DIURNAL VARIATITONS IN LORAN-C GROUNDWAVE PROPAGATION

Walter N. Dean, Magnavox Govermment and Industrial Electronics Company ,
Fort Wavne, Indiana

\BSTRACT

Measurcnents have been made of the time of arrival of
Loran-C groundwave signals propagated over o 1000 km
lTand path i which divrnal variations of soveral hun-
dred nanoseconds are observed. Those varioations arc
well correlated with aiy temperature along the path,
but show a negative correlation with refractive index.
Correluation with sinultancous measurcments at other
locations confirms it to be a propagation rather than
cquipment-related phenomenon. A relationship with the
"dry' component of the refractivity is established,
and an empirical algorithn is developed using surface
weather data which reduces variations v o factor of 2.5.

INTROMUICTTON

Temporal variations in the apparcnt propagation velocity of Loran-C
signals have been observed for over 20 years (Ref. 1-8). Many of these
variations have a diurnal as well as a seasonal character. Early measurc-
ments involved measuring the difllercnce in the time of arrival of two
signals, making it difficult to identify the source of the apparent
variations. Recent data, however, represents single paths, using

cesium standards at the receivers,

Using two AN/BRN-5 Loran-C reccivers for a U. S. Coust Guard field test
program, recordings of time-of-arrival (TO\) data from the U. S, East
Coast Loran-C chain, relative to a local cesium standard, were obtained
in the spring of 1977. Most of the data analvzed concerns the 1T0A of
the Master signal from Carolina Beach, N.(C., propagated over an ApPToX1-
mately 1000 km path to Tort Wayne, Ind. Records from the National
Weather Service (NWS) were obtained from the National Climatic Center

in Asheville, N.C., in an ef{fort to identify phenomena which could
explain observed TOA variations.

INSTRUMENTATION
The instrumentation used, called the Precision loran Data Collection

System (PLDCS) by the Coast Guard, consists of a prototype model AN/BRN-5
borrowed from the Navy, an HP 2808 computer, an HP 5061 Cesium Standard,
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Fig. 1 - PLDCS Configuration
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and a TI ASR 733 keyboard-printcr and cassette rccorder. Figure 1 shows
how these equipments were mounted. The antenna consisted of a 1.3 moter
whip with a ground planc and an untuncd transformer matching twin-con-
ductor leadin,

The PLOCS is programmed to record o varictv of signat and recciver status
parameters at periodic intervals. These include signal TOA for three
stations, two time differences, signal amplitudes, signal-to-noisc ratios,
and pulse envelope measurements.  Most of the data collected were at 15
minute intervals.

After being rccorded on cassettes, the data were transferred to an in-
house disk system, and selected data plotted for cusier analysis.

Selected TOA data from the U.S. Naval Observatory (USNO) Washington, D.C.
and Newark A Station, Ohio, were read visually from strip chart record-
ings and plotted manually for compurison with local data.

Weather data for selected locutions obtained from the NS were used in a
BASIC program to calculate the index of refraction. Both surface and upper
alr (radiosonde) data were processed,

DATA COLLECTED

Most of the data analyzed consists of TOA mecasurcments of the Lorun-C
master station at Caroling Keach, N.C. (sec Tigure 2). The 1000 km path
to Fort Wayne 1s a mixed onc of high und low conductivities. ‘TOA measure-
ments were made over periods of scveral days taken in Tebruary, March and
April 1977,

OBSERVATIONS

Variations in TOA of scveral hundred monosccords were observed which
tended to have a diurnal character.  Lxplanations for these clfects have
been put forward, including:

1. Temperature cffects In the receiver

2 Temperature effects al the transmitter
3. Skywaves

h. Index of Refraction

The BRN-5 recelver contains an automatic calibration system which meas-
ures and compensates for changes in phasce shift throush the receiver, to
an accuracy of onc nanosecond.  Additionally, a recording of room tompera-
ture showed no correlation with TOA variations. Receivers at different
locations showed similar variations. 1t is concluded that the recelver

s not the culprit,

Changes in antenna characteristics could cause changes in the phase of the
transmitted signal. llowever, a scervo control loop at each transmitter
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continuously compares the phasc of the transmitted signal with a local
reference and adjusts the transmitter drive to maintain constant phase
output. Also, 1f the variations were due to the transmitter, all receiv-
ers would sec the same variation, Data from the USNO showed this not to he
50. The transmitter is cxonerated.

Skywaves have been suspected as the cause of the phase shift, but the
tests proved this not to be so. The rationale is as follows.

Figure 3 shows the cnvelope of a loran pulsc, on a logarithmic amplitude

scale, out of the BRN-3 receiver. Assuming an unheard-of worst case of a
skywave delayed only 22 microseconds gives the dashed curve in Figure 3.

hNow, 1f a receiver is sampling at 45 us, the skywave will be -20 dB, and

a phase [(luctuation of 517 ns could be encounterced. 11, simultuncously,

a receiver 1s sampling at 30 us, the skyvwave will be -60 dB, and fluctua-
tlons will be 5 ns.

Figure 1 shows the results of testing this hapothesis.  The only apparent
diffcrence between the performance of the two receivers is the increased
random fluctuations resulting from the 12 dB poorer signal-to-noise ratio
of the veceiver sampling at 50 »s. It follows that no skywaves are af-
fecting the mcasurcments at 15 us.

To further test the hypothesis that the propagation velocity is varying,
TOA data were obtained from two other locations, the U.S. Naval Observa-
tory (USNO), Washington, D.C. and the Air Force Newark Air Station, Ohio.
Figurc 5 shows the Newark data comparcd with the Fort Wayne data. Figure 6
shows the measurements taken on two receivers at USNO compared to the Fort

Wavne data. The degree of correlation 1s readily apparent. Alsonotable is the
fact that the path to the USNO is approximately one-half the length of the path to
Fort Wayne,

INDEX OF REFRACTION

The natural phenomcnon that experiences relatively rapid temporal changes

and can affect radio wave propagation is the index of refraction. Doherty
and Johler (5) correlate propagation variations with variations in N-dry,
and assoclatce the phenomenon with changes in the o factor. Other obser-
vers (6, 9) have variously referred to lapse rate, or o factor, without

numerical confirmation. These hypotheses are examined in more detail.

Travcl time of the groundwave loran puise 1s given by the expression

+ t (1
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wherc T = travel time 1n microscconds

d = distance in kilometers

¢ = velocity of 1light in kilometers per nmicrosccond
n = index of refraction
t = sccondary phase factor
¢

305




Values of tc as a function of earth conductivity, taken from NBS Circular
573, (10) arc shown in Figure 7. Index of refraction is derived from
climatological data as follows:

77.6 D 3.76 x 10° eg RH
= e +

N = - (2)
i
where N = rcfractivity = (n - 1) ]Ob
P = atmospheric pressure
1 = temperature, O
¢, = saturation pressurc of water
RII = relative humidity
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The first term, somctimes called the "dry' torm, rvepresents 90 - 95% of
the refractivity, while the second, the "wet' term rovresents the ro-
mainder. To test the correlation between N and the observed variation,
consider the period 0800 -~ 1800 on 2 March 1977. The value of N along
the path of propagation decreased 20 N units. According to equation 1,
the propagation velocity should go up by 20 x 10°0, and the propagation
time from Carolina Beach to Tort Wayne should dccrecasce 67 nanoseconds.
Instead it increased 220 nanoseconds.

The explanation for this discrepancy is found in NBS 573, which indicatcs
that the secondury factor t  is also a [function of the lapse rate of the
refractiviiyv, N

Figure 10 of NBS 575 shows the variation of t. with lapse rate in 2%

units per kilometer, for various distancos over good carth (¢ - 5 miltli-
mhos/meter).  This shows that, #s the lapse rate incrcases, t. decreases.,
Re-plotting the data we find o lincur relationship between the rate at
which the change in lapse rpate causcs a decrease in te, and the distance,
This is shown in Figure 8. On the assumption, to he discussed later,

that the lapse rate is directly related to the surface valuce of N, a sec-
ond curve Is shown in Iigure 8 representing the net phasc delay correction
taking into account the cffect of rvefractivity on wave velocity.

Lapsc rate of the refractivity can be calculated from data collected by
radiosonde by WS, Unfortunately, these measurements are made, because
of the cost, only at relatively few sclected places and times.

Examples of refractivity lapsc vates calculated from data taken twice
daily at Dayton, Ohio arc shown in Vigure 9. 1t had been hoped that
some relationship between refractivity at the surface and the lapse rvate
would be observed, but none is obvious. A plot of the Tapsc rate of
temperature, Figure 10, shows anotheor crratic pattern.

The dry term of the refractivity, nowever, s semething else,  Figure 11
shows the lapsc rate of YN-dry fur the same aeriod as Pigures 9 and 10,
The value of N-dry at onc kilemeter above the croand s anproximutoely
cqual to 250, independent of the value ot the srowed. Date at othoer
stations and times confirm this. his menns that an sstimate of the
lapse ratce of N-dry (or the first Xilometoy o i
from the value of N-dry at the suriaco b oth

sin te obtalned

Latlonshig

/‘l’ . - —
'1% = N-dry - 250
A

Having found o convenient way to tind the lapse of MNeodry, it s rele-

vant to test the hypothesis that it iz this chan Lapse Tate of N-dry
which causcs the variation n Dropagation fime,  Varistions in propaga-

tion time from varolling B

Wasne ITOAT during the neriod 1 -




6 March 1977 are shown in Figure 12 along with variations in air tempera-
ture at a point near the propagatlon path, Roanoke, Va. A high quTCG of
corrclation is apparent. This correlatlon between propagation time and
temperature has been observed many times over the past 20 ycears.
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Figure 13 shows the samc variation in arrival time and the variation of
refractivity (N-total) at Roanoke. Tt is obvious that the correlatlon

of N-total is not nearly as good as that of temperature. Figurc 14 shows
the same MTOA data with N-dry at Roanoke. 'The high degrec of (negative)
correlation is obvious.
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Fig. 13 - MIOA at lort Wayne and N-Total at Roanoke

To further test the hypothesis that the changes in propagation time are
correlated with N-dry, thc curve of Figure & was combined with the ap-
proximation for lapse rate to give the following relationship for propaga-

tion time correlation.

At = (.015d - 2) (Ndry - 250) nanoscconds (4)
wherce d is the path length in kilometers

| 2
Ndry = 77%0 P (from Equation 2)
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Flgure 15 shows the TOA data

formula, using pressurc and Lom

fluctuatlon Is decreased by a

Huntington, K. Va, is located closer to the center of the Carolina Beach
- Fort Wayne path than Roanokce. Using data from that station producces
results shown in Figurce 16. The RMS fluctualions after correction are
reduced to 30% of the original.

CONCLUSIONS

It huas been shown that observed variations in time of arrival of Loran-C
signals which tend to have a diurnal charactor are caused by changes in
effective propagation velocity and not by hardware or by skywave inter-
ference.  Further, the correlation with the "dry" term of the refracti-
vity along the path has been established. A relationship of the dry term
at the surface to the lapsc rate, and therefore to changes in sccond phase
factor, has been shown. A numerical expression capable of reducing [luc-
tuations over a 1000 km path by a factor of 2.5, using surfacc weathor




rationale for use of the
A physical explana-

The

data along the path, has becn demonstrated.
"dry'' term of the refractivity is purely cmpirical.
tion is left to the physicists.
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QUESTIONS AND ANSWERS

MR. WAYNE H. CANNON, York University:

Please clarify one point. VYou just used the metrological data at
the same site as your LORAN receiver is located? I[s that correct?

MR. DEAN:

No, that is wrong. The data I used consisted of data at a couple
of different points along the path between the two. And actually
that last curve used the data at Huntington, West Virginia, which
1s approximately the midpoint between Carolina Beach and

Fort Wayne.

MR. CANNON:

50, you are attempting some xind of metrological average along the
path?

MR. DEAN:

That is correct, and we did some work on taking the average tem-
perature along the path. That seemed to be a Tittle better corre-
lated than any individual point. The only problem was that all of
this was being done by hand, and the Tlabor became so great that we
didn't do very many.

MR. CANNON:

I saw the ground conductivity classifications there on the map.
Did you do anything with that data at aii?

MR, DEAN:

No, because the data that I got out of NBS-573 was Jjust for a ob.

I just made the simplifying assumption that the average conductivity
was about 5 and let it go at that. I am sure that we could go back
into Johler's formulas. He may have written up some new ones since
then and that could be worked out. But I just haven't done it.
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