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ABSTRACT

Loran-C phase variations of signal from the

Master of the Mediterranean Sea chain at Sellia
Marina were measured simultaneously at three
receiving sites, located on sea, coast and land.
The effect of terrain over which the signal is
propagated is considered together with the in-
fluence of weather parameters on the phase vari-
ations at the transmitter, along the signal paths
and at the receiving sites. Based on an analysis
of these data, correlations among these variations
are examined, and correction is introduced to the
measured results, in order to improve precision

of mutual and international comparisons via Loran-C.

INTRODUCTION

Eleven collaborating laboratories which contribute data on
atomic time - TAI use Mediterranean Sea Loran-C chain for
their international comparisons, five of which receive the
signals from Master station, 7990-M |1

International comparisons of the cesium clock in Federal
Bureau of Measures and Precious Metals, UTC(YUZM), for twelve
years now, have been carried out via Loran-C, Master at Sellia
Marina, and by clock transportation |2|. Variations of phase
of a received Loran-C signal in Belgrade have been observed

as seasonal, as well as diurnal |3 . These variations have
also been studied elsewhere in the world |4| - |7]|,but our
intention was to study them for our particular propagation
path.

An experiment aimed at analysis of Loran-C time of arrival -
TOA variations on sea and land was realized in July 1987,
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Using three Loran~C receivers, times of arrivals of the signals
from the Master of the Mediterranean Sea chain were measured
simultaneously on sea, coast and land, in relation to the times
of atomic clocks on the island, in Split and in Belgrade, re-
spectively. Together with TOA measurements, temperature of air
at receiving antenna sites was also measured. 1In order to ana-
lyze correlations between time of arrival variations and weather
parameters, meteorological data were obtained from meteorological
stations along the propagation paths.

ANALYSIS OF PHASE VARIATIONS AT DIFFERENT RECEIVING SITES

Geometry of receiving sites during the experiment on sea, coast
and land in relation to Master at Sellia Marina is shown in
Figure 1, together with geographical configuration of the paths
over which Loran-C ground wave signal is propagated. The lay
out of meteorological stations located close along the propa-
gation paths, which supplied information on air temperature,
humidity and pressure, are also shown in Figure 1.

Elevation profiles for two propagation paths are shown in
Figure 2, since the path towards the island coincides for the
most part with the path of receiving site located in Split.
Elevations of meteorological stations are shown on these pro-
files, but it should be noted that air pressures measured in
them were reduced to sea level for the purpose of calculations
and analyses. In order to examine meteorological influences,
the paths were divided into segments, presuming that charac-
teristics of propagation medium within each segment were nearly
the same from meteorological point of view.

The measurement system used in Belgrade is described in refer-
ence |3|, and it was almost the same in other two sites. Char-
acteristics of atomic clocks were determined in the beginning
and at the end of the experiment by clock transportation, so
that the rate of atomic clocks during the experiment was deter=-
mined and removed from the data. Measurements were carried out
every second with resolution of 20 ps. Results of measurement
were filtered by means of a recursive discrete filter which
approximates a special case of Wiener filter,

o1
L s LR

) (1)

where 1 amounts to 14 400. By filtering data, time of arrival
variations were reduced by about 3.5 times.

Figure 3 presents time of arrival variations following filter-
ing for receiving sites on sea, coast and land  with phase
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variations being larger in signals propagated over land and
traversing a mountain range. A correlation between these
variations is observed, resulting from phase changes in the
transmitter and following propagation through the common
part of the medium. Phase variations which are neither re-
corded at the same time, nor are they of equal intensity at
- all the three sites, appear mainly due to changes in the
medium in the vicinity of the receiving antenna.

METEORQLOGICAL INFLUENCES ON GROUND WAVE PROPAGATION

Total phase lag ¢, of propagated ground wave of Loran-C signal
can be expressed as |5T
w

b = E naa +'dc (2)

where n_is the surface refractive index, d is the distance
betweer” the transmitter and the receiver in meters,

w/e = 3.3355693 ns/m, and ¢, is the secondar ?hase correction,
which can be determined approximately from |8]

1/3 2/3

¢c =(naa w/e) o T, (d/a)

(3)
where a is the radius of the Earth,t, is derived from the
boundary condition at the surface of the ground, and o is
associated with the slope of the profile of refractive index
with altitude. Over average land T, is of the order of 0.89.

Phase of the primary wave depends directly on n. But the
phase of the secondary factor depends on n, gradient of =
through factor o, and the ground surface impedance which
enters into t,. Parameter o is a function of surface re-
fractive index and its gradient with respect to altitude Z,
or lapse rate, and is given by

a:1+%§£z (4)

Weather parameters, such as temperature, pressure and humidity,
influence the behavior of atmospheric refractive index |9]in

a complex way, but the following simplified formula relating
the refractive index with these various parameters has been
found to be useful in practical work in radiometeorological
studies,

(n - 1) 105 =y = 2228 (p 4

=) (5)

where ¥ is refractivity, 7 is temperature in x, P is atmos-
pheric pressure in mb, and ¢ is partial water wvapour pressure
in mp. The second term of eqn. (5) contains humidity term e,
and it is therefore called the wet term. The first term is
known as the dry term.
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Comparative analysis of TOA variations and refractivity
(N~total) changes for the three receiving sites did not
offer a satisfactory correlation. This can be explained
by the fact that lapse rate is practically constant in
summer, as well as that wet term amounted to 20 % of the
refractivity (N-total) all the time in the area observed
by the experiment.

A significant (negative) correlation between TOA variations
and the changes of dry term of refractivity is shown in
references |5| and |6|. Variations of TOA at different
receiving sites with integrated dry term, N-dry, data

for each particular path,are plotted in Figure 4., Inte-
grated dry term,N-dry,data were obtained as a weighted
mean of N-dry from all segments of a particular path ac-
cording to length of the segments, as they are shown in
Figure 2. High degree of (negative) -correlation is obvious
for all the three receiving sites, i.e. on sea, coast and
land.

However, it is not always possible to obtain meteorological
data for calculation of integrated dry term from a large
number of meteorological stations along propagation path,
especially not with the frequency which would be necessary.

In Europe, signal path frequently crosses over several states,
making this problem even more serious. In a situation where
only dry term is important, as shown in references |5| and |7],
secondary phase factor increases (decreases) with the increase
(decrease) of the values of o. This implies that when tem-
perature increases (decreases), both o and TOA (time of ar-
rival) increase (decrease), which may be interpreted as high
positive correlation between temperature and TOA variations.

Instead of further examination of the correlation between TOA
variations and the changes of integrated air temperature which
could be obtained as the weighted mean from temperatures as-
sociated with corresponding segments along the path, it was
decided to examine the correlation between TOA variations
and air temperature changes at the receiving site. Figure 5
presents TOA variations together with air temperature changes
at the receiving site for the three receiving sites on sea,
coast and land. The figure clearly shows high degree of cor-
relation between the presented temperature changes and the
time of arrival variations for different receiving sites.

A common presentation of air temperature and corresponding
time of arrival for the receiving sites on sea, coast and land
is given in Figure 6. Each datum is a couple of measured
values at the moment results were recorded. The straight line
which is the best approximation of the dependence between time
of arrival variations and air temperature changes has been
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determined by the method of linear least square fit, and it
is presented in this Figure. Time of arrival variation of
Loran-C signal, due to air temperature change (coefficient
equal to the slope of the straight line), amounted to

A, = 3.3 ns/°C for the receiving site on sea, A, = 3.1 ns/CC
for the receiving site on coast, and A3 = 3.1 n§/OC for the
receiving site on land. In June 1986 the coefficient was

A = 2.8 ns/°C for the same receiving site on land, in Bel-
grade. During the winter this coefficient can be as high

as A = 78 ns/"C, as it was in November 1985 for the receiving
site in Belgrade |10].

Time of arrival values t (ns), presented in Figure 3, obtained
after filetring, were corrected by application of linear de-
pendence shown in Figure 6, by means of the following equa-
tion

tk =t - AT (6)

where t, is corrected time of arrival in ns, 4 is the coef-
ficient (slope of straight lines from Fig. 6) in ns/°C, and
T is air temperature in ©C.

Figure 7 shows Loran-C time of arrival variations after cor-
rection for the value of corresponding air temperature has
been introduced, for the receiving sites on sea, coast and
land. After .correction, the effective value.of variations

was reduced by about 2 times for all three receiving sites.

- Even after correction, phase variations are larger in signals
propagated over land than in those propagated over sea. Time
of arrival variation after correction was in Split 4.9 ns (lo),
and in Belgrade 6.0 ns (lo), meaning that after correction
uncertainty in comparison between Belgrade and Split was 7.7 ns
(lo). Minimum time of arrival variations were during the day,
between 11 a.m. and 3 p.m., when total variations of the cor-
rected phase was around 10 ns. The possibility of comparison
of atomic c¢locks in Belgrade and Split by Loran-C is actually
the difference of times of arrival of these two cities. Total
variation of the difference of corrected times of arrival is
below 50 ns.

CONCLUSION

Loran-C phase variations of signal from the Master of the Medi-
tarranean Sea chain measured at receiving sites on sea, coast
and land are significantly correlated with integrated dry term
of refractivity as well as with air temperature at the receiv-
ing site. By presenting time of arrival as a linear function
of air temperature, applying the linear least square fit method,
it is possible to introduce a correction on measured results,
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which enables reduction of time of arrival variations by
factor 2 for all three receiving sites. It is shown that
even a simple correction based on a single influence quan-
tity, considerably improves precision of mutual and inter-
national comparisons via Loran-~C.
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Figure 1. Geometry of receiving sites in relation to Master
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Figure 3. Loran-C time of arrival variations at different receiving sites
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