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c f r f o r t s  Lo irives t ~ g ~ i t e  i o n o s p h e r ~ c  d i s t u r b a l l c e s  
u s i n g  r a d i o  astronomy i n t e r t e r o n i t e r s  have show11 
t h a t  t i le  m l d - l a t i t u d e  rcgior l ,  wlicre n ~ o s t  t u n e  
t r a n s k e r  exper iments  t a k e  p l a c e ,  a l s o  h a s  a 
p reva le r l t  i r r e g u l a r ~ t y  distribution. 'TILLS worK 
has  been under taken  by o u r  N K L  group u s i n g  
i n t e r t e r o r n e t e r s  a t  Green hank ,  W .  V a ,  and 
Magdalena, NM, and a l s o  by a Uutch group u s i n g  
t h e  Westerbork i n t c r ~ e r o r n c t e r  ( 3 ) .  'These 
exper iments  rneasurc t h e  d i f f e r e n t i a l  e l e c t r o n  
c o n t e n t  uetweetl two o r  Inore ancerlna l o c d t i o n s ,  
and r e l a t e  more c l o s e l y  t o  t h e  i o n o s p h e r i c  e f f e c t  
s e e n  by a t l n e  t r a n s i e r  expcrirnerlt tkiail 111ost 
o t h e r  t e c h n i q u e s .  L a s i l y  m e a s u r a b l ~  i o n o s p h e r i c  
i r r e g u l a r  i t l e s  ildve beer1 seen  i n  111id-lat i t u d e  
r e g i o n s .  Our group has  observed a  t y p i c a l  
d i f i e r e n t l a l  eLecLron c o n t e n t  u f  abou t  ~O15/ti12 
over  a b a s e l i n e  o f  35 km. B day-night c o r r e l a t i o n  
wl th  TnC v a l u e s  i s  o b s e r v e d ;  Lile n ign t - t ime  

ionosphere  i s  more i r r e g u l a r  d u r i n g  p e r i o d s  of  
h ~ g n  geoirlagnetlc a c t l v l l l y .  ny cornb~rl ~ n g  r e s u l t s  
from our  work w i t h  t h a t  o t  t i le  bu tch  g roup ,  who 
u s e d  a  b a s e l i n e  t h a t  was c i rus lue rab iy  s h o r t e r ,  
i t  i s  p o s s i b l e  t o  o b t a i n  i n f o r r ~ ~ a t i o n  about  t h e  
s i z e  d i s t r i b u t i o n  01 Lhc i r r e g u l a r i t i e s .  The 
i r r e g u l a r i t y  ampl i tude  i s  approxinla te ly  
p r o p o r t i o n a l  t o  tht-! base l l r l e  o v e r  tile range 
s t u d i e d ,  Only l i m i t e d  in iorrnat iur l  i s  a v a i l a b l e  
aoou t  ariotlier paranieter  (7f in terest : ,  t n e  t imc :  

s c a l e  distribution o t  t h e s e  ~ r r e g u l a r i t e s .  
I r r e g u l a r i t s e s  have been obse rvea  o n  a i l  t ime  
s c a l e e , f r o r n  seconds t o  h o u r s ,  a s  illustrated D y  

d a t a  s a ~ t ~ p i e s .  ' ine  r y p l c a l  L I - r e g u i a r l t y  i n  t h e  
m i d - l a t i t u d e  r e g i o n  i s  abou t  I X  of  t h e  t o t a l  
e l e c t r o l l  conheu t .  While t h i s  i s  l e s s  than  
t h e  ext reme v a r i a t i o n s  s e e n  i n  p o l a r  r e g i o n s ,  
c a l i b r a t i o n  o t  t h e s e  anomalies tnus L a l s o  t a k e  
p l a c e  t o  a c h i e v e  f u l l  accuracy  i n  t ime t r a n s f e r  
and i ~ s  a s s o c i a t e u  u s e  t o r  p o s i t i o n  l o c a t i o n .  

The ionosphere  c a n  co lz t r lbu te  appreciable group d e l a y  t o  signals travei:slrlg 
it. T h i s  d e l a y  depends on both  t h e  t r e q u e r ~ c y  and t t le  s t a t e  o I  t h e  ionosphere  
The e q u a t i o n  t o r  t n e  r e t r d c t k v e  ~nclex 01 t n e  lonosphere  can  b e  e x p r e s s e d  a s :  



wnere  11, 1s ti;c e l e c t r o n  d e n s )  t y  

0 i s  Ltll-le ang1.e ne lween Erie wave ilUTriIi i  j anu tfie i i l i i g 1 1 ~ t i ~  ~ L E ~ C L ,  

aria 

K i ,  i \ ~  art. i l-uruttrica~ cd l l s i a r i t s  \i.iat~il.~r. P C  a.L. , 1 3 7 0 ) .  -- 

11 ne i s  r ep l ace r1  by  ri L y p ~ c a l .  t : o ~ a i .  e i e c t r . o n  ccr i~ te t l t  ;iLoilg ,:a v c r t i c l i ~  
c o l u l l l ~ ~  ( ' T c C ) ,  a n  e s t i i u a t c  <.:an be o b t a i n e d  ot: t i l e  a t l c l i t i o i ~ a l  g roup  d e l a y  due  t o  
t h e  ionusprier 'ft .  hut:t-~ il c u r v e  1s p i i i L L c c l  i l l  l l d u r e  1 t o r  I, t y p l ~ d l  ~ J Y L  ~ 1 1 ~ ~  ' l t ~ :  

o l  2 X . l ~ 1 ~ ~ / , 1 i ~ .  ~ I I , :  c u r v e  1.: tor u v i . r ~ . ~ c a ~  , : > , i ~ . i i  aild i s  ~ i i u l t ~ p l . i e o  b y  t l ie  
s e c a n t  o r  Lhtt a e n i  t 11 d l s  t a r icc  o f  ( L I I C  I ~ : L ~ - O X - S  i g l ~ t  . '1'1-IY d(jni1~uu t territ tr0111 
e c i u a ~ i o ~ 1  ( i . )  rias a silt~pt: l i l v c r s c l y  pr.o~.:ul-Lionai rii frcilut:ricy squ ' i r ed ,  anu  ;i 
t o t a l  magri i tuuc o f  about > ; l ; i~losccu;lds a t  t t lc  L l o b a i  P o s l ~ i o n l r l g  bys tem ( G P ~ )  
f requer lcy  . Itlc t,yi:~lctl 1. :3ibi: t--tirile ut'ltly 1 . 3  auuut 231, ur c n l s .  ~ . L o b u c u a ~ -  
(198h) u1scusst :s  tile i i i r ~ i t ~ i : ~ o ~ i s  i r i  i i t r ~ l a p t i r l g  1.0 c o r r e c t  f o r  t i le  d e l a y  with a 
rr~ouei  clue L o  t t ; ~  v a . t l a t  i 012s ~ i !  ' ~ L L .  a ~ 1 ~ 1 i  LI i i i i jdel  ~ i l 1 . r  b e  e x p e c t e d  t o  b e  
accu ra t c  t u  abouC . + -. 251, 

A inethod o l t e n  iiit:nL i 01-icd. t i j l "  corrrecLL;1g a c c u r a t e l y  t o r  t i le  io r los l ) i ie r lc  g r o u p  
d e l a y  i s  d u a l - t r e q u c n c y  nieasilrernexlts. f iecause  u l  1:iitl d i s p e r s i v e  t ~ a t u r ~  t h e  
i o n o s p i i e r i c  uei; iy,  ~iit..~3S~r:i.::ut..!r-Lt~~ a t  t w u  i rcquer i<I .es  cdLl b e  u seu  t o  ue te r in i l le  
what t t le  del.ay c o n s t a r i t  is ilincl ~ : i ) r r -ec t .  r a ~ r  1.t. 1-11 p r i l l c i p l c  t h i s  il iett~ud c a n  
be ve ry  a c c u r - a ~ e ,  t>eca!l:ie i: , , I -  , , , i . ; . i s i i r cs  ttle i'ci; ~ L u i l &  tilt! salne l i n t :  o r  s i g h t  
t t l a t  i s  t o  h e  uscci f~,:r tile o t r se r . r i a t inn .  t i L t t ~ o u g t ~  t i le  d u a l - i r e y u e n c y  rr~ethod 
h a s  been  used i n  a ilt~iiibe:: 91 exper  L ~ I ~ C T ~ C S ,  a n t 1  1.8 t o  U P  iilq) ie111c;lted f o r  G P b ,  

, . 
i t s  accura i -y  n a s  n o t  tieiirl C::I !: :cah.Ly exaniilc-.~.,; P , ) s s i b i . e  1.naccurac Les i n  t h i s  
met:hod k n c l u ~ l e  c. r : rb j l :  x n t i ~ . t . ~ p i i . ~ c i t i o ~ ~  c a u s t ' ( i  i j j  a ~ i i ~ l t e  crequcucy  ~i i i . re i , t .n i :e ,  
and t h e  e f  l:ez; o f  i l i g i ~ u r - o r d e r  t c r m s  i.11 i:clu;~tii>t: \ ? I .  bigure I coi1ta.i 11s a n  
e s t i u i a t e  of t l l r ?  - c?$cdua i  cvrnpirnent ;i: '- 

'- ''3 s :~ :~ ) : r r i :~L lo ; i  is a c c u r a t e  tu 12. i ~ i l c  

r e s i d u a i  cl:jlllporieilr. u r  c-drl(.:errl i s  trle L: 7 I I u  i . ; n i s  
component &i.ve.; t~ t w o  1 r o 5 s i ~ l . e  pi-lase a n d  g roup  v c i o c i t i c s  i r l  a wave 
p r o p a g a t  ~ : I A  ~ r l r i j , i ~ i i  t ~ i i ?  L O ~ I C ) S ~ J ~ ~ ?  L C  : l i ic  GI 1 r ~ i . e i l c e  1 1 1  v t : ioc i  t i p s  dc13eiiu~ 011 

t h e  a n g l e  b;- t . i~c , trcrpagd~lcrri  d l r ec t j . t j l l  lo I::it: c a r  c 1 1 '  :; m a g n e t ~ c  f i e ~ d .  '1:his 
e t f c c : ~  g i v c i s  I :LSC:  C\r  C B I I ~ U ~ I ~  p ~ ~ ~ c i ~ - i z c i t ~ ~ ~ ~  r ~ t ; i i i i i ~ i ,  i j ~ i :  . L L .  i l l so  ctiuse,i  ; j  

d i f  i e r e r l cc  1 1 1  g-r-uiip u e i a y  be t-wceli '-tit; ~ w i ,  ~i~ircies. P ' i & i i ~ + ~  1 shows t11e 
$ 1  wars L.-c. i .- !I i 1 I I : :  - . , I - I ~ L ~  !. l l i :  i i l . - j l  T:~rlit: t i e l a y  cnange  c a u s e d  

i s  z e r o ,  t~ propaLil::iorl biturcat: . l :):l  r c s : : ~ L . ~  ili-tat. ~d:l: . , t?s ,:! d u a l  a r r i v a l  r i r r~e  
measu reu~e l~L .  L ~ I L , :  <:A~-L d!: A ~ ~ L . . L L J . L ~ : . ,  L L , ~ , ~ ~ ~ . ~ L I . ~ . ~ : ~  LJ); ~.i . jw:: : - - .~re( l~ie~~cy ~ i 1 1 i l i - 1 %  

Irleas urerilent.s +. 

When consir%cr~.iig, . l i n i l t ; i ~ ~ u i i s  J , I I I V ~ L I C ~ I  r.:) L : I ~ .  : L i > i l i ) ~ p i ~ t : ~ - i l  t o  t l r ~ i c  t r a n s f e r  
~ i l e a s u r e m e n t s ,  i t  i s  importal-lt  t o  i o l i ; i ; ~ c r  ( : l i t :  LdliipLett. ~ciiipor-a1 arid s p a t i a l  
spec t rurn  o L  lur l r - rsp!-~er  ic ~ r - r e ~ i l l a r i c  t ? A .  2~ t . ) . J L I C ~ L : . I ~ -  ( 13114, i i i . s cus se s  t i l e  
l a r g e - s c a l e  (gLobai.l  compoi-lent 01 lr,c. 'i r i l - i j t l  I . ~ I ~ s .  ~Ce~t21lt t :xper l r i~ent t l l  
i n i u l - m a t i o n  has ~ z e r l  a ~ i u r r r u ~ a t l n ~  .:li->o~.ii ,~1(.~1~,11iirscnLti \ L O O  iri - 1 0 ~ 0  ~ m )  
i r r e g u 1 i 1 r l t i . e ~  i n  i'bil triat a r e  i~rlpor!.nnt: 11: cvx!t r.ibu~i.11~; t o  t i r w  uieasuremerlt 
i n a c c u r a c i e s .  II. n<i:> been aeutlckcl r r o , , .  in-c-J tL i  sdLi!ll I c z  ~ n c a s u r e n ~ t l n t s  t h a t  
~nediuui -sca le  i r r e g c i i r ; r i t i c s  oF .L -4 .0  ,O o!: IL[, ~ ~ ~ 1 s t  coril~ilunly a t  a l l  Li.mes i n  



t ~ i e  a r c t i c ,  dnrl d u r l n g  n ~ ~ h t t l m e  i n  e q u d t o r l a l  r e g i o n s  (Szuszczewicz  e t  dl, 
1983).  a l t h o u g h  i t  has  been comnmorily assumed t h a t  rneciiurn-scale 
l r r e g u l a r l t l e s  111 t h c  "norrndl" m l d - ~ a l i t u t l e  i o n o s p h e r e  a r e  i n s ~ g n l f  l c a n t ,  
r e c e n t  r e s e a r c h  u s l n g  r a d l o  astronomy ~ n t e r t e r o r i i e t e r s  have shown t h a t  t h i s  i s  
n o t  t h e  c a s e .  

I n  a  r a d i o  i n t e r t e r o r n e t e r ,  two o r  more l a r g e  r a u i o  antenrias a r e  p o i n t e d  a t  t h e  
same d i s t a n t  n a t u r a l  r a d i o  source .  The o u t p u t s  of t h e s e  a n t e n n a s  a r e  colilbined 
c o h e r e n t l y ,  a f t e r  c o r r e c t i o n  f o r  d i k t e r e n t i a l  u e l a y ,  t o  make a  lvlichaelson 
i n t e r f e r o m e t e r .  The o u t p u t  o t  t h i s  i n t e r f e r o m e t e r  measures any s o u r c e  o f  
d i i f e r e r r t i a l  phase  d c l a y  . S l n c e  t h e  iorlosphere i s  t h e  dominant u i s p e r s l v e  
e f f e c t ,  i t  i s  p o s s i b l e  t o  measure t h e  d i f f e r e n c e  i n  t o t a l  e l e c t r o n  c o n t e n t  by 
combining aieasurenlents a t  two Xrequencies i n  a n  appropriate maliner. 'Lo t h l s  
end,  t h e  Naval U b s e r v a t o r y ' s  Grccn  bank ,  West V i r g i n i a  i n t e r f e r o m e t e r  and t h e  
newer Very Large Array f a c i l i t y  i n  hew M e x ~ c o  have heen used t o  conduct  
p r e l i m i n a r y  i n v e s t i g a t i o n s  i n t o  t h e  f e a s i b i l i t y  and u s e f u l n e s s  o f  such a 
t o o l .  'The r a d i o  i n t e r t e r o i n e  t e r  sys tem a t  Green bank,  whose prlrnary r r~ i s s  i o n  i s  
t o  measure g e o d e t i c  p a r a m e t e r s ,  obse rves  c o n t i r u o u s l y a  succession o i  r a d i o  
s o u r c e s  a t  quasi-rando~ii  p o l n t s  o n  t h e  l o c a l  sky.  k ~ l e p c z y n s k i  e t  a l . ,  1979) .  
Simul taneous  o b s e r v a t i o n s  a t  2695 MHz (11.1  cm. wavelength)  and 8085 MHz (3 .7  
cm. wave leng th )  p r o v i d e  a measure~~lerrt  o l  e h e  d i f f e r e n t i a l  e l e c t r o n  c o n t e n t  
between t h e  i o n o s p h e r i c  p a t h s  o t  any of t h e  p o s s i b l e  an tenna  p a i r s .  The 
c o r ~ t i n u o u s  a v a i i a b i l i l t y  o t  d d t a  Lrom t h i s  a r r a y  ntakes i t s  u s e  a t t r a c t i v e  f u r  
i o n o s p h e r i c  monitoring. AL t h e  t iale t n e  p r e s e n t  d a t a  was r e c o r d e d ,  t h e  a r r a y  
consistred of 3 a n t e n n a s  oL 85-Loot c l ia l i~eter  l o c a t e d  a l o n g  a  2 . 3  k i l o m e t e r  
t r a c k  t h a t  i s  o r i e n t e d  a t  a n  azirtiuth of  62.05 d e g r e e s ,  and one remote s t a t i o n  
w l t n  a 45-toot d i a m e t e r  an tenna  l o c a t e d  about  ~5 KIII away. An a d d i t i o n a l  
remote s t a t i o n  has  s i n c e  been added. The Very Large Ar ray ,  d e s c r i b e d  i n  
d e t a i l  by Ttlompson e t  a 1  (1980) ,  i s  a n  a r r a y  of  2 7  anLenrias l o c a t e d  n e a r  
S'ocorro, NM, and des igned  w i t h  maximum f l e x i b i l i t y  Lor a v a r i e t y  o f  
a s t r o p h y s i c a l  exper iments .  I t s  27 an tennas  aLlow s l g n l f l c a n t l y  ruore cornpLete 
s p a t i a l  sampl ing of i o n o s p h e r i c  phase d i f i e r e n c e s  t h a n  t h e  Green bank a r r a y .  
'I'ne l l laxi~~~uri~ b a s e l i n e  a v a i l a b l e  i s  a p p r o x l ~ r ~ a t e l y  t h e  same a s  t i le  Green bank 
a r r a y  + 

The d i i l e r e n t i a l  p h a s e  p a t h  between two a n t e n n a s  due  t o  t h e  ionosphere  i s :  

s o  t h a t  t h e  d i f f e r e n t i a l  phase a e l a y  i s  p r o p o r t i o n a l  t o  t h e  d l f i e r e n c e  i n  
t o t a l  e l e c t r o n  corlterlt a l o n g  t h e  two p a r d l l e l  p a t h s .  I n  t h e  c o n t e x t  oi: t h i s  
a r t i c l e ,  D.L.C.  w i l l  be used t o  r e i e r  t o  t h e  e x p e r m e n t a l l y  de te rmined  
d i i f e r e n c e  i n  l o n o s p h e r i c  p a t h  l e n g t h  a s  between t h e  l o c a t i o n s  oi d i i t e r e n t  
an tennas .  L t  may be due t o  a  number of: d i f f e r e n t  mechanisms; e .g . ,  
i o n o s p h e r i c  g r a d i e n t s  (Komesdroff ,  156Ui, ~ r r e g u l a r i t i e s ,  d l u r n a l  e f k e c t s  on 
TEL,  e t c .  Th i s  q u a n t ~ t y  g 2 n e  d l  -J1ll, d l )  w i l l  h e n c e f o r t h  be c a l l e d  
d i f f e r e n t i a l  e l e c t r o n  c o n t e n t  = U.B.C. Conver t ing  from measurement u n i t s  o f  
d e l a y  t o  u n i t s  oi phase ,  a  power of krequency 1s c a n c e l l e d ,  s o  t h a t :  



a t ~ d A @ ~  i s  t h e  rilcasurecl p h a s e  change  due  t o  t h e  l o n o s p h e r e .  

Ano the r  important pa ran i e t e r  t o  c o n s i d e r  i s  t h e  e k k e c t i v e  a r e a  l n t e r c e p t e c l  by 
e a c h  a n t e n n a  primary bean1 a s  ~t t r a n s i t s  Lhe  i o n o s p h e r e ,  a s  w e l l  a s  t h e  
o v e r l a p  be tween beams. The d i f t e r e n t i a l  phase  e f f e c t s  on a n  i n t e r f e r o m e t e r  
£row t h e  ionosphere a r e  d e s c r i b e d  by  a s p e c i a l  c a s e  o r  s c ~ n t i l l a ~ ~ o n -  
s c a t t e r i n g - d i f f r a c t i o n  t h e o r y ;  i n  p a r t i c u l a r  one  may e x p e c t  t h i n - s c r e e n  
d i f i r a c t i o n  t h e o r y  t o  s e r v e  a s  a b a s i s .  'Yhis  t y p e  o f  t h e o r y  i s  complex  and 
h a s  been d i s c u s s e d  by a number o i  a u t h o r s  ( C r a n e ,  1 9 7 7 ;  Kufenacki, 19751,  
a i t h o u g h  r e l a t i v e l y  few (Whale and  G a r d l n c r ,  1966)  d i s c u s s  t i le  expec ted  pllase 
p e r t u r b a t i o n s .  While  i t  i s  beyond t h e  scope  oi t h i s  a r t i c l e  t o  d e v e l o p  a 
c o m p l e t e  t h e o r y  t o r  t h l s  phenolncnon, t h e  b a s i c  remark  car1 be rllatlc t r i a t  ~ f  t h e  
two a n t e n n a  beanis d o  n o t  o v e r l a p  t h e  phase  t l u c t u a t i o n s  w i l l  b e  f u l l y  
d e v e l o p e d ,  w h i l e  t o r  beams that l a r g e l y  o v e r l a p  t h e  phase  t l u c ~ u a t i o n s  w i l l  be  
l a r g e l y  c a n c e l l e d .  With t h e  27 a n t e n n a s  of  t h e  V I A ,  i t  i s  p o s s i b l e  t o  do  a 
more c o m p l e t e  r e c o n s t r u c t i o n  o f  t i l e  i o n o s p h e r e .  I f  t h e  a n t e n n a  oeanls do n o t  
i n t e r s e c t  w h i l e  p a s s i n g  t h r o u g h  t h e  i o n o s p h e r e ,  2 7  i n d e p e n d e n t  p o i n t s  l n  t h e  
i o n o s p h e r e ,  l o c a t e d  along a  Y - c o n ~ i g u r a t i o n  a t  c i i s t a n c e s  from e a c h  o t h e r  o f  u p  
t o  35 km, w i l l  b e  sampled by t h e  VLti. 

T h e  d i f f e r e n t i a l  e L e c t r o n  c u n t e n t  measured  b y  a n  interferometer p a i r  i s  a  sum 
o f  t h e  t r u e  d i f f e r e n c e  i n  t h e  f ree  e l e c t r o n  d e n s i t y  be tween t h e  paLhs o v e r  
e a c h  a n t e n n a ,  and  a second  o r d e r  d i i f e r e n c e  i n  IleCwcen t h e  p a t h s  o v e r  e a c h  
a n t e n n a ,  and a second  o r d e r  d i f f e r e n c e  i n  t h e  paLh l e n g t h  c a u s e d  by  t h e  
c u r v a t u r e  O F  the e a r t h .  T'ne t o r m u l a  f o r  t h e  c u r v a t u r e  e f r e c t  m a y  be  shown t o  
be i n  phase  u n i t s  

w h e r e  el ,  e2 a r e  t h e  e l e v a t i o n  O L  t h e  s o u r c e  a t  each antenna k i s  t h e  
9 

f r e q u e n c y  i n  MHz,  and Ad i s  t h e  d l f ~ e r e n t i a i  phase  I n  u n i t s  o f  d e g r e e s .  The 
d ~ f f e r e t l c e  ( I / s i n e 2  - 1 / s i n e l l  c a n  b e  e l t h e r  positive o r  n e g a t i v e ,  
d e p e n a i n g  on t h e  s o u r c e  geouie t ry ,  bu t  i s  always l e s s  ti lan d / r  where d i s  t h e  
d l s t a r l c e  be tween a n t e n n a s ,  and r 1s Ltic e a r t r l ' s  r d d ~ u s .  S i n c e  t11ls i s  a  
r e f r a c t i o n  e f i e c t :  due t o  t h e  s p h e r i c i t y  ok rile e a r t h ,  i t  d o e s  n o t  dcperid on 
Ltle t l e ~ g h t  o f  t i l e  e l e c t r o ~ l  l a y e r s  doir ld the refracting. I h e  t o t a l  measured  
d i i f e r c n t i a l  e l e c t r o n  c o n t e n t  i s  t h u s  t n e  suit1 u t  t t i e  d i f f e r e r l t l a l  e l e c t r o n  
conLen t  oue  t o  variations i n  t o t a l  e l e c t r u n  c o n t e n t  between t h e  Lwo l o c a t i o n s  
and t h a t  due  t o  t h e  s p n e r i c i t y  o t  t h e  e a r t h .  

For t h e  b a s e l i n e s  u sed  i n  o u r  d a t a  s a m p l e ,  b o t h  ek i f ec t s  a r e  o f  coi i lparable 
magn i tude  and rriust b e  c o n s i d e r e d .  To measu re  t h e  ~ r r e ~ u l a r i t y  component ,  t h e  



o t h e r  rrlust be s u b t r a c t e d .  111 o r d e r  t o  do t h i s ,  sorue e s t i m a t e  must be made o t  
t h e  TEC. I n  a n a l y z i n g  t h e  Green bank d a t a  T b L  v a l u e s  o b t a i n e ~  Lrom s a t e l l i t e  
Fardday r o t a t i o n  d a t a  by  t h e  Air k'urce Global  Weather C o n t r o l  (194j1) were  used 
f o r  t h i s  purpose .  Values o b t a i n e d  a t  bagamore H i l l ,  PIA were used a s  t h e  
c l o s e s t  approx imat ion  a v a i ~ a b l e  t o  che Green bank,  WV s i t e .  A tirile c o r r e c t i o n  
was made i n  t h e  TEC: d a t a  t o  cornpensate f o r  t h e  d i f f e r e n c e  i n  l o n g i t u d e .  I n  
o r d e r  t o  s impl iky  t h e  d a t e  a n a l y s e s  on ly  p h a s e s  from two b a s e l i n e s ,  one o f  3 j  
km and one of 1.5 km, were c o n s i d e r e d .  b a t a  t aken  w i t h  t h e  U.S.N.O.'s 
Lreenbarlk i n t e r t e r o i n e t e r  during November 1983 t o g e t h e r  w l t n  s i l ia l ler  samples 
liro~n 1980-81, was ana lyzed  t o  i s o l a t e  l o n o s p h e r i c  e t t e c t s .  'The p e r i o d s  
i n c l u d e  a  wide range  of geouiagnetlc a c t i v i t y .  

F i g u r e  2 shows t h e  e s t i m a t e s  of v a r i a n c e  o f  e s t i i o a t e s  o i  k f o r  rhe  long and 
shorL Green bank b a s e l l n c  t o r  ttie month oL November 1983. Uata h a s  been 
grouped I n t o  p e r l o d s  of  niornlug t w i l i g h t ,  d a y ,  even ing  t w i l i g h t ,  and n i g h t  t o  
ernphaslze d l u r n a l  eLl.ects .  O c c a s i o n a l  d a t a  p o l n t s  have been b r l d g e d .  b o t h  
t h e  h i g h e r  a b s o l u t e  v a l u e  ok t h e  v a r i a n c e  on tlie long b a s e l i n e  and i t s  
i n c r e a s e d  variability a r e  evident. k l g u r e  3 shows a weighted a v e r a g e  o f  t h e  
v a r i a n c e  t o r  t h e  f o u r  tllne p e r i o d s  t o r  t h e  e n t l r e  month. The clay v a r i a n c e  £ o r  
t h e  long  b a s e l i n e  1 s  c l e a r l y  g r e d t e r  d u r i n g  t h e  dayt i r r~e ,  w h i l e  t h i s  e i t e c t  i s  
n o t  p r e s e n t  f o r  t h e  s h o r t  b d s e l l n e .  An obv ious  i n t e r p r e t a t i o n  ok t h l s  1s t h a t  
D.E.C.'s of  5x10L4/m 2 a r c  c o n s ~ s t e n t l y  p r e s e n t  d u r i n g  t h e  daytlrne o v e r  a 
35 k ~ n  b a s e l i n e ,  w h i l e  i r r e g u l a r i t i e s  over  a  1 .5  krn b a s e l i n e  a r e  c o n s i s t e n t l y  
l e s s  t h a n  I . > X ~ O ~ ~ / K I  2 .  I h e  phase o r  t h e  e i f e c t  a g r e e s  w l t h  t h a t  ok TbC 
measurements,  which i s  normal ly  f o u r  t imes  h l g h e r  d u r i n g  d a y l i g h t  h o u r s .  
Although t h e  c o n s t a n t  p o r t i o n  o i  t h e  long b a s e l i n e  v a r i a n c e  may be due t o  t h e  
i o n o s p h e r e ,  ~t i s  more r e a s o n a b l e  Lo a s c r ~ b e  t h i s  t o  equipment e f f e c t s .  

Although t h e  var iar rce  c o r r e l a t e s  w e l l  wr th  t h e  dlurt laL TbC e f i e c t ,  i t  would b e  
expec ted  t o  c o r r e l a t e  rnore d l r e c t l y  w i t n  a n  index  t h a t  would p r e d i c t  
irregularities i n  t h e  ionosphere .  I n  F i g u r e  4 t h e  dayt ime l o n g  b a s e l i n e  
v a r i a n c e  i s  p l o t t e a  o n  t h e  sdme graph  as  t h e  .geomagnetic index  %. * 
g e n e r a l  c o r r e l a t i o n  i s  e v i d e n t .  No n o t i c e a b l e  c o r r e l a t i o n  of  t h e  dayt ime 
v a r l a n c e  w l t h  t h e  daytinie ri~axinium YCC: was cv lde r i t .  '.Chis i s  a n  i n d i c a t i o n  t h a t  
i r r e g u l a r i t i e s  a r e  be ing  measured,  r a t h e r  t h a n  some d l k k e r e n t i a l  of  t h e  normal 
d a i l y  g r a d i e n t .  

Another niethod o i  displaying ti le r e s u l t s  of t h e  experiment: 1 s  t o  f o l l o w  t h e  
t r a c k s  of one o r  more s o u r c e s  and compare t h e  measured d i f f e r e n t i a l  
i o n o s p h e r i c  e f i e c t  w i t h  t h a t  p r e d ~ c t e d  iroln independent  t o t a l  e l e c t r o n  c o n t e n t  
data.  T h i s  i s  dune  I n  F i g u r e s  5 and 6 f o r  t h e  r a d i o  s o u r c e  0355+508, which 
was obse rved  a t  n i g h t ,  and t h e  r a d i o  s o u r c e  1749+7Ul, which was obse rved  
d u r i n g  t h e  day.  Also p l o t t e d  on t h e s e  t i g u r e s  i s  t h e  d i f i e r e n t i a l  p a t h  l e n g t h  
i o n o s p h e r i c  c f i e c t  p r e d i c t e d  kroi~i t h e  t o t a l  e l e c t r o n  c o n t e n t  d a t a .  'l'he d a t a  
from t h e  n i g h t t i m e  s o u r c e  i s  s e e n  t o  b e  g e n e r a l l y  smoother ,  a l t h o u g h  v a r i a b l e  
from n i g h t  t o  n l g h t .  That  from t h e  d a y t i ~ n e  s o u r c e  a lways ,  and t h a t  from t h e  
nighttime s o u r c e  sornetlmes, hds L l u c t u a t i o n s  o f  I - 2 x 1 0 ~ 5  i n  d i t f e r e n t i a l  
e l e c t r o n  c o n t e n t .  The d a t a  i s  t o o  s p a r s e l y  sarnpled t o  euabLe a  d e t a l l e a  
k 'ourier  a n a l y s i s  o f  t h e  t lme  s c a l e  ok t h e  f l u c t u a t i o n s ,  b u t  i t  a p p e a r s  t h a t  a 
t y p i c a l  t ime s c a l e  i s  of t h e  o r d e r  O F  1-2 hours .  For t h e  b a s e l i n e  o i  3 5  kn~ ,  
t h e  observed 1-2 hour t ime  s c a l e  rneans t ~ i a t  t n e  i o n o s p h e r i c  i r r e g u l a r i t i e s  



o b s e r v e d  a r e  t y p i c a l l y  e l t h e r  c h a n g i n g  w l t l l  t i ~ a t  t l rne s c a l e  o r  moving wlth a  
v e i o c i t y  o f  a t  l e a s t  2 U  km/i-ir (7m/sec) w ~ t t l  r e s p e c t  t o  t t l e  e a r t h ' s  s u r l a c e .  
'I 'hls e s t i m a t e d  s p e e d  i s  much Lower tkidn c u r r e n t l y  a c c e p t e d  v a l u e s  t o r  Lhc 
i o n o s p h e r i c  s u p e r r o t a t i o n  r a t e  o l  5U-150 m/sec .  

A sample  d e t e c t i o n  o i  a n  i o i l o s p h e r i c  i r r e g u l a r i t y  us i r lg  t h e  VLB i s  showrl i n  
F i g u r e  7 .  A iriethod similar t o  tilati a e s c r l b e d  above t~;is been  used  t o  s e p d r a L e  
phase  e x c u r s i o n s  a t  f r e q u e n c i e s  o t  1 . 4  Gllz anu j Gllz i n t o  d i s p e r s i v e ,  o r  
i o n o s p h e r i c ,  and  n u n - d i s p e r s i v e  , o r  t ropospi le r  i c t e r m s .  'ii-ie u a t a  silown 
i n c l u d e s  s p a c i n g s  o f  17 k m . ,  3 km. ,  3 k m . ,  ar lu 0 . 4  km., ou r i r i g  a perloci  o f  24 
h o u r s  beginnin, :  a t  O t ;  h o u r s  Local  ~ i i n e  on L l  . l a r~uary  1979.  l n e  f i g u r e  snows 
o b s e r v e d  p h a s e  I n  u n i t s  o f  d e g r e e s  a t  1 . 4  L h z  (100 d e g r e e s  = 2 . 1 ~ 1 0 1 5  
I ) .d .C. ) .  bu r i r i g  t h i s  p e r i o d ,  t h e  s o u r c e  i J l l + b 7 8 ,  w t ~ i c n  i s  circumpolar, was 
o b s e r v e o  Lint i i  abour 14 .7  h o u r s  l o c a l  t Lrue ; t h e n  s o u r c e  03524-398 was o b s e r v e d  
u n t i l  t h e  l i r s t  s o u r c e  was a g a i n  v i s i b l e  a t  a b o u t  0 .7  h o u r s .  Source-change  
t i m e s  a r e  indicated b y  t h e  Long, v e r t ~ c a l  b a r s  ex tenc i lng  tnrougt i  t i l e  i i g n r e ,  

The deep  p r o t r u s i o n  111 t h e  1 1  ~ I I I .  dild Y km. l o n o s p k e r ~ c  o u t p u t s  [nay be 
interpreted a s  a g r d d i e n t  i r l  TCL w I ~ ~ c ~ I  l c l s teu  t o r  3 d u r d L l o n  o i  a b o u t  / h o u r s ,  
w l t h  a  nlearl epockl o r  about: 1 6  h o u r s  l o c a l  t ime .  I t s  a p p a r e n t  ~ n t e n s l t y  1 s  
InagnlLled by t h e  f a c t  t h a t  t h e  observations d t  t h a t  t l o l ~  were  low r i l  t h e  sky .  
H t t e r  correcting f o r  d s e c a n t  e f f e ~ t  n i u i t ~ p l l c a t l o n  ut d b o u t  3 ,  dl1 

~ r r e g u l a r l t y  u k  bx1u14 bn  0.t.L. 1 s  l r l a l ~ a t e d ;  Lh l s  1 s  c l o n s i s t e n l  w l t b  t i l e  
L reen  bank r e s u l t s .  

The 9 kn~ spacing i s  g e n e r a l l y  s i n l i l a r  t o  t h e  1 7  Kill s p a c i n g ,  b u t  i s  d e c r e a s e d  
i n  a m p l l t u u e  by  a b o u t  502, as would b e  e x p e c t e d  f o r  a n  i o n o s p n e r i c  g r a d i e n t .  
Thus ,  t h e  t o t a l  IJ. h. L. may be l a r g e r  d e p e n d i n g  on  t h e  s i z e  o t  t h e  
i r r e g u l a r ~ t v .  A c o n s i s t e n c y  check  i s  p r o v i d e d  by  t n e  t r o p o s p h e r ~ c  o u t p u t ,  
which sliow.5 no  s i g n i f i c a n t  change  d u r i n g  t r i i s  p e r i o d .  

11112 r a d i o  as t ronotuy  tec t l r i ique ,  c a n  lrieasure l o n o s p i - ~ e r l c  s t r u c t u r e  u n  a v a r i e L y  
o f  s c a l e s ,  and p r o v i d e s  a measure  o f  a n  e l f e c t  i n t e g r a t e d  t h r o u g h  t h e  
i o r ~ o s p i i e r e ,  r a t h e r  t h a n  t h e  rna rg lna l  t r  ~ e c t r o n  c o n t e n t  measurement  made by 
e i t h e r  b o t t o m s l d e  o r  t o p s i d e  ( k e i n i s c i l  and Xuegirl, 1 9 8 2 )  s o u n d e r s .  L u r i n g  t h e  
o b s e r v a t i o n a l  p e r l o u s  described h e r e ,  l ~ . r e g u l a r i l i e s  o r  t h e  o r d e r  oL f rom 
2x1014 t o  2 . 5 ~ 1 0 1 5  i n  d l i f e r e r l t i a l  c i c c t r u ~ l  contclnt  w e r e  o b s e r v e d .  'I 'nis 
amounts  t o  a b o u t  0.5 t o  5 ;/. of  t h e  Ineasured ' I L L ,  and i n d i c a t e s  Lht: f r e q u e n t  
p r e s e n c e  ol s i g n i f i c a n t  i r r e g u l a r  s t r u c L u r e  111 ine i o n o s p h e r e  or1 t h l s  s c a l e .  

A b u t c h  g r o u p  ( h p o e ~ s t r a  and K e l d e r ,  1984) h a v e  r e c e n t l y  u sed  t n e  w e s t e r b o r k  
i n t e r t e r o m e t e r  t o  measu re  i o n o s p h e r i c  d l s t u r b a n z t s .  n l t n o u g n  t t i e i r  l o r l g e s t  
b a s e l i n e  a v a i l a b l e  was o n l y  2.7 km., t h e y  werc a b l e  t o  e a s i l y  rrleasure 
i o n o s p h e r i c  i r r e g u l a r i t i e s .  Tney founu t h e  t y p i c a l  size t o  b e  consistently 
g r e a t e r  t h a n  t h e i r  maximum b a s c l i n e ,  which  i s  I n  ag reemen t  w l t h  t h e  p r e s e n t  
s l z e  e s t i m a t e s .  T h e i r  c o n c l u s i o n s  a b o u t  t h e  g r e a t e r  p r e v a l e n c e  oL 
d i s t u r b a n c e s  d u r i n g  t h e  d a y t i m e  a r e  I n  g e n e r a l  a c c o r d  w i t h  o u r s ,  a l t h o u g h  t h e  
Uutctl k roup  d i d  n u t  p r o v i d e  i l u ~ ~ i e r i c i i ~ l  e s t i m a t e s  o  L u i f f e r e n t  l a 1  e Lec t  ron 
c o n t e n t ,  



Hoth t h e  Green bank r e s u l t s  and tile sample o f  d a t a  from t h e  V L A  show c l e a r  
ev idence  oi h o r i z o n t a l  i o n o s p h e r i c  g rac l i en t s  i n  'TLC persisting f o r  pe r io fds  of: 
s e v e r a l  h o u r s ,  w h i l e  t h e  b u t c h  group o ~ s e r v e d  p e r i o d s  ok l e s s  t h a n  f l t t y  
minutes .  The m i d - l a t i t u d e  r a d i o  i n t e r f e r o m e t e r  o b s e r v a t i o n s  c l e a r l y  a r e  n o t  
r e l a t e d  t o  t h e  i o n o s p h e r i c   win^, which 1 s  known LO have v e l o c i t i e s  O F  50-150 
k i l o m e t e r s  pe r  second ( ~ i e ~ a n  and k o o r i q u e z ,  1981;  Kino and L i v i n g s t o n ,  1982) .  
They a r e  lrrost e a s l l y  accoun ted  t o r  by Llle pheuon~enon o t  traveling i o n o s p h e r i c  
d i s t u r b a n c e s ,  o r  1 ' 1 ~ ' s .  Th i s  c l a s s  oi d i s t u r b a n c e s ,  AS p o i n t e d  o u t  by Lvans 
e t  a 1  ( 1 9 8 3 ) ,  i n c l u d e s  f l u c t u a t i o n s  w i t h  a wiue v a r i e t y  o f  p e r i o d s ,  which,  i n  
s p i t e  o r  many o b s e r v a t i o n s  w i t h  v a r i o u s  t e c h n i q u e s ,  a r e  n o t  w e l l - d e i i n e d .  

From t h e  l i tn i t e l l  o b s e r v a t i o n s  under taken  by o u r  group and t h e  D u t c h .  g roup ,  lt 

i s  p o s s i b l e  t o  make a  rough e s ~ i r u a t e  of  t h e  approxi.mate a m p l i t u d e  v s .  d i s t a n c e  
relationship o t  t t iese  rnediuui-scale i r r e g u l a r i t i e s .  Th i s  i s  shown i n  f i g u r e  
8. A s i m i l a r  g raph  t h a t  g i v e s  t y p i c a l  t iwe  s c a l e s  i s  n o t  y e t  p o s s i b l e  due t o  
i n a d e q u a t e  u a t a .  

Lonospherlc coinpensat i o n  i s  n e c e s s a r y  f o r  t h e  nlos t p r e c i s e  t ime t r a r i s k e r  and 
f requency measurements,  w i t h  a group d e l a y  accuracy  b e t t e r  t h a n  10 
nanosecunds.  A p r i o r i  niodellng 1 s  n o t  a c c u r a t e  t o  b e t t e r  than  2 5 X .  T h e  
dual - f requency compensation luethod no lds  prornise, bu t  has  n o t  been r i g o r o u s l y  
exper i ,nentaLly  t e s t e d .  L r r c g u L a r i t i e s  I n  t h e  Ionosphere  must b e  Inc luded  I n  
t h e  compensation p r o c e s s .  
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FREQUENCY, MHz 

F i g .  1 Lonospheric e f f e c t s  on g r o u p  d e l a y .  



P l g .  2. S c a t t e r  I n  ionuspherlc phase nleasurmerl ts  t o r  Green bank 
~ n t e r f e r o ~ n e t e r  f o r  t h e  month o i  ibovember, 19d3 .  uo t t ea  l l n e  [narks 
s h o r t  basellne; s o l i d  l i n e  m a r k s  long  b a s e l l n e .  ba t a  1 s  g r o u p e d  i n t o  
mor r l ing  twilight, d a y ,  eveulng t w i l i g h t  alld ~ i i g r i t .  
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Fig. 3 A11 data o f  ' i gu re  2 grouped  t o  show behavior of variancc as a 
function of t i m e  of d a y .  
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E1g. 4 Comparison o i  Green bdnk Long basellne var lance  l o r  d a y t i m e  with 
geomagnetic rrluex Ap. lvorlilallzed u n i t s  used o n  o r d i n a t e .  



Fig. 5 blfferential e l e c t r o n  corltent 'measurement a s  a iunctlon of t ime  for 
0355+308, a nlghttlme source. O b s e r v a t ~ o n s  taken during early 
Uecember, 1981. 



Fig. 6 Uiiferential electron content measurement as a iunctlon of tlirne t o r  
1749+701, a daytime source. Period o f  observations same as  Fi ,g .  5 . 
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g. 7 Sample lonospher~c measurements mdde usin$ a series o i  baselines with 
the Very Large Array, illus~rating t h e  detection o t  a n  i o n o s p h e r i c  
disturbance. Tne g r a p h  shows b o t h  non-dispersive, or tropospheric 
and dispersive or ionospheric ditierential p h a s e s .  Long vertical 
bars  mark s o u r c e  changes .  
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P i g .  8 &ipLlcude v s .  s i z e  pararrieters of  l o n o s p h e r i c  irregularities, 



QUESTIONS A N D  ANSWERS 

LARRY D ' A D D A R I O ,  NATIONAL R A D I O  ASTRONOMY OBSERVATORY: T h i s  
i n f o r m a t i o n  a b o u t  t h e  v a r i a t i o n s  b e t w e e n  s t a t i o n s  o n  r e l a t i v e l y  
s h o r t  b a s e l i n e s  w o u l d  a l s o  s u g g e s t  t h a t ,  f o r  a s i n g l e  s t a t i o n ,  
t h e r e  w o u l d  b e  a l o t  o f  v a r i a t i o n  i n  d i r e c t i o n  i f  y o u  a r e  l o o k i n g  
a t  t h e  s k y .  T h u s ,  k n o w l e d g e  o f  t h e  z e n i t h  t o t a l  e l e c t r o n  c o n t e n t  
w o u l d  n o t  b e  a  g o o d  p r e d i c t o r  o f  t h e  p a t h  d e l a y  i n  o t h e r  
d i r e c t i o n s  w h e r e  you a r e  u s u a l l y  l o o k i n g .  Is  t h a t  r i g h t ?  

M R .  KNOWLES: I w o u l d  a g r e e  w i t h  t h a t  s t a t e m e n t .  

M R .  KLOBUCHAR: I f  I c o u l d  i n t e r j e c t  a c o m m e n t  h e r e ,  t h a t ' s  
c e r t a i n l y  t r u e ,  b u t  y o u  h a v e  t o  l o o k  a t  w h a t  d e t a i l  i s  t r u e .  I f  
S t e v e  w o u l d  s h o w  t h e  l a s t  v i e w  g r a p h , . . ,  ( t h e  v i e w  g r a p h  w a s  
s h o w n  h e r e ) .  You w i l l  n o t i c e  t h a t  t h e  t w o  r e a l  p o i n t s  t h a t  y o u  
s a i d  w e r e  a c t u a l l y  o b s e r v e d ,  w e r e  d o w n  a r o u n d  t e n  t o  t h e  
f i f t e e n t h .  T h e  p o i n t  w a y  u p  a t  t h e  t o p  h e r e  a t  a r o u n d  a t h o u s a n d  
k i l o m e t e r s  a b o v e  ten  t o  t h e  s e v e n t e e n t h  i s  a c t u a l l y  a  d i f f e r e n c e  
i n  t h e  d i u r n a l  c u r v e  b e t w e e n  t w o  p o i n t s .  T h e  t o t a l  t i m e  d e l a y  
m i g h t  b e  o n  t h e  o r d e r  o f  t e n  t o  t h e  s e v e n t e e n t h ,  a n d  y o u  a r e  
s e e i n g  e f f e c t s  h e r e  on t h e  o r d e r  o f  t e n  t o  t h e  f i f t e e n t h ,  o n e  o r  
t w o  p e r c e n t .  Ten t o  t h e  s i x t e e n t h  i s  h a l f  a n a n o s e c o n d  a t  L -band ,  
s o  we a r e  t a l k i n g  a b o u t  m u c h  l e s s  t h a n  a  n a n o s e c o n d ,  d i f f e r e n -  
t i a l .  I f  t h a t ' s  a p r o b l e m  f o r  y o u r  t i m e  t r a n s f e r ,  t h e n  you  a r e  
i n  t r o u b l e ,  b e c a u s e  y o u  a l w a y s  g e t  f l u c t u a t i o n s  o f  t h i s  o r d e r .  
For  t h e  V L B I  f o l k s ,  i t  i s  a  s e r i o u s  p r o b l e m ,  a n d  S t e v e ' s  work i s  
v e r y  i m p o r t a n t  i n  t h i s  r e g a r d ,  b e c a u s e  t h i s  size o f  i r r e g u l a r i t y  
i s  o n e  t h a t  r e a l l y  h a s n ' t  b e e n  m e a s u r e d  b e f o r e .  I t  i s  v e r y  
i m p o r t a n t  t o  c o n t i n u e  t h a t  k i n d  o f  w o r k ,  b e c a u s e  t h e r e  a r e  
i r r e g u l a r i t i e s  a t  a l l  l e v e l s ,  a n d  n o  o n e  u p  u n t i l  t h i s  w o r k  h a s  
d o n e  a n y t h i n g  i n  t h a t  d i s t a n c e  r a n g e  t h a t  I am a w a r e  o f .  T h e  
D u t c h  work  a n d  t h i s  work a r e  t h e  o n l y  o n e s .  




