
9.10A TEE MU RADAR NOW PARTLY I N  OPERATION 

S. Kato*, T. Ogawa*, T. Tsuda*, T. Sato*, I. Khura* and S. Fukao* 

*Radio Atmospheric Science Center 
Kyoto University 

*Dept . E l e c t r i c a l  Engineering, Kyoto University 
Kyoto, Japan 

The MU radar  (middle- and upper-atmosphere radar)  of RASC (Radio Atmo- 
spher ic  Science Center, Kyoto University) is now par t ly  i n  operation,  although 
the  f a c i l i t y  w i l l  be completed i n  1985. The ac t ive  array system of the radar  
makes i t  poss ible  t o  s t e e r  the radar beam a s  f a s t  as  i n  each in terpulse  period. 
We expect var ious  sophis t ica ted experiments by the system. A preliminary ob- 
servat ion was successful  t o  e lucidate  atmospheric motions during Typhoon No. 5 
which approached the radar s i t e  i n  August, 1983. 

INTRODUCTION 

The MU radar (middle- and upper-atmosphere radar)  has been under construc- 
t i o n  since 1981 a t  Shigaraki (35"N, 136"E) nor-theast of Kyoto. Whilst the 
t o t a l  system w i l l  be completed i n  1985, the  system i s  now, on a reduced scale ,  
i n  operat ion f s r  observations of the troposphere and lower s t ra tosphere .  In  the  
present paper we s h a l l  f i r s t  ou t l ine  the MU radar system, which was improved 
from t h a t  o r ig ina l ly  designed i n  1980 (FUKAO e t  a l . ,  19801, and, l a t e r ,  present 
some r e s u l t s  so f a r  obtained. 

SYSTEM OUTLINE 

The MU radar  under construction i s  a pulse-modulated m ~ n o s t a t i c  Doppler 
radar  with ac t ive  antenna array working on the frequency of 46.5 MHz. The 
bas ic  idea  of the system design was discussed by FUKAO e t  a l .  (1980) and has 
remained very s imi la t  even a f t e r  some l a t e r  improvements; the  bandwidth i s  now 
given a s  1.65 kliiz which allows us t o  have the 1 ps-wide pulse equivalent with 
150 m height resolution.  The bas ic  parameters a r e  l i s t e d  i n  Table 1 where 
some parameters a r e  changed from those on the o r ig ina l  design i n  1980. The 
block diagram of the system under const ruct ion i s  i l l u s t r a t e d  i n  Figure 1, where 
t h e  number of the subgroup of antennas i s  now 25, increased from 15 i n  the 
o r i g i n a l  1980 design. Figure 2 shows a recent  photo of the MU radar system. 
The radar s i t e  i s  i n  h i l l y  nat ional  f o r e s t s  and f a i r l y  wel l  protected agains t  
r ad io  noise interference.  

The radar antenna system cons i s t s  of 475 antennas of 3-subelement crossed 
Yagi arrayed i n  a c i r c u l a r  area with diameter of ,  approximately, 100 m (Figure 
2). The array i s  divided i n t o  25 subgroups. Each subgroup consis ts  of 19 
elenents which a re  on equ i l a t e ra l  t r i angu la r  g r ids  i n  each hexagon. Exception 
i s  fo r  the 6 subgroups, d i s t r ibu ted  along the  c i r cu la r  periphery, for  precise  
co r rec t ion  or t h e  des i rab le  antenna pat tern .  This bas ic  t r i angu la r  d i s t r i b u t i o n  
with an antenna a t  each apex of the regular  t r i a n g l e  of i ts  s ide  0.7 long, 
where l, i s  the radar wavelength, i s  found t o  p rwen t  g ra t ing  lobes from 
appearing i n  the antenna bean s t ee r ing  not exceeding 40 " from the zenith.  
Thus, under such bean s teer ing,  the side lobe l eve l  for  e levat ion angle l e s s  
than 20" i s  suppressed smaller than 240 dB t o  the main lobe. The c i r c u l a r  ar- 
r a y  has an e f f e c t i v e  a r e a  of 8330 m producing the main beam of 3.6" i n  width. 
When the radar  beam is  directed v e r t i c a l l y ,  the sidelobe i s  symmetric about the  
main lobe, the f i r s t  sidelobe being a s  low as  -18 dB to  the main lobe. The 
crossed Yagi can produce two l i n e a r  (mutually orthogonal) polar iza t ions  and a l s o  
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TABLE 1. Basic Parameters of the MU Radar 

Location: 
Frequency : 
Antenna conf igura t ion:  

Aperture: 
Beam width: 
Po la r i za t ions  : 
Beam d i r e c t i o n s  : 

Transmitter  : 
Power a n p l i f i e r  : 
Peak power: 
Average power : 
Bandwidth: 

Receiver : 
Bandwidth : 
Dynamic range: 
I F  : 
A/D conver ter  : 

Shigaraki ,  Shiga, Japan (34.85 ON, 135 . l O O ~ )  
46.5 MHz 
c i r c u l a r  a r r a y  of 475 crossed Yagi antennas 

8330 m2 (103 m i n  diameter) 
3.6' 
l i n e a r  or c i r c u l a r  
0-30° zen i th  angle 

475 so l id - s t a t e  anpl i f  i e r s  
1 MW 
50 kW (duty r a t i o  5%) 
1.65 MHz mar (pulse length:  1-512 us v a r i a b l e )  

1.65 MHz Maximum 
70 dB 
5 MHz 
12 b i t  x 4 channels 

MU RADAR BLOCK DIAGRAM 
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Figure 1. Block diagran of t he  hU r ada r  system. The r ada r  c o n t r o l l e r  
(HP 9835) bas i ca l ly  con t ro l s  a l l  p a r t s  of the  system, both i n  the observation 
rcons  and the  booths. Computer (Vax 111750) i s  used f o r  da t a  ana lys i s  (as  
ca l cu la t ing  var ious  spec t r a l  moments) and data  taking, and f o r  con t ro l l i ng  an 
a r r ay  processor (PlAP 300) which works f o r  ca l cu la t ion  of FFT and ACF, and 
incoherent  i n t eg ra t ion :  TR-module con t ro l  i s  done by 25 microprocessors;  t he  
received s igna l  can be processed i n  fou r  channels, each f o r  s ine  and cosine 
de t ec t ion ;  the  bas i c  s igna l  generator uses a rubidium vapor frequency 
standard. 



Figure  2. Bird's-eye view of t h e  M radar  system. The antenna c i r c u l a r  a rea  i s  
marked by white paint  l ine ,  along and jus t  outside of which the  s i x  booths a r e  
d i s t r ibu ted ;  each subgroup of the antenna corresponds to  each hexagon or each 
per ipheral  region a s  marked by white paint ,  so l id  or broken l i n e s ,  the so l id  
l i n e  showing the t e r r i t o r i a l  boundary of each booth; the booth and the antenna 
element being connected by coaxial  cables extended along the  surface;  the  I 

antenna l eve l  i s  lower by 15 m than the surrounding bank on which the i ron  ne t  
fence of 10 m high i s  b u i l t ,  mainly fo r  avoiding the ground c l u t t e r  due t o  the 
sidelobe rad ia t ion  i n  low elevat ion angle; the two-storied building on the 
l e f t  on the  bank i s  the control  building,  next  door i s  the guest house ; the  
white c i r c l e  jus t  beyond the  fence on the r i g h t  i s  a hel ipor t .  

left-handed and right-handed polar iza t ions .  

A remarkable f e a t u r e  of the MU radar system i s  tha t  each antenna element 
i s  ac t iva ted  by i t s  own sol id-s ta te  power ampl i f ier ,  i t s  peak output power be- 
ing 2.4 kW. Since the t o t a l  number of the antenna i s  475, the t o t a l  peak out- 
put power becomes approximately 1 >lW allowing f o r  antenna loss.  Each antenna 
has a l s o  its own receiver  preamplifier .  Both of the power ampl i f iers  and pre- 
ampl i f iers  a r e  mounted on transmitter-receiver (TR) modules. Each of the s i x  

. booths near the antenna accommodates the modules of four subgroups i.e. (19 x 4 )  
modules except f o r  one booth which accommodates the modules of f i v e  subgroups 
i.e. (19 x 5)  modules. Conversion of the 5-MHz IF frequency t o  and from 46.5 

- MHz for  transmission and reception,  respect ively ,  takes place i n  the modules, 
thereby simplifying the s ignal  t r ans fe r  between the booth and the control  build- 
ing which i s  on the bank overlooking the  antenna. 

The main advantage of t h i s  ac t ive  array systen i s  t h a t  the phase of s ignal  
transmitted from each antenna required f o r  beam s teer ing i s  e l ec t ron ica l ly  
control led  a t  1ow.power level .  The bean can be t i l t e d  t o  as  many locat ions  a s  
1657 within 30' from the zeni th  for  each in terpulse  period i .e. ,  a s  short  as  



400 ms. Thus, i t  would contr ibute  t o  observing the f a s t  varying dynamic 
behavior of the atmosphere, e.g., g rav i ty  waves with f a i r l y  short  periods. 

Each independently operat ive  antenna subgroup i s  expected t o  r e a l i z e  var i -  
ous sophis t ica ted observations as  t h a t  of the close-spaced antenna method (e.g. 
BRLGGS. 1980) which de tec t s  propagation of the in terference pat tern  among the 
s igna l s  received a t  each antenna. Further technical  d e t a i l s  of the MU radar 
a r e  shown elsewhere (SAM, 1980). They remain the same i n  many respects  t o  the  
1980 o r i g i n a l  design. 

The systen, now i n  operation,  i s  on a reduced sca le  a s  having 3 subgroups 
(57 antennas) which a r e  transmitt ing,  approximately, the 120 kW pulse i n  the  
lo0-wide beam. This system is, however, complete i n  o ther  p a r t s  a s  i n  control- 
l ing,  modulation, demodulation and signal-processing, a l l  of which a r e  i n s t a l l e d  
i n  the con t ro l  building (Figure 1) .  We have already confirmed var ious  opera- 
t i o n s  o t  the  present system t o  be i n  good shape. Figure 3 i l l u s t r a t e s  an 
observation i n  which the beam was s teered azimuthally, keeping i t  i n  a constant 
zeni th  angle of 30" (VAD method (veloci ty  azimuth display);  BALSLEY and FARLEY, 
1976). The bean was s teered i n  every in terpulse  period. The r e s u l t  shows the 
well-behaved system (Figure 3(b)).  

OBSERVATION OF THE TROPOSPHERE AND THE LOWER STRATOSPHERE DURING TYPHOON NO. 5 
I N  1983 

Since April ,  1983, we have attempted t o  measure the wind ve loc i ty  between 
4 and 15 km i n  height on many occasions using the three  subgroups which a r e  now 
complete. Observation i s  l imited only f o r  periods with no const ruct ion work f o r  
addi t ional  pa r t s  of the antenna systen. 

Figure 4 gives observations i n  August, 1983 when typhoon No. 5 approached 
Japan a s  shown i n  Figure 5. The observation'was done using the  complenentahy 
code of 16 b i t s  of the 1 us  subpulse, the pulse r e p e t i t i o n  frequency of 2.5 
kHz; a f t e r  128-times coherent in teg ra t ion  of the orthogonally detected s igna l ,  
128-point FFT was carr ied  out and averaging was done on every ten of the r e su l t .  
Since the s'ampled l eve l s  were 64 i n  number between 4 km and 15 km from the 
ground, t h i s  implies an observation a t  each l eve l  approximately i n  every one 
minute. Note t h a t  i n  Figure 4 fu r the r  averaging i s  done f o r  approximately 30 
minutes. The antenna beam was t i l t e d  by 30° from the zeni th  towards the  e a s t ,  
so one can g e t  zonal ve loc i ty  by doubling the  line-of-sight ve loc i ty ,  pos i t ive  
f o r  the leaving and negative f o r  the approaching given i n  Figure 4. Note t h a t  
s ince  the  averaged v e r t i c a l  ve loc i ty  i s  much smaller than the hor izonta l  the 
pos i t ive  and negative values correspond t o  eastward wind (westerly) and westward 
wind (eas te r ly ) ,  respectively.  It i s  c lea r  tha t  the wind observed by the MU 
radar  i s  consis tent  with t h a t  observed by the  conventional radiosonde a t  Wajima 
and Shionomisaki considering the locat ion of the typhoon; the  dis tance between 
Shionomisaki and Shigaraki i s  about 150 km and t h a t  between Shigaraki and 
Wajima 250 km. The wind ve loc i ty  d i s t r i b u t i o n  with height was obtained from 
the  spec t ra l  peak a t  each a l t i t u d e  and the d i s t r i b u t i o n  changed with the typhoon 
locat ion r e l a t i v e  t o  Shigaraki,  a s  i s  expected. Figure 4(a),  (b) and (c )  give 
such fea tu res  where one can readi ly  f ind  the  wind f i e l d  t o  have returned normal 
i.e., a westerly when the typhoon l e f t .  The overa l l  wind d i s t r i b u t i o n  varying 
with time i s  shown i n  Figure 6. 

Further analys is  of the data  for  typhoon No. 5 has revealed existence of 
temporal f luc tua t ion  of the wind a s  shown i n  Figure 7 where the contour map 
( top)  d is t inguishes  between pos i t ive  and negative ve loc i ty  regions; the  da ta  
used a r e  tho- obtained approximately i n  every one min and f i l t e r e d  t o  pick up 
only shor te r  period components than 10 min. The period of f luc tua t ion  i s  
around several  min which corresponds t o  the Brunt-Vaisala frequency. Figure 7 
(b) shows height p ro f i l e s  of wind averaged over 23 min. 
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Figure 4. Doppler spectrum of the  line-of-sight wixd v e l c c i t y  fo r  the  30" 
t i l t i n g  from the  zen i th  towards the eas t .  Contour i s  subjec t  t o  the  dB 
sca l e  a s  shown beside the  main d i a g r m .  The dark a s t e r i s k  denotes obser- 
va t ion  a t  Shionomisaki and the  c i r c l e  a t  Wajima. Average on 20h28m-20h59m, 
August 16 i n  (a ) ,  08h30m-O9hOOm, August 17 (b ) ,  and 08h30m-O9hOlm, August 18  
i n  ( c ) .  

The E-N r ada r  i s  now i n  opera t ion  only on a reduced sca le .  However, a s  i s  
shown above, we have already been successful  i n  the observation of a typhoon, 
de t ec t ing  some of i t s  tempor a1  dynamical behavior varying wi th  a l t i t u d e s .  

Figure 4 (a )  shows t h a t  typhoon No. 5 produced s t rong westward winds on the  
let t-hand s ide  t o  the  d i r e c t i o n  of the typhoon course, i t s  i n t e n s i t y  a t t a i n i n g  
a s  s t rong a s  20 m / s  near Shigaraki ,  d is tance  about 250 km, then decreasing 
wi th  d i s t ance ,  y e t  s t i l l  de t ec t ab le  a t  Wajima, d is tance  about 520 km; the  ob- 
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F i g u r e  5. P a t h  of typhoon No. 5 .  The t h i c k  s o l i d  l i n e  shows 
t h e  typhoon path.  The t h r e e  dark  smal l  c i r c l e s  on t h e  path 
a r e  t h e  l o c a t i o n  of t h e  typhoon c e n t e r  on P.ugust 15 (21h) ,  
1 6  (20h) and 17 (20h) ,  r e s p e c t i v e l y .  The m o v a e n t  was a s  
slow a s  18 h / h .  
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F i g u r e  6.  Line-cf-s ight  ( t i 1  t e d  towards t h e  e a s t  by 30" from 
t h e  z e n i t h )  wind d i s t r i b u t i o n  v a r y i n g  w i t h  time d u r i n g  typhoon 
passage. Contour i s  s u b j e c t '  t o  t h e  m/s shown i n  t h e  column 
b e s i d e  t h e  diagrzm. 

s e r v e d  wind, a t  t h i s  t ime ,  a t  Shionomisaki,  was weaker p a r t l y  because of i t s  
l o c a t i o n  which i s  more d e f l e c t e d  t o  t h e  west than t h a t  of S h i g a r a k i  r e l a t i v e  t o  
t h e  typhoon. Such e f f e c t s  of t h e  typhoon a s  r e v e r s i n g  t h e  weak w e s t e r l y  u s u a l l y  
p r e s e n t ,  i.e., t h e  eastward wind, were v e r y  remarkable a t  t h e  lowest  l e v e l  
observed though t h e  e f f e c t s  became l e s s  w i t h  a l t i t u d e .  When typhoon No. 5 
moved f u r t h e r  nor theas twards  and reached  t h e  e a s t  s i d e  of S h i g a r a k i  ( F i g u r e  

- 4 ( b ) ) ,  t h e  typhoon e f f e c t  became v e r y  weak on t h e  zona l  wind a s  i s  expec ted ;  
c o n s i d e r i n g  t h e  an t ic lockwise  s p i r a l  wind i n t o  t h e  typhoon c e n t e r ,  t h e  typhoon 
t h e n  should produce mainly southward winds. T h i s  i s  much more remarkable a t  
Shionomisaki ( F i g u r e  4 ( b ) )  where t h e  typhoon e f f e c t  had almost  d i sappeared  a s  
understood from comparison of t h e  o b s e r v a t i o n . t h e r e  between F i g u r e  4 ( b )  and 
F i g u r e  4(c).. At t h i s  t ime  Wajima i s  most d i s t u r b e d  by t h e  typhoon. However, t h e  
g e n e r a l  s i t u a t i o n  i s  u n c l e a r  because of no d a t a  f o r  mer id iona l  winds a t  a l l .  
Never the less ,  a dynamic behavior  of typhoon No. 5 seems t o  be f a i r l y  c l e a r l y  
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Figure 7. Fluctuat ing winds i n  typhoon No. 5. ( a )  Contour 
d is t inguishes  between pos i t ive  and negative ve loc i ty  regions;  
averaged values f o r  1 min a r e  used, removing longer period 
components than 10 min. (b)  Height p r o f i l e s  a t  var ious  
times; averaged values f o r  23 min a r e  used. 

d k o n s t r a t e d  by the  MIJ radar  as i n  Figure 4(a-c). The f a c i l i t y  woul? play a 
r o l e  i n  typhoon monitoring f o r  p r a c t i c a l  purposes. 

Severe weather a c t i v i t y  such as typhoons and in tense  tornadoes has been 
suspected t o  be a generator of g rav i ty  waves which propagate upwards t o  the  
ionosphere, producing small TIDs ( t r a v i l i n g  ionosphere d is turbances)  (e.g.? 
TSUTSUI and OGAWA, 1973; HUANG e t  a l . ,  1978). Some meteorological observations 
have a l s o  been ca r r i ed  out t ~ ~ d e t e c t  g rav i ty  waves with periods long a s  a few 
hours i n  associa t ion with severe convective storms (UCCELLINI, 1975).  The 
present observation a s  i n  Figure 7 would be novel in  t h a t  i t  is  a d i r e c t  wind 

- - observation with good time re so lu t ion  a s  one minute. The contour pa t t e rn  i n  
D Figure  7 (a )  r e c u r s  with a period of 7 min. The updraft of the typhoon v o r t e x  i s  

l i k e l y  t o  s t imula te  the Brunt-Vaisala o s c i l l a t i o n  overshooting the  equil ibrium 
. -i height  f o r  the heated a i r  of the updraft  (PIERCE and CORONITI, 1966) .  Looking 

- a t  Figure 7(b),  one can imagine phase progression both upward and downward from 
a height of 6 km a t  which the s t imula t ion occurs. Figure 8 i l l u s t r a t e s  the  

l n t e n s i  t y  
[dB' ._ - 

2 3 11 . 5  
LOCRL T I M E  (hour1 

- Figure 8. Echo power during typhoon No. 5. The contour 
corresponds t o  r e l a t i v e  i n t e n s i t y  i n  dB a s  given by the  
sca le  beside the diagram. Intense echo occurs around 
7 km height f i r s t ,  descending with time. 



s ignal  power during the same period. The power i s  found intense corresponding 
t o  t h i s  height suggesting exis tence of a strongly dis turbed s i tua t ion .  Since no 
data  were avai lable  f o r  meridional winds, the hor izonta l  wind vector remained 
unknown. Note t h a t  the hor izonta l  wind vector i s  an important quan t i ty ,  because 
i t  i s  along the hor izonta l  d i rec t ion  of the gravity-wave propagation. Another 
drawback of the present observation i s  the f a c t  tha t ,  while the pulse width used 
i n  the observation i s  a s  short  a s  1 us, the bean width of the present m a l l  
system i s  a s  wide a s  l o 0 ,  yielding the height resolut ion as  only 1 km, a 
r e so lu t ion  which i s  not enough t o  decide the phase va r i a t ion  very precise ly  i n  
Figure 7(b). I n  atmosphere dynamics it seem important t o  study three- 
dimensional wind f luc tua t ion  during typhoons under b e t t e r  height-resolution. 
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search B 1982, 1983 and 1984. P a r t i a l  support i s  f u r t h e r  given to  the  present 
work by the Nissan Science Foundation 1981-1983. The present authors a r e  in- 
debted much t o  many graduate students,  Department of E l e c t r i c a l  Engineering and 
Electronics,  Kyoto University. They have a s s i s t e d  the present authors i n  de- 
signing the  radar  system, developing the  operation software and pa r t i c ipa t ing  
i n  the present observations. Cooperation of D r .  K. Wakasugi, Kyoto I n s t i t u t e  
of Technology, i n  solving a l l  of these problems, i s  a l s o  much appreciated. 
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