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.ZB ST RAC I' 

Sudden phase  anornalics (SPAt s )  were i n v e s t i g a t e d  
hy d a t a  ohta l l led  from t h e  r e c e p t i o n  of N L K  d u r i n g  
25 months from ~ \ u g u s t  1970 t o  Deccrr~ber 1973 w i t h  
t] lc p o i n t  of view of a s s o c i a t i n g  SPA'S 1 v i t E 1  geo- 
i~ iagne t ic  s to rms .  IVe w i l l  express  t h e  amount of 
SPA by a  phase  deviation w i t h  r c s p c c t  t o  a rrionth- 
l y  mean value and u s e  t h e  h o r i z o n t a l  component of 
geomagnet ism obsorved a t  P4emanbet su (Japan) 'to- 
g e t h e r  w i t h  t h e  ,\p-indcx pub11 shed r e g u l a r l y  i n  
t h e  J.  Geophys. Res. a s  an index o f  intensity o f  
a geoniagrlctic stoz'i;~. The r e s u l t s  ob ta ined  f o r  
~ l o c t u r n a l  p e r i o d s  32: i iudla t  i t ~ ~ d e s  <ire:  
a)  Phase of t h e  NLk rvnve is cldvanced by 10 is i n  
t h e  c a s e  o f  moderate ly  l a r g e  storllls ( i . e .  around 
7 0  Y) - 
b) Phase chrtrigc occurs  2 hours  l a t e r  than  t h e  main 
phase  of a geomagnetic s torm and c o n t i n u e s  f o r  
about 2 days ,  b u t  a weak e f f e c t  cont int lcs  f o r  about 
5 days.  

SPA'S a r e  observed a t  noon when t h e  s o l a r  z e n i t h  
ang le  i s  about 70" and  ohserveti a l s o  dur ing  ex t remly  
l a r g e  s torm p e r i o d s  even wi th  x s o l a r  z e n i t h  a n g l e  
of 30" .  

INTRODUCT I O N  

P r e c i s e  t i m e  comparisons a r e  a t t a i n e d  wi th  d s t a b i l i t y  of t h e  o r d e r  of 
0 . 1  microseconds by u s i n g  t l lc Loran-C system w i t h i n  t h e  ground wave 
r e g i o n ,  But t h i s  a r e a  is l i m i t e d  t o  t h e  r e s t r i c t e d  r e g i o n  o f  t h e  nor-  
t h e r n  hemisphere.  The VLT n a v i g a t i o n  system m d  e s p e c i a l l y  Omega is  
e f f e c t i v e  f o r  g l o b a l  frequericy c a l i b r a t i o n  o r  f o r  n a v i g a t i o n  purposes .  
But VLF s i g n a l s  which a r e  r e c e i v e d  d u r i n g  n o c t u r n a l  p e r i o d s  show f7.e- 
quent  phase  f l u c t u a t l o r l s  by as  nuch as 8 ~ i i c r o s c c o n d s  and t h o s e  f l u c t u a -  
t i o n s  correspond t o  n p o s i t i o n  e r r o r  o f  ]:lore t h a n  one n a u t i c a l  mi le .  VI,T 
s i g n a l s  which propaga te  f o r  a long d i s t a n c e  are exp la ined  by t h e  wave 
guide mode t h e o r y  [I], and t h e  r e f l e c t i o n  h e i g h t  i n  dayt imc may be 
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arouned 70 km ( e l e c t r o n  d e n s i t y  may be 300 ~ r n - ~ )  [ Z ] ,  A r e f l e c t i o n  
he ight  of 85 km a t  n igh t  can be assumed from t h e  r e f l e c t i o n  he ight  i n  
daytime and by amounts of d i u r n a l  phase v a r i a t i o n s .  This he ight  cor- 
responds t o  t h e  upper D-region. Elec t ron  d e n s i t y  i n  t h e  D-region i s  
s t r o n g l y  d i s tu rbed  by t h e  r a d i a t i o n  of e lec t romagnet ic  waves and high 
energy p a r t i c l e s  from t h e  Sun. In daytime, e l e c t r o n  d e n s i t y  i nc rease  
i s  caused by sudden enhancement of  X-ray f luxes  whose wave length  i s  
l e s s  than  8 Angstroms during t h e  s o l a r  f l a r e  per iods .  In  n i g h t  t ime, 
t h e  f l u x  of Lyman-a which is t h e  main i o n i z a t i o n  source i n  t h e  D-region 
extxemly decreases ,  then  t h e  i o n i z a t i o n  by p r e c i p i t a t i o n s  of  high ener- 
gy p a r t i c l e s  i s  e f f e c t i v e .  The marked i o n i z a t i o n  by high energy p a r t i -  
c l e s  i s  observed i n  t h e  p o l a r  cap region.  Also i n  t he  mid la t i t ude  re -  
gion, t h e  p o s s i b i l i t y  of i o n i z a t i o n  by p r e c i p i t a t i o n s  of high energy 
p a r t i c l e s  has  been discussed i n  a s soc i a t ion  with geomagnetic storms. 
But t h e r e  i s  no a s s o c i a t i o n  between t h i s  phenomena and Po la r  Cap Ab- 
so rp t ion  (PCA) events .  About h a l f  of the propagat ion pa th  (7300 km) 
from t h e  N L K  t r a n s m i t t e r  (Jim Creek, Washington, USA, geographic coor- 
d ina t e s ,  121°35'W, 4S005'N, geomagnetic l a t i t u d e  54"N) t o  Mizusawa 
(geographic coord ina tes ,  1 4 1 ° 0 8 ' ~ ,  39'08 ' N ,  geomagnetic l a t i t u d e  29"N) 
goes near  t h e  p o l a r  cap reg ion  and SPA'S (Sudden Phase Anomalies) a r e  
of ten  observed during geomagnetic storms. The a s soc i a t ion  of t h e  
SPA'S of t h e  NLK (18.6 KHz) r a d i o  s i g n a l  a t  Mizusawa with geomagnetic 
storms i s  examined i n  t h i s  r epo r t .  

SPA' S DURING NOCTURNAL PEKIODS 

Cesium frequency s tandards  a r e  equipped a t  both r ece iv ing  s i t e  and 
t r a n s m i t t i n g  s i t e  but  s l i g h t  frequency d i f f e rences  were observed and a 
cons tan t  frequency o f f - se t  was removed by us ing  t h e  daytime da t a .  Twcn- 
t y  four  month's d a t a  were obtained dur ing  t h e  per iods  of August 1970 t o  
J u l y  1971, September 1971 t o  October 1971, Apr i l  1972 t o  October 1972, 
and August 1973 t o  December 1973. We w i l l  express  the amount of SPA by 
dev ia t ion  of  phase with r e spec t  t o  a monthly mean value and w i l l  ex- 
c lude  s t r o n g l y  d is turbed  days. A nega t ive  s i g n  means t h e  phase of  t h e  
rece ived  s i g n a l  i s  advanced. Phase d a t a  were taken with a Tracor  Plodel 
599E VLF Tracking Receiver evcry 15 minutes t o  a r e s o l u t i o n  of 0.1 m i -  
croseconds but  t h e r e  could be an instrument  e r r o r  of 0.5 microseconds. 
Standard dev ia t ions  of  a s i n g l e  observat ion a r e  20.5 microseconds f o r  
t h e  b e s t  condi t ion  ( i . e .  i n  t h e  daytime i n  summer) and a r e  +8 microsec- 
onds i n  the  n igh t  t ime. Ca l ib ra t ions  of  t h e  r ece iv ing  system are madc 
monthly by suppl ing a synthesized s igna l  t o  t h e  loop antenna. Data of 
geomagnetism a t  t h e  Memanbetsu Magnetic Observatory, Japan were used. 
Associat ions of SPA1 s with geomagnetic d i s turbances  were examined when 
d is turbances  of t h e  ho r i zon ta l  component were g r e a t e r  than  100 gammas. 
Belrose and Thomas [3] c a l l e d  t h e  SID (Sudden Ionospheric  Disturbance) 
which accompanied t h e  main phase of geomagnetic storm, t h e  'primary 
storm e f f c c t '  and t h e  one which begins t h r e e  o r  fou r  days a f t e r  t h e  on- 
s e t  of storms and cont inues f o r  s eve ra l  days, t h e  ' s torm a f t e r - e f f e c t 1 .  





Table I - c) 

Neither  'Primary Storm Effect1 nor  
Storm Af ter  E f fec t  ' was observed 

f o r  t h e s e  Magnetic Storms. 

Time of s s c  Deviation of ' Primary 'Storm 
I-I-component storm e f f e c t  ' a f t e r  e f f e c t '  

Ycar Month Day Hour 
(U.T.) 

1970 11 18 1225' 
1971 4 3 2139 

5 17 0629 
9 24 1430 

1972 5 15 1849 
1973 10 16 0520 

11 24 10.7 

14 1 Day time ? 
102 ? No 
112 ? ? 
119 ? ? 
187 No No 
101 ? ? 
109 No ? 

a)  The case  of t h e  PSE's and SAE's which a r e  de tec ted  i n  t he  NLK s igna l  
a t  Mizusawa i s  t abu la t ed  i n  Table I - a) .  

Fig. 1-The s o l i d  l i n e  shows an anomalous phase change 
of NLK a t  Mizusawa on 14 December, 1970. The do t t ed  
l i n e  shows hourly mean value of t he  geomagnetic hor i -  
zonta l  component. A l l  t h e  propagat ion pa th  i s  day 
time f o r  22h t o  Oh U.T. and n i g h t  t ime f o r  10h t o  15h 
IJ.T,. The remaining per iods  conta in  t h e  t r a n s i t i o n  

region.  

These e i g h t  storms arc moderately l a r g e  and bay l i k e  p a t t e r n s  a r e  easy 
t o  d i s t i n g u i s h  such as  t h e  example shown i n  F ig .  1. Correspondences of  
decrease of t h e  ho r i zon ta l  component i n  advance of t h e  received s igna l  
can be c l e a r l y  scen from Fig .  1. An avcragcd correspondence i s  depic- 
t e d  i n  Fig.  2 f o r  storms of 17 August, 7 November, 21 November, and 
14 December, 1970 which a r c  s i m i l a r  i n  bay l i k e  p a t t e r n s .  In t h i s  case  
epochs of each storm were f ixed t o  coincide i n  t h e  main phase. 
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F ig .  2-The d o t t e d  1 i . n~ .  s h o ~ \ s  the geo~nagrlct ic hori  - 
zorltal conqlonent: 3~'cx-aged f o r  f o u r  events -i.n 1971). 
The s o l i d  l i n e  sholis the 1'01-rcspond.ing phase  change 

of N I , K  s i g n a l  a.t hl- i  zusa.wa. 

Tlle f e a t u r e  of PSE of lrTjF r a d i o  lsnvus h.l-lich p ropaga te  i n  t h e  
i n i d l a t i t u d e  i n  n i g h t  t ime shoais 11s t h a t  t h e  phase  o f  LTLl' s i g n a l  ad-  
vances a f t e r  two hours  o f  a ~ n ~ t i r l  pllasc of  ;-I starm by t h c  arrjou~lt. 01' 8 
m i c ~ o s c c o n d s  f o r  a decrcnsc  3t: 70 galnlnas 01.- t h e  hour ly  nican h o r i z o n t a l  
component. .An example o f  SAli is shoi$n in r i g .  3 f o r  t h e  s torm of  14  
December, 1970. 

F i g .  3-Thc s o l i d  l i n e  shows monthly Incan v a l ~ x c  o f  t h e  cl iurnal  
phase changc. Thc d o t t e d  l i n e  shows day-to-day phasc  v a r i a t i o n  
a s s o c i a t e d  with t h e  georr~agnotic s to rm of  14 Deccrnber, 1970 (main 
phase  i s  arourlcl bh U . ' l ' . ) .  h large phase advax~cc continued 
f o r  two days  and t h e  smal l  e f fec t  cont inued f o r  four  clays. 



The sudden commencement of t h e  magnetic storm Cssc] was a t  0154 I1.T. on 
14  December, 1970 and 4 hours l a t e r  a main phase began and SAE occured 
on 15 and 16 December which was g r e a t e r  than PSE. To s ee  how long t h e  
SAE p e r s i s t s ,  t h e  superposed Ap-index and SPA'S a r e  shown toge the r  i n  
Fig .  4 f o r  t he  same storms as  shown i n  Fig.  2.  I t  has been s a i d  t h a t  
SM p e r s i s t s  f o r  10 days o r  more f o r  l a rge  storms 133, bu t  it may be 
sa id  t h a t  a l a rge  e f f ec t  cont inues f o r  2 days and a s m a l l  e f f e c t  f o r  5 
days i n  our case. 

Fig .  4-The s o l i d  l i n e  shows t h e  day-to-day 
v a r i a t i o n s  i n  t hc  mean phase of NLK a t  
Mizusawa and corresponding mean geomagnet- 
i c  d i s tu rbances  a r e  represented  by t h e  Ap- 

index (dot ted l i n e ) .  

b) SAEts a r e  de tec ted  but PSEts a r e  not observed i n  t h e s e  cases, which 
a r e  t abu la t ed  i n  Table 1 - b) . In  t h i s  t a b l e  t h e  9 examples a r c  i n -  
cluded as SPA'S which can not  be d i s t i ngu i shed  from abnormal ioniza-  
t i o n s  aroused by an X-ray b u r s t .  Examples shown a r e  cascs  of no SPA 
e f f e c t ,  because t h c  geomagnetic d i s turbanccs  occurcd i n  day time and 
cases  i n  which we can not  say t h a t  storms caused obvious SPA'S even i n  
n ight t ime.  Berlos; ,and Thomas s~lrnmarize t h e  subject: of tllc SAE by 
not ing  that t he  g r e a t e s t  i nc reases  i n  i on iza t ion  occurs  2 - 4 days 
; ~ f t e r  t h e  time of rnaxir~~um maglietic dis turbat lce 131. I11 our  case, it 
may bc s a i d  from Figs.  3 and 4 t h a t  t h e  timc lag of t he  SAE i s  one day. 

c) In t a b l e  1 - c) 7 storms a r e  shown which do not  cause e i t h e r  PSE or  
A .  Thcse storms werc not  so l a rge  except f o r  t he  one which occured 
on 15 May 1972. 



SPA'S IN DAYTlME 

I t  niay be s a i d  t h a t  t h e  anorualous i o n i z a t i o n  cllnnges i n  t h e  D-regi.on 
a s s o c i a t e d  wi th  geornag11et:i.c s torms a r c  n o t  s i g n  i.f i c a n t  i n  d a y t i n ~ e .  And 
storrn a f t c t .  e f f e c t  has  becrl obsel-ved only ill t h e  m.1:. absorp t - ion  d a t a  
i n  dayt ime.  On o u r  NI,K - >lizusa\ia p~.opagatkon p a t h ,  SPA'S wel-e obse-r-v- 
ed 3 t imes  i n  c1ayti.m~. T\io S P i i l s  \$,ere d e t e c t e d  on 14 Deccmbcr and on 
2 1  November i n  t h c  w i n t e r  o f  1970 *,he-re so la:^‘ z e n i t h  a n g l e s  were bc- 
tween 60' and n e a ~  80" and t h c y  \ i c r c  p r e t t y  l a r g e  even ra t  noon. An cx- 
amplc o f  anomalous phase  advance ca.n bc  s e e n  i n  F ig .  3 ,  where dayt ime 
;]lean p h a x  advances were 13 ps  ;md 4 p s  f o r  s torr r~s  of 14 L)eccnlber and 
21 Novcrr~ber, 1070 r e s p c c t i v e l ~ ~ .  -2nothcr SPA \ ixs observed on 4, August ,  
1972 when tlle solar ccn i l l l  ~ u l g l c  \(as smal l  but  t h i s  storrn was cxcep- 
t i o n a l l y  l a r g e  and cuusecl a phase  advancc  uf 5 -!!s aver:igetl d u r i n g  t h c  
daytime p e r i o d  from 1';)30 ll.'i'. t o  0.300 1J.I ' .  . .\I: X-1-ay b r~rs t :  rsas observ-  
ed on t.t  , \ug~.ist. by t l lc  SI)LARI)lI~-Iisplorer4-'1 h i t  tl-lc ' i -yay f l u s  o f  1 t o  S 
Angstroms ctilrned clown h?, 18011 !I. 1 ' .  o f  t l lc  same clay. So t h e  SPll inay not. 
inc ludc  i o n i  z a t  in11 X-ray -rail i a t i o n .  

Using 1.1. a b s o r p t i o n  Lrwter  and Knuth i n ~ , e s t i , g a t c i l  tilt s t o r ~ l l  n f t e r - c f -  
f e c t  which i.s t h e  main f e a t u r e  (01' t h e  Ti rcgior: a t  1nic1lat-i~-udes [ d l .  
They made c l e a r  t h a t  t h e  S ~ O T I ! I  : ~ f t c r - c f  f e c t  i :; nl>se:r.~-cd 1na.in1g a f t e r  
s torms wi th  Ap>GO. In  our  C ~ S C ,  ilowevtlr, .t tltl s torln a f t o r - e f f e c t  \i:ls 
obscrved a f t e r  s t o r i ~ l s  l i i t h  .\p-50. This  fa.ct  [ , l ight  be cluc to t l lc  :musil- 
3.1 p ropaga t  i o n  pat11 \ ihich f o l  1 O\ i? ,  t i le  p r c c  i pit n t  i . c x  r eg  i on f o r  about 
3001) krr~ ;ulcl a l s o  m i  gllt be duc ti: t h c  rr~eti!od of p l ~ n s ?  i:omparison i;l-1icl1 
i s  sensi-t  i1.e t o  ion-iz; ' itioll c!i:in;cj, 

In  accordance \iittl tilt. p o s i r  i or: o f  - the  radiri t- ion t)c:l t ovcsh Europe, 
1 ,autcr  and Knutll found t h a t   hex.^. i s  a ..;tm!lg c le i rease  i n  nuinbcr and 
i r l t c n s i t y  of a b s o ~ ~ p t f ~ l !  ~ f i ' e c t s  \<it!: . l ; ~ t , i t i ~ ( l ~  < ~ i i t l :  i1f' 5.5'5. The storm 
a f t e r - e f f e c t  n ~ i g h t  bc :ir.u[iscd I t :  r!le reglor1 geo1:?;1gi-zetic l a t i t ~ l d e ~  o f  
5S0N i n  which t h y  NLI ;  - l i ; : l sa \ in  , : i r c u i t  i s  i::i1-all:l t o  tho goomagnetic. 
L s h c l l  3 a t  L O O  k ~ n  al:i2:11tle. I+ ;"lay bc :nxiie L,ic-al, ,  ?lo\be1,e-1', \ i h i ~ t , !  
r e g i o n  a f f c c t s  t i le  S1':I by i ~ ~ i l l ~ i l ~ ' i l ~ <  C ; ~ S C S  I L ~ ~ C L ' C  t h e  r.cg.ion i n  iluestiol-i 
i.s e i t h e r  i n  i1a.y tiinc irr ; l ight  t i x e  wlien t!ie :::lin p1:n.s~ o f  a stor111 
bc g i n s .  

CONCLUS r ONS 

Ccrrrel a t i o n s  l~etwecl-i d-i s t u r b a n c c s  nf t h e  9-reglor:  ar:d g c o r n a p e t i c  
s to rms  were r-.xnminecl by t h c  phase da ta .  ol' \'I,!: r a d i o  s i g n a l s  wllich prop- 
agate jn i :~Edia t - i tude ,  5 P . l ' ~  :<ere r:.rouseci i n  ; l i g l ~ t t  i~nc b17 708 of-' geo- 
: ; i a p e t i c  s torms whose d i s t u r b a n c e s  had a hor.i?ont-a1 component g r e a t e r  
tlian I00 gailllllas. S W ' s  caused L-!- x- ray  h u r s t  pc1.s i s t  for :z rc la t i? ie l?-  
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sho r t  t ime and these  SPA'S a r e  easy t o  i d e n t i f y  but  SPA1s assoc ia ted  
w i t h  geomagnetic storms cont inue f o r  long per iods  and g r e a t  care must 
be taken when us ing  these  s i g n a l s  f o r  naviga t ion  and frequency compar- 
i son  purposes.  During t h e  moderately l a r g e  storm of 2 1  Apri1,1970 a 
d i r e c t  measurement of p r e c i p i t a t i o n  f luxes  was made and showed t h a t  t h i s  
i o n i z a t i o n  i s  i n  competit ion with t h e  t o t a l  of a l l  o t h e r  daytime ion i -  
za t ion  sources f o r  the  mid la t i t ude  D-region 151. I t  may be expected 
t h a t  extremly l a r g e  storms w i l l  then  cause an anomalous phase advance 
even i n  t h e  daytime. Actual ly,  i n  t h e  s t o m  of  4 August, 1972, an 8 us 
phase advance was observed. In win ter  t he  s o l a r  zen i th  angle has t h e  
l a rge  value of 70" even in daytime f o r  t h e  NLK - Mizusawa c i r c u i t ,  and 
SPA'S were observed as  a SAE i n  moderately l a r g e  storm periods.  The 
cause of d i f f e r n c e s  between p red ic t ed  and measured d iu rna l  phase was 
mentioned above and t h i s  discrepancy amounts t o  about 10 microseconds. 
In  addi t ion  t o  SPA'S assoc ia ted  with geomagnetic storms, anomalous 
phase r e t a r d a t i o n s  were observed ch ic  f l y  i n  September and October and 
might be due t o  l o c a l  d i s tu rbances  of propagat ion [ G I .  These r e t a rda -  
t i o n s  a r e  cancelled out by storms and they  then advance and becomc 
s t a b l e  i n  advanced phase, 
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QUESTION AND ANSWER PERIOD 

PAPER NOT P R E S E N T E D  ORALLY, T H E R E F O R E ,  NO QUESTIONS AND 
ANSWERS. 
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