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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 



AVPL . SPECTRA 

WAVE PARAM 

DlR 1100 t +ooxn 

0 10 4 2 1 40 20 10 
PERIOD HR Nl N 

1983: 32611 6-202. Pll80106W112KN#3~ NORTH 

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. 

w ~ t l  U A K ~  PM m W L ~  NCDI(P ECW 
ll/S DIR WL PHI !IVS DIR HIL PHI ! AH AE TILT RRT! W( AE TILT RAT! AW 4C TILT RAT! WL DIR WIt !!A DIR WD 
20, M.300.110.! 20. 61.100~120.! 20. 35. 61. 99&! 16. 29. 40. 99.0! 19. 344 60. W d !  152, 61, ,W! 130. 61. +00! 
20. M.300.110.! 20. 61.100.140.! 19. 3. 40, 99&! 14. 25. 60. 99.0! 18, 32. 60. 99d! 152, 61, ,00! 150, 61. *00! 
20. M.300.110.! 20. 61.100~160.! 18. 31. 60, W.0! 12, 20. 60, 83.4! 16, 60. 99sO! 153. 61. ,001 1% 61. *00! 
20. 40~300~110~! 20. hl+l00*220.! 11. 20. 40. U.2! 2, 4, 60. 12,2! ' 9 8  15. M). 5687! 173. 64, sOO! 144. 61. .00! 
20, 60~500~110~! 20.160~100.120~! 9, 24. 110. 9.61 9. 24. 110. 7.6! 17, 21. 110. l a ) !  65. 171, t00! 3074 113. ,001 
20, M~300.110.! 20+160.100.140~! 11. 23, 110. 3*1! 9. 24. 110, 1209! 20. 19, 20. I a l !  84, 170, ,001 324. 108. .W! 
20, 60.300.110~! 20~160~100~180~! 18. 21. 110, 1.2! 14, 23, 110. 1c9! ?bu 15, 20. ?a?! 1274 158. .00! 371, 83. tW! 
20, 60.300.110.! 20.160.100+210.! 23. 17. 20, 1.4! 19, 20, 110, 1,0! 28, 12, 20. SsO! 145. 153, .00! 2968 47, OW! 
20. 60.300+100.! 10.160.1000120.! 3. 21, $7. 6.3! 1, 21. 08. 49.0! 11, 19, 68. 2,1! 63, M. ,W! 345. 87. +00! 
20. 60.300.110~! l O ~ l 6 0 ~ 1 W ~ l b 0 ~ !  8. 20, 80, Zd! 5. 20. 86. 4,6! IS. 17, 49s 2,2! 219, 133, OM!  348, 76. BOO! 
20. M.300.110.! 10.160.100.210.! 15. 17. 51, 2.2! 12. 18, 6. 2,0! 19' 14, 37. 6.2! 2088 138. 47, ,001 




