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SUMMARY Statistically improved results of power line
radiation (PLR) over Eastern Asia observed at 50 and 60 Hz are
described in this paper. A total number of 150 orbits, which had
been observed from June 1984 to January 1986, by the Japanese
scientific satellite OHZORA, are used to detect PLR over Eastern
Asia around the Japanese Islands. Depending on the increase in
the number of data points, the statistical characteristics of the
background noise can be precisely determined by using the
improved technique compared with the initial analysis. Statisti-
cally reasonable data points are detected as PLR based on the
+ 30 criterion, where ¢ is the standard deviation of the back-
ground noise. Therefore, the statistical reliability for rejecting
the background noise is 99.85%. Then, these detected data are
applied to the cause-and-effect test. When the statistically detect-
ed data points are placed on the map of Eastern Asia, the points
cover Eastern Japan and the east coast of China for 50 Hz, and
they cover Western Japan for 60 Hz. The maps of the detection
ratios and those of the average field strengths indicate the posi-
tive correlation with the ground maps of the electric power
generation at 50 and 60 Hz. The positive correlation is more
clearly seen at 50 Hz since the background noise is somewhat
weaker than that at 60 Hz. This close relationship between the
satellite observation and the electric power generation suggests
that the detection of PLR is not caused by chance, and that PLR
penetrates into the ionosphere and propagates approximately just
upward. The decrease of field strength with altitude can be
interpreted as the gradual decrease of the refractive index from
400 to 700 km. Therefore, the detection ratio and the average
field strength with respect to the satellite altitude suggest PLR
propagating from the bottom of the ionosphere. According to
these observational results, it is concluded that PLR in Eastern
Asia is high above the high electric power generating regions
over Japan and China, and that the satellite observation is
capable of estimating PLR field below the ionosphere. These
results are the first direct indication that the PLR field is
enhanced over the high electric power generation region, and is
penetrating into the ionosphere.

key words: power line radiation, power line, Eastern Asia, ELF,
satellite

1. Introduction

Energy loss of electric power lines at the fundamental
frequencies, 50 or 60 Hz, due to induction or radiation
of electromagnetic fields is usually ignored as a small
part in the total energy loss transmitting through
power lines. Even though the loss is so small, the fields
can be detected at distant places from power lines [9],
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[15] since the propagation loss at these frequencies is
approximately 1 dB/1000 km for the propagation mode
[5]. However, it is impossible to describe the real
distribution maps of PLR over the wide regions from
the remote observations because the mixing of the
radiation fields of many sources limits the discrimina-
tion of each source. As the induced fields steeply
attenuated at the source region [5], total electromag-
netic fields radiated and induced from the power lines
should be observed close to the source regions to reveal
a horizontal map of the field strength of PLR over a
large region. Therefore, the PLR fields should be
surveyed at high altitudes close to or over the source
region where power lines are extended, because the
electromagnetic fields can be considered to represent
not a local network of power lines but a wide one
above this altitude [11]. The observation technique
using balloons is normally limited to surveying a
relatively small region because flights are only possible
under the control of local safety agencies. On the other
hand, we tried to observe an upward propagation of
PLR fields using scientific rockets in the ionosphere
[15]. From those observations, we found out that a
small part of PLR can penetrate into the ionosphere.
Therefore, this satellite observation was planned to
survey a large region where power lines are extended
[10]. '

Electric power generation in Eastern Asia is con-
centrated in the industrial regions, especially in Japan
and the People’s Republic of China (hereafter
abbreviated to China)[13]. Moreover, these regions are
characterized by two different generation frequencies,
50 and 60 Hz. The frequency of 50 Hz is used in
Eastern Japan, China, the Democratic People’s Repub-
lic of Korea (hereafter abbreviated to North Korea)
and the Union of Soviet Socialist Republics (hereafter
abbreviated to USSR). The frequency of 60 Hz is used
in Western Japan, the Republic of Korea (hereafter
abbreviated to South Korea), Taiwan, and the Repub-
lic of the Philippines (hereafter abbreviated to
Philippines). It is interesting to note that Japan,
whose electric generation is the largest in this region
[13], is divided into two regions according to the
power generation frequency [4], and that a large region
of sea where no power lines are extended is placed in
the southeastern half of the observation region [10].
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Thus this distribution of electric power systems in
Eastern Asia can be considered as a high-contrast
region for the study of PLR.

Based on our observation of the magnetic field at
50 and 60 Hz using the satellite OHZORA in the
topside of the ionosphere in 1984, we have shown some
results detecting the power line radiation in our last
paper [10]. It was revealed that the detection of PLR is
not easy since the PLR field strength is not so high
compared to that of the background noise. Therefore
we introduced a statistical detection method on the
+ 10 criterion without compensating the skewness of
the distribution since the total number of the observa-
tion data was limited to 31 orbits through this period.
As we mentioned in Paper (10), data points which
exceeded the +1¢ criterion did not randomly scatter
over the observation region. The correlation between
the electric power generation in China and the distri-
bution of the detected data points at the east coast of
China was agreeable. Therefore, we could clearly
show the correlation if we adopted a more stringent
criterion.

In this paper, we are going to illustrate the distri-
bution maps of PLR in Eastern Asia for the first time
as the major result of our study. To improve the
statistical reliability of PLR detection, a procedure to
estimate the statistical characteristics of the back-
ground noise is developed using an iterative calcula-
tion to reduce the contamination of PLR to the estima-
tion of the background noise parameters. This iter-
ative calculation can be done since a large number of
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orbits are used for analysis at this time. Accordingly
the detection criterion is to be statistically explained
based on the difference in the amplitude distribution.
Then, we test these detected data as to whether they
correlate with the ground distribution of the electric
power generation in Eastern Asia or not, because the
cause-and-effect relationship betwéen the source and
the radiated field must be clearly revealed. Finally, we
will discuss the altitude dependencies and distribution
maps of the detected data to explain the propagation of
PLR into the ionosphere.

2. Improvement of the Method of Detecting PLR

2.1 Interpretation of the Influence of PLR on the
Observation Data

An expected scheme of the influence of PLR on the
observation data is described in Fig. 1. According to
Paper (10), the background noise shows good correla-
tion among the field strengths at 50, 55, and 60 Hz. If
the statistical characteristic of the background noise is
assumed to be a wideband Gaussian noise, the correla-
tion diagram of the background noise at 50 or 60 Hz
with that at 55 Hz should be scattered along the
straight line as shown in the left panel. If PLR is
superposed on some of this background noise, total
magnetic fields at these points should be moved up-
ward from the original positions as shown in the
central panel. The degree of the shift depends on the
ratio of PLR field to the background noise field. When
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Fig. 1 Expected scheme of the influence of power line radiation (PLR) on

background noise.
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Calculate an initial spectral inclination a.
H(noise) = H(55Hz) + a (a)

Obtain a distribution diagram
with respect to the estimated straight line.

Calculate a standard deviation ¢ of the distribution. I
J
W
Calculate an offset value ¢ (b
from the data points falling into the £ 2 o limit. )

Compensate this offset value & for
a’” = a

v (c)

Calculate a new standard deviation ¢’
by using the data points on or below the straight line.

the spectral inclination a.
- d

Parameters converge?
(a’ —a) < 0. 0-k[dB]
(¢’ —0) < 0. 01 [dB

YES

Calculate the reasonable background noise at 50 or 60 Hz.
H' (noise) = H(s55Hz) + a’

NO

(d)

Detect the data points exceeding the +3 ¢" threshold as PLR.
H(observed) > H’ (noise) + 3¢’

Fig. 2 Flow chart for estimating the real amplitude distribution
of the background noise from the observation data which is
disturbed by PLR. Steps of this estimation process are illustrated
in Fig. 3.
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these influenced data are combined with the normal
background noise data, the resulting correlation dia-
gram may be shifted relatively upward as shown ih the
right panel. In this case, the least-square-fitted line
indicating the statistical mean of the distribution shifts
upward, as indicated by the dashed line. This shift
means that the amplitude distribution after combina-
tion is skewed. Therefore, the original statistical
characteristic parameters of the background noise must
be estimated under such a disturbed condition in order
to clearly discriminate the PLR data from the observa-
tion data.

2.2 Improved Method of Estimating Statistical
Parameters of the Background Noise

A flow chart for estimating the real amplitude distribu-
tion of the background noise from the observation
data, which is disturbed by PLR, is shown in Fig. 2.
The main purpose of this method is to obtain reason-
able statistical parameters of the background noise,
and to detect the data influenced by PLR as the statisti-
cally different characteristics. Steps of this estimation
process are also described by a simulation process in
Fig. 3.

First, we assume that the statistical parameters of
observation data are close to the original ones when
the observed fields at 50 or 60 Hz mainly consist of the
background noise. This assumption has been

(a) (b)

30,
130,

(c) (d)

Assumed Distributions Initial Parameters

after 1st Compensation after 5th Compensation

Fig. 3 The figures, (a)-(d), illustrate the steps of the process described in
Fig. 2. The assumed distribution of observation data is “Combined” as the
result of the summation of the “Background” noise and “PLR.” The hatched
area within the +2¢ limit in (b) is averaged to obtain the offset value &.
Compensating this offset value to a, we can get the next spectral inclination
value a’. Then, calculating the standard deviation by limiting the data below
this compensated line as indicated by the dashed line in (c), the new standard
deviation @, is obtained. This recalculation process is repeated until conver-

gence is achieved.
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confirmed since the statistical analysis of the initial

observation has shown a good agreement with the
broadband Gaussian noise [10]. Second, based on this
assumption, we calculate the first estimate of the statis-
tical characteristics of the distribution as described in
line (a) of the flowchart of Fig. 2, taking all of the
observation data into consideration. These values
must not be far from the real values of the background
noise since the disturbance is believed to be weak.
Third, we calculate the second estimate of the offset by
limiting the number of data that must be within the
+20 limit as described in line (b) of the flowchart of
Fig. 2, since this portion of data is less disturbed than
all of the observation data. Fourth, after compensating
the offset, we calculate the standard deviation by limit-
ing the data that must be less than the compensated
spectral inclination line as described’in line (c) of the
flowchart of Fig. 2, since thé disturbance should also
be weak for the lower half of the observed distribution.
This estimation process is continued to give sufficiently
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Fig. 4 (a) Correlation diagram between the field strength at 50
Hz and that at 55 Hz. (b) Correlation diagram between the field
strength at 60 Hz and that at 55 Hz. The fitted line indicates the
center of the distribution of the background noise, and the 3¢
lines indicate the 3¢ limits of the Gaussian distribution with
respect to the fitted line. These characteristic parameters of these
distributions are calculated by the process described in Fig. 2.
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good fitting parameters to a Gaussian distribution.
Note that the obtained offset value corresponds to the
spectral inclination of the background noise at these
observation frequencies, as shown in Fig. 4 of Paper
(10).

We will show an example of simulation of the
estimation process described abbve to reveal its
effectiveness. The steps of this estimation process
proceed from Fig. 3(a) to Fig. 3(d), which correspond
to the same characters in parenthesis indicated on the
right side of Fig. 2. At first, we assume the distributions
as follows: 1) the main background noise distribution
has the zero mean value, a=0.0, and the standard
deviation, ¢ = gy, where ¢y is the standard deviation of
the background noise, 2) the influenced field distribu-
tion is assumed as the mean value of @a= +2.50, and
the standard deviation of ¢ =g, in order to emphasize
the influence, and 3) the number ratio of the secondary
distribution to the main distribution is 10%. This
simulation method is used for estimating the real
amplitude distribution with respect to the correlation
line between the magnetic field strength at 50 or 60 Hz
and the field strength at 55 Hz. Most of the observa-
tion data are filled with the background noise which
has a Gaussian distribution as shown by the curve
named “Background.” Some part of the observation
includes the contribution of PLR at 50 or 60 Hz. Since
the contribution curve named “PLR” is not so much
amount of data points, the integrated field strength at
these frequencies slightly increases their amplitude
relative to the background noise as shown by the curve
named “Combined.” Thus the distribution is scattered
to the upper side where the observed strength is greater
than the estimated strength. Therefore, the resulting
distribution can be illustrated as the curve “Com-
bined.” Note that the curve “Combined” is somewhat
deviated upward from the curve “Background,” which
indicates the main contribution of the background
noise, especially at the lower half of the distribution.
The combined distribution is again shown in Fig. 3(b)
in hatching the region within the +2¢’ limit. The data
in this hatched region are averaged to obtain the offset
value ¢. Compensating this offset value to @, we can
get the next spectral inclination value a@’. Then, calcu-
lating the standard deviation by limiting the data
below this compensated line as indicated by the dash-
dotted line in Fig. 3(c), we get the new standard
deviation ¢,. This recalculation process is repeated in
such a manner that 6 and & are converged. After the
5th compensation when the process converges, the
estimated values become as=+0.11¢, and 05=1.030,.
These values are approximately equal to the original
values compared to the first estimation. Therefore the
threshold to detect PLR can effectively represent the
background noise characteristics.

Statistically estimated parameters, @’ and o’, are
applied to the next detection process as described in

|
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line (d) of the flowchart of Fig. 2. As the possibility
of exceeding the +3¢ limit of the background noise
should be 0.0015, the portion exceeding the + 3¢ limit
is possibly uncorrelated with the background noise.
Thus the exceeded portion can be attributed to PLR
since PLR works by enhancing the magnetic field
strength at 50 or 60 Hz, as shown in Fig. 1.

2.3 Actual PLR Detection Process

The PLR observation was made over Eastern Asia
using the equipment onboard the scientific satellite
OHZORA, and the observed data were directly
telemetered to the Kagoshima Space Center (KSC) of
the Institute of Space and Astronautical Science
(ISAS). The period of the observation data used in
this process is from June 1984 to January 1986. The
total number of orbits is 150, yielding five times as
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Fig. 5 Distribution, (a) for 50 Hz, and (b) for 60 Hz, with
respect to the fitted line which is estimated by the process as
indicated in Fig. 2. The actual distribution is indicated by the
histogram with the 0.2 dB bin. The estimated Gaussian distribu-

tion curve is shown by the solid curve. The +3¢ limit is
indicated by the thin line.
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much the data as in Paper (10). As the data were
limited to the real time observation due to the interfer-
ence from the data recorder [10], the coverage of obser-
vation was from 110 to 160°E in longitude and from 5
to 55°N in latitude. The coverage area includes East-
ern Asian countries such as Japan, China, South
Korea, North Korea, Taiwan, ?hilippines and USSR,
where two power generating frequencies are used and
power generation is relatively concentrated to small
regions. One data point represents an average magnetic
field strength during 30 sec. The data interval of 30 sec
was originally selected so as to match the satellite
orbital data which were provided by ISAS. The 1361
data points remain after rejection of those that are
disturbed or interfered with. Although shortening of
the data interval is possible, the statistical fluctuation
of the amplitude distribution such as Fig. 5 tends to be
broader so that it can be difficult to detect the influence
of PLR. Therefore, no more shortening is performed
in this paper.

The diagram between the field strength at 50 Hz
and that at 55 Hz is shown in Fig. 4(a). The similar
one between the field strength at 60 Hz and that at 55
Hz is shown in Fig. 4(b). Note that the magnetic field
strength is described in dB throughout this paper with
respect to the unit magnetic field strength of 1 A/m.
(The magnetic field strength of —120 dB, i.e., 107° A/
m, can be converted to another useful unit of the
magnetic field strength as 1.2 pT.) As the effective
bandwidth of the PLR receivers is 1 Hz, the back-
ground noise field strength can also be interpreted as
the unit of A/m-Hz"2% The fitted line indicates the
center of the distribution of the background noise, and
the 30 lines indicate the 3¢ limits of the normal
distribution with respect to the fitted line. The charac-
teristic parameters of these distributions are calculated
by the process described in Fig. 2. The observation
data points scatter out of the + 3¢ limit for the upper
distribution at both frequencies, while the 3¢ limit for
the lower distribution contains almost all of the data.
This means that the scattering of the data points is
caused by PLR as described in Fig. 1.

Distributions with respect to the fitted lines, which
are estimated by the process as indicated in Fig. 2, are
shown in Fig. 5(a) for the case of 50 Hz and in Fig. 5
(b) for the case of 60 Hz. The actual distribution is
indicated by the histogram with the 0.2 dB bin. The
estimated normal distribution is illustrated by the solid
curve. The + 30 limit is also indicated by the thin line.
The estimated spectral offset @ and the estimated stan-
dard deviation o are also indicated in the same panel.
As these estimated curves show good fit to the observed
distributions, it is suggested that the observation data
mainly contain the background noise with a little bit
of or without the influence of PLR. Thus our first
assumption of the disturbance rate of PLR to the
background noise is confirmed by this result. Addi-

N |
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tionally the statistical characteristics are similar at both
frequencies, since the standard deviations of these two
distributions are similar in magnitude, i.e., 0.87 dB and
0.81 dB for 50 and 60 Hz, respectively. The corre-
sponding values in Paper (10) were 1.09 dB and 0.98
dB for 50 and 60 Hz, respectively. The values of the
current analysis are smaller than the previous ones,
which indicates the effectiveness of this improved
method of estimation. Therefore the second assump-
tion of the wideband Gaussian noise can also be
confirmed. The spectral inclination values are —0.7
dB/5 Hz for 50 Hz, and +1.30 dB/5 Hz for 60 Hz. The
corresponding values in Paper (10) were —0.525 dB/
5 Hz for 50 Hz, and +1.25 dB/5 Hz for 60 Hz. This
value is quite different for 50 Hz, while it is approxi-
mately the same for 60 Hz.

It can be seen that some of the datd points exceed
the +3¢ limit on both panels of Figs. 4 and 5. These
data points are considered as the PLR influenced data
points in the detection process. The number of data
exceeding the limit is larger for 50 Hz than for 60 Hz.
The number of detected data points is 45 for 50 Hz and
21 for 60 Hz.

3. Distribution Maps of Detection Ratio and Aver-
age Magnetic Field Strength over Eastern Asia

3.1 Mapping Procedure

As we mentioned before, this satellite observation
covered Eastern Asian countries. These countries can
be separated into two groups depending on the power
generating frequencies, i.e. 50 or 60 Hz. The former
includes Eastern Japan, China, North Korea, and
USSR, and the latter includes Western Japan, South
Korea, Taiwan and Philippines. Therefore, we con-
ducted a cause-and-effect test for each frequency
region. Mapping the observation data over Eastern
Asia is performed with the unit of a 5° X 5° square box
since the number of the observed data and especially
the number of the detected data becomes too small if
we divide them into smaller square boxes.

The displaying format both for Fig. 6 and for Fig.
7 is as follows: (a) The number of observation points
within the 5°X 5° square is placed in each box on the
map. (b) The percent detection ratios of each square
are indicated only for the detected one with a shading
scale indicated above. The average field strength in dB
value is indicated in each square box in (c) for all of
the observed points, and in (d) for the detected points.
The higher field strength is shown in a darker shade, as
the scale indicated. The two horizontal maps, (b) and
(d), for the detected data points correlate with (e) the
electric power generation of Eastern Asian countries in
1985 [13].

—_—
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3.2 Mapping the Distributions of the Observed and
the Detected Data for 50 Hz

Horizontal mapping over Eastern Asia for 50 Hz is
shown in Fig. 6. Note that the electric power genera-
tion of the far-eastern part of USSR!is not indicated in
Fig. 6(e), since it is impossible to separate the contri-
bution of this region from the statistical data. Hence
we do not mention the correlation of the detection
with the contribution from the far-eastern part of
USSR.

It is clearly seen from Fig. 6(b) that the detected
locations of PLR at 50 Hz are concentrated in two
regions: one is Eastern Japan and the other is the east
coast of China. Although the number of observation
points is relatively small over the eastern half of the
map as seen in Fig. 6(a), a statistically sufficient
number of points spread over most of the boxes.
Therefore these high detection ratios over Eastern
Japan in Fig. 6(b) must be real. As there is no
concentration of the higher field regions as seen in Fig.
6(c), detected points should scatter all over the obser-
vation region for noncorrelating cases. Thus this
correlation must be real. Additionally the enhance-
ment of the field strength close to the Japanese Islands
and to the east coast of China as seen in Fig. 6(d)
strongly suggests a correlation with the high-power-
generating regions, as indicated in Fig. 6(e) [4], [6],
[13], [14].

3.3 Mapping the Distributions of the Observed and
the Detected Data for 60 Hz

Horizontal mapping over Eastern Asia for 60 Hz is
shown in Fig. 7. The format of figures is the same as
in Fig. 6 but the observation frequency is 60 Hz. Since
the frequency of the electric power generation system
in USSR is 50 Hz, we can fully correlate the detection
with the ground map. Although the detected boxes are
spread over a relatively large region compared to those
for 50 Hz, they do spread around the 60 Hz regions:
Western Japan, Taiwan, and Philippines. Addition-
ally, the relatively higher detection ratios concentrate
around Western Japan, where the electric power gener-
ation is the highest in Eastern Asia [4], [13]. As the
relative enhancement of the observed field strength can
also be neglected for 60 Hz, the concentration of the
detected boxes due to the electric power generation of
60 Hz as shown in Fig. 7(e) should be real especially
for Western Japan. It is, however, impossible to clearly
correlate the detected boxes around Taiwan and
Philippines with the electric power generations of these
regions.
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Fig. 7 The format of figures is the same as Fig. 6 but the observation

frequency is 60 Hz.

4. Altitude Dependencies of the Detection Ratio
and the Average Field Strength

4.1 Altitude Dependency of the Detection Ratio

Altitude dependencies for 50 Hz are shown in Fig. 8 as
follows: (a) the number of observation data points per
unit altitude, (b) the number of detected data points
per unit altitude, and (c) the detection ratio for each
unit altitude. Altitude dependencies for 60 Hz are
shown in Fig. 9 in the same format as Fig. 8.

—

The number of observed points is approximately
50 from 350 to 600 km, and becomes approximately
100 from 600 to 800 km, as shown in Fig. 8(a). It can
be seen from this figure that all of the altitude bins
contain at least 50 data points, and that there are no
bins of statistically low reliability. However, the
number of detected points is mainly distributed from
350 to 600 km. Therefore, the detection ratios for each
altitude are strongly enhanced at the lower altitudes.
The maximum detection ratio is 22% for 350 to 400 km.
The detection ratio seems to gradually decrease with
increasing altitude.
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Fig. 9 Altitude dependency, (a) of all of the observed data points, (b) of
the detected data points, and (c) of the detection ratio, for 60 Hz.
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Fig. 10 Average magnetic field strength vs. satellite altitude,
(a) for all of the observed data points, and (b) for the detected
data points, both for 50 Hz. The horizontal short lines across the
top of each bar are the standard deviation of each field strength.
Shaded bars in (b) indicate statistically reasonable values.

‘;

q’ Average magnetic field strength versus satellite altitude
l for 50 Hz is shown in Fig. 10(a) for all of the observed
i data points, and in Fig. 10(b) for the detected data
points. The horizontal short lines across the top of
each bar are the standard deviation of each field
strength. Shaded bars in Fig. 10(b) indicate statisti-
cally reasonable values. The average field strength
obtained by using all of the observation data varies

reasonable average field strength of the detected points
from —127.5 to —129.0 dB with altitude. As the range

varies from —125.1 to —128.5 dB, and the field

of variation of 1.5 dB is approximately twice the stan-
dard deviation ¢z, obtained in the process in Fig. 2,
this variation seems to be caused by the statistical
fluctuation of the background noise. However, the

strength seems to gradually decrease from 400 to 850
km. The low field strength at the lowest bin, 350-400
km, might be caused by the lowest field strength of the
background noise at this altitude, as seen in Fig. 10(a).
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Fig. 11 Average magnetic field strength vs. satellite altitude, (a)
for all of the observed data points, and (b) for the detected data
points, both for 60 Hz. The horizontal short lines across the top
of each bar are the standard deviation of each field strength.
Shaded bars in (b) indicate statistically reasonable values.

The altitude dependency of average magnetic field
for 60 Hz is shown in Fig. 11(a) for all of the observed
data points, and in Fig. 11(b) for the detected data
points in the same format as in Fig. 10. The average
field strength of all of the observed data varies from
—125.5 to —126.2 dB with altitude. As the range of
variation of 0.7 dB is approximately the same as the
standard deviation o obtained in the process in Fig.
2, this variation seems to be caused by the statistical
fluctuation of the background noise. Although the
average field strength of the detected points varies from
—125.0 to —128.5 dB, the reasonable field strength
does not show a systematic variation. This difference
may be caused by the small number of detected points
at 60 Hz since only four bins are shaded as the statisti-
cally reasonable data.

5. Discussion
5.1 Statistical Reliability of Detecting PLR

The old technique for detecting PLR adopted from
Paper (10) was simply collecting the data points
exceeding the + 1¢ limit since there was no technique
to distinguish PLR and the background noise under
the low signal-to-noise ratio. Therefore, the detected
data points inevitably included data points which were
mainly filled with background noise, because the
determined statistical parameters mainly reflected the
statistical characteristics of the background noise. The
ratio of the detected points to all of the data did not
exceed 15.85% as we had assumed a Gaussian distribu-
tion.

The Gaussian distribution of the background
noise is confirmed from the result of the statistical
fitting procedure newly employed in this paper. It is
interesting to note that the Gaussian amplitude distri-
bution was also obtained for ELF-VLF hisses [12].
This supports our results that the background noise at
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50 or 60 Hz is caused by the plasmaspheric ELF hiss
[10].

Accordingly the number of detected points should
be reduced by strictly limiting the detection, e.g., +2¢
or +30, in order to increase the statistical reliability
for detection. However, we can see the relationship
between the detected points and *he electric power
generation over the eastern part of China even for the
simple detection criterion of +1¢. Thus, we noted in
Paper (10) that we could expect clear correlations by
increasing the reliability of detection, and that an
improved technique to distinguish PLR from the back-
ground noise will be needed to increase the reliability
of detecting PLR in the satellite observation.

The total number of the observed data points
becomes 1361, which is 2.70 times as large as the last
analysis in Paper (10); then we can perform an im-
proved determination of the statistical parameters such
as spectral inclination and standard deviation. The
statistical improvement in estimating these parameters
is only 1.64 if we assume a simple Gaussian distribu-
tion. However, we can see the skewness of the distribu-
tion with respect to the straight line as indicated in
Fig. 5. The skewness was not noticed in Paper (10)
since the statistical ambiguity of the distribution was
relatively high. This skewness could not be distin-
guished by simply calculating the spectral inclination
and the standard deviation using all of the observed
data points as indicated in Fig. 3(a). As we described
in Sec. 2, we can apply the improved technique to the
analysis. We can, therefore, expect the statistical
discrimination of PLR from the background noise
based on the difference in the deviation from the
background noise strength. The effect of this skewness
appears as the increase of the spectral inclination and
the standard deviation. This effect additionally sup-
presses the detection of PLR by the simple method
since the threshold level of the detection should rise for
this case.

We apply this new method of an iterative tech-
nique to reduce the influence of PLR on the back-
ground noise field, as described in Sect. 2. The statisti-
cal parameters of the background noise are estimated
with a small bias to the original ones, as shown in Fig.
3(d). The amount of this bias depends on the degree
of skewness of the combined distribution. This bias
should be small for a largely skewed distribution since
the separation between PLR and the background noise
can be easily recognized. The lower part of the actual
distribution fits the estimated curve as shown by the
solid curve in Fig. 5. Therefore, the estimated statistical
parameters are interpreted as good estimates in this
improved method. Additionally the standard devia-
tions of the two distributions are similar for both
frequencies; i.e., 0.87 dB and 0.81 dB for 50 and 60 Hz,
respectively. The difference between the two values is
only 0.06 dB, which is approximately 7% of the esti-




1466

mated values. This similarity is interpreted as indicat-
ing that the statistical characteristics at three fre-
quencies, 50, 55 and 60 Hz, are quite similar. There-
fore, the assumption of the wideband Gaussian noise
can be satisfied. However, the value of the standard
deviation for 50 Hz is somewhat larger than that for 60
Hz. This is explained as indicating that the distur-
bance of PLR to the estimation of the background
noise is stronger for 50 Hz than for 60 Hz, that is, the
signal-to-noise ratio at 50 Hz is greater than that at 60
Hz. This is also explained by the fact that the number
of detected data points is larger for 50 Hz.

To increase reliability of the statistical detection
of PLR, we must take the + 3¢ limit instead of the
+ 10 limit since we must reduce the contamination by
the background noise. By applying this detection
criterion to the actual observation data, we obtain 45
data points for 50 Hz and 21 for 60 Hz. The statistical
error in the detection for the + 3¢ limit is only 0.15%,
which corresponds to 2.04 for the total data point
number of 1361. Therefore, the possible contamina-
tion to these detected numbers is approximately 2. The
error rates in the detected data are 4% and 10% for 50
and 60 Hz, respectively. Thus we can estimate the
relative error rate for the detection.

5.2 Cause-and-Effect Test for the Detected Data by
Correlating with the Electric Power Generation
in Eastern Asia

As we mentioned in Sect. 3, the data points detected by
the improved method should correlate with the source
of PLR such as totally generated power per year, total
length of extended power lines, or instantaneous gener-
ating power, in Eastern Asian countries. If there is no
relationship among them, the statistically detected data
are considered to be spurious. The electric power
generation is considered as the cause of PLR and the
relationship is the effect. This cause-and-effect test is
applied for examining the reliability of the detection.
We are going to use the totally generated electric
powers as the reference parameters of PLR in Eastern
Asian countries, because only this parameter is avail-
able from the yearly statistics of the United Nations
[13]. Fortunately the distribution of the electric gener-
ation frequencies in Eastern Asian countries is divided
into two regions [4]. Therefore we could separately
correlate for each frequency region, and then we can
compare the results to emphasize the correlations.

The correlation process is performed as follows:
first, correlate the detection ratios with the ground map
of the generating frequency, second, correlate the aver-
age field strengths with the total electric power genera-
tion per year. :

The detected data points for 50 Hz are mainly
concentrated in two regions: one around Eastern
Japan [4] and another around the east coast of China
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[6], [14], as shown in Fig. 6(b). Furthermore, high
detection ratios greater than 30% are concentrated
around Eastern Japan. This can be contrasted with-the
surrounding region, e.g., over Western Japan, over the
Pacific Ocean and over central China, where no or a
small amount of electric power at 50 Hz is generated.
Unfortunately we cannot cortglate the detection ratio
over Siberia in USSR since no statistics of electric
power generation are available now. Therefore these
low detection rates over Siberia cannot be discussed
here. The average field strength at 50 Hz is also
strengthened over Eastern Japan, as shown in Fig.
6(d). Therefore the high detection ratios are the
results of high PLR field over these regions since the
average field strength of the background noise does not
show weakness over these concentrated regions, as seen
in Fig. 6(c). It is concluded that the detected data
‘points of 50 Hz are closely correlated with the electric
power generation. Thus the cause-and-effect for the
detected data of 50 Hz is clearly confirmed.

The total electric power generation through 1985
in China is 4.1 X 10" kWh [13], [14], and that in
Eastern Japan is 3.0 X 10" kWh [4], as shown in Fig.
6(e). Although the value for China is higher than that
for Japan, it is interesting to note that the average field
strength over Japan is higher than that of China. This
may be caused by electrical structures of power lines or
average densities of power lines in these two countries.
It must be an interesting problem in electric engineer-
ing to compare the power lines in these two countries.

On the other hand, although the detected data
points of 60 Hz are concentrated in a relatively disper-
sed region, as shown in Fig. 7(b), the correlation to
the electric power generation is relatively weak for the
detected data of 60 Hz, comparing with those of 50 Hz.
However, the concentration is reasonable since the
concentrated region covers the regions of the electric
power generation for 60 Hz, which is indicated in Fig.
7(e). Furthermore, the detection ratios over the region
of no electric power generation at 60 Hz can also be
contrasted with the detected regions as seen in Fig.
7(b). The direct correlation with this map is only
recognized over Western Japan, where the electric
power generation, 3.8 X 10" kWh, in 1985 [4] is highest
for 60 Hz, since the detection ratios become 20%
around Western Japan. However, as the average field
strength does not show enhancement over Western
Japan, the enhanced region is not caused by the statisti-
cal fluctuation but by the effect of PLR. Other detected
regions could be correlated to South Korea, Taiwan
and Philippines if these regions could be shifted hori-
zontally. Therefore, it is concluded that the detected
data points of 60 Hz are closely correlated to the
electric power generation. Thus the cause-and-effect
for the 60 Hz data is also confirmed.

The cause-and-effect tests for both frequencies
satisfy the requirement of the detection of PLR. We

-
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can clearly say that the detected data points represent
PLR over Eastern Asia. Although the electric power
generation in Eastern Japan is approximately the same
as that in Western Japan [4], the detection ratios over
Western Japan are smaller than those over Eastern
Japan. The difference in detections must be caused by
the signal-to-noise ratio at the satellite altitude, since
the electrical structures of power lines in these regions
are quite similar, the total electric power generations
are almost the same, and the propagation of these
frequencies is also similar.

5.3 Propagation of PLR into the Ionosphere

The magnetic field strength at 50 Hz of the statistically
reasonable data gradually decreases with increasing
altitude, as shown in Fig. 10. The decreasing rate is
approximately 3 dB from 400 to 700 km altitude. The
amount of the decrease, 3 dB, exceeds the statistical
ambiguity of the reasonable data of 2 dB as indicated
by the error bars as shown in Fig. 10(b). Therefore,
this decrease is not caused by the statistical fluctuation
of the reasonable data. Radio waves at 50 or 60 Hz
propagate in the whistler mode [1] from 400 to 700 km
altitude, when the ionospheric ion and electron den-
sities are provided by the CIRA-1972 [3] and IR179 [8]
models in Eastern Asia. The magnetic field strength of
the whistler mode wave is proportional to the square
root of the real part of the refractive index [2] when the
attenuation can be ignored and the electron and ion
densities show gradual variations with altitude. The
ratio of the real part of the refractive index at 400 km
to that at 700 km is approximately 3 for the assumed
ionospheric model; therefore, the ratio of the magnetic
field strength at these altitudes is approximately 5 dB.
Although the calculated ratio of 5 dB is 2 dB greater
than the observed ratio of 3 dB for 50 Hz, this can be
explained by the statistical ambiguity of the observa-
tion. On the other hand, the background noise at 50
Hz does not show a gradual decrease with increasing
altitude but only indicates a small enhancement at
about 500 km, as shown in Fig. 10(a). If the back-
ground noise propagates as the whistler mode wave
upward from the bottom of the ionosphere, a compa-
rable amount of attenuation should be observed on the
background noise. It can be explained that the back-
ground noise is propagating downward from the top of
the ionosphere. However, if it propagates in the
whistler mode, it should also indicate the same amount
of decrease with altitude. Therefore it is necessary to
decrease the field strength at the lower altitude. The
whistler mode wave propagating downward must be
reflected at the bottom of the ionosphere. Thus, the
decrease of field strength at the lower altitude can be
interpreted as the interference effect of the down-going
and up-going waves. This speculation of the altitude
dependencies should be examined by a quantitative
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calculation.

The magnetic field strength of the detected data at
50 Hz shows gradual decrease with increasing altitude
while that of the background is almost constant from
400 to 700 km altitude. Therefore, the altitude depen-
dency of the detection ratio is explained by the
decrease of signal-to-noise ratio whén the PLR field is
propagating upward under the approximately constant
field strength of the background noise by decreasing
the field strength with increasing altitude.

According to the result of Sect. 4.2 on the cause-
and-effect test, the detected data points are concen-
trated into relatively small regions around the high
electric power generating regions, such as Eastern
Japan, the east coast of China and Western Japan. As
the high contrast of the PLR field is found in this
analysis over Eastern Asia, the propagation of PLR
from the source region, where power lines are
extended, to the satellite altitude does propagate in the
narrow range of direction. However, the detected
regions seem to expand toward the south or southeast
of Eastern Japan, toward the southeast of China, and
toward the south of Western Japan. Therefore we can
infer the horizontal map of PLR under the ionosphere
if we can estimate the propagation into the ionosphere.

The relationship between the distribution of elec-
tric power generation and the detected region for 60 Hz
is revealed only for Western Japan in this analysis.
Although it is possible to infer relations of the scat-
tered region of 60 Hz by shifting some extent, the
explanation does not indicate systematic shifts for
these regions. Therefore, more observation data are
required to examine the relationships for 60 Hz.

According to the results of the calculation for the
penetration of incident waves at the VLF range [7], the
contour map of the intensity of the whistler mode wave
penetrating into the ionosphere shows a small and
high-intensity region and a southward deviation of its
location for the northern hemisphere. The wave at 50
or 60 Hz can also penetrate into the ionosphere as the
whistler mode wave [1]. Then the whistler mode wave
tends to align the geomagnetic field line. As the
direction of the geomagnetic field lines around Japan
is almost in the meridian plane, the PLR wave may
propagate to the southward direction. The deviation
toward south or southeast can be explained by the
lateral shift of the contour map with respect to the
distribution of the electric power generation on the
ground map. Therefore, the detected data points
extend southward for Eastern Japan and Western
Japan, as shown in Figs. 10(b) and 11(b). These
deviations must be explained by the quantitative calcu-
lation.

6. Conclusions

The data used in this analysis were obtained by the

wﬁ . .
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observations of the scientific satellite OHZORA from
June 1984 to January 1986. The total number of orbits
is 150, which is five times as large as that in our last
paper [10]. This observation covers Eastern Asian
countries including Japan, China, South Korea, North
Korea, Taiwan, Philippines and USSR, where two
power generating frequencies are used and power
generation is relatively concentrated in small regions.
Based on the increase in the number of data points to
1361, the statistical characteristics of the background
noise are precisely determined by using the improved
technique compared with the initial analysis [ 10 ].
Statistically reasonable data points are detected as

PLR based on the +3¢ criterion, where o is the

standard deviation of the background noise. By apply-
ing this detection technique to the actual observation
data, we obtain 45 data points for 50 Hz and 21 for 60
Hz. The statistical error in the detection for the + 3¢
limit is only 0.15%, which corresponds to 2.04 for the
total data of 1361. Therefore, the error rates to the
detected data are 4% and 10% for 50 and 60 Hz, respec-
tively. Thus we can conclude that the statistical reli-
ability of the PLR detection is 99.85%, according to the
rejection rate of the background noise. However, the
detection process is only dependent on the statistical
meaning. Therefore, it is necessary to examine whether
these detected data points are actually correlated to the
possible PLR on the ground. As the cause-and-effect
tests for both frequencies satisfy the requirement of the
detection of PLR, it is concluded that the detected data
points are closely related to the electric power genera-
tion' in Eastern Japan and the east coast of China for
50 Hz, and in Western Japan for 60 Hz. Therefore, we
can clearly say that the detected data points represent
PLR over Eastern Asia.

The detection ratio and the average magnetic field
strength over Eastern Japan are higher than those over
China while the total electric generation power in
China is 1.4 times as large as that in Japan. The
difference can be explained by the difference in the
densities or in the electrical structures of power lines in
these countries. It is necessary to examine which
parameter is effective in the observed difference.

Although the electric power generation in Western
Japan is 1.3 times as large as that in Eastern Japan, the
detection ratios over Western Japan are smaller than
those over Eastern Japan. The difference in the detec-
tion ratio must be caused by the signal-to-noise ratio at
the satellite altitude, since the structure of power lines
in these regions is the same, the total electric power
generation is almost the same, and the propagation of
these frequencies is also similar.

The decrease of field strength with altitude is
interpreted as the gradual decrease of the refractive
index from 400 to 700 km. On the contrary, as the
background noise does not indicate such a decrease
with altitude, it propagates not from the bottom but
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from the top of the ionosphere. Therefore, the altitude
dependency of the detection ratio is explained by the
decrease of signal-to-noise ratio when the PLR field~is
propagating upward under the approximately constant
field strength of the background noise by decreasing
the field strength with increasing altitude. We con-
clude for the propagation chaffacteristics of 50 and 60
Hz as follows: 1) The penetration of PLR into the
ionosphere is just over or close to the source region
where power lines are extended. 2) The propagation
in the ionosphere does not greatly deviate from the
source regions but is somewhat expanded toward the
south or southeast. 3) The magnetic field in the
ionosphere is gradually decreased by the rate of 3 dB
from 400 to 700 km. Further explanation of these
propagation characteristics will be presented in
another paper.

As the generation of the electric power in Eastern
Asia doubles in 10 years [13], the electromagnetic field
should also increase at a similar rate since the power
transmission line system may not be changed through-
out this period. Therefore, the increase of electric
power generation in 10 years will give us a 3 dB
increase in the magnetic field strength above power
lines. So we can predict the increase of PLR field
strengths at the satellite altitude at this rate. Thus the
electromagnetic field of PLR in the ionosphere or in
the magnetosphere may exceed the background noise
fields and then may become an interference source at
the ELF range in the future.

We have clearly shown the distributions of the
magnetic field strength over Eastern Asia in this paper
based on satellite observation. Further observation
and calculation are required to draw the corresponding
distribution just over power lines in order to estimate
the radiation model of PLR.
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