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Precise Phase and Amplitude Measurements on VLF 
Signals Propagated Through the Arctic Zone 1 

F. H. Reder, 2 C. 1. Abom/ and G . M. R. Winkler 2 

(R eceived Oc to ber 24, 1963) 

The scope a nd purpose of an Arcti c VLF propagation st udy arc outlined, a nd resul ts 
a re presented for th e period from F ebruary t o Jun e 1963. T ypical d iurn a l p hase a nd 
amplitude patte rns of N PM and N PG t ra nsmissions received at Stockllolm a rc g iven fo r 
each mont h . The diurn al N P G a mpli t ude ch a nge at Stockholm reach ed a maximum of 
38 db duri ng March . Mont hly averages of N P lVl-Stockh olm and N P C-Stockholm diurnal 
phase changes a re co mpared wi th those for oth er tra nsmission paths. T wenty-four hour 
averages of frequ ency differences of VLF transmissions were measured at various r eception 
s ites a nd int erco mpared. Residual errors ranged fro m 10- 11 to 3 X 10- 12, wit)l st a ndard 
deviat ions between 8.5 a nd 3.3 X 10- 11 • Arct ic paths were fo und to be wo rse by only a 
fn cto r of a bout 2. Prel imina ry analysis of geomagnet ic dist urba nce da ta a nd observed 
VLF ph ase a nomalies ind ica tes reasona ble correlation for th e N P C-Stockholm pat h. F i­
nall y, phase measurements on NB A t aken simu ltaneously a t Kirun a a nd Stockh olm a re 
compared . An SC NA event reco rded by a K iruna ri omet er cl early coincided wi t h a n NBA 
phase a nomaly obser ved at Kiru na while t he Stockho lm N B A phase record showed no 
a nomaly . 

1. Introduction 

This paper repor ts resul Ls o( ArcLic VLF propaga­
Lion studi es at S tockholm, Kiruna, and Fort Mon ­
mouth durin g the period from Febru ar~T Lo Jun e 
1963. The proj ect is now bein g extended to an 
addi tion al moni toring siLe near F airbanks, Alaska, 
and is intended to continue un til spring 1964, with 
special effor ts during summer 1963 and wi ll te r 
1963/64 . 

ionospheri c disturbances. Recep tion of the two 
N PM or N PG signals at Stockholm would be of 
par Licular in terest s ince i t would pro vide a mean o( 
simul taneous study o( Arctic and AntarcLi c di s­
Lurba nces at on e spo L. Direct a nd an Lipodal signal 
recep Lions would also provid e on e of the best means 
Lo establish Lil e limi L of p reci ion o( VL I,' stand ftrd­
(requency tran sfer. 

Prime obj ective is more knowledge o( the iono­
spheric D layer in the Arctic because o( i ts impor­
Lance for the damping of r adio signals in general, and 
t he propagation of VLF waves in par ticular . Of 
inLeres t are the diurnal and season al behavior o( th e 
D layer , the influence of aurorae, polar cap absorp­
tions (p e A), sudden commencements (SC), and 
m agnetic phenomena on it, effects of D layer dis­
turbances and changes of ground conditions on VLF 
prOpltgation , and the precision of VLF standard­
freq uency transfer. This information is to be 
derived from precise phase and amplitude measure­
ments on stabilized VLF transmissions at se\Teral 
sui tably located receivin g sites. 

vVork is presently under way on direc tion-sensitive 
VLF ftotennas [Seeley, 1963] to allow co mparison 
of VLF propagations along the shor tes t and longest 
great-cjrcle p aths, to con trol to some extent sferi cs 
recep tio n, and to try to esLablish Lhe corrclation of 
some small observed phase varin,Lions wi th changes 
of the propagation direction und er the influence of 

1 ' I' his pa per was presented a t t he VLF SY!l1 posium in Boulder, Colo. , Aug. 
14 J953. 

2 I nsti t ute for Explorator y Research , U. S. Arm y Electronics Research and 
D evelopmen t La boratory (USAE LRDL), Fort "' Ionmouth , N.J . 

' Research Insti tu te of National Defence (1'0 11.) , Stockh olm, Sweden. 
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F I G UUE 1. Geogra phic locations oj VLF transmitters and 
receiving sites with respect to each other, to a1lToral zone, 
geographic pole, and m agneti r. in clination pole. 
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The I'cla,tive posit ons of our present reCeIvmg 
si les \\. j lit respect to monitored VLF transmitters, 
KP~[ , Haiku ,4 KPG, NBA, KSS, NAA, and GBR 
axe show n in figure 1 and tables 1 and 2. 

T AR "" L Geogmphic and geomagneli c cOQ1'dinales of VLF 
t"ansmitteTs and Teceiving sites 

Locations 
Geogr. coord in . Gcom agn. coord in. 

Long. Lat. Long. L at. 
-------------1·---------------
N P :'d _ _ _______________ _________ _____ 1580 \\. 21° )J 2G6° 21° )J 

Fairha nk s~ __ 650 N 2580 65° N 

N P G _____ ______________________ _ 480 .'\ 2960 54° )J 

N Il.o\ _____________ . _____________ _ _ 090 =" 3500 20° ~ 
NSS ____________ ___ _ 390 =" 3520 50° ~ 

F t . ,\l onmouth __________ _ 400 =" 3560 52° )J 

N AA ________ _____ _ 450 .'\ 04 0 57° X 

GUR ____ ___ _ 5'1° X 85° 54° :--J 

Stock holm ____ ____ _ 29° :\ 1070 58° -0[ 

Kirun <1 _____ ____________ _ G8° .'\ 1160 650 =" 

TABLE 2. Dislances i n ki lomelers between VLF l1'ansmitters 
and Teceivi ng siles 

Locations Fairbanks Ft l\ i onm . Kiru.na Stockhol m 

N P.\ I _____ ____ 4, 900 8, 000 10, LOO I t. 100 
N P G _________ 2,500 3,800 6. 800 7, GOO 
N HA ___ ______ 8, 300 3,500 9.500 9,500 
NSS __________ 5, 400 240 6. 400 G,700 
N AA ________ 5. 300 750 5, 400 5, 700 
GBR _________ 6,800 5,700 2, 100 1, 400 

The following features of this lletwork are of 
interest: 

1. Propagation of signals from Oahu, H awaii 
(NPM, H aiku), to Stockholm and Kiruna provide 
occasionally up to three simul taneo us [req uencies 
(19.8, 13,2 or 14.2 , and 10.2 kc/s) over a common 
Arctic propagation rou te of maximum length. 

2. Comparison of the Fairbanks and Kiruna data 
will give resul ts [01' either an all-sunlight (summer) 01' 
all-da,rk (winter) Arctic path. 

3. Simul taneous NBA receptions at Ki1'una and 
Stockholm allow comparison of two propagations 
from the same sta tion over paths of almost identical 
distances, but with one traversing the zone of most 
frequent auroras and the other one lying outside the 
outer 40 percent ring, 

All stations utilize commercial automatic phase 
and amplitude tracking receivers and are controlled 
by atomic frequency standards [Redel', 1963]. 

2. Diurnal Phase and Amplitude Variations 

A preliminary analysis of monthly \~ariations of 
diul'l1d time-of-ani \'al (TOA)5 changes obsen"ed 

" I raik u is one stati'Jn of t he )Javy's experi mental Omcgct \~L I" navigat ion sys­
tem. 1t is located o n Oa hu, Il a waii. 

• '1' 0 .\ is de fined as phase di fference, (.pLoc-.pH EC), di Yided by angular YLF 
frequency, w. 
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durino' the past six months at For t Monmouth (M), 
Stockholm (8), and K iruna (K) is listed i.n table 3 
and illustrated in fig ure 2. All c urves of figure 2 
show fI, tendency of increasing diurnal variation 
un til March and decreasing variation thereafter. 
This is most pronounced for the NPG--i>S path. 
T he steady increase until March l' eae~ts the grn,dual 
decrease of the dc1yhght D layer altI tude as solar 
illumination became more effecti \ "0 in t he N orthel'l1 
Hemisphere, The large drop of the KPG--i>~ CU1'\"e 
after March was caused by t he change of tlus path 

T A BLE 3. Diurnal TO A sh1Jls of lfLF trans missions measllred 
al variolls sites i n 1963 

All ll U1ubcrs refe r to lnicrosrcon cis, ('xcc p t nUlll.her s in pare.ntheses a re ll111nbers 
of clays for wh icl1 TOA trapeZOids ,,"ere ,,,,al lable 

Sta­
tion 

Jan F eb Mar A pr :\lay June Heceh'er 

--------- -------- -------------
G5.5 (10) e8. 7 (09) 71. 7 (28) 70. 9 (20) ____ ______________ Ft . :\[onm. 

NP:\1 _________ 2('.9 (C7) 38. G (27) 35. C (26) 29.9 (G8) a4. 0 ( I ~) ffi';'~~;:,clm ___ ___________ ____ __ ____ _____ __ __ _______ ______ 30. 5 (0 ) 

_________________ 29. 7 (06) 29.5 (06) 24.8 (OG) _____ ____ Ft. :\ Ionm. 
N P G __ : ______ 28.5 (01) 33. 1 (19) 23.5 (15) l C.5 (28) 13. G (Ii) ffi~~;~olm __ ___________________________________________ 18.5 (0 ) 

--- --- .• - --------- 35.7 (17) 3'1. 7 (22) 31. 3 (03) --------- §'[~c~i~~;~ 

N BA :: : ::::_: :~::::::: ::::::::: :::::::::: ::::::::: ~~: ~ ~g~l Kirun a 

:--rAA ::::::::: ~~_ ~ :~~~ ~:_~_:~~) '4i-3-(O(j) 32 ;;'''(21) ::::::::: §'[~ct\~~~~· 
GBR 34.4 (10) 43. 0 (01) 42. 2 (21) 42. 9 (22) 39.3 (06) _________ Ft. :\ [ onm. 

'="AA operated on 17.8 kc/s cluring this period . 
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FIG l-R E 3. Daily vnriation of 1-LF TOil tra pezoid heights 
duri ng JV arch 1963. 

from periodic nighLtime condition along 100 percent 
of its length in winLer to only iLbout 15 percenL in 
summer. Figure 3 depicts diurnal TOA ch~ln ges 
from day to da,y during March 1963 and it can be 
seen that trapezoid heighL Yariatiolls of 5 or e\-en 
more than 10 ).Lsec within 24 hI' were not uncommOll. 

Typical diurnal TOA and ampli tude patterns for 
NPM --7S and NPG--7S, obsened between February 
iLnd May 1963, are shown in figures 4 through 9. 
The lTl.ost distinct feature of the patterns of figure 4 
is the appearance of deep minima during March at 
about 1600.6 The minima correspond to the very 
brief intervals between 1600 and 1700 in March 
when the D layer iLlong the NPM --7S path was 
completely illuminated and its ground projection 
fell into the twilight zone [Adams and Whitehead, 
1960] as demonstrated in figUl' e 5. For Lhe rem ainder 
of M ttl'eh the path was paltially in shadow except 
for it brief all-dark period. 

The diurnal v ariation of the NPM ampliLude a t 
SLockholm ranged from 8 La 14 db, wi th maximum 
varia tion in M arch (fi g. 6). Sig nific~LI1t is the 
amplitude pattern on 25 and 26 F ebruary between 
0400 and 0700 (midnight) , and in par Licular beLween 
1600 and 1800 when the pa th was at fU's t briefly all 

6 All times are given in U'l' . 
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FWL' RE 4. T ypical diurnal Ta ll pattems oj NP 1\ ! siy nals 
observed at Stockho lm between February and 1\! ay 19Rd. 
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FI Gt;R E 5. r W'iOliS phases oj illumination of the NPJIi!- to­
Stockholm path on 25 February 1963. 
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FIGU R E 6. T ypical diw 'nal amplitude patterns of NPl'vI signals 
observed at Stockholm between Febntary and l'vlay 1963. 

40 

30 

20 

10 

o 

40 

30 

20 

~ 10 
z 
V, 0 
u 
UJ 
V> 
=>. 

.. 40 
o 
>- 30 

20 

10 

o 

I~ n I ~ I ~r-
~ l:JrJ ,\~I Yl'-:;~ V ~ 23/24 F~r-- _. 516 MAR ~ ,_ 

i-r 1(\ - f:---L 

./ 
\.. 
~ 

II "'- 1/ 1\ 
/' 

v---v' "-
~ ( \ 15 / 16MAR 23 / 24 MAR 

V \~ If t \ 
PSC 

/ ViL rH 
l/ I i'I ./' J171/18AP~ 617 APR 

~1c 1 h / 1 
1\ lJ'-

1 1 I 
30~-,--,,--,-,,-,--.--,-,--t--,--

20~-~-~-(+--8r-+--r--+--r-~-t--t~ 

FIGUR E 7. Typical ditlrnal TOA patterns of N PG signals 
observed at Stockholm between February and l'vlay 1963. 

in shadow and then immediately all in sunlight 
before the generally encountered mLxed illumination 
conditions set in. 

The TOA patterns for NPG-7S (fig. 7) show a 
much larger change of diurnal variation, are more 
disturbed- possibly because the (NPG-7S) path lies 
close to the magnetic dip pole-, and have more 
structural complexity during April and May when 
the two path ends have separate night conditions 
as can be demonstrated in a fashion similar to that 
of figure 5. 
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FI GURE 8. Typical diumal amplitude patterns of NPG signals 
received at Stockholm in Febnlw'y and l'vlarch 1963. 
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FIG U RE 9. Typical diurnal amplitude patterns of N PG signals 
received at Stockholm in ApTil and Ma y 1963. 

The NPG diurnal amplitude variation at Stock­
holm ranged from 38 db around the middle of M arch 
to 14 db at the end of M :lY (figs. 8 and 9). No 
explanation can yet be offered for the excessive 
diurnal amplitude change during F ebruary and 
March. It was firs t believed to be caused by a poor 
definition of the daylight D layer near the twilight 
zone at high latitudes. But this is not confirmed by 
the behavior of the NP'y[ -?S path as can be seen 
from figures 5 and 6. 

It should be noted here that the amplitude curves 
do not reproduce true seasonal vari:ltions, since no 
absolute field strength ll1.easurement equipment was 
available until now. It is also worth m entioning 
that the NPG-?S p:lth crosses an icecap of over 
2,000 m thickness and 900 km length, whereas the 
NPM -?S path does not. How much this contributed 
to the relatively poor reception of NPG at Stockholm 
will be better understood after completion of absolute 
amplitude measurements during summer 1963. 
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I, 

3. Precision of VLF Standard-Frequency 
Transfer 

N ext we shall compfU'e th e 24 hr averages of VLF 
meaSLlrements of the differ ence frequencies (NPG­
NP.M) made at Fort Monmouth and Stockholm with 
dH, L~t distribuLed monthly by J. P ierce. And we 
shall do the same with (GBR- NBA) data taken at 
Fort Monmouth and NBS, Boulder (table 4). The 
average residunl errors fell wi thin ± 1O- 11 , and th e 
standard deviations were smaller than ± 9 x 10- 11 • 

It is obvious from the data that- contrary to expec­
tfttion- Arctic transmissions compare quite fayor­
a bly with those along other paths. 

T ABLE 4. A verages and standard deviations, " , of 1'€sidual enors 
of di.O·erent frequencies (NPG-NPM) and (OBR- NBA ) 
measw'ed by FDA at Stockholm, by USAELRDL at P01·t 
Monmouth, by Pierce at Camb1idge, and by N BS at B ou lder 

Hcsidual e rror 
DirTercnce of 
VLF tran s- Compared between 

missions Avg. u(::'J/f) x 10" 
(L!.J/J) xl0" 

----
Stockho lm- Calll bri dge (all ) +1 8. 3 

NPG-NPM Stockhoim- Calllbridge (3 excl)' - 1 5.9 
c- lonmouth- Cumbridge (a ll ) + 0.6 8.5 

Monmo uth- Cambridge (a ll ) - 0.5 5.5 
GDR-N UA Monm outh- Ca mhridge ( I cxcI)' + 0. Ii 3.9 

Doulder- Cam bridge (a ll ) - 0. 3 3.3 

*Exclud cd Jneasurcmc nts dev iated ('xc('ss i\"cly from u\"c ragc. 

4 . Correlation of VLF Phase Anomalies With 
Ionospheric and Geomagnetic Distur bances 

An a ttempt was made to sec if sudden commence­
ments (SC) and geomagneLic phenomen,t, interna­
tionally reported for Lh e p eriod from F ebruary to 
May 1963 a,t D armstadt a nd Paris, could be corre­
lated with almost simultaneously (up to few minutes 
delay) observed phase anomali es on various VLF 
pa ths. T able 5 shows that geomagnetic phenomena 
could, in the average, definitely not be detected as 

imm ediftte VLF phase anonu lies in only 37 percent 
of Lhe analyzed data, and that this figure drops to 
24 percent if one excludes the rather insensitive 
paLlls, N PM---'?M , NBA ---'?M , and GBR---'?M. 

Table 6 indicates the sensitilTity of the various 
propagation pftths to geomagnetic disturbances. 
H ere i t is suspected Lhat the N PG---'?M path will fall 
b ehind the NPG---'?S pa,Lh when more data on 
NPG ---'?M h ave beco me available. The few solar 
disturbances reported during the period of this study 
tend to show that the NP M ---'? M path is most affected 
due to i ts long vVest-East extension in medium 
la titudes, whereas the NBA---'?M and GBR ---'?M paths 
ftre least affected. 

T A BLE 6. Listing of V L li' paths accor(i1"ng to decreasing 
sensitivity 10 geol1wgnelic and sudden ionosphe1'ic disturbances 

Geomagnetic phenomena Suddcn ionospheric disturbanccs 

P ath %* P ath %* 

N PG--;M 82 N P1\ I--7 Nl 67 
N P G--;S 79 NPG S 50 
NA A--;S 74 N AA--;S 50 
NAA--;i\[ 67 N P M--;S 50 
N PN[--7S 06 ~ BA--7 1\ 1 30 
N PM--; M 58 G BU M 27 
OUR--;i\[ 45 
N UA j\[ 34 

*% Obse rva lions for which answer in table 5 was yes, possibly, a nd vcry dis­
t urbed. 

F igures lO, 11 , and 12 d epict typic:)1 forms of 
TOA pertLlrb~d ions cimsed by bays wiLh pulsating or 
suddcn begin (PSC), and shor t wave fade ouLs 
(SWF) . These effects ,nc larger ftt the lower fre­
quencies due to higher phase yelocitics of propaga­
Lion [Wn,it, 1962]. They exceeded very rarely 10 
lisec for magneLic clisLurbances while Lhey r elatively 
of Len fell beLwecll 10 nnd 20 lisec for solar dis­
turbanccs. Solar ionospheric p erLurba Lions- cxcept 
~Lurorae and mre pro Lon fl ar e effects- do not affect 
Vl,F night paLhs. This influences som ewhat Lhe 
ionospheri c gmduaLion so,lle of table 6 which is 
otherwise st rongly conLrolled by thc un's zeni th 
angle at the path center [Chil to n, Crombie, and 
Jean , 1962]. 

T ABLE 5. Numbers of geomagnetic phenenomena and sudden ionospheTic distm'bances observed 
as phase anomalies on variou .~ VLF transmission paths during first half of 1963 

Geomagnet ic phenomena 

Influence observed on . 
Y es Possibl y Very 

distbd. 
---------

NPM--;S N(%) 29 (44) 19 (29) 01(01) 
NPM--;M N(%) 10 (20) 19(38) 
NPG--;S N(%) 21 (31) 16(24) 16(24) 
NPG--;M N(%) 06 (27) 12 (55) 
N AA--;S N(%) 08(35) 09(39) 
N AA--;NI N(%) 01 (17) 03 (50) 
N BA--;M N(%) 00 (00) 10(26) 03(08) 
GBR--;iV[ N(%) 11 (20) 14(25) 

---------
croLa l N(%) 86(26) 102(3 1) 20(6) 

---------
P a rLial total·· N(%) 65(35) 59(32) li(9) 

*N = ntllTI bel' of obse rvations. 
% -il oids for each speciflc path , e.g., N Pl\[-)S , except ill "r-rotal" lines . 
.. Except N PM--; M , N DA M, GHR--;M. 
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No 

---
17 (26) 
21(42) 
14 (21) 
04(18) 
06 (26) 
02 (33) 
26(66) 
30(55) 

---
120 (37) 

---
43 (24 ) 

Sudde n io nospheric 
distu rbances 

Yes I Possi bly No 

---------
05(28) 04(22) 09 (50) 
03(34) 03 (33) 03 (33) 
06(33) 03 (17) 09(50) 

01 (100) 
02(33) 01 (17) 03(50) 

03(30) 07(70) 
03 (27) 08(73) 

---------
22(30) II (15) 40 (55) 

---------
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FIGURE 10. One form of typical ej)'ecl(of geomagnetic disturb­
ances on VLF TOA recordings. 
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FIGURE 11. 111wther form of typical eft'ecls of geomagnetic 
disturbances on VLF TOA 1·ecordings. 

VLF amplitudes seem to be less affcctf'd by mag­
netic and ionosph eric perturbations as shown by a 
cursory analysis. Moreover, amplitude perturbations 
are more difficult to detect against the background 
of amplitude yariations caused by the transmitter 
facilities. A more detailed analysis will be carried 
out later. 

5. Preliminary Kiruna Results 

Interesting results of some very recent VLF 
mcusnrements ftt Kiruna are depicted in figures 13 
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FI GURE 12. T ypical e.ffecls of solar events on VLF TOA 
recordings. 

and 14. Remarkable are the large amplitude dips 
of NSS signals of about 23 db (fig. 13) occurring 
approximately 50 min. before sunrise at the trans­
mitter. We haye obsenTed these attenuation phe­
nomena accompanied by dispersion-like phase be­
haviors (phase plateaus) always during sunrise along 
the NPM ---c>M , NBA---c>K, and NBA ---c>S transmission 
paths but almost never on Haiku ---c>M transmissions 
at frequencies of 10.2 and 14 .2 kc/s. A recent 
experiment with Haiku ---c>M on 17.2 kc/s indicated 
the appearance of amplitude dips and phase plateaus 
aboye that frequency. These experimental results 
are presently being compared with Crombie's theory 
[1963] of mode conyersion and mode interference. 
In this connection, it should be mentioned that high­
altitude nuclear tests haye sometimes shown the 
tendency to wash out the t{PM ---c>M phase plateaus 
during the day(s) following a blast. 

Figure 14 gins a comparison of the NBA TOA 
measurements at Kiruna and Stockholm on 24/25 
June and the correlation of phase anomalies with 
sudden cosmic nc,ise absorption (SCNA) phenomena 
indicated by the Kiruna riometer. The two NBA 
paths have pmctically the same length of 9,500 km. 
It is not certain whether the large discrepancy of 
19 J.L sec of the diurnal TOA shifts can be explained 
alone by the difference of day to night proportions 
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6. Conclusions 

VLF phase and amplitude measurements at Stoek-
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8 holm on NPM ~t11d NPG during the first half of 1963 
1.1<1\"e re\-eftled fl, reftsonable correlation between VLF 
phase anomalies and geomagnetic phenomena. It is 
suspecLed that most of the as yet unexplained phase 
anomalies were caused by aurorae. Amplitude 
effects were usually smaller or not clearly detectable. 
The precision of standard frequency transfer via an 
Arctic VLF p:tt ,h was found to be within a factor of 
2 of the precision aLttLined with other transmissions. 
Diumal 'fOA changes for Arctic VLF paths are com­
plicated because of peculiar p~\Lh illumination condi­
tions bu t can be readily explained. However , no 
explanation has been found yet for the excessive 
diurnal ampli tude YllritLtions along the NPG---7S 
path. 

II 13 U T 

26 JUNE 63 27 JUNE 28 JUNE 

FIGuRE 13.T T ypical diw'nal TOll and amplit ude patl ems of 
NSS signals recorded at J\.inma between 26 and 28 J une 1963. 
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FIGURE 14. Diurnal TOA patterns of NBA recorded si llml­
taneously at Stockholm and K inma between 24 and 25 J une 
1963, showing coincidence of VLF phase anomalies with 
SCNA events indicated by a riometer at K iTUnu Geophysical 
Observatory. 

of the propagation paths. The :wailability of addi­
t ional data by the end of summer will shed more 
light on this matter. The figures show also that the 
Kiruna riometer indications of seNA 6'T ents coin­
cided with the NBA---7K TOA effect a t about 1600 
on 24 June. But there was no riometer indication 
of such an e\Tent at 1420 on 25 June when NBA---7K 
showed a weak and NBA---7S a strong phase anomaly. 
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the supply of ionospheric and geomagneLic deL ta by 
Dr. R. Lindquist Hnd Mr. T . Sanden, FOA; the 
splendid hospiLality of Lhe Director t\nd sLaiI of the 
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