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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 
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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. 
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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. 

REFERENCES 

Balsley,  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 th ree  closely-spaced ST radars ,  Prepr int  Vol., 
21st Conf. on Radar Meteorology, Sept. 19-23, 1983, Edmonton, Alta., Canada. 
Published by the  American Meteorological Society, Boston, Mass. 

Bendat, J. S. and A. G. P i e r so l ,  Measurements and Analysis of Random Data, 
John Wiley, New York. 

Harris,  F. J. (19781, On the use of windows fp r  harmonic ana lys i s  with the 
d i s c r e t e  Fourier transform, Proc. IEEE, 66, 51. 

Ju l i an ,  P. R. (19751, Comments on the determination of s ignif icance l e v e l s  of 
the coherence s t a t i s t i c ,  J. Atmos. Sci., 32, 836. 

Saunders, K. D. and F. C. Hmrick (19821, A note on cross  spectrum and coherence 
calcula t ion,  J .  Geo~hvs. Res., 7, 9699. 




