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1.0 INTRODUCTION 

VLF phase tracking finds application in 

Long-range standard frsquency distribution 

Long-rangc clock syncl-lronization 

Global radio navigation 

Global rnoniloring of the lower ionosphere and of solar activity 

r I'rospccting for mincral deposits 

Correct interprciation of  VLF phase data rctlillrcs tlioroirgli training of equiprncnt opcr- 
ators and data atlalysts since tllc rc.cordet1 data are strongly dependent on propcr equip- 
ment perforrnancc , ~ n d  o n  the intcraction o f  all paramett.1~ describing the s t a t ~ ~ s  of the 
lower ionosphere and o f  the groulld alo~lg thc pat11 of +pal  propagation, Furthermore, 
recorded data depend on path length and s~gnal frequency. 

It is the purpose o f  this report to rcview some additional facts on the subjcct and t o  
augment the information prcsentcd at the third PTTl ('onference.( I )  'She prescrlt and 
prcvioirs reports are bascd on our  cxpericnce with a globi~l VLF-tracking network 
established in 1965 (Project INT-VLF). The 1-cader is :rssun~cd to  bc familiar with t11c 
concepts of  VLF propagation ant1 of VLF signal tracking, and i s  r e f  rrcd to the literat~rrc 
for background infortnation.(?. 3, 4) 

The disc~rssion will dcnl with eclniptnent; reprrscntation of VL1: waves; diurn'll cfl'ects and 
mode intcrfcrcnce phcnorncna; antipodal intcrferencc; and solar flare, galactic X-ray, and 
gcomagnetic cffccts. 

2.0 DISCUSSION 

2.1 Equipment 

Many equipment problems havc been discussed previously.( 1 )  Thc following figures illus- 
trate the effects of  noise and of changing control settings on the signid phaso and amplitude 



outputs of onc popular comnierci:~l VLF rcccivvi-. (Of course, thvse effects rnay dif'ltr 
from model t o  model, but  it is i~scful to  alert opcralors ;~nrl analysts t o  tht. possible 
existence of such ph:~sc and amplitude variations of instrtrmental origin. 

Figure 1 shows thc experimental setup for testing 3 rccCiver. Tlic signal gcncrator is 
simply another reccivcr whosc arrtc:nn:1 input is disconncctcd and whose syut2icsizet. oir tpi~t  
provides thc signal input for tlit. reccivcr hying tcstcd. 'I'ht: blocks markcd "LIB" rcpi-csent 
fixed or variable attenuators, "noisc" is a SoLIrce of' C;aussinn noise, and the diode scrves 
as a clipping circuit (scu insert in Figure 1 ) to convrrt the Gat~ssian noise to  sornc 
resetnblarice of imp~~ l s ivc  noise of ntlnospheric origin. 

Figure 2 depicts the tnflucncc of various SIN rat105 on phaqc (@)  and amplitude ( A )  tracks 
as thc receiver t~mc-cotistant swltcli ( ~ n  thc p l ~ ~ ~ s c ,  ~ o n t r o l  loop) is changed from 'TC' = 5 to  
50 atid 150 secondq. ( I l i e  Icft-11a11d n i~mher  oli t o p  of e ~ c h  lnlerval elves the slgnal level 
in dB with reqpect t o  an arbltrsry dl3 rctercncc, the r~ght-hand number gives thc relativc 
noise level in dB). Tlie arnpl~tude rccorcl~llg is on ly  sl~glitly ~mproved by a TC incro,~se, but 
thc ~rriprovcrncnt in the phasc record 1s strikllig. For 1 C '  = 5 scc ;111d S/N = - 10/30, tllc 
rccclver lost track. At  thc ~nomtlnts  marked by vcrt~cal  ~ r r o w s  ,I pliasc stcp of I 0  ps  was 
i n t r o d ~ ~ c e d  ln  tlic d~iv ing  slgtial Lo chei'h whethcr tlir rtlcerver on test was still tr;lckl~ig the 
signal. I t  was. This suggcsts <t useful chrck to  test for corrrct tracklng under conditioizs 
of low signal strcngtli o r  high llolse Ievcls '1s ev~dclicrd by large f l u ~ t u a t ~ o n s  of the stgrial- 
strcl~gtli meter; tliat is, t o  d~sl)lauc tlie phase ot tlic rcfcrrnce slgn,ll by 10 ys using thc 

Figure 1 .  Block diagram of eyuipmcnt set up to  1nc:isure influence of S/N 
and equip~ricr~t cr~ntrols on phase ;~nd  amplitude recordings. 



Figure 2. Influence o f  servo tirr~e constant ,  TC, and amplitude integrator 
on quality of phase and amplitude recordings. 

slewing switch and to note if the initial phasc indicatiorl is rccovered. 'The aniplit~tde 
recording for TC' = 50 seconds and SIN = -5130 was cunslderably irnpruvcd by adding an 
integrator (A-INI)  with a titnc coristant of - 50 seconds a t  the amplitirde output  o r  the 
receiver. Notc however that thc tluctuations in this section arc meaninglcss. 

Figure 3 dcmon\tratcs the irnprovcmcnt of 9 and A tracking by utilizing the blanking con- 
trol of the rcceivcr when the atmospheric nowe level is high (setup of Figure I with noise 
input through the clipping diode). Thc blanking control is not cffectivc with Gaussian 
noisc. 

I n  Figure 4 one can sec that I'or 3 recciver T(' = 5 sccunds both the C$ and A tracks arc sonic- 
what affccted by the intcrnal recciver noisc if tlic signal levcl is rctiuccd by 50 dB by means 
of an extcrnal attenuator and thC receivcr (intert~nl) gain is raised by SO dB (+50). 
However, internal noise woi~ld hardly bc noticeable at 'l'C' = 50 seconds and larger. 

Thc left-hand part of Figure 5 shows that thc change of the TC switch causcs some slr~all 



phase stcps (particularly bctwecn 'I(' - 5 ,lnd 150  wconds), but  n o  a r n p l ~ t ~ ~ d c  jumps. Tlic 
right-hand part rcvcals that changes of tht '  t'lcctri~111c rcceiver galn are not dctectablc on Ihc 
~ ~ t i ~ t s c  track, but that extcrrially conncctccl v;~r~,rlllc. attt*nuators may be sl~ghtly reactlvc as 
cvrdcllced by thC small ph;lsc step whc~ i  1 O dR , r t t i \ ~ l t ~ ~ a t ~ o n  wa\ 'iddrd. ( I f  cxtcrnal 
v,~rl,tblc attenuators art. 11t1117cd Sor cCtI~[)r;~t~orl,  ~t 1 4  c ~ ~ l ~ ~ ~ ; ~ b l t .  to IC;IVO -3 dB always In 
c ~ r c u ~ t  in ordcr t o  prov~dc  tii,ltcll~ng or  c.l\c. cLll~l~r,ltloll ~ ~ . ~ i d ~ n g \  niay bt. In error.) 

Solric receiver n~otlcls havc 5yntliesizcr 1l10d~11t.s w ~ t l ~  ; ~ r i  rZ/B switch with A for  a local 
oscillator frcqucncy of (1:,,, + Fl1 ), and B for ( I : , , ,  - F,,. ). 'I his switch serves t o  increase 
discrimination agai~rst ~~ndcs i tab le  signals ,it the ~ i ~ i r r o r  frequency ol' the dcsircd incoming 
signal, but  thc operator should be awatc, that cha~ifiing between positions A and B rnny 
causc sizable phase and arnplitude changcs on thc rrccording (Figure 6). In this connection 
it should be rlientioncd that  thc yropcr selcctiotl ol' thc All3 switch position for interfercncc 
reduction rnay bc necessary cven il 'thc rccclver has s 70 dB f'ront-end RF filtcr and thc 

NO BLK % BLANK - 

Figure 3. Effectiveness oC blanking co~ltrol t o  ituprove quality of phase and arn- 
plitude recordings in tllc presence of r t ro~~g :~trr~nspl-~eric noise. 



Figure 4. Effect of  intcrnal receiver noise 
on phase and amplitude recordirlgs. 

tuned loop antenna providcs a further rejection of - 15 dB. For  example, a Haiku-10.2 
klHz rcceivcr a t  Rrisbanc, with an IF = 1 kill and the switch in position B (synthesizer 
signal a t  10.2 - 1.0 = 9.2 kHz), was found to track thc powcrf'ul NUT-17.4 kHz transrnis- 
sion with the second harmonic of thc 9.2 ~ H L  synt l i t . s~~cr  signal (0.2 X 2 = 18.4 = 17.4 + 
1 kHz). Changing t o  switch position A elilrlirlatcd thc prnlJlen1. A similar problem could 
arise with FsI,,= 10.2 kHz, switch position A, and NSS (21.4 kH7) or  NPM (23.4 kHz) 
whcn tl-icse transmitters are cortlnlissioncd again ( 1 1.2 X 2- 22.4 = 21.4 + 1 = 23.4 - 1 kllz). 

Figure 7 depicts an expenrnental sctup to dcmonstratc (IYigure 8) that thc coherent ou tput  
from a receiver locked to a stablc VLF signnl and drive11 by a modestly-priced crystal frc- 
qucncy standard (c.g. interl~al crystal oscillator of a cornrnercial clcctronic countcr) can 
provide a lO&kHz standard rel'erencc signal of  cxcellcnt accuracy to drive cither a clock 
of microsecond precision or  another VLF tracking receiver, The scopc serves for a convcn- 
ient adjustment of the c;ry.;tal frequency t o  thc atolliically controlled frequency of a 
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Figure 6. Phase and amplitude dlanges introduced by chanpng local reference 
signal frorn (FS+IP) to (FsIF). Psis stgnal frequency. 
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Figure 7. Block diagrani for lcsting the usefulness of improving the accuracy of a low-cost-crystal 
signal by lockirlg a VLF recciver to all atomically stabili~ed VLF transmission. 

tracked VLF signal. The top part of Figure 8 gives the phase (lowcr smooth plot) and 
amplitude (i1p17cr111ost plot) of NLK-Deal reucived by 1-cccivet H when drivcn by the 100- 
kH7 cesium stanclard rcfcrcnce. (Time progrcssvs to tlic Ict't.) Tllc stcbcply sloping lines 
represent thc NLK-1)c;ll pllasc, o ~ t t p ~ t  01' thc crystal-drivcn rcccivcr A (crystal frcqncncy is - 5 X 10-"above UTC') 'ind tllc middle plot is the rcccivcr-A amplitude. I t  is cvidcnt th:~t 
thc largc crystal offset docs not ,it'kct thc amplitude rrcord. 111 tht. ccnter part of Figure 8, 
receivcr R wils driven by tlic colicrcilt ( w ~ t h  NL,K signall 100-kllz o ~ t p u t  of  rccc ivcr A. 
Since tllc collcrent output  of rccciver A rcprocluc.es the tliurnal shift of thc N L K  phase, t l ~ c  
phase output  of reccivcr £3 (1 00 ps  fall-scalr at top ,trlcI 1 O ps full-scale a t  bottolli) is now 
a Ilorizontal lillc with otily very srn;ill (- + 0.2 ps) f luo t~~i~t ions .  Of course, the large crystal 
offset rccliaircs a ccrtair, phase error in thc rcceivcr in orclcr to gcncratc a large cnoi~gh 
control signill lo  keep thc rcocivcr lockctl to t11c V L F  signill. r ha t  crror is largcr for longcr 
'TC values of rccciver A,  consetli~cntly a change of tlre 'IT(' of reccivcr A changes thc ut'f'sct 
error as shown by thc 1,Iiasc stikl)': at  thv Ici't of thv figulc. For TC' .1 150 scconds, rt,cciver 
A lost track ( ' I ( '  valircs i'roln right to Icft wvrc, 50 sccortds, 15 sc~uol~ds [stt,p - I  .h ps]  , 5 
seconds [~ciditional stcp of -O,O ps l  , 50 st~conifs [ bach to origjn;ll pll:~sc 1 . and 1 5 0  sccontls 
[loss of lock] ). The bolt on^ 17.11 1 of Figlrrc X tlcmonstratcs that rvcciver A can provide a 
suitable collcrcnt signal (pi-ovicicd = 5 stbconds) cven for a crystal o f f ~ t  of - 24 X 10-' 
(see steep lints on  right-hand side, cach ccluivulcnt to  a 100 ps timc :~cc'~a~ll~rlatiorl in - 7 
minutes). This means, that a V L F  reccivcr drivcn by almost any crystal stanclard alrd 
locked to  thc V L F  signal o f  a rransmitlcr (prt.f'c~rably n e ~ ~ r h y  for a srllall clitrrnal \hift, c.g. 
NSSDeal) can maintail, syncllronization of a clock to bc ttcr thiln 5 ps. To avoid large 





clock errors wlwn tlic trans~llitter goes temporarily off the air, it is advisable t o  avoid largc 
offscts and to  adjust thc crystal frecluency (as oftcn as once per day) against the cohcrent 
output  of' rccciver A. 

For problcms enco i~n te r~ t l  wit11 antennas, cables, battery st:iridby supplies, connectors on 
receiver modules, rccortiers, environmental conditions for- a tcjrnic freclucncy standards, 

';I IOflS station kccping, and transmi~tcr  in tcrScrence, tlic rcadcr is ret'erl-ccl to  previous public. t '  

(1, 5). 

2.2 Wave Propagation ( 1, 2, 3, 4) 

For distances lcss than 1 M m  it is convenient t o  rcprescrit the observed EM field by the 
following components: ( 6 )  

(a) C;roundwavc: n ~ t  influenced h y  ionosphcrc; 

(b) Ordinary sky wavc: vcrtlcally polarized, intluenced by ionosphcrc; and 

(c) Extraordinary sky wavc: horizontally polarized, influenced by ionosphcrc, and 
originat~ng fro111 thc. ordinary wave upon rellection in thc ionosphere in prescnce 
of thc geonlagnetic field. 

A wliip or  a long-wire antonna picks up  all tlircc colnponents: a loop directed towards the 
transmitter picks u p  the tirst two cornponcnts; a loop orle~l tcd precisely perpendicular t o  
the signal path p ~ c k s  up primarily the last component. A separation between ground and 
ordinary skywdve 1s possible by means of a whip/loop drrangc~nent.(h) Sliort-path sky- 
waves at n~ghttilnc art. \1\u,i114 $ t~un?ly  disturbed III phase and amplitudc due to  their 
deeper (as compared to long-p,lth s~yn;rls) penetration into the ionosphcrc. The  presence 
of the extraordinary wavc c:~i~scs an clllptical polarization of the skywave, rcduces the 
depth of the "loop null," and can ~nt roduce  a siyable error in direction finding by means 
of "loop ni~lling." 

For  distariccs greater than - I Mrri it is advantageous t o  describc the EM fleld by modes. 
Each modc of order, n,  is charactcr i~ed by 3 par~r-r~etcrs: excitation function an  in dB, 
attenuation rate a ,  in dB/Mm, and phase vclocity Vn in units of C (velocity of light). 

Mode parame tcrs for an isotropic (no  geomagne 1 ic ficld) exponcn 1 ial ionosphere (described 
by a reference height h,  km, ant1 a gradient km-1) and a ground of infinite col~ductivity 
(good approximation for sca watcr) havc bcen puhlishctl. (7, 8) C'oxnputer programs for a 
morc sophisticatccl anisotropic ionosphere (because of geomagnetic field) and a ground of 
specified conductivity are available. ( 0 )  

Table I [based on  Refererice 8. isotropic n~odc l ]  , shows which modes should bc consid- 
ered a t  a given signal freclucncy atid distance. For  example, 2 13 mcans that the n = 2 
modc predominates over thc r~ex t important n = 1 rnodc, and a still-weaker n = 3 mode. 





If a VLF signal consists o f  two important modes with almost cqual amplitudes and 
phasc values differing by 180°, even small ionosphcric changes will cause large phase 
fluctuations as illustratcd by the phasor diagrarn of Figure 9. If phasor B swings further 
in a CCW direction with rcspect to phasor A, the phase deviation A# will again diminish. 
The plots of Figure 9 give lhc necessary minimum A/B ratios (in dB) for a given signal 
frequency in order to keep phase tluctuations due to  mode intcrferencc below 1, 2, o r  5 ~ s .  

Figure 10 gives for each VI.,F signal freclucncy the minimum distance one has to  be away 
from the transmitter in order t o  keep phase fluctuations, 09, (as defined in Figure 9) below 
1 ,  2, o r  5 p s  I based on  Kefcrerlce 8; h = 90 kxn, B =  0.5 km-"or night; and h = 70 km, 
p = 0.3 km-' for day] .  

The existence of the~eomagne t i c  field gives rise -+ t o  nonreciprocity of propag;ltion Fsses  
(with reference to NS , propagation losses in EW direction are larger and losses in W E  
direction are smaller) (3);  t o  some variations of phase velocities as the azimuth of the path 
with rcspect t o  the geomagnetic field changes (10); and t o  the generation of T E  modes and 
coupling betwecn TM and TE modes. (2, 3, 9). 

Low ground conductivities, as encountered in Greenland and Antarctica and somewhat less 
in the pcrnlafrost regions of Canada and Siberia, increase propagation losses for  low 
ionospheric reference heights (undisturbed day, and especially during solar proton 
precipitations) and also affcct phasc velocities. (1 1, 12)  Signal losscs are also strongly 
increased a t  times when the signal path is close and nearly parallel t o  thc solar terminator. 

t A / B  = - 20 LOG SIN [0.36 F A  01 
30 

Figure 9.  Maximurn perrnia\~ble strength B of an  ~nterfering VLF ir~ode to keep phase anomalies 
due to mode lrlterference bclow specified A$ values at a given frequency. 



2.3 Mode Interference 

Values of diurnal shifts (nighttime phase is retarded with respect t o  daytime values) for 
various signal paths ~ ~ s e d  in the INT-VLF Project havc been quoted elsewhere.( 13) Phase 
steps, amplitude minima and sometimes cycle slips, rcg~ilarly obscrvcd during the morning 
hours for signal frequencies abvvr - 1 6  k H 7  havc been explained by Crombic (14)  in tcrrns 
of mode interfcrcnce. Similar interferencu uffccts during the evening hours have bccn 
observed predominantly on low-latitudc EW paths. ( 1  ) (1 5)  Exarnples of irregular diurnal 
shifts observed on transcquatorial paths (1 5 )  [bclievcd to  be caused by enhanced mode 
conversion when the terminator passes over the region where the signal crosses the 
geomagnetic equator ( l h ) ]  may be seen in Figurcs 1 1  and 12. 

The strong enhancer-nent by triode interference of ionospheric effects on VLF phase and 
amplitude recordings is illustrated by the 13.6 kHz N. Dakota-Deal plots in the lower part 
of Figure 13 (if there were no  modc interf'errnce one would expect the 10.2 kHz anomalies 
t o  be bigger than those observed at  13.6 k l l z  because, due t o  dispersion, singlc-modc signals 
are the more disturbed the lower the frequency). 

The upper part of Figure 13 shows the diffcrcnt phase and amplitudc behaviors when a 
signal propagating ovcr a short distance (Forestport-Deal) is reccivcd by a loop II t o  the 
path (groundwavc plus ordinary sky-wavc) and a loop 1 t o  the path (extraordinary wave). 

2.4 Antipodal Interference 

A typical example of a diurnal phasc pattern obtained in the presence of antipodal signal 
interference (1 5) is shown in Figure 14. When the shortcr EW path is fully sunlit, 
propagation losses are higher than thosc on the longer but nighttime WE path. Therefore, 
an extra hump appears during daytitnc along the short path. 

The previously mentioned nonrcciproci ty of' propagation losses due to  the geomagnetic 
field extends thc rcgton of antipodal interference, in an eaqtcrly direction, from the true 
geographic antipode of the transmitter. Thus, signals firom VLF transmitters in thc U.S.A. 
are received at  many locations in the wcstcrn Pacific both along the short and long path. 
The geomagnetically induced nonrcciprocity is so powerf~il that cvcn a 14.2 kHz signal 
from Forestport, N.Y., was observed ( 15) near Guam to  arrive predominantly over thc 
long path from the west despite a path ratio of 281 12 Mnl. 

A pcculiar antipodal interference, controllcd by the large ice masses of Greenland and 
Antarctica, has been discl~ssed clscwhert..( 1 ) ( 15) 

Thc cffect of geomagnetic nonrcciprocity on antipodal intcrfcrcncc is enhanced if the BW 
path is sunlit and passes ovcr a regon of low groilnd conductivity. If a signal over a sunlit 
shorter EW path shows no  signs of antipodal intcrfcrcnce (increased phase instability, 
extra hump, anomalous shape of an SID) it cannot possibly show antipodal interfercncc 
during nighttime along the shortcr EW path. Therefore, i t  is unrealistic t o  ascribe the 
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Figure 10. Minimurn distances, a t  a given frequency, to  kccp rnode interference 
effects on phase below specified limits, A# . (Isotropic ionosphere.) 

unusual nighttime phase behavior obtalnud o n  Haiku-Brisbane (13, 15) to antipodal 
interference because thc short-path daytrme signal reveals no  evidence of such interference. 

2.5 Solar Flare Effects 

Solar flares cause an increased flux o f  X-ray? andlor precipitation of electrons and/or 
protons in the ionosphere, giving rise to pliase advanccs and signal amplitude changes of 
single-mode VLF signals.(l, 13) On short-distancc signals (e.g. Forestport-13.6 kHz-Deal) 
composed of at  least two modes and on long-ciistance signals affected by antipodal intcr- 
fcrence (e.g. GRK-Brisbanej, phasc anomalies rnsy be reverscd (delay).(l) 

Solar X-ray effects (SID's) can only be observed on sunlit paths. Thcy are detectable at  all 
latitudes but predominantly on paths wlth 3 low-average solar zenith angle. The phasc 
anomalies increase wit11 illuminated path length and decreasing frequency. 

In general, signal amplitude increases during a n  X-ray flarc for slgnal l'requcnc~cs above 16 
kHz but signal decreases havc been observed on GUR ( 16.0 kHz) and N A A  ( 17.8 kHz) t o  
Beirut and Tananarive during strong flarcs. Exa~riplcs additional to those in reference 
( I  1) are shown in Figurc 15. Notc that GBR-Cordoba (Argcntlnaj always experienced 
signal enhancements, while the strong flarc on July 25, 1425 UT caused a signal decrease 
on NAA-TAN. 



Figure 1 1. Examples of anorrlalies observed during sunrise arid sunset wherc VLF signals 
cross geomagnetic equator. C.  Rivadavia and Cordoba are in Argentina. 

CORDOBA 
28 MARCH 

Figure 12. Another examplc of nlodal ~nterfcrcnce during sunrise 

and set wherc GBR sigrlal crosses geomagnetic equator. 

SID's usually last from 0.5 to 2 hours, in cxccptional cases as long as 8 hours. Maximum 
deviations may be reached within a few minutes but occasionally the rise-timc is as long as 
an hour. Maximum phase anolrialies of 10 ps/Mm at  10.2 kHz have been observed a few 
times during 1968 and 1969. 

Sometimes, the onset of a strong SID was so rapid tha t  the receiver lost track at a TC: = 50 
seconds and slipped a cycle in phase. This became obvious after the ionosphere had re- e 
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Figure 13. Difference of phasc and amplitude recordings when short-distance Forestport (NY) signal is 

recorded with loops II and 1 t o  path (top). Influcncc o ~ i r i o d a l  interference during nighttime on N.  Dakota 

( 1  3.6 ~ H L )  -Deal (NJ)  transmissions (bottom). 

covered and thc rccordcd signal phase showed a delay (with respcct t o  the phase value 
before STD onsct) which required a correction of exactly onc cycle. 

VLF anomalies from electron prccipttation are most frequently observed on signals 
passing through thc auroral zone and subariroral rcgions.(l3, 15) Electron effects arc 
more frequently observed at night as electron energies of only about 40 kcV are needed to  
penetratc t o  the nighttirnc reflcction region (about 90 km) whcrcas energies of about 200 
keV are necded t o  significantly influcncc the electron density in thc daytime reflection 
region. 

Electron effects typically last from one to  cight hours. Figure 16 depicts some examples 
of electron-induced phase anomalies observed simultaneously on scvcral signals tracked at  
Deal. Note the strong anomaly on the mid-latitude signal Haiku-Deal. The amplitude 
effects are difficult t o  predict. Both incrcascs and decreases have been recorded. 

Figure 1 7 shows a typical X-ray pl-lase anornaly observed during day time on NWC (22.3 
kHz)-Tokyo, with a first onsel a t  - 0520 UT and the dominant one a t  - 0620 UT. At  
- 0530, the signal Haiku-Deal advanccd in phase. Since this path was totally in nighttime, 
the Haiku-Deal anomaly cannot have been due t a  X-rays. Furthermorc, proton precipi- 
tation of such short duration is not very likely; thus electrons must bc cnnsidcred to be 
the most probable source of this disturbance. 
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Figure 14. Example of typical antipodal interference 

on NSS (72.3 kHz)-Darwin (Australia). 
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Figure 15. Exarr~ples of solar X-ray effects o n  long-distance VLF signals. 

An interesting case of phase oscillations closely correlated with micropulsations observed 
by magnctornctcrs is illustrated in Figurc 18. Six~cc oscillations of the magnetic field per 
se cannot affect VLF phasc to that dcgrec, thc rnagnetlc oscillntions must have been 
accompanied by variations of the ionospheric electroll density profiles. When looking at  
such phase oscillations, onc might bc tempted to  suspect signal interference from another 
transmitter. Howevcr, signal iriterfcrcncc rcquircs thc prcsence of  simultaneous amplitude 
oscillations which are absent here. ( 15) 

Solar proton precipitation affects the polar caps, (latitudes >- 62" geomagnetic) only, and 
may last from two to  ten days.(],  1 1 )  On November 28, 1968, ALDRA(10.2 kHz)-Deal 
showed a phase advaricc of - 100 ps. It  usually takcs a few hours t o  reach the maxirnurn 



o f  thc anomaly, but in this event it took only - 45 min. The rise time is longer if the 
initiating tlarc occurs in the eastern solar hemisphere. During si~nultaneous geornag~lctic 
storms, proton e fkc t s  may be noticeable down t o  geotilag~lctic latitudes of - S O 0 .  

Due to tlic slower orrsct of proton unomalies oric often cannot be sure whether an observcd 
steady phase adva~icc is caiiserl by proton prcc~p~ta t ion  o r  n malfunction of the transmitter. 
It is easy t o  delcrrnine the causc if one  can obscrvc two s l g ~ ~ a l s  of diffcrcnt frcq~rencies 

emitted by the sarnc transniiltcr (c.g. Aldra 10.2 and 13.h kHz). If the phase traces 
remain exactly parallel to cach ollicr during the phasc advance, it is a malfunct~on of 
the t rans~nit tcr  control oscillator. On tllc otlicr hand, if it is a proton event, dispers~on 
causes a more rapid phase advallcc a t  the lower frequency. 

During the first few hours of an anonlaly observed on a high-latitude signal onc often 
cannot be sure whether one observcs a proton or clcctron event. I f  no rccovcry sets in 
after five houn ,  rf the phasc tracks are relatively smooth, and if other signals which 
propagate below - 62" geomagnetic latitude but near the fringes of thc auroral zone show 
no  unusual anomalies, one rliay be fairly surc of protons, If the  auroral ~ o n c  signals are 
also disturbed and the phase behavior of  the polar cap signals is not smooth, i t  is likely 
that one observcs thc effects of clcclron prcdpitation. 

2.6 Stellar X-ray Effects 

Stellar X-ray effects on  VLF signals have been discussed in detail clscwlicrc. ( 1  7) Only thc 

I I I I I I 
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Figure 16. Exarnplcs of  electro~i precipitation effects 011 VLF 
signals ~ > i t ~ ~ i ~ l g  tllxnugli suhauroral regions. 
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Figure 17. Example of clcctrnn preoipita tion effects obscrvcd on night time Haiku- 
Deal signal when daytirne NWC-Tokyo showed dn X-ray anomaly. I t  is not clear 
whether the correlation i s  acciclcntal. 

strongest stellar X-ray sources can cause a detectable phase advance during nighttime and 
then only provided the stellar zenith anglc is very small, thc night is long, and thc signal 
frequency preferably above 20 kHz.  Stellar cffccts  nus st reveal a sidereal shift (occur 
earlier with advancing date). No detcctsble stellar X-ray cffccts were found with OMEGA 
navigation signals because thcir frequencies arc well below 20 kHz. 

2.7 Solar Eclipse Effects 

As a solar eclipse reduces illurnination along some VLI: signal paths, one might expect a 
phase and amplitude behavior similar to that at normal nighttimes: phase delay and 
signal enhancement. This is illustrated by Figurc 18. 

3.0 CONCLUSIONS 

VLF phase and amplitude tracking can bc a powerfirl tool for frequency and time transfcr, 
radio navigation and ionospheric monitoring providcd one uses the most reliable e q u i p  
rnent available on thc market; entrusts thc equipment to thoroughly trained operators; 
and has the data analyzed by people wlio arc fanliliar with all the pitfalIs of this technology 
and the complexity of ionospheric phenomena and multimode radio propagation. 
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1:iguru 18. Lxamplc of  a phasu oscillatiorl obscrvcd on NLK-Deal 

during pcrivd whcrl rnagnctometcrs recorded strong ~~l icropulsa t ions  

E C L I P S E  STOCI(H0LY 

t ;~gure  10. Phasc delay and signal enhancement observed 

on NAA-Stockholm during solar eclipse of  July 10, 1972. 
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