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1 Introduction

Long distance propagation characteristics of nighttime MF broadcasting signals have been investigated
especially in order to construct a base for frequency allocation planning in the MF band. Measurements
were made in various areas (North America, Europe, Australia and etc.) of the world, and consequently,
the standard propagation curves were obtained in each area. From these measurements, it was found
that nighttime MF signal strengths depend on solar activity. This dependence is negative correlation and
its tendency is greater in North America than in Europe but is negligible in the tropical latitudes [1].

In Japan, Communications Research Laboratory of Ministry of Post planned to measure Japanese
MF broadcasting signal strength(774/770 kHz) propagating in north-south path crossed the equator over
a decade on board Japanese antarctic ice breaker “Fuji”. From the measurements, an interesting positive
correlation of long distance propagating signal strengths with solar activity in the nighttime has been
found. This result drew attention at CCIR, because the measurements of nighttime MF propagation
characteristics made in North America had yielded a negative correlation of signal strengths with solar
activity [2].

In this paper, we try to interpret the results of measurements on board Japanese ice breaker “Fuji”
by using the multi-hop method with the full wave analysis, and the difference in correlation with solar
activity between the results of “Fuji” measurements and those in North America.

2 Multi-hop Method

Propagation characteristics is computed by using the multi-hop method with full wave analysis. The
multi-hop method is based on geometric optics. In this method, MF signal strength at a point is treated
as the resultant of the fields created by different waves propagated directly from the transmitter in one
or more hops. The total strength at this point is then the resultant of the field due to the wave diffracted
by the ground and of the field due to the sky-wave. The sky-wave field is calculated from the free space
propagation loss along the path and from the reflection loss at the ionosphere and the ground. For the
n-th hop sky-wave, total reflection loss R, is represented by

R =Rn-Rg-Rin1'--Ri2-Rg- Ri)

where
R = [ 1y, 0
=
0 J_R_J_s
is the reflection coefficient tensor of the ground surface and is determined by Fresnel reflection coefficient.
And
1Bl LRy,
Rin=1 R R.,
I Lin Lftdlin

is the reflection coefficient tensor of n-th reflection at the bottom of the ionosphere, which is calculated
by means of the full wave analysis based on the multilayered technique developed by Nagano et al. [3].
The anisotropy of the ionosphere resulting from the earth’s magnetic field is taken into account with
IGRF model at the n-th reflection point.

In order to take account of conductivity of the earth and curvature of the earth surface, the cut-back
factor is considered for ground wave propagation and sky-wave propagation over the horizon [4].
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3 Numerical Results

Kuriki et al. [5] tried to interpret the results measured on board “Fuji”, which indicate positive correlation
of MF signal strength with solar activity, by using the multi-hop method with ray tracing technique
estimating the absorption of sky-wave in the ionosphere instead of the full wave analysis calculating the
reflection coefficient of the ionosphere. They assumed two different nighttime electron density profiles of
the Chapman types, representing the solar maximum and minimum period, and obtained propagation
curves of each period, which well explain the measured positive correlation.

We tried to compute the propagation curves by using our multi-hop method with the full wave analysis
on the same electron density profiles and obtained the same curves and correlation.

However, a question remains how the negative correlation found in North America can be explained.
To elucidate this problem, we set up the nighttime electron density profiles based on the following
assumptions.

1. There is a ledge around an altitude range from about 85 to 90 km in the electron density profile of
the lower ionosphere, even in the nighttime.

2. The electron density with this ledge structure is always greater in the maximum solar activity
period than that in the minimum period.

3. The electron density corresponding to this ledge is greater in the low latitude region than in the
middle and high latitude region.

These assumptions can not be completely verified for their validity, but as for the ledge structure of
electron density, there were several rocket observations of the lower ionosphere before sunrise [6], which
indicate a possibility of an existence of the ledge during midnight.

Now let us consider two electron density profiles corresponding to the solar maximum(solid curve)
and minimum(broken curve) period as shown in Fig.1, in which N is the electron density that is able to
reflect back the MF sky-wave of interest. Then, as shown in Fig.1, in the solar maximum period, the MF
sky-wave is reflected at a height of hmax below the ledge, whereas in the minimum period, the sky-wave
is reflected at hm;, above the ledge. The propagating path in the ionosphere becomes longer in the solar
minimum than in the maximum period, so that field strength on the ground of the MF sky-wave signal
at a long distance is expected to be stronger in the maximum solar activity period than in the minimum
period, that is a positive correlation.

On the other hand, in the middle latitude region, the electron density of such a ledge even in the solar
maximum period is assumed to be less than the electron density N; reflecting the MF sky-wave of interest.
The electron density profiles (solid curve corresponds to the solar maximum period and broken curve to
minimum period) are illustrated in Fig.2. Then, the sky-wave is reflected back at a height above the ledge,
and the reflection height are almost same both in the solar maximum(Amax ) and minimum(hmin) period.
Such a situation results in a larger absorption in the solar maximum period than in the minimum period,
because the electron density below the reflection height is greater in the solar maximum period than in
the minimum period, resulting in a negative correlation of MF sky-wave strength with solar activity.

In the following, we will estimate MF sky-wave strength at long distances by using the multi-hop
method with the full wave analysis for the calculation of reflection coefficient, in order to confirm the
above scenario.

[1] Positive correlation case

The electron density profiles used for an interpretation of the results measured on board “Fuji” are
shown in Fig.1. The results of the theoretical calculations are drawn by solid and broken curves for the
solar maximum and minimum period respectively in Fig.3 together with the measured value (x denotes
measured value in the solar maximum period and O in the minimum period). A good agreement
between the measured and calculated characteristics is evident especially at a long distance of
propagation, so that the scenario mentioned previously is proved to be appropriate.

[2] Negative correlation case

In North America, there are many examples of data which show the negative correlation of MF signal
strengths with solar activity [2]. Out of them, 5 paths are picked up. Relative field strengths in the
solar minimum period to that in the maximum period are shown as the histogram in Fig.4 together
with measured relative strengths, where the symbols A to E corresponding to the 5 paths. In Fig.4,
except path A and E, calculated relative field strengths well agree with measured relative strengths and
denote negative correlation. On path A, slant distance is very short, and on path E, frequency is higher

—1082—




than others, so that N, are greater than the assumed. Therefore our results for in North America are
consistent with our previously mentioned scenario.

4 Conclusion

It is concluded that the measured correlations of nighttime MF signal strength with solar activity are
well explained by the previously mentioned assumptions on the electron density profile. Positive
correlation or negative correlation is determined by the relative relation between the electron deunsity of
the ledge and that necessary to reflect the sky-wave.
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Fig.1 Electron density profiles (“Fuji”). Fig.2 Electron density profiles (in North America).
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Fig.3 Computed propagation curves and measured value (“Fuji”).
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Fig.4 Computed relative field strengths and measured (in North America).
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