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INTRODUCTION 

The p r inc ipa l  c a p a b i l i t i e s  of EISCAT as  an MST radar  were described i n  an 
e a r l i e r  repor t  by ROTTGER e t  a l .  (1983). Since the VEfF t ransmit ter  of the 
EISCAT system i s  not y e t  delivered,  only ' the UHF system could be used f o r  
radar  experiments. Considerable developments i n  the year 1983 have now 
strongly improved the r e l i a b i l i t y  of '  the  operations. Most of the experiments 
were and w i l l  be done t o  inves t iga te  the high l a t i t u d e  ionosphere and thenno- 
sphere, but some time was a l s o  devoted t o  observations of the  lower and middle 
atmosphere, pa r t i cu la r ly  during the MAP/WINE campaign. 

Modifications and a general  refurbushing of the UHF t ransmit ter  now allows 
i t s  r e l i a b l e  and continuous operation a t  maximum power l eve l s  of 1.5 MW. The 
transmit-receive response of the system was speeded up, s h i f t i n g  the shor tes t  
ranges t o  be sampled t o  l e s s  than 100 us. Essent ia l  work was a l s o  done t o  re- 
duce 50 Hz-hum inser t ions ,  and o s c i l l a t o r  sidebands a re  acceptably suppressed 
now. Fa i r ly  unique pulse modulation pa t t e rns  were implemented which apply 
mu1 ti pulse schemes. By using the multifrequency/mul t ichannel c a p a b i l i t i e s  
of the  EISCAT systan,  highest ef f ic iency a t  bes t  s p a t i a l  and tanporal  resolu- 
t i o n  can be  achieved fo r  D- and E-region work (TURUNEN and SILEN, 1984). 
Although the f u l l  spectrum information of D-region incoherent s c a t t e r  s ignals  
can be achieved only by pulse-to-pulse sampling, the multipulse schemes can 
a l s o  be used t o  obta in  adequate ve loc i ty  estimates down t o  75-80 km. For 
troposphere and s t ra tosphere  work only the pulse-to-pulse technique i s  
applicable.  However, r e s t r i c t i o n s  e x i s t  fo r  sounding the lower atmosphere , 
because of exceptional ground c l u t t e r  and the  very l imited s i z e  of the r e s u l t  
memory of the  corre la tor  (2  k) .  I n  the following par t  we w i l l  present some . 
t yp ica l  examples of tropospheric and mesospheric data records t o  e lucidate  
c a p a b i l i t i e s  and l imi ta t ions  of the monostatic system. Bi-  or t r i s t a t i c  
operations a r e  not f e a s i b l e  f o r  troposphere invest igat ions  (because of mountain - shie lding i n  Tromso), they were, however, done t o  complement ve loc i ty  
measurements i n  the mesosphere and lower thermosphere. They a l s o  can be done' to 

----- -- - --..----- probe the lower (and middle) stratosphere.  

.- TROPOSPHERE-STBATOSPHERE OBSERVATIONS 

I n  Figure 1 examples of real-time displays  (RTGRAPH) of the  complex auto- 
co r re la t ion  funct ions  (ACF) and the corresponding spectra  are  shown. The f i r s t  
ga te  i s  a t  a range r = 15 km (corresponding t o  100 us), and t h e  separation of 
the  gates i s  1.5 b (matched t o  the transmitted pulse length). A t  the chosen 
e l w a t i o n  angle 20' the corresponding lowest a l t i t u d e  i s  z = 5.1 km and the 
a l t i t u d e  s t eps  ( a l t i t u d e  resolut ion)  a r e  0.5 km. During these experiments 
64-point ACFs were computed on-line, using a pulse-to-pulse corre la tor  program. 
The s i z e  of the r e s u l t  memory of 2 k words (a 64 b i t s )  l imited the number of 
range gates t o  30 (including one background noise gate)  and one gate  f o r  noise 
cal ibra t ion.  The t ransmit ter  was run a t  about 1 MW and 1 ms ( 2  ms) r e p e t i t i o n  
r a t e s ,  corresponding t o  a duty cycle of 1 (0.5) % when using a 10 us pulse on a 
s ing le  frequency. I n  order t o  sample the troposphere and lower s t ra tosphere  
the e l w a t i o n  angle was s e t  t o  20'. Higher e l eva t ion  angles would be more 
su i t ab le ;  t h i s ,  howwer, can only be done a f t e r  fu r the r  work t o  improve the 
transmit-receive t r a n s i t i o n  has been f in ished.  

*presently a t  Arecibo Observatory, Arecibo, Puerto Rico. on leave from 
Max-Planck-Ics t i  tu t  f u r  kerononie , Lindau, W. Germany. 
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Figure 1. RTGRAPH displays  of the r e a l  (Re) and 
imaginary (1m) par t  of the autocorre la t ion 
functions f o r  d i f f e r e n t  range gates  (numbers) 
and the corresponding spectra  (Sp) of echoes 
from shor t  ranges (15-25 km). 

-_I._ - -- ---- The t r i a n g l e  shape of the  r e a l  part  of the ACF (e.g., ga tes  1, 4, 5 ,  and 
6) indicates  a strong dc s igna l  due to  ground c l u t t e r ,  which appears a s  a spike 
a t  zero Doppler frequency i n  the spectra. The o s c i l l a t i n g  imaginary part  indi- 
ca tes  t h a t  besides the ground c l u t t e r  a l so  a s ignal  with a Doppler s h i f t  was 
detected which i s  due t o  s c a t t e r  from atmospheric turbulence. For e lucidat ion 
of t h i s  f a c t  two range ga tes  with low ground c l u t t e r  s t rength  are  displayed i n  
the  lower por t ion of Figure 1. 

The ground c l u t t e r  represents a very troublesome l imi ta t ion  t o  the invest i -  
gat iona of the lower atmosphere with the monostatic UHF radar  i n  Tromso. This 
c l u t t e r  i s  obviously due t o  s c a t t e r / r e f l e c t i o n  from mountains. The Tromso 
system i s  i n  an area  where high extending mountains a re  v i s i b l e  a t  d is tances  
from a kilometer out t o  several  tens  of kilometers,  The antenna sidelobes,  
through which the c l u t t e r  i s  received, cannot be suppressed. The only means 
would be t o  operate a t  higher e l w a t i o n  angles. Even then ground c l u t t e r  i s  of 
considerable strength.  

A t  20' e l w a t i o n  angle the ground c l u t t e r  i s  mostly s t ronger  than the atmo- 
spheric signal 'which can be seen i n  Figure 2. The c l u t t e r  a l so  v a r i e s  as  a 
funct ion of azimuth and range. The l a t t e r  e f fec t  (seen a l s o  i n  Figure 1 )  i s  
most cumbersome because the s t rongest  c l u t t e r  echo determines t h e  attenuator 
s e t t i n g  of the receiver t o  avoid sa tu ra t ion  effects .  Because of the l imi ted 
dynamic range of the r ece ive r  snd the ADCs (8 b i t ) ,  t h i s  could r e s u l t  i n  a 
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Figure 2. Ground c l u t t e r  and s ignal  power P as 
funct ion of azimuth and range r. Shading 
ind ica te s  where the atmospheric s ignal  was 
s t ronger  than the ground c l u t t e r .  

t o t a l  a t t enua t ion  of weak atmospheric s ignals ,  i f  the clutter-to-signal r a t i o  
i s  exceeding 48 dB. t 

At the r e l a t i v e l y  low average t ransmit ter  power of l e s s  than 8 kW and the 
' 

10 u s  t r ansmi t t e r  pulse, the  signal-to-clutter  r a t i o  during the  described 
operations a t  20' e levat ion angle was not exceeding -20 dB a t  ranges l a r g e r  
than 30 Ian. This l imi ted  the  observations t o  upper a l t i t u d e s  of about 10 km, 

- which i s  the  lower s t ra tosphere  i n  high l a t i tudes .  Using a long pulse/narrow 
bandwidth, lower e levat ion angle (i.e. longer ranges and thus l e s s  ground - - -- . - .  .-A c l u t t e r )  and almost maximum duty cycle, monostatic echoes up t o  heights  above 
20 km were recorded during EISCAT's f i r s t  s t ra tosphere  experiments (ROTTGER, 
1983). 

The spect ra  shown i n  Figure 3 ind ica te  another e f f e c t  which complicates 
the  analys is .  This i s  the  broadening o r  the modulation of the  ground c l u t t e r  
s ignal .  We assume t h a t  t h i s  may be e i t h e r  due to  fading of the  c l u t t e r  s ignal  
or ( d i g i t a l )  quant iza t ion noise. We do exclude a frequency or  amplitude modu- 
l a t i o n  of the  t ransmit ter  or the  receiver  o s c i l l a t o r s  a t  these extended l eve l s  
of -15 dB below the  c a r r i e r  s igna l .  

Although the signal-to-clutter  r a t i o  i s  mostly l e s s  than one, some valu- 
ab le  r e s u l t s  can be obtained which a r e  b r i e f l y  summarized i n  Figures 4-7. 
Using the  VAD technique height p ro f i lks  of wind ve loc i ty  can be obtained and the  
f a s t  real-time da ta  acqu i s i t ion  allows t o  study high time re so lu t ion  develop- 
ments of c lear-a i r  turbulence. Similar measurements with the Millstone H i l l  
Radar proved t o  be very useful  (WATKINS and WAND, 1981; WAND e t  a l . ,  1983). 

OBSERVATIONS OF THE ?ESOSPHERE AND LOWER TIIERMOSPHERE 

F i r s t  incoherent-scatter  observati.ons of the  D region were done i n  summer 



Figure 3. Doppler spect ra  showing ground 
c l u t t e r  l i n e  a t  f D  = 0 Hz, a broad- 
ening of t h i s  l i n e  a t  l e v e l s  of about 
-15 dB and the s ignal ,  sh i f t ed  by about 
100 Hz. 

Figure 4. Velocity-azimuth-display (VAD) for  
a l t i t u d e s  z 9 . 7  - 10.3 km. Note the 
v a r i a t i o n  of azimuth i s  not constant with 
time. 

Figure 5. Wind speed and d i rec t ion  
deduced from the VAD measurement 
shown i n  Figure 4. 
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Figure 6. Spectrum contour p l o t  ( l i n e a r  sca le )  of a l t i t u d e  

ga te  z = 8.2 lau, showing v a r i a b i l i t y  of the echo i n  power, 
Doppler s h i f t  and Doppler spread, due t o  in te rmi t t en t  
c lear-a i r  turbulence ca r r i ed  through the t ada r  volume. 
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Figure 7. High time resolut ion display (10 s reso lu t ion)  
of c l e a r  a i r  turbulence s t ructure .  Display i s  i n  
logarithmic sca le ,  where di f ferences  between contour 
l i n e s  a r e  3 dB. Note the s p l i t t i n g  i n t o  patches with 
d i f fe ren t  v e l o c i t i e s  a f t e r  1830 UT. 
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Figure 8. D-region incoherent s c a t t e r  spectrum averaged 
over 2 min (from KOFFMAN e t  al . ,  1984).  



1982 and a longer s e r i e s  of da ta  were recorded during the  MAP/CAW campaign i n  
July/August 1982. The r e l evan t  r e s u l t s  of these  campaign opera t ions ,  namely 
e l e c t r o n  dens i ty  and wind p r o f i l e s  a s  w e l l  a s  mesopause temperature and nega- 
t ive-ion-to-electron r a t i o s ,  were summarized by K O W  e t  a l .  (1984). I n  
F igure  8 we show an example of an incoherent -sca t te r  spectrum which could be 
obtained i f  highlenergy p a r t i c l e  p5ec ip i t a t i on  genera tes  s u f f i c i e n t  D-region 
i o n i z a t i o n  (2 10 e l ec t rons  per m ), whereas the  normal day l igh t  D-region 
i o n i z a t i o n s  i s  not  s u f f i c i e n t  t o  y i e l d  evaluable  s ignals .  Because of the  domi- ' 
na t ing  c o l l i s i o n s ,  the  incoherent  spectrum information of t he  D reg ion  and t h e  
lower E r eg ion  up t o  about 110 km can be used t o  deduce n e u t r a l  wind p r o f i l e s  
and, under some assumptions, of t he  ion-neutral  c o l l i s i o n  frequency, and a l s o  
t h e  n e u t r a l  t tmperature.  

The s p e c t r a l  width i nc reases  with height  because of t he  decreas ing  col- 
l i s i o n  frequency a s  shown i n  Figure  9. Above 92 km i t  i s  broader than 300 Bz. 
To r e so lve  t h i s  spectrum the  s igna l  must be sampled a t  l e a s t  a t  a  r a t e  of 667 
us. Applying the  pulse-to-pulse sampling scheme, t h i s  r a t e  i s  equal  t o  the  
t r ansmi t t e r  i n t e rpu l se  period (IPP). The EISCAT UHF t r ansmi t t e r  does not a l low 
a higher IPP than 1000 ps which p laces  a l i m i t  t o  t he  maximum height  where t he  
pulse-to-pulse scheme can be applied.  More r e s t r i c t i v e ,  however, i s  t he  f a c t  
t h a t  the i n t e rpu l se  period must be longer than the  range of the  sampled ga te .  
Since 667 ps corresponds t o  a range (= a l t i t u d e  a t  v e r t i c a l  inc idence)  of 100 
km, t he  pulse-to-pulse scheme can no more be appl ied  above about 92 km. 

The a l t i t u d e  r e s o l c t i o n  i n  t he  region  of the  mesosphere and the  lower 
thermosphere up t o  130-150 km has t o  be of the  order  of some kilometer .  Spec- 
trum information above 92 km, thus,  cannot be o b t a i ~ e d  wi th  a long pulse  ( a s  

- p o s s i b l e  i n  t he  F region)  but  only by applying mul t ipulse  schemes. I t  i s  evi-  
dent  t h a t  two e x p l i c i t l y  d i f f e r e n t  modulation schenes have t o  be used below 92 
km and above 92 km. The pulse-to-pulse (< 92 km) and the  mul t ipulse  0 92 km) 
schemes, cannot be operated simultaneously o r  a l t e r n a t e l y  with the  present  , 
EISCAT rada r  c o n t r o l l e r / c o r r e l a t o ~  system. However, a s  w i l l  be poin ted  ou t ,  
the mul t ipulse  scheme can a l s o  be used t o  deduce the  f i r s t  s p e c t r a l  moment 
(Doppler s h i f t  t o  determine wind v e l o c i t i e s )  of mesospheric s ignals .  Since t'he 

F igure  9. Average spec t ra  (2220-6020 UT) 
of s i g n a l s  rece ived  i n  the  b i s t a t i c  mode 

P 
a t  Kiruna during the  CAlP rocket  launches. 
The darkened a rea  of the spec t r a  i s  
assumed t o  be due t o  the s igna l  from the  

4 i nd i ca t ed  he igh t s ,  whereas t he  r ec t angu la r  * 
pedes ta l  i s  due t o  s igna l s  picked up 
through antenna siderobes from s t rong 

m E-region ion i za t ion .  



power p r o f i l e  (e lect ron densi ty)  can be obtained d i r e c t l y  from s ing le  pulse 
measuranents, the addi t ional  app l i ca t ion  of the multipulse scheme allows t o  
cover both the mesosphere and the  lower themosphere. 

Very powerful multipulse modulation schemes were recent ly  developed by 
TURUNEN and SILEN (1984) and successfully applied i n  operations. These schemes 
make use of the unique multifrequency/mul t i  channel c a p a b i l i t i e s  of the EISCAT 
system; they allow t o  u t i l i z e  the  f u l l  appl icable  duty cycle a t  optimum range 
reso lu t ion  and improve the s ignif icance of spec t ra l  estimates because of multi- 
channel operation. 

One of these schemes, shown i n  Figure 10, was used f o r  mesosphere and lower 
thermosphere invest igat ions  during the &iAP/WINE operations of EISCAT. This 
4-pulse multipulse pat tern  y ie lds  the lags  1-6 of the ACF a t  l ag  increments of 
40 us. Four multipulse se r i e s  a r e  transmitted a t  frequencies F1, F2, F3 and 
F4. The EISCAT system allows t o  transmit on 16 frequencies a t  spacings of n 
500 kHz around the center  frequency 933.5 MKz and the reception on 8 channels, 
corresponding t o  the transmitted frequencies. The zero lag (power es t imate)  is 
obtained by using s ing le  pulses a t  frequencies F5 and F6. 

The maximum lag of the multipulse ACF of 240 y i s  obviously not suf- 
f i c i e n t  to  y ie ld  the f u l l  spectrum information a t  a l t i t u d e s  below about 100 km 
because the  s ignal  co r re la t ion  time (inverse of spec t ra l  width) i s  longer than 
240 w. This i s  indicated i n  Figure 11 where the normalized r e a l  part  p'  of 
the ACFs a t  l ags  T = 40 us t o  T~ = 240 u s  i s  shown f o r  d i f f e r e n t  heights. 
For convenience o) the display,  the  r e a l  p a r t  0' is normalized by d q ) .  which 

* i s  shown i n  r e l a t i v e  wits on the right-hand-side diagrsm of Figure 11. (For 
f u l l  ACF ana lys i s  the zero lag  estimate,  deduced by parabolic extrapolation,  
f u l l  ACF f i t t i n g  or from the  power p r o f i l e  has t o  be used.) I n  the center 
diagrsm the phase 6 of the ACF ( $  = arctan (Im(ACF)/Re(ACF))) i s  displayed. 
The phase de r iva t ive  near zero l ag  i s  d i r e c t l y  proportional t o  the Doppler 
s h i f t  f D  a $(r) 1 2 7 ~ ~ .  The l i n e a r  phase va r i a t ion  a t  heights below 100 km 
indicates  t h a t  we can use the phase information t o  deduce the Doppler s h i f t .  
To improve the significance we have used a l l  lags  and ca1cu:ated a weighted 
average 

6 

Figure 10. Four channe l s4  pulse (20 us) multiphase 
(Fl,  F2, F3, F4) and 2 channels s ing le  pulse (20 W )  
a t  F5 and,F6. Due t o  instrumental s e t t i n g  the 
frequencies F can be d i f f e r e n t  t o  those noted. 
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Figure 11. Normalized r e a l  pa r t  P '  and phase +J of ACF, 
as. well  a s  the  r e l a t i v e  amplitude ~ ( 7 ~ )  of ACF a t  
l ag  tl. 

This y ie lds  a most r e l i a b l e  ve loc i ty  e s t i n a t e  a s  long a s  the ACF does not 
c ross  zero. 

We have used t h i s  approach t o  estimate preliminary veloci ty  p r o f i l e s  which 
a r e  shown i n  the Figures 12 and 13. During these operations the t r a n m i t t e q  
peak power was about 1.2 MW and the range resolut ion 3 km. The antenna was 
pointed a t  33' e levat ion angle (correspondi'ng a l t i t u d e  reso lu t ion  1.6 lad to- 
vards west (rcesosphere ga tes  north of Andeneb Rocket Range) t o  measure the zonal 
wind component U and towards south t o  measure the meridional wind component V. 
Addi t ional ly  the r e l a t i v e  e l e c t r o n  densi ty  p r o f i l e s  N e t  ( unca l ib ra ted)  and the  
weighting funct ion Y = Cp ( T ~ )  a r e  displayed. The r e l a t i v e  amplitude of the 
weighting funct ion i s  a measure fo r  the s ignif icance of the ve loc i ty  estimate. 
Because of the zero crossing of the ACFs, the veloci ty  values above 100 km can 
be underestimated ( t h i s  has t o  be corrected i n  the f u l l  spec t ra l  ana lys i s  t o  be 
applied l a t e r ) .  The v e l o c i t y  p ro f i l e s  a r e  addi t ional ly  smoothly f i l t e r e d  by a 
f  ive-point Hamming window. The open c i r c l e s  (e.g. i n  the V-prof i l e  measured 
from 1921-1930 UT on 31 Jan. 84) indicate  preliminary ve loc i ty  data obtained 
with chaff measuranents (by courtesy of H. U. Widdel and U. von Zahn). The 
s i m i l a r i t y  of chaff and radar  data, a s  we l l  as the consistency of consecutive 
radar  wind p r o f i l e s ,  gain confidence i n  our method t o  determine mesosphere/lower 
thermosphere winds with the EISCAT UHF radar .  I n  Figure 13 a time s e r i e s  of the  
zonal wind component i s  shown and a l so  compared with quasi-simultaneous chaff 
measurements (MC8, 9, 10) .  The radar  p r o f i l e s  c l e a r l y  show a downward progress- 
ing wave s t ruc tu re  with period of about 2-4 hours and v e r t i c a l  wavelength of 
10-20 km. The wave amplitude evidently increases with a l t i tude .  However, one 
has t o  take i n t o  account t h a t  electrodynamical e f f e c t s  influence the s t ruc tu re  
of the measured i o n  d r i f t  ve loc i ty  above about 110 km. A s imi la r  wave event 
was e a r l i e r  observed with the Pokerflat  MST radar i n  the a l t i t u d e  region 60-80 
tcm (BALSLEY e t  a l . ,  1983). 

Final ly ,  i n  Figure 14 a p lo t  of e l ec t ron  density measured during a high 
energy p a r t i c l e  p rec ip i t a t ion  event i s  shown. It proves t h a t  the s e n s i t i v i t y  
of the EISCAT UHF radar  i s  s u f f i c i e n t  t o  measure D-region (mesosphere) s ignals  



Figure 12. Prof i l e s  of zonal (U) and neridional (V) wind v e l o c i t i e s ,  
and r e l a t i v e  electron density N e ' as we l l  as the weighting 
function Y.  

Figure 1.3. Time s e r i e s  of zonal winds. The open c i r c l e s  denote chaff wind 
data (courtesy of H. U .  Widdel and U .  von ~ a h n ) .  
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Figure 14. Elec t ron  dens i ty  contour p l o t ;  the  contour s t eps  a r e  
1.5 dB. Note the  high time r e so lu t ion  of 30 s ,  which allows 
de tec t ion  of highly va r i ab le  e l ec t ron  dens i ty  s t ruc tu res .  

during appropr ia te  geophysical condit ions.  Similar  measurements a t  o ther  in- 
coherent-scatter  radar  f a c i l i t i e s  applying multipulse/rnultichannel opera t ions  
f o r  mesosphere/lower thermosphere inves t iga t ions  a r e  not  known yet .  
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