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The use of VLF signa ls for intercontinental frequ ency compari son has become very 
popular in r ccent years, and it has been shown by other workers that a precision of about 2 
parts in 1011 can be achieved wit h meas urements over a 24-hr per iod. Phase reco rds made at 
Bou lder, Colo ., of the NPM, Hawaii , 18.6 kc/s transmi ssion have been studi ed for several 
p eriods of nearly two weeks duration in 1962. D ev iat ions from an ass umed linear fr equeney 
difference between th e transmitter and receiver oscillators show an attainab le prec ision of 2.5 
parts in 10 11 in a 24-hr obse rvat ion, exte nding to 3. 1 parts in J01 2 in a J92-hr ob~ervati o n . 
\\TitllOut fu rther data on t il(' re ma ini ng differences between the oscillators, t here is no evid encc 
that the propagation conditi ons over the path a re limi t ing t his precision. It is poin ted out 
t ha t the 50 ° (peak to peak) semiannual variation in t he day to night change in phase, if 
attributed entirely to one level of refleet ion, would ha ve an efIect on precis ion of fr equency 
co mparison of about 1 part in 1012• 

1. Introduction 

Th e use of VLli' radio signals for in tercontinental 
frequency comparison has become very popular in 
recent years since th e study of Pierce [1957] on the 
stability of the 16 kc/s transmission fl'om Rugby, 
England received at Cambridge, Mass. In that 
work it was demonstrated that precisions of parts in 
10 10 could be achieved in a few hours, but observa­
tions over longer periods did no t yield an increase in 
precision. The extension of meaSUl'emen ts to a 
period of 24 hI' was later shown to yield a precision 
of about 2 parts in 1011 over the same path in an 
experiment comparing cesium oscillators, l'eported 
by Pierce, Winkler , and Corke [1960]. It is of 
interest to study the stability of the lower ionosphere 
over periods even longer than 24 hI' and also to 
attempt to verify the results of these earli er studies 
for different paths and frequencies. For this r eason 
a study of the NBA, Panama to Boulder , Colo. 
(4258 km), 18.0 kc/s transmission was made and 
reported earlier [Brady and Murphy, 1962], but the 
difficulties in resolving the effects of the frequent 
(twice per week) adjustments of that transmitter 
oscillator have prompted a further study on another 
path. The NPM, Hawaii, 19.8 kc/s (5374 km) 
transmission was chosen for this study at the sug­
ges tion of Wm. Markowitz (private communication) 
because of the excellent stability of the transmitter 
oscillator and its infrequent (once or twice per year) 
adjustment. 

2 . Determination of the Long Term Phase 
Variations 

The signal from NPM is compared with a signal 
derived from a 100 kc/s signal furnished by < Lhe 
NBS R adio SLandarcls Laboratory from a rubidium 
VitpOr controlled working frequency sLandard. The 
phase is recorded modulo 360 deg on a cilarL recorder , 
and after scaling, any 360 cleg ambiguities are 
resolved by an inspecLion of the diul'llal varia.tions 
plotLed on a compressed scale over periods of weeks 
at a Lime. D ata from the routine observations of 
NPM made in Boulder during the firs t six months 
of 1962 were thus scaled, a.nd out of these data 
several periods of from 11 to 15 days were chosen 
where the oscillators involved appeared to be be­
having in a consistent fashion, i.e., there were no 
obvious abrupt changes in the recorded frequency 
difference. Al though selection of data on this 
basis might bias the results it is b elieved that such 
abrupt changes were in instrumental rather than 
ionospheric. 

In order to study variations attributable to the 
ionosphere, it is necessary to eliminate the effects of 
frequency changes in the oscillators. Since there was 
no independent information on the frequency differ­
ence between the two oscillators (i.e., independent of 
the ionosphere), it was assumed that the linear or first 
order approximation to the apparent frequency differ­
ence could be attributed wholly to the oscillators. 
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This linear difl'erence in the apparent frequency corre­
sponds to n parabolic component in the recorded 
phase diHerence, which was removed by fitting a 
parabola Lo the hourly values of phase during the 
daylight hours over the entire two week or so period . 
In subtracting this parabola, the effects of any 
possible change in the height of the daytime iono­
sphere having periods greater than two weeks are 
also removed. As will be seen later, however, a 
gradual drift in the daytime height of reflection 
amounting to several kilometers would be necessary 
to contribute noticeably to a frequency measure­
ment over such a period. The data periods which 
were chosen are shown in table 1 along with the 
coefficients of the least squares fitted parabola, 
At2 + Bt+ C, where A, B, and C yield degrees of 
phase with time t in hours. The frequency differ­
ence observed between the two oscillators will be 
given by the time derivative of the phase, 2At+B, 
and the values of 2A and of B are also given in 
the table in terms of tbe fractional frequency differ­
ence Ilj/f. The (linear) drift rate in the frequency 
difference is small, being at most a few parts in 
1012 per day. 

TABLE l.- AppaTent fTequency difference between transmitter 
and receiver osci llators 

D at a period Phase P =At'+Bt+C F requency ilJIJ=2At+R 

R (dog Drift rate Initialofrset 
Dates incillsive 1962 A (dogh r 2) 1,,-1) 211 (parts B (fract ional 

day-I) parts) 

--- - --- - - --
26 J\>[ar- 6 Apr 0.2065XlO- 3 0.9810 0.4X10-12 4.1 XIO- li 
9 Apl-22 Apr - 1. 2e90X 1 0- 3 1. 2061 -2.5X I0-12 5. OX 10- 11 

26 Apr-9 May 0.3055 X10- 3 0.1205 0.6XlQ-12 0.5 XI0- 1I 
7 May-20 M ay .9513X10- 3 -.5846 1.8XIO- 12 - 2. 4XI0- 11 
21 M ay-3l M ay 1. 2131XIO- 3 .1777 2.4XIO- 12 0.7XI0- I' 

The departures of the observed phase from the 
parabolic variation will be discussed in terms of 
precision of frequency comparison in a manner 
essentially that of Pierce [1957] . Thus, the precision 
obtained in an observation period of duration T 
will be given by: 

where P i is the departure of the actual phase from 
the parabola at time t i , and the sum ranges over all 
possible (n) differences between \'tl,lues of P i sepa­
rated by period T, the phase yalues being restrieted 
to daylight hours only or else to nighttime hours 
only. 

Figure 1 shows a typical plot of the precision of 

measurement, rrjj), yersus the duration of the ob-

senation, T. Only results for n ~ 10 are shown. 
The precision obtained for the dayLime is seen to be 
about twice that for the night, w hich agrees with 
the results of Pierce [1957] for GBR received at 
Cambridge, Mass. The periodic dips in the plot 
are caused by the presence of the diurnal ' -aria tion 
in the dat~1. Its effect can be eliminated by consid­
ering only measurements made at mul tiples of 24 
hI', or by sub tracting from each day of data the 
average of the diurnal variations olTer the 2 week 
period before ma,king the precision c,ilculation. 
Figure 2 shows the fLttainable precision with the 
same data which has had the average diurnal yaria­
tion (fig. 3) removed. The effect upon the shcrt 
term measurements of, say, 1 hI' is to increase the 
attfLinable precision by more t.han 20 pf'rcent. It 
has been observed during the last 2 or 3 years that 
the diurnal variation on any given path is quite 
reproducible from year to year when considered on 
a monthly average basis. Considerable work , how­
ever, rem.ains to be done before it will be possible to 
predict exactly what the variation should be on any 
given path without previous measurements. 

The precision results for all periods in table 1 are 
summarized in table 2. The values attainable after 
1 hI' and 4 hr of observation are listed for both the 
cases with the diurnal variation present and with the 
average variation removed . The remaining periods 
of obsenTation shown are multiples of 24 hr, for which 
the results for the two cases are indistinguishable. 

It should also be pointed out that a few small 
solar flares (optical class 3 or less) occurred during 
the 6-month period, but their effect on the average 
is negligible. They need to be considered when 
making indi vidual measurements, but their elIect 
is easily recognized and lasts on the order of only 
an hour (see Ohilton et a1. [1963]). 

TABLE 2. Results of precision of measurement NPM to BOULDER, 19.8 kc/s 

Precision attainable in period of 

Data interval (inclusive, 1962) 1 hr D i urna 1 va ria tion: 41u Diurnal variation: 
24hr 48 hr 96hr 192 h r 

Present Removed Present Removed 

26 Mar-G April Day 4.1 X 10- 10 3.0XIO- IO 2.1XIO- IO 1.OXlO- IO 2.3XlO- 1I 1.2XlO- 1i (;.3XlO- 12 2.9XlO- 12 
N ight 0.3 5. 2.4 2.1 3.6 2.5 13.8 9.0 

9 Apr-22 Apr Day 4.7XlO- IO 3.7X10-IO 2.GX10- 10 1.3XIO- IO 2.5XlO-1i 1.4 X 10- 11 5.7XlO-l" 3.4XIO- 12 
:-light 8.4 5.8 3.4 2.3 3.5 2.0 12.3 10.0 

26 Apr-9 May D ay 3.9XIO- IO 2.7XlO-IO 2.1 X 10-10 1. 1 X 10-10 2.7XIO- 11 1.5XIO- 1i 8.0XlO- 12 3. IXIO- l2 
Night 7.0 6.4 2.3 2.0 3.7 1.9 10.3 5.1 

7 May-20 May D ay 3.8XlO-IO 2.6XIO- IO 2.1X IO-1O 0.9XlO- 1i 2.6XlO- 1i 1.4XIO- 1i 8.0XlO- 12 3.2XlO-12 
Night 6.5 5.3 4.0 2.4 4.2 2.0 ]0.0 5.0 

21 May-31 May Day 4.0XlO- IO 3.1XIO- IO 2.3XIO-1O 1.2XlO-1O 2.2XlO- ll 1.0XlO- ll 5.6XlO-12 3.0XIO-12 
N ight 6.4 4.7 4.3 3.0 5.0 3.4 22.1 5.1 

Averages Day 4.IXlO-IO 3.0XIO-IO 2.2XIO-IO 1.1 X 10- 10 2.5XlO- ll 1.3X10-11 6.7X IO-12 3. IXlO- 12 
Night 6.9 5.5 3.3 2.4 4.0 2.4 13.7 7.0 
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FIGU RE 2. P Tecision of measure ment of f 1'er/ lwncy versu s dura­
ti on of observati on: basi c data shown in fig ure 1 with the 
average diurnal phase variation removed. 

3. Effecl: of the Seasonal Variations 

It is appal'en t from til ese measur ements UlaL U:e 
precIsIOn vanes as t il e reciprocal of the period of 
o bservatIOn w hen iL lS exLended 1'01' severnl days . 
Any contributions 1'1'0 111 a ver tical drift in th e iono-
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ICIG lJ llC; 3. A verage diurnal phase variati ons for the period 7 to 
20 J.\Jay 1962 of N P lJJ received at B oulder . 

s phere must necessa rily h ave a p eriod in excess of 
Lwo week s . [n the )JBA Lo Boulder stud y at 1 H.O 
kc /s men tio ned earlier [Brady IL nd .Ylu rpllY, 1962], 
it was pointecl OLit Lhat /1, sel1 so nl1l n lrinLion ill lh e 
depth of Lile trapezoidal pl1LLern (fi g . 4 ) when inler­
prcLeclas ~l cita nge in Lh e le l'cl of Lh e II igh Lt inl e h e ig h t 
or reflecLion relaLil'e to LI tO clnyLill1e lel 'el, mig ht 
well r ep resell t a lillli L in Ule precisioll at la inable at 
VLF'. 

Fio'ure 5 s hows Lhe m OIl Lh lv llyel"llO'cs of ([ill m al 
nlril~ion of t he pllllse of NP~l re('e i l'~dllt Boulder. 
Figu re 6 s itows the seasonal cila nge in lhe depLh o f 
t hese d iul"Illll paLterns Illong wiLh annual Iwd semi­
Iln nual Imrmonic componenLs compu ted from Lhe 12 
poinLs. Tite IwnunJ component is small and not 
s tatis ti cally s ig nifi call L, buL t he nead y 50° (p - ]J) 
semianllu al Ya ri ,Llion, if aLtribu ted entirely to one 
lel'el of r efi ecLioll , would hnxe an effect on precis ion 
of frequency comparison of abou t 1 plLr t in 10 2 • 

~uch a precis ion could ollly be obLained by extending 
t he p eriod of obsen 'ation of lhe measuremen t in 
fig ures 1 an d 2 to nearly a month. J[ one were lo 
use the method of co n tinuous measuring and a l'erag­
ing mention ed by Pierce [1957] and di scussed by 
Watt and Plush [1959] so t ltat th e precision would 
Yar y llwersely as T 3/ 2 , then th is Jlligit t beco me sig­
nificant in a much shor ter period of time when com­
paring standards by m eans of VLF tnUlsmissioJls. 
Whilf' i t may be possible to take t he seasollal varia­
t ion into account, lit tle is known about t his semi­
a nnual seasonal variation at th e present. At­
tempts to corr elate the monthly averages (fig. 6) 
of the diurnal change with geomagnetic \ 'ariations 
(which are well known to display a semiannual 
seaso nal v ariation in actil'i ty ) hal'e t hus far not 
proved successful. 

Sin ce there is no tendency ror Lhe precision curve 
Lo HaLten out in a horizontal d irection for a p eriod 
of two weeks, we can conclude that if there are any 
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MEAN DIURNAL VARIATION FOR EACH MONTH NBA - BOULDER 
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FIGURE 4. Day to night change in phase of N BA , Panama, 18.0 kc /s, as seen throlLgholLt the year 
at BOlLldel·. 

correlated fluctuations of a period shorter than this , 
then they are insignificantly small. From the re­
sul ts of the precision study we can make an estimate 
of the limit of a systematic change in the height of 
reflection along the path using an approximate re­
lation between the change in average height, t::.h , 
and the observed phase change, t::.P , described by 
Wait [1959]. 

AI. t::.P 
t::.h= [~ (~)2J ' 360 0 

cl 2a + 4h 

where A is the wavelength, I. is the average height of 
reflection, d is the length of the path , and a is the 
radius of the earth. To effect the precision attain­
able during the daylight hours in an observing period 
of 300 hI' (fig. 3), it would be necessary to have a 
systemat.ic variation in phase amounting to about 
25 deg. Using the formula above relating this to a 
change in height of reflection, we obtain a value of 
approxinlately 2.5 km for the linlit of a gradual 
change in h eight of reflection over this period, assum­
ing a daytime value for h of 70 km. 

4. Conclusion 

Assuming the major portion of long term frequency 
variation between the transmitter oscillator of 
NPM and the receiver oscillator at NBS, Boulder to 
be linear with time and suitably removed, it has 
been shown (with selected data) that the limitation 
in precision of measurement of frequency over a 24 
hI' period using an 18.6 k c/s VLF transll'lission over 
a 5370 km path to be 2.5 X 10- 11 , which is in close 
agreement with results of earlier workers [Pierce et 
al., 1960], at 16.0 kc/s for nearly the same distance. 
Furthermore, this precision can be improved by 
extending the observation period to several days 
without being affected by ionospheric variations, 
achieving a precision of 3X 10- 12 in 192 hI'S of 
observation . \ /Vithout further data on the remaining 
differences between the oscillators , there is no 
evidence that the propagation conditions over the 
path are limiting this precision. At any rate, it is 
clear that the transmission path is not introducing 
any greater errors for periods less than 2 weeks. It 
is seen, however, that there may exist seasonal varia­
tions which could affect the ultimately attainable 
precision if they are not taken into accoun t. 
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NPM ( 19.skc/s. OAHU, HAWAII) TO BOULDER. COLORADO 
AVERAGE PHASE FOR JANUARY-MARCH AND OCTOBER- DECEMBER 1962 
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FIGURE 5. Monthly averages of diurnal variation in phase of N PM, Hawaii, 19.8 kc/s, received 
at Boulder. 

The "quiet" average is the average of values within one standard deviation. 
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NPM (19.Bkc/s , OAHU, HAWAII) TO BOULDER, CO LORADO 
AVERAGE PHASE FOR APRIL- JUNE AND JULY - SEPTEMBER 1962 
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MEAN DIURNAL VARIATION FOR EACH MONTH NPM-BOULDER 
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FIG I · R I, 6. ])a.l/ 10 night change in phase oJ the N P lV to BOlilder monthly averages showing the 
seasonal variation. 
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