
IONUSPttLdlC; LlMI'l'A'I'IONS TO TIME TKANSkOK BY SATELLI'TC 

S. H. Knowles 

Naval Kesearch Laboratory 
E.O. Hulburt Center t o r  Space Kesearch 

Space Science Div i s ion ,  Ionospheric E f f e c t s  Branch 

The ionosphere can c o n t r i b u t e  a p p r e c i a b l e  group 
de lay  and pnase change t o  r a u i c  s i g n a l s  t - s v e r s i n y  
i t ;  t h i s  can c o n s t i t u t e  a  tcndamental 1imitat i .on 
t o  t n e  accL,racy o t  time and rrequerlcy measurements 
using s a t e l l i t e s .  Because of t h e  d i s p e r s i v e  na tu re  
of: t h e  ionosphere ,  t h e  amount o t  de lay  1s  s t r o n g l y  
frequency -dependent (1 / t 2 ) .  A r  t h e  1.5 Gtlz 
frequency band used i n  :he GPS systems t h e  
vertical-incidence ionospher ic  excess  de lay  i s  
t y p i c a l l y  5 nanoset onds dur ing t h e  daytime (based 
on a  t o t a l  e l e c t r o n  con ten t  o t  10l7/m2), and 
2Uk of t h a t  a t  n i g h t .  Even a t  X-band,the t o t a l  
daytime iunospher lc  delay of about 1 nanosecond 
is  enough t o  make compensation necessary  'or 
implementation o t  extremely p r e c i s e  time t r a n s f e r  
schemes such a s  the  coherent  s a t e l l i t e  l i n k  
proposed by Knowles. C a l i b r a t i o n  us ing models i s  an 
u n r e l i a b l e  procedure because of t h e  v a r i a b l e  n a t u r e  of 
t n e  ionosphere.  I t  1s  p o s s i b l e  i n  p r i n c i p l e  t o  provide 
a  s e l f - c e l i b r a t i o n  by observing a t  two f requenc ies  
s imul taneously .  While t h i s  technique has on 
occas ion proven s u c c e s s f u l  i n  reducing ionospher ic  
e r r o r s ,  a t u l l e r  unders tanding u t  t h e  under ly ing 
phenomenon i s  necessary  i n  o rde r  t o  understand 
t h e  b a s i c  l i m i t a t i o n s  i t  mandates i n  time t r a n s f e r  
techniques .  

The ionosphere i s  known t o  be highly  v a r i a b l e ,  
both i n  terms o t  l a rge - sca le  changes and i n  
terms o t  smal le r - sca le  i r r e g u l a r i t i e s .  Much 
work i n  r e c e n t  y e a r s  has  focused on 
' p a t h o l ~ y i c a l '  i r r e g u l a r i t i e s  i n  the  p o l a r  
r eg ions  and e q u a t o r i a l  region t h a t  amount t o  
v a r i a t i o n s  o t  LOX t o  s e v e r a l  hunared percent  
i n  t h e  t o t a l  e l e c t r o n  con ten t .  Kecent 
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e k t o r t s  t o  i n v e s t l g d t e  ionospher lc  d i s t u r b a n c e s  
us ing  r a d i o  astronomy i n t e r f  eroniters have shown 
t h a t  t h e  mld- la t i tude  reg ion ,  where most tlme 
t r a n s f e r  experiments take  p lace ,  a l s o  has a  
p reva len t  i r r e g u l a r l t y  d l s t r i b u t l o n .  T i l l s  worrt 
has been undertaken by our NKL group us ing  
i a t e r t e r o m e t e r s  a t  Green bank, W .  VA, and 
Magdalena, NM, and a l s o  by a  Uutch group us ing  
t h e  Westerbork in terkerometer  ( 3 ) .  l'hese 
experiments measure the  d i f f e r e n t i a l  e l e c t r o n  
con ten t  oetween two o r  inore antenna 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  the  ionospher ic  e f f e c t  
seen by a  tirric! t r a n s t e r  experiment thdn niost 
o t h e r  techniques.  Las i ly  measurable ionospher ic  
i r r e g u l a r l t l e s  ndve been seen i n  mid- la t i tude  
regions .  Our group has observed a  t y p i c a l  
d i f f e r e n t r a l  e l e c t r o n  con ten t  o t  about 1 ~ 1 5 / m 2  
over a  b a s e l i n e  of 35 km. A day-night c o r r e l a t i o n  
wlth T L C  values  i s  observeo;  tile night-t ime 
ionosphere is more i r r e g u l a r  dur ing  pe r iods  of  
nrgn geoinabnetlc activity. by combiri~ng r e s u l t s  
trom our work with t h a t  o i  the  butch group, wi-10 

used a b a s e l i n e  t h a t  was cunsruerably  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  informat ion about the  
s l z e  a l s t r l b u t i o n  o t  t h e  irregularities. The 
i r r e g u l a r i t y  amplitude i s  approximately 
proyor t londl  t o  the  b a s e l l n r  over t h e  range 
s t u d i e d ,  Only l imi ted  informat ion i s  a v a i l a b l e  
aoout ano the r  parameter of i n t e r e s t , t r l e  time 
s c a l e  d i s t r r b u t i m  9 k  t hese  i r r e g u l a r i t e s .  
Irregularities have been observea un a l l  t i n ~ e  
s c a l e <  from scconas t o  hours,  a s  i l l u s t r a t e d  by 
d a t a  samples. l n e  t y p l c a l  i r r e g u l a r l t y  i n  the  
mid- la t i tude  region i s  about 1 X  of the  t o t a l  
e l e c t r o n  con ten t .  While t h i s  i s  l e s s  than 
the  extreme v a r i a t i o n s  seen i n  p u l a r  r eg ions ,  
c a l i b r a t i o n  o t  these  anomalies must a l s o  t a k e  
place  t o  achieve f u l l  accuracy i n  time t r a n s f e r  
and i t s  a s s o c l a t e u  use f o r  p o s r t i o n  location. 

INTHODUCT ION 

The ionosphere can c o n t r i b u t e  appreciable group de lay  t o  s;gnals t r a v e r s i n g  
it. This delay depends on both the  trequency and tne  s t a t e  ok t h e  ionosphere.  
The equat ion t o r  t h e  refractive index ok t n e  Ionosphere can be expressed a s :  



where n, i s  the  e l e c t r o n  d e n s i t y  

P i e  the  e a r t h ' s  magnetic f i e l d  

0 i s  the  ang le  beLween the  wave normal ana the  magnetic t i e l a ,  
and 

K 1 ,  K2 a r e  numerical c o n s t a n t s  (Mathur 2 t  a l . ,  1 9 7 ~ ) .  

l t  ne 1s  replaced by a  t y p i c a l  Lota l  e l e c t r o n  con ten t  a lony a  v e r t i c a l  
column (TcC), an es t ima te  can be obta ined of t h e  a d d i t i o n a l  group delay due t o  
t h e  ionosphere.  Such a  curve  i s  p l o t t e d  i n  t i g u r e  1 f o r  a  t y p i c a l  daycinle 1 L C  
o t  2 X l ~ ~ ~ l l n ~ .  'lne curve  i s  f o r  a  v e r t i c a l  path aild i s  n lu l t lp l i ed  by t h e  
secan t  o t  the  z e n i t h  d i s t a n c e  of the  l ine-ot -s ight .  The dominant term froin 
equat ion (1) has a  shape inverse ly  p r o p o r t ~ o n a l  t o  frequency squared,  anu a 
t o t a l  magnitude of about 5 nanoseconds a t  t h e  Global Pos i t ion ing  bystem (c:PS) 
frequency. The t y p i c a l  night-t ime clelay i s  abuut 2% or  t h i s .  klobucnar 
(1984) d i s c u s s e s  the  l i m i t a t i o n s  i n  a t t empt ing  t o  c o r r e - t  f o r  t h e  delay w i t h  a  
s o d e l  due co t n e  v a r i a t i o n s  i n  TaC. Such a model can be expected t o  be 
accura te  t o  about + 2 5 X .  

A method o f t e n  mentioned t o r  c o r r e c t i n g  a c c u r a t e l y  f o r  the  ionospher ic  group 
6elay i s  dual-frequency measurements. because o t  the  d i s p e r s i v e  n a t u r e  of  the  
ionospher ic  d e l a y ,  measurements a t  two t r equenc ies  can be useu co aetermine 
what the  delay c0nstar.t i s  and c ,yrrect  f o r  it. I n  p r i n c i p l e  t h i s  method can 
be very a c c u r a t e ,  because i t  measures t h e  '[LC along t n e  scae  l i n e  o t  s i g h t  
t h a t  i s  t o  be used f o r  t h e  observat ion.  ~ l t h o u y h  t h e  dual-frequency method 
has been used i n  a  number o t  exper iments ,  and i s  t o  be implcn~ented f o r  G P s ,  
i t s  accuracy has not  been c r i t i c a l l y  examined. poss ib le  inaccurac ies  i n  t h i s  
mcthod inc lude  e r r o r  r n u l ~ ~ p l i c a t i o n  caused by a  i i a i t e  trequency u i r r e r e n c e ,  
and the  e f f e c t  of higher-order terms i n  equat ion (1) .  Figure 1 c o n t a i n s  an  
e s t i m a t e  o i  t h e  r e s i d u a l  ComDonent i f  ti1 s c o r r e c t i o n  is  a c c u r a t e  t o  1%. une f 
r e s i d u a l  cornponent o t  concern i s  t h e  \ /  f CUInFOlleIlK i n  equa t ion  (1).  I n l s  
component g ives  r i s e  t o  two p o s s i b l e  phase and group v e l o c i t i e s  i n  a  wave 
propagat ing rhrol~yh t u s  lonosphere.  'I'ile u i r t e r e n c e  i ~ r  v e l o c i t i e s  depencls on  
the  angle  o t  the  propagation d i r e c t i o n  t o  the  e a r t h ' s  magnetic t i e l d .  T h i s  
e f f e c t  g ives  r i s e  t o  Faraaay p o l a r i z a t i o n  r o c a t i o n ,  b u t  i t  a l s o  causes  a  
d i f t e r e n c e  i n  group delay between the  two modes. Figure 1 shows t h e  
I1 worst-case" milgnituue o t  t n l s  e l t e c t .  k n i l e  t h e  n e t  time delay chaugt caused 
i s  zero ,  a propagat ion b i t u r c a t i o n  r e s u l t s  t h a t  causes a  dua l  a r r i v a l  time 
measurement. ' In i s  cari or  d s e r l o u s  limitation on lower-srequency tiinin6 
measurements. 

When considering t h e  l i m l t a t l o n s  yroviaeu oy the  ionosphere t o  t ime t r a n s f e r  
measurements, i t  is  important  t o  cons ide r  the  complete temporal and s p a t i a l  
spectrum o r  ionospher ic  i r r e g u l a r i t i e s .  hlobuchar (1984) d i s c u s s e s  t h e  
l a rge - sca le  ( g l o b a l )  component o t  TtC v a r i a t i o n s .  kecent e x p e r i ~ u e n t a l  
in tormat ion has been sccumulatiny about med~um-6cale (lOu m - lOo0 ~ m )  
i r r e g u l a r i t i e s  i n  TEC t n a t  a r e  important  i n  c o n t r i b u t i n g  t o  time mdasureraent 
inaccurac ies .  It has been deduced t r o ~ u  in -o i tu  s a t e l l i t e  measurements t h a t  
medium-scale i r r e g u l a r i t i e s  of 1-10 Z of TEC  xis st commonly a t  a l l  t imer i n  



t a e  a r c t i c ,  and dur ing  ni&ht t ime i n  e q u a t o r r a l  r eg ions  (Szuszczewicz e t  a l ,  
1963). Although i t  has been commonly assumed t h a t  medium-scale 
i r r e g u l a r i t i e s  i n  the  "normal" m i d - l a t ~ t u d e  ionosphere a r e  i n s i g n i f i c a n t ,  
r ecen t  r e sea rch  us ing r a d i o  astronomy i n t e r t e r o m e t e r s  have shown t h a t  t h i s  is  
not t h e  case .  

In  a r a d i o  i n t e r t e r o m e t e r ,  two o r  more l a r g e  r a d i o  antennas  a r e  pointed 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 ou tpu t s  of t h e s e  antennas  a r e  combined 
coheren t ly ,  a f t e r  c o r r e c t i o n  f o r  d i t f e r e n t i a l  a e l a y ,  t o  make a Michaeison 
in te r fe romete r .  The output  o t  t h i s  in te r fe romete r  measures any source  of 
d i t f e r e n t i a l  phase delay.  Slnce  t h e  ionospnere i s  t h e  dominant d i s p e r s i v e  
e f f e c t ,  i t  is 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 r t  by 
combining measurements a t  two t r equenc ies  i n  an  a p p r o p r i a t e  manner. To t h i s  
end, the  Naval ~ b s e r v a t o r y ' s  Green bank, West Vi rg in ia  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  New Mex~co have been used t o  conduct 
preliminary i n v e s t i g a t i o n s  i n t o  the  f e a s i b i l i t y  and use fu lness  of  such a 
t o o l .  The r a d i o  i n t e r i e r o ~ n e t e r  system a t  Green bank, whose primary miss ion  i s  
t o  measure geodet ic  parameters,  observes con t imous ly  a success lon  0.t r a d i o  
sourczs  a t  quasi-random p o i n t s  n t h e  l o c a l  sky. t ~ l e p c z y n s k i  e t  a l . ,  1979). 
Simultaneous obse rva t ions  a t  2695 MHz (11.1 cm. vdvelength)  and 8085 MHz (3.7 
cm. wavelength) provide a measurement o t  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  
between the  ionospher ic  paths  o t  any of the  p o s s i b l e  antenna p a i r s .  The 
continuous a v a i l a b i l l l t y  o t  dd ta  irom t o i s  a r r a y  makes i t s  u s e  a t t r a c t i v e  f o r  
ionospheric monitoring.  A t  the  time t n e  p resen t  d a t a  was recorded,  t h e  a r r a y  
cons i s t ed  of 3 antennas o t  $5-ioot uiardeter locateci a long a 2.> k i lomete r  
t r ack  t h a t  is o r i e n t e d  a t  an azimuth of 62.05 degrees ,  and one remote s t a t i o n  
wi:h a 45-toot d iameter  antenna loca ted  about J >  KIU 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 Array, d e s c r i b e d  i n  
d e t a i l  by Thomps~n e t  a 1  (19801, i s  an a r r a y  o f  27 antennas loca ted  n e a r  
Socorro, NM, and aes ignea w i t h  maximum f l e x i b i l i t y  f o r  a v a r i e t y  of 
a s t r o p h y s i c a l  experiments.  I t s  27 antennas  a l low s i g n i f i c a n t l y  more complete 
s p a t i a l  sdmpling of ionospher ic  phase d i f r e r e n c e s  than the  Green bank a r r a y .  
The iuaximum b a s e l i n e  a v a i l a b l e  i s  approximately t h e  same a s  t h e  Green bank 
array.  

The d , - i e r e n t i a l  phase path  between two antennas  due t o  t h e  ionosphere is :  

so t h a t  the  d i f f e r e n t i a l  phase a e l a y  i s  p ropor t iona l  t o  t h e  d i f i e r e n c e  i n  
t o t a l  e l e c t r o n  con ten t  a long t h e  two p s r a l l e l  pa ths .  I n  t h e  c o n t e x t  of t h i s  
a r t i c l e ,  D.O.C. w i l l  be used t o  r e f e r  t o  t h e  exper imenta l ly  determined 
d i f f e r e n c e  i n  ionospher ic  path  l eng th  a s  between t h e  l o c a t i o n s  o t  d i f f e r e n t  
antennas. It may be due t o  a number of d i f f e r e n t  mechanisms; e.g., 
ionospheric g r a d i e n t s  (Komesaroff, 146U), i r r e g u l a r i t i e s ,  d i u r n a l  e f f e c t 8  on 
TEC, e t c .  This q u a n t i t y  g 2 n e  d l  -.fine d l )  w i l l  nencefor th  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  content  = b.b.C. Converting from measurcrnent u n i t e  o f  
delay t o  u n i t s  o t  phase, a  power of trequency i s  cance l l ed ,  s o  t h a t :  



where K 2 r h l  - 
C 

a n d A g l  i s  t h e  measured phase change due t o  t h e  ionosphere .  

Another impor t an t  parameter  t o  c o n s i d e r  is t h e  e f t e c t i v e  area i n t e r c e p t e d  by 
each  an tenna  primary beam a s  i t  t r a n s i t s  t h e  ionosphe re ,  a s  w e l l  as t h e  
o v e r l a p  between beams. The d i t f e r e n t i a l  phase e f t e c t s  on a n  i n t e r f e r o m e t e r  
from t h e  ionosphere  a r e  d e s c r i b e u  by a  s p e c i a l  c a s e  o t  s c i n t i l l a t i 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 expec t  t h in - sc reen  
d i f f r a c t i o n  t h e o r y  t o  s e r v e  as a b a s i s .  This  t ype  o t  t h e o r y  i s  complex and 
has  Seen d i s c u s s e d  by a  number o f  a u t h o r s  (Crane,  1977; Kufenach, 19751, 
a l t hough  r e l a t i v e l y  few (Whale and Gard ine r ,  1966) d i s c u s s  the expec ted  pnase 
p e r t u r b a t i o n s .  While i t  i s  beyond t h e  scope  o t  t h i s  a r t i c l e  t o  devc lop  a 
complete t h e o r y  t o r  t h i s  phenomenon, t h e  b a s i c  remark can  be made t n a t  i f  t h e  
two antenna  beaus 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  be f u l l y  
developed,  w h i l e  f o r  beams t h a t  l a r g e l y  o v e r l a p  t h e  phase f i u c t 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 an tennas  o f  t h e  VLA, i t  i s  p o s s i b l e  t o  do  a 
more complete r e c o n s t r u c t i o n  of  t h e  ionosphere .  l f  t h e  an tenna  D e a m s  do  n o t  
i n t e r s e c t  whi le  p a s s i n g  tnrough t h e  ionosphe re ,  27  indepenaent  p o i n t s  i n  t h e  
ionospne re ,  l o c a t e d  a l o n g  a Y-con t igu ra t ion  a t  d i s t a n c e s  from e a c h  o t h e r  o f  up  
t o  35 km, w i l l  b e  sampled by t h e  VLH. 

The 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  measured by a n  i n t e r i e r o m e t e r  p a i r  is  a  sum 
of t h e  t r u e  d i f f e r e n c e  i n  t h e  f r e e  e l e c t r g n  d e n s i t y  between t h e  p a t h s  ove r  
each  an tenna ,  and a  second o r d e r  d i f f e r e n c e  i n  between t h e  p a t h s  o v e r  each  
an tenna ,  and a  second o r d e r  d i r f e r e n c e  i n  t h e  p a t h  l e n g t h  caused  by t h e  
c u r v a t u r e  of t h e  e a r t h .  Tile formula  f o r  t h e  c u r v a t u r e  e f t e c t  may be shown t o  
be i n  phase u n i t s  

a&= 4.85 x lbl' (TEC) . 
f s i n  8 

where el, e2 a r e  t h e  e l e v a t i o n  01 t h e  s o u r c e  a t  each  antenna, t i s  t h e  
t requency i n  MHz, a n d A 4  is t h e  d i f t e r e n t i a l  phase I n  u n i t s  of  deg rees .  The 
d i f f e r e n c e  ( l / s i n e 2  - l / s i n e l )  can  be e i t h e r  o r  n e g a t i v e ,  
depending on t h e  sou rce  geometry, but  is  always less than  d / r  where d is  t h e  
d i s t a n c e  between afi tennas,  and r is  t h e  e a r t h ' s  r a d l u s .  b i n c e  t h i s  is  a 
r e f r a c t i o n  e f t e c t  due t o  t h e  s p h e r i c i t y  of t n e  e a r t h ,  i t  does  n o t  depend on 
t h e  h e l g h t  of  t h e  e l e c t r o n  l a y e r s  doing  t h e  r e r r a c t i n g .  I h e  t o t a l  measured 
d i t t e r e n t i a l  e l e c t r o n  c o q t e n t  is t h u s  t h e  sum o t  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  due  t o  v a r i a t i o n s  i n  t o t a l  e l e c t r o n  c o n t e n t  between t h e  two 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 v  o t  t h e  e a r t h .  

For t h e  b a s e i i n e s  used i n  o u r  d a t a  sample,  both  e k f e c t s  a r e  o f  comparable 
magnitude and must be cons ide red .  To measure t h e  i r r e g u l a r i t y  component, t h e  



other must be subtracted. In order to do this, some estimate must be made ot 
the TEC. 1n analyzing the Green Bank data TEC values obtained trom satellite 
Yaraday rotation data by the air Yorce Global Weather Control (l9bl) were used 
for this purpose. Values obtained at Sagareore Hill, MA were used as the 
closest approximation avai~able to the Green Bank, WV site. A time correction 
was made in the TCC data to compensate for the difference in longitude. In 
orcer to simplify the date anaiyses only phases trom two baselines, one of 35 
km and one of 1.5 km, were considered. Data taken with the U.b.N.U.'s 
Greenbank interteroueter during November 198.3 together witn smaller samples 
from 1980-81, was analyzed ta isolate xonospheric ettects. lhe periods 
include a wide range of geomagnetic activity. 

Figure 2 shows the estimates of variance of estimates of k far the long and 
short Green bank ~aseline tor the month ot November 1983. Data has been 
grouped inta periods oi morning twilight, day, evening twilight, and night to 
emphasize diurnal effects. Occasional data points have been bridged. Both 
the higher absolute value of the variance on the long baseline and its 
increased variability are evident. gigure 3 shows a weighted average of the 
variance £01 the four time periods tor the entire month. The day variance for 
the long baseline is clearly greater during the daytime, while this eftect is 
not present for the short baseline. An obvious interpretation ot this is that 
D.E.C. 's of 5xl014lm are consistently present during the daytime over a 
35 km baseline, while irregularities over a 1.5 km baseline are consistently 
less than l=5x1014/m 2.  The phase OF the etfect agrees wath that of TLC 
measurements, which is normally four times higher during daylight hours. 
Although the constant portion of the long baseline variance may be due to the 
ionosphere, it is more reasonable to ascribe this to equipment effects. 

Althougn the variance correlates well with the diurnal TGC eitect, it would be 
expected to correlate more directly with an index that would predict 
irregularities in the ionosphere. In Figure 4 the daytime long baseline 
variance is plottea on tne same graph as the geomagnetic index A,,. A 
general correl?tion is evident. No noticeable correlation of the daytime 
variance with the daytime maximum TCL was evident. This is an indication that 
irregularities are being measured, rather than some difterential of the normai 
daily gradient. 

Another method ot displaying tne results of the experiment is to follow the 
tracks of one or more sources and compare the measured differential 
ionospheric eftect with that predicted trom independent total electron content 
data. This is done in Figures 5 and 6 for the radio source 0355+508, which 
was observed at night, and tne radio source 1749+701, which was o~served 
during the day. Also plotted on these tigures is the difterential path length 
ionospheric effect predicted from the total electron content data. The data 
from the nighttime source is seeti to be generally smocther, although variable 
.rom night to night. That from the daytime source always, and that from the 
nighttime source sometimes, has fluctuations of 1-2x10~5 in dif fbrential 
electron content. The data is too sparsely sampled to enable a detailed 
Fourier analysis of the time scale of the fluctuations, but it appcars that a 
typicai time scale is of the order of 1-2 haurs. For the baseline of 35 km, 
the observed 1-2 hour time scale means that tne ionospheric irregularities 



observed a r e  t y p i c a l l y  e i t h e r  changing wi th  t h a t  t i m e  s c a l e  o r  moving w i t h  a  
v e l o c i t y  of a t  l e a s t  20 km/hr (7mIsec) w i t h  r e s p e c t  t o  t h e  e a r t h ' s  s u r f a c e .  
Thls e s t ima ted  speed is much lower than c u r r e n t l y  accepted va lues  t o r  t h e  
ionospher ic  s u p e r r o t a t i o n  r a t e  o t  5U-150 mlsec. 

A sample d e t e c t i o n  of an  ionospher ic  i r r e g u l a r i t y  us ing  t h e  VLA i s  shown i n  
Figure  7. A method s i m i l a r  t o  t n a t  desc r ibed  above has been used t o  s e p a r a t e  
phase excurs ions  a t  f r equenc ies  of  1.4 CHz and 5  GHz i n t o  d i s p e r s i v e ,  o r  
ionospher ic ,  and non-dispersive,  or  t ropospher ic  terms. The u a t a  shown 
inc ludes  spacings  of  17 km., 9 km., 3 km., and 0.4 km., d u r i n g  a per iod of 24 
hours  beginning a t  08  hours l o c a l  t ime on 21 January 1979. The f i g u r e  snows 
observed phase i n  u n i t s  of degrees  a t  1.4 bhz (100 degrees  = 2 . 5 ~ 1 0 1 5  
D.C.C.). During this per iod ,  t h e  source  1311+b78, which i s  c i rcumpolar ,  was 
observea u n t i l  about 14.7 hours  l o c a l  t ime; then  source  0552+393 was observed 
u n t i l  the  t i r s t  source  was aga in  v i s i b l e  a t  about 0.7 hours. Source-change 
t imes a r e  indicated by t h e  long,  v e r t l c a l  b a r s  extending through t h e  f i g u r e .  

The deep p r o t r u s i o n  in  t h e  17 km. and 9 km. ionospher ic  o u t p u t s  may be 
i n t e r p r e t e d  a s  a  g r a d i e n t  i n  TLC which l a s t e d  f o r  a  d u r a t i o n  o r  about 7  hours ,  
wi th  a  mean epoch of about ? O  heirs iacai time. Its apparen t  i n t e n s i t y  is 
magnit ied by t h e  f a c t  t h a t  t h e  obse rva t ions  a t  t h a t  time were low Ln t h e  sky. 
A t t e r  c o r r e c t i n g  f o r  a s e c a n t  e f f e c t  m u l t i p l i c a t i o n  o t  about 3 ,  an 
i r r e g u l a r i t y  uf bx1014 i n  u.E.C. i s  i n d i c a t e a ;  t h i s  is c o n s i s t e n t  wl th  t h e  
Green bank r e s u l t s  . 
The 9 km spac ing  i s  g e n e r a l l y  s i m i l a r  t o  t h e  1 7  kin spacing,  but  i s  decreased 
i n  amplitude by about  50Y, as would be expected f o r  a n  ionospher ic  g r a d i e n t .  
Thus, t h e  t o t a l  D.E.C. may be l a r g e r  depending on t h e  s i z e  ok t h e  
i r r e g u l a r i t v .  A cons i s t ency  check i s  provided by the  t ropospher ic  o u t p u t ,  
which shows no s i g n i f i c a n t  change dur ing  t h i s  per iod.  

u ISCUsS ION 

The r a d i o  astronomy technique,  can measure lonospher ic  s t r u c t u r e  on a  v a r i e t y  
of s c a l e s ,  and provides  a  measure of an e f f e c t  r n t e g r a t e d  through the  
ionosphere,  r a t h e r  than t h e  marglnal  e l e c t r o n  con ten t  seasurement made by 
e i t h e r  bottomside o r  t o p s i d e  ( k e i n i s c h  and Xuegin, 1982) sounders.  IJuring t h e  
o b s e r v a t i o n a l  pe r ious  desc r ibed  h e r e ,  i r r e g u l a r i t i e s  ok t h e  o r d e r  of  from 
2x1014 t o  2 .5~1015  i n  d i k f e r e n t i a l  e l e c t r o n  con ten t  were observed. Th i s  
asounts  t o  about 0.5 t o  5  Y o t  the  measured TEC, and i n d i c a t e s  t h e  f requen t  
presence o t  s i g n i t i c a n t  i r r e g u l a r  s t r u c t u r e  i n  t h e  ionosphere on t h l s  s c a l e .  

A butch group ( ~ p o e l s t r a  and Kelder,  1984) have r e c e n t l y  used t h e  Westerbork 
in terkerometer  t o  measure ionospher ic  d i s tu rbances .  s l though  t h e i r  longes t  
b a s e l i n e  a v a i l a b l e  was only 2.7 km., they were a b l e  t o  e a s i l y  measure 
ionospher ic  i r r e g u l a r i t i e s .  They found t h e  t y p i c a l  s i z e  t o  be c o n s i s t e n t l y  
g r e a t e r  than t h e i r  maximum b a s e l i n e ,  which i s  i n  agreement wl th  t h e  p r e s e n t  
s i z e  es t ima tes .  Their  conc lus ions  about t h e  g r e a t e r  prevalence  o t  
d i s tu rbances  dur ing  t h e  daytime a r e  i n  g e n e r a l  accord wi th  o u r s ,  a l though t h e  
uutch kroup d i d  n o t  provide  numerical  e s t i m a t e s  o t  a i f f e r e n t i a l  e l e c t r o n  
con ten t .  



Botn the Green Bank results and the sample of data from the VLA show clear 
evidence of horizontal ionospheric gradients in TEC persisting ror periods of 
several hours, while the butch group o~served periods of less than fikty 
minutes. Thz mid-latitude radio interterometer observations clearly are not 
related to the ionospheric wind, which is known to have velocities of 50-150 
kilometers per second (kegan and hodriquez, 1981; Kino and Livingston, 1982). 
They are most easily accounted for by tne pheuomenon ot traveling ionospheric 
disturbances, or 'LID'S. This class of disturbances, as pointed out by Ovans 
et a1 (1383), includes fluctuations with a wiue variety of periods, which, in 
spite 01 many observations with various techniques, are not well-defined. 

From the limited observations undertaken by our group and the Dutch. group, it 
is possible to make a rough estimate of the approximate amplitude vs. distance 
relationship ot these medium-scale lrregularities. This is shown in flgure 
8. A similar graph that gives typical time scales is not yet possible due to 
inadeq~ate aata. 

6 Ionospheric compensation is necessary kor the most precise time transfer and 
frequency measurements, with a group delay accuracy better than 10 

I nanoseconds. A priori modeling is not accurate to better than 9 5 % .  The 
dual-frequency conpensation method nolds promise, but has not been rigorously 
experimentally tested. lrregularities In the ionosphere must be included in 

.I the compensat ion process. 
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Fig. 1 Ionospheric effects on group delay. 
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Fig. 2. Scatter in ionospheric phase measurments for Green bank ! 

interferometer for the month ot November, 1983. uottea line marks ; 
! 

short baseline; solid line marks long baseline. Data is grouped into 
morning twilight, day, evening twilight and night. , 
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Fig. 3 All data of Figure 2 grouped to show behavior of variance as a 
function of time of day. 
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Fig. 4 Comparison ot Green bank Long baseline vari.ance tor daytime with 
geomagnetic inacx . hormalized units used on ordinate. 
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Pig. 5 Uifferential  electron content measurement a s  a function of time for 
0355+3U8, a nightf lue source. Ubservations taken auring early 
December, 1981. 



Fig. 6 , Diiferential electron content measurement as a function of time tor 
1749+701, a daytime source. Period ot observations same as Fig. 5 
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Fig. 7 Sample ionospheric measurements made using a series of baselines with 
the Very Large Array, illustrating the detection ot an ionospheric 
disturbance. Tne graph shows both non-dispersive, or tropoephcric 
and dispersive or ionospheric differential phases. Long vertical 
bars mark source changes. 
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Fig. 8 Amplitude ve.  size parameters of lonospheric irregularities. 



QUESTIONS A N D  ANSWERS 

L A R R Y  D ' A D D A R I O ,  NATIONAL R A D I O  ASTRONOMY OBSERVATORY: T h i s  
1 n f o r m a t i : 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  on r e l a t i v e l y  
s h o r t  b a s e l i n e s  would  a l s o  s u q 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  if' you a r e  l o o k i n g  
a t  t h e  s k y .  Thu3, knowledge 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  where 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 would a g r e e  w i t h  t h a t  s t a t e m e n t .  

M R .  K L O B U C H A R :  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  you 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 ,  If 
S t e v e  w o u l d  s h o w  t h e  1 s t  v i e w  g r a p h  .... ( t h e  v i e w  g r a p h  was  
shown 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 c i n t s  t h a t  yoic 
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~ t h e  
f i f t e e n t h .  The p o i n t  way up a t  t h e  t o p  h e r e  a t  ai.oi;cd a  thousand  
k i l o m e t e r s  above  t e n  t o  t h e  s e v e n t e e n t h  is  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 .  The  t o t a l  t i m e  d e l a y  
m i g h t  b e  on 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  you a r e  
s e e i n g  e f f e c n 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 ,  one  o r  
two 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 nanosecond a t  L-band, 
s o  we a r e  t a l k i n g  a b o u t  much l e s s  t h a n  a  ~ ~ 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 ime 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  you a l w a y s  g e t  f 1 u c f ; 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 ,  and S t e v e ' s  work is 
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  s i z e  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 ,  and  no o n e  u p  u n t i l  t h i s  work 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 .  The  
Dutch work and t h i s  work a r e  t h e  o n l y  o n e s .  




