of about 1 m s 
Because we are mainly concerned i n  t h i s  paper with elev t i o n  angles l a rge r  than 
40" and, consequently, ranges less than about 30 lan, U> can be regarded as a 
constant. 

5 
4 '  

. 

The e f f i c i enc ie s  of the v e r t i c a l  veloci ty  estimates are shown i n  Figure 2. 
The VED has the  highest eff ic iency,  but f o r  large e l eva t i  n angles the VAD i s  

v e r t i c a l  estimates i s  f ixed a t  ?;. 
comparable. The f ixed beam hasna constant eff ic iency of P since the number of 

The biases of the estimates show a l i n e a r  dependence on the height h. TO 
normalize b i a s  errors ,  w e  assume h = 1 km, so the bias f o r  greater  heights can 
be simply computed. 
derivatives.  
and wx = w = 10-4s-1 as maximum values. 
Figure 3 fx r  the horizontal  components and i n  Figure 4 fo r  the v e r t i c a l  
component. The asymmetry of t he  bean locat ions about t h e  v e r t i c a l  for t he  f ixed 
beam technique produces a horizontal  wind b i a s  due t o  % and v 
as cote,. 
constant with elevat ion angle. 
c i t y  i s  not biased by any derivatives.  
VAD decreases with increasing elevat ion angle. 

The biases  depend on the value of unknown s p a t i a l  
Following WALDTEUFEL and CORBIN (1979) w e  use uX E v = 10-3s-1 

The biases thus computed'are shown i n  

which decreases 

For the f ixed beam technique the v e r t i c a l  velo- 
The horizontal  wind biases f o r  the VAD and VED are ?he same and are 

The v e r t i c a l  wind b i a s  i n  the VED and 

I n  conclusion, the v e r t i c a l  veloci ty  variance and the b i a s  e r r o r s  can be 
decreased by using l a rge r  e levat ion angles. 
components increases with elevat ion angle but can be control led t o  an extent by 
data averaging. 
require  a v e r t i c a l  measurenent fo r  v e r t i c a l  velocity.  

( a )  Example 

The variance f o r  horizontal  

Because b i a s  increases with height, the higher a l t i t u d e s  may 

The b i a s  the variance equations can be used t o  choose an elevat ion angle 
f o r  prof i l ing.  
360 measurements with as = 1 mas-1. The root  mean square e r r o r s  (b i a s  squared 
plus variance) for  the horizontal  and v e r t i c a l  components are shown i n  Figures 5 
and 6 for  each of the techniques. We have kept v e r t i c a l  and horizontal  e r ro r s  
separate because v e r t i c a l  veloci ty  i s  much smaller and requires  greater  
accuracy. 
and 0.1 m - s  
f o r  the VAD and 77O and 81" f o r  the VE Because of the bias  e r ro r ,  the f ixed 
bean horizontal  wind e r ro r  i s  1.5 m.s-'*or larger .  

For example, suppose w e  wish t o  p r o f i l e  the winds a t  5 km using 

-1 w e  require  horizontal  and v e r t i c a l  veloci ty  accuracies of 1 m - s  
respectively,  w e  would use an elevat ion angle between 83" and 85" 

I -5 

POSSIBLE IMPROVEMENTS 

The ana lys i s  of t he  previous sect ion suggests some simple improvements t h a t  
can be made t6  increase the accuracy of the measurements. 
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The wind estimate eff ic iencies  for  the fixed bean technique can be improved 
s l ight ly  be collecting a specified number N of ver t ica l  data. 
f i r s t  diagonal element of the matrix i n  (AI.11, which is VAR(Go) * VAR(Go) 
gives 

Minimizing the 

sine 
- E  N - e 

&%sine 
e 

(12) 

so N would vary from 4 a t  ee  - 45’ t o  about 0.4 n for  e 
eff ic iencies  are  shown i n  Figure 7 for up and Figure 8 for wo. 
tha t  f a r  ee > 4S0, the efficiency of estimating Q 

ne?r goo. The 
It can be seen 

i s  unchanged but i s  s l ight ly  
improved for  w0. 0 

- FIXED BEAM l F B )  -- F B  (MINI --- EQUALLY SPACED BEAMS 

f 

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0  
ELEVATION ANGLE (dog) 

Figure 7. Horizontal wind estimator efficiency for fixed 
beam, fixed beam with horizontal error minimization, and 
fixed beam with equally spaced, off-vertical beams. 

0 

Figure 8. Vertical wind estimator efficiencies for the 
same techniques as described in Figure 7 caption. 



200 

.50 I I I I I \  I I I 
\ 
\ 
\ EOUALLY 
\ SPnCED 

.40 - - I, BEAMS - 
b \ * 30- \ 
3 

\ 
\ - g a  - \ - 

\ 

'\ 
& \ 

u) lo-  \ 
\\ '. 9 '.- m FIXED SEAM AND F B WIN)  

0 -  

-.io 1 
I I 1 I I 1 I 1 

2 2  The s i z e  of the variance contribution (Le., u t an  e J N )  from the 
v e r t i c a l  veloci ty  b i a s  ranoval appears t o  ind ica t e  hat it might be better t o  
ignore the b i a s  e r ro r  (wotanee). However, f o r  observation t i m e  i n t e r v a l s  of 
several  minutes, a mesoscale value of wo should be used. For l a rge  elevat ion 
angles, (e, >, 75') t he  b i a s  e r ro r  could be several  meters per second or larger .  
For tropospheric observation under a l l  conditions, the bias  should be removed i f  
a horizontal  veloci ty  accuracy of 1 m.s - l  i s  required. 

(b) Three Off-Vertical Beams 

For some applications,  ground c l u t t e r  presents a problem fo r  v e r t i c a l  
measurements. 
e levat ion Be and azimuths O ' ,  120°, 240' i s  analyzed i n  Appendix lb,  The 
ana lys i s  shows t h a t  the variances (and e f f i c i enc ie s )  of the estimates are 
iden t i ca l  t o  tho- f o r  the VAD technique (compare Figures 1, 2 with Figures 7 ,  
8 ) .  The biases  f o r  the uo estimate i s  very similar t o  the f ixed  beam with one 
v e r t i c a l  but the wo  estimate i s  biased as shown i n  Figure 9. 

( c )  Application of the Continuity Equation t o  VAD Data 

Vertical winds as small as few centimeters per sec are important i n  fore- 

The f ixed bean technique with three off-ver t ical  beams with 

cast ing and, as noted earlier, wo should be estimated with more accuracy than 
the  horizontal  components. 
d i f f i c u l t  t o  estimate the r a d i a l  component of air  motion when the beam i s  
pointed near the v e r t i c a l  since the r a d i a l  ve loc i t i e s  w i l l  have values close t o  
zero. 
$ontinuity equation, w e  can estimate v e r t i c a l  wind, averaged over the c i r c l e  of 
measurement, with the required accuracy. 
w i l l  c a l l  the  technique ind i r ec t  whereas the previously discussed techniques 
(e.g., VAD) are d i r ec t  measurements of W. 

Because of ground c l u t t e r  it may become very 

We now show t h a t  by assuming a l i n e a r  wind f i e l d  and applying the mass 

When mass continuity is  applied, we 

Two VAD modes i n  which v e r t i c a l  soundings can be made are f ixed 0, 
va r i ab le  r, and va r i ab le  B e  f ixed r. With va r i ab le  r however, the horizontal  
area fo r  which woie representat ive var ies ,  so w e  prefer  the second mode. 
Divergence i s  estimated by .applying Gauss's theorem t o  the volume V (see Figure 
10) enclosed by the area S1 a t  constant range from the radar and the  area S2 
a t  constant height (DOVIAK and ZRNIC' , 1983). 
i n t eg ra t ing  gives an areal averaged w, Applying mass continuity and 

Figure 9. Vertical wind biases  f o r  the same techniques as 
described i n  Figure 7 caption. 
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where r = 

Figure 10. Geometry to  estimate ver t ica l  velocity 
averaged over the circular  area Sp. 

gM/BT i s  the average lapse r a t e  of a i r  density versus height and 

is  the average radial  velocity around the c i r c l e  of measurenent. 

To f i x  the number of measurements a t  n, we assume M values of 
made on each of L c i rc les  spaced a t  intervals  Ah from ha0 to  h=h . m 

vr are 
Then 

(15) 

I f  a l l  the radial  veloci t ies  are independent with the same uncertainty, then 

4 e2rh h VAR[vr] 
vARIGlp 

r (1-h /r ) N 

For a direct  measurement with a ver t ica l  beam VAR[wo] y VAR[v,]/N. 
require that, for our maximum height hm, V A R [ d  = VAR[wo], then the range can 
be found by solving 

If  we 

Because of the accuracy needed fo r  ver t ica l  velocity estimates, the number N of 
ver t ica l  data w i l l  be much larger than the n-N data for horizontal wind 
component estimation. 
I' = 0.113 km'l i n  (17) gives r"40 km, so 8,=14". 
VAR[-ij] i s  l e s s  than for  a direct  measurement. 

Thus i n  (17) we can assume n/N=l. Using h, = 10 km, 
For heights lower than h,, 

To compare the variances for  direct  and indirect  measuranents, assume that 
we have n/10 measurements a t  each l w e l  for estimating %, v,, and wo a t  each 
of 10 levels  spaced 1 km apart. 
m2sm2 a t  h, = 10 km with VAR[vr] = 1 m 8-2 gives n = 1080. 
data a t  each lwel and, from (8) VAR[~,]=2xlO-~m~s-~. 

Solvi g (16) assuming a specified VARG] = 9 So there are 108 
With 108 data a t  each 
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l eve l  for  the d i r ec t  VAD measurement techniques, the VAR[jo] i s  l a rge r  than 
t h a t  obtained using the ind i r ec t  method even with 8, = 90°. Because wo needs 
t o  be estimated with be t t e r  accuracy than u,,, vo, consider t ha t  most measure- 
ments are made with a v e r t i c a l  bean. 
on a c i r c l e  a t  each level i n  order t o  remove the bias  i n  &, Go due t o  %, v, 
(Equation 7). 
sat isfactory for  horizontal  wind estimates but which i s  an order of magnitude 
l a rge r  than obtained by the indirect  method. Furthermore, w e  have a t  most 104 
data-availabl 
V A R [ W ~ ] ~ ~ O - ~ ~ * S - ~ ,  an order of magnitude or more ( a t  h<10 km) larger  than 
obtained using the  ind i r ec t  method. A comparison of these variances i s  shown i n  
Figure 11. 

We need at  l e a s t  4 data spaced 90" apart  

Thus from ( 8 )  w e  have VAR[$]>O.5 m2s-2 which should be 

a t  each level fo r  the v e r t i c a l  beam with the consequence t h a t  

I n  r e a l i t y ,  the variances fo r  the indirect  measurement technique may not be 
t h i s  much smaller, since w e  have neglected the dependence of signal strength 
(and VAR[vr] with range. However, t h i s  analysis  has shown t h a t  the indirect  
technique does not require a tradeoff between v e r t i c a l  and horizontal  variance. 
It o f fe r s  the advantages of l o w  variances, an a rea l  averaged v e r t i c a l  velocity,  
and requires no assumption about the spa t i a l  s t ructure  of the wind t o  measure 
v e r t i c a l  velocity 

SUMMARY AND CONCLUSIONS 

We have examined the e r ro r s  i n  three radar techniques ( th ree  f ixed beams, 
VAD, and VED) used t o  d i r ec t ly  measure the three components of the wind. 
Equations were derived f o r  the bias  and variance of the uniform wind components 
estimates under the. assumption of a spa t i a l ly  l inear ,  time invariant wind f i e l d  

--- DIRECT MEASUREMENT 

n = IOBO 

HEIGHT (km) 

FiguLe 11. 
* f o r  d i r e c t  and ind i r ec t  techniques. 

Comparison of wind estimate variances 
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and a constant r a d i a l  veloci ty  measurement error.  
produce variance i n  the estimates and the l i n e a r  wind shear biases  the 
estimates. The variance of the estimates can be reduced by averaging more 
measurements but the biases cannot. Thus, f o r  these d i r e c t  measurement 
techniques, t he  se l ec t ion  of an elevat ion angle f o r  simultaneous observation 
requires  a compromise based on t he  required accuracy of the measurement. 

The measurement e r r o r s  

We have a l s o  examined the e r r o r s  f o r  an i nd i r ec t  measurement technique 
based on Gauss's theorem with an equation of continuity constraint .  
advantages t h i s  i nd i r ec t  technique o f f e r s  are that it does not require  any 
assumptions about the s p a t i a l  s t ruc tu re  of the wind t o  measure v e r t i c a l  veloci ty  
and t h a t  i t s  e r ro r  variance can be smaller because it does not require  a 
v e r t i c a l  and horizontal  measurement variance compromise. 

Two 
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APPENDIX 1. ANALYSIS OF THE FIXED BEAM TECHNIQUES 

For the fixed beam technique with one vertical, and two off-vertical beams at 
elevation Be, azimuths 0" and 90°, we find, following the notations of KOSCIELNY 
et al. (l.982), that 

Pm = 

I 
I 

cosee 0 sine, 
(repeats (n-Nf2 times) 

0 case sinee 
(repeats (n-N)72 times) 

0 1 
peats N times) 

- (n-N) cos0 sine e 2 e 

2 N + (n-N) sin Be 
c 

Since this is a symmetric matrix, we have not entered the identical. terms below 
the diagonal elements. 
to reduce it to the identity matrix. 
matrix reduces it to [P3TP3]-1 (ANTON, 1981). 

We invert P g P  by performing a sequence 06 row operations 
2erforming this same sequence on the identity 

Thus 

(E3 TP3 ) -1 = 

2 

N 
tan 0 2 tan 8 

L 

- 
tane 

N 
-- 

2 2 
e 2sec e tan Be tan0 

n-N N N 
e+--- 

For an equal number of measurements on each beam, 3N=n and 
2 

A n 2 2 (sec ee + tan ee) 3uE VAR(Uo) = VAR(Vo) = - n 

1 
N 
- 

- 

(Al. 1) 

(A1 .2) 

(Al. 3) 

The biasing of the estimates by the derivatives of the linear wind can be com- 
puted from the alias matrix of (3) .  Since the analysis is for constant height, all 
vertical derivatives cause no bias. Thus, for equal numbers of measurements, 

0 

'2 
COS e e 

0 

--l 

r cosee*sin8 0 e 
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A34 = [PnmTPnm] -1 PnmTPnR and performing the multiplication gives 

sin 'e Using the approximation h*r 

h cote, 0 h 

h cotee 0 A34 = 

L o  0 

and K T= [u,, vy , wx, wy] . R 

0 

(A1 . 4 )  

For the fixed beam technique with three beams at elevation Be and azLmuths O", 
120" , and 240" , we find that 

e 

= sin120°*cosee 
pm I : 

e 

so 

(PmTPnml = 

and 

2 n cos 8 

2 
e 

(PmT Pm> = 

2 2 sec e 
n 

~0~120" *c0see sinee 

C O S ~ ~ O ~ . C O S ~  sin0 

0 

2 n cos 8 

2 

0 

2 2 sec ee 
n 

0 
2 n sin 8 

0 

2 

n (1 csc e 

(A1 .5) 

The alias matrix can be computed as before. For this case the predictor 
function for deformation is nonzero so 
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0 2 0 0 r cos B e  

e 

e e 

where a = J3/2 and b = 1f2.  Coinputing A as before,, - 
h cotee 

2 0 0 

- 
h 0 

A35 

m 

-h cotee 

2 0 0 
h 
3 
- 0 

2 
h co t  0 -  

h co t  B e  2 h cot  Be 

- 2 6 3 0 - 

(A1 .6) 

APPENDIX 2. ANALYSIS OF THE VAD TECHNIQUES. 

For t h e  VAD technique, n r a d i a l  veloci ty  data are col lected on a circle a t  
height h. So 

e C O S ~ ~ * C O S +  1 sin% 

e. 
cos0   COS^^ singe 

cos9 cos4n s inee - e 

and 
7 2 2 Beasin $i E cos 9 cos$i E cos9 *sinee-sin4 e e 

E cosee*sinO 2 2 
i e E cos 9 -cos 4 e 

L 2 E s i n  B e  

where a l l  summations are €or i=l, 2,. . . , n. To simplify PmTPnm,we approximate 
the  summations by in t eg ra l s .  For example, 

2 2 n  2 n 2  
e' 

E cos B e  sin$i 2 cos 0 - I" s i n  @d@ = - cos 0 2 e -n 
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A similar evaluation of the  remaining summations g ives  

0 

T p  = prim nul 

L 

Thus 

and 

2 2 sec e 
0 n 

2 2 sec Be 

n 

2 

V A R ( U ~ )  = V A R ( ~ ~ )  = *E 2 sec 2 ee 
2 

2 U 
VAR& = -Lest e 

n e 

- 
0 

0 

2 csc  e 
n 

e 

- 

(A2.1) 

(A2.2) 

To f ind  the  b i a s  caused by negl c t i n g  the  parameters of a l i n e a r  wind f i e l d ,  
re compute the  alias matrix where K ’= [uy + vx, ux, vy9 wx9 wy]. For  ana lys i s  
t constant he ight ,  5 

cos0 .sin$l cos0 -cos@l sin0 *sin$l s in0  

cos0 *s in$2  cosQe~cos$2  s in0  *s in+2  s in0  

e e 

e.  e. 

cos0 *s in$  cos0 *cos$ s in0  *s in+ sin0 *cos$ e n n n e 

nR 

erforming the  matrix mul t ip l i ca t ions  i n  (51, approximating summations by i n t e g r a l s ,  
nd using h-”rsinC 

A35 = 

gives  - - 
0 0 0 h O  

0 0 0 O h  

2 h co t  0 2 h co t  B e  
0 2 2 0 

(A2.3) 
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APPENDIX 3. ANALYSIS OF VED TECHNIQUE. 

In the VED technique, the azimuth is fixed and the elevation angle is scanned. 
The range r is selected so the data are for a constant height h. 
horizontal components, another azimuth, preferably at 90" to the first, must be 
scanned. We assume data are collected for each scan. For convenience, we 
introduce the horizontal distance s which is directed along the azimuth $. 
make estimates of a horizontal component uo (directed along s) and the vertical 
component w . The predictor function matrix is 

To measure both 

2 We 

0 

n 

SO 

prim nm 

n 
2 where the summations are for i=l, 2,..., - and 8. is the elevation angle. 

Approximating the summations by integrals, 

Tp = tos2ei 
sin 28 n n-eo 2 

COS ede = - 2 
4 .Y COS e = i 2 ( R - 2 e 0 )  leo 

C sine. cos8 2 0 i 

(R-2e0) + sin 2e0 

0 I C sin28 : 1 R-2e 

SO 

and 

( ~ - 2 e ~ )  
(IT-2eo) - sin 28 II 

0 

0 1 
r-2e0 

(s-2e0) - sin828 
0 

VAR(U0) = VAR(V0) = -5- n 

(A3.1) 
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The variance of w is halved since we assume the results from the two scans 
will be averaged. 

The bSas by the linear terms is again computed by the alias matrix. The 
prediction functions corresponding to the excluded parameters are 

r sinel-cose 

r sine2*cose 

2 
1 r cos e 

Performing the 
using hzr sine 

L 

matrix multiplications, approximating summation by integrals and 
gives r 0 .1 

For the combined analysis of two scans at 0' and 90", 

0 0 r h 

0 

A34 = 

0 0 

1 0  
( ~ - 2 8 ~ )  - sin 2e0 

0-l 
(r-2eo) -F sin 28 

L 

and the vector of excluded parameters is 
m 


